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We have investigated the magnetic, elastic, and thermal properties of the LnSb series. For the

compounds which do not undergo a structural or magnetic phase transition (PrSb and TmSb), we

measured Schottky specific-heat anomalies, Van Vleck susceptibilities, and anomalies in the elastic
constants. All these properties can be interpreted quantitatively as effects due to the crystal-field split

levels of the ground-state J multiplet. For the compounds which undergo magnetic phase transitions

(SmSb and GdSb), we find in the case of SmSb similar effects in the paramagnetic region as for PrSb
and TmSb, followed by sharp specific-heat and thermal-expansion anomalies at T ~ = 2.11'K. In GdSb
we find elastic anomalies for T & T~ = 24.4'K due to domain-wall stress effects which can be partly

removed by application of a magnetic field. DySb, HoSb, and ErSb undergo magnetic and structural

transitions at T~ = 9.5, 5.25, and 3.53'K, respectively. We observe softening of the c» —c „mode
for DySb and HoSb, which can be interpreted quantitatively. In ErSb no elastic mode softens for
T & T~„ indicating that the structural transition involves a coupling of the magnetic ion to other

modes than the macroscopic strain. Large thermal-expansion anomalies are observed, especially for ErSb
with H —6 kOe, with strong domain-wall stress effects for the elastic modes for H & 6 kOe and

T & T„. A magnetic field cannot separate the structural and magnetic transition temperatures

(T. = T~) but can only cause both to shift to lower temperatures. The magnetoelastic coupling

constants, determined from the temperature dependence of the elastic constants, can be interpreted for
the LnSb series as being due to the strain modulation of the crystal field.

I. INTRODUCTION

Recently we showed the effect of crystal-field
energy levels on elastic constants for the case of
Prsb. ' We could explain the observed temperature
dependence of some symmetry elastic constants
using the strain modulation of the crystal field.
Here we would like to extend this work by showing
this effect for other rare-earth compounds: the
rare-earth antimonides (i,nSb), where one finds a
rich variety of elastic, structural, and magnetic
effects. In addition to the temperature dependence
of the elastic constants, we give experimental re-
sults for their magnetic-field dependence, some spe-
cific-heat and susceptibility results, and thermal-
expansion measurements.

All these experimental techniques measure ther-
modynamic equilibrium properties. The effects of
crystal-field energy levels on the specific heat
(Schottky anomaly) and susceptibility (Van Vleck
susceptibility) are well documented for a variety of
materials. The specific heat gives a, measure of
the crystal-field level splittings, the magnetic sus-
ceptibility probes the dipole matrix elements if ex-
change is negligible, and the elastic constants, as
strain susceptibilities, probe various electric
quadrupole matrix elements. Thermal-expansion

measurements are used here to determine certain
aspects of structural transitions.

The rare-earth antimonide series is very well
suited for such an investigation: They have the cu-
bic rocksalt structure at room temperature. At
low temperatures, some of the compounds undergo
magnetic and crystallographie phase transitions.
The ground-state multiplet, which is split by the
crystal field typically of the order of a, few hundred
degrees, has been investigated previously with in-
elastic neutron-scattering techniques for various
compounds. Therefore the crystal-field param-
eters are known. We can use this information for
a, quantitative analysis of our experimental results.

Our findings are the following: We can quantita-
tively interpret the temperature dependence of the
specific heat, magnetic susceptibility, and elastic
constants in the paramagnetic region. The latter
measurements give magnetoelastic coupling con-
stants, which vary in a mell-determined way
across the rare-earth series (depending on the lat-
tice constants and the Stevens n parameter).
From this analysis we can predict which com-
pounds undergo structural instabilities due to this
magnetic ion-strain coupling and for which com-
pounds this coupling is too weak to have such an
effect. In the low-temperature phase, we observe
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TABLE I. Crystal-field parameters for the rare-earth
anti monides.

Compound with
electronic

ground state

LaSb (4f }
I'rSb (4f2) 3H4

SmSb (4f ) 6H&/&

GdSb (4f ') "S-, (2
DYSb (4f ) "Hf 3/2
HOSb (4f ) Jg
ErSb (4fll) 4I&&i&

TmSb (4f 2) 3H

Lattice
constant 2g

(A)

6.49
6, 376
6. 261
6.218
6. 160
6. 130
6. 106
6. 084

96
72 i)

86
81
81
79. (

4. 2

4. 6

O ~ 1

References
and remarks

this work

interpolated
interpolated
2(

The crystal-field Hamiltonian for O„symmetry
can be written

~cv —-A4 (r ) g, (0', + 50', ) +A6 (r') y,,(06 —210'),

where the O„are the Stevens operator equivalent
and the g„are reduced matrix elements. A4 (r )
and Ae (r ) can be determined experimentally, for
example, from inelastic neutron-scattering experi-
ments and specific-heat measurements. gn Table
I we have listed these values. They were used to
calculate the crystal-field split energy levels of the
ground-state manifold.

The Schottky specific heat per ion is

8 Q
2

C = 2kT —lnz+ AT
BT

(2)

where the partition function Z = g„e
Likewise, the Van Vleck susceptibility is given

by

8
X=AT 2 lnZ, (3)

where E(I', , H) is determined from

~' E (I' ') —E —( I' "
i
gp, H Jz

i

I' ')
~

= 0 . (3a)

Experimental examples for C and g are given in

Figs. 3, 4, and 8 below.
For the symmetry elastic constants c» —ci2,

c44, and c11+2ci2 we can write a magnetic-ion-lat-
tice interaction':

0 o

JC (cgg —cyp) = —gg
I 11 —C» ~ (c,02. +e,O, ,),0

strong effects for the elastic constants due to the
domains. In cases where one has both a struc-
tural and a magnetic phase transition whose transi-
tion temperatures coincide, a magnetic field can-
not separate them (with the possible exception of
HoSb, as discussed below).

In Sec. II, we briefly discuss the theory neces-
sary for the interpretation of our results. In Sec.
III we describe our experiment, and in Sec. IV we

present and discuss our results.

II. THEORY

0 1g2
'5C (C44)= -gg Q 2e„(J„J„+2J ), +. . .

(4)
Here the c;, are the background elastic constants,
e, = 2 '(2(c —&„) and c, =6 '(2(2e„—c —e„,) are
symmetry strains, and Oz/v3 =Z„—Z, and 020- ~2
—J„—J, are the Stevens operators acting on the
rare-earth ions. :he sum is performed over all
the rare-earth ions. The g,. are the magnetoelas-
tic coupling constants. Equation (4) can be obtained

by expanding the crystal-field potential in terms of
the strains e,, . This gives for the coupling con-
stants g2 and g3 the following point-charge-calcula-
tion expression for the octahedral symmetry:

, Ze'
Z2 ~ J' + 3 )

Similarly, as for the ca.se of the magnetic suscepti-
bility mentioned above, one can calculate from
Eq. (4) the strain dependence of the energy levels'.

~

Eo(I'&) —E+(I &. .'IC'
~

I'I) =0 . (3b)

We solved Eq. (3b) using second-order perturba-
tion theory and obtained the isothermal elastic con-
stants as a strain susceptibility due to the crystal
field:

82
c;;= —AT lnZ .

84; Sf&

Calculations for the elastic constants c» -c» and
c44 based on Eqs. (4) and (6) with the energy-level
scheme from Table I are shown in Figs. 1 and 2.
The double logarithmic plots show the relative
ela.stic -constant change divided by g;.' (c —co)/
cog;= f;(T). One can divid-e the various materials
into two classes: the ones which show character-
istic minima or shoulders but remain finite for all
temperatures, and the ones which soften as T -O.
In the first class (PrSb, SmSb, DySb, and TmSb),
the lowest crystal-field level I', has a vanishing
quadrupole matrix element: (I',' ', K'

I I',') =0.
In these substances I', is I', (for PrSb and TmSb),
I'7 (for SmSb), and I'6 (for DySb). In the other
class, (I',' I

~'
I I',') c0 (for HoSb and ErSb).

Here I', stands for I 3 or I'z. One expects a struc-
tural phase transition, triggered by this magnetic-
ion-lattice interaction, to occur in this latter ease,
whereas in the first case a structural transition
should occur only for a large enough g, The con-
dition for a structural instability is

c=cp+cog',.y,.(T) =0 or g2f (T) =
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-O. I

CII
—C)P

SmSb

cc —l/T, where iO is the gap between the lowest and
next higher crystal-field level and where this holds
only for the second class of substances discussed
above. Depending on the relative magnitude of g~
and g', the elastic constants show strong, medium,
or no softening at all as T approaches T,. In Sec.
IV we will give experimental results for these vari-
ous cases.

III. EXPERIMENT

-IOO

—IOOO

O. l IO IOO

FIG. 1. Temperature dependence of the function f2
—= (c —co)/coSqtfor the various Lnsb. Arrows indicate
minima in f2.

One important result of our investigation is to give
experimental results for the various g& and to give
an explanation for their systematic variation
across the LnSb series.

It is known from other work on the cooperative
Jahn-Teller effect ' that in order to describe such
a structural transition completely, one often has
to include other interactions than the ones given in
Eq. (4). The structural instability can be caused
by a coupling of the magnetic ion to other modes of
the system, e. g. , optical phonons, direct interac-
tions, etc Ther.efore we generalize Eq. (4) to

The LnSb samples used in this investigation were
grown by direct fusion and subsequent solidification
in a sealed tantalum crucible over a large temper-
ature gradient. This produced crystallites of vary-
ing sizes, depending on the particular rare-earth
compounds. Single crystals were cut out with a
spark cutter and oriented using an x-ray goniome-
ter. In most cases at least two crystals were in-
vestigated.

Starting materials were Sb (United Mineral and
Chemical Corp. ) with a 99.999% purity; the vari-
ous rare earths typically were of 99.9% purity and
were obtained from Rare Earth Products (La, Sm,
and Gd), U. S. Bureau of Mines {Pr), Lunex (Dy,
Ho, and Er), and Research Chemicals (Tm). With
the exception of the Lunex materials, all rare
earths contained between 0. 1 and 0. 5/() gas im-
purities, which may account for some variations
in physical properties, such as T„.

Susceptibility measurements were made with a
pendulum magnetometer. ' Specific-heat experi-
ments were performed in a heat-pulse calorimeter

SmSb

-g ~ O2 Oq. + 2 ~ . 8

Here the other quadrupole-quadrupole interactions
have been written down in molecular-field approxi-
mation. If we denote the structural transition tem-
perature by T„ the elastic constant c» -c~a for T
&T, is

IQ

—IOO

( o o l+ (Z~s+Z")fa(~)
Cii —C12 = (Cil —cia) ~ tg I

)~ +g J2(&
(9) —IOOO

where fz(T) is the function defined above and shown
in Fig. l. Equation (9) was first derived by Levy.
An elementary derivation is given in the Appendix.
Equation (9) and slight modifications and simplifi-
cations were successfuQy used to test mode soften-
ing in various materials: TmCd, ' DySb, '
DyVO4, and NiCrs04. Note that for T«4, f (T)

O. I IO IOO

FIG. 2. Temperature dependence of the function f3:k' cp)/c'pg3 for the various Lnsb. Arrows indicate
minima in fs.
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described elsewhere. "
The elastic constants were measured with a

phase-comparison method, in most cases capable
of detecting velocity changes in these substances
of one part in 10 . In all cases, no thermal-expan-
sion corrections were necessary, the fractional-
velocity changes being always much larger than the
fractional-length changes. The measuring frequen-
cy was either 10 or 30 MHz.

For the thermal-expansion measurements we
used a capacitance dilatometer. The samples,
with linear dimensions on the order of 2-3 mm,
and the sample holder were initially cooled to
1.5 K. By raising the temperature in small steps
of approximately 0.03-0.05 'K, we then determined
the length changes due to the thermal expansion of
the crystals relative to copper. In this tempera-
ture region, the thermal expansion of copper is
several orders of magnitude smaller than that of
the substances investigated, and any corrections
due to expansion of the capacity cell can be ne-
glected.

As thermometers we used thermocouples, Ger-
manium resistors (CryoCal), capacitance ther-
mometers (Lake Shore Cryotronics), and a helium
vapor-pressure manometer, depending on the tem-
perature region and on the presence of magnetic
fields. The magnetic field was generated either by
electromagnets or by high-field superconducting
magnets.

IV. RESULTS AND DISCUSSION

agreement between experiment and calculation is
quite satisfactory.

As an example of the Van Vleck susceptibility,
we show data for PrSb in Fig. 4. These results
show the expected behavior, a linear temperature
dependence at high temperatures for g" and a suc-
cessively weaker temperature dependence towards
lower temperatures. Again the full curve shows
the calculated susceptibility, using the crystal-
field parameters listed in Table I and Eq. (3). The
agreement with the experiment is again quite satis-
factory. From the high-temperature slope at about
300 'K, we get an experimental effective Bohr-
magneton number p =g([J(Z+ I)]'~ )= 3.61 compared
to the free-ion value of 3.58. It should be noted
that in this interpretation of the susceptibility, ex-
change effects were neglected.

Turning now to the elastic constants, we show in
Fig. 5 the temperature dependence of the c«and
the e~q-cq~ modes for LaSb. Absolute values for
the LnSb series at 200 'K, together with densities
and Debye temperatures, are given in Table II.
The LaSb data exhibit normal behavior —a stiffening
with lower temperatures and a temperature inde-
pendence at the lowest temperatures. We use the
LaSb data as a background estimate for the other
samples.

In contrast to this, the elastic constants of PrSb
and TmSb show a more complicated temperature
dependence. In Fig. 6 we see that for PrSb, all
the modes exhibit characteristic minima of a few
percent of the elastic constant (e&& —e,z) at 23 K and

We organize this section in the following way:
First, we discuss the materials which exhibit nei-
ther a magnetic nor a structural transition at any
finite temperature (LaSb, PrSb, and TmSb). Sec-
ond, we discuss samples which exhibit only a mag-
netic phase transition (SmSb and GdSb). Then we
treat the cases where both a magnetic and a struc-
tural transition occur (DySb, HoSb, and ErSb).
Finally, we compare and interpret some physical
quantities for the whole LnSb series (elastic con-
stants and magnetoelastic coupling constants). A

short account of this work was given e1.sewhere. '

1.5-

1.0-

Tln Sb

A. Case of no phase transitions (LaSb, PrSb, and TrnSb)

In these compounds we did not find any evidence
for a magnetic or structural transition down to
-1 K. In both PrSb and TmSb, the lowest crystal
field state is a Z'&.

In Fig. 3 we show the magnetic specific heat for
TmSb. The lattice and electronic specific heat was
subtracted using specific-heat measurements for
LuSb. The result in Fig. 3 exhibits a marked
Schottky anomaly with a maximum at - 11 'K. The
full line is the calculated one, using the crystal-
field parameters listed in Table I and Eq. (2). The

05-

4 8 12 16 20 24 28
T('K)

FIG. 3. Schottky specific heat for TmSb, with lattice
and electronic specific heat subtracted. Full circles are
experimental points, full line is calculated curve with
parameters listed in Table I.



190 M. E. MULLEN et al ~

TABLE II. Physical constants determined from our experiments.

TN

{K)
Density p„

(g/cm3)

Elastic
constants (200 'K)

c44

cfog

—c12
(10~ dyn/cmt)

Debye
temperatures 8

('K )

Magnetoelastic
coupling constants (m K)

g 3(«pt. ) g 2(expt. ) g2 {calc.)
LaSb
PrSb
SmSb
GdSb
Dysb
HoSb
ErSb
TmSb

2.11
24.4
9.5
5.25
3, 53

6.33
6.77
7.37
7.70
8, 10
8.27
8.42
8.57

1.95
2. 00
2.27
2.37
2. 60
2.76
2, 60
2, 68

g2 {calc.) was obtained from Eq. (5) with
(1962) and neglecting shielding factors.

7.4
11.0
12.7
13.5
14.8
13.8
13.5
13,5

Z=-2, &/&

211 (225)
221
232
233
241
247
237
237

5.4
]4

1,4

4. 9
38

1.3
0.11

&0.2

1.2

168
431

7
0.75
1.1

17

from A. J. Freeman and H. E. Watson, Phys. Rev. 127, 2058

cz& at 25 'K and the longitudinal [110]mode (cn
+czar+ 2c«) at 28 K. Below the minima, the elastic
constant no longer reaches its value of the high-
temperature side, and becomes independent below
8 'K. These features were already shown and ex-
plained before' using Eqs. (4) and (6), i.e. , the
calculated functions f&(T) shown in Figs. 1 and 2.
Here we give a more complete comparison between
experiment and theory for all the modes shown in
Fig. 6. %'e first fitted the symmetry modes c»-
c~~ and c44 using the Lamb data for the background
temperature dependence. In such a procedure one
fixes two points of the curve, determining the cou-
pling constant g, and the absolute value of the back-
ground elastic constant co. One notices a good fit

to the experimental data for the c~~-cq~ mode and
a lesser degree of agreement for the c44 mode, as
noted before. ' However, since the c44 mode has a
much smaller absolute value than the other elastic
constants, it does not seriously affect their fit.
The composite elastic constants cgj and egg+ cgp

+ 2c44 can be expressed as linear combinations of
the three symmetry elastic constants, with the bulk
modulus cq~+ 2c» having no temperature dependence
in the approximation of Eq. (4). Also, these com-
posite elastic constants can be interpreted satis-
factorily, the salient features of the experimental
data being well reproduced by our calculation. The
magnetoelastic coupling constants g2 and g„deter-
mined from the fit in Fig. 6, are listed in Table II.

Similar behavior of the temperature dependence
of the elastic constants for TmSb can be seen in
Fig. 7. Again the calculations, as taken from

~ 150E

C)

E

I

~ 1OO
E

O

75- ~

73—

~e

%~

LQSb

C II C12

50
1,98

~%

O~
~~~ ~1.97

~y

~y

~44

0 I I

100 200
T ('K)

FIG. 4. Inverse magnetic susceptibility for PrSb.
Full circles are experimental points, full line is calcu-
lated susceptibility with parameters listed in Table I, ex-
change neglected.

1.95—

1.94 I

100
I

200

T(K}
FIG. 5. Temperature dependence of the elastic con-

stants c&4 and c~~ —c~2 for LaSb.
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l7,9-
~ ~

l7.7- CII 4 CI2+ 2

l7.6-

l2.4

I2.3

~ I2.2—
D

I I.O

l0.9

I0.7

2.05

C»

~g te~ y

--' Exper Irnent—Theory

2..00
l.95 ! l

0 I00 200 300
T {'KI

FIG. 6. Temperature dependence of various elastic
constants for Prob. Full circles are experimental points,
full lines are from calculations explained in the text.

i4.0-

Figs. 1 and 2, fit the measured curves very nicely,
especially the c44 mode and, to a lesser extent, the
e»-c&& mode. The coupling constants, determined
from this fit, are also listed in TaMe II.

For the interpretation of the thermodynamic
quantities C, p, and c&& for the two substances
PrSb and TmSb, we neglected the effects of ex-
change and quadrupole -quadrupole interactions

completely; that is, we used Eqs. (3) and (3a) and
Eq. (9) with g'=0. The generally good agreement
between experiment and theory, together with the
absence of any magnetic and structural phase tran-
sition, seems to justify this procedure. Inclusion
of g' does not change the temperature of the mini-
ma for the elastic constants.

In TmSb, we observed at 2 K a very small
anomaly in the specific heat, electrical resistivity,
and elastic constants. This anomaly, the origin of
which we do not know, is so small that it is not dis-
cernible in Figs. 3 and 7.

Application of a magnetic field has a very small
effect on the elastic constants. As an example in
PrSb, the c~~ mode with a 50-kOe field applied in
the [100] direction experiences a fractional velocity
change of 2x10" at 26'K and of Sx10 at 12'K.

Finally, with the magnetoelastic coupling con-
stants listed in Table II, one can ask: How much
larger must these g,. be in order to induce a struc-
tural transition'? The answer is, using Eq. (7),
about 20 times larger for PrSb and 25 times larger
for TmSb. The reason for this is the rather small
value for the function f, in Figs. 1 and 2, because
in this case there are no quadrupole matrix ele-
ments between the ground state I'& and the next
higher I"4. In PrSb, the first nonvanishing matrix
element out of the ground state is I, -I', (125 'K),
which affects c»-c», and in TmSb it is I', -r,
(56 'K), which affects c«.

8. Case of magnetic phase transition {SmSb and GdSb L

SmSb has a I'7 ground state. In Fig. 8 we show
the specific heat for SmSb as a function of temper-
ature. The lattice specific heat was subtracted,
using a weighted average of the LaSb and LuSb spe-
cific heat. It exhibits a clear Schottky anomaly

I3,7

13.6
3

l3,4— 0
~ ~ SmSb

E

OJ

O

2,7OI-

2.68—

I.O- e

~m

R ~
I

266— Q5- ~

2.62

100 2'30 300

0 4 8 l2 l6 20 ae 28
T ('K)

I I

32. 36 40

T( K)

FIG. 7. Temperature dependence of the symmetry
elastic constants for TmSb. Full circles are fromexper-
iment, full lines are calculated curves,

FIG. 8. Temperature dependence of the specific heat
for SmSb with lattice specific heat subtracted. Full
circles are experimental points, full line is fit to Schottky
anomaly with parameters taken from Table I.
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12,79 ~ SmSb

12.74

E

O

12.70

12.66

1262-

12.58

12.54-

ll C12

12.50-

2.28—

2.27
0

2.26—

2.25 ~

0 100
I

T ('K)

0

0

0
1

FIG. 9. Tememperature dependence of symmetry elastic
constants for SmSb. Full circles are experimental
points, full line is theoretical fit for the crystal-field
effects.

near 25 'K and a sharp anomaly at the magnetic
phase transition T„=2. 11 'K. The full line gives
the best fit to the crystal-field anomaly. The cor-

responding A4 parameter listed in Table I gives

T
7 ground state and a I'7- ~ separation of 65 3 'K
o our knowledge, this is the first determination

s and &4 (r') for SmSb.
The symmetry elastic constants for SmSb are

shown jn Fj Th«iq-cq2 mode exhibits a mjnj
mum at 30 'K of about 1 jo, while c„has only a

g n to soften below 4 'K and show strong softening
in the ordered region. At T„ there is a kink in the
elastic-mode curve, which, while not discernible
in Fig. 9, can be seen in Fig. 11(a). The features
due to the crystal field in these elastic constants
a,re well reproduced by our calculation (solid line
in Fig. 9). The magnetoelastic coupling constants
deduced from this fit are listed in Table II U

q. &, we conclude that g2 is 31 times too small
to induce a structural transition based on the mech-
anism of Erl. (4). While other coupling mecha-
nisms, such as the one discussed in Eq. (8), can-
not be excluded, additional information, such as
the thermal-expansion measurements shown in Fig.
10, strongly suggests that the transition at T„ is
purely magnetic. The measured thermal-expansion
anomaly of e- 20x10 is of the same order of
magnitude as that of a representative antiferromag-
net, MnF2. Furthermore, a 15-kOe magnetic
field does not change the data in Fig. 10. The data
in this figure were taken using a different sample

l5

thermal expansion [IOOj

zj-
0

a
-6I-

-8—
0

~ ~

p ~

0 ~

~ o ~ O

0

0 0 ~ Q

o H - 66koe

a)

0

g 10-
0.40—

0~O

o 0.50-

0.20—
I

Q. i 0

~ T = 1,48'K
T =6.7 'K

l.5 5.0
~

i
~

~o 40 50
i

60 70

T( K)

FIG 10 Temperature dependence of thermal expan-
sion for SmSb. Full circles are experimental points,
fuH line is guide to eye.

H (kOe)

FIG. 11 Temperature and field dependence of
cff c~2 mode for SmSb. Plotted are fractional veloc 't

h

oci y
c anges; the field is along the [110]axis. (a} Isochamps
for H =0 and 66 kOe, (b} isotherms for two different
temperatures.
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13.5—

9 ~

~~+0 0 e og ~ ~ e ~ ~

13.0-
4 ~

C
II

—
CI 2

12.5-
IV)

(D
12.0-

D
0

~e

~ H=QkQe
x

o lQ

11,5—

2.4 0 ~ ~

2.30—
I

5 10
I

20

T( K)

FIG. 12. Temperature and magnetic-field dependence
of the c44 and c~t -cg2 elastic constants for Gd81. Field
is along I001] axis. Full circles are H = 0 kOe, crosses
are H=5 kOe, open. circles are H=10 kOe.

that the results of Fig. 12 are not very well suited
for an accurate determination of TN. A recent
value for a single crystal gives T„=24.77 'K,
very close to our estimated value from Fig. 12.
Because of the absence of any crystal-field effects
in GdSb, no magnetoelastic coupling constants can
be obtained with the method described in this pa-
per, and recourse to other techniques must be
taken.

Application of a magnetic field has practically no
effect on the c44 mode, since it is for T & T„. How-
ever, a [100] field has a drastic effect on c,~-c,2
for T & T„, as shown in Fig. 12 for 5 and 10 kOe as
a function of temperature. A decrease in the ve-
locity anomaly with increasing field is observed in
the ordered region. This is similar to elastic-
modulus changes observed in various magnetic sub-
stances and is probably also due to domain-wall
stress effects. Similar effects were observed for
the longitudinal [110]mode (cqq+cqq+2c44). No
critical effects, both for velocity and attenuation
(10 MHz), were observed at T„ for this longitudinal
mode, but only for c44. This could imply that g3 is
much larger than g~ and the volume magnetostric-
tive coupling constant. '

C. Case of magnetic and structural transition (DySb, HoSb.
and ErSb)

than that used for the elastic constants and specific
heat, as indicated in the somewhat lower T&- 1.95 'K.

To the best of our knowledge, nothing is known

so far about the spin order and anisotropy in SmSb.
Therefore we cannot discuss quantitatively our
magnetoelastic measurements shown in Fig. 11.
The velocity change in an applied [110]magnetic
field is generally very small, about 0.4% at 66
kOe and T = 1.5 'K, and 0.003 jp at 66 kOe and T
= 6.7 'K [Fig. 11(b)]. Furthermore, isochamps at
66 kOe, together with the zero-field result of Fig.
9, are shown in Fig. 11(a), again demonstrating a
rather small magnetic-field effect. This is in
agreement with the thermal-expansion results
quoted above and quite different from the effects
we observe in other crystals (GdSb, DySb, and
ErSb) discussed below.

GdSb. GdSb has no orbital moment but a spin
8= +2. No structural distortion at T„has been ob-
served, which was expected. In Fig. 12 we show
the temperature dependence of the c~~-c~2 and c44
modes. As expected, the temperature dependence
is normal in the paramagnetic region, with no sign
of crystal-field effects. Belo~ T„=24.4'K, the
elastic constants drop drastically, a change of 15'Pp

for the cq&-c~z mode down to 4 'K and a change of
4% for the c44 mode at T„, where we lost the echo
due to strong attenuation. It should be stressed

15

l4 kQe

~O0

O)
CI

10—

g ~

~ ~
~ ~

0
~ ~

OkQe
0 — ~

lO t'Oe ~ ~ ~
~ 0

~ ~ ~
I

0
T —TN {'K)

FIG. 13. 1VIagnetoelastic effects in DySb for c$f c$2
mode. Given is fractional velocity change in the vicini-
ty of Tz. Field is along [001] axis.

In these cases, one finds a structural and mag-
netic phase transition at the same temperature.
Ne discuss individually the three compounds.

DyS5. The crystal-field energy levels of this
compound have not been measured directly, but an
interpolation of the crystal-field parameters of
PrSb and TmSb gives the ones listed in Table I
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and a 16 ground-state level, followed by a I"8 level
14. 5 'K higher. Previous experiments ' gave a
strong tetragonal and a small rhombohedral dis-
tortion of first-order nature at T„=9.5 'K.

Elastic-constant measurements' ' showed a
strong softening of the c»-c,z mode and only 0.8 p

change for the e44 mode at T„. The temperature
dependence of the c~~-c~~ mode has been analyzed
by Levy"' for T & T~. The magnetoelastic cou-
pling constants are listed in Table Il. For T & T,~,
a very small temperature dependence is ob-
served, as sho~n in Fig. 13. This is in disagree-
ment with a recent calculation which predicts an
increase in the elastic constant for T & T„, as in
the case of the Vanadates, except that cgj-cgp
should show a discontinuity at T= T„because of the
first-order nature of the transition. In Fig. 13 we
show the magnetic-field and temperature depen-
dence for the cg, -cj2 mode. We found a very strong
dependence on the magnetic-field direction; Fig.
13 shows results for a [100]field. One notices for
T& I',~ a very large increase in velocity for H=14
kOe. For T & T~ —1 'K, we lose the echo due to
strong attenuation. At least part of this behavior
in the elastic constant for T & T„can again be
ascribed to domain-wall stress effects. These ef-
fects were neglected in the theories and interpre-
tations mentioned above ' for H= 0. Our results
show that if one suppresses this effect with a mag-
netic field, the agreement with theory is im-
proved. No attempt was made here to calculate the
elastic constant in a magnetic field due to Zeeman
splittings of the energy levels.

HOS&. An interpolation procedure between PrSb

2.77I-
L t

lO PO

T( K)
FIG. 14. Temperature dependence of the c~~-c~2 and

c44 modes in HoSb. Full circles are experimental points,
full lines are calculated curves.

",cy~i~
~oSb

~ H = dkQe
7

l4

50

l2 14

FIG. 15, Temperature and magnetic-field dependence
of the elastic symmetry mode cgg

—c~2 for HoSb. Field
direction is [110]. Full circles are H =-0 kOe, crosses
are H =7 kOe, triangles are H =14 kOe, open circles are
H =30 kOe, full lines are calculated curves for H =0 and
30 kOe.

and TmSb again gives the crystal-field parameters
shown in Table I. This leads to I 3 and I'~ levels
lying very close together. Structural and elec-
trical resistivity data indicate that at T~ this com-
pound undergoes a cubic to tetragonal lattice dis-
tortion presumably of second order.

From Fig. 1 we expect strong softening for the
cq~-c~2 mode. Indeed, as shown in Fig. 14, this
mode shows a 40gp softening down to 5. 6 'K, where
we lose the echo due to strong attenuation. In com-
parison, the c44 mode shows a dip of about 2/p from
high temperatures down to T„=5.25 'K. This value
for T„ is close to a recently determined one of
5.4 'K. The solid curves in Fig. 14 represent the
calculated temperature dependence of the elastic
constants, using the functions f2 and f~ of Figs. 1
and 2, Eq. (9) for cqq-cq2, and Eq. (6) for c44. The
agreement with experiment is excellent except
when very close to T„. The parameters g2 and g3
are given in Table II, andg' = 0. 60 m K. With
these parameters we get a calculated structural
transition at T=4. 5 'K, compared to the experi-
mentally observed one at 5.25 'K. Since the tran-
sition is probably very close to second order,
it is believed that strong critical effects close to
T~, not taken into account in our analysis and fit,
can account for this discrepancy. At T=O, g2 for
HoSb gives a spontaneous strain c3-1.3&&10, in
fair agreement with a measured one of 2. 4 &10 '.

Application of magnetic fields along the [110]di-
rection diminished the softening of the cq~-cq2 mode
considerably for T & T„, as shown in Fig. 15 for
fields up to 30 kOe. Up to 14 kOe, the anisotropy
due to field direction is very small. As in the ze-
ro-field case, we invariably lost the echoes at T
- T„even in the highest field and were not able to
measure below T„ for this mode. A semiquantita-
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FIG. 16. Thermal expansion in HoSb. Full lines are
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tive explanation of the results shown in Fig. 15 lies
in the effect of Zeeman split crystal-field levels
on the elastic constant. The solid lines in Fig. 14
give the result of such a calculation for H= 30 kOe
together with the zero-field result already shown
in Fig. 14. For this calculation, we only consid-
ered the three lowest crystal-field levels 1„r4,
and j. &, neglecting the rest of the J=8 multiplet
with energies of 80 'K and higher. While the
agreement with the experimental curve is not per-
fect, the salient feature is shown: an increase of
c~~-cqq with field which is more pronounced as one
neals Tg.

(Additional studies with a new sample of HoSb al-
lowed us to measure c»-c&~ in the ordered region.
These results are included in Fig. 14. They ex-
hibit a temperature dependence as expected from
theory, with domain-wall stress effects playing
a less important role than in GdSb, DySb, and
ErSb. )

Thermal-expansion results for HoSb are shown

in Fig. 16 for various magnetic-field strengths.
There are several interesting features: Compared
to SmSb (Fig. 10) and ErSb (Fig. 19) discussed be-
low, the thermal-expansion results of HoSb exhibit
rather broad anomalies. This can be due to strain
broadening; our HoSb cleaved very easily. For
H&0 there is a sign change in a at lower tempera-
tures. All these properties are probably responsi-
ble for the inability to propagate the c&~-c~~ mode
below T„. The thermal-expansion curves for H
= 11.8 and 15 kOe appear to have two broadened
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FIG. 17. Temperature dependence of various elastic
modes for ErSb. Note logarithmic temperature scale.

peaks, as seen in Fig. 16. These features were
observed for three different crystals. They could
mean, for example, that in a magnetic field the
structural and magnetic transition temperatures
separate, or that there are additional magnetic or
structural transitions for H40 and T & T~. , or that
there exist pronounced domain effects in this sam-
ple. Preliminary c44 measurements for T & T„and
H40, however, do not give clear evidence for a,

separation of T, and T„.
ErSQ. Again the crystal-field parameters shown

in Tabl. e I are obtained from the same interpolation
procedure. The resulting energy splitting seems
to explain the observed Schottky anomaly in the
specific heat. Nothing is known so far about a
structural transition at T„=3. 53 'K, except that it
is of first order.

From Figs. 1 and 2 we expect strong softening
of both the c»-c» and the c44 mode. Contrary to
this, we find an almost temperature-independent
variation of all modes in the temperature region
T& i'„= 3.5 'K (Fig. 17), up to more than 100 K.
Below T„we observe almost steplike discontinui-
ties in the elastic modes of 2. 5% for c«, 41% for
c»-c&2, and 14.5' for cyy. From the behavior for
T & T» it apparently follows that g'»g, In analo-
gy to the case of SrTiO„we suggested that g'
could, for example, indicate the coupling of the
magnetic ion to a zone-boundary phonon. ' A simi-
lar suggestion has recently been made for the case
of HoP on theoretical grounds. One has to await
neutron-scattering results in order to get more in-
formation on this problem. For T- 200 'K, we
found a small kink in some elastic constants and
in the susceptibility, the origin of which is not
known to us. Since for estimating the temperature
dependence of the elastic constants we cannot use
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the functions f, , we can give only upper limits for
the magnetoelastic coupling constants g,. in Table II.

Below T„, the decrease of the elastic constants
is much more rapid than in the case of GdSb (Fig.
12). However, application of a, magnetic field has
a similar effect as for GdSb, as a comparison of
Figs. 12 and 18 shows. In both cases, the anomaly
is reduced with increasing magnetic field. In

ErSb, a [110]magnetic field of 18 kOe reduces the

e»-c» anomaly from 46 to 1 jp, with similar results
for the F44 mode. A 45-kQe field reduces the

anomaly almost completely. Again, as in the case
of GdSb, we attribute this effect at least partly to
the sound-wave-domain-wall coupling, where in
the case of ErSb we deal both with magnetic and

structural domains. From a, comparison of Figs.
18 and 19, we conclude that the large suppression
of the domain-wall stress effect is operative up to
about 6 kOe, where it seems that we have a single
domain state. The further changes of the elastic
constant for higher fields are then truly single-do-
main magnetoelastic effects. Also discernible
from Fig. 18 is a shift of T„ towards lower tem-
peratures with increasing H, an effect we observed
both in the magnetic susceptibility and thermal ex-
pansion a,s well, as discussed below.

Thermal-expansion measurements for ErSb are
shown in Fig. 19. At zero field, one observes an

Finally, we would like to discuss common com-
parative features of the LnSb series, such as elas-
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FEG. 19. Thermal expansion in ErSb. Open circles
are H =0 kOe, crosses are H =5.6 kOe, full circles are
H=14. 4 kOe, full lines are guide to eye.

anomaly at T„=3.53 'K which is about an order of
magnitude larger than in SmSb. Application of a
moderate field of 6. 5 kOe increases the anomaly to
e-75&10 'K ', a very large effect. It is this
large n which leads us to assume that we deal here
with a magnetic and a structural transition. It is
the alignment of the domains which enhances the
effect in a magnetic iield. The shift of T~ with
field agrees qualitative. y with the elastic results
(Fig. 18) and with magnetic-susceptibility results
not shown here.

It is of great interest to note that the zero-field
as well as the nonzero-field results exhibit only
one anomaly as a function of temperature (Fig. 19).
Although there exist theoretical models which ex-
hibit successive transitions, "the rare-earth
pnictides seem to exhibit only one transition, with
the magnetic (dipolar) and the structural (quadru-
polar) transition coinciding. This was shown be-
fore with specific-heat measurements in DySb
and in ErSb, ErAs, and ErBi. The fact that a
magnetic field cannot separate the magnetic and
structural transition (Fig. 19) indicates that this
is not a mere coincidence. As discussed above,
there is a slight possibility that for HoSb, a mag-
netic field actually can separate the structural and
magnetic transition. However, the experimental
evidence (Fig. 18) is not clearcut.

D. Comparative elastic and magnetoelastic properties of LnSb
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tic constants, Debye temperatures, and magneto-
elastic coupling constants determined from our ex-
periment.

Elastic constants. In Table II we have listed the
absolute elastic constants c44 and c&~-c» for the
various rare-earth antimonides. One notices a
regular variation of these constants across the se-
ries. We shall try to analyze these results in the
same way as has been done for the alkali halides.
The alkali halides have the same rocksalt structure
as the antimonides; the only difference is that the
latter are metallic. In the case of the halides, a
Born model, based on electrostatic and core-re-
pulsion energies, ' gave a good account of the situ-
ation. Taking the same formulas, we get the fol-
lowing value for these contributions for c44. 0.73
x10" ergs/cm' (LaSb) —0.94x10' ergs/cm'
(TmSb), i.e. , rather little variation across the se-
ries and only about 3 of the elastic constant ac-
counted for with this mechanism. For c&&-c&2 we

get the following with 6 = 10: 2.7 x 10' ergs/cm
(LaSb) —3.5x 10 ergs/cm (TmSb), accounting
again for about 3 of the measured elastic constant.
The rest, or -'„of the elastic constants obviously
must be explained by band-structure effects.
Since little is known so far about the electronic
band structure of these materials, we have to post-
pone a further discussion of this point; but it is
clear that the series offers a very good test for any
such calculation, since the lattice constant is the
only important variable for the band structure in
LnSb.

Debye temperatures ~ Also listed in Table II are
the Debye temperatures for the LnSb compounds,
determined from the elastic constants 8„and in
some instances from specific-heat measurements
(LaSb). Because of the rather small value of the

c44 constants, 8„ is mainly determined by c44. One
notices a change of about 10% of the Debye 8 across
the series, 8 being typically 220 'K.

~agnetoelastic coupling constants. The magnet-
ic-ion-strain-coupling constants g2 and g3 also are
listed in Table II. They were obtained from the
temperature dependence of the elastic constants,
as discussed in detail above. It is of great inter-
est to compare these constants with estimated val-
ues based on a point-charge calculation as given by
Eq. (5). lt is known that the crystal-field param-
eters describing the rare-earth energy levels are
very close to parameters based on a point-charge
calculation in the LnSb series. ' Since the mag-
netoelastic coupling constants are the strain deriva-
tives of the crystal-field parameters, they provide
a sensitive test for the latter. They can decide
whether or not a point-charge-calculation agree-
ment is merely accidental. A comparison of the
calculated values with the experimentally deter-
mined ones, all shown in Table II, immediately

shows a discrepancy of typically one order of mag-
nitude, indicating that the agreement in the case of
the crystal-field parameters was purely accidental.

Equation (5) indicates that the only variables
changing across the series are the Stevens factor
o.z, (r ), and the lattice constant 2s. All these
factors, with the exception of the exponent of a, are
independent of the point-charge model. Therefore
the variation of the g, across the series should be
well reproduced by estimates based on Eq. (5).
This is indeed the case, as a comparison of the
calculated and experimentally determined g, indi-
cates. The largest g~ occur for SmSb, the small-
est for HoSb and ErSb, and the values for the other
compounds lie in between. The combination of
these coupling constants with the temperature-de-
pendent function f gives the rich variety in c„(T)
and structural T„as discussed above.

V. SUMMARY

One of the main results of this study is the ex-
perimental determination of the magnetoelastic
coupling constants and their interpretation for the
LnSb series. The method of obtaining these param-
eters, from the temperature dependence of the
elastic constants, is a new one. It should work
whenever the crystal-field levels lie in the investi-
gated temperature region. If one expresses the
magnetoelastic energy in the usual form for a cu-
bic material, E = b~z„n„n„+ ~ ~ ~, where a,. are
the direction cosines of the (sublattice) magnetiza-
tion, the relation between b,. and g,. is b&=g,
x(coN) ~~j~. For gs-2m'K, bz(T=0)-10 ergs/
cm', which is typical for rare-earth compounds.

From these magnetoelastic coupling constants
we can understand, to a certain extent, the mecha-
nisms of the low-temperature phase transition oc-
curring in some of these compounds. The analysis
gives for I gz/g' I the value of 3 for DySb, 0. 2 for
HoSb, and «1 for ErSb. The nature of the coupling
constant g' is not known; k = 0 optical and acoustic
phonons cannot contribute for the CsC1 structure.
Direct and indirect electric-quadrupole and ex-
change interactions, as well as self-energy correc-
tions, can contribute to g'.

The nature of the phase transition is complicated.
For DySb, HoSb, and ErSb, we found that the struc-
tural and magnetic transitions coincide. Different
data, suggest, furthermore, that the transitions in
DySb and ErSb are of first order, while the one oc-
curring in HoSb is possibly of second order. Fi-
nally, we showed that in ErSb a magnetic field can-
not separate the structural and magnetic transi-
tions, while in HoSb the evidence is not so clear.
It is not yet clear whether all these properties can
be explained with theoretical models employing di-
polar and quadrupolar coupling. 3~

We have very few new data for the ordered re-
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gion T & T„. Domain-wall stress effects dominate
the elastic behavior in this region. Magnetostric-
tion data show complicated effects which probably
have to do with the complicated magnetic struc-
tures encountered in these compounds. These
can best be interpreted with the tunneling model. '

Finally, it should be emphasized again that the
new elastic effects due to crystal-field levels in
these compounds a,re not confined to the LnSb se-
ries. Whenever one has crystal-field levels in the
temperature region to be investigated, such effects
should be observed. In transition and actinide
compounds this seems to be difficult to achieve.
However, we have observed such effects in a num-
ber of other rare-earth compounds: TbP, TmTe,
and Pr3S4.

Note added in proof. Calculations, analogous to
Ref. 5 (1973), with Z= —l. 2, relativistic (r ) val-
ues and Sternheimer shielding factors, 1 —02

ranging from 0. 53 to 0.67 give an agreement with
our experimental values within a factor of 2. We
would like to thank Dr. R. J. Birgeneau for point-
ing these factors out to us.
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APPENDIX: DERIVATION OF EQ. {9)

Consider the Hamiltonian in Eq. (8). Denote

The isothermal elastic constants a,re given by

CT 2

Performing the differentiations using (A2) and
d (Oa)/de readily gives Eq. (9) of the text.
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