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Abstract

The lattice dynamics of the orthorhombic YCu compound has been studied by inelastic neutron scattering on a single crystal. An
axially symmetric Born—von Karman model was applied to fit the neutron data. Ab initio calculations of the lattice dynamics at the
I-point provided important additional information for the Born—von Karman fit procedure. The calculated phonon density of states was
compared with time-of-flight experiments on powdered YCu sample material. The experimental studies were completed by Raman
experiments and measurements of specific heat, thermal expansion, and compressibility.

O 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction orthorhombic 1:2 compounds does not exist, at least to our
knowledge.

The intermetallic RT compounds with Rrare earth A rough estimation whether there is a change in the
and T=transition metals (Mn, Fe, Co, and Ni) or Al lattice dynamics (when the structure transforms from cubic
crystallize in the cubic Laves phase type structure (space to orthorhombic) can be gained from a comparison of the
group Fd3m), with a few exceptions in the RMn series Debye temperatures of both structure types. For this
(R=Dy, Ho, Er, Tm) which crystallize in the hexagonal purpose the Debye temperéur®r two nonmagnetic
Laves phase type structure. The physical properties of representatives selected from both series are compared
these Laves phase compounds have been studied in the last , @&A+,330 K (from resistivity measurements) [4] and
four decades in many details, mainly because of the large 322 K (from thermal expansion measurements),[5]; YCu ,
variety of magnetic phenomena for which these inter- @, =170 K (from resistivity measurements) [6] and 197 K
metallics are known [1]. When proceeding in the periodic (from thermal expansion measurements—see Section 4.4).
table, the compounds with Cu do not show the Laves phase The considerably sifigllealue of YCu, can be
structure, but crystallize in the orthorhombic CgCu -type interpreted as a sign for the ‘softer’ lattice of the com-
structure (space groupmma). Recently a number of pound crystallizing in the orthorhombic structure.
investigations have been published concerning the prop- However, a real measure of the lattice dynamics can
erties of the RCy series. Mainly investigations of the only be obtained by inelastic neutron scattering experi-
magnetic properties, such as magnetic phase diagram ments on a single crystal. The study of the lattice dynamics
studies have been done [2,3]. in YCu is important in order to shed more light on the

In contrast to the cubic 1:2 intermetallics, a systematic phonon system of such a rather low symmetric system.
study of the lattice dynamics for the low symmetric Furthermore a detailed knowledge of the phonon disper-

sion relation is a necessary spadework for a future study of
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The goal of this publication can be summarized as
follows:
1. presentation of the phonon dispersion relation of YCu ,
where the experimental data are fitted using a Born—
von Karman model;
. comparison of these results with experiments such as

Raman spectroscopy, specific heat, elastic constants,

thermal expansion and compressibility measurements.

2. Sample preparation and experimental details

2.1. Sample preparation

A polycrystalline ingot of YCy was prepared by
melting appropriate quantities of highly purified starting
materials in an induction furnace under a protective argon
atmosphere. Single crystals were grown from this material
using the Bridgman technique. For the crucible material
BN was used, with argon as protective gas during the
growing procedure. The quantity of the polycrystalline
starting material for the growing procedure was about 20 g.
With this method we were able to prepare a single crystal
with a volume of about 0.45 cin . The crystal was oriented
by the X-ray Laue technique.

2.2. Neutron diffraction experiments

The single crystal measurements for determining the
phonon dispersion relation were performed using the
UNIDAS triple axis spectrometer at the DIDO reactor in
the Research Centre Juelich [7]. For the low energy part of
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effects. Multiple scattering was estimated to be less than
5% of the total measured intensity. To reduce multiple-
phonon excitations the sample was kept at 15 K for the
experiment. Normal background scattering was subtracted
from the data by performing empty-container runs. Mea-
surements of elastic incoherent scattering from a vanadium
standard provided detector calibration and intensity nor-
malization.

2.3. Other experiments

Micro Raman measurements have been performed on
the single crystal at room temperature and at liquid
nitrogen temperature using the scanning multichannel
technology [9]. We used several excitations of an Ar- and

Kr-Laser and detected the Raman signal with a triple

spectrometer and an attached liquid nitrogen cooled CCD
detector. The laser power was kept low enough to avoid
sample damage at the different temperatures. From the
different polarization geometridspgbmt phonon fre-
guencies have been determined for the different symmet-
ries.

Specific heat measurements in the temperature range
from 4.2 up to 100 K were carried out in a quasi-adiabatic
calorimeter employing a modified Nernst step-heating

technique. For the thermal expansion measurement a X-ray
diffractometer equipped with a He-flow cryostat has been
used. The compressibility of YCu has been measured at
the X-ray diffraction beamline of the ELETTRA synchrot-

ron source (Trieste, Italy) using a diamond anvil cell
(DAC) [10].

the acoustic phonons constant energy scans were made3. Data analysis

otherwise constanfQ-scans. For the low-lying optical
phonon brancheg = 2.66 Al was used for the higher
optical phonon branchels 3.62 A" has been chosen.
The quality of the crystal was checked by measuring the
Rocking curves on the (200) and (002) Bragg reflections.
A weak shoulder on the flank of the (200) peak has been
found which is obviously caused by a twinning of a small
part in the sample material, whereas the Rocking curve on
the (002) Bragg reflection was ideal.

For the measurement of the phonon density of states
(PDOS) a time-of-flight experiment was performed on a
polycrystalline sample of YCu (55 g) using the LRMECS
at IPNS Argonne National Laboratory. The LRMECS
spectrometer is equipped with a wide-angle multidetector
bank. The incident neutron energy of 35 meV allows
measurements of inelastic scattering over a relatively wide
range of momentum and energy transfer with reasonable
energy resolution [8]. The powder was contained in a
planar aluminum sample holder mounted at & d&gle to

the incident neutron beam. Such a geometry decreases the

neutron traverse length in the sample to about 5 mm for all
the detector angles—thereby reducing multiple scattering

3.1. Crystal structure and normal mode analysis

In the ,RCu s@iﬁs (mma space group), the R
atoms occupy the WyoBaftdé C5,; mm2 symmetry)
and the Cu atoms occugy) tiee8(CY*; m symmetry).
The arrangement of the atoms in the unit cell is shown in
Fig. 1 and the structural parameters are given in Table 1.
There are three atomic position parameters which are not
fixed by the space group symmetry. As the primitive cell
contains six atoms, one expects 18 phonon branches,
which show no degeneracy along the three main symmetry
directions. Nine of these branches are found to be Raman
active aftpeint [11]. From group theoretical consid-
erations one can find a decomposition of the phonon
branches Atgbint and at the symmetry lines as given
in Table 2.
Since there are only eight symmetry elements in the
point group, one has to consider 1/8 of the first Brillouin
zone (BZ) (in contrast to the full cubic symmetry of the
C15 structure, where only 1/48 has to be considered). The
measurements of the phonon dispersion were performed
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Fig. 1. The atomic arrangement in two adjacent orthorhombic unit cells
of YCu, is shown. The large symbols indicate the Y atoms and the small
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Fig. 2. The shape of the Brillouin zone of the orthorhombic CeCu -type
structure (space groupmma) and a cut of the extended zone schema in
the @*, b*) plane. The numbers characterize reciprocal lattice vectors.
The vector@:l and(j2 in the @*, b*)-plane indicate the position where

the Cu atoms. The lines and the numbers correspond to the springs ancdhe constan@-scans where performed which are shown as an example in

the force constants given in Table 8.

Table 1

The structural parameters for YCu

Atom Atom Cartesian coordinates

no. type

1 Y, 0 1/4 z,

2 Y, 0 —-1/4 -z,
3 Cul 0 yCu ZCu
4 Cuz 0 “Yeu “Zcy
5 Cu, 0 —1/2+y., —Z¢,
6 Cu, 0 1/2-y., Zey

+ (112, 112, 1/2)

The space group for this structure limma (No. 74), a=4.305 A,
b=6.872 A, c=7.295 A. Y atoms occupy the &(sites, Cu atoms the
8(h) sites. The yttrium fractional position parameterzs=0.544, the
copper fractional position parameters gg=0.050,z.,=0.162.

mainly along the high symmetry directions, A and A
which are parallel to tha*-, b*-, and c*-direction of the
reciprocal unit cell and sho&,, symmetry. The shape of
the first BZ and a cut in theaf, b*)-plane of the
reciprocal space is shown in Fig. 2.

When leaving thel™-point ©,, symmetry) along the
symmetry lines €,, symmetry), the number of symmetry
elements is reduced from 8 to 4. Therefore, the number of

Fig. 3.

Table 3

Irreducible representations of the group mmm,(D )

D,, mmm E G (¢4 G I o, a, a,
A, I 1 1 1 1 1 1 1 1
A, I, 1 1 1 1 -1 -1 -1 -1
B, I3 1 1 -1 -1 1 1 -1 1
B,, I, 1 1 -1 -1 -1 -1 1 1
B,y I 1 -1 1 -1 1 -1 1 -1
B,, [Ig 1 -1 1 -1 -1 1 -1 1
By, [I7 1 -1 -1 1 1 -1 -1 1
B, I 1 -1 -1 1 -1 1 1 -1

The first column is according to Burns [11], the second column is
according to the output of UNISOFT [12].

given in Table 5. The representations are labeled according
to the name of the symmetry-point or -direction to which
they belong. The enumeration is chosen according to
UNISOFT [12]. Using only symmetry considerations one
is able to calculate the symmetry of the displacement-
vector for each phonon at thé-point. The 18 components

of each displacement vector are given in Table 6 (for
Raman active phonons) and Table 7 (for Raman inactive
phonons) by the cartesian coordinates for each of the six
different atoms in the primitive unit cell (¥ ,Y , Cu,

irreducible representations decreases also from 8 to 4 (theCuz, Cu,, Cy ). Capital letters\( B) and small lettersa(

corresponding character tables are given in Tables 3 andb

4). Comparing the character tables given by Burns [11],
one can find the compatibility relations of the branches

Table 2
Symmetry decomposition of the phonon branches forlthgint and the
high-symmetry lines

) indicate big and small values of the normalized dis-

Table 4
Irreducible representations of the group mm2, (C ) according to the
output of UNISOFT [12]

3(mm2) E C a, o,
Symmetry point: Decomposition A(mm?2) E (o4 o o,
I(mmm) D,, (000) 3,+1,+3[,+21,+2[+3[+1I'+3[, A(mm2) E (o4 o, a,
Symmetry lines: Decomposition > A, A, 1 1 1 1
3(mm2) C,  [{00] 53, +43,+53,+4%, 3, a4, A, 1 1 -1 -1
Amm2) C,  [0{0] 64,+34,+64,+34, 3, A, A, 1 -1 1 1
Amm2) C,  [00f] 6A4,+24,+64,+4A, z, a4, A, 1 -1 -1 1
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Table 5 Table 7
Compatibility relations between thE-point and the high symmetry lines I-point: amplitudes of Raman inactive phonons
I-point S-line A-line A-line I-point E=tw Amplitude
[£00] [0z0] [00¢] symmetry [THz] Y, Y, Cuy Cu Cuy Cy
I 3 4, A, A A B B B B
I 3, 4, A, B, I, 0.00 ( 0 0o 0 0 0 ©
I 3, 4, A, 0 o0 0 o0 o0
I, 3 A, A, 0 o0 o o0 o0
I A 4, A, B, I 0.00 A A B B B B
I >, A, A, 0 o0 0 o0 o0
L 3, A, A, 0 o0 o o0 o0
I 3, A, A, B, I, 0.00 0 0o 0 0 0 ©
A A B B B B
o 0 o 0 0 0
placement vectors. For one phonon the same letter indi-B,, I 3.39 0 0 B B -B -B
cates the same magnitude. However, for different phonons -A -A b b b b
A, B, a, b will in general have different numerical values. o o o 0 0
. . B,, I; 3.76 a a —-b —-b —-b -b
The values ofA, a, B and b are positive, a negative o o -B -B B B
displacement is given explicitly by the minus sign. Tables 0 0 0o o0 0
6 and 7 show that phonons at thepoint consist of atomic B, I 4.39 ( 0 0 B B -B —§>
displacements either only in thedirection or in theb—c A A -b -b -b -b
plane. The tables are arranged according to increasing A A -B -B -B -B
i B, I 4.44 0o 0 o0 o0 0 o
phonon energy obtained from the Born—von Karman 0 0 0o 0 0
model calculation (see Section 3.2). o o o0 o0 o
B, I. 4.68 ( -A -A b b b t?)
3.2. Born—von Karman fit procedure 6o o0 -B -B B B
0 0 B B -B -B
. e A, L 6.00 o o o0 Oo0 o0 O
In measuring the phonons of YCu most difficulties " 2 ( o 0o o0 o 0
arise owing to the relatively large number of optical
Table 6 phonon branches in a quite narrow energy range (less than

I-point: amplitudes of Raman active phonons

I-point E=tw Amplitude
symmetry [THZ] Y, VY, Cy Cuy Cy Cy

0 0 0 0 0
A, Lo 2.44 < 0 0 B —-B B —E’?)

A —-A -b b b -b

0 0 0 0 0
By I3 2.79 < A —-A -B B B -

0 0 b -b b -

0 0 B —-B B -
B, I; 2.95 < 0 0 0 0 0

0 0 0 0 0

A —-A -b b b -
By I 3.45 < 0 0 0 0 0

0 0 0 0 0

0 0 0 0 0
By I3 3.92 <—A A —b b b -

0 0 —-B B —-B

0 0 0 0 0
A, I 4.80 < 0 0 B —-B B

-A A b -b -—-b

0 0 0 0 0
A, I 5.56 < 0 0 b -b b -

A —-A B -B -B

0 0 0 0 0
By I3 5.79 <—A A b -b -b

0 0 B —-B B -

a —a B -B -B
By I 5.96 < 0 0 0 0 0

0 0 0 0 0

4 THz). In order to give an example for measured phonons
two constant Q-scans at Q, = (0.47,4,0) (transversal
acoustic phonon) and &, = (0.15,4,0) (optical phonons)
are shown in Fig. 3. In the low symmetric orthorhombic
YCu, compound none of the 18 phonon branches are
identical (degenerate) along the high symmetry directions
BQ) S, A and A.
b It is very difficult to start the Born—von Karman fit
B procedure without additional information. Therefore con-
OO> stantQ-scans at thd™-point in various Brillouin zones in
b the extended zone schema have been performed. In order
%> to determine the polarization of the observed phonons the
relative intensities were compared with calculated dy-
namical structure factors. Furthermore all obseregoint
EU) phonons were studied with increasi@gvalues inside the
Brillouin zone. Another source of information resulted
_BU) from ab initio calculations at thé-point (see Section 3.3).
b Because of the good agreement between the ab initio
calculations and the experiment, concerning the eigen-
bU) frequencies, it can be assumed that also the ab initio
B eigenvectors are correct and can be used as input for the
bU) iterative fit procedure of the force constants in the Born—
B von Karman model. This means that not only the ex-
B perimentally determined eigenfrequencies of the phonon
OO> branches were taken as input, but also the ab initio results
for the eigenvectors of thé-point phonons. In the axially
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Fig. 3. Representative consta@tscans are shown. Left: acoustic phonon measure@,at(0.47,4,0). Right: optical phonons measured in the energy
range from 3.6 to 5.3 THz &,=(0.15,4,0). The solid lines in both graphs show the fit of the experimental data assuming Gaussian line shape. The
broken line indicates the background position. The vertical lines give the position and intensities of the Born—von Karman model calculation.

symmetric Born—von Karman model, used for the fit of the A comparison of the springs given in Table 8 shows
neutron data, one assumes one radial (longitudinal) and that, except for the Cu—Cu interaction, the force constants
only one transverse force constant between a pair of atoms decrease with increasing interatomic distances within one
[13]. The minimal number of springs needed for a success- bonding type (e.g., bonding between Y and Y). The
ful fit was found to be 10, their maximum length is 4.31 A arrangement of the springs in the orthorhombic unit cell
(nearest Y -Y distance along tlzeaxis). When reducing doubled along taexis is shown in Fig. 1. The numbers

the number of springs, the dispersion relation cannot be there identify the corresponding force constants.

described properly. Although the Born—von Karman model

is simple, it has often been successfully used for fitting

experimental phonon data of similar intermetallic com- 3.3. Ab initio calculation of the phonons at the I'-point
pounds [14,15].

In Fig. 4 the calculated phonon dispersion relations (full Ab initio calculations of the phonons Atghint via
and broken lines) for the three high symmetry directions the so-called force constant method based on electronic
are plotted. For the calculation of the dispersion curves the band-structure calculations were performed using the

UNISOFT program was used [12]. The open circles in Fig. Vienna ab initio simulation package VASP [16-18]. For
4 indicate the neutron data as obtained with the UNIDAS calculating the phonons df-pant it is possible to

triple axis spectrometer. The broken lines show which of choose the primitive unit cell as a ‘supercell’ in order to
the phonon branches are Raman active at/tqgoint. The obtain results which are exact in the sense of frozen
data of the Raman measurements are given by full squares phonons. The primitive unit cell of the body-centered
in Fig. 4. The agreement between these Raman data and orthorhombic, CeCu type structure contains only six
the calculated Raman-active phonons can be seen at the atoms. This small number of atoms allows calculations of
TI-point between the [(] and [0Z0] diagrams in Fig. 4. the interatomic forces with an accuracy high enough for
Another set of data is given by full circles at thepoint in obtaining correct phonon energies and eigenvectors. For
the [£00] diagrams. These data are the results of the ab calculating the whole phonon dispersion relation of a
initio calculations. The overall agreement of the neutron metallic compound it is necessary to take large supercells
data, the Raman data and the ab initio calculation at the with many atoms (for a description of the method see, e.g.,
I-point is good. Eichler et al. [19]). This would require an extreme

The differences between experiment and calculation are computational effort in the case,of YCu because we have
most important for the acoustic phonon branch with to treat 11 electrons per Cu awiMs(3 and nine
polarization inb-direction and propagation inP0O]-direc- electrons per Y atom §85s°4d ') as valence electrons in
tion (see Fig. 4d). A careful estimation shows that this the electronic band-structure calculations. Therefore the ab
disagreement on the calculated phonon density of states initio calculations were restricted to the phonons at the
(used for the calculation of the specific heat, see below) is I'-point. The thus obtained eigenvectors served together
negligible. It seems that the poor agreement concerning with the neutron and Raman data as input for the Born—
some of the transversal acoustic phonon branches (see Fig. von Karman fitting procedure (see Section 3.2). The
4) cannot be improved in the scope of the axially symmet- calculated ab initio frequencies are shown in Fig. 4 in the

ric Born—von Karman model. /[00] diagram. As can be seen the agreement between the
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Fig. 4. Phonon dispersion relation of YCu . The four figures (a)—(d) correspond to the four representations expected in the three main symmiesry directi
(see Table 2). The open circles indicate the data points obtained by inelastic neutron scattering. The lines (full, Raman inactive; brokenivBganan act

the result of the Born—von Karman model calculation. Vertical broken lines mark the BZ-boundaries. The broken lines in the diagram (a), (c) and (d)

beginning at the origin represent measurements of the elastic constants [22]. The results of the ab initio calculation are given by full ciieléamad t
data by full squares (for clarity the ab initio and the Raman data are shown separately). The vertical lineg 00}tkagrams (a) and (d) at=0.15
(energy range 3.6—5.3 THz) anit= 0.47 (energy range 1.4—2.2 THz) indicate the coordinates of the cor@tacans as presented in Fig. 3.

Table 8

Columns from left to right: bonding between the different Cu-Cu, Y-Cu ab initio eigenfrequencies and the experimentally deter-
and Y-Y atoms taken into account in the Born—von Karman model

Bond type Spring Length Long. Trans.
no. (A) (N/m) (N/m)
Cu, —Cu, 19/20 2.47 28.3 -0.3
Cu,—Cu, 17/18 251 38.5 -1.0
Cu, —Cuy, 15/16 2.73 14.0 15
Y ,—Cu, 13/14 2.97 21.7 2.0
Y ,—Cu, 11/12 2.98 19.7 -20
Y ,—Cu, 9/10 311 14.7 -28
Y ,—Cu, 718 3.12 9.3 0.1
Y.-Y, 5/6 351 28.9 -3.2
Y.-Y, 3/4 3.68 18.3 -3.0
Y,-Y, 1/2 431 11.4 -21

A numbering of the springs indicated in Fig. 1 (odd numbers
correspond to longitudinal, even numbers to transversal force constants);
bonding length (length of the springs); longitudinal and transversal force

mined eigenfrequencies is very good.

4. Comparison with other results

The lattice dynamics of YCu presented above is now
compared to measurements of physical properties con-
nected with the lattice dynamics. First, we compare the
calculated phonon density of states (PDOS) derived from
the Born—von Karman fit and the measured PDOS. The
contribution of the lattice dynamics to the specific heat is
another subject. Finally thermal expansion and compres-
sibility measurements of YCu are presented and it is
discussed how far the lattice dynamics reflects the aniso-

constants. The arrangement is made according to increasing bondingtfOPY observed in the thermal expansion and compressibili-

length.

ty.
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4.1. Phonon density of states 6

The knowledge of the phonon density of states (PDOS) 5

1
o) =2y, f d°q 8(w — () (1)

g(®) [1/THz]

is of interest because the experimentally measured PDOS

is a valuable proof for the Born—von Karman model fitted

to the dispersion relation. Therefore the PDOS on a

powdered YCy sample material has been measured witha 1 -

time-of-flight (TOF) spectrometer. These data have been

corrected for the different scattering cross-sections in the

various shells of Brillouin zones wit[Q| = const (see Fig.

5). The low energy data points are not included in Fig. 5 E [THz]

because of contamination by the elastic line as well as _ _ ,

incoherent scattering contributions. Fig. 5. Neutrqn weighted phonon density of sFates of y(_Zu . The symb_ols

or ) . are the experimental data from neutron experiments using a time-of-flight

One difficulty in the comparison of the measured data spectrometer. The histogram (thick line) is the result of the neutron

with the calculation arises from the fact, that the neutron weighted PDOS calculation based on the Born—von Karman model. The

scattering cross-section depends on the scattering geomethin dashed and solid lines show the Y- and Cu-contribution to the PDOS,

try. Therefore it is necessary to compare the measuremenfespectively.

with the calculated neutron weighted PDOS. The neutron

weighted PDOS (w)) and the PDOS d(w)) are slightly

different from each other. This is mainly due to the fact,

that the partial contributions of Y and Cu (thin dashed and The partial PDOS can be calculated summing only the Cu

solid lines in Fig. 5) to the neutron weighted PDOS scale Or Y atoms in Eq. (4).

according toy/b,/M, (i=Y or Cu), whereb, andM, is the As it can be seen in Fig. 5, the general feature of the
coherent scattering length and the mass of atamspec- measured PDOS is correctly reproduced by the calculation.
tively.

It follows an outline of the calculation of(w). The 4.2. ecific heat
coherent inelastic scattering cross-section is given by [20]:

d2 inel kf 2 3 = - B R
<d() Zw>coh:?i( \7/7) 2725((? +4 - 7)HLQIS

) C,(T)=3R f dw(%)zsinh2<%> 9(w) (6)

In order to show whether the lattice specific heat can be
correctly described in the scope of the Born—von Karman
B model, the PDOS d(w)) obtained from this model was
o (@ _E& CwgtiGdA ] 4 used to calculate the lattice specific heat. The agreement
4(Q) = 7 VM, e {Q-uy (4) between the measurement and the calculation (including
the electronic contribution—see below) is shown in Fig. 6
where the coherent scattering length of the atom at positionin a C/T versusT representation. Th&€/T versus T>-
d is denoted by,. The different phonon-branches at wave diagram of the insert depicts the determination of the
vector ¢ € BZ are enumerated by the running index he electronic specific heat from the data. Thevalue of the
polarization vector of a phonon enters \ig. The thermal electronic specific heat contribution/T) has been found
population of the phonons is given by. The vector to be y=8.9 mJ/(mol K ). The broken line in the insert
Q =k, — k; is the scattering vector ardl, runs over all represents the calculated phonon contribution in the lowest
reciprocal lattice vectors . B temperature range up to 10 K.
When summing up all scattering vectds allowed by
the geometric conditions during the scattering experiment, 4.3 Elastic constants
one can calculate the neutron weighted coherent density of

If the PDOS is known, the lattice specific heat per mole
can be calculated using the formula

1
§ =2, {1+ )0~ (@) + M)3w + a(@) ()

states: From the initial slope of the acoustic phonon branches in
w /! o M the three main symmetry directions, tlee components
() :2_2< > (5) (i=1...6) of theelastic tensorc; can be determined
g Q°\d2dw/ con (where the compressed matrix notation for the elastic
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Fig. 6. Specific heat of YCu in &/T versusT plot (main frame). The
experimental data are given by the symbols. The full line represents the Fig. 7. The full symbols in the main frame show the normalized
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termined electronic part. Insert: the electronic specific heat has been (Ip) for YCu, [10]. The open symbols are the results of ab initio
determined from an extrapolation inGI T versusT? plot (solid line). The
broken line shows the pure lattice specific heat.
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calculations [10]. Insert: thermal expansion &@ b and c direction
normalized to O K. The full lines depict a Debye model fit.

tensor introduced by Nye [21] has been used). Because thefor ¢, ., due to the big slope of the corresponding longi-
initial slope of the three acoustic phonon branches were tydinal acoustic branch (see the [Q@liagram in Fig. 4a).

measured in the three main symmetry directions the

components; (i =4,5,6) are obtained twice (e.@,, can
be obtained from the transversal acoustic phonons with 4 4. Thermal expansion and compressibility

g = (0£0) and polarization irc-direction, as well as from

the transversal acoustic phonons with=(00/) and
polarization inb-direction). All obtained values of,; are
given in the lower part of Table 9. Due to the experimental Sjemens D500 diffractometer equipped with a helium flow
uncertainties, the double definet), values show two
different values. In the upper part of this table, elastic the different crystallographic directioris= ab,c, as well
constants obtained from ultrasonic measurements [22] andas @,,, for the volume expansion, were determined by
from the Born—von Karman model calculation are given. fiting Debye integrals to the experimental data. The
Taking into account the uncertainties in the experiments corresponding Debye temperatures were also determined
and in the model calculation the agreement in the generalfrom the slope of the acoustic phonon branches. A Debye
tendency is satisfying. The biggest deviation is observed wave-vectorq, = 1.488 ‘A' was used. The Debye tem-
perature for each direction is obtained by averaging the
Debye temperatures of the three acoustic phonon branches.
The results obtained from thermal expansion and neutron
Elastic constants from ultrasonic measurements done by Settai et al. [22],Scatte”ng a_-re given '.n Table 1.0- Inl both cases, the highest
from the Born—von Karman model calculation and from the neutron @), value is found in thea-direction, whereas the-
direction shows the lowest Debye temperature. The higher

Table 9

scattering experiments are compared

Ultrasonic data (18 erg/cin )

Cy1r Cop Cos 11.4 - _
Cse1 Com Cuy 1.11 9.6 -
Css: Cypr Caz 2.48 1.38 10.8
Born—von Karman model (1& erg/cm )

€111 Cee Css 121 - -
Co61 Com Cuy 1.74 9.35 -
Css1 C4p Ca3 3.23 1.97 9.5
Neutron data (18 erg/chn )

€111 Cop Cog 12.1 1.59 3.07
Cee1 Co2 Cuy 1.11 7.9 1.26
Cssr Cyg Cag 2.57 1.86 12.2

551 44

The thermal expansion at ambient pressure was mea-
sured by X-ray diffraction (insert in Fig. 7) using a

cryostat. From these data, the Debye temperat@gsfor

values obtained by neutron diffraction stem from an
overestimation of the highest phonon energies (for the
simplest linear chain, there is an overestimationméR).
The fact that@, , is significantly smaller thar®), , and

Table 10

Debye temperatures obtained from the slope of the acoustic phonon
branches and thermal expansion

@D‘a (K) @D,b (K) @D.c (K) @D.v (K)
Neutron scattering 320 274 312 -
Thermal expansion 2390 168+12 225+12 1979
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O, is in agreement with the higher compressibility in References
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