
STUDY OF Cr AND Mn IMPURITIES ~ ~ ~

25, 1287 (1970).
5See, e.g. , L. L. Hirst, Z. Physik 241, 9 (1971);

M. B. Salamon, Phys. Rev. Letters 26, 704 (1971).
C. P. Flynn, D. A. Rigney, and J. A. Gardner, Phil.

Mag. ~15 1255 (1967).
VC. P. Flynn, R. A. Howe, and J. J. Peters, Phys.

Status Solidi (a) 47, 231 (1971).
J. A. Blodgett and C. P. Flynn, Phil. Mag. ~20 917

(1969).
~J. A. Rigert and C. P. Flynn, Phys. Rev. B 5, 4569

(1972).
D. A. Rigney and C. P. Flynn, Phil. Mag. 15, 1213

(1967).

~~For a review of this area see A. J. Heeger, in Solid
State Physics, edited by F. Seitz, D. Turnbull, and H.
Ehrenreich (Academic, New York, 1969), Vol. 23.

R. Huguenin, G. P. Pells, and D. ¹ Baldock, J.
Phys. F 1, 281 (1971).

' See, e.g. , A. Narath, CRC Critical Rev. Solid State
Sci. 3, 1. (1972).

' R. Aoki and T. Ohtsuka, J. Phys. Soc. Japan 26, 651
(1969). These and related data for solids are reviewed
by A. Narath; see Ref. 13.

'M. D. Mikolosko, J. A. Rigert, and C. P. Flynn,
Phys. Letters 38A, 69 (1972).

PH YS IC A L R E VIEW B VOLUME 6, NUMBER 9 1 NOVE MB ER 1972

Magnetization, Velocity of Sound, and Specific Heat of Sc3ln
L. R. Testardi, L. M. Holmes, W. A. Reed, and F. S. L. Hsu

Bell I aboratories, j/Iurray Hill, Negro Jersey 07974
{Received 2 February 1972)

The magnetization at 1.5 and 4.2 K and the velocity of sound in zero field of Sc3In from
1.5 to 300'K and in applied fields at 1.5 and 4. 2'K are reported. The magnetic behavior ex-
hibits essentially no coercive field, remanence, or hysteresis. A thermodynamic formula is
obtained relating the field dependence of the velocity of sound with magnetostriction and mag-
netic susceptibility. A qualitatively successful comparison is made using our results and
the magnetostriction data of Fawcett and Meincke. Specific-heat data at zero field and l.3
kOe are reported and are related thermodynamically to the magnetization data.

I. INTRODUCTION

Sc, In (nominal composition) exhibits magnetic
behavior at low temperatures which is critically
dependent upon composition. ' Magnetization in
fields greater than 1 kOe and pressure measure-
ments have recently been reported. 2 The mag-
netization, field dependence of the velocity of
sound in the magnetic state, and the specific heat
are reported here. We find the magnetic behavior
shows (i) approximately zero coercive field and
zero remanence, (ii) an initial susceptibility
d4nM/dB - I (corresponding to ferromagnetism),
and (iii) no hysteresis. The latter behavior al-
lows a qualitatively successful thermodynamic
comparison of velocity-of-sound results with the
static magnetostrictive data of Fawcett and
Meincke. ' It is also concluded that if magnetic
domains exist in this sample their size is less
than -10 p, . The specific heat shows (i) neither
a latent heat nor a, strong second-order-transition
singularity at the Curie point, (ii) a magnetic
field dependence which is in reasonable agreement
with thermodynamic predictions from magnetiza-
tion data, and (iii) a behavior above the Curie
point which is in disagreement with the predictions
from the elastic data.

Samples were prepared by melting in an arc
furnace followed by an annealing in an evacuated

quartz tube for about 1 week at 850 'C. The mag-
netic behavior compared well with previously re-
ported data. 3

II. MAGNETIZATION

Static-field magnetization data' between 100 Oe
and 14. 5 kOe at 4. 2 K for our polycrystalline
sample are shown in Fig. 1. These results as
well as the 1.5'K data agree with those reported
earlier by Gardner et al. To complete the mag-
netization data to zero field, calibrated ac sus-
ceptibility measurements were made at 200 Hz
and 1 kHz. The low-field data at T = 1.8 'K are
shown in Fig. 2. These measurements showed'

(i) a zero-field susceptibility d4vM/dB -1 cor-
responding to ferromagnetism, s (ii) a coercive
field of less than 1 Oe, and (iii) no frequency de-
pendence or hysteretic effects. Integrating the
ac susceptibility results (on the basis of no
hysteresis) showed (i) a remanence of zero (to
within 5 6) and (ii) a moment at 100 Oe in agree
ment with that obtained by static measurements to
within the estimated error of 10%%uo. These results,
in summary, show that the moment extrapolates
to zero with zero-field slope d4vM/dB =1 (see
Fig. 1) or, equivalently, dM/d&, = 1/D, where
H, is the applied field and D is the demagnetizing
factor.
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FIG. 1. Magnetostriction (data of
Fawcett and Meincke, Ref. 3) and
magnetization vs applied field for Sc3In.
The solid and dashed lines for the
magnetization data refer to static and
ac measurements, respectively.
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III. . VELOCITY OF SOUND

The temperature dependence of the velocity of
longitudinal and transverse sound at 20 MHz in
our polycrystalline sample is shown in Fig. 3.
Magnetic ordering is expected in this material at
T between - 5. 8 and 7. 5 'K (see Sec. IV). A
slight softening in the velocity-of-sound data oc-
curs below 20 'K for longitudinal waves, and be-
low 9 'K for transverse waves. The magnitude
of this precursor effect is relatively small com-
pared to other magnetic transitions. Below 4. 2 'K
a small negative (and normal) temperature coef-

ficient of the velocity of sound occurs.
The fractional increase in the velocity of sound

V~ (= 5. 08 x 10' cm/sec) with magnetic field at
4. 2 and 1.5 'K for the same sample is shown in
Fig. 4. These data are for longitudinal waves at
20 MHz and, to within the indicated noise, are in-
dependent of the angle between the propagation and
applied field directions, The error in the sound
velocity is - 5/z and that of the field data was
-10%. These large errors were due to a poor
echo pattern in the pulse-echo technique used-a
probable result of some sample inhomogeneity.

The results in Fig. 4 (see insert) show that for
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FIG. 2. Differential susceptibility
(4g-D) dM/dHo vs applied field at T
=1.5'K. The demagnetizing factor is
D 1.9 for this sample. The reverse
field trace superposed the forward
trace to within the time constant of the
circuitry (equivalent to l.ess than 1 Oe
in this case).
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FIG. 3. Temperature dependence of
the longitudinal and shear (transverse)
velocity of sound in polycrystalline
Sc3In.
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the smallest applied fields of either sign for
which the measurements were reliable (- several
oersted) a linear increase in V~ occurs. To
within this uncertainty in field no hysteresis
(i. e. , coercive field) with reverse field sweep,
and no dependence on field-sweep rate (from 10
Oe/sec to 1 kOe/sec) were found. This is, again,
contrary to the usual hysteretic effects in mag-
netic materials which are readily observable even
in high-frequency velocity-of- sound experiments.
Normally, the effects which arise from hindered
domain-wall motion become so large at high fre-
quencies that ultrasonic behavior is dictated by

domain-wall dynamics and cannot be related to
the static properties by thermodynamic arguments.
The lack of observed hysteresis in Sc3In suggests,
however, that such relations may apply. It is
shown below that (i) these relations are moderately
successful and (ii) the discrepancy which does oc-
cur is opposite to that expected for domain-wall
relaxation effects.

Consider the internal energy of a magnetic
material written

U= Uo+ U + 2eoq

where subscripts 0 and m refer to nonmagnetic
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FIG. 4. Fractional change
in longitudinal-wave sound
velocity (20 MHz) vs applied
field for Sc3In. The insert
shows data taken over a
small-field range under
quieter conditions. The in-
dicated noise is representa-
tive. The reproducibility of
the data is -10%.
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and magnetic contributions, respectively, Uo is
independent of strain, and co is the adiabatic
elastic modulus associated with strain q. The
elastic modulus c =d~ U/de = p V, where p is the
mass density and V is the velocity of sound as-
sociated with strain q. Since U, a function of
magnetization M, is implicitly a function also of
strain (via magnetostriction) one obtains

d U~ 8U~ d~' dM
dq BM dg ' d

Ha

cIIf,dq

dII,

c4 I dg dM
2 q(dM, dH,

(2)

where 6[x]=x(H,) —x(0). (The fractionaldiffer-
ence in sound velocity due to the term U at the
same volume and temperature is given by Eq. (2)
with b, [x] replaced by x in the right-hand quantity.
This behavior was not investigated in detail ex-

perimentallyly.

]
Before comparing Eq. (2) with experiment,

several corrections are usually necessary. ' The
isothermal values of de/dH„de/dM, and dM/dH„
which are usually obtained experimentally, must
be converted to the adiabatic values for use in
Eq. (2). Estimates, made from measured quan-
tities using thermodynamic relations, show this
difference to be less than 10%. Further, a cor-
rection for the volume dependence of co (via mag-
netostriction e,) must be made. This anharmonic
correction is given by

~V~„3 d inc
V 2 dine

where v is the volume. The quantity dine/d lnv is
not known but estimated to have the typical value-—1 and yields a correction which is also less
than 10% of the observed magnitude. Finally, be-
cause of the longitudinal- and transverse-field
isotropy of the sound-velocity results, the relative
orientation of & and II, need not be considered.
Presumably the magnetostriction is a simple
volume effect in this polycrystalline sample.

To compare Eq. (2) with experiment, the mag-
netostriction results of Fawcett and Meincke are
given in Fig. 1. One finds a qualitative agree-
ment between predicted and observed behaviors
with the largest discrepancy at the higher fields

where II, is the applied field, 0 is the stress, and
the last equality is a Maxwell relation. All quan-
tities are at constant entropy. Calculating the
elastic modulus using the above formula (neglecting
effects of order d M/de ) one finds the fractional
change in sound velocity with applied field to be

b, [V] b,[c ] ch ' ds dH,
'

a

(see Fig. 4). At 1.5'K (predicted values not

shown) the deviation is somewhat smaller than

that found at 4. 2 'K. This discrepancy may arise
partly from sample inhomogeneity because of the
critical dependence of the magnetic behavior on

composition. ' Neglect of higher-order magneto-
strictive effects may also contribute some error.
[The term (HJ'2c) (d M/de )H neglected in the
right-hand sides of Eq. (2) cannot be evaluated
from available information. ] The adiabatic-iso-
thermal correction and the anharmonic correc-
tion, discussed above, will reduce the discrep-
ancy by -10%. The experimental error of 10%
for the sound-velocity data is also to be con-
sidered.

Domain relaxation effects do not appear signif-
icant, as conjectured above, since these would

cause the observed magnitude to be smaller than
that predicted. Eddy currents should lead to
domain-wall damping effects and a vanishing field
dependence of the velocity of sound at frequencies
such that the skin depth is less than the domain
size. ' The absence of these effects leads to the
estimate (assuming an electrical resistivity
p- 50x10 ~ Gem) that the domain size is less than

1P ~ 10

The behavior of shear waves in a magnetic field
was found to be similar to that for longitudinal
waves shown in Fig. 4 but with magnitude roughly
10% larger. Presumably a coupling exists be-
tween shear strain and magnetization in Sc3In.
(For example, these results could imply a change
in magnetization with c/a ratio at constant volume
for this hexagonal crystal. ) No test of Eq. (2)
is possible for the shear-wave data because of a
lack of shear-magnetostriction data.

IV. SPECIFIC HEAT

Specific-heat data" in zero field and 1.3 kOe
for this sample are shown in Fig. 5. The data
show that at the reported'~ Curie point (= 7. 5 K)
there is no anomaly although a small change in
slope at 5. 6'K is evident on an expanded plot of

c~ vs T. This is in contrast to the larger cusplike
anomaly found by Isaacs and co-workers" also at
a temperature of 5. 6'K. Our results may be due
to a small inhomogeneity broadening of the tran-
sition temperature. However, at 4. 2 'K and be-
low (where most of our analyses are made) our
sample showed the full magnetic moment reported
by Gardner et al. and by Isaacs and co-work-
ers "

Note that the 1.3-kOe-field data cross the zero-
field data at 5. 6 K. This result can be predicted
from thermodynamic arguments. The field de-
pendence of the specific heat per mole c~ is given
by the thermodynamic relation
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FIG. 5. cJT vs T . The dashed
line shows the slope expected for the
"elastic" Debye temperature. The
difference between the zero field
and 1.3 kOe data was reproducible
below 13'K but not above.
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where v is the molar volume (= 5'7 cm' for Scsfn).
From measurements of M at six temperatures be-
tween 1. 5 and 10 K, we estimate, using Eg. (3),
that the specific heat increases with an applied
field of 1.3 kOe for T& O'K. The largest cal-
culated increase is for T- 8 to S 'K and is - 5% in
magnitude. At least for part of the range in tem-
perature below 8 'K (less M vs Tdata are av-ail--

able here) the application of l. 3 kOe will reduce
the specific heat by amounts - (1-2)%. These re-
sults are in reasonable agreement with the ex-
perimental data shown in Fig. 5.

Analysis of the specific-heat data above 13 'K
yields a Debye temperature 0,= 270 'K and an
electronic term y = 8 x 10 3 cal/mole 'K (equiv-
alent to 3. 5 states of 1 spin/eV atom at the Fermi
level). Using the longitudinal- and transverse-
sound-velocity data for the polycrystalline sam-

pie to calculate an average velocity' for the Debye
model yields 8,= 343 +25 K for the limiting low-
temperature behavior. The equivalent slope is
shown by the dashed line in Fig. 5. The discrep-
ancy between O, and 0, probably arises because
the calorimetric data are analyzed at tempera-
tures too high to obtain the Debye behavior. The
region between 13 and 19 'K, where c~ is pro-
portional to Ts, is an accidental (but not unprece-
dented) behavior which may arise, in part, from
the particular phonon dispersion. Below 13 'K the
specific heat is complicated by the magnetic con-
tribution.
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= —nrem( „~ c, forx=„—.fdM /dH& de
idT'

o. is the linear thermal-expansion coefficient, c& is the
specific heat per mole, and e is the molar volume (= 57
cm for Sc3In).
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Magnetothermal Properties of Heat Transport in Cobalt Chloride Thiourea*
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Thermal-conductivity measurements have been made on a single crystal of cobalt chloride
thiourea, CoC12 [(NH2) CS]4, in the temperature range 0.35-20 K and in applied magnetic fields
of up to 20 kG. Below the Noel temperature of 0.92 K, an enhancement in conductivity for heat
flowing in the [001] sublattice-magnetization direction is interpreted as due to the onset of spin-
wave conductivity. Data taken for heat flowing in a normal [110]direction show no such enhance-
ment. Relatively sharp changes in the conductivity as a function of temperature and magnetic
field have been used to obtain information on the paramagnetic-antiferromagnetic and antifer-
romagnetic-spin-flop phase boundaries. Magneto-thermal-resistance resonances in the para-
magnetic state have yielded information on the magnitude and anisotropy of the g value for the
unpaired electronic state of the cobalt ion.

I. INTRODUCTION

At low temperatures, the statistical properties
of a physical system are determined by the low-
lying excitations of the system. Spin-wave theory
has been recognized as providing a successful mod-
el for studying magnetic substances in this regime.
In an antiferromagnet, the magnetic ions are
(super)exchange coupled to their neighbors in such
a way that the long-ringe ordering-which occurs
below the Neel temperature (T„) leads to a spon-
taneous magnetization. Antiferromagnetic spin
waves are generated from an ordered array of al-
ternately pointing spins, which on the basis of An-
derson'-s calculation' for the antiparallel-spin-sub-
lattice model is a reasonable approximation of its
ground state. Experimental evidence for the ex-
citatio~ of antiferromagnetic spin waves of definite
wave vector has been observed in antiferromagnet-
ic resonance measurements for q = 0 by Jacobs et
al. and others, * and from neutron-inelastic-scat-
tering measurements for q WO by Okazaki et al. '
Such collective excitations could transport energy
at low temperatures provided T & T„. It was first
speculated by Sato that it may be of interest to
measure the thermal conductivity of an antiferro-
magnet. Sinqe then, antiferromagnetic-spin-wave

heat-transport observations were attempted in a
variety of antiferromagnetic insulators by Slack,
by Donaldson and Edmonds, and by Gorter and Tin-
bergen. However, positive identification of spin-
wave thermal-energy transport has not been made
in the investigated insulating systems.

A preliminary report by Weinstock o (on two
crystals other than those used in the current study)
indicated that there might be a possible antiferro-
magnetic-spin-wave contribution to the thermal
conductivity of antiferromagnetic cobalt chloride
thiourea. Some useful physical properties of this
crystal are summarized in the Appendix.

This particular crystal system appears to be a
good one for attempting to identify antiferromag-
netic-spin-wave heat transport. It is a uniaxial
two-sublattice system, with its spontaneous-mag-
netization direction along the [001]direction. For
such a relatively simple magnetic structure, the-
oretical analysis is available.

Another important feature is that the Neel tem-
perature is much lower than the Debye tempera-
ture, i. e. , T„«e~. The Neel temperature has
been determined by both heat-capacity' and sus-
ceptibility' measurements to be 0. 92 K, while the
same heat-capacity work carried to higher tem-
perature yields e~= 65 K. These heat-capacity


