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TmCd has the CsC1 structure and shows a Jahn-Teller distortion to a tetragonal structure at
T, = 3.16 K. Specific-heat, electrical-resistance, and elastic measurements show that the ground state of
the Tm'+ ion is a nonmagnetic I, doublet. The next-higher excited level is at approxi~~tely 20 K. We
do not find evidence for magnetic ordering down to 40 mK. The susceptibility and high-field

magnetization can be interpreted with these crystal-field levels without taking exchange into account.
The elastic c 44 mode shows a small anomaly of 0.9' at T„whereas the c»-c» mode sho~s strong
softening below 100 K of 33%%ui down to T, . We can interpret the temperature dependence of this
mode quantitatively. High magnetic fields have a profound influence on these elastic constants and
electrical resistivity. We find an apparent increase of T, for magnetic fields applied in the [100j
direction and somewhat sm~&&er effects for other directions. We explain this effect tentatively by
showing that the first-order transition is shifted in high fields to higher temperatures and that the
discontinuity in the order parameter diminishes continuously with increasing field.

I. INTRODUCTION

Crystal structure changes originating from the
Jahn- Teller effect have been known for some time
for transition-metal-ion compounds' (spinel and pe-
rovskite). More recently it was also found that
rare-earth ions with degenerate or nearly degener-
ate orbital ground states exhibit such effects in van-
adates, arsenates, and phosphates~ (e.g. , DyVO4,
TbVOe TmAsO„Tbp04). In these compounds the
structural change is from tetragonal to orthorhom-
bic. In addition, some rare-earth pnictides, with
a rocksalt structure, show structural changes to
tetragonal or trigonal symmetries. ' In this case
the structural transition is accompanied by a mag-
netic transition. 4 In this paper we show that TmCd,
which crystallizes in the cubic CsCl structure, is
another example of a compound which exhibits a
Jahn- Teller distortion.

There are various experimental tools to investi-
gate and characterize such transitions. One of the
most useful and direct ones is to measure the elas-
tic constant, which is related to the elastic sym-
metry strain describing this transition. What one
observes generally is a softening of this elastic
constant as one approaches the transition tempera-
ture T, from the high-temperature phase. Such ex-
periments have been carried out in a number of
systems: UO2, NiCr304, CsCuCls, ' DyVO4,
TbVO4, TmAs04, '0 DySb. "' What one usually gets
from such experiments is the relative importance
of the strain coupling to the electronic states, com-
pared to other types of coupling (via optical pho-
non, direct quadrupole interaction, etc. )

In this paper we describe experiments performed

on TmCd. This substance has the CsCl structure
and undergoes a structural transition at 3.16 K to
a tetragonal phase. There is no sign of a magnetic
phase transition down to 0.04 K. This material is
unique in that it has, apart from the 1 3 ground
state, low-lying higher-crystal-field levels l 5, I'2

of the ground-state multiplet 3H6 of the Tms' ion.
These crystal-field levels affect the electrical re-
sistance, the magnetization, the specific heat, and
the elastic constants considerably in the tempera-
ture region T(100 K. We are able to account for
these effects in a quantitative manner. In addition,
we observe rather spectacular effects for the elec-
trical resistance and the symmetry elastic constant
c» —c» by application of high magnetic fields. A

compilation of physical constants, mainly deduced
from this study, is given in Table I.

In Secs. II-IV we describe experimental details,
the theory necessary to describe our results and

finally we discuss and compare our experimental
results with the theoretical predictions.

II. EXPERIMENT

TmCd was obtained by direct fusion of the com-
ponents in sealed Ta crucibles. The fine-grained
material was transferred into a Bridgman crucible
which was subsequently sealed by an electron-beam
method. The crucible was heated in a cylindrical
furnace oi Ta, carrying a temperature gradient of
about 10 C/cm. The crucible was lowered at a
rate of -1 in. /h, leading to directional solidifica-
tion (Bridgman method). The resulting piece con-
sisted of crystallites approximately 3 mm in size.

We cut [110]and [100]oriented specimens, which
consisted of thin disks for the magnetic and electri-
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cal measurements and of 2-mm-thick cylinders,
polished on both end faces, for the elastic measure-
ments.

Susceptibility measurements at 15 kOe were
made with a pendulum magnetometer'4 and at high-
er and lower fields with a flux-gate magnetometer.
The latter method consists on leaving the sample
inside a superconducting magnet and transforming
its magnetic flux with a superconducting transform-
er to a shielded coil outside the magnet ~here it
can be monitored with a flux-gate-magnetometer
probe.

The electrical-resistance measurements were
made with a low-frequency ac current using the
standard four -lead technique. Specif ic-heat mea-
surements above 2 K were made in a heat-pulse
calorimeter described elsewhere. " Hyperfine spe-
cific-heat measurements below 0.2 K were carried
out in an adiabatic-demagnetization cryostat.

The elastic constants were measured with a
phase-comparison method, "capable of detecting
changes in one part in 10' in our case. We used
various ultrasonic bonds; Dow Corning 200 fluids of
various viscosities or a thin indium film proved
best. No thermal-expansion correction was made
for the elastic constants, as they usually are negli-
gible.

Superconducting magnets up to 60 kOe were used
for the high fields. The temperature was measured
with calibrated Ge resistors and thermocouples.

III. THEORY

We discuss here the crystal-field levels for the
Tm3' ion, the magnetic field dependence of these
levels, the magnetic-susceptibility calculation, the
cooperative Jahn-Teller effect and the effect of the
higher-crystal-field levels on the elastic constants.

A. Crysta1-Field Levels

The Tm ' ion has a free-ion ground state H, .
The J= 6 ground-state multiplet splits in a cubic
field into I'„ I'2, I'3, I'4, and two I'5 states. The
Tma' ion has cubic coordination with eight equidis-
tant anion charges in the CsCl structure. With the
point-charge calculation of Lea, Leask, and Wolf"
this leads to negative values for B4 and B~ the pa-
rameters of the fourth- and sixth-order crystal-
field terms. This in turn leads to positive x and
negative 8', two new parameters, measuring the
ratio of B4 and B, and the scaling of the crystal-
field energy levels. ' One finds'7 for 0.8& x~ 1,
that I'3 is the ground state with a l", and a I'~ level
lying closest and a rather large gap for the remain-
ing levels. From specific-heat and elastic-con-
stant measurements, discussed below, there is ev-
idence that I 3 is indeed the ground-state level.
Electrical-resistance measurements discussed be-
low show that the first excited state has an energy

TABLE I. Physical constants.

density = 9.47 g/cm~,
elastic constants at 300 K in (10 erg/
cm3):

c&&
——7.74, c&2

——4. 59, c44
——4. 38,

elastic Debye temperature 8, =196 K,
electric resistance ratio p3op/p, = 4o

Electronic data: for Tm ' (4f )
p=g [J(J+1)] =7.78 (free ion P=7. 57),
ground state I'3, next higher level I'5 at
20 K

Structural data: transition temperature T~= 3.16 K,
ratio of Jahn-Teller strain coupling to
other kinds of coupling ~0.3, spontan-
eous strain for T=0: & e&t-"10 3, lattice
constant a=3. 665 A

'Reference 13.

M=kT ln 2 e
8

&H

of =20 K. We therefore find the following level dia-
gram, with the energies given in parentheses: I 3
(0 K), I', (20 K), I's (80 K), and all other levels at
300 K and higher in energy. These estimates are
approximately valid for the range of x quoted above.
Since we discuss mainly low-temperature proper-
ties and since we relied on point-charge calcula-
tions" in making these estimates, we consider in
our further calculations only these three lowest
crystal-field levels.

B. Susceptibility and Magnetization

In order to discuss our susceptibility and high-
field magnetization experiments, as well as our
field-dependent elastic constants and electrical-re-
sistance results, we need to know the magnetic field
dependence of the I'3, I'„and I'~ levels. In most
cases we applied the magnetic field in a [100] or a
[110]direction. We give results for a [100] direc-
tion. With first-order perturbation theory, using
the tabulated wave functions" I I", ) one has to cal-
culate mairix elements of the form ( I'z. l3C, l

I'~» )
where the Zeeman term X,= —gp~H, J,. Here g is
the Lande g factor (+ for a sH, state), its the Bohr
magneton, and J, the component of the angular mo-
mentum operator along a cubic axis. The secular
equation for the energy reads

~E,{r,') -E+&r,".~X, ~ I,')~ =0 (1)

where Ec(I'~) is the energy tabulated above (see Ta-
ble I). The 6&&6 determinant of Etl. (1) was solved
using a computer for fields up to 60 kOe and the re-
sults are shown in Fig. 1.

From these energies one can calculate the mag-
netization and susceptibility y'.
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&, = QP (2a„—c„—a») which leads to a cubic-te-
tragonal transition. The interaction Hamiltonian
reads:

70-
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FIG. 1. Crystal-field levels as a function of a f100]

magnetic field, calculated using Eq. (1).

=kT
eHa ln

f
(3)

where go is the coupling constant, co=cd~ -c&~, N is
the number of Jahn-Teller ions, and Oz=+(Z~ —J,),
Oza= 3Jm -Z(1+1) are the Stevens operators de-
scribing the electronic states, ~o If one acts with (4)
on the crystal-field states I I'&) one gets a splitting
of the levels in the following form: Since in the cu-
bic phase co is degenerate, we set a~=0 and denote

The secular determinant gives

E(F ' )=wg (cz/N)'imc 35.9989,

E(I'5)=20-go(c /N) ~~ a 64.2102, (5)

E(I'2'3)=20+g (c /N)'~~t32 ~ '0994, E(I" )=80.
Here the numerical factors are the values for the
matrix elements (1'~ I 0~I I'~). It is this linear
strain dependence of the energy levels which leads,
with the positive elastic energy, quadratic in the
strain, to a lower symmetry structure with a spon-
taneous strain (&) 0 0 below a transition tempera-
ture T,. The cooperative effect arises, because
(4) leads to an effective two-ion coupling of infinite
range —(gg2N)g, ,~(O20, ~030, ,) if one transforms (4)
witha transformation, ' s =s —[go/(coN)' g&O&, &.

To make the theory more complete one usually adds
other two-ion terms to (4), which arise from other
quadrupole-quadrupole interactions ':

The low-field susceptibility for a cubic material is
isotropic, e.g. , independent of magnetic field di-
rection. The magnetization formula above has di-
mensions ('K/ion G). In order to change it to the
usual one (emu/g) one has to multiply by 2.96x105
(with the measured density from Table I). The cal-
culated susceptibility and magnetization values are
shown and discussed with the experiment below (see
Figs, 5 and 7).

C. Cooperative Jahn-Teller Effect and Elastic&onstant
Calculation

In recent years several theories of the coopera-
tive Jahn-Teller (J-T) effect have been developed
for transition-metal compounds having the spinel
structure' and for rare-earth compounds, espe-
cially the vanadates. a " Particular emphasis was
given in these theories to the softening of a particu-
lar elastic constant associated with the symmetry
strain. An important interaction term for the J-T
effect is the coupling of the macroscopic symmetry
strain to the electronic states, occurring for exam-
ple via strain modulation of the crystal field. For
TmCd the soft elastic constant is c&~ —c» which be-
longs to a two-dimensional representation I s with
the two symmetry strains sz = p(s —s») and

c~~ -cd T —Tc
c, T-e ' (7)

where kT, = ~ (go+g f) is the transition temperature
if the transition were of second order and ke= &g~
is the transition temperature if no macroscopic
strains are allowed. co=c» -c,2 is the elastic con-
stant in the absence of a cooperative J-T effect.
Equation (7) and slight variations from it have been

1/2
X,=-g,

N
Z ((&&&,+(O,') O,',), (6)

where g& is the coupling constant and the term is
written down in molecular-field approximation.

The elastic constants can be calculated by calcu-
lating the strain dependence of the energy l.evels
with (4) and (6) and as shown in (5), constructing
the free energy and taking the second derivative
respect to a: c» -c» = 8 E/SS . Note that S E/SS =0
and s E/8 (00~) = 0 give a linear relation between the
spontaneous strain (e) and the order parameter
(OI) and the temperature dependence of the latter.
Such a calculation for the lowest-crystal-field state
has been performed before ' ' and the result for
the high-temperature phase T & T, can be put into
the following simple form:



2642 LUTHI, MULLEN, ANDRES, BUCHER, AND MAITA

successfully tested for various systems. s

In the case of TmCd, Eq. (7) neglects some im-
portant points: First, the cubic-tetragonal transi-
tion with the two-dimensional symmetry strains
&2, e, allows higher-order (cubic) Jahn-Teller
terms and cubic anharmonic terms, which change
the transition from second order to first order. '
If we confine ourselves to the high-temperature
phase, these terms do not contribute to the elastic
constants and Eq. (7) still holds, But we will make
use of this fact when we discuss high-magnetic-
field effects. Second, the higher-crystal-field lev-
els lie in a region where we want to make a quanti-
tative comparison with theory. Therefore one has
to take them into account in a proper calculation of
the elastic constants. There are three ways in
which excited crystal-field levels have an effect on
the elastic constants: Through a depopulation effect
due to Boltzmann factors, through the energy split-
ting due to the J-T effect as calculated in Eq. (5)
and through an effect due to the noncommutativity '
of the crystal-field operators 04, O~ and the Jahn-
Teller operator 02. Such effects had to be taken in-
to account previously for DySb. '2 We only quote the
final formula, since the derivation is lengthy. Ba-
sically the two constants T, and 8 in Eq. (7) are re-
placed by temperature averages of the 002 opera-
tor21 ~

& —(go +g~i ) X(&)
ll 18 0 T 12 (T)

1 2

)((T)=, Ze 's~ 0,'
Ill Bl

0.02-
Tm Cd

C/R

ooi—

50 100
T (mK)

I 50

FIG. 3. Hyperfine specific heat C/R as a function of
temperature in the mK region for TmCd.

e-8&m e-&&m 2
Oa-'...' (..-'.)

- )

We present here our results on specific heat,
electrical resistivity, magnetization, and elastic
constants and discuss them in the light of the theo-
ries outlined above. A short account of these re-
sults was given elsewhere. 22

A. Specific Heat

Depending on the temperature, the term with the
nondiagonal matrix elements makes a contribution
between 5' and 25% to the total y, (T). Application
of this formula to TmCd will be given in Sec. IV,
Fig. 10.

IV. RESULTS AND DISCUSSION

5

R l0-C

TmCd

Specific-heat measurements are shown in Fig. 2.
Above 4 K there is evidence of a broad Schottky-
type specific-heat anomaly due to the excited crys-
tal-field levels. If the ground state of Tm3' were a
singlet, this specific-heat contribution should decay
exponentially towards 0 K. Instead we observe a
large and sharp maximum in the specific heat at
3.1 K. Since there is no magnetic order occurring
at this temperature (see below), this anomaly must
be due to the cooperative splitting of a nonmagnetic
I'3 doublet. This assumption is confirmed by hyper-
fine specific-heat measurements below 0.15 K
(Fig. 3). Even at 40 mK the nuclear-specific-heat
contribution is very small (C/R= l. 5&10 ), indi-
cating that the Tm" is indeed in a nonmagnetic
ground state.

B. Electrical Resistivity in the Absence of a Magnetic Field

l02 4 6 8
T(.K)

FIG. 2. Specific heat C/R as a function of tempera-
ture for TmCd.

In Fig. 4 we show the electrical resistivity as a
function of temperature for a polycrystalline sam-
ple, with single-crystal samples exhibiting the
same features. Apart from a linear temperature
dependence, one notices two kinks in the curve,
one at = 5 K due to the Jahn- Teller transition (in
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FIG. 4. Electrical resistivity p of a polycrystalline
TmCd sample as a function of temperature.

single-crystal samples it occurs at 3. 16 K) and one
at 11.5 K which we interpret as due to a higher-ly-
ing crystal-field level about 20 K above the ground
state. This interpretation was deduced from anal-
ogous cases, where the crystal-field levels are
known from measurements by neutron scattering.
In PrSb with an excited state I'& at '73 K one finds
a kink at 40 K and for PrCu& with a singlet state at
13 K one finds a kink at 7 K. In our case, a kink
at 11.5 K implies an energy of about 20 K for the
I

& level. The next I'~ level lies then at about 80
K. " Such an energy-level scheme we have used
in Sec. III for our calculation. It should be pointed
out that to the best of our knowledge no theory ex-
ists so far for the electrical resistivity due to elec-
tron scattering at crystal-field levels.

C. Magnetic Susceptibility

In Fig. 5 we show the inverse magnetization as
a function of temperature for a field of 14. 24 kOe.
From Fig. 1 and Ref. 25 we notice that with such
a field we still measure essentially isotropic low-
field behavior. The experimental points show a
typical Van Vleck susceptibility behavior. The full
line is I/M calculated using Eg. (2) and the crystal-
field levels of Fig. 1, but neglecting exchange. In
other Tm compounds, TmSb, TmAs, one also could
interpret the experimental results using crystal-
field effects only. The reason for this is presum-
ably the fact that for the Tm3' ground state 'He, L
= 5 is much larger than S = 1. The agreement be-

tween theory and experiment in Fig. 5 is quite sat-
isfactory. The disagreement towa, rds the high-
temperature end is due to the chosen crystal-field-
level scheme, where we have neglected higher-ly-
ing states. Indeed if we calculate at 300 K the ef-
fective number of Bohr magnetons from our experi-
mental data, , we get a value P ~g [J(J+ I)]'~~= 7. 78
compared to the free-ion value of 7. 5'7. This indi-
cates that we are not yet in the high-temperature
region, which is in agreement with our estimated
energy levels (Sec. III). The difference between
the measured P and the free-ion value could also
be due to Cd deficiencies in our sample.

In the low-temperature region a small anomaly
is indicated in the theoretical curve at 2 K. This
is due to the fact that our ground state is not a sin-
glet but a doublet. For a temperature correspond-
ing to the splitting in a 14-kOe field a depopulation
of the upper level of the doublet occurs. No clear
evidence for such an anomaly was found experi-
mentally. It should be mentioned that in the mag-
netic calculations the effect of the cooperative J-T
effect was neglected. Indeed there is only a, very
minute effect of this structural transition on the
magnetic properties and only at very low fields as
shown in Fig. 6, where one notices a small kink in
the magnetization curve for 1 kOe at 3. 16 K. This
kink has completely disappeared for a field of 50
kOe. The converse, however, the effect of a mag-
netic field on the structural transition is very pro-
nounced as we shall see in Sec. IV F.

D. High-Field Magnetization

Figure 7 shows high-field magnetization curves
at 4. 2 K for H in the [110]direction and a point for
H in the [100] direction at 50 kOe. These results
indicate that the [100] direction is the easy direc-
tion and [111]probably the hard direction of mag-
netization. In Fig. 7 we also show a calculated
magnetization curve for the [100] direction. This

I/M

0.3

0.2

O.I

40

FIG. -". Inverse magnetization 1/M as a function of
temperature in a field of 14.24 kOe. Full line is cal-
culated j./M using energy levels of Fig. 1 and Eq. (2).
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Tm Cd

H Il tl00]

saturation not reached at 60 koe. The calculated
value is about 10% too high. at the highest fields.

E. Elastic Constants in the Absence of a Magnetic Field

1.0- I koe

0.8-

g 06-

0.4- 50 koe

0.2-

I

)0
l I I

20 30 40

T {'K)
FIG. 6. Magnetization curves for 1 and 50 kOe as a

function of temperature, indicating the effect of the
structural transition on magnetization.

calculation was again made using Eq. (2), the en-
ergy levels of Fig. 1 and neglecting any exchange.
The salient features of the experimental results
are clearly reproduced: A linear field dependence
up to 20 kQe, a trend towards saturation, but with

An over-all view of the elastic constants c»-c»
and c« is given in Fig. 8. Whereas c«shows only
a small anomaly close to the Jahn- Teller transition
temperature T, = 3. 16 K, one notices considerable
softening of the c„-c»mode for temperatures be-
low 100 K and especially below 10 K till 3. 26 K
where we lose the echo due to very strong attenua-
tion.

An expanded view of the c44 mode is given in Fig.
9. The small but pronounced dip at 3. 16 K serves
as an accurate determination of the transition tern-
perature T,. It agrees very well with correspond-
ing measurements from electrical resistivity,
specific heat, and susceptibility. CRe observes a
total softening of 0. 45% in velocity change or 0. I@
in c«. This value is very close to the one ob-
served in DySb. "' In that material a small trig-
onal deformation is also observed. It is not
clear at the moment whether this implies a simi-
lar small trigonal distortion in the case of TmCd.

Figure 10 shows a blown-up version of the c»
-c» mode at lower temperatures, where one can
clearly see the very strong softening below 10 K.
The over-all softening of this mode is 33% down to
3. 26 K. At the transition temperature T,= 3. 16 K

M {emu')
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heory floo]

iitiio)

C- W0000S0 00 000 ~
{er~j ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

4-

80

70 ~000~ 000+++ e0 00 ee ~ ~ 00 ~~ ~ ~
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tion 4.2'K 2 Tm Cd

20

lo
1 - x1011

lo 20 30 40 50 60
kOe

FIG. 7. High-field magnetization M vs magnetic field
for [110]direction, with one point for [100] direction.
Full line is calculated magnetization using Eq. (2), T
=4. 2 K.

100 0 200
T( K)

300

FIG. 8. Elastic constants e44 and c&& -c&2 as a function
of temperature, frequency 10 MHz.
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FIG. 9. Expanded plot for c44 mode (relative velocity
change) vs temperature.

FIG. 10. Comparison between experiment and theory
for the c&& -c&2 elastic constant. Full line is theoretical
fit using Eq. C8) and parameters given in text.

this mode is by no means completely soft, indicat-
ing a first-order transition. ' Inspection of for-
ulas ( f) or (8) indicates that this steep fall of c„
-c» below 10 K implies a rather large value Of g;
compared to go, i.e. , considerable quadrupole-
quadrupole interaction of different nature than via
macroscopic strain. In trying to fit a theoretical
curve to our experiments we did not get a satisfac-
tory fit using Eg. (7) with adjustable parameters
T„e. This means that the influence of the crystal-
field levels X'5, I'& is noticeable. The full line
drawn in Fig. 10 is a fit using Eq. (8} and the crys-
tal-field levels discussed in Sec. IIIA. The follow-
ing parameters were used: c»- c»= 3.26' 10"
erg/cm (assumed temperature independent for T
& 50 K: see Fig. 8}, go'+gI = 1.68 && 10 ', g,' = 1.34
& 10 which gives for T = 0 a, T,= 2. 2 K, 8= 1.7 K.
Such a value for T, is reasonable since one expects
for a first-order transition T, & T,. The large val-
ue of g& or e indicates, as already mentioned, a
strong Ja,hn- Teller coupling not originating in the
coupling to the macroscopic strain to the Tm ' ions.
The over-all agreement between theory and experi-
ment shown in Fig. 10 is excellent.

As mentioned above, the ultrasonic attenuation
increases very strongly in the temperature region
below 10 K. For 10 MHz the attenuation increases
to 200 dB/cm at 8. 26 K. This effect is much larg-
er than what one usually observes at various other
phase transitions. No theory has been developed
so far for the attenuation in this case, but it is
clear that interesting features about the dynamics
of such a phase transition could be obtained.

F. Magnetic Field Dependence of Elastic Constants and
Electrical Resistivity.

Finally we give some intriguing experimental re-
sults on the effect of a magnetic field on physical
quantities, such as the soft elastic constant c„-c»
and the electrical resistance. The interplay be-
tween a Zeeman term, as used in Eq. (1) for the
magnetic properties and a Jahn- Teller term, as

h, Y

V

7%-

4-

TmCd

c„-c mode

Transverse Magnetic

Field Dependence

4.2eK

'll[1oo]

2-

Hll[»~]
O&i f3 I x g x x x x x x x x x x

H li ta»j

H (40e)

I

10
I

15

FIG. 11. Magnetic field dependence of c&& —c&2 mode
for various magnetic field directions at T= 4. 2 K. The
field is perpendicular to the propagation direction.

used in Eqs. (4) and (6) for the structural aspects,
should give interesting effects.

Previously, in other rare-earth compounds (van-
adates and arsenates), one has observed a magnetic
field control of the distortion direction (magnetic
switching), a washing out of the sharp transition,
similar to a ferromagnet in a magnetic field, and

finally, a prevention of the distortion by application
of a field in certain crystallographic directions.

We start by showing the effect of a field on the
soft mode cgy c». In Fig. 11 we show the velocity
change for various field directions at 4. 2 K. One
notices a large increase of 6% for a [100] field of
15 koe, but almost no change for a [111]field and
a decrease of 0. 5% for a [011]field up to 8 koe
after which the ultrasonic-echo pattern disappeared.
In this set of experiments the field was rotated in
a (110) plane perpendicular to the propagation di-
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g o Q ~x %7P~py
o &g~gv ~

&~x~~
Tmcd c,-c„lccdc

~ c HII[1QQ] x 10 kOe
xck ~ V o1I k0e

t ~
Hll[110] v V k0e

+27 kOe
b41 kOe

1.3

. 1.2

10
(K) T

20

rection.
A clearer picture is obtained if one considers

isochamps instead of isotherms. In Fig. 12 we
show the zero-field result for c»- c» together
with magnetic field results. For [100] fields the
elastic constants lie above the H= 0 one, whereas
for the [110]fields the elastic constants lie below

1.2-

I.O-

1.2-

I.O-
E
O
C

1.2-

I,O-
10 kOe

FIG. 12. Temperature and magnetic field dependence
of c~& -c&2 mode v= [(c~& -c&2)/2p] for two field direc-S/2

tions [100] and [110]. Arrows indicate T~.

the zero-field one. Again for the [110]direction
the echo pattern deteriorates due to strong attenu-
ation, before one reaches the transition tempera-
ture. The larger the applied field, the larger the
temperature where we lost the echoes. For the
[100] direction one notices an anomaly in the form
of a more or less abrupt change in the elastic con-
stant. It looks as if the transition temperature T,
were enhanced in the presence of a magnetic field.
The arrows indicate the temperature where the
change occurs or where there is a minimum in the
c f f c» mode. We do not offer here an explana-
tion of the detailed field dependence of c»- c»
mode and its attenuation in the presence of a mag-
netic field. Rather we try to understand what hap-
pens to the order parameter in the presence of a
magnetic field.

To do this, we show corresponding results for
the electrical resistivity in magnetic fields in Fig.
13. One sees that for increasing fields in the [100]
direction the kink occurring at T, for H= 0, moves
to higher T. At the same time the kink becomes
less and less pronounced, till after 50kOe one no
longer can notice it.

The temperature T," at which this kink occurs,
is plotted as a function of field in Fig. 14 for three
field directions [100), [110], [ill]. The two points
from the [100] elastic-constant minimum of Fig. 11
are also included. One notices a rapid increase
for 7, for Al i[100], almost no change for small
H l [[111]in agreement with results of Fig. 11 and
first a slight negative change of T," for the [110]
direction followed by a positive increase at higher
fields.

We propose the following simple explanation for
these phenomena: The first-order phase transition
persists in the presence of a field and shifts to
higher temperatures. The jump in the order pa-
rameter decreases with increasing field and is
washed out completely for high-enough fields. The

7

1.2-

I.O-

0 Field Trn Cd

2 5 4 5 6 7
v ('K)

FIG. 13. Temperature and magnetic field dependence
of electrical resistivity for [100] magnetic field. Arrows
indicate T~.

20
H (kOe)

30 40

FIG. 14. 1~ vs magnetic field for various field direc-
tions. Experimental points taken from Figs. 12 and 13.
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FIG. 15. Temperature and magnetic field dependence
of normalized order parameter. Parameters used are
T,= 0.75 K, ~ = 0, T~ = T~ co/2Q = 0.9 K. The numbers on
each curve indicate the magnetic field in kOe.

We have shown experimental results of specific
heat, magnetic susceptibility, electrical resistance,

kinks in the electrical resistance and the c &&- e»
mode occur where the order parameter shows its
discontinuity.

We show this with a simple model calculation.
Equation (4) is not sufficient for a first-order tran-
sition. One has to include terms of higher order
as mentioned before': K, = 5(e3- 3ez e,) and K'
= —u g~[(r~- e,) 02, »

—2&,e, o...] Tog.ether with the
Zeeman term one can calculate the energies E(I"I).
For illustration purposes we set 5 = 0 and consider
only the lowest I', state. SF/Se, = 0 gives the order
parameter and is shown in Fig. 15. One clearly
sees the salient features proposed above: A dis-
continuity, increasing in temperature with increas-
ing field and at the same time diminishing in size
till it disappears completely above a certain field.
Also note that the order parameter is always non-
zero for finite temperatures and nonzero fields.
While the parameters, taken for the plot in Fig.
15 are not yet optimized to compare quantitatively
with T," in Fig. 14, they certainly give the essential
features. If this is the correct explanation for our
results in Figs. 11-14, it would be the first time
one has observed an increase in the structural tran-
sition temperature due to an external magnetic
field.

V. SUMMARY

and elastic constants for TmCd and tried to inter-
pret them. From the electrical resistance results
and a point-charge calculation we arrived at a crys-
tal-field-level scheme, which accounts for many of
our results even in a quantitative way.

There is no doubt that the lowest-crystal-field
level is an orbitally degenerate, nonmagnetic state
(I',) which gives rise to the cooperative Jahn- Teller
transition at 3. 16 K. Thermal, electrical, and
elastic measurements and the near absence of sus-
ceptibility anomalies support this fact. From the
elastic c„-c»mode behavior, we concluded that
a substantial part of the quadrupole-quadrupole in-
teraction, driving this transition is of different na-
ture then macroscopic strain coupling. The exact
nature of this quadrupole-quadrupole interaction is
not known to us. It should be pointed out that for
the CsCl structure the possibility of optical-pho-
non coupling can be ruled out. ' The form of the
specific-heat curve does not show a molecular-
field-type behavior as seen for example in TbVO4, '
in agreement with our analysis that part of the ef-
fective quadrupole-quadrupole interaction is of the
short- range type.

Our determination of the higher-lying crystal-
field levels is only approximate, as pointed out be-
fore. Because of the Cd, neutron scattering exper-
iments are unable to get this information and be-
cause of the good metallic-conductivity, optical
measurements are also difficult.

Probably the most interesting feature of our re-
sults is the apparent increase of the structural
transition temperature T, in a high magnetic field,
as implied by electrical resistance and elastic con-
stants measurements. We have given a simple
tentative explanation of this fact, by showing that
the first-order change of the order parameter at
T„while decreasing in size in a magnetic field
also shifts to higher temperatures. It would of
course be of considerable interest to have other
information on this effect. The most direct exper-
iment would be a lattice constant determination of
the structural change in the presence of a magnetic
field.
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