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Abstract

The effect of chemical, structural, magnetic and superconducting order-disorder
transformations on the thermal expansion behaviour in solids is studied in this the-
sis. Thermal expansion measurements have been performed on a newly designed and
constructed three terminal capacitance dilatometer. The fractiona length changes
with respect to a reference temperature are measured with an estimated error of
35 x 107",

For the analysis of the thermal expansion data a new semiclassica model is
developed using an anharmonic lattice potential. This new theoretical approach has
been used to obtain the anharmonicity parameters and accurate values of the Debye
and Einstein temperatures of different materials. For ferromagnetic materials the
magnetic contributions to thermal expansion due to the conduction electron mo-
ments and the localized electron moments have been separated out using methods
developed from the Stoner model of itinerant electron ferromagnetism and Bloch's
theory for spin-waves respectively.

Thermal expansion measurements have been performed on chemicaly ordered
and disordered FezAl and NizMn dloys and estimates of vibrational and magnetic
entropies are made using our models. We show that the lattice vibrations play an
important role in the ordering transition of these aloys and contribute significantly
to their phase stability, whereas the magnetic interactions do not have any influence
on their chemica ordering. Thermal expansion data on ordered Fe;. ,Mn,Sand
Fe;_,Mn_ Atlloys show that with Mn addition the electron-magnetic contribution
to the therma expansion coefficient increases whereas the magnon contribution
decreases. Estimates of magnetic entropies show that the itinerant nature of the
electron moments decreases in both the systems with increase in Mn concentration.

A smple method is proposed for the first time for the calculation of the con-
figurational entropy of a glass from thermodynamic considerations and thermal



(iv)

expansion measurements and is applied to a bulk metallic glass of composition
ZresNippCuissAlys.  We have calculated the Gibb's free energy differences between
the glassy and the crystalline states which measures the thermal stability of the
glassy phase.

We have studied the thermal expansion behaviour of Y Ba:Cu30O;_(6 — 0.15)and
Bi, ¢ Pby (Sr2Ca2Cus0,superconductors in both the normal and the superconduct-
ing phases using our semiclassica model. It is shown that there is an anomaly in the
temperature variation of thermal expansion which begins to show up at a tempera-
ture higher than T. We have also found that there is a large increase in the quartic
anharmonicity parameter indicating a softening of lattice potential below T, . For
Y Ba,Cu;0-_,superconductor we attribute this anomaly to the phenomenon of po-
laron formation. But in the case of Bi, ¢Pby4S7:Ca,CuyOsuperconductor the data
in the superconducting region also show the indication of two dimensional gaussian

fluctuatioas along with a BCS electronic term.



CHAPTER 1

INTRODUCTION



The study of thermal expansion behaviour of materials is important from the
point of view of applications as well as basic research. Technologicaly, a knowl-
edge of the thermal expansion behaviour is essential for the design of structures
right from very large ones such as bridges and railroads to very small ones such
as integrated circuits. At the basic levd aso it is very important to understand
the thermal expansion behaviour as the dimensional changes in any materia take
place with temperature so as to minimize the free energy, contributions to which
come from static lattice, lattice vibrations, magnetic ions, itinerant electrons ecc.
Although extensive data exist in literature, a good understanding of the thermody-
namic and microscopic aspects of the experimentally observed behaviour is lacking.
In this thesis an attempt is made in this direction by a careful experimental study
of systems showing different types of transformations such as chemical, structural
and magnetic order-disorder and analysing the observed data using proposed the-
oretica models. It has been shown for the first time how it is possible to get
quantitative estimates of configurational. vibrational and magnetic entropies, char-
acteristic Debye and Einstein temperatures, anharmonicities in lattice potentials
etc. from thermal expansion data. The importance of thermal expansion measure-
ments for understanding the basic thermo-physical aspects of properties of materials

is demonstrated.

11 Definitions

The change of any geometrical parameter describing the dimensions of a solid with
temperature is defined as thermal expansion [1]. This takes into account a smple

expansion or contraction of volume of a solid which is termed as volumetric thermal



expansion or of length which is termed as linear thermal expansion.
The volumetric thermal expansion coefficient 3(T") at constant pressure is de-

fined by,

AT) =< (‘“’ ) . (1)
i

aT
where V is the volume and T is the temperature. For an isotropic solid 3(T) is
three times the linear thermal expansion coefficient o(T) for small values of a and
is given by

B(T) = 3a(T) =3 (%’;}—1) . 2.2
\ P

where L is the length of the materia at the temperature T.
The coefficient of volumetric expansion 3(T') given in eqn.(l.1) can be expressed

as,
’ dnV" alnV ‘&P 'OP
3(T) = ( 5T ),, = - (W_); (J_T)‘ = X7 (m})? . (13
where xris the isotherma compressibility :
alnV
Ay .- o . 14
w=- (%), (19

Egn.(1.3) has a smple physical interpretation . It shows that when heat is given
to any material, the internal pressure is increased with increase in temperature
if volume is kept fixed. Once the desired temperature is reached. the materia is

dlowed to relax isothermally to the external pressure with a change in volume.



12 Thermodynamics of Thermal Expansion

Using standard thermodynamic relations [1-4] 3(T) can be related to the Gibb's

free energy G(P,T) as,
(1.5)

As the experimentally observable quantities are volume (V) and temperature (T)
it will be more useful to talk interms of the Helmholtz free energy F(T,V) which is
a natural function of T and V :

30 = (35) =-xt (gr) = 5 (59). -
8T ) avaT By \ov ),
where Br is the isothermal bulk modulus and is the reciprocal of xr.

Eqgn.(1.6) shows that the thermal expansion comes from the volume dependence
of entropy. This can dso be physically understood from the discussions of the
previous section. In therma expansion the temperature dependence of volume is
measured at afixed externa pressure say P,. The internal pressure in the solid (P
= - dF/dV) first changes due to temperature and then relaxes back to the external

pressure Py. Equating the internal pressure to the external pressure we get

» = - (OF
0 =~ (3“’), " (1.7
or i(F + PV)=0 (1.8)
1% v ' '

The quantity F + PV is a constrained Gibb's free energy function G(P,, T)and
egn.(1.8) shows that this function has a minimum with respect to volume. Fig. 11

shows a schematic plot of G(F. T) as a function of volume (V) at afixed temperaure
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Fig. 11 : Schematic representation of constrained Gibb's free energy with volume
at two different temperatures T and T+8T



(T). Now if the temperature is changed from T to T+4T

G(Po.T+6T) = F(V.T+6T)+ PV
= Fv.r)+ ZEVDer, py (1.9)

oT
= G(B,T) - S(V)6T . (1.10)

The value of the new constrained Gibb's free energy function G at T +#671s less than
the value of the function a T by an amount SV)6T. G(F,.T+ bT) can therefore
be obtained for al vaues of V from G(P,.T)vaues which is shown in Fig. 11 and
the difference in the two curves depends on V). The position of the minimum will
therefore shift to a higher volume because S increases with volume. From egn.(1.6)
one can aso see that the amount of expansion will depend upon the compressibility
and highly compressible materials will have large expansion. Experimentally it is
observed that for a solid at low temperatures the compressibility does not change
much with temperature.

The total free energy of a solid can be expressed as a sum of different coutribu-
tions, such as, electronic (F.;), magnetic (F,.) and vibrational (F,), if the mutual

interactions between the different subsystems can be neglected. Thus we write
F=F,+F,+F,. (1.12)

From the above equation independent additive contributions can be obtained for
the derivatives of F, such as, entropy 5, specific heat C, and for the thermal expan-
sion coefficient 3(T'), by taking a total bulk modulus Br. Thus the total thermal

expansion coefficient can be written as

i w oo 1 [(0S4) (85, 3OSy
g} = e Oin Bop = — d = z .
ALY =B+ B+ B B,{(av),f(av).;.*(av)?_} (112




where the subscripts el, m and ph refer to electronic, magnetic and vibrational

contributions.

1.3 Griineisen Parameter

In his pioneering microscopic theory of thermal expansion. Griineisen [5 had used
the Einstein model for lattice vibrations with a volume dependent frequency w
of the harmonic oscillator. Using this model he calculated the specific heat at
constant volume C,., the entropy S and the coefficient of volumetric expansion /3.

A dimensionless parameter defined by,

F(; = AgB]"//C‘l (113)

was calculated with the simplified model and found to be

P(,‘ = —alﬂw/alﬂv (1.14)

where the dimensionless parameter I'¢; is termed as Griineisen parameter. From
the above equation one can see that T'¢ comes from the volume dependence of the
frequency w and consequently gets related to the anharmonicity in the lattice po-
tential. Though TI'¢ comes from the ratio of two strongly temperature dependent
experimentally measurable quantities 8 and C,, it itself is weakly temperature de-
pendent. Also it has been observed experimentaly that T'¢; does not vary much in a
fairly wide temperature range [2,6,7] and is generally referred to as Griineisen con-
stant. Hence it has become very useful in theoretical studies of thermal expansion
and aso used widdly for the analysis and the presentation of the experimental ther-
mal expansion data. There have been a host of theoretical works [6-12] which used

the Griineisen constant since its first presentation by Griineisen. The Griineisen



I'c has become very popular as the experimental thermal expansion data can bo
related to different thermodynamic parameters such as specific heat and entropy
through eqgn.(1.13).

The electronic and magnetic contributions to Griineisen parameter become very
ussful for the theoretical analysis of electronic and magnetic contributions to ther-

mal expansion and separately they are given by

Td = 3uBrV/Ca (1.15)

I = BuBrV/Ch (1.16)

where T'¢ [13] and TZ [14] are electronic and magnetic contributions to I';. As the
entropy and the specific heat can be expressed as a sum of separate contributions
coming from electronic, magnetic and lattice. then the total measured T defined
by egn.(1.13) is an average of different contributions to T'; and weighted by their
respective heat capacities [1]

r. - [éCa + T2Cn + TEC
' Cu ¥ Gt G

(1.17)

For non-magnetic metals T'¢} can be calculated using the simple free electron model
and from the volume dependence of the electron density of states it has been found
out to be 2/3 [1,2]. But this is not universally correct as for different materials it
has been found out experimentally that T'¢ is different. The reason for this non-
agreement may be attributed to the nonparabolicity of the bands and the band-
overlapping [13,15,16]. For magnetic metals and alloys this discrepancy is much
more because of their complicated band structure and complex magnetic behaviour.

But there have been very few attempts to calculate T theoreticaly. Therefore



in this thesis a new semiclassical model using the anharmonic potential has been
proposed to represent the vibrational part of the thermal expansion theoretically.
The vibrational contribution to the Gruneisen parameter T?. has been estimated
from the vibrational contributions to thermal expansion coefficient and specific heat
using the proposed model. The help of the band structure calculations are taken to
calculate the magnetic contributions to I'¢; arising due to the conduction electron
moments. Also for the ferromagnetic materials the spin wave theory of Bloch is used
to find out the magnon contribution to I';. The values of different contributions to
T'¢ have been calculated for different types of materials using the models developed

in this thesis and are discussed in detail in the relevant chapters.

1.4 Plan of the Thesis

Historically, since 1930 thermal expansion measurements have been continuing. but
due to the non-availability of proper techniques, good quality data could not be
obtained particularly at low temperatures. But since world war 1I, there has been
a great deal of progress in this area due to advanced cryogenic facilities and more
interest in various materials. Therefore a host of sensitive methods for thermal
expansion measurements have been developed (see Chapter 2). Recently a highly
sensitive method of measurements using three terminal capacitance bridge tech-
nique has been developed. With this improved sensitivity in measurements very
small changes in lengths can be detected making it possible for the separation of
electronic, magnetic etc. contributions from the major vibrational part. Therefore
a newly designed cedll has been constructed based on the three terminal capacitance

bridge technique for therma expansion measurements [17,18]. The details of the
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construction and testing of the cdl has been described in Chapter-2.

Whenever a thermodynami- transformation occurs due to co-operative interac-
tion between phonons, electrons or magnetic ions etc., there is a change of order
which is reflected in thermal expansion due to the change in entropy. If one can
separate out various contributions to thermal expansion the behaviour of entropy
changes due to electronic, magnetic and vibrational effects can be observed. The
main hurdle till has been to separate out the vibrational part properly due to
unavailability of a suitable model for it. In Chapter-3 a new semiclassical model
has been developed to get the vibrational contribution to thermal expansion the-
oreticaly using an anharmonic potential [19]. Then for non-magnetic solids the
free electron model is used to calculate the electronic contribution to entropy and
the electronic contribution to thermal expansion from its volume dependence. But
for ferromagnetic solids the itinerant electron moments and localized moments con-
tribute to the thermal expansion. A generalized Stoner-Wohlfarth model has been
used with the electronic band structure calculations to give a theoretical expression
for the electron-magnetic contribution to thermal expansion [18,20]. The Heisen-
berg interaction is used to get the expression for the magnon contribution to thermal
expansion. Also the same method has been used for the calculation of the magnetic
Griineisen parameters [18,20]. The theory for the vibrational contribution to ther-
mal expansion along with the electronic and the magnetic expressions have been
used to fit the experimental thermal expansion data of few metals like, Cu, Al, Ni.
Fe [18] and for akali halides like NaCl, KC1, KBr and KI [19] which returned very
good estimates of the characteristic temperatures ©,, ©x and electron-magnetic
and magnon Griineisen parameters for magnetic systems. Basicaly in Chapter-3

the theoretical models have been developed and the validity of the models have
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been tested. These models have been applied to the more complicated systems for
the analysis of their thermal expansion data which are experimentally studied in
this thesis.

Effect of order and disorder on the thermal expansion of the binary aloys Fez Al
[17] and NizAMn[20] has been studied in Chapter-4. Our theoretical models have
been used to separate the vibrational and magnetic parts from the total thermal
expansion. Estimates of differences in vibrational entropies between the disordered
and ordered states of these aloys have been done to see the effect of the ordering
transition on lattice vibrations of these aloys and to their phase stability. The
magnetic Gruneisen parameters are calculated to see the effect of magnetic entropies
on the chemical ordering.

Chapter-5 deds with the chemically ordered ternary dloy systems of Fes ,Mn,Si
for 0 < x < 18 and Fey.,Mn,Alfor 0 < x < 12 [2]]. In these aloys the thermal
expansion has been measured and the effect of substitution of Mn for Fe on lattice
vibrations has been studied. Also the magnetic parts are separated out from the
total contribution to thermal expansion and the effect of itinerant and localized
character of electron spins with Mn concentration are studied.

In Chapter-6 a smple method of estimating the configurational entropy of a
glass has been proposed from thermodynamic considerations and thermal expansion
measurements done in both the glassy and the crystalline forms and has been applied
to a bulk metallic glass of composition Zre; NijoCuAl:s which has important
technological applications [22]. The Gibb's free energy difference between the glassy
and the crystalline states is dso calculated which measures the thermal stability
of the glassy phase. The method used aso predicts a new isentropic instability

temperature beyond which a glass cannot be superheated.
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In Chapter-7 the temperature variation of thermal expansion data of YBa.CuzO:; ¢
[23] and Bi\ 6Pb; 4572Ca,Cu30,[24] superconductors have been studied in a wide
temperature range both in the superconducting and normal phases. The data anal-
ysis have been done using the semiclassicadl model described in Chapter-3 to see the

effect of superconducting transition on lattice anharmonicity.
Finally we give a summary of the important results presented in this thesis.
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EXPERIMENTAL
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2.1 Introduction

Over the years, severd experimental methods have been developed to measure the
thermal expansion of solids [1]. These can be classified into four groups based on the
techniques used : mechanical (push rod dilatometer [2] and scissors dilatometer [3).
optical (interferometric [4-9 and twin-telemicroscopic [10-16)), diffraction (neutron
[17] and X-ray [18-21]) and electrical (three terminal capacitance bridge [22-32].
variable differential transformer [33]). In recent years the three terminal capacitance
bridge technique has been more commonly used for the study of thermal expansion
a low temperatures with a high sensitivity. This method was first developed by
Professor G.K. White at the National Measurement Laboratory in Sydney. Australia
[22]. The basic principle of this technique is to construct a parallel plate capacitor
cdl in which the sample serves as one of the plates of the cdl and a reference
material such as copper is used as the second plate. A change in sample dimensions
changes the distance between the capacitor plates and the vaue of the capacitance.
which can be measured accurately. Both the plates (terminals) are completely
surrounded by a third terminal which is held at ground potential. The capacitance
is measured using the ratio transformer bridge developed by Thompson [34]. The
balance condition of the bridge is not affected by the capacitance of the parallel
plates with respect to ground and by leed capacitances. Several modifications of
the capacitance cedl has been reported [27-32] to enable absolute measurement of
thermal expansion. In al these designs the temperature of the sample is made to
change and the other parts of the cdl are kept at fixed temperatures.

A new cdl design has been reported in the present work which is based on a

suggestion by White [35]. The sample is directly placed in between the two plates
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of a three termina paralld plate capacitor, one of the plates of which is spring
loaded so as to hold the sample in position between the two plates. A change in
sample length alters the distance between the capacitor plates directly and changes
its capacitance, which is measured. The details of the cdl design are described in

the next section.

2.2 Capacitance Cell

The cdl design used in the present work is simple in construction and can be used
for expansion measurements of small samples. The schematic cel design is shown
in Fig.2.1. It consists of two capacitor plates (C1 and C2) made out of high purity
oxygen-free copper. The plates are highly polished to get smooth and plane surfaces.
Cl is rigidly fixed to the base B using three teflon rods (R). C2 is guided to move
fredy along the three teflon rods and it rests on three phosphor bronze springs (S1,
S2 and S3). This end of the springs are electrically insulated and the other end of
the springs are rigidly fixed to the base B. The sample which is insulated at both
the ends using thin mylar foils can be inserted between the two plates Cl and C2.
by dightly pushing C2 towards the base B. A copper chamber (can) C, encloses the
plates and the sample. The sample is grounded so that the capacitance between the
plates and the sample does not contribute to the parallel plate capacitance. The
can C is aso connected to the ground and it serves as the third termina for the
cell. This helps to minimize the effect of stray capacitances. The temperature is
controlled by using a non-inductively wound heater H (resistance 25 ohms) around
the can C and a platinum resistor sensor (PT103 from Lakeshore) attached to the

bottom of the can C Another platinum resistor thermometer (PT2) is fixed on



18

Fig.2.1 : Schematic diagram of three-terminal capacitance cdl used for thermal
expansion measurements.
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one of the capacitor plates and is used to monitor the sample temperature. Small
depressions are made on the edge of the copper capac-itor plates and the capacitor
leads (ultra miniature co-axia cable of type C1 from Lakeshore cryotronics) arc
soldered strongly to the plates placing them inside the depressions. Specia care

has been taken to shield the leads to avoid noise pickups from any outside source.

2.3 Insert and Cryostat

The thermal expansion measurements in the temperature range 80-300K are carried
out using a homemade experimental set up. The schematic block diagram of the
cryostat and the insert are shown in Fig.2.2. The cryostat arrangement consists of
a liquid nitrogen double waled glass dewar and a glass chamber with a provision
for evacuating the sample space through the vacuum port P. The glass chamber
is fixed vertically on a sted flange (BF) using epoxy adhesive (araldite) which has
a hole in its center and the diameter of the hole is same as the inner diameter of
the glass chamber. The surfaces of both the walls in the annular space of the glass
dewar are silvered to minimize heat radiation. The inserr is made up of a thin
waled seamless stainless steel tube (ST) with the capacitance cdl (CC) attached
to its one end. The other end of the tube comes out through the central hole of the
top stedl flange (TF) and is sedled using a teflon plug and araldite. The steel tube
isfixed to the top flange verticaly using araldite. The capacitance leads are taken
out through the tube and through two small holes drilled in the teflon plug. Other
electrical connections to the temperature controller, digital multimeter and current
source are taken from the MS connector (MS 3102R-20-27P from Allied Electronics
Corporation, Bombay). The MS connector is attached to the insert by holding it on
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asmall flange using four screws and an O'-ring and the small flange is connected to
another steel tube which is also welded to the top flange of the insert. The electrical
connections other than the capacitance leads from the cdl are taken through the
second tube and are connected to the MS connector. A small hole is drilled on the
portion of the tube ST which lies inside the glass chamber to evacuate the inside of
the cell. Fig.2.2 also shows the block diagram giving the interconnections of various

measurement units.

24 Temperature and Capacitance Measurements

The glass chamber which houses the insert is first pumped through the port P and
then liquid nitrogen (LN) is poured into the dewar. After waiting for about three
hours for the insert to cool down to the liquid nitrogen bath temperature, the cdl
temperature is set to 78 K and controlled for half an hour before taking the first ca-
pacitance reading. The sample temperature is then scanned at the rate of 2 mX/sec
using a Lakeshore model DRC91C temperature controller. Temperature values are
recorded at the intervals of 4 sec using a Model 2500A automatic capacitance bridge
from Andeen Hagerling. This bridge is designed to take three terminal capacitance
measurement at a fixed frequency of 1 KHz with a true resolution of 0.5 attofarad (1
attofarad = 10 ¥ F). An average of fifty readings were taken to get the capacitance
variation with temperature at 04 K intervals. To improve the quality of the data
the bridge can be programmed to certain internal features. To avoid random noise
peakup the bridge is programmed to sense the capacitance values at every 0.05 sec
and average it out internally for 1 sec. To reject noise from external sources which

generate signals at the same frequency and phase as the 1 KHz sine wave that the
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instrument uses, the bridge is programmed to periodically alternate the applied sig-
nal to make it distinguishable from the synchronous noise signal. Also for rapidly
changing capacitance vaues a track mode is used in which the bridge uses a high
precision algorithm to take fes measurements. The measurement is carried out
with an applied rms voltage of 15 volts on the capacitor plates.

The sample temperature measurement is carried out by sending a current of
1 mA through the PT2 sensor using a model 120A constant current source from
Lakeshore Cryotronics and monitoring the voltage drop across the sensor using a
model 195A digital multimeter from Keithley.

Mechanical vibrations generate a lot of scatter in the capacitance data due to
microphonic effects. Care is taken to reduce those effects. The temperature setting.
scanning and monitoring as wdl as capacitance measurements are fully automated
using a 2AT6 computer. A program is written to automate the experiment which

uses a IEEE-488 card.

25 Calibration and Standardisation of Data

For an ideal parallel plate capacitor the capacitance C is given by, C = eA/L where
A is the area of the capacitor plate. L is the distance between the two capacitor
plates and t is the permittivity of the medium. If the medium does not change,
then the change in the distance between the capacitor plates (AL) is related to the
change in capacitance (AC) and the change in area (AA) of the capacitor plates

as,

= 1)
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In the present cell design the sample is inserted between the capacitor plates and
the length of the sample at any temperature is equal to the distance between the
two plates at that temperature. Hence the fractiona length change of the sam-
ple a any temperature T relative to the length at a reference temperature T
(551 = LI s given in terms of the fractional area change, {AA(T)/A(Tv)}”

of the copper capacitor plates of the capacitance cel whose thermal expansion is

known, as:
(AL(T)) ) (AALT))" ) ( M‘K’Q) ., éﬂff_"))"“ . (ﬂ?ﬂ)) 22)
L(T) )~ \AW) C(T) ) '(Lf.'m C(To) '

The fractional length change data of any sample can thus be obtained from the
measured fractional capacitance change data (AC(T)/C(Ty)) as a function of tem-
perature.

Equ.(2.2) holds for an idedl parallel plate capacitor and requires that the plates-
be perfectly parallel and flat. However in practice it is not possible to get a perfectly
smooth finish of the plate surfaces and there can be some small non-parallelism
between the plates. To correct for these effects experimentally, we first measure
the thermal expansion of a standard copper sample of cylindrical cross section of
diameter 3 mm and length 3 mm and compare the experimentally observed frac-
tional length change data with the reported standard data of Kroeger and Swenson
[29 which are obtained using an absolute expansion cell. Fig.2.3 shows a plot of

(“A‘T*—lﬁnr) )rw‘re 4 versus (%1).) for the standard copper sample. The plot is

fitted to a straight line

AL(TJ)"" . ( AL(T‘J)“" s
( L(j-u) standard L(T_O) measured
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Fig.2.3 : Experimenta fractional length change data of a standard copper sample
obtained using our cdl is plotted with the standard fractional length change data

of Cu given by Kroeger and Swenson [29]. The solid line shows the linear fit to the
plot.
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givinga= 09367 and b = -1.8 x 10 ¥ These values of aand b are taken to be the
cdl constants for our capacitance cell.

To test the performance of the cell, we have measured the thermal expansion of
several other materials such as, aluminium (Al), slver (Ag), nickd (Ni) and iron
(Fe) using our set up. These metal samples were annealed at 400° C for 24 hours
to remove vacancies if any before recording the data. The experimentally observed
thermal expansion data for these materials are found to be in excellent agreement
with the data reported by other workers [1,36] and are compared in Fig.2.4a and
Fig.2.4b.

2.6 Error Analysis

The resolution of the Model 2500A Andeen Hagerling three terminal capacitance
bridge is 05 aF as given by the manufacturer. However due to the imperfect
shielding of the capacitor cables and the microphonic noises there are fluctuations
in the measured capacitance values which are more than the ultimate resolution that
the instrument can provide. To estimate the experimental error in the capacitance
measurements repeated observations of the capacitance vaues are carried out for
the capacitance cdl maintaining it at a fixed temperature with a stability of £ 10
mK. The standard deviation obtained from the distribution of the observed data is
oc= % 1 aF. This is then taken to be the error in the capacitance measurement.
Using the error propagation formulae [37], the error in the measurement of
AC(T)/C(T,F \C(T) - C(Ty))/C(To)for a value of C(Ty) = 5 pF (typica vaue
of the capacitance at T, = 293 K in our measurements) is 3 x 10"". From egn.(2.2)

the total error in AL(T")/L(To)omes from the error in the standard data of the
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point differentiation of the measured fractional length change data obtained from
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fractional length change for Cu reported by Kroeger and Swenson [29] and from
the error in AC(T)/C(Ty)measurement done in our bridge. Thus the error in
the fractional length change AL(T)/L(Tpxomes out to be 35 x 10°7 from our
experiments.

The coefficient of thermal expansion o = dinL/dTis evaluated from the temper-
ature dependence of the fractional length change AL(T)/L(Ty)oy numerical three
point differentiation. Fig.2.5 shows the temperature dependence of a for some of
the test materials. The temperature stability of the cdl is + 10 mK and the exper-

imental error in a is calculated to be o, — 4 x 10" K 1.
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CHAPTER 3

THEORETICAL MODEL FOR THERMAL EXPANSON
AND ITS APPLICATION TO SIMPLE SYSTEMS
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3.1 Introduction

In the first chapter, general macroscopic thermodynamic relations in connection
with thermal expansion were discussed. There we have seen that thermal expansion
can have contributions from various sources such as electrons, lattice, magnetic
moments and so on. We have also pointed out that these contributions can be
obtained essentially from the volume derivative of the respective entropies. We
have not however discussed so far the actual microscopic mechanisms which are
responsible for various contributions to thermal expansion. The purpose of the
present chapter is to develop a microscopic theoretical model to describe these
various contributions which will be useful to analyze the thermal expansion data. We
shall present this theoretical model in section 3.2.

As is wdl known, the major contribution to thermal expansion comes from the
lattice vibrations. In equilibrium, the atoms in a crystal vibrate about their mean
positions. As the temperature is raised, more and more thermal energy is injected
into the crystal and the atoms vibrate with greater and greater amplitude. Also the
mean distance of separation between the atoms increases with the increase in tem-
perature, which gives rise to the thermal expansion. Theoretically to understand
this situation one can take a potential which is a function of atomic positions. If one
takes the harmonic potential model where the positional dependence of the potential
is quadratic in the atomic displacement, there will be no lattice expansion because
of symmetrical displacements of the atoms about their equilibrium positions. Thus
vibrational thermal expansion can be obtained only from the anharmonic lattice
potential models. There have been a host of theoretical works on the vibrational

thermal expansion of solids which are based on what are known as quasi-harmonic
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models. In the quasi-harmonic theory [1,2] the vibration is gtill taken as harmonic
but the thermal expansion is explained by assuming volume dependent frequencies
w;(V) where the subscript j is for different modes of vibration. In this approxima-
tion the vibrational entropy S, is taken as a sum of contributions of various modes

and is given by
Spn=3_S;=Y_ S(hw;/kpT) , (3.1)

where S(hw;/kpT) is the vibrational entropy function for a harmonic oscillator.
The vibrational contribution to the thermal expansion coetlicient can then be cal-
culated by differentiating the entropy given by egn.(3.1) with respect to volume.
The quasi-harmonic theory is strictly valid in the limit of small oscillations [1].
Calculations show that in hard crystals the quasi harmonic harmonic theory works
reasonably wel only upto (1/6)th of the melting temperature [3]. However for soft
rare gas crystals, the quasiharmonic approach is found to fdl through even at low
temperatures. In the extreme case of helium in which zero point quantum fluctu-
ations are pretty large, the quasi-harmonic approach is found to be totally invalid
at al temperatures, except at very high pressures. Thus theoretical calculations to
obtain corrections to the quasi-harmonic models due to further anharmonic effects
were called for. Various methods have indeed been suggested to deal with strongly
anharmonic crystals (see references [3-5] for review). We have recently developed
a very simple semiclassica anharmonic model for the vibrational contribution to
thermal expansion [6-8] which we shal discuss in sub-section 3.2.1.

In metals, however, in addition to phonons, free conduction electrons also con-

tribute to thermal expansion [1] which results from the volume dependence of the
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conduction electron entropy. The Sommerfeld model of non-interacting free elec-
trons suggests a linear temperature behaviour of the thermal expansion coefficient
in lowest order [1]. We shdl discuss this model in sub-section 3.2.2. In magnetic
materials electron magnetic moments also contribute to thermal expansion through
their mutual interaction. At low temperatures where the effects of lattice vibrations
become very small, magnetic contributions to thermal expansion can be readily ob-
served. The magnetic contribution to thermal expansion may come from both the
itinerant and locaized moments [1]. The itinerant moments contribution together
with the free electron contribution is commonly referred to as the electron-magnetic
contribution and can be described within the framework of Stoner-Wohlfarth model
[9-12] which we shall present in sub-section 3.2.3. The locdized electron moments
in ferromagnetic metals and compounds would contribute to thermal expansion
through the volume dependence of the magnon entropy [1]. We shall discuss the
model for the magnon contribution to thermal expansion in sub-section 3.2.4.

In section 3.3 we apply our model to simple elemental metallic systems like Al
and Cu to examine the validity of our theoretical approach. In the next section
3.4, the thermal expansion behaviour of ferromagnetic transition metals, namely Fe
and Ni is studied within the framework of our theoretical model and the analysis of
thermal expansion data of akali halides is then taken up and presented in section

3.5. Finally we end this chapter by giving our concluding remarks in section 3.6.
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3.2 Basis of the Modd

The fractional length change of a solid at any temperature T with respect ot a

reference temperature Tp can be defined as

AL a(T) - a(Ty) (@) — (®)q
== = ] 3.2
LTy~ a(T) o(To) 3.2)

where a(T), the interatomic separation at temperature T, has been written as
a(T) = a(0) + (z)7 . 33)

(z)y being the average lattice displacement at a temperature T. As aluded to in
the introduction, eqgn.(3.3) can have contribution from free electrons, anharmonic
phonons, and itinerant and localized electron moments.

For a smple non-magnetic metallic system. (x); will have contributions from
anharmonic phonons and free electrons. Hence we can write for simple metallic

systems [1]
() = (2)F + (2)F" . (3.4

where (z)} is the lattice vibrational contribution and ()3 gives the contribution
from free electrons. However for magnetic materials there will be in generd addi-
tional contributions from the itinerant and locaized electron moments. Thus we

can write for magnetic materials
(z)y = (@) + (2)F + (2)F | (35)

where (z)7is the magnetic contribution to lattice displacement. As discussed in the

introduction, (z)7 can be written as a sum of the itinerant moment contribution
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(z)§" and the localized moment or magnon contribution (z)7**. We shall write {x)y

and (z)¥" together as the electron-magnetic contribution ((z)5™), i.e,
(=) = (2)g + (=) . (3.6)
Thus (z)rfor ferromagnetic materials can be findly written as
(@) = (B)F" + ()] + (&)7°7 . @7

3.21 Theory for Vibrational Contribution

The lattice contribution to thermal expansion originates from phonon-phonon inter-
actions. These interactions arise from the anharmonic terms in an expansion of the
lattice ion-ion interaction potential energy around the equilibrium configuration of
the ions. In this anharmonic picture, a phonon has a finite life time and can decay
into other phonons through multiphonon processes. One normally considers [13] in

gquantum mechanical model calculations three and four phonon interactions given

by,
s & W 0(q5.94.4'3")
M= 522 2IN \Jig W ey b it o
e'q" 333" YT
t (ot t
x (alg +ag)(als; +ag)(aipp +ags) . (3.8
y o= 5 h* o(qj.45'.4"7".4"7") ‘
= — — . g 4G Ko
!eq‘v“q”‘fj’J”J'” AN \flog g Wy jriqryr 070
i i t f
x (alg+ag)lagy + agi)(algu + agje) (@ g + agiym) . (3.9

where al (ag) is the creation (annihilation) operator for a phonon ofj —th branch
and wave vector ¢ and frequency wy;, ®’s are related to the atomic force constant

tensors, K,, isareciprocal lattice vector and N is the number of alowed vectors. The
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free energy is then calculated within the frame-work of the Rayleigh - Schrodinger
perturbation theory using H' + H"” as a perturbation and finally the lattice constant
is obtained as a function of temperature by minimizing the free energy with respect
to it. This approach is, however, quite tedious and, in fact only for a linear chain
explicit calculations are usually available in the literature. We shall therefore follow
here a rather simple-minded semiclassical approach in which the effects of three and

four-phonon interactions will be simulated by considering the anharmonic potential

(14

V(z) =ca’ — ge* — fa' . (3.10)

where ¢, g and / are constants, g and / measuring the strengths of the cubic and
quartic anharmonicities respectively. The x® - term describes the asymmetry of the
mutual ion-ion repulsive potential and the x* - term takes care of the flattening of
the bottom of the potential wdl which gives mode softening at large amplitudes
(see Fig.3.1). Classicaly, the average lattice displacement at temperature T for the
above potential can be calculated using the Boltzman distribution [14], i.e.

t [ xe~ (/20N ke T dxd P
I = Slhing i )
= e (P2 Vix) *aT dxd P

(3.11)

Unfortunately, ()% as given by eqn.(3.11) cannot be calculated exactly for the
potential (3.10). However if the anharmonic terms are small in comparison to kzT

we may expand the exponential function and simplify eqn.(3.11) as

e —(ex? /T e +BcY? 3 L fyty?

(x)P = Joo xe /(1 + BEE + By + Sery + o )dx
oo —(ox? 3 4 fxct 3 fxA)? Ity .

[P @1 + Br= + eyt + Sapry + o )dx

Jc ®

(3.12)
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Fig.3.1 : Schematic representation of the anharmonic lattice potential.



41

The integrals appearing in the above equation can now be easily calculated to yield

3¢9 ) 3g [156¢° 8f P
o = 2Lk _ 29 (209 )Ty
(@)r = g *ksT) ic (m PR ) (ksT)
)5 5¢° 3f*
64 2\ 4 & ct

where terms higher than cubic in (kpT)have been neglected. In the present semi-
classica scheme the classical thermal energy kgTis replaced by the average energy
of a quantum oscillator. Employing the Debye model for the acoustic phonons and
the Einstein approximation for the optical modes a semiclassical expression for the

average vibrational lattice displacement can Chen be written as

o= 39 [6_ B (mg-’ B 51) ;2 38 (Dﬂ_f " EL) E*] , (3.14)

T 7 42 16c ¢ 16\ 4 &5 c

where,

3 T\ (% 28dz (p -3\ kgOg
={ (2] 8kpT (= — I R 3.
g {(p) B ((‘91)) /u e’ — 1 ks . P ) oF — 1 (3.15)

Op and ©f are respectively the Debye and Einstein temperatures and p is the
average number of phonon branches actually excited over the entire range of tem-
perature. This way of approximating the acoustic and optical branches of a crystal
is wel known in the context of specific heat calculation. But to our knowledge such
a scheme has not so far been used for the evaluation of thermal expansion.

The vibrational contribution to the linear thermal expansion coefficient (a,)
can now be easily obtained using the equation

1 d(=)3
a(Ty) dT

(3.16)

Qph =

To determine the lattice vibrational Griineisen parameter (I"(’;h) one should aso

caculate for the anharmonic potential V(x), the specific heat (at constant volume)
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which is obtained as

' \ a

= {E 4 V(z)) e PV kT dgd P
- 24 vy = & [l Vi) ik
&T ''2m ! ar

2m

I e PV /hT dod P

i (3.17)

Using the same approximations and the philosophy as used in the case of egns.(3.12)

and (3.14) we smplify the calculation of C,, and obtain

: 15¢°  3f\ .
CphZ.i\{S —(J.\‘r( &‘3 — ;1";): X £ . (318)

i 33, TY (F 2l _ p—3 O ; eF 2 1¢
) {(1)”‘(?) [P e (5)n(3) @) o

and NV is the total number of atoms in the crystal. The lattice Griineisen parameter

can then be calculated from

3, BV
re =2t (3.20)
Cyn

where 3,, is the vibrational contribution to the coefficient of volumetric thermal
expansion and is given by 3., — 3 ag, Bris the total bulk modulus and V is the

volume.

3.22 Free Electron Contribution to Expansion

In asmplified kinetic picture, the expansion due to free electrons can be interpreted
physicaly as a change in volume of the lattice required to maintain a constant
electron pressure when the temperature increases [15]. Quantitatively, the free
electron contribution to the thermal expansion can be calculated from the volume

dependence of the free electron entropy [16]. In the absence of any electron-phonon
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interaction the electronic heat capacity (C,;) of a normal metal can be calculated

from the Sommerfeld model of a nonint.eract.ing free electron gas. One obtains [14]

1, 2
C,J' = r—{?-”y(f())k;;T s (321)

for T « e/kp where ¢ is the Fermi energy and g(e,) is the electron density of

states at the Fermi level. The free electron entropy is now given by
T C, 1, 2
8 [ 4T = S gle)khT . (3.22)

The electronic contribution to linear thermal expansion coefficient a.; is then ca-

culated as

1 1 (8S4) 2,1 /1, . ;
O = 51,1,,. = E (-UT) = (—)(m—;) (371’ _r;((“)kﬁ) Ti= g, (3.23)

where 3, is the electronic contribution to volumetric thermal expansion coefficient.

Hence the average lattice displacement due to free electrons in the case of a metal

is given by

(3.24)

The free electron Griineisen parameter (T'¢) can aso be obtained from the Som

merfdd model using the relation

BaBrV
ret - PuBrV 'gj . (3.25)
which yields
2
Iy = g (3.26)

which however is not found in general to be true experimentally. In the free electron

model, the electron energy is purely kinetic and the electronic density of states is
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proportional to the square root of the energy. When the effect of the periodic lattice
potentials is taken into account the distribution of the electronic states gets modified
giving rise to a series of energy bands which may be separate or overlapping with
a density of states which may be a complicated function of energy unlike in the
case of the free electron model where it is parabolic. The nonagreement of the free
electron Griineisen parameter value with the experimental values in case of several

materials may thus be attributed to the non-parabolicity of the bands and band

overlapping [1].

3.2.3 Electron-magnetic contribution to Thermal Expansion

The Heisenberg theory of ferromagnetism which is concerned with the direct ex-
change interaction between localized spins of nearest neighbours is a good enough
theory for insulators. However it is certainly not quite valid for ferromagnetic met-
as and dloys where the electrons whose spin gives rise to ferromagnetism are not
localized but itinerant. The most important group of ferromagnetic metals is the
transition metals. The transition elements such as Fe, Co, Ni have 8, 9, 10 elections
per atom respectively in the uppermost bands which are the superposition of 3d
and 4s bands. It has been suggested that Cu and the transition metal elements have
the similar band structure, and hence the similar density of states [17]. In Fig.3.2
we have shown schematically the density of states of Cu, Fe, Co and Ni where the
elements are distinguished by the position of their respective Fermi energies relative
to the band edges. For Cu, Fermi energy lies above the filled d-bands. The Fig.3.2
shows clearly that in the case of transition metals the overlapping d- and s-bands
are only partially filled. Thus the d-band electrons also occupy the states near the

Fermi energy. Efforts have been made to develop theories to explain ferromagnetism



45

E |
w
[ ]
< | 3d4-bands
°
=
2 &s-band
[ Y
o = e T e % "
Fe Co Ni Cu Energy

Fig.3.2 : Schematic representation of the density of states of the transition metals
with the assumption that al thses elements have approximately the same band struc-
ture (rigid band model). The d-bands are filled to higher energies in Fe, Co and Ni
according to the number of vaence electrons. In Cu, the Fermi energy lies above the
d-bands. in the 4s-band.

(From Introduction to Solid State Physics by 0. Madelung. Springer-Verlag. Berlin,
1978).



46

in transition metals considering the conduction electrons in unfilled bands. For iron
group of elements the 4s-band electrons have been assumed not to contribute to
ferromagnetism and the calculations have been done for the electrons in the par-
tialy filled 3d-band which have been considered responsible for ferromagnetism.
Theories in which interactions between electrons have been considered have come
to be known as the collective electron theories. The earlier theories however did
not include the interactions of electrons with ion coreq18]. The calculations based
on the band model were firs performed by Slater [19], who obtained results for Ni
which are in good agreement with the experimental values. Stoner has made a fairly
detailed study of itinerant ferromagnetism in the transition metals on the basis of a
collective electron model [10]. Later the Stoner model has been used and modified
by Wohlfarth [11,12]. Since our calculation of the electron-magnetic contribution
to thermal expansion will be based on the Stoner-Wohlfarth model we shall begin

by presenting a detailed discussion of this model below.

(i) Stoner Model

The basic assumptions and the salient features of the Stoner’s model are as follows:

1. The system under consideration is a set of N-electrons (or holes) in a partially
filled 3d-band specified by the parameter ¢, which denotes the maximum electron
energy a T=0K in the absence of interaction (sec Fig.3.3a). The 3d-band is assumed
to be parabolic near the Fermi level, i.e. the density of states g(e) is given by the

form,

gle) x €/?. (3.27)
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Fig 3.3: A schematic parabolic band structure of an itinerant ferromagnet at
OK; (a) without interaction, (b) a the onset of exchange interaction and (c)
after the exchange interaction showing an exchange splitting of 2k8°C.



48

The kinetic energy of the electrons is related to the wave vector & as

_ hek?

e(k) = =1 (3.28)

where m” is the Bloch effective mass.

2. The exchange interactions between the electrons can be treated in a mean
fiedd way by a Weiss-like molecular field. Thus the energy of an electron with spin
parallel or antiparallel to the magnetization is given by [18]

€ =FN . Mug . (3.29

where N, isthe molecular field constant and A is the resultant magnetic moment of
N-electrons at atemperature T and uj is the Bohr magneton. Stoner has introduced

the notations

M
C = — 3.30
5 Nuyg ( )
and
kg’ = N, N;f'ﬁ,. F (3.31)

where ¢ is the relative magnetization, which is the ratio of the number of parallel
spins to the total number of potentially effective spins [10]. Substituting egns.(3.30)
and (3.31) in (3.29), one obtains

€ = Fhpb'C . (3.32)

Since the maximum value of ¢ is 1. kg’ gives a measure of the maximum quasi-
magnetic interaction energy per electron [10]. The total energy of each electron is

thus given by

i
I
)
b
™

(3.33)
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which shows that the effect of the exchange interaction is to shift the up and down
spin d-subbands energies by —kg8'¢ and kz6'( respectively leading to an exchange
splitting of 2kp8'¢ between the upspin and and the downspin d-subbands (see
Fig.3.3b). Consequently there will be a transfer of electrons from the down-spin
subband to the up-spin subband resulting in a preponderance of upspin electrons
and hence a spontaneous magnetic moment in the ground state. This is shown in
Fig.3.3c.

We have shown in Fig.3.3 that in the presence of the exchange interactions the
electronic density of states are modified. For the upspin and downspin electrons,

the density of states can be written as

gi(€) = gle + kpb'() . (3.34)
and

g,(e) = gle — kpb'() . (3.35)

where the symbols 1 and | indicate up spin and down spin respectively and g is the
single particle density of states for a non-interacting free electron gas. The number

of electrons (or holes) in the upspin and downspin subbands can now be written as
N, = [ () fle)de . (3.36)
J-kpb'¢
and
Ni= [ g f(e)de . (3:37)
Jkpo'¢

where f(e) is the Fermi distribution function given by

1
f(f} = ele-u)/kpT 1 1° (3.38)
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u# being the chemical potential. Using egns.(3.34) and (3.38) and making the sub-

stitution e + kp’C = =z, we can write eqn.(3.36) as

_ [ glet+kpf()de  r g(x)dzx
S ./:knwc ele-u)/kpT 4 1 - /(l

Similarly eqn.(3.37) becomes,

N = >~ gle — kpt'()de - f“‘ g(x)dx
4 kpb'c (f(r-;l)fkr;7'+1 s o el

The total number of electrons (or holes) in the band is given by.
N = N} + Nj.

Making the fallowing substitutions

kT ¥
N
kT o \T)¢
and
H
. TP
kgT

and using the expression for free electron density of states,

0= (2)(%).

we obtain from eqn.(3.41),

(3/2)
3. (kT
=N (B—) [FumO + 1)+ Famr = 7)]

€0
where

oo l/'.’d
y'ray
Famp(Ax7) = /D proE=

@k C-w)/kpT 4 1 °

a+kp®C-p)fkpT 4 1 °

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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The resultant magnetic moment can be easily calculated. We obtain

M = pug(N; - N)) (3.48)
3 kpT\*?
= 0 (20 (Ear 4 1) - Bpr -] (3.49)
0

Therefore the relative magnetization is given by,

M - Fug{/\ “+ T) - Flfg(A - T)

- = . 3.50
Nup  Fip(A+7)+ Fip(A-1) (350
The total energy of the system can be written as,
- [A degi(e)f(e)e + [ deg;(e)f(€)e + L Nkgorc? . (351)
Jokgoc Jkporg i 2 ’

where the third term in the above equation is the interaction energy. Using the

expressions for g;(e), g;(e) and f(e) the total energy of the system is obtained as.

3 (kgT)%? 1 _
B = 3NEETD(Boh 1) + By = 7)) - SNRaBC? (352)
€n
where
B oc yii,'ﬂdy
‘F:‘f’?()‘ + T) - 4 {,(y:/\ T) LT (353)

Eqgn.(3.52) is agenerd expression for the electron-magnetic energy. It is not possible
to obtain a simple analytical expression for the electron-magnetic energy at arbitrary
temperatures. However in the limit (kgT/e)« 1 or A » 1 (which will be a
reasonable approximation for our systems) the Fermi integrals F3,,(A £ T) can be
expanded in Taylor series and the electron-magnetic energy can be written in a
simple analytical form. The series expansion for the general form of the Fermi-

integral gives,

o y'dy (AL r)"H ) iy
Fulpdr)os L e 0 41 n+1 -+ Za"’" ) (3.54)

v=]
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where
al? = 2(1 = 2" 2)(2)(n + 1)(n)(n = 1) -+ (n + 2 — 20), (3.55)

s(2v) being the Riemann-Zeta function. Using egn.(3.54), the electron-magnetic

energy can be expressed as.

3 (kgT)"? (A+7)%? /2) 2
Eemn==N : ' 1+ B\ 4 )
PR 572 Z el at
A= 7)%2 T i
R {1 +3 a0 - ) }]
vl,. ra 1
1 y
~ SNkab?. (3.56)

It is aso possible to make the following inverse asymptotic expansion,

3o {gpl,._,g,\ + T)}m{l =3 b [gp,ﬂ()\ + r)] w} . (3.57)

=]
where off = w /12, aﬁ%) - ©'/80 etc. The Fermi integrals Fy,(A+ T) can be
written in terms of the relative magnetization ¢ from egns.(3.46) and (3.49) which
give
2 A \ 3/2 .
F,,g(,\if};—;(_‘—‘) (1£¢), (359)

and the egn.(3.57) then reduces to

At7= () 202 {1—;—;(&'1)"'(1i<) 43

-5 (t) gl (359)

B0 \ ¢

kpT

where terms upto fourth order in (kgT'/€o) have been retained. Substituting egn.(3.59)
in (3.56) and making some algebraic manipulations, we now obtain for the electron-

magnetic energy to order (kpT/e)*,

3 5 5/3 57° (kT ’ 3
B = SNa|{a+0P+ -0+ 5 (25) {a+ e a- o)
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31mt (kpT\* 1.,
=7 (fT) {0+07'+0-0 =}} - 5 Nksb'C*. (3.00)

The parameter & can aso be written in a series in terms of (kgT'/€). Using

egns.(3.43) and (3.59), we obtain

ki
m (kg ’ o\ -2/3 ~\=2/3
- E(fﬂ){(lmhuw )
' (kgT ; : .
— :—“( :’U ){(1 +0) - (1-¢) }] . (3.61)

Substituting egn.(3.(i) in (3.60) and differentiating E.,, With respect to temperature
we now obtain the total electron-magnetic specific heat as,

o _ 2 (BT) g1y 1y~ 37 (BT) 1 4 - )
Nkz 4 ( € ){(]4(') +a=0 } 320 \ e {(1—‘.(') ti=0 J
1& m E ; ~2/3 Y23
i b [F( = ) {1+ R+ (1-¢) )
397" (kpT\" ) 2| 9¢ o
o (A) fy it = O = (3.62)

At low temperatures. ‘—’f}« 1 and since in the low-temperature limit ¢ can be

replaced by its zero temperature saturation value ¢,. the electron-magnetic contri-
bution to the specific heat at low temperature can be approximately written as,

(mkp)* N

—{(1+¢)"+0-¢)"P}T. (3.63)

C‘rm = 4 €
0

(¢#7) Calculation of Thermal Expansion using Stoner-Wohlfarth Model

In the present work we are interested in the thermal expansion of transition metals
such as Fe, Ni and their aloys in which the particles responsible for ferromagnetism

are holes in the d-band. Indeed, Wohlfarth [11] has shown that most of the thermal
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and magnetic properties of Ni could be interpreted satisfactorily through the pres-
ence of holes in the unfilled d-band. Therefore the number of particles N appearing
in eqn.(3.63) should refer in the case of transition metals to the total number of
holes in the 3d-band and ¢, will refer to the zero temperature hole band width in
the absence of interaction. In what follows we shall denote the hole band width
by e, d referring to the d-band. Furthermore, as we have discussed above, the
Stoner model calculations are based on the assumption that the energy bands are
parabolic. Band structure calculations however show that electron density of states
in transition metals can in general be quite complicated. Wohlfarth has modified

[12] the Stoner model by taking a generalized band with the energy density of states
give by

gle) x " (3.64)

where m lies between 0 and 1/2. The Stoner-Wohlfarth model yields for the electron-

magnetic specific heat
Ceni = YemT (3.65)

with

m+ 1y (wkg)* o o
Vem = ( 6 ) ] N, Noa [(] +G)™T + (1= () . (3.66)

where Ny, is the total number of holes in the d-band per atom and N, is the
Avogadro number. If Nyy- and Noy, are the number of the holes per atom in the
up-spin and down-spin d-subbands respectively at T = OK and ng is the zero

temperature magneton number per atom, then

nod = Noa; — Noa: (3.67)
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and
Nyg = -Nu.,;\ + Noar - (368)

Then the relative magnetization & T — OK is given by

Tod N(k:. — Noa
Gy = S et

= —2 = ; 3.69
Noa  Noaj + Nog ( )

The electron-magnetic entropy (S...) can be easily calculated from egn.(3.65) and
is given by

TC
B o BT o T :
5., /{ 24T = AT (3.70)

Taking the volume dependence of €y, to be of the form, ey o« V ¢ (which is more
general than what is obtained from the free electron model) and assuming that ¢o is
independent of volume. we can calculate the electron-magnetic contribution to the

coefficient of linear thermal expansion (a.,,) using the relation

1 (88,
(I(.".IB| = :'*i (—U‘[ ) (371)
which gives
Qi = Yo (3.72)
where
L= ( 8 3.73
Vo= | 357 ) o (373)
The electron-magnetic contribution to the average lattice displacement is thus
given by
(@) .
= A|Q1+G)™ +(1-G)™|T 3.74
o (1 + )™ + (1 = o) ™) (3.74)

_ Demq
= e, (3.75)
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where

6 rm+1 wzkf, N,Noy
= - = 3.76
il 6 ) o BV (3.76)

The electron-magnetic Griineisen parameter can be obtained from the relation

Bom BrV
re' = JC‘—.Bik : (3.77)

em

where B, — 3a...Eqn.(3.77) yields
rg'=6. (3.78)

Therefore, we can directly calculate the value of T¢” from the thermal expansion
measurements and eqn.(3.76) knowing the values of Ny, and ey, which can be

obtined from the band sructure calculations.

3.24 The Magnon Contribution

The locdlized moment contribution to the thermal expansion can be obtained from
the Bloch spin-wave theory which gives for the magnon specific heat of an isotropic

cubic system [17]
Coig =g 3 (3.79)

with

N [ kg B o g3 d
W[T (2s) = f &= (350)

where S is the spin. J is the exchange integral and N is the number of localized

spins. The magnon entropy can be easily calculated as

mag *1',')
Suay ]n s gp = w...nyT (3.81)
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Taking the volume dependence of J to be of the form. J ~ V ", the magnon
contribution to the linear thermal expansion coefficient (¢.qy)can now be obtained

from the relation

Xmag

1 1 85,4y
= 38 = 35 (-?ﬁ;) . (3.82)

where Bnq, is the magnon contribution to the volumetric thermal expansion coeffi-

cient, Eqn.(3.82) yields

Qag = ),’,WT"’:" ; (3.83)
where
g ( 7_) (3.64)
')mu_q - :‘BT v, Vmag - -

The magnon contribution to the average lattice displacement can thus be written

as

(B2 2. ap
=N o 85
a(Ty) = 5 (3.85)

It immediately follows from the relation

Fag BrV
g ="t (3.86)
Couag
that n can be identified as the magunon Griineisen parameter.
In terms of 4/ and #, the magnon entropy is given by a simple relation :
A - .
Beca =1 (? e ) 2 _) 7502 (3.87)

which will be later used to determine 7.
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3.3 Tests of the Model

To examine the validity of our theoretical model we first make thermal expansion
measurements on Al and fit our observed fractional lengtli change data (discussed
in section 2.5) and the corresponding standard data of Cu [20] to egn.(32). Since
these are non-magnetic metals we include in (z)7 only the electronic and phonon
contribution given by eqns.(3.24) and (3.14) respectively. Furthermore as these
systems are monoatomic solids they are not expected to have any optic modes in
lattice vibrations. Hence the fits have been performed without the Einstein term
and by taking p = 3 in the Debye term and with g — g/c*a(Ty), 9" = ¢°/c* . f —
//c? and ©, as parameters. A non-linear least square fit has been done using the
grid search technique [21] where the optimum value of every parameter is found by
varying each parameter separately. The fits are found to be excellent (see Fig.3.3).
Table-3.1 gives the values of the parameters that give the best fit. The percentage
r.m.s. deviation is found out to be less than 0.3% for both the fits. The values of @p
obtained from the fits of Cu and Al are respectively (344.5 + 0.8) K and (423.3
0.4) K which compare well with the corresponding reported values 345 K and 428 K.
The values of the coefficient of the electronic contribution to thermal expansion (4.)
obtained from our fits are (2.60+0.08) x 107!°K 2 and (9.13 £0.04) x 10~ °K-*for
Cu and Al respectively which aso agree with the reported values. The comparison
isshown in Table-3.1. This impressive agreement between our fitted values and the
ones given in the literature imparts a far amount of confidence in our approach.
In the following section. we shall use our model to analyze the thermal expansion
data of ferromagnetic transition metals where the electron-magnetic and magnon

terms also contribute. This is followed by application of the model to akali halides.
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Fig.3.4 ; Fractional length change data of Copper and Aluminum with the fits to
the egn.(3.2) shown as the solid lines.
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Sample Copper Aluminum

g (evV 1) 0.265+0.008 0.370 + 0.004

g" (eV™?) (8.86+£0.2) x107° (7.85+1.3)x107®

/' (eV7) | (1.04+0.02) x107¢ (9.2041.53) x 1077

Oy (K) 344.5+0.8 423.3+0.4

[349] [428]

7a (K72) | (260 £ 0.0.08) x 10 '° | (9.13+0.04) x 10" "

[254 x 10719 [9.20 x 10719

Table-3.1 : Vaues of anharmonicity parameters and characteristic temperatures
obtained by fitting the fractional length change data of Cu and Al. The values of
©p and +,, in the square brackets are reported values obtained from specific heat
data [1,14].
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34 Measurement and Analysis of Thermal Expansion of Nickel and

Iron

Interest in the transition metal elements has continued unabated for several decades
for their interesting magnetic and thermal properties several of which have remained
hitherto elusive. Experimentally, ferromagnetic transition metals are found to show
in addition to a vibrational contribution a linear-T dependence in their low tem-
perature thermal expansion behaviour which is believed to include both the pure
electronic contribution and a contribution from the itinerant electron moments. As
we have already mentioned in subsection 3.2.3, this linear-T term in the thermal
expansion coefficient is commonly referred to as the electron-magnetic contribution
and can be explained within the framework of the collective electron model of Stoner
and Wohlfarth. There have been a host of experimental reports giving the values of
electron-magnetic Griineisen parameter I'é™. But accurate theoretical calculation of
e is certainly very difficult for these elements because of their complicated band
structure and complex magnetic behaviour. To our knowledge, there has been only
one calculation of I'T* [22] which predicted T'g" = 5/3 from a simplified model for
magnetic properties of electrons in isolated d-bands based on the works of Lang and
Ehrenreich [23] and Heine [24]. However there seems to be no justification for this
model to apply in general.

We have aso discussed in the subsection-3.2.4 that in the transition metals and
aloys the magnetic contribution to the thermal expansion may come from the lo-
calized spin moments too which we have termed as magnon contribution. To our

knowledge, for these materials there exists no estimation of the magnon Griineisen
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mag

parameter (I'=*), which is essentially given by the volume derivative of the Heiscu-
berg interaction energy J, again a quantity difficult to calculate theoretically.

The aim of the present section is to show that our model can be used together
with the band structure results to analyze the thermal expansion data of transition
metals to yield reliable estimates of characteristic temperatures, various contribu-
tions to specific heat and the Griineisen parameters. For this purpose we have per-
formed thermal expansion measurements on two transition metals, namely nickel
and iron for which accurate band structure calculations are available. We have
already discussed in detail in Chapter 2 our thermal expansion measurement pro-
cedure and have aso presented our fractiond length change data of Fe and Ni in
2.5 for the sake of comparison with the reported data. In the following subsections

(34.1 and 3.4.2), we shall present the analysis of these data using our model.

3.4.1 Nickel

Band structure calculations for Ni [2526] show that the 3d-band electron wave
functions overlap strongly with 4s-band electrons. It has been found that at zero
temperature the outermost €lectrons are distributed so that the Ni d-band contains
94 electrons per atom and s-band contains 0.6 electrons per atom. The upspin
d-subband is completely filled up with 5 electrons per atom while the downspin
d-subband has 4.4 electrons per atom. Thus the d-band contains 0.6 holes per atom

which are the participating particles in the ferromagnetism of Ni. Therefore

e Moyl 00y, (389

= m fod| +-NM' T 06

which explains why Ni is considered a strong itinerant ferromagnet [27]. Further-

more, the occupied part of the up-spin d-subband has a width of 4.6 €V and that
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of the down-spin d-subband has a width of 4.08 eV with an exchange splitting of
052 eV.

To analyze the thermal expansion behaviour of Ni we have fitted the fractional
length data to eqn.(3.2) with the total average lattice displacement (z)rgiven by
eqn.(3.7) and (x)§™, (x)7* and (z)3" obtained from eqns.(3.74), (3.85) and (3.14)
respectively. Fits have been performed with Co = 1 and with g = g/c%a(T;).¢"
=g/, ' = 1/c?, ©p, Of. p, A, mand 77 as parameters. It is observed that

= 3 gives the best fit. This shows the absence of optical modes in the present
system. Furthermore, the magnon contribution also turns out to be negligibly small.
In the fina fit, therefore. the Einstein and the magnon terms have been dropped
atogether. The fit is shown in Fig.3.5. It is clear that the fit is excellent over the
entire range of temperature. The percentage r.m.s. deviation is found to be about
0.7%. Table-3.2 gives the parameter vaues for the best fit. Interestingly enough.
the value of the Debye temperature obtained from our fit is 450 K which is exactly-
identical to the value reported in the literature [14]. Using the fitted values of the
anharmonic parameters and the Debye temperature and with the total number of
atoms, .V — 6.023 x 10%*, we now obtain the molar vibrational specific heat (Cp.)
from eqn.(3.18). % is then calculated from egn.(3.20) using Br - 186 x 10"
Nm~? [14]. V = 659 cc (molar volume) and the above value of AV. It is observed
that T% remains essentially constant, independent of temperature in the range 80 -
300K and we find its value to be equal to 2.0 which compares quite favourably with
the value 16 (see Table-3.3) which is the reported lattice Griineisen parameter for
Ni a low temperature [1].
The value of m obtained from fitting is 0.497 which suggests that in the case of

Ni the energy band is amost parabolic. Using the fitted valuesof m, Aand {; =
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Fig.3.5 : Fractional length change data of Iron and Nickd with the fits to the
egn.(3.2) shown as the solid lines.
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1 we findv,, = 3.1 x 10-* K * which is in excellent agreement with the reported
value, 3.8 x 107* K~? [1]. To obtain the electron-magnetic Specific heat and g™
we need to know the value of the hole band width, e,q. In the absence of exchange
interactions each d-subband of Ni contains 4.7 electrons at OK within a band width
of 4.34 eV. If u’ is the total band width of the d-band (i.e., the width including the
occupied electron band and the hole band) at T = OK in the absence of exchange

interactions, then we can write

_-1 _ _l'(;"f"'r[f
4.7 lul Hemde (389)
which yields v’ — 4.523 eV and thus €y, is obtained as
€oa = (4523 - 4.340)eV = 0.183¢V . (3.90)

Using this value of ey and Ny = 0.6, Br = 1.86 x 10" Nm2 V = 659 cc
(molar volume) and the fitted values of A and m we obtain from eqn.(3.76), 6
= 197 which is in excellent agreement with the reported experimental electron-
magnetic Griineisen parameter value 2.1 (see Table-3.3) [1]. The coefficient of the
molar electron-magnetic pecific heat can now be easily calculated from egn.(3.73).
We gét 7, = 7.243 mJ/mol K? which agrees remarkably wel with the reported

experimental value, 7.02 mJ¥mol K? [14] lending credence to our theoretical analysis.

3.4.2 Iron

Band structure calculations on iron by Callaway and collaborators [28,29] suggest
that at zero temperature the upspin d-subband of iron contains 4.6 electrons per
atom within a band width of 47 eV and the downspin d-subband contains 2.4

electrons within a width of 34 eV with an exchange splitting of 1.3 eV. We thus



Table-3.2

Sample Nickel Iron
9 (eV'!) 0.2140.02 0.16 + 0.02
9" (eV™!) | (3.2420.2)x107% | (2.63£0.2)x1073
f (eVh) (3.8340.2)x107% | (3.09240.2) x107*
ey (K) 450.00.7 469.7+0.7
[450] (470
m 0.497+0.002 0.489+0.002
A (K3 | (123+0.7) x 10 * | (1.95+0.6) x 10 ¢
o (K2 31x 10 49x 10 ¥
[38 x 1079 [32 x 1079
Vrag (K™%) -

(29+0.6) x 10
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The fitted parameter values for Ni and Fe. The values of Debye

temperatures inside the square brackets are taken from ref.14 and the values ofy,
inside square brackets are taken from ref.l.
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have Noa: = 0.4 and Nog; = 2.6 and therefore the relative magnetisation for iron at

T = OK is given by

(]

n 2
M =222073,
Noa 3.0

C(l =

which implies that iron is not a strong itinerant ferromagnet [27]. The fractional
length change data for iron are fitted to eqn.(3.2) with the above value of ¢, and with
g, 9", f,0p, ©g p, A,m and 1, as fitting parameters. It is again observed that
p = 3 gives the best fit. So the final fit has been carried out without the Einstein
term. It is however interesting to note that it was not possible to fit the data with
reasonable accuracy without the magnon term which is however consistent with the
observation that {, < 1 for iron. The fit is shown in Fig.3.4. Clearly the fit is
excellent. The percentage r.m.s. deviation is found to be about 0.3%. Table-3.2
gives the parameter vaues from the best fit. The vadue of ©; obtained from the
fit is 469.7 K which is again in excellent agreement with the value quoted in the
literature (see Table-3.2) [14].

We calculate T%" for Fe in the same way as we have discussed for Ni. We find
for Fe, I"C’;" = 1485 which agrees quite remarkably with the reported value 1.3 [1].
From the fitted values of m» and A and with Co = 0.73, we obtain ~,,, = (4.956 *
06) x 107° K 2. which compares reasonably with the reported vaue (3.2 £ 0.4) x
10°K"? [1] Inthe apsenceOf exchange interactions each d-subband of Fe contains
35 electrons at OK within a band-width of 4.05 eV. Using the same prescription as
was fallowed in the case of Ni, we find for Fe, w = 5.146 €V and thus es = 1.096
eV. Using this value of ¢py, and Nog = 3.0, Br= 1683 x 10""Nm"2 [14], N, = 6.023
x 10% V = 7.09 cc (molar volume) and the fitted values of A and m, we obtain

fromeqgn.(3.77), 6 = 2.01 which is fairly close to the reported experimental vaue 2.4
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Sample | 4o, (mJ/molK?) TR | T& | o

Nickel 7.243 200 | 197
[7.02) (16 | [21]

Iron 8.829 148 | 201 | 401
[4.980] 13 | [24

Table-3.3 : The estimated values of the electron-magnetic contribution to specific
heat and Gruneisen parameters of Ni and Fe. The values of q.m inside the sgquare
brackets are taken from ref.14 and the values of Gruneisen parameters inside square
brackets are taken from ref.1.
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[1. From egn.(3.73) we now get 4., = 8829 mJ/mol K* which is somewhat higher
than the only reported value 4.98 mJ/mol K* [1]. As has aready been aluded
to above, we have obtained a nonvanishing magnon contribution to the thermal
expansion of iron with +,,,,= 2878 x 10 '® K-5/2. Using the expression (3.87)
and the prescription that the magnon entropy should continuously go over to the
paramagnetic vaue RIn2 at T — T, 7 is then found to be equal to 4.01. Eqgn.(3.84)
then yields, 4,mq, = 0.257 mJ/mol K%/ which is about an order of magnitude larger
than the only reported value [32]. So it seems that more accurate measurements
together with careful analysis of data are cdled for to verify the magnon contribution
to the specific heat and thermal expansion of Iron.

Thus we find that our method provides us with very accurate values of the
Debye temperature, yields estimates of the anharmonicity parameters of the lattice
potential, gives correct values the Griineisen parameters and suggests the nature of
the energy bands. We show that both nickd and iron have almost parabolic bands.
We furthermore show that the electron-magnetic moments in nickel are al itinerant
while those in iron are not. We would like to point out that in addition to the
assumption of volume independence of ¢y, we have made a fev more assumptions
in our andysis for the sake of mathematical simplicity. For instance, we have used
the low-temperature limit of the Stoner model. This, we believe, will introduce
only a small error in our result because for both nicke and iron the temperature
range considered in our work is much below the transition temperature. Secondly,
we have neglected a small electronic contribution which would come from the s
band. We have also neglected the band transfer effect, which is proportional to
(kT /e0q)* and is therefore very small in the present case for both iron and nickel.

Finally, the expression for the magnon contribution used in our analysis is rigorously
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vaid only at long wavelengths and at low temperatures at which the system can
have only low-lying excitations. In practice however this turns out to be a good
enough approximation in many cases. Incorporation of the contributions from the
sband and the band transfer effect and the higher-order electron-magnetic and
magnon terms will certainly improve our analysis. We however do not anticipate
any significant qualitative difference to show up, although a marginal change in the

model parameters might be expected.

3.5 Thermal Expansion Analysis of Alkali Halides

The temperature variations of thermal expansion and specific heat at constant vol-
ume of KBr and NaCl have been studied by Kwon [3]] by incorporating the loca
dynamics of the lattice into the origina Einstein model. Though for NaCl the modi-
fied Einstein model of Kwon agrees with the experimental data, the fits are not very
impressive for KBr. In the present section we shall analyze the thermal expansion
data of four alkali halides KBr, KC1, KI and NaCl our semiclassical model described
in section 3.2.

As the akali halides are non metals only the vibratioiial part of the fractiona
length change expression is used for the fit using ¢, g", f, ©p, ©g, and p as
parameters. The experimental data for these materials have been taken from Ref.31.
The plots are shown in Figs.3.6, 3.7, 3.8 and 3.9 and the values of the parameters
are quoted in Table-3.4. Fig.3.6 shows the variation of the therma expansion of
potassium bromide with temperature. It is clear that the fit is excellent over the
wide range of temperature. The value of Debye temperature predicted from our fit

is 1737 £ 12 K which is very close to the reported value of 174 K. However the
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75

fit did not show the presence of any optical modes. In Fig.3.7 the data of NaCl
is plotted with the fit which is given by the solid line. The fit is quite impressive
over the complete temperature range The average number of phonon branches p
in this case, however, comes out to be a fraction,i.e., 3.2 which is probably because
the parameter p is kept fixed over the entire range of temperature while in reality
the number of phonon branches excited in different temperature ranges could be
different. Interestingly, however. the vaue of Debye temperature obtained from our
fit is 321.0 + 1.3K which isidentica to the value reported in literature. The value
of Einstein temperature returned by the fit is 649.8 + 13 K. Fig.3.8 shows the
variation of thermal expansion of potassium chloride with temperature. Evidently
the fit is fairly good over the entire temperature range and the value of Debye
temperature obtained from our analysis is 236.6 + 0.8 K which is again quite close
to the reported vaue 235 K. The average number of phonon branches in this case
came out to be 5 with the Einstein temperature as 540.2 + 0.8 K. Finaly in Fig.3.9
the behaviour of the thermal expansion data of potassium iodide is plotted as a
function of temperature. The fit is quite impressive at the complete temperature
range. The value of Debye temperature predicted from the fit is exactly identical to
the vadue quoted in literature which is 1320 K. But the total number of branches
came our to be 3. Thus in general the above semiclassical theory seems to agree
quite wel with the experimental results. One can see the distinct advantage of this
mode is that it predicts the values the Debye and Einstein temperatures from the
thermal expansion data quite accurately. Hence the same model can be used to
calculate the vibrational specific heat and the vibrational entropy using the fitted

parameters from the fit of the thermal expansion data.
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3.6 Conclusion

In this chapter we have developed a new microscopic theoretical model to obtain
the vibrational, electron-magnetic and magnon contributions to the coefficient of
thermal expansion. The modd has been applied to analyze the thermal expan-
sion behaviour of simple elemental metallic systems like Cu and Al. ferromagnetic
transition metals such as Fe and Ni and akali halides. It has been shown that the
present model provides us with estimates of anharmonicity parameters of the lattice
potential and also gives very accurate vaues of the characteristic Debye and Ein-
stein temperatures. We have furthermore shown that we are able to obtain from
our approach quite successfully the values of the various Griineisen parameters.
The model developed in the present chapter will be used to analyze the thermal

expansion behaviour of more complicated systems in the subsequent chapters.
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CHAPTER 4

THERMAL EXPANSION STUDY OF ORDERED AND
DISORDERED Fe;Al AND NizMn ALLOY S
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4.1 Introduction

Binary and multicomponent dloys are important for technological and commercial
applications. The basic physica understanding of these aloys is necessary for their
designing, processing and improvement in performance. As these solid solutions
can have many phases present for different concentrations of aloy components and
temperatures, the actual phase diagrams need to be calculated to know the stability
of the phases. Hence there have been many attempts to obtain the free energy
functions ab initio, from which the phase diagrams can be calculated. The free
energy functions use the entropy values of the system. Therefore the calculation of
vibrational and electronic entropies together with the configurational entropy for
any system is required to get the correct total entropy values. In this Chapter, it is
shown that the thermal expansion measurements can be used as an effective method
to calculate the various contributions to total entropy correctly both in ordered and
disordered state of the dloy. Besides this accurate values of characteristic Debye and

Einstein temperatures can be obtained from the thermal expansion measurements
[1].
4.1.1 Order-Disorder Transformation in Alloys

A homogenous aloy is formed by dissolving an atom species into another where
both the species of atoms are distributed over the crystal lattice positions. In some
aloys at higher temperatures the atoms are distributed randomly which are known
as the disordered states and at lower temperatures they are ordered at specific lattice
sites. The evidence of ordered arrangements in an aloy is given by the presence of

superlattice lines in X-ray diffraction patterns taken on the aloy [2].
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In aloys which show order-disorder transformations, the formation of a perfect
superlattice occurs at lower temperatures in which the unlike atoms tend to be close
together and the atoms of the same kind move distant to each other. Therefore in
thermodynamic equilibrium the ordered arrangement must be favoured energeti-
cally than the random distribution of atoms. But as the temperature is increased.
the amplitude of thermal vibrations will become more and more and in the process
they acquire sufficient energy to break away from their origina places in the lattice
and exchange positions. Hence according to free energy considerations at higher
temperature the disordered phase be more stable than the ordered one. There-
fore above a critical temperature, which can be termed as order-disorder transition

temperature, the dloy will become completely disordered.

412 Role of Vibrational Entropy in the Order-Disorder Transitions

The phase diagrams and hence the thermodynamic stability of the ordered aloys
have dlways been obtained using the free energy that includes only the configu-
rational entropy, S..;i; [3.4]. calculated from the combinatorics of arranging the
atoms on the crystal lattice sites, given a particular state of order [5-7]. Recently.
it is seen that by including the vibrational entropy for the calculation of Gibb's free
energy, the temperatures of the phase boundaries shift by as much as 20 % [8,9].
Therefore considerable effort has gone into the understanding the role of the lattice
vibrations in thermodynamics of chemica ordering in binary substitutional alloys
[9-15]. It has been suggested [14,15] that the contribution of vibrational entropy
to phase stability in aloys can be quite significant. Historically, however Nix and
Shockley [17] first pointed out the importance of vibrational entropy in the context
of order-disorder transformations. They suggested that the state of order could



dfect the lattice vibrations through a change in the Debye temperature. Using a
simple physical argument based on the number of ways of distributing the energy
among the vibrational modes they were aso able to derive an expression for the
vibrational entropy difference (AS,,) between the ordered and the disordered phase
of an dloy,
AS,, =SB — S9 = 3RIn (9) @4.1)
ol

where ©¢ and © are the Debye temperatures for the ordered and disordered aloy
respectively. Later severa theoretical calculations [18-23] have followed emphasizing
the significance of vibrational entropy. It has aso been shown that the incorporation
of vibrational entropy term in the free energy can lead to a sizeable reduction in the
critical temperature for ordering [18-20,23]. Experimentally, however, no direct evi-
dence for the importance of vibrational entropy was available mainly because of the
inherent difficulty in its measurement. But for the calculations of phase diagrams
and to know the stability of phases from the ab-initio free energy considerations,
the vibrational entropy contribution needs to be measured carefully. Very recently
Fultz et.al. [14,1524] have made an attempt in this direction.

As mentioned earlier thermal expansion measurements can be used to serve as
one direct and useful method of studying the vibrational entropy and this technique
is usad in the present work for disordered and ordered Fe;Al and NizMmnaloys.

4.2 Order-Disorder in FezAl Alloy

The phase diagram of Fe-Al dloy isgivenin Fig.4.1 [25]. Fe- 25 at% Al aloy assumes
the b.c.c. lattice structure. At high temperature, the FesAldloy is completely
disordered and is given by the notation A2. Fe3Al can be melt quenched to retain
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the A2 structure. To consider the state of order, the b.c.c. structure of Fej;Al
can be best described with four interpenetrating f.c.c. sublattices. The structure
is shown in Fig.4.2a. The four interpenetrating sublattices are labelled as A, B, C
and D, shifted along the body diagona and having origins at (0,0,0), (1/4,1/4,1/4),
(1/2,1/2,1/2) and (3/4,3/4,3/4). In the disordered state (A2), there is no preference
of Fe atom or the solute atom Al for any of the four sublattices. Here the atoms
occupy al lattice sites randomly. FezAlcan order in B2. DO, or B32 structures.
Beow 800° C the order is B2. In this order, the two non-adjacent sublattices (e.g.
B and D) are occupied by Fe-atoms exclusively, and the other two are occupied by
50 % Fe, 50 % Al atoms randomly (see Fig.4.2b(i)). Due to this random occupancy
of one of its sublattices, the B2 structure can not be a ground state for Fe,Al
stoichiometry. Below 550° C, the DO; structure is the equilibrium state for Fe; Al
For the DO, order, A, B, and C sites are occupied by Fe atoms and the D sites
are occupied by Al atoms (see Fig.4.2b(ii)). But during cooling from the melt, the
FezAl sometimes can aso form a transient B32 order which could arise from very
small antiphase domains of either DO, or B2 order [26]. This B32 order is also not
an equilibrium state of FeyAl dloy. For this B32 order, two adjacent sublattices
are occupied by Fe atoms exclusively. and the other two are occupied by 50% Fe

and 50% Al solute atoms randomly (Fig.4.2b(iii)).

4.2.1 Sample Preparation and Characterization

An dloy sample of Fe- 25 at% Al composition was prepared from 4N purity metals
by arc melting under an argon atmosphere in an Edmund Buhler D-7400 arc melting
furnace. The sample was melted repeatedly a few times to get a good homogenous

solution. The weight loss of the final alloy was negligible. A sample of cuboid shape,
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3 x2x2mm? dimensions was cut from the arc melted ingot. It was quenched from
1200 C by dropping into liquid nitrogen in an attempt to get chemical disorder.
However due to the bulk nature of the sample it was not possible to get a fully disor-
dered aloy sample. The sample passes through the temperature range 800¢ C - 550¢
C where the equilibrium state is B2 order aud below 550° C where the equilibrium
state is DO, order. The X-ray diffraction pattern for the quenched sample shows
lines corresponding to B32 phase (see Fig.4.3). However due to requirement of bulk
sample in the thermal expansion measurement, the quenched aloy is assumed to
be disordered in this thesis work, athough it may have some incipient order. After
completing the thermal expansion measurements on this sample it was ordered by
annealing at 500" C for 24 hours followed by 450¢ C for one week, which produced
a DO, ordered sample. From the density measurements the molar volume of the
ordered and the disordered samples were found out to be 28.53 cc and 28.96 cc

respectively.

422 Thermal Expansion Measurements

Thermal expansion measurements were carried out in the temperature range 80 -
300 K using the three terminal capacitance dilatometer described in Chapter 2.
The sample temperature was scanned at a rate of 2 mK/Sec and the capacitance
vaues were recorded at 4 Sec intervals. An average of fifty readings was taken to
get the capacitance variation with temperature at 04 K intervals. Then by using
the standardisation procedure described in Chapter-2 the values of AL/L(Ty)(To
= 293 K) were obtained.

Fig.4.4 shows the observed temperature dependence of the fractional length

change AL/L(To)= [L{T) - L(Tv))/L(To) where the reference temperature Tp =



90

2.0
> > Quenched €
oo Ordered 5
— Fit
1.5 | oo Ref. &
)
Lt &
1
G100 -
=
1
=
0.5 r
x
o
O
00 F
— | | 1
0'50 400 800 1200

T(K)

Fig.4.4 : Fractional length change data of ordered and disordered Fe,Al aloy. The
high temperature data above 400 K are taken from ref.27. Solid lines show the fits
to the data.



91

293 K, for the quenched and DO; ordered Fe;Al dloy in the temperature range
80 - 300 K together with the previously reported data [27] recorded at higher tem-
peratures (300 K - 1273 K). The high temperature data shows discontinuities in
AL/L(Tp) about thetransition temperatures (at 823 K for transition from DO,
ordere to B2 order and at 1073 K from B2 order to complete disorder) reflecting
changes in state of order. In the present work the high temperature disordered state
is retained by quenching the sample from above 1073 K and the thermal expansion
of the disordered sample is measured in the temperature range 80 - 300 K. Data
for the ordered alloy are aso recorded in the same temperature range and a direct
comparison between the ordered and the disordered states of the aloy is therefore

possible.

4.2.3 Thermal Expansion Data Analysis

To understand and analyze the observed thermal expansion behaviour of this aloy
we note that in the temperature range 80 - 300 K there are three contributions to
thermal expansion - the vibrational part due to the lattice. the electronic part due
to the free electrons and the magnetic part due to the presence of ferromagnetism
below 720 K. As we have discussed in Chapter-3, the ferromagnetic contribution to
thermal expansion comes from the itinerant electron moments and localized electron
moments. As the free electron contribution and the itinerant electron moment
contribution, both give linear-T terms to the thermal expansion coefficient, together
they are termed as the electron-magnetic contribution (eqn.(3.6)). The theoretical
expression for the electron-magnetic term is given by egn.(3.74) and it requires an
estimate of the relative magnetization at 0 K. (¢ which can be calculated with a
knowledge of the band structure of the system. Ishida et.al. [28] have done band



9?

structure calculations on the ordered FezAldloy and have shown that there is a
total of 18.65 electrons per cdl of FezAlin the d-band. As a cdl of Fe; Al contains
three iron atoms, it can have a maximum of 30 electrons per cdl in the d band.
Hence total number of holes present in the d-band per cdl is, Ny = (30 - 18.65)
= 11.35. Neutron diffraction measurements on Fe3 Al dloy gives a net magnetic
moment of 518 up with the Fe D-site carrying a moment of 2.18 uy; and the Fe
A, C-sites carrying 150 py moment each [29]. Hence the value of net magnetic
moment, ngqs IS 5.18. Thus the value of relative magnetization at absolute zero
is, Co - (5.18/11.35) = 0456. Using the above value of {,, AL/Ldata of DO,
ordered FezAl are fitted to egn.(3.2), where we include in (X)r the vibrational,
electron-magnetic and magnon contributions given by egns.(3.14), (3.74) and (3.85)
respectively. Fig.4.4 shows the the fits to the experimentally obtained data of DO;
ordered FesAlalloy using g. /. g", p, 0/;, ©¢. A, m and 4}, as parameters. But
for the disordered Fes;Al the band structure data is not available,and the value
of Co is not known. Therefore for the quenched sample the quantity (».,./2) =
A +¢)™7 + (1 — o)™ 1 is treated as a single parameter. Table-4.1 gives the
vaues of the parameters that give the best fit. The percentage r.m.s. deviation
is found to be 0.2% for both the fits. It is evident from the Fig.4.4 that the data
for the DO, ordered FezAl in the temperature range 80 -300 K match smoothly
with the data at high temperatures [27]. In fact, the extrapolated curve obtained
from egn.(3.2) with the same parameter values as used in fitting the DO3 phase
data (in the range 80 - 300 K) agrees very wdl with the high temperature data
[26] upto 823 K, the temperature of phase transformation from DO to B2 phase.
Fig.4.5 shows the variation of the thermal expansion coefficient a(T) ( = %‘m)as

a function of temperature as obtained directly from the measured fractional length



Sample Fe:Al Fe:Al
(Quenched) (Ordered)
g (ev") 431£.003 .1001.002
g (eV") (2.221.03)x10™ (4.66% 02)x10™
f eV (2.57£.03)x10* | (5.34+.02)x10™
0D(K) 431.0403 376.740.3
[423.0] [377.0]
P 30 4.1+.02
Ok (K) 507.910.4
[519.0]
A(K?) - (2.653% 03)x10°
m - 0.3641003
Yem (K?) (-1.58+.03)x10® | (1.037+.03)x10°®
¥ mag (K??) - (2.237+.04)x10™"°
Table-4.1 : Vaues of anharmonicity parameters and characteristic

temperatures obtained by fitting fractiona length change data of
orederd and disordered FesAl aloy. Also the elecctron-magnetic and
magnon contribution to the therma expansion obtianed from the same
fit are given The values of Debye and Einstein temperatures given

inside square brackets are taken from ref. 15,
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Fig.4.5 : Temperature variation of thermal expansion coefficient () of ordered and
disordered Fe;Al sample.
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change data by numerical differentiation. The solid line through data is obtained by
analytically differentiating the eqn.(3.2), with respect to temperature using for (x},
the theoretical expression in egns.(3.14), (3.75)and (3.85) with the same parameter
vaues as obtained from the fitting of the fractional length change data.

(@) Analysis of Vibrational Contribution and Calculation of Vibrational

Entropy

The thermal expansion data of quenched Fe;Al could be fitted wel with only three
acoustic branches (p = 3) and ©;, = 431 K which corresponds to the Debye cutoff
frequency v, — 896 THz. Fits carried out with the Einstein term present and a
variable p yielded p = 3, thereby showing the absence of optical modes. In the case
of DO3 ordered Fe;Al, however, both acoustic and optical modes were required to
fit the data with a value of p close to 4 which suggests that in DO3 ordered phase
an optical branch develops together with the three acoustic branches. The values of
©p and ©; obtained in this case are 376.7 K (vp - 7.85 THz) and 507.9 K (Einstein
frequency, vg — 10.58 THz) respectively. The values of the Debye cutoff frequency
obtained from thermal expansion data for ordered as well as disordered FeyAl and
the Einstein frequency for the ordered Fe3Al are in remarkably good agreement
with those determined from the Density of State (DOS) calculations by Fultz et.al.
[15 using Born - von Karman force constants obtained by Robertson [30] from
inelastic neutron scattering measurements on disordered and ordered Fe;Al. For
disordered Fe3Al the values are Debye like with a maximum frequency of 8.8 THz
(corresponds to a Debye temperature of 423.0 K) whereas for ordered FezAl the
maximum frequency of Debye like mode decreases to 7.85 THz (corresponds to a

Debye temperature of 377.0 K) but an additional peak is observed at a frequency



96

of 10.8 THz (corresponds to an Einstein temperature of 519.0K). The presence of
an additional Einstein frequency for ordered FesAl has been physicaly attributed
to the formation of sublattices in the DO; ordered structure with the D sublattice
being rich in Al which has a lower mass and a correspondingly a higher vibrational
frequency.

The vibrational specific heats C};, and CP for ordered and disordered Fe;Al
respectively are calculated using the eqn.(3.18) with the characteristic Debye and
Einstein temperatures and the anharmonic parameters obtained from the fits. The
vibrational entropy is calculated using the relation S,, = J; (Cp,/T)dTat any tem-
perature T for both ordered and disordered samples. In Fig.4.6a the temperature
dependence of AC,, = CJ; - Cj}, is plotted. The difference in vibrational entropy
AS,, (= 52 - S5,)between the disordered and ordered Fe; Al is calculated and is
plotted in Fig.4.6b with respect to temperature. The vibrational entropy difference
at the order-disorder transition temperature (T — 1073 K) comes out to be 0.113
kg/atom (3.76 J/molK)[1]. This is in very good agreement with the vaue 0.10
+ 0.03 kp/atomobtained by Fultz et.al. [15 from DSC measurements. The value
of ASZ9 is about 20 % of the configurational entropy value 0.56 kp/atom which
is quite large. This can very wdl influence the ordering transition and the phase
stability of the system. From the calculation of the vibrational specific heat and the
vibrational contribution to the thermal expansion o, we have calculated the vibra-
tional contribution to the Gruneisen parameter Ty , using the molar volumes. 28.53
cc for the ordered aloy and 28.96 cc for the disordered dloy found out from the
density measurements. The value of I'p, has remained largely constant in the tem-

perature range 80-300K at 0.80 for the ordered and 3.48 for the disordered Fe3Al
dloy.
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(b) Analysis of Electron-Magnetic Contribution

Prom the electron magnetic contribution to the thermal expansion the fit returned
the value of m to be 0.364. For FezAlaloy, in the absence of interaction at absolute
zero the up spin and down spin d- sub bands each has 9.325 electrons per cdll. In
Chapter-3 we have seen that in the absence of exchange interactions one Fe atom
has 3.5 electrons in each of the d sub bands contained in a width of 4.05 eV with a
vaue of m — 0.489. Assuming the d-band width in the absence of interaction in the
ordered Fez Al system is w, then we can approximately write (following eqn.(3.89))
9.325 w1 /1 364

—_— = 4.2
4x3.5 (4.05)14%9/1.489 (42)

which gives w = 3.205 eV. In a similar way one can aso find the total width of the
Fe3 Al d-band ' i.e,, including the unoccupied part of the d band width which can

contain 15 electrons,
w = 3.206 x (—-],-lr'— )_Iy — 4.541eV
9.325

Therefore the width occupied by 11.35 holes per cdl is, €, = tt* - w = 1336
eV. Using this value of ¢« = 1336 €V, Nogy = 11.35 and n, = 0.364. the linear
electron-magnetic coefficient for specific heat 4., is calculated using egn.(3.66) to
be 26.574 mJ/mol K2 It compares excellently wel with the experimental value of
29.23 mJ/mol K? obtained by Okamoto and Beck [31]. Then using the above vaue
of €gq, and with the bulk modulus By= 1443 x 10" Nm %V = 28531 cc. Nyy =
11.35 holes per cell, A = 2.653 x 10 * K~2and m = 0.364 for the ordered sample, 6
is found out to be 4.82 (using egn.(3.76)) which is the electron-magnetic Griineisen
constant.

The linear electron-magnetic (4.,,) contributions to the thermal expansion co-

efficient for both the ordered and disordered Fe3Al alloys are in the same order of
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magnitude, but becomes negative in the case of quenched Fe;Al (see Table-4.1).
This is because the electron-magnetic contribution to thermal expansion coefficient
is related to the electron-magnetic Griineisen parameter g™ by,

3%,V By

e =
Yem

(4.3)

and is negative in the case of disordered Fe;Aldloy. The electron-magnetic Griineisen
parameter is given by,

Alng(ep)

_L')-é'li‘v

Ig = (4.4)

where g(eo) is the electronic density of state at the Fermi energy. Thus 4.,, can
be negative in the systems in which the eectronic density of states has a largo
pesk near Fermi energy. The change in the sign of the 4/, due to order-disorder

transition is related to the change in band structure.

(c) Analysis of Magnon Contribution

The fit returned the value of the magnon contribution to thermal expansion for the
ordered FezAl sample to be 4,,,,= 2237 x 10 ' K *2 By stipulating that the
magnon entropy should be equal to the paramagnetic vdue 3RIn2 = 17.28 J/molK
at the ferromagnetic transition temperature T- = 720 K, eqn.(3.87) gives. = I'/'®
= 2,06 for the ordered sample. But the fitting of the thermal expansion data of the
disordered sample gave a very small value of 4, which is negligible. And also as
the ferromagnetic T, of the disordered FesAlis not known we could not give the
value of T&*.

The electron-magnetic and magnon contributions to the entropy are calculated

for the ordered Fes Al sample using the respective Gruneisen constants, I'g" = 4.822



100

e Sph Ordered FesAl
== Sem
o Smog
80
9
o 60F
-
S
=2
~ 40t
F)
20k
O‘——-"_‘."'::-]—-—-—-——'————]—— I

T I
0 50 100 150 200 250 300
T(K)

Fig.4.7 . Vibrational, electron-magnetic and magnon contributions to entropy (Sys,
Sem @A S, respectively) of ordered FesAl




101

and T = 2.06. In Fig.4.7 S¢,

ph

is plotted with the electron-magnetic entropy S¢,

em

and the magnon entropy S, with temperature for the ordered FezAlaloy. One
can e that the magnetic entropies are very smal compared to the vibrational
entropy. Also as the ferromagnetic Curie temperature (720 K) is below the order-

disorder transition temperature (820 K) they do not afect the ordering transition.

4.3 NizMn- Ordered and Disordered Alloy

The next binary dloy system in both ordered and disordered states considered
is NizMn dloy. The Ni-Mn aloy system is known to exhibit complex magnetic
properties which are extremely sensitive to the state of atomic order and the Mn
concentration in the vicinity of the stoichiometric composition NizAMn[32-38]. The
NizsMnaloy orders to a L1, structure at about 753 K. It is more interesting in the
sense that this aloy is ferromagnetic in a perfectly ordered state with a T¢- of 700
K [32]. However with a decrease in chemica order this system shows a remarkable
change in the magnetic order aso [32-37]. The magnetization curves for the dis-
ordered and partially ordered NizAfnaloys however look rather complex [33] and
consst of two distinctly different temperature behaviour possessing two different
Curie temperatures T and T.. Though magnetization does decrease as the lower
Curie temperature T, is approached from below. it still remains nonzero, albeit
small, a T and vanishes only at a higher temperature T¢.. It has been postu-
lated that the equilibrium phase between T¢ and T¢ is nonhomogeneous consisting
of long-range order domains in a matrix of short-range order [35]. The magnetic
phase diagram of disordered Ni-Mn aloys with different Mn concentrations near

25 at.% of Mn have revealed that in these alloys competing magnetic interactions



coexist leading to a reentrant spin glass behaviour with the ferromagnetic Curio
temperature T decreasing with the increase of Mn concentration [36].

Although a large amount of literature has piled up on the magnetic properties
of NizMnadloy system, very little is known about its thermodynamic properties.
Therefore thermal expansion measurements have been performed on both an L1,
ordered and a partially ordered NizAfnaloy, and the proposed theoretical model
described in Chapter-3 is applied to separate and calculate the vibrational and
magnetic contributions to thermal expansion and entropy for the two phases with
a view to ascertaining the effects of lattice vibrations and magnetic interactions on

the order-disorder transformation of this alloy system.

4.3.1 Alloy Preparation and Expansion Measurements

An dloy sample of nominal composition NizAfnwas prepared from 99.99 % purity
metals by arc melting under an argon atmosphere in Model AF 92 arc furnace from
Materials Research Corporation. The sample was repeatedly melted to get a good
homogenous solution. The weight loss of the find ingot was less than 2 %. Then
the ingot was sedled in a evacuated quartz tube and homogenized at 800° C for
one wek to get a good homogenous aloy. A sample of cuboid shape, 3 x 2 x 2
mm® in dimensions, was cut from the homogenized ingot. It was then quenched
from 900¢ C by dropping into the brine solution to get disorder. The susceptibility
measurements on the quenched sample however yielded a ferromagnetic T = 267 K
(see Fig.4.8) suggesting that the disorder achieved was only partial. An explanation
of this partial disorder isthat the quenching rate is probably dower than that would
be necessary to get a complete disorder for a sample as large as used in this work.

Accurate thermal expansion measurements were taken on the above sample in the
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Fig.4.8 . variation of a.c. susceptibility (x') with temperature for quenched Nj,Mn
dloy. The arrow indicates T, a 267 K.
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temperature range 80 - 300 K. The expansion data were recorded at intervals of 0.4
K. After completing the measurements on the disordered sample it was ordered by
annealing successively at 550° C for one day, then at 490¢ C for 11 days, then at
420° C for another 11 days and findly a 400" C for 10 days. A total number of
33 days anneal was done by sealing the sample in a evacuated quartz tube. Fig.4.9
shows the temperature dependence of the fractional length change AL/L(T,)=
[L(T) - L(To)}/L(T,) where the reference temperature T, = 293 K for both the
quenched and the ordered dloys. The therma expansion data for the quenched
aloy did not show any observable change at T, = 267 K probably because of the
presence of an inhomogeneous magnetic phase above T which is also corroborated
by the susceptibility measurements. From the density measurements the molar
volume of the samples in the ordered and disordered states were found out to be

32.81 cc and 35.58 cc respectively.

4.3.2 Results and Discussion

Teking the average Ni and Mn moments in the ordered NisAfn to be 0.3 yp and
3.18 up respectively as suggested by the neutron diffraction data [36] and assuming
that both Ni and Mn atoms contribute 0.3 electrons per atom to the s band [39)]
the value of ¢, has been calculated. Mn atom has 7 electrons in its outermost shell
and as in the dloy it gives 0.3 electron to the s band. it will contribute 6.7 electrons
per atom in the d-band of the dloy. From the average magnetic moment of 3.18
up Of Mn in the dloy, the contribution of Mn atom to the upspin d-subband of the
dloy is 4.94 electrons per atom and to the downspin d-subband of the aloy is 1.76
electrons per atom. Similarly the average magnetic moment of Ni in the dloy is 0.3

up and as it contributes 0.3 electrons to the s-band of the alloy it will contribute
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Fig.4.9 : Fractiona length change data of ordered and disordered Ni;Mn dloy. The
solid lines indicate the fits to the data.
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on average 4.7 electrons per atom in the downspin d-subband and 5 electrons per
atom in the upspin d-subband of the aloy. From these contributions one can easily
find out that the NizMnadloy contains on average 3.965 electrons per atom in
the downspin d-subband and 4.985 electrons per atom in the upspin d-subband.
This gives that downspin d-subband contains 15.86 electrons per cdl and upspin
d-subband contains 19.94 electrons per cell. So number of holes per cdl present in
the downspin d- and upspin d-subbands are 4.14 and 0.06 respectively. Therefore
Noa = (4.14 + 0.06) = 4.2 and ngs = (4.14 - 0.06) = 4.08. Finaly the value of Co is
found out to be, Co = (4.08/4.2) = 0.97.

The total fractiona length change data the ordered dloy are then fitted to
eqn.(3.2) withg". g". /', ©p. ©p. p. A, m and 4, as parameters. However for the
quenched aloy, the quantity 4., given in egn.(3.75) is treated as a single parameter
as Co is not known for this sample. The fits are shown in Fig.4.9 with the best fit
parameters given in Table-4.2. The data of disordered dloy is fitted upto 267 K
which is the T for the sample. The percentager.m.s. deviation is found to be about
0.3% for both the fits. Fig.4.10 shows the variation of linear thermal expansion
coefficient ( a(T)— 1454k ) as a function of temperature as obtained by numerical
differentiation of the experimentally obtained fractional length change data. The
solid line through the data points is obtained by analytically differentiating the
theoretical expression for AL/L with respect to T using the fitted parameter values.
The fits carried out with the Einstein term present and a variable p yielded, p = 3
for the quenched sample with a Debye temperature ©, = 451.0 K. However for the
annealed sample, both acoustic and optical modes were required to fit the data with.
p =36, 8= 5020K and Op = 439.0 K suggesting the presence of optical modes

in the L1, ordered NizMn dloy. No experimental vaues for the characteristic
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temperatures of NizMnare available. The Debye temperature of ordered NizAMn
aloy can however be calculated theoretically using the expresssion given by Giri and
Mitra [41]. They have shown that the Debye temperature (© 4p)of any binary aloy
of two metals A and B, combined in the atomic proportion p:gq such that p+¢=1

can be calculated using the expression,
(_):;}JA]"'IBUWI = f’f”lﬂ(_).i + 'fjuli@l_f.r (4.5)

where ©4 and ©p are the Debye temperatures of the component metals A and B
of atomic mass M, and My respectively and Mapgqy —pMa +¢Myis the effective
mass of the binary adloy. Using the above equation we have calculated the Debye
temperature of NizAfnaloy to be 441.0 K which is in close agreement with our
result. The anharmonicity parameter values are larger in the case of quenched dloy
which shows that the phonon anharmonicity increases with atomic disorder. With
the fitted parameter values the vibrational specific heat C,, and vibrational entropy
Spn are calculated for the ordered and the quenched samples and we obtain AS,,, =

4 —S¢,, where D and O refer to the disordered and the ordered phases of the aloy
respectively. In Fig.4.11 we have plotted C,, in both the ordered and disordered

is shown as an inset.

oh

states as a function of temperature and AC,, = C5 - C§,
From the calculation of CS,, the vibrational contribution to the thermal expansion

oh

coefficient %, and using the value of the bulk modulus, B; — 1544 x 10" N/m?
(taking a weighted average of the bulk moduli of Ni and Mn), molar volume V =
32.81 cc, the vibrational contribution to the Gruneisen parameter is calculated to
be, T, = 2.23 for the ordered NisMnaloy. For the disordered dloy the value of
T, came out to be 2.56 from the calculated values of C5 and of and using the

experimental molar volume V = 3558 cc.



Sample NizMn NizMn
(Quenched) (Ordered)
g (ev") 240+ 005 226+.006
g eV (3.00+ 05)x 10 (4.79+.06)x10™
f(ev") (3.624.05)x10™ (2.44+.06)x10™
O (K) 451.040 5 439.0+0.6
[441.0]
p 3.0 3.6+.06
O (K) - 502.040.6
A (K?) . (1.10+.06)x10”
m - 0.200+.006
Yem (K?) (5.284.05)x10° | (3.70+.06)x10”
Ymae (K*?) | (5.28+.05)x10™ | (4.30.06)x10™"

Table-4.2 : Vaues of anharmonicity parameters and characteristic
temperatures obtained by fitting fractiona length change daa of
orederd and disordered Ni:Mn alloy Also the elecctron-magnetic and
magnon contribution to the therma expansion obtianed from the same
fit are given The vdue of Debye temperature given indde square
brackets has been cdculated using the expression given by Giri and

Mitra.
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Fig.4.11 : Variation of vibrationa specific heat (Cpx) with temperature of ordered
and disordered NigMn dloy. The inset shows the vibrational specific heat difference
with temperature.
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It is interesting to note that it was not possible to fit the thermal expansion data
without the magnon term. In Fig.4.12 we have plotted the electron-magnetic and
magnon contributions to thermal expagnsion coefficient (a., ad an.., respectively)
with temperature, which shows that both the contributions are of same order of
magnitude. This together with the observation that ¢, is finite in an ordered and
partially ordered NizAfnaloy suggests that the magnetic moments in this system
in general possess both an itinerant and a localized character. The coefficients
of the electron-magnetic term 4., of AL/L(T;)for the ordered and the quenched
dloys are respectively 370 x 10 * K-2 and 528 x 10 ¢ K"2 while those of the
magnon term +,,,,, for the corresponding phases are 4300 x 10 " K “/‘and 5.280
X 10-%2. Thus at a given temperature both the electron-magnetic and the magnon
contributions to the thermal expansion are larger in the quenched phase than in the
L1- ordered phase. A higher electron-magnetic contribution clearly implies a lower
vdue of ¢, if we assume that the band structure of the disordered dloy does not
differ much from the ordered system and consequently a reduction in the itinerant
character of the moments. Thus it appears that the atomic disorder in a NizMn
dloy tends to suppress the itinerant character of its magnetic moments. Since the
state of disorder in the quenched sample was not known. it was not possible to find
the value of ¢, for this sample. It is however expected that the electron-magnetic
Gruneisen parameter Tg™ for a partially ordered dloy should not be much different
from that of an ordered dloy. Therefore the same value of T'¢" is assumed for
the quenched sample as calculated for the ordered one. For the ordered system
fitting gives m = 0.2 while for the elemental Ni the energy band seems to be almost
parabolic with mn =0.497 (see Chapter 3). In the absence of exchange interactions,

each d subband of Ni contains 4.7 electrons per atom within a band width of 4.34
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eV. During the calculation of {, we have seen that there are a total number of 35.8
electrons per ceil in the d-band of the NizAfnaloy. In the absence of interaction
35.8 electrons per atom are equaly distributed in the two d-subands with each one
containing 17.9 electrons per atom. If the occupied d-band width of the dloy in the
absence of interactions is taken to be w, then from the occupied d-band width of
Ni atom one can write

179 wl?/1.2

= 4.6
4 x 4.7 (4.34)1497 /1,497 (46)

which gives w — 4.983 eV. In a similar way the total width («") of the 3d band of
the NizMndloy including the unoccupied portion of the band, is calculated to be

20 \ 1
w = 4.983 (T;T')‘ eV = 5.466eV 4.7)
W R

Thus egg = w' - w — 0.483 V. Using this vaue of €. and with Br= 1544 x 10"
Nm~? (taking a weighted average of the bulk moduli of Ni and Mn), V — 32.81 cc
(molar volume), Nyy — 4.2 holes per cdl and the fitted values of m and A. for the
ordered sample, we find b — 272 using eqn.(3.76). The electron-magnetic entropy
now can be calculated for both the ordered and the quenched samples using the
relation (3.70) and the difference AS.,= S%, - S9., can be obtained. For the
quenched sample V = 35.58 cc (molar volume) is taken which is found out from
the density measurements. For the ordered and the quenched samples the values of
Yem are found out to be 20.517 mJ/molK*and 30.4 mJ/mol K tespectively which
are compared with the experimental values 19.6 mJ/molK’and 354 mJ/molK?
[40]. Evidently the agreement in the case of ordered sample is excellent and in
the case of quenched dloy the dight disagreement is may be due to the presence

of partial order in our sample. That the value of v.m for the quenched dloy is



larger than the ordered dloy again suggests that the quenched dloy is a weaker
itinerant ferromagnet as compared to the ordered aloy. To obtain AS,,.,,the value
of the magnon Griineisen parameter 7 for both the phases of the aloy are needed
By stipulating that the magnon entropy should go over to the paramagnetic value
4RIn2 & the ferromagnetic T, egn.(3.87) gives, 5, = 3.5 for the ordered sample and
n = 105 for the quenched sample. The vibrational, electron-magnetic and magnon
Griineisen parameters of Ni;Afn dloys are summarized in Table-4.3 aong with
that of ordered FesAl dloy. Also 4., vaues obtained from our analysis are given
in Table-4.3 for ordered and disordered NiyAfnand ordered Fe; Al aloys. We have
calculated 4,.q Using eqn.(3.84) and SZ,... SY

mag* m

using egn.(3.81) and the difference
AS,..g- In Fig.4.13 we have plotted the vibrational, electron-magnetic and magnon
contributions to entropy with temperature for both in the ordered and disordered
phases of NiAMnadloy.

In Fig.4.14 the vibrational entropy difference AS,;, between the ordered and
the disordered phases of the dloy Niz;Afnis plotted with respect to temperature
with AS,,, and AS,..,. It is observed that ASp, at the order-disorder transition
temperature is 540 J/molK(0.16 kg / atom) which is a sizable contribution as
compared to the configurational entropy of mixing (0.56 Ap/atorn). This shows
that the vibrational entropy contributes significantly to the thermodynamics of
the chemica ordering of the Ni;Mnadloy. However the electron-magnetic entropy
difference A S.,,, is much smaller than AS,, over the temperature range shown. At
the ordering transition temperature AS.,,, will be simply given by the free electron
entropy difference and is therefore not expected to be large. The variation of AS,,,,
is however interesting. It increases initially with increasing temperature, attains a

maximum value at T = 267 K, and then decreases monotonically to zero at T = 700



Sample Yen & orem o e
(mJ/mol K?)

Fe;Al 26.574 0.80 482 206
(Ordered) (29.23)

Ni:Mn 20517 223 272 35
(Ordered) (19.6)

NizMn 30400 256 272 1.05
(Quenched) (35.4)
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Table-4.3 : The vaues of dectron-magnetic contribution to specific heat Yem

caculated from our therma expansion data anlysis of ordered FesAl dloy and

the ordered and disordered NizMn alloys The Yem Vaues insde the brackets are
the experimental vaues given in literature Also the vaues of the vibrational,
electron-magnetic and magnon contribution to the Gruneisen paprameter are

given
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Fig.4.13 : Temperature variation of vibrational, electron-magnetic and magnon en-
tropies of NizMnadloy in ordered and disordered states.
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tropy differences between disordered and ordered NisMn dloy.
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D
K. However here Smy

is overestimated by neglecting the non-homogenous magnetic
phase above T = 267 K which yielded a smaller vaue of 5. But the important point
is that ASnm., vanishes near order-disorder transition temperature which suggests

that magnon entropy does not play any role in the ordering transformation.

4.4 Conclusion

In conclusion we would like to emphasize that the thermal expansion measurements
together with our theoretical model can serve as an effective approach to study the
changes in the vibrational properties of aloys due to chemica order-disorder trans-
formations. The vibrational entropy difference between the quenched and ordered
FezAl and NizMnadloys are found to be about 20 % and 28.6 % respectively of
the configurational entropy of mixing and are substantially large. This suggests
that the lattice vibrations will play a rather important role in the order-disorder
transformation of these binary aloys and would contribute significantly to their
phase stability. This method also provides reliable estimates of characteristic tem-
peratures (@ and ©f), cubic and quartic anharmonicity parameters in the lattice
potential energy, and the vibrational contribution to entropy. Also it is shown that
the thermal expansion measurements together with the proper band structure data
can be effectively used to study the efect of magnetic interactions on the thermody-
namic properties of magnetic alloys. In this connection the above analysis revealed
that an L1, ordered NizMnaloy contains both itinerant and localized moments
and the effect of atomic disorder is to suppress the itinerant character of the mo-
ments. This method provides reliable estimates of electron-magnetic and magnon

Griineisen parameters.
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CHAPTER 5

THERMAL EXPANSION BEHAVIOUR OF CHEMICALLY
ORDERED Fe;yMn$S AND Fe;,Mn,Al ALLOY S
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5.1 Fe; .Mn,Si Alloys

Binary Fe-S aloys near their stoichiometric composition FejSiand their ternary al-
loys with Mn addition have dways been subjected to considerable experimental and
theoretical investigations because of their unusual magnetic and thermal properties
[1-13]. Fe3Siis a ferromagnet with T = 830 K and Mn3Siis an antiferromagnet
with the Neel temperature, T = 25.8 K [14]. By forming solid solutions of Fe;Si
and Mn;Si,the state of magnetic order of Fe,. ,Afn,Sichanges from ferromag-
netic for x < 0.75 to a complex one for x > 0.75 due to the presence of mixed
ferromagnetic and antiferromagnetic interactions. Single phase aloys in this sys-
tem are formed in a wide concentration range 0 < x < 18 with the end members
Fe3Si and Mn3Siboth as stable DO, ordered phases. The DO, ordered structure
has been discussed earlier in Chapter-4. In DO, ordered Fe;Si. AB and C sites
are occupied by Fe atoms and the D sites are occupied by Si atoms. The chemi-
caly and magnetically equivalent A and C sites have identical first near neighbour
enviornment with four Fe atoms at B site and four S atoms at D site. The B site
Fe atom has eight iron neighbours belonging to the A and C sites. This different
site enviornments give rise to different magnetic moments on the A, B and C sites.
Polarized neutron beam diffraction experiments have shown that Fe A and C sites
have a magnetic moment of 12 4y each whereas Fe B site has a moment of 2.4 up.
Si A sites do not show any detectable moment [6].

Magnetization and neutron diffraction studies on Fe;.,Mn,S{4 show that the
average magnetic moment fals approximately linearly with Mn concentration for
X < 0.75. Feat B sites are preferentially substituted by Mn upto this concentration

and the magnetic moment of this site stays nearly constant at about 24 g, whereas



124

the A,C site moments decrease to 04 . Above + = 0.75, the A,C sites also start
getting occupied by Mn atoms and B site moment decreases rapidly due to Mn first
neighbours. Since the A,C site enviornment does not change anymore, the moment
at these sites remain constant at about 0.4 uy.

The ferromagnetism in Fe;Sican come from the localized as well as the itinerant
electrons. The neutron diffraction measurements have shown the presence of spin
waves in FegSidloy [15-17]. But the low temperature specific heat [§ and thermal
expansion measurements [9 on Fe;Si did not show any spin wave contribution
within the experimental accuracy. The specific heat measurements on Fe,_ , Mn, Si
compounds [10] showed two trangtions. The higher transition temperature (Tc) is
the one where the paramagnetic to ferromagnetic transition takes place. The other
oneis at very low temperature a Ty giving a transforniation from ferromagnetic to
spin glass like behaviour. Miles et.al. [9,11] have done thermal expansion studies
on Fe3Si and Fe,MnSiand have tried to understand the magnetic behaviour in
it with the addition of Mn. They have used the data of Fe;St as a background to
estimate the magnetic contribution of other Fe;_, A n,Sidloys [11], assuming the
magnetic contributions to thermal expansion and specific heat in the range 0 - 300
K for Fe;Si are negligible. But as Fe;Siis a ferromagnet the above assumption
invites a lot of criticism. In this work, the semiclassical model for the thermal
expansion which is described in Chapter-3 has been used effectively to estimate
the vibrational back ground correctly. Also the band structure calculations have
been used to find out the relative magnetization ¢, needed for the calculation of the
electron-magnetic part of the thermal expansion. The magnon part is separated
out using the Heisenberg interaction model for the localized spins. The respective

Griineisen parameters have been calculated and they are used to find out the specific
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heat and entropy of the systems coming from different contributions.

5.1.1 Experimental

Three dloy samples of compositions Fe;gMn,,SiFe, sMn,sSiand Fe, oMn,zSi
were prepared by arc melting by taking requisite quantities of metals of 4N purity.

They were homogenized at 800° C for a week to get good homogenized samples.

Small rectangular pieces of cuboid shapes of dimensions 2 x 2 x 2mm? were cut from

the ingots and were annealed at 400° C for one week to get good ordered samples.

From the density measurements the molar volumes are found out to be 27.475 cc,

28.18 cc and 27.43 cc for x = 12, 15 and 18 respectively. AC susceptibility mea

surements gave the ferromagnetic Curie temperatures to be 188 K and 157 K for x
= 12 and z=1.5 alloys respectively. The dloy sample of + = 18 came out to be
non-magnetic in the temperature range 80 - 300 K. Then thermal expansion mea-

surements were done on these samples and the Figs.5.1a to 5.1¢c show the observed

fractiona length change data with temperature. Fig.5.2 shows the variation of lin-

ear thermal expansion coefficient (a) data obtained by the numerical differentiation

of AL/Lwith temperature. The data of Fe;Si are taken from literature [9].

5.1.2 Disussion of Fe3Si aloy

There are few band structure calculations available in literature on Fe;Si[18-20].
From these Switendick [18] was the firgt to show that the energy band calculations,
based on a rigid-level spin-polarized model, were capable of explaining different
magnetic moments on different sites. Switendick’s calculation gives that there are a
total of 14.5 electrons per cdl in the upspin d-subband and 9.5 electrons per cel in
the downspin d-subband with a total number of 24 electrons per cdl in the d-band.
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Fig.5.1a : Fractional length change data of Fe; sMn; ,Sidloy. The solid lines show
the fits of the experimental data points in the temperature range bdow and above
T separately.
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Fig.5.1b : Fractiona length change data of Fe; sMn, sSéloy. The solid lines show
the fits of the experimental data points in the temperature range bdow and above
Tc separately.
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Fig.5.1c : Fractional length change data of Fe;, ,Mn,gSalloy with the solid line
showing the fit to the experimental data points with single set of parameter values in
the complete temperature range.
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Fig.5.2 : Temperature variation of linear thermal expansion coefficient o for Fe; gMn,
Fe, sMn, sSiand Fe,oMn; gSialoys. The solid lines are obtained from the analyt-
ical derivative of egn.(3.2) using the same parameter vaues obtained from the fits of
the respective aloys.
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Fig.5.3 : o(T)data of FesSidloy taken from ref.9. The solid line shows the fit to
the data.
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Thus the maximum number of holes per cel possible in the d-band, Ny is 6. The
net magnetic moment is 545, which is the value of ngy. Hence a zero temperature
the relative magnetization is given by, ¢ = aa=0.83. Using this value of Cg
the thermal expansion coefficient o(T") data obtained from ref.9 are fitted to the
theoretical expression obtained from the tempeature derivative of eqn.(3.2) with A,
m, 'y;mg, O©p, ©r,p, 9. g", I' as parameters. But the fit returned the value of p to
be 3. Hence in the final fit we have not used the Einstein terms in the expression
for the vibrational part of the thermal expansion. The parameters obtained from
the best fit are given in Table.5.1. The vaue of ©, obtained from the fit is 430 +
12 K. The vaue of m returned by the fit is 0.254 which shows the energy band is
not purely parabolic.

In the case of Fe. in the absence of any exchange interaction. 3.5 electrons per
atom occupy each d-subband of width 4.05 €V. In the case of Fe4Si one can think
of a cdl of four Fe atoms, one of which is replaced by a S atom. And then in a
cdl of Fey8i,there are 12 electrons in each d-subband at 0 K in the absence of
interactions. For a cdl of four Fe atoms there are 4 x 3.5 electrons per cdl in each
of the d-subbands and they are related to the width « of the occupied bands as
(following egn.(3.89))

12 w2 /1 254

1x35  (4.05)%/1489 ° 61)
where 0.489 is the value of m and 4.05 eV is the value of occupied d-band width for
Iron. The egn.(5.1) gives the value of w = 4.059 eV. In the case of Fe3Si,the width
w' of the d-band in the absence of interaction (which includes the width occupied
by the electrons and the width occupied by the holes) is given by,

; 15\ _ o
u' = 4.059 x (“ﬁ) = 4.849¢V . 5.2)
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Sample Fe:Si Fe, sMn, ,Si Fe, sMn, sSi Fe, ;Mn, §Si
T<Tes T<T¢ T>Te T<Te T>Te | 80K<T<300K
g'(ev’) 0.148 0.250 0.170 0213 0.195 0.194
+0.004 | +0.006 | +0.008 | +0.006 | +0.007 0.010
g"(eV') | 3.776 | 25490 | 3.649 3.077 3.904 3.461
x107 +0.04 +0.60 +0.08 +0.06 +0.07 +0.10
f(ev") 4.367 4119 4319 3.713 3.268 4.066
x10™ +0.04 +0.06 +0.08 +0.06 +0.07 +0.10
Op(K) 430.0 4394 4394 4411 4411 444 8
+1.20 +0.60 +0.60 +0.60 +0.60 +1.00
& 0.830 0.253 0 0197 0 0
A(K™) 0.320 1.922 > 2131 s s
x10? +0.04 +0.60 +0.60
m 0.254 0.292 . 0.446 " @
+0.004 | +0.006 +0.006
¥ (K 1.170 7.646 9.270 8.454 9168 9.836
x10° +0.04 +0.60 +0.80 +0.60 +0.70 +1.00
VoK) | 7380 | 6.939 - 5.032 . g
x10™M +0.04 +0.06 +0.06

Table-5.1 : Debye temperatures, anharmonicity parameters, electron-magnetic
and magnon terms obtained from the fit of the thermal expansion data in both
the ferromagnetic and paramagnetic of Fe;.Mn,Si (0 < x <1.8) aloys are given
The values of Co obtained from the band structure anaysis of these dloys are

aso given.
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Thus, the value of the band width e,, occupied by 3 holes per cdl each in every
d-sub-band is,

€q = (u’' —w) = (4.849 - 4.059)eV = 0.79¢V . (5.3

Using this value of . - 0.79 eV, the fitted vadue of mi = 0254 and Nys = 6, the
linear contribution to specific heat can be calculated using egn.(3.66) which comes
out to be 20.41 mJ/molK ~*This matches well with the experimental value of 19.5
mJ/molK 9. As we fitted the experimental data only in the range of 80 - 300
K, the linear contribution to thermal expansion from the fit came out to be 4., =
1170 x 10~° K~? which is positive. unlike obtained from the very low temperature
experiment [9]. From the fitted value of A = 320 x 107 K ? and using the
eqn.(3.76), the electron-magnetic Grineisen parameter value is calculated out to
be, T'g" = 0.853. The vaues of the bulk modulus and the molar volume used are
182 x 10" Nm 99 and 27.23 cc [9] respectively.

Even though Miles et.al. [9 could not observe any spin wave contribution to
thermal expansion. the fit using our model returned a magnon contribution to
thermal expansion (»,,,) of the order of 7.380 x 10 'K °/* which is very small.
Assuming just above T = 830 K, a complete spin disorder where the magnetic
entropy will become equal to §Tc) = 3RIn2 = 17.3 J/molKfor a spin haf system.
the magnon Griineisen constant is calculated to be I'”** = 1011 using the eqn.(3.87).

5.1.3 Resaults and Discussion for Fes_,Mn,Sialloys

After getting a good agreement in the electron-magnetic contribution to specific
heat and the Debye temperature for FeszSiwe have next used the same analysis for

ternary dloy samples. As seen in the Fig.5.2 the a(T’) data show an anomaly around
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the T¢ values for x — 12 and x = 15 alloys, whereas the frartional length change
data show only a slope change (Figs.5.1a and 5.1b). The data in the temperature
range 80-300K could not be fitted with a single set of parameter values for both the
x = 12 and x = 15 samples. They were fitted with two different set of parameter
vaues separably for T< Trand T > T Only the Debye temperature is kept same
for the fit below T, as obtained from the fit above Tc-

As seen from the plots for x = 12 dloy a good fit with a r.m.s. deviation
of 0.5% could be obtained from 190 K upto the room temperature by taking the
term 1., /2 = A [(1 + ()= + (1 — (o)=7| as asingle parameter as Co is zero in the
paramagnetic region and also by taking the magnon contribution 1,,.,= 0. Before
proceeding to fit the thermal expansion data below Tc one needs to know the value
of ¢,. Following Switendick [18], we take that for one Mn atom substitution, one
electron per unit cdl is removed. Hence for Fe;sAMn;2Si the total number of
electrons in the d-band are 22.8 per cell. Therefore the total number of holes per
cdl is. Nos = (30.0 - 22.8) — 7.2. The net magnetic moment of the above sample is
182 pp [21]. So the relative magnetization Co = 0.253. The datafor T < Tc could
be fitted to eqn.(3.2) upto 172 K with ar.m.s. deviation less than 0.8 %. Here a
different set of parameter vaues are except the value of ©5 which is kept constant
to the value obtained from the fit in the paramagnetic region.

Similarly for x = 1.5 sample the fractional length change data in the paramag-
netic region (160K < T < 300K; Te =157 K) are fitted to the egn.(3.2) by taking
the term 4., as a single parameter and keeping the term 4,,,.= 0. The percentage
r.m.s. deviation is aso about 0.6% in this case. For fits bdow T¢ one notes that
there are 22.5 electrons per cdl in the d-band of Fe, sMn;5Si. Thus Nyg is found
out to be 7.5 and ¢, calculated out to be 0.177 by using the value of ng, to be 1.33
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as obtained from the measured net magnetic moment [21] 1In the ferromagnetic re-
gion the AL/L data are fitted to the egn.(3.2) bdlow Tc using this calculated value
of ¢o. In the same spirit of Fe,3Afn, Sidloy sample a differem set of parameter
vaues are obtained, with only the Debye temperature being kept fixed to the value
obtained from the fit of the paramagnetic region.

In the case of Fe, ,Mn,3Si.the fractiona length change data did not show any
transition as it is non-magnetic in our experimental range, it could be fitted with

only one set of parameter values.

(7) Analysis of Vibrational Contribution

The values of the parameters obtained from the best fits in both the ferromagnetic
and paramagnetic regions for dl the samples are given in Table-5.1. The values
of ©p obtained from the fits are 430 K, 4394 K. 441.0 K and 444.8 K for x = 0,
12, 15 and 18 respectively showing an increase of Debye temperature with Mn
concentration. For x = 12 and 15 aloys the anharmonic parameter g came out
to be more in the ferromegnetic region than in the paramagnetic region. The other
two anharmonic parameters g" and /' do not show any appreciable change with Mn
addition.

The vibrational specific heat C,, is calculated using the egn.(3.18) for dl the
Fe;_,Mn_ Sidlloys usng the paramter values obtained from fits. The vibrational
entropies are calculated using the relation Sy, = f; (Con/T)dT. The temperature
variation of S,, of the aloys for x - 0, 1.2, 15 and 18 are plotted in Fig.5.4. The
plot shows that the vibratoioal entropy reduces with Mn addition which comes from
the increase in ©p. We do not see any observable difference in the vibrational en-

tropy in between the ferromagnetic and paramagnetic regions of the x = 12 and 15
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Fig.5.4 : Temperature variation of vibrational specific heat of Fes_ Mn. Sdloys.
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aloys. From the vibrational part of the thermal expansion and the vibrational spe-
cific heat the vibrational Gruneisen constants (I'Z") are calculated using egn.(3.20)

and are given in Table-5.2.

(it) Analysis of Magnetic Contribution

The values of 771, obtained from the fits show an increase from the value 0.254 in
the case of Fe3Sito 0292 for Fe gMn,,Sisample and 0.446 for Fe,;Mn,5Si
aloy. The linear electronic term in the paramagnetic region of x = 12 and 15
and for Fe;,Mn,gSidloy does not differ much from each other (see Table-5.1).
Using the values of ¢, and the fitted values of A and m the linear terms 4., in the
ferromagnetic region for dl the samples are calculated and they show an increase
with Mn concentration. In fig.5.5a the electron-magnetic cotributions to the thermal
expansion coefficient a,,, are plotted which show an increase with Mn substitution
in Fez_,Mn,Siloys. This may be because. with Mn substitution the itinerant
ferromagnetic character of Fe;Si decreases. This is understandable from the point
of view of the increase in the Mn-Mn antiferromagnetic interactions which competes
with the ferromagnetic order. Another important observation is that the magnon
contribution to thermal expansion decreases with the addition of Mn (see fig.5.5b).

For Fe,gMn;2Si as the total number of electrons in the d-band is 22.8, in the
absence of interactions the number of electrons in each upspin and downspin d-
subbands are 114 for every unit cell. The band width w occupied by this many
number of electrons can be calculated using the fitted m = 0.292.

114 w'®/1.292 -
12~ (4.059)124/1.254 ° (6.4)



Fig.5.5 :
expansion coefficient (aem) of Fea_ Mn Sk = 0, 12, 15 18 alloys.
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Where 4.059 €V is the band width occupied by 12 electrons per cell in FezSialoy
with m = 0.254 and it gave the value of w to be 3.831 eV. From this value of v the
d-band with (') of this aloy including the unoccupied part is calculated to be

. 15 \ T
u' = 3.831 x (#f) eV = 4.738eV
11.4

Thus the unoccupied d-band width, i.e., the width of the band occupied by 3.6 holes
per cdl in each d-subbands is, €q = u’' — w — 0.907 €V. Using this value of egy, Noa
=72, Br=228 x 10" Nm? [3] and V = 27.475 cc (molar volume) and the fitted
values of m and A the electron magnetic Griineisen constant (T'g") is calculated to
be 6.0 using egn.(3.76) and the value of the electron magnetic coefficient of the
specific heat 4., came out to be 23.94 mJ/mol K*form eqn.(3.73). The fit gave the
value of 4,,,, = 6.939 x 10 " K~*. From the T = 188 K and taking the magnon
entropy at T¢ to be of 17.3 J/mol K T'z*  comes out to be 0.129 from eqn.(3.87).
For Fe, ;M n,sSidloy there are 22.5 electrons per cdl in the d-band. Hence
the number of holes participating in the itinerant ferromagnetism is, Ny, = 7.5.
Thus in the absence of interaction at absolute zero there will be 11.25 electrons per
cdl each in the upspin and downspin d-subbands. The band width w occupied by
these 11.25 electrons is found out to be 3.557 eV using the fitted m = 0.446 for
this dloy. Then the vaue of the band width w' is calculated to be 4.340 V. From
these values of w and uw'. the value of €54 comes out ot be 0.783 eV. Using the value
of { = 0177 for this dloy, Br= 1433 x 10"'Nm™?30], V = 28.18 cc (molar
volume) and the fitted values of m and A the vaues of I'¢" and 9., are calculated
to be 3.17 and 32.36 mJ/molK tespectively. The best fit returned the value of the

magnon contribution to thermal expansion, A,,,,= 5082 x 10~ K~%2. From the
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Sample Yem 6™ g™ & ruph
(mJ/mol K?) T<T¢ T>Te
FesSi 20.41 0853 1.010 1.425 B
(19.5)
Fe, gMn, ,Si 2394 6.002 0.129 3.040 2.070
Fe, sMn; sSi 3236 3.170 0.046 1.680 1.520
Fe; ;Mn, §Si - - - - 2.280

Table-5.2 : Calculated linear contribution to specific heat Yem with the electron-
magnetic Gruneisen parameter (I'c™), magnon Gruneisen parameter (I'¢™¢) and
vibrationa Gruneisen parameter (I'c™) of Fes.Mn,Si dloys The value of Yem
inside the brakets is taken from ref.9.
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vaue of Te = 157 K, T s calculated to be 0.046. The values of I’y and I'7"* are
summarized in Table-5.2.

The electron-magnetic and magnon contributions to entropy are calculated using
egns.(3.70) and (3.81) respectively. Fig.5.6a shows the electron-magnetic contribu-
tion to the entropy for x = 0, 12 and 15 alloys. From the plot one can see that
Sem increases with MB addition which is may be due to the decrease of the itinerant
character. Similarly from fig.5.6b where the magnon contribution to entropy S,...,
is plotted for different =, one can see that the magnon entropy increases with the

increase in Mn.

52 Fez_.Mn, Al Alloys

The ternary dloys Fes ,Mn, Alare of great technological interest because of their
possible applications as stainless steel. The behaviour of their basic magnetic and
structural properties with the substitution of Mn for Fe are quite interesting and
are addressed using experiments such as neutron diffraction, magnetization, NMR
and Mossbauer spectroscopy. Fe-Mn-Al aloys show a remarkable decrease of aver-
age magnetic moment with increasing Mn content [23]. In a follow up work [24] on
disordered Fe;_ Mn, Alupto 139 at% alloys using magnetization measurements
and magnetic diffuse neutron scattering experiments showed that both Fe and Mn
atoms have a localized moment (2.2 up) which decreases with increase in Mn con-
centration. Further work on the system after inducing atomic order with annealing
were carried out and the magnetic behaviour was observed [25]. Recently the effect
of chemical ordering on magnetic properties of Fes. ,Afn, Alboth in ordered and
disordered states were studied using Mossbauer spectroscopy [26]. In the Chapter-4
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the crystal structure of FeyAlhas been discussed extensively. In the ordered state,
the distribution of Mn showed a preference for B and D sublattices which have
predominantly Fe neighbours on A, C sites, but the A, C sites were aso found to
be occupied with hdf to one third concentration. The observed Mn moment with
increasing Mn content, may be due to increasing number of antiparallel moments
to the resultant magnetic moment.

However there have been no work reported to date on the thermal properties like
specific heat, entropy and thermal expansion studies on Fe;_,AMn, Aoy system.
In this work we study the behaviour of magnetic and lattice contributions to thermal

expansion, specific heat and entropy for a wide concentration range 0 < x < 1.2,

5.2.1 Sample preparation and Expansion measurements

Alloys of composition Fe;_, AMfn, Alin the concentrations of x = 0.3, 0.9 and 12 were
prepared taking requisites quantities of JMC Puratronic grade | iron powder, m3N7
purity manganese chips and m3N5 purity Al shots. They were mixed wel and then
made into pellets before melting them in an arc furnace with a water cooled copper
hearth. Melting was done repeatedly to ensure homogeneity. Then the aloy ingots
were homogenized at 1000° C for 48 hours sealing them in quartz tubes under a
pressure of 10+ torr and were quenched in brine solution. Small rectangular pieces
of approximate dimensions 2 x 2 x 2mm® were cut from the ingots and were annealed
at 400° C for a wek to get ordered samples. From the density measurements the
molar volumes were found out to be 29.875 cc. 29.609 cc and 30.557 cc for x = 0.3.
09 and 12 aloys. The therma expansion measurements were performed on these

samples following the thermal expansion procedure described in Chapter-2.
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5.2.2 Results and Discussion

Magnetization measurements show that for Fe; ,Afn, Adloys with x = 0.3, 0.9
compositions, the Curie temperatures are above room temperature. The dloy w:th
X = 12 shows the onset of transition at about 150 K and the width of transition
is as large as 30 K [13]. The observed fractional length change data are shown in
Figs.5.7a to 5.7c. The Fe,;gAn;,Aldloy shows a slope change around the T, in
AL/L data (Fig.5.7c) and a broad anomaly in «o(T) data (Fig.5.8). In Chapter-
4 the structure and different contributions to thermal expansion for Fe.,Al has
been discussed. Therefore here we will confine ourselves only on the efect of Mn
substitution in FesAl

As dl the samples are ferromagnetic, band structure calculations are needed
for the determination of ¢,. In Chapter-4 we have seen that there are a total of
18.646 electrons per cdl for FesAl in its d-band. The value of . from the fir came
out to be 0.364 for FezAl. Following the same reasoning as in the Fey ,Afn,Si
aloys described in subsection 5.1.3, we assume that by substituting one Mn atom
for one Fe atom. one electron per unit cdl is removed. Therefore for Fes:Ang4Al
dloy total number of electrons in the d-band will be 18.346 and hence Ny. will be
11.654. The net magnetic moment for this dloy is 2.85 [25] which is the value of
neg. Therefore ¢, is calculated to be 0.245. Similarly for = = 0.9 dloy there are
17.746 electrons per cdl in the d-band. Hence the vaue of Ny, is 12.254 holes per
cdl in the d-band in the absence of any interaction. For x = 12 dloy there are
17.446 electrons per cdl in the absence of any interaction in the d-band which gives
Ny to be 12.554. As there are no available value of net magnetic moments for the

exact compositions x = 0.9 and 12 dloys, they are taken from the interpolation of
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the magnetic moment values given in literature [25]. Thus the values of n,, have
come out to be 0.93 and 0.54 for Fe,  MngeAl and Fe,gM:, . Adlloys respectively.
Hence for FeaiMnoeAl dloy (o = 0.93/12.254 = 0.076 and for Fe,sMn, Aloy
Co = 0.54/12.554 = 0.043.

Using the calculated values of Co the fractiona length change data were fitted
to our modd. Figs.5.7a and 5.7b show the fitted AL/L data of Fe;;Mng3Al and
Fey, 1 MnggAl samples. The percentage r.m.s. deviation of the fits are about 0.5%.
But for Fe,sAn,;,Al sample data in the entire temperature range could not be
fitted to one set of parameter values. The data could be fitted separately for the
temperature ranges 80K < T < 120K and 150K < T < 300K. The data below
T are fitted by keeping the value of Debye temperature fixed to the vaue that is
obtained from the fit in the paramagnetic region.

All the parameter values obtained from the fits are given in Table-5.3. The @
values obtained from the fits are 418.2 K, 427.3 K and 473.3 K for x = 0.3, 0.9
and 12 aloys respectively and like in the case of Fey. .Mn, Sgeries, here aso the
value of ©p increases with the Mn concentration. Though in the case of Fe;Al
the lattice vibrational part yielded an optic mode, in these aloys fits have returned
the vaue of p to be 3. The value of the parameter g shows a decrease with the
addition of Mn in the ferromagnetic region. In the case of Fe, sAMn, ,Al dloy the
cubic anharmonicity parameter g' is found out be more in the ferromagnetic region
than in the paramagnetic region. The value of the quartic anharmonicity parameter
has increased by atleast one order of magnitude in the ferromagnetic region than in
the paramagnetic region which may be due to a softening of the lattice during the
magnetic transition.

The vaues of m obtained from the fits remained more or less constant (0.396
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Sample Fe;sMng Al | Fey \Mng oAl Fe, sMn, ;Al
T<Tc¢ T<T¢ T<T¢ T>Te
g(eV)x10? | 98324008 | 66124009 | 6.660+0.07 | 6.009+008
g"(eV')x10? 3.674+0.08 17.0140.90 | 55024007 | 1.550+0.08
feV')x10® 33.95+0.80 [ 21.53+090 | 6.636+0.07 | 0.286+0.008
Op(K) 418240 8 4273409 4733407 | 4733207
& 0.245 0.076 0.043 0
A(K?)x10” 29144008 | 5.10940.09 | 5.90940.07 -
m 0.396+0.008 | 0.383+0.009 | 0.37940.007 -
Vel K?)x10% | 1.158+0.08 2042409 | 23644007 | 2.584+0.08
VK H)x10™ | 1.105£0.08 | 0.97240.09 | 0.538+0.07 =
Table-5.3 The Debye temperatures, lattice anharmonicity paramters,

electron-magnetic and the magnon terms obtained from the fit of the thermal
expansion data of Fe;.Mn,Al (0.3 < x <1.2) samples.
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for Feg7Mng3Al, 0.383 for Fey MngyAl and 0.379 for Fe,egMn,.Allloys). The
electron-magnetic term of the thermal expansion increases with increase in Mn
concentration and approaches the value obtained in the paramagnetic region of the
Fe,gMn, ,Al dloy. In Fig.5.9a the electron-magnetic contribution a.,, is plotted
for different x to see the dfect of Mn addition on FezAl. One can see that a.,.
increases with Mn concentration, which may be due to the decrease in the value of
o, indicating a decrease in the itinerant character. Also from Fig.5.9b it is seen
that the magnon contribution to thermal expansion coefficient (amq,) decreases with

increase in Mn concentration.

5.2.3 Calculations of Magnetic Gruneisen Constants

For Fe,:Mng3Aldloy, there are a total of 18.346 electrons per cdl in the d-band.
Hence in the absence of interactions there will be 9.173 electrons per cdl in each of
the upspin and downspin d-subbands. The width of the each occupied d-subbands
of FezAlis 3.205 eV, it contains 9.325 electrons per cdl and m = 0.364. The width
of the occupied part of the band of Fe,;AMn,3A8loy from the fitted m value 0.396

is calculated as

9.173  w'*/1.306
9.325  (3.205)136i /1.364

(5.5

which gives a vaue of w = 3.136 eV. From this, the width w’ including the un-
occupied portion of the d-band in the absence of any interaction is calculated to

be

5 T

15
w=&mn(——

: = 4.460 eV .
9'173) eV = 4.460 eV (5.6)
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The width €p¢ occupied by Ny, = 11.654 holes per cdl in the absence of interactions

is thus found out to be,

€d = w' - w = (4460 - 3.136)eV = 1.324eV (5.7)

N ®

Using the value of €g¢ = 1324 eV, Ny; = 11.654, By = 1361 X 10“,\(taking a
weighted average of the values of bulk moduli of the constituent atoms) , the molar
volume V = 29.875 cc and fitted values of m and A, the linear coefficient of the spe-
dfic heat 4.m is calculated to be 28.632 mJ/molKfrom eqn.(36). Using eqn.(3.76)
the electron magnetic Griineisen parameter is calculated to be, T'g" = 4.48. The fit
returned the value of the magnon contribution to thermal expansion, 7,,,, = 1.105
x 1071°K~-%2  The magnon Griineisen parameter is calculated to be, n = 0.479,
using eqn.(3.87) and T = 440 K for the Curie temperature of this alloy.

For Fe, AMnygAl dloy there are a total of 17.746 d-band electrons, and in the
absence of interactions each upspin and downspin d-subbands will contain 8.873

electrons per cel. They will occupy a width u, where

8.873 w3 /1,383
R T 5 / s (5.8
9.325  (3.205)'3% /1.364
This gives w = 3.073 €V. The width w' is given by
! = 3.073 ( i )ﬁ“'v—uuz v 5.9
w = 3.073 x iR7R eV =4, € (5.9

Using these values of w and W', €y, is found out to be,

€oe = (4.492 — 3.073)eV = 1419V . (5.10)



154

The above values, with A = 5110 x 10"k ~* (seC Table-5.3) give the value of 4em
to be 28.02 mJ/molK%and Ty = 7.76 using By = 1.1% > 10"'Nm~?(taking a
weighted average of the bulk moduli of the constituent atoms) and the molar volume
V — 29.609 cc. Themagnon Griineisen parameter is calculated to benp =Tg" =
0.218 from the fitted value of 4,,,, and T = 310 K for this dloy.

In the ferromagnetic Fe,gAn,,Alloy the total number of electrons in the
d-band is 17.446 and in the absence of interaction each d-subband contains 8.723
electrons per cdl and the vaue of w for this alloy can be calculated from

8.723 w'¥™®/1.379
9.3

25 (3.205)1361/1 364 (5.11)

This gives w = 3.039 eV. The width « is calculated as

1
8.7

e

) eV = 4.502 el’

w' = 3.039 ( :
3

]

Using these values of w and u’,
€0q = (4.502 — 3.039)eV = 1.463¢V.

Using the values of By = 1117 x 10" Nm™2, V = 30.557 cc (molar volume) and the
fitted values of » and A the values of the coefficient of electron-magnetic specific
heat and I'g™ are calculated to 27.74 mJ/mol Kand 873 respectively. The magnon
contribution to the thermal expansion came out to be 4,,,, = 5380 x 107" K-/
and taking the Tr = 129 K the value of n = T'¢*is found out to be 0.031. The

values of Iy and TG are summarized in Table-5.4 for Fe; . Mn.A&lloys.
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Sample y e r re
(mJ/mol K?) T<Te >T
Fe,sMny ;Al 2803 4.477 0.479 0.778 -
Fe2.1Mno.9Al 28.02 7757 0.218 0456 -
FeisMn; ,Al 27.95 873 0.031 0.442 0398

Table-5.4 : Calculated linear contribution to specific heat Ye With the electron-
magnetic Gruneisen parameter (I'c™), magnon Gruneisen parameter (I'c™®) and

vibrational Gruneisen parameter (T'¢™) of Fes.,Mn,Al alloys




524 Calculation of Vibrational, Electron-Magnetic and Magnon Con-

tributions to Entropy

From the fitted parameter values the lattice and magnetic contributions to the
entropy are calculated and plotted in Figs.5.10 and 5.11. The vibrational contri-
bution to the entropy is estimated from the vibrational contribution to the specific-
heat which is first caculated from the fitted parameter values using egn.(3.18).
Fig.5.10 shows the variation of S,, with temperature for different x. Even the
values of S,, decreases with Mn concentration the difference is not much among
Fe3Al, Fea;MngsAland Fey  MnggAl dloys. But for the FejgMn;.Al dloy it
has reduced by quite a large amount. In between the ferromagnetic and the param-
agnetic regions of Fe, xAl1, -Al dloy there is no observable change in the vibrational
contribution to entropy as the magjor part comes from ©,, which is same for both
the regions. The vaues of the vibrational Gruneisen constants for different = are
calculated from the vibrational contributions to thermal expansion and specific heat
and are given in Table-5.4.

The electron-magnetic contributions to the entropy S.... are calculated using the
egn.(3.70) and are plotted in Fig.5.11a for different x. As shown in the plot there
is a dight increase in the values of S, with Mn concentration, but the increase is
not much. In Fig.5.11b we have plotted the magnon contributions to the entropy,
calculated using the egn.(3.81) for different =. The value of S..., shows a increase

with the addition of Mn.
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5.3 Conclusion

We have taken two binary aloy systems Fe;Siand Fey Al and have substituted Mn
in them for a wide concentration range to study the behaviour of thermal expansion.
For x = 12, 15 in Fes-.,AMn,$loy and x — 1.2 in Fe;_,Mn, Aldloy the thermal
expansion coefficient data have shown clear transitions at T, with a slope change in
the data of AL/L.The analysis gives an increase in the Debye temperature values
with Mn addition in both the systems. The electron-magnetic contributions to the
thermal expansion coefficient «.,,, and the entropy S.,. increase with Mn addition
showing a decrease in the itinerant character. The magnon contribution to the

thermal expaasion coefficient a,,,, however show a decrease with Mn concentration.
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CHAPTER 6

DETERMINATION OF CONFIGURATIONAL ENTROPY
AND STABILITY LIMIT OF A BULK METALLIC GLASS
FROM THERMAL EXPANSION MEASUREMENTS
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6.1 Introduction

Our understanding of the glass state is dtill far form complete inspite of the fact
that glass making was discovered long ago {1]. A very large number of materials
can now be produced in the glassy or amorphous state and the techniques of mak-
ing them are equally varied e.g., rapid quenching of melt [2-4], vapour deposition
on cold substrate [5], electro-deposition [6]. electron beam irradiation [7,8]. solid
state amorphisation by hydrogen dissolution or thermal interdiffusion of two ee-
mental polycrystalline metals [9,10], high energy mechanical ball milling [11-15],
etc. Glasses differ structurally from the crystalline solids in the absence of long
range lattice order as shown by X-ray diffraction [16]. Other new and technolog-
ically important physical properties of glassy materials make them very useful for
applications [17].

The conventional root to making a glassy solid by undercooling of melt has been
more widely used for a long time and better understood as compared to the other
recent methods of solid state amorphisation. Ordinarily a liquid will sdlidify by the
process of nucleation and growth of crystals into a crystalline solid if cooled below
the melting temperature and left for sufficient time. The nucleation rate increases
with increase in undercooling temperature. However if the liquid is cooled rapidly
it can continue to remain in the undercooled state and a configurational freezing of
the atomic arrangement of the liquid state takes place at a temperature T, (which
is termed as the Glass transition temperature). because there is not enough time
for atomic rearrangements to lead to a crystalline atomic configuration [1,16]. The
glass transition temperature however depends a little in the cooling rate but is

nevertheless taken to be a well defined transition temperature {1].
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Fig.6.1 shows a schematic illustration of the change in thermodynamic variables
such as volume (V), entropy (S) or enthalpy (H) across a liquid Co crystal or su-
percooled liquid to glass transformation [16]. The glass transition is accompanied
by a change in dope of these thermodynamic variables and differential quantities
such as thermal expansion coefficient (a) and specific heat (C) therefore show a
discontinuity at T, suggesting a second order like behaviour. Without going into
less definitive and contentious issues such as whether the glass transition is a truly
second order transition because of the kinetic dependence of T,, or whether the
glass state is truly equilibrium thermodynamic state, the glass and the supercooled
liquid states are treated on the same footing and a quantitative understanding of
the thermodynamic quantities such as free energy and entropy difference between
supercooled liquid and crystalline states has been made [16]. However very little
is said about the thermodynamic functions of the actual glass state itself which is
fundamentally different from the supercooled liquid phase at least in one aspect viz
- the translational degrees of freedom which exist in the liquid phase get. frozen in

the glass phase.

6.1.1 Bulk Metallic Glass

Metallic aloys require very high quenching rates, of the order of 10° K/sec or o,
to form glasses. These metallic glasses are very important technologicaly, as they
show high fracture strength, excellent soft magnetic behaviour and good corrosion
resistance [18]. But the high quenching rate of the melt for the glass formation,
has restricted the physical dimensions of these glasses to thin ribbons. During past
several years a lot of effort has gone into finding systems from which glasses can can

be made in bulk form with ease. Recently it has been possible to obtain metallic



166

T

e e

|
|
|
|
I
|
\
B
[
|
I
|

Fig.6.1 : A schematic illugtration of the change in volume across a liquid to
crystd and supercooled liquid to glass state. A change in dope is seen at the glass
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glasses in some aloy systems such as Zr - Ni- Cu - Al [19], La- Al - N: [20],
Mg-Cn~Y21] and Zr-Ni-Tl-Cul2ZBea low cooling rates. These glasses
therefore can be fabricated in bulk dimensions and can aso be processed for tech-
nologicd applications as the temperature interval AT, between the glass transition
temperature (T,) and the crystallization temperature (T) is quite large in these
materials. To understand the glass forming ability and their phase stability against
crystallization it is essential to have estimates of various thermodynamic parame-
ters. In this work a simple method is usad to estimate the configurational entropy
of glass by calculating its total entropy from thermodynamic considerations and
subtracting from it the vibrational and electronic entropies obtained from thermal
expansion measurements. Gibb's free energy difference between the glassy and the
crystalline states has been calculated, which gives a measure of the thermal stability
of the glass state. Here, a bulk metallic glass of composition Zre; NijgCuz Al; 5 IS
usad which has a high AT, value (= 112 K) to calculate the vibrational, electronic

and configurational entropies in the glassy as well as crystalline states.

6.2 Sample preparation

The samples were prepared by arc melting requisite quantities of Hafnium free Zr
(99.5% purity) and high purity Cu, Ni and Al in an Edmund Biihler D-7400 arc
melting furnace under a Ti gettered argon atmosphere. There was negligible weight
loss after melting. The aloy ingot was cut into small pieces and transferred to a
Vycor glass tube of 7 mm inner diameter constricted to 4 mm diameter at one end.
After induction melting the melt was injected into copper moulds by application

of dight gas pressure from the other end of the Vycor tube. Rectangular blocks of
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dimensions 22.5 x 5 x 3 mm® were cast by this procedure  The surface of the moulded
sample was polished to remove the crystallized phase which formed in contact with
the copper mould. The bulk sample obtained was amorphous as confirmed by the
X-ray diffraction pattern recorded with Inel position sensitive detector using Co K.,
radiation (A = 0.1790 nm) (see Fig.G.2).

Fig.6.3 shows the Differentid Scanning Calorimetry (DSC) measurements on
the sample. The DSC measurement has been done with a heating rate of 10 C per
minute. The glass transtion temperature T, came out to be 624 K (see the inset
(a) of Fig.6.3) which compares wdl with the valuc of T, = 623 K for the sample
of same composition given in literature [19]. The crystallization temperature came

out to be Tx = 736 K (inset (b) of Fig.6.3).

6.3 Thermal Expansion Measurements

A sample of cuboid shape and dimensions 3 x 25 « 12 mm* was cut from the
main block for thermal expansion measurements. The sample was cut carefully to
have parallel faces. The faces were polished to have a smooth surface. The ther-
mal expansion measurements were carried out using the three terminal capacitance
dilatometer as described in Chapter 2. The sample temperature was scanned at the
rate of 2 mK/sec and the capacitance values were recorded at intervals of 4 sec.
An average of fifty readings was taken to get the observations at 04 K intervals.
The glass sample was then crystallized by heat treating it a 873 K for a period
of 24 hrs and thermal expansion measurements were carried out on the crystallized
sample.

Fig.6.4 shows the fractional length change AL(T) L(Tp) data as a function of
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Fig.6.2 : The X-ray diffraction patterns of ZresNi,0Cui754l:5 bulk metallic glass
(G) and of its crystalline state (X) recorded with Inel position sensitive detector using
Co K, radiation.
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temperature in both glassy and crystalline phases. In the figure every fifth data
point is plotted for better clarity. Fig.6.5 shows the variation of thermal expansion
co-efficient (o(T) = j—’”—(’r—[)és a function of temperature as obtained directly from
the measured fractional length change data by numerical three point differentiation.
As expected the thermal expansion of glass shows less change with temperature than

that of the crystal.

6.4 Data Analysis

The fractional length change data is analyzed using the anharmonic model described
in Chapter 3. The AL(T)/L(Ty)data is fitted to the expression

(x)r — (=),

AL(T) {z)7,
L(T)  alTy) 61

where (z)r is the average lattice displacement at temperature T which is given by

the expressions (3.4). (3.14) and (3.24) and reproduced here for continuity,

Yelga | 39 15¢° 8f\ , 35 (15¢°f 3f°
e A e i BF ! —
Rl { (16«3 .vi’) T ( A

) 63} (6.2)

(x)y = a(To) il

3\ . L Ty z'dz p—3 kpO;
- {(1) T (g;) _/ 2=+ (B2) i
J

v« gives a measure of the electronic contribution to the lattice displacement. ©
and O are respectively the Debye and Einstein temperatures and p is the average
number of phonon branches actually excited over the entire range of temperature.

The fitting of the experimental data was done using 7e, g = g/cgaf_T,}]g" = g*/c.

f — f/c?©p,p and ©yas parameters. The solid lines in figs.6.4 and 65 show
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Fig.6.4 : Fractional length change data as a function of temperature for the crys-

talline and the glassy Zres NiwCuyrsAlrsdloy. The solid line represents the fits to
the data using egns.(6.1) and (6.2)
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Fig.6.5 : Measured thermal expansion coefficient (a) data as a function of tem-
perature for the crystalline and the glassy ZrgNiywCui-sAldloy. The solid line
shows the analytic derivative of eqn.(6.1).
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the fits. The fits in both the glass and crystalline phases are excellent with a r.m.s.
deviation is of about 0.2%. Table-6.1 shows the values of the fitted parameters.

The anharmonicity parameters g" and /' have increased by quite large amount in
the glass phase as compared to the crystal phase. The large increase in the quartic
anharmonicity parameter /' shows softening of lattice in the glass and suggests
that the lattice potential becomes more shallow as compared to the crystal phase.
The glass phase does not show any optic mode whereas the crystal phase gives an
average of 7.5 optic modes with an Einstein temperature of 494.7 K which is lower
than the Debye temperature 582.0 K. The value of electronic parameter 4 in the
crystal phase is twice that of the glass phase.

A check on the consistency of the parameters obtained for the fits to ther-
ma expansion data can be made by calculating the total specific heat (vibra
tional+electronic) and comparing with experimental results on specific heats of

the system. This consistency is shown in the next section.

6.5 Calculation of Specific Heat

As described in the chapter 3, the vibrational specific heat C,, is calculated using
the relation [23] (see also eqn.(3.18))

: B
C',,!. = 3]\"’:” - (”\. (—‘ —! - ai—,) £ X :' (63)
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Sample Glass Crysd

) (K) 562.3+08 582.6+07

d (eV) 0239+0 008 025140007
g" (eVh (165.53140.8)x10™ (2.97240.06)x10™
f (ev)) (207.83340.8)x10™ (3.48840.06)x10™
Yo (K?) (4 68610.06)x10° (8.98740.07)x10™

p 3. 10.5+0.03
6 (K) - 494.740.3

Table-6.1 : The charactenstic Debye and Eingtein temperatures and the
anharmonicity parameters obtained from the fit of the fractiona length change
datain both the glassy and cryddline states
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and N is the Avogadro number. Fig.6.6 shows C,

pi

for both the glass and the crystal
phases, calculated using the fitted parameters p, 65, ©x, " and /'. As expected
Cpn for the glassy phase is more than the crystalline phase.
The electronic specific heat is calculated using the relation [24],
_ 313; 1-"},;

Co = tebis (6.5)

~el
s

Where By is the isothermal bulk modulus. V is the molar volume, and Ty is the
electronic Griineisen parameter. The experimental values of the Young's modulus
of ZrgsNiygCuyasAlL dloy in the glassy and the crystalline phases are measured
to be 72 GPa and 117 GPa [25] respectively. By taking a weighted average of the
Poisson's ratio for this material. which come out to be 0.36. the bulk modulii are
calculated. The bulk modulii B; are estimated to be 85.7 GPa and 139.3 GPa in
glassy and crystalline phases respectively. The molar volume of the above dloy in
the glassy phase is measured to be 11.79 cc whereas it is 12.07 cc for the crystalline
phase. Using the above mentioned experimental values of B; and V and taking
the electronic Griineisen parameter as 2/3 which is the free electron value, the C.,
is calculated for both the states. The total specific heat (Coy + C,y) calculated
using the parameters obtained from our thermal expansion data compares very wel
(within 6%) with the experimental specific heat as a reported by Zhang et. al. [19]
in the temperature range 400 K to 620 K (see Fig.6.7). This gives confidence in our
method of calculating the vibrational and electronic entropies. Next we find the
total entropy difference between glass and crystalline states from thermodynamic
consideration and subtract from it the vibrational and electronic entropy to get the

configurational entropy.
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Fig.6.6 : Vibrational contribution to specific heat calculated using the fitted pa-
rameter values for the crystalline and the glassy ZrgsNiywCuyr5Alzs dloy.
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Fig.6.7 : Total specific heat (C = C,; + Cp) of the glass calculated using the

parameters obtained from our thermal expansion data fitting compared with the
specific heat data of Zhang et.al. taken from ref.19.



179

6.6 Estimation of Thermodynamic Parameters

6.6.1 Supercooled Liquid State

From Fig.6.8 the entropy difference between the supercooled liquid and the crystal

at atemperature T < T), is given by

A(\I_\

ASHX(T) = ASy + / dT 6.6)

Ty

Where AS**(T}s the entropy difference between the supercooled liquid and crystal
at any temperature T, ASyis the entropy of fusion a the melting temperature Ty
and ACEX is the specific heat difference between the supercooled liquid and the
crystal.

The enthalpy difference between the supercooled liquid and the crystal (AH )
can be calculated as follows.

T.1 Ta Ty 1
aE™ = [a@= [cXar+ [ aQ+ [Clar
TX 7 Tu X Ta
] T
- [ cXar +Tyasy + [ clar
Tai ! Tu
= TuASy+ [ACHAT ©.7)
Tu
The Gibbs free energy difference. AG**being the driving force for crystallization.

which measures the ability for glass formation is calculated as,

A
AGHX(T) = Ty Su + [Ac“d:r TAS~T [ ar (e

Tu Ty

The entropy of fusion ASx can be calculated as (26],
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- — - ——] - - — =

Fig.6.8 : A schematic illustration for the calculation of the entropy difference (AS™¥)
between the supercooled liquid and cystd states. Arrow heads indicating the path to be
followed
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Ta Tu

/C'j'.dT .- /C:(fT = TwASy (6.9)
i 0

Tar
[AC‘:, XdT = Ty ASy (6.10)
0

Now if one assumes AC5* is constant upto a temperature which is not much below

Tm then, egn.(6.10) can be written as.
Ty ACEY =TyASy (6.11)
ar,
A(;';‘.)‘ = A8y (612)

By substituting the vaue for AC5* in the expressions for ASHY(T)AHLX(Tend
AGH(T'the egns.(6.6),(6.7) and (6.8) can be approximated as,

; T,

ASX(T) = ASu-ASuin () . (6.13

AH"\'(T) = TAS . (6.14)

AGHH(T) = ms\,zu(T—“’) , (6.15)
4 ,]., :

6.6.2 Glass State

To reach the glass state one goes to temperature T < T, as shown in Fig.6.9 The

entropy difference between glass and crystal, ASS*(T)at a temperature T < T,
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Fig.6.9 : A schematic illustration of entropy in the supercooled liquid, glass and the crysta
states of the same material. The arrow heads indicate the path to be followed for the
calculation of ASS¥(T).
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can be calculated as,

ASSX(T) = [ds— [ Car 4 ?71d5'+ [Cf’drm If
X TaeiX hf T,
T
[

Tas
cx X
[ 2T + [—C‘ dT + ASy + [m- dT +
T Tm Ty

KB+ ([ 4T — [C” dT) (J%’ldT _“C;f dT)

A TM'

I

ASy + [QL;—CL({:H [M;f' dT (6.16)
1 Tur

If we take a temperature near T,. when Cp can be approximated as. Cp = Cp —
ACKe, where ACES is the specific heat jump at 7, when the supercooled liquid

freezes into a glass. Then by rewriting the equation (6.16) as.

T ;
. ACEK CE—ACES —1CE
GXmy  _ P ¥ ¥ P
AS®(T) = ASy +?[ dT + / T dT

. tack T ACKX T acks
_ AS,\,+7_[ - dT+j[ - deTf L-dT  (617)
M g

Now substituting for ACE* = ASy and taking ACES as the jump a 7, and

assuming that T is not much below T,

Ty Ty
GX e = LX L&
ASYA(T) = ASy — ACE In ( T ) + ACg%In (—T) (6.18)
Similarly the enthalpy difference between the glass and the crystal can be written'

as,

AHSX(T) = TyASy — ACH*(Tu — T) + ACFS(T, - T)
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o
AHSX(T) = TASy + (T, — T)ACK® (6.19)

So the Gibb's free energy difference (AGSX between the glass and the crystal which
shows the stability of the glass can be estimated as,

AGSX(T) = AHSX(T) — TASSX(T) (6.20)

6.7 Estimation of Configurational Entropy of the Glass

The vibrational and the electronic entropies (Sp. and S.;) of the glassy and the
crystalline forms of the sample are calculated using the relation.

o
v ph.el
Sph = -0/ =Bdgr (6.21)
Assuming the crystal does not have any configurational entropy, the total entropy

of the crystalline sample can be given by,

§% = 8% + 5% (6.22)

The total entropy of the glassy aloy can be written as,

§€ = 85 + SG+ 8559 = 8F + AS (6.23)
Where S, ,.,is the configurational entropy of the glass and the expression for AS¢X

is given by eguation (6.18).
For the present Zr - Ni- Cu — Al sample the total crystalline entropy is calcu-
lated using the eqn.(6.22). Then for estimating total entropy of glass S¢,eqn.(6.23)
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is used by taking the vaue of AS“X which is estimated using egn.(6.18). Similarly
the total entropy for the supercooled liquid state is estimated by adding AS:A
(calculated using egn.(6.13)) to S*. Fig.6.10 shows the temperature dependance of
8¢, St and S*. As expected the supercooled liquid freezes into glass at T,(=624
K) where the entropy curve shows a slope change indicating a second-order phase
transition-like behaviour. The Kauzman temperature [27] T-* calculated from the
insentropic condition AS*X¥= 0 is found to be Ty /e,where e is the base of the
Naperian logarithm.

The vibrational entropy (Sf;,) and the electronic entropy (S) are calculated from
Cy and C§  respectively. The vibrational and electronic specific heat is calculated
from the fitted parameters obtained from the fit of the therma expansion data
of the bulk metallic glass. The configurational entropy (S5, ;) of the glass then
is estimated by subtracting (S5, + S5) from S¢. The temperature dependance of
56

config

together with S§, and S5 isgivenin the inset of fig.6.10. The magnitude of
the configurational entropy of the bulk metallic glass in a smdl temperature range
below T comes out to be 17 J/mol K. The configurational entropy of an idea solid

solution with n-components can be calculated as [2§],

Sempip = —R Z X.InX, (6.24)

where X; is the concentration of the i component. The configurational entropy of
the ideal solid solution of the composition Zre;NinCAlz 5 is calculated as 8.45
Jmol K which is hdf of the estimated configurational entropy of the glass.
Another interesting result which comes out from this analysis is that one can
define a new instability temperature TS from the isentropic condition, ASCX =

0 which gives the limiting temperature upto which a glass could be superheated
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Fig.6.10 : Total entropy of the crystalline, glassy and the supercooled liquid phases
of the bulk metallic glass ZresNiwCurs5Alisas a function of temperature. The
curve for the glass phase between 7, and T represents the superheated region.
The electronic, vibrational and configurational entropy contributions of the glass

are shown in the inset.
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without being alowed to go into the liquid phase. For the bulk metallic glass used
in this work, T7* is found out to be 730 K (see Fig.6.10). A similar isentropic
instability temperature for a superheated crystal was defined by Fecht and Johnson
[29].

The enthalpy differences AH*X and AHSX are obtained using the eqns.(6.14)
and (6.19). the Gibb's fee energy differences AGE* and AG“* are calculated using
eqns(6.15) and (6.20) as a function of temperature and are plotted in Fig.6.11. One
see's that AG* and AG“* touch each other at 7,. At a undercooling of 100 K
below T),, AGIX— 377.9 J/molwhich gives a very small driving force for crystal-
lization indicating a good glass forming ability of these glasses. Similarly the excess
Gibb's free energy AG®* of the superheated glass relative to the corresponding
crystalline form at a temperature 100 K above T, is found to be 124 KJ/mol which

gives a measure of the stability of the glassy phase.

6.8 Conclusion

The thermal expansion co-efficient around room temperature is found out to be
less in the case of the bulk metallic glass Zrg; NijgCu)sAl; 5 than that in the cor-
responding crystalline phase. From the fit to our model the Debye temperatures
are found out to be 562.3 K and 582.6 K for the glassy and crystalline states re-
spectively. The glassy phase does not show any optic mode whereas the crystalline
phase gives an Einstein temperature ©¢ = 494.7 K with 10.5 as the average number
of total excited modes (acoustic and optic). The total entropies S*. S* and S¢are
calculated. The configurational entropy of the glass is found out to be 17 J/mol K
just below T,. A new isentropic temperature T.°*— 730K is predicted upto which
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Fig.6.11 : Gibb’s free energy differences AGtX¥ and AG®X as a function of tem-

perature calculated using egns.(6.15) and (6.20) respectively.
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this glass can be superheated. The Gibb's free energy difference between the glass
and the crystal is estimated which gives a measure of the stability of the glassy
state. The driving force AGX for crystallization is calculated to be very small
indicating a good glass forming ability of these alloys.

The analysis employed in the present work is quite general and can be applied
to other kinds of glasses. Furthermore, the knowledge of the parameters such as the
configurational entropy and the Gibb's free energy differences obtained from such
studies should also be useful from the point of view of testing various models for

glasses.
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CHAPTER 7

EFFECT OF SUPERCONDUCTING TRANSITION ON
LATTICE ANHARMONICITY IN HIGH T,
SUPERCONDUCTORS
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7.1 Introduction

Since the discovery of superconductivity in mercury by Kamerling Onnes [1] a host
of elements, dloys and compounds were found to exhibit superconductivity at low
temperatures. But the limited srope of these conventional superconductors for their
low transition temperature (T¢) initiated the search for compounds with higher
Te’s. The discovery of superconductivity at about 35 K in the oxide compound La
Ba-Cu-0 [ was followed by finding severd other oxide systems. Y-Ba-Cu-0 [34],
Bi-Sr-Ca-Cu-0 [5,6], Tl-Ba-Ca-Cu-O [7,8 and Hg-Ba-Ca-Cu-O [9,10] which have
T¢’s above the boiling point of liquid nitrogen. These came to be known as high-
T superconductors. Ever since their discovery, the interesting properties of these
materials and the mechanism of superconductivity in them has posed a challenge to
the experimentalists as well as to the theoreticians. There have been many models
which were proposed to explain various electronic, magnetic and thermal properties
of superconductors. For the conventional superconductors the first satisfactory
microscopic theory was given by Bardeen, Cooper and Schrieffer (BCS Theory)
[11]. They showed that a conduction electron distorts the lattice due to Coulomb
interaction and creates a virtual phonon. A second electron with the opposite
spin of that of the former one, sees the lattice distortion by absorbing the virtual
phonon. Both the electrons develope a weak attractive force through the exchange
of the virtual phonon and they form a Cooper pair. These Cooper pairs which
are formed due to this electron lattice electron interactions, condense into a state
whose ground state energy is much less than the normal ground state energy and is
separated from it by a band gap. Even though the BCS theory could explain most

of the phenomenon observed in the conventional superconductors, it suggested an
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upper limit of 40 K for the T, of a superconductor. Hence the discovery of high-
Te cuprate superconductors showed the inadequacy of the BCS theory in these
materials.

The mechanism responsible for inducing pairing in high-T; cuprate superconduc-
tors continues to be elusive. One of the potential candidates is the electron-phonon
interaction which according to one viewpoint [12 — 16] could be effectively large
because of the imperfect screening of the coulomb interactions and can thus lead
to high T.. Another viewpoint [17 — 21] is based on the formation of bipolarons
which can undergo Bose-Einstein condensation to give rise to superconductivity.
There is yet another approach [22,23] which rests on the idea that the large effec-
tive coupling constant may have its genesis in the high lattice polarization caused
by the lattice anharmonicity. The bipolaronic mechanism might also be intimately
connected with this viewpoint.

Experimentally there have been a host of activities in recent years to explore the
role of phonons in high 7, materials. A softening of the Raman mode at 335c¢m !
has been observed [24] & T. in Y Ba,Cu30O;_..lon channeling studies [25] on
Y Ba,Cus0-_¢« and ErBa,CuzO; »show a phonon anomaly due to the Cu- O atom
vibrations. Pulsed neutron diffraction [26] on Tl;Ba,CaCu,0sand inelastic neutron
scattering measurements [27] on Y Ba;Cu;O;show locd structural distortion at 7.
in these materials. Polarized EXAFS results [28] show that the relative displace-
ments of the axial oxygen in high 7, materials are not harmonic and change around
T.. Cu- K edge polarized EXAFS data [29] for Y Ba,CuzO-show an axial oxygen
centered lattice instability at T, suggesting a coupling between superconducting fluc-
tuations and anharmonic phonons. Neutron resonance absorption spectroscopy [30]

for Cu in Bi,Sr,CaCu.Opndicates a rapid decrease in the kinetic energy slightly
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above T, and detailed neutron scattering measurements {31] for selected phononsin
Bi,Sr,CaCu,0:as0 show considerable anharmonic effects. In our opinion, thermal
expansion results should offer more direct evidence of the anharmonic effects and
therefore we have studied the temperature variation of the thermal expansion data
of YBa;CusO-- (6 m 0.15) (Y-123) and Bi; 6PbgsSr2CarCuz0,(Bi-2223) over a
wide range of temperature both in the normal and superconducting phases. The
data of Y Ba,;Cu30;(6 = 0.15) superconductor have been taken from ref.33. In
the case of Bij ¢Pby4S7:C'a,CusO, we have performed the thermal expansion mea-
surements using our three terminal capacitance cell. For both the cases we have
done the data analysis using our semiclassical model described in Chapter-3. We
find that there is indeed an anomaly in the tliermal expansion behaviour of Y-123
and Bi-2223 superconductors which begins to show up at a temperature somewhat
higher than T.. In the case of Y-123 superconductor we try to attribute this anomaly
to a lattice instability induced by polaron formation [32]. Bi-2223 superconductor
shows an anomaly in the vibrational contribution to thermal expansion at the super-
conducting transition temperature and in the superconducting phase the thermal
expansion shows the presence of the two dimensional (2D) Gaussian fluctuations

near the transition temperature.

7.2 YBa,Cu3;0;.. Superconductor

7.2.1 Data Fitting and Analysis

The fractional length change data taken from ref.33 are fitted to the egn.(3.2) with
the reference temperature being 20 K and the average lattice displacement (x)r

being given by egn.(3.14) which we reproduce here for the sake of completeness :
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where 4 is the linear electronic contribution to the average lattice displacement
and e is given by the eqn.(3.15). The parameters used were v, ¢', 9", /', ©p. p
and Gg. The fit gives the best results for the average number of phonon modes p =
3. Therefore in the find fits we have used only the Debye terms and have removed
the Einstein terms from the fitting function. For superconducting Y-123 we find,
quite interestingly, that it is not possible to fit the fractional length change data
with a single set of parameters. The r.m.s. deviation for the best fit in this case
cames OUt to be as large as 40 %. However the data could be fitted separately for
T<T,and T > T, where T, is around 110 K as shown in the Fig.7.1. Clearly the
fits are very good both below and above T7,. In fact the r.m.s. deviations in this
case are 5 % below T, and 2.5 % above T,. The values of the parameters are given
in Table.7.1. The value of ©,, has been obtained from the fit below 7, and is kept
fixed at the same value for the fitting above T,. while other parameters are varied.
The vaue of ©p obtained from our fit is 418.9 K and it compares quite impressively
with the reported value of about 420 K [34.35] in literature. Interestingly enough,
for nonsuperconducting Y Ba,Cu30; (¢ = 0.9) [33] the data could. however. be
fitted to our model for the entire temperature range with a single set of parameters,
the r.m.s. deviation being only 9 % in this case (see Fig.7.1).

To study the temperature dependence of the thermal expansion coefficient we
differentiate eqn.(7.1) with respect to T and plot as a function of T. The plot is
shown in fig.7.2 which clearly shows that the thermal expansion coefficient (a) has
afinite discontinuity at 7, which is what is aso expected from fig.7.1.



198

2.1
=19 YBGQCU}O‘;_d 262015)
el Y802CU307_5 :'—‘09)
1.8 — Fit

_:._'.-'- ] ] ] | 1 1
20 60 100 140 180 220 260 300
T(K)

Fig.7.1 . The fractional length change data of superconducting y Ba,(y,0, , (S =
0.15)and non-superconducting ¥ BazCusOr_s (6 = 09) With temperature, 'he solid
lines show the fits to the data.
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Fig.7.2 : The coefficient of linear thermal expansion of supercinducting Y Ba,Cuz04
(6 = 0.15) with temperature.
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Another feature we would like to mention is that the electronic contribution to
the thermal expansion is linear in temperature in both normal and superconducting
phases. This might have some correlation with the electronic specific heat behaviour
of high T, superconductors. But as the electronic Griineisen constant is not known
for the Y-123 superconducting sample the electronic specific heat could not be
calculated.

7.2.2 Discussion

The cubic anharmonicity parameters g and g" are clearly larger bedow T, than
above T, which implies an increase in the asymmetry of the lattice atom-atom
potential below T,. The quartic anharmonicity parameter /' however shows the
most dramatic increase in its vaue below T, which indicates a softening of the lattice
potential around T,. The enhancement in the cubic and quartic anharmonicities
leading to the asymmetry and softening of the lattice might originate in our opinion
from the high lattice polarization present in the cuprates. This lattice polarization
can give rise to a lattice instability favouring the possibility of polaron formation
around T,. Thisindirectly suggests the bipolaronic mechanism as a possible pairing
mechanism in the high T, superconductors. In a one - electron polaron problem the
phonon dynamics is not affected by the polaron formation. But in a many electron
system, the polaron formation will give rise to phonon - phonon interactions leading
to anharmonic effects which will largely depend on the strength of the polaronic
interactions. The polaronic interaction might be of Frohlich type or Holstein type
depending on the material. If real anharmonic phonons are present in the system
then one should aso incorporate in the polaron formation the effect of electron -

biphonon interaction which can be written in a mean field-like approximation [36]



Semple YBa;Cu;OM YBa;CU;(O'(.a
(6 =0.15) (6=09)

T<T, T>T, 20K < T < 300K

O (K) 418.9+0.8 418.9+08 425.0+1.0
[420.0]

g'ev?h (5.32+.08)x10™ (2.51£.06)x107 (2.26+.08)x107

g"(eVv?) (6.06+.06)x10™ (1.961.06)x10™ (1.38+.08)x10™

fevV?") (9.98+.06)x10™ (1.35+.06)x10° (1.21+.08)x10°

Ya(K?) (1.37+.06)x10™® (1.54.06)x10* (1.49+.08)x10®

Table-7.1 : The Debye temperature, anharmonicity parameters and the coefficient
of linear electronic term obtained form the fit of the therma expansion data of
superconducting (8=0.15) and non-superconducting (8=0 9) YBaCuO sample.
The vdue of the Debye temperature insde square brackets is from literature
[34,35].
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H= }: B,,-Bé-(f"_:._q_.q,C';,(aqﬂq» - (r?,qd”q,) (7.2)

iPe
where CL(Cy) is the creation ( annihilation ) operator for the electron and Bg is
the electron - phonon interaction matrix element. Bussman-Holder and Bishop
have combined this interaction with the BCS hamiltonian to reproduce some of
the interesting features of the high 7. superconductors. Morawitz et.al. [37] have
studied the effect of this non-linear electron phonon interaction on the normal state
properties and the transition temperature of cuprates in the tight binding model.
We would like to emphasize that the non-linear electron-phonon term will contribute
a four-phonon interaction to the phonon dynamics in the lowest-order perturbation
theory. This might be one of the probable reasons for the dramatic enhancement of
the quartic anharmonicity below T,,.

We like to point out that we have used the thermal expansion data for poly-
crystalline YBaCuO for which we do not distinguish among a & and ¢ axes and
therefore the model we have used is an averaged isotropic model. Single crystals
of high - T. cuprates are however known to be highly anisotropic and for these
materials one will naturally have to make separate analysis of each crystallographic
direction. The parameters f, g etc. in that case are expected to come out different
for the three directions exhibiting an anisotropy in the thermal expansion coeffi-
cient. Nevertheless, the anomaly at T > T, observed for polycrystalline Y BaCuO
in its thermal expansion behaviour and its qualitative nature are expected to re-
main even for the single crystals of YBaCuO. We try to attribute this anomaly to

the polaron formation which can induce a lattice instability and mode softening.
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If polarons and bipolarons do form in the high - 7. cuprates then these materials
should show some polaronic: effects in their behaviour. Several advocates [17-21]
of the polaronic mechanism have addressed themselves to this issue and it is wel
known that some of the normal state and superconductive properties of high - T.
cuprates can be explained using polaronic models. For example, if one calculates the
transport properties of superconducting cuprates using the polarons and bipolarons
as the charge carriers, one can very easily explain the linear - T resistivity behaviour
exhibited by these materials [38,21]. Evidence of polaron formation in cuprates has
also come, abeit indirectly, from photo-induced conductivity and photo-modulation
experiment [39], optical conductivity data [40], Cu— K-edge EXAFS measurements
[29], ion-channeling studies [25 and resonant neutron absorption spectroscopy [30].
Mustre de Leon et a! [41] have recently performed an exact diagonalization of an
electron-phonon model hamiltonian for the O(4) — Cu(1)— O(4) cluster in the 123
compound and have shown that for strong electron-phonon coupling the motion
of holes and ions become polaronic leading to a double wel structure for the in-
frared mode as observed in their EXAFS experiment. However these results and
aso our thermal expansion data analysis which do indicate the formation of po-
larons in cuprates may or may not have any bearing on the mechanism of high 7.

superconductivity.

7.3 Ba,;¢Pbg;Sr,Ca,Cu;0, Superconductor

The Ba, ¢Pby 4Sr,Ca,Cu;0, (Bi-2223) Superconductor was prepared and character-
ized by Seshu Bai et.al. [42]. The susceptibility measurements gave the normal to

superconducting transition temperature T = (107 £+ 1)K (see Fig.7.3). From the
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origina sample made by Seshu bai et.al. [42] we have cut a rectangular piece of
dimensions (2 x 3 x 3)mm® and performed the thermal expansion measurements
on it. Fig.7.4 shows the temperature dependence of the fractional length change
AL(T)/L(TpXTo = 293.0 K) and the Fig.7.5 gives the a(T) data obtained from the
numerical three point differentiation of AL(T)/L(Ty)with respect to temperature.
Even though the AL(T)/L(Tygta does not show any observable change at T..
the a(T') data gives a slope change.

7.3.1 Results and Discussion

As in Y-123 superconductor we have tried to fit the AL/L data of Bi-2223 super-
conductor to the theoretical expression given by egns.(3.2) and (7.1). separately in
the temperature range above T (normal region) and below T (superconducting
region). The AL/L data in the normal region (110K < T < 300K) is fitted to
egn.(3.2) with ~a. g, ¢". /', ©p. p and Of as parameters. The fit gives the best
results for p — 3. Hence in the final fits we have used only the Debye terms. In-
terestingly the AL/L data in the superconducting region (80K < T < 106K) could
not be fitted to the egn.(3.2) and (7.1). This may be because of our experimental
temperature range in the superconducting phase is very near to T, (108 K). In this
temperature range strong fluctuations in the superconducting order parameter are
expected due to the short coherence length of the superconductor. Experimentally
the effects of fluctuations are also observed in the specific heat [43-47]. in the con-
ductivity [48,49)], in the dc-susceptibility [50] and on the resistivity [48,51.52] of the
high temperature superconductors. Also it has been observed experimentally that

the linear in temperature term in the low temperature specific heat data of Bi-2223



206

0.5

£ BH .BPbDAS FQCOQC U30y

0.0

—{.5

=l il

=15

10° x AL(T)/L(To)

—2.0

_25 -

-3 L ! 1 I 1
70 120 170 220 270 320

T(K)

'ig-7.4 : Temperature variation of measured fractional length change data of Bi, 6 PbySry,Ca
uperconductor.
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superconductor is either absent or very small [53-55]. Therefore following the spe-
dfic heat data analysis of Braun et.al. [56] near the superconducting transition

temperature T we can write a theoretical expression for a(T)as,

1

o7 T—T-
oT) = 9pese ™ *F +"?(:FLI d
To
3_(] f ’ ] '
S e [ RN ) ] e s ¥ F* % F
el [ - 26 x e x e - 3F x & x e (7.3)

The first term comes from the mean fidd contribution by taking the BCS weak
coupling limit to a where qpcs1s a constant. The second term comes from the
2D Gaussian fluctuation contribution to a with ~¢r; being a constant. The third
term comes from the analytical differentiation of egqn.(3.14) with respect to the
temperature and G = (15¢°/16¢%) - (8//c?). F = (35/16)[(15¢°f/4c%) + (3f2/Y)].
But as we could not write an analytical expression for AL/L from the theoretical
expression of a given by the above eqn.(7.3). we decided to fit our experimental a
data.

In the norma region the theoretical expression for a obtained by taking the
differentiation of AL/L using for (z)r the expression given in egn.(7.1) with respect

to temperature is,

a(T) =T + ) {g’ ~-2G xexe —3F xe* x ¢ (7.4)

=B
4ca(Ty
We fit our experimental a(T') data in the temperature range above T with 4,,,d,
g", /', ©p as parameters and the best fit reproduces the parameter values obtained
from the previous fitting of the (AL/L) data. In Fig.7.5 we show the fit of our

data as a solid line against the experimental data points. Interestingly we find that
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the data fits perfectly wel upto T — 1235 K and then starts deviating. Following
the same analogy as in Y-123 superconductor case we term this temperature as Tp
which is above T where the anomaly in the thermal expansion starts in the case
of Bi-2223 superconductor. The r.m.s. deviation for the best fit in the temperature
range T > Tp came out to be 0.9%.

We have fitted the a data in the superconducting region to eqn.(7.3) taking
YBcs, YerLs 9, ¢”, ') ©p asparameters. Fig.7.5 shows the fit as a solid line to
the experimental data points and the fit is good upto about 105 K and the r.m.s.
deviation is only 0.8%. This is in confirmity with the observations of Braun et.al.
[56] in the andlysis of specific heat data. They have aso seen that the mean field
and the 2D Gaussian fluctuation contributions are unable to fit the specific heat
data inside a window of (T¢- + 5)K. This has been attributed to the presence of the
critical fluctuations which could be setting in inside this window. The data fitting
of our experimental a in the superconducting region has been done by keeping
the value of ©fixed to the value obtained from the fit in the temperature region
above T¢. The parameters obtained from the best fits in both the normal and the
superconducting region are given in Table-7.2. The vaue of @, obtained from our
fit is 286.6 K which compares quite impressively with the reported value of about
280 K given in literature [53].

From Table-7.1 one can see that the behaviour of the anharmonicity parameters
above and below T¢ is similar to the behaviour seen in the case of Y-123 supercon-
ductor. The value of the cubic anharmonicity parameter g' is clearly larger below
Te than that of above T-. There is a dramatic increase in the quartic anharmonic-
ity parameter /' below T¢, by almost three orders of magnitude in coming from

normal to superconducting phase. This indicates softening of the lattice modes
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Fig.7.5 : The coefficient of linear thermal expansion data of Bi, ¢Pb, 18r2CarCuz 0,
superconductor. The solid lines show the fits to egn.(7.3) in the superconducting
phase and to egn.(7.4) in the norma phase.
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Fig.7.6 : Temperature variation of vibrational contribution (ay) to the thermal ex-
pansion coefficient data of Bty.6Pbo.45r2Ca;Cu30, superconductor calculated using
the parameters obtained from the fit.



Sample Bi, ¢Pby 4S1,Ca,CuiO,
T<Tc T>Tc
6, (K) 286 611.2 286 6412
[~280.0]
g'(ev") (0.198+.07)x107 (0 192+.06)
g"(eV?") (7.223+.07)x107 | (1.135+.06)x10°
fev') (2.006+ 07)x107 | (1.322+.06)x10®
Yees(K") | (1.364.07)x10°°
Yer(K") | (2.110£.07)x10%
Ya(K?) - (3.187+£.06)x10™®
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Table-7.2 : Debye temperature, anharmonicity parameters and the electronic
terms obtaned from the fit of the thema expanson data of the
Bi, ¢Pby 4Sr,Ca,Cu:0, superconductor in the superconducting and the normal
states The vaue of ®@p given indde the square brackets is from literature [53].
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around T, which may be due to high lattice polarization present in the Bi-2223
superconductor. In Fig.7.6 we have plotted the vibrational contribution to the ther-
mal expansion coefficient a,. calculated using the anharmonic parameters and ©,
obtained from the fits, below and above T. There is indeed ajump in o,, a T
indicating the occurrence of lattice instability at Tr-. This anomaly in a,, is coming
from only the anharmonic contributions to the lattice potential as ©p is same in

both the superconducting and the norma phases.

7.4 Conclusion

The thermal expansion analysis in both Y-123 and Bi-2223 superconductors showed
similar type of behaviour in the anharmonic terms in the lattice potential across the
superconducting phase transition. The values of Debye temperatures obtained from
the fitsare 418.9 K and 286.6 K for Y-123 and Bi-2223 superconductors respectively.
They agree impressively with the values given in the literature obtained from the
specific heat measurements. In both the superconductors the cubic anharmonicity
terms have increased below T, implying an increase in the asymmetry of the lattice
atom-atom potential in the superconducting phase. Also the quartic anharmonicity
parameters have increased tremendously below T indicating the softening of the
lattice potential and favouring a lattice instability around T¢ . This agrees wdl with
the other experimental findings using the Raman Spectroscopy [24]. ion-channelling
[25], inelastic neutron scattering [27] etc. The vibrational contribution to a. showed

an anomaly in both the superconductors around T¢.
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Summary

The important results of the work described in this thesis are summarized as
follows :

1. A simple three terminal capacitance dilatometer is designed and constructed
for thermal expansion measurements on small samples. The sample can be placed
directly in between the two capacitor plates of the capacitance cdl and a change in
the length of the sample changes the capacitance of the cel which can be measured
accurately. Using the known expansion data of copper the cdl is standardized to
give the expansion measurements of other materials. The fractional length changes
can be measured using the new cel with an estimated error of 3.5 x 10"'.

2. For the analysis of thermal expansion data a new microscopic theoretical
model is developed which is used to obtain vibrarional. electron-magnetic and
magnon contributions to the coefficient of thermal expansion. Using the Einstein
model for the optic modes and treating the acoustic modes in the frame work of
Debye model, the theoretical expression for vibrational contribution to thermal ex-
pansion is obtained from an anharmonic lattice potential. The electron-magnetic
and the magnon contributions to thermal expansion are obtained using the general-
ized Stoner-Wohlfarth model of itinerant electrons and Bloch's theory of magnons
respectively. The model has been applied to analyze the thermal expansion be-
haviour of simple metals like Cu and Al, ferromagnetic transition metals such as Fe
and Ni and alkali halides. It has been shown that the present model provides us
with estimates of anharmonicity parameters of the lattice potential and also gives
very accurate values of the characteristic Debye and Einstein temperatures. It has
also been shown that our approach gives quite successfully the values of electron-

magnetic, magnon and vibrational Griineisen parameters.
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3. Thermal expansion measurements together with our theoretical model is used
to study the changes in the vibrational properties of binary alloys due to chemical
order-disorder transformations. From the analysis of the thermal expansion data.
the vibrational entropy differences between the ordered and the disordered FeyAl
and NizMnalloys are found to be substantially large fractions of the configurational
entropy of mixing. This suggests that the lattice vibrations will play a rather
important role in the order-disorder transformations of these binary dloys and
contribute significantly to their phase stability. Our theoretical model together
with the band structure data revealed from the thermal expansion data analysis of
NizMnadlloy that it contains both itinerant and localized moments and the effect
of atomic disorder is to suppress the itinerant character of the dloy.

4. Thermal expansion measurements on chemically ordered Fe;. ,Mn,Siand
Fes . Mn, Aternary dloys in a wide concentration range have shown clear tran-
sitions at Te. The data anadysis using our theoretical model gives an increase in
the Debye temperatures with increase in Mn concentration in both the systems.
The electron-magnetic contributions to thermal expansion coefficient and entropy
are seen to be increasing with Mn addition showing a decrease in the itinerant
character.

5. Thermal expansion measurements have been performed on a bulk metallic
glass Zrgs NigCuyrsAkand its crystalline counterpart. It is seen that around room
temperature the thermal expansion coefficient is less in the case of glass than that in
its corresponding crystalline phase. A simple method is proposed for the calculation
of the configurational entropy of a glass from thermodynamic considerations and
thermal expansion measurements and for the present bulk metallic glass the value

of the configurational entropy is estimated to be 17 J/mol K just below the glass
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transition temperature. A new isentropic temperature is predicted upto which the
glass can be superheated. Also the Gibb's free energy difference between the glass
and the crystal is estimated which gives a measure of the stability of the glassy
state.

6. Thermal expansion measurements and analysis in Y Ba:Cu3O:¢ and Bi Py 4
S7,Ca,Cu30, high-T superconductors have been done to study the effect of su-
perconducting transition on lattice anharmonicity. In both the superconductors the
vaues of the Debye temperatures obtained from our analysis match with the vaues
given in literature. The cubic anharmonicity terms increased below T implying
increase in the asymmetry of the lattice atom-atom potential in the superconduct-
ing phase. The quartic anharmonicity parameters have increased quite significantly
beow T, indicating the softening of the lattice potential and favouring a lattice
instability around T¢. Also the vibrational contribution to thermal expansion cod-

ficient shows an anomaly in both the superconductors around T¢..



