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Inelastic-neutron-scattering studies using triple-axis and time-of-flight techniques have been made in the
low- and high-pressure phases of a polycrystalline sample of '. SmS. There is no observable change in the
energy or width of the 'Fe 'F, exc-itation of the 4f configuration between ambient pressure and 0.6 GPa. In
the mixed-valence phase at high pressure, there is no evidence for well-localized excitations from either the
Fo- F, {4f ) or the I 7-I 8(8512, 4f ') configurations. These results suggest that the mixed-valence phase is

homogeneous. Lattice-parameter measurements versus pressure at 85 and 298 K show no evidence for
pretransitional softening and establish that the phase diagram in the P- T plane is reentrant. From the phase
diagram and earlier heat-capacity measurements, the electronic entropy in the mixed-valence phase is
estimated to saturate at 2R with increasing temperature.

I. INTRODUCTION

There are a number of first-order phase transi-
tions in which there is no change in symmetry.
These transitions are electronic in origin and in-
volve the merging of different energy bands as in
SmS, ' Ce,' and Cs, ' or changes from band to lo-
calized states as in (V, ,Cr„)sO„' for Ti,O,.' A
common feature of the first-order transitions in
Cs, Ce, and SmS is that they do not go completely
s- d or f"-f" "d, but instead, the high-pressure
phases appear to have electronic structures which
are between the two limits. ' In SmS the transi-
tion at 0.65 GPa (1 GPa = 10 kbar) is to a mixed-
valence phase which is 0.2(f ') + 0.8(f 'd). '

The physical properties of the mixed-valence
phase of SmS suggest that the f electrons, which
obey atomic selection rules, and the s-d electrons
coexist at the Fermi surface. The specific heat
has a very large linear term (y =145 mJK~
mole '),' and the magnetic susceptibility saturates
at low temperatures' at a value suggestive of the
enhanced Pauli susceptibility of a narrow band. '
As there will be either five or six f electrons on a
given Sm ion at any given instant, it is not clear
why the magnetic ground state of the f ' configura-
tion ('IIs&s) does not lead to a divergence of the
susceptibility. Depending on the rate at which the
two configurations fluctuate, the ground state of
the mixed-valence phase may be homogeneous or

inhomogeneous. Ti40, is an inhomogeneous mixed-
valence compound with the Ti"(2d') and Ti '(2d')
ions spatially ordered, with a resulting energy
gap for electron transport. ' On the other hand
SmS, in the high-pressure phase, is believed to be
an example of a homogeneous mixed-valence phase
because Mossbauer measurements show a single
absorption with an isomer shift which is 'l0% of the
way from that expected for a 4f ' configuration to
that expected for a 4f ' configuration. "

Inelastic neutron scattering is a powerful tool
for studying the atomic excitations of the 4f elec-
trons in rare-earth metals and compounds. A
large body. of data on crystal-field levels and the
energy levels within the atomic Jmanifolds has
been obtained. " A detailed study of the tempera-
ture dependence of the dispersion relatian for the
Qp p y excitation of SmS at 1 atm is in good agree-

ment with the mean-field random-phase-approxi-
mation theory for the dynamics of the idealized
singlet-triplet model. " The 'I'p-'E, separation
(420+ 2 K) is close to the free-ion value of 422 K,
and the exchange interactions are characteristic
of a magnetic semiconductor. In a preliminary
study, the '+p-'p', excitation in SmS seemed to
disappear on going through the phase transition to
the mixed-valence phase, but the signal-to-noise
ratio was poor." In this paper, we present a de-
tailed study of the 'Ep-'I, excitation and the lattice
parameter as a function of pressure. No sub-
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stantial softening of the lattice is evident in the
lattice-parameter measurements, and no observ-
able broadening of the 'I' p-'I', excitation is ob-
served, right up to the transition pressure. The
lattice parameter measurements, which were made
in a He-gas pressure cell, confirm the reentrant
nature of the phase boundary in pure SmS. In the
mixed-valence phase no evidence is found for well-
localized excitations from either the 'I"

p I'y tran-
sition of the 4f configuration or the 1",-1,. crys-
tal, -field transition of the 4f '

( II,&,) configuration.
The detailed experimental results are presented
in Sec. II, and their implications with regard to
the nature of the ground state of mixed-valence
compounds and with regard to the phase transition
to the mixed-valence phase are discussed in Sec.
III.
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II. EXPERIMENTAL
5.6—

Inelastic-neutron-scattering measurements at
high pressure have been performed both on a
triple-axis spectrometer at the Brookhaven Na-
tional Laboratory high flux beam reactor and on
a time-of-flight spectrometer at the Oak Ridge
high flux isotope reactor. A polycrystalline sam-
ple of SmS made from the isotope '"Sm was used
because natural Sm has a prohibitively large ab-
sorption cross section for thermal neutrons. The
preliminary measurements of the 'I"p-'I', excita-
tion were hampered by the low signal-to-noise
ratio resulting from the small sample size." To
overcome this problem a larger (-7 g) sample of
'"SmS was obtained by combining the sample made
for the measurements of the induced magnetic
form factor" with the sample used in the prelimi-
nary study. The measurements at high pressure
were made in one of three different devices, a
helium-gas apparatus, a piston-cylinder device
made of an aluminum alloy or one made of beryl-
lium-copper. The helium-gas apparatus has been
described previously" and consisted of an alumi-
num alloy (7075-T6) cell mounted in a cryostat
with steel capillary tubing transferring the helium
gas from an intensifier outside to the pressure
cell. One of the piston-cylinder devices was also
made from the Al VOV& alloy and used a fluoro-
carbon (Fluorinert FC-75, manufactured by the
3M Company, St. Paul, Minn. ) as the pressure
transmitting medium. This cell was mounted in
a high-pressure cryostat, which is capable of de-
livering 20 tons to the pressure die, which in turn
is cooled by a closed cycle helium refrigerator, "
The last cell, made from beryllium copper (Beryl-
co 25) was a clamp device and was used for the
magnetic form factor measurements. " The pres-
sure could be variedin situ in the first two de-
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FIG. 1. Lattice parameter vs pressure at 85 K (tri-
angles and squares) and 298 K (circles, diamonds, and
inverted triangle). The dashed lines represent the ex-
pected lattice parameters of SmS with 4f~(Sm2') and
4f55$ (Sms') configurations. The letters A, 8, and C
identify the squares which give the lattice parameters
and pressures associated vrith the corresponding curves
ln Fig, 3

vices, but the clamp device had to be demounted
in order to change the pressure. There was an
additional change in pressure on cooling in the
beryllium-copper apparatus. These devices had
maximum working pressures of 0.8-1.0 GPa (1
GPa = 10 kbar), and in each one it was not possible
to obtain more than 80% conversion into the high-
pressure phase. Presumably part of the sample
is off-stoichiometry or contains impurities such
as oxygen which result in a large range of transi-
tion pressures.

The lattice parameters as a function of pressure
at both T=298 K and 85 K are shown in Fig. 1.
The measurements were made in the helium-gas
apparatus on a triple-axis spectrometer with a
neutron energy of 14.8 meV. Pyrolytic graphite
crystals were used as monochromator, analyzer,
and filter to eliminate higher-order contamina-
tion. A 20-min horizontal collimation was used
either before or after the monochromator and 40-
min collimation in the remainder of the spectro-
meter. The fraction of the sample in the high-
pressure phase was determined by comparing the
integrated intensity of the (200} reflections of each
phase. A comparison of the isothermal compres-
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FIG. 2. Intensity vs energy in the region of the VEO-
7&& excitation at 1 atm and at high pressure. The data
w'ere obtained using time-of-flight techniques in a be-
ryllium-copper cell.

sions at 298 and 85 K indicates that the transition
pressure under hydrostatic conditions is -0.1 GPa
higher at the lower temperature. The dashed
lines represent the lattice parameters versus pres-
sure expected, on the basis of the systematics of
rare-earth chalcogenides, ' for SmS with either a
4f ' or 4f ' configuration. There is only a small
increase in compressibility for the low-pressure
phase and no evidence for an enhanced softening
near the transition.

In conjunction with the measurements of the in-
duced magnetic form factor, "inelastic-neutron-
scattering measurements were made at 15 K in

.the beryllium-copper clamp device both in the
low-pressure phase and at high pressure with the
sample -80% in the collapsed phase. A magnetical-
ly pulsed time-of -flight spectrometer was used with
an incident energy of 70 meV." The results at
Q = 1.8 A '; normalized to the same monitor count
and with the background subtracted, are shown in
Fig. 2. The transmission of the cell and the in-
tegrated intensity of the Bragg peaks were moni-
tored in order to minimize differences between
the two sets of data which might result from de-
mounting the cell. The spectrometer resolution
was -5 meV. The integrated intensity was studied
as a function of Q to establish that it falls off in
a manner consistent with the magnetic form fac-
tor. The disappearance of the J=O-1 excitation
at 36 meV in the collapsed phase is clearly seen
in Fig. 2. Although the intensity of the Bragg

peaks indicates that 20% of the sample is in the
low-pressure phase, there is no obvious remnant
of the J=0 1 excitation in the high-pressure data.

The inelastic-neutron-scattering measurements
using the aluminum anoy cell were made on a
triple-axis spectrometer under the conditions de-
scribed above for the lattice-parameter measure-
ments. Constant-Q energy scans were performed
with a fixed analyzer energy of 14.8 meV. The
data were collected at a temperature of 80-100 K
at the points marked A, B, and C in Fig. 1. The
sample was warmed to above 273 K before varying
the pressure, and the apparatus was temperature
cycled at constant applied load to minimize strain
effects as the Fluorinert turned glassy on cooling.
The pressure calibration was based on scaling
the measured applied load at the transition to
0.65 GPa. The sequence of data collection was
as follows: First the pressure was increased to
-0.2 GPa in the low-pressure phase (A). Second,
by taking advantage of the large hysteresis in the
first-order transition, the pressure was cycled
as high as possible and then was released to
-0.6 GPa in the collapsed phase (B). Finally, the
pressure was released, then cycled up to -0.6
GPa in the low-pressure phase (C). In this way
it was possibl. e to determine if any precursor
effects were observable in the J= 0-1 excitation
and to compare directly the magnetic scattering
in the low- and high-pressure phases under the
same conditions of pressure and temperature.
The results are shown in Fig. 3 where the zero
of each set of data has been displaced for clarity.
The solid lines in Fig. 3 are a guide to the eye for
the background. The same background line is
used for each of the top three curves for which

Q = 2.65 A " and similarly for the bottom two
curves for which Q= 4 A '. The line through the
excitation at 36 meV in the top curve is a least-
squares fit assuming a Gaussian line shape. The
resulting full width at half maximum is 3.9 meV
which is to be compared with the calculated reso-
Lution function width of 3.2 meV. The solid lines
between 30 and 40 meV in the other curves were
obtained by scaling the Gaussian. for the 0.2 GPa
curve by the fraction of the sample in the low-
pressure phase (obtained from the intensities of
the 200 reflections of the low- and high-pressure
phase) and the measured magnetic form factor.
The fact that the intensity of the excitation in the
low-pressure phase decreases with increasing Q
confirms that it is magnetic in origin. The data
in the bottom curve are slightly above the calcu-
lated line between 32 and 38 meV, but at large Q
the contributions from phonons are not insignifi-
cant as evidenced by. the increased slope of the
background. The optical-phonon modes of SIS are



3626 Me%HA%, SHAPIRO, ECKERT, MOOK, AND BIRGENKAU 18

500

100

0
Z

Ol
In

200
X
O
O

100
V)

LLII-
X

200—

sms

p

0 p

b
d

A

-0. 6 GPa

0
O OO O

O O OO O

QB 06GPQ (COLLAPSED PHASE)

0(A )

2.65

2.65 -100

2.65

eV and is composed principally of the 4f elec-
trons. The second liquid is composed principally
of the s-d electrons, and the two liquids are cou-
pled, to a first approximation, by the f dt-ransfer
integral which leads to a strong hybridization of
the ground-state wave function. However, as the
4f electron liquid is highly correlated, it is diffi-
cult to give a microscopic description of these
hybridized, correlated band orbitals. The inelas-
tic-neutron-scattering results are discussed below
in terms of the local atomic excitations and the
f-d hybridization, and the results are compared
with neutron scattering studies on other mixed-
valence materials. In the second part of the dis-
cussion the available data on the phase boundary
in the pressure-temperature plane and the low-
temperature heat-capacity results are combined
to obtain an estimate of the temperature depen-
dence of the electronic entropy in the mixed-va-
lence phase.
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believed to lie in this energy range. A compari-
son of the top two curves shows no evidence for
observable broadening of the excitation right up
to the transition pressure. The third curve shows
no evidence for a sharp J=O-1 excitation or for
a sharp I',-I', crystal-field excitation in the col-
lapsed phase. As observed in the time-of-flight
measurements (Fig. 2) the J=O-1 excitation for
the remaining 20% of the low-pressure phase is
also not evident.

III. DISCUSSION

There are two aspects to the problem of mixed-
valence compounds. First is the understanding
on a microscopic level of the nature of the ground
state of the system. Second is the understanding
of the phase transition into the mixed-valence
phase. On the phenomenological level, as pointed
out by Varma, "the experimental results for the
mixed-valence phase are characteristic of a two-
component Fermi liquid. One liquid is very heavy
with a degeneracy temperature of less than 0.1

FIG. 3. Intensity vs energy for the pressures indicated
Fig. 1 and at @=2.65 A (top 3 curves) and 4.0 A

(bottom 2 curves). The solid lines are guides to the eye
through the background and a Gaussian fit to the ~ED-7E~
excitation in curve A is scaled down as described in the
text in the, other curves. There is no evidence for either
the +0- && excitation of a 4f8 or a I'7-I'8 excitation of
a 4f5 configuration at 36 and 13 meV, respectively, in
the collapsed phase (curves 3 and 4).

A. Ground state of the mixed-valence phase
/

At 1 atm the 4f electrons of SmS are well char-
acterized by an ionic model in which the degener-
acy of the ground-state J multiplet is lifted by
spin-orbit coupling to give the. levels I'~ with J
=0, 1, .. . , 6. The top two curves in Fig. 3 clearly
show that this ionic description of the low-pres-
sure phase of SmS is valid right up to the phase
transition. There is no observable broadening of
the 'I', -'g, excitation between 0.2 and 0.6 GPa.
(The decrease in intensity is entirely accounted
for by the partial transformation of the sample into
the high-pressure phase. )

In the high-pressure phase the lattice parameter
measurements suggest that in an ionic model
there would be a mixture of 0.2 f' Sm ions and
0.8f' Sm ions. A 4f' configuration would have a
'&5&, ground state which would be split into a F,
doublet and a F, quartet by the cubic crystal field
of the NaCl structure. The possible energy of
the F,-I', excitation can be estimated from the ob-
served value of the crystal field parameter A~(r')
=13.3 meV of PrS,"if an R' dependence is as-
sumed for interatomic distance. This gives
A,(r ) = 14.3 meV and E(I"8)-E(1",) = 12.9 meV
(150 K) for the 4f' configuration of a hypothetical
high-pressure phase of SmS. It should be em-
phasized, however, that the crystal-field splitting
in the mixed-valence state may be fundamentally
different from the normal state so that the above
estimate should only be used as a guide.

The relative intensities of the 'p, -'I, and the
F,-I", excitations can be calculated in the dipole
approximation. Within a given Jmultiplet and in
the limit of small momentum transfers, the neu-
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tron scattering cross section for an assemblage
of N noninteracting ions is"'
d'g &1.91e'&,ky

dQd&o i(2nzc' j~ k.

where In) and Im) are states belonging to a given
J multiplet and Z~ is the component of the total
angular momentum operator perpendicular to the
scattering vector Q; g~ is the Landd splitting fac-
tor; p„ the population of the nth state and f(Q) is
the magnetic form factor which has been mea-
sured as a function of pressure for SmS,"and

k~/k, is the ratio of the final and initial momenta
of the scattered neutron. For the I',-I', transition
the appropriate factors at T= 85 K with the analy-
zer energy fixed at 14.8 meV are l(I', lS, II', ) I'
=8.89,"g~ =+, p(I',) =0.78, and kz/k, . =0.713. This
gives

where C=N(1.9le'/2m, ')'. The cross section for
the 4f' 'E E, transition is obtained by replacing
the summation above by 2 p( E,) I('E, IL+ 251'E,)'."
This gives

Finally, it is necessary to consider the paramag-
netic case in the quasielastic limit in which we
integrate overall energies. In this case the total
scattering cross section for a band of 4f ' electrons
ls

= 0.48C.

In an ionic model if the integrated intensity of
the 'E &, excitation at 0.2 GPa in Fig. 3 is taken
to be -530 counts/32 min, then in the high-pres-
sure phase the relative integrated intensities of the
F,-I, and 'p, -'g, excitations should be 30 and
190, respectively. (For the Z=O-1 excitation this
includes the 2(P/g of the sample remaining in the
low-pressure phase plus the 20% of the high-pres-
sure phase which would be 4f'.) Taking into ac-
count resolution corrections the peak intensities
woold be -30 and -50 counts, respectively, at -13
and -36 meV. There is no evidence for either of
these excitations in the third curve from the top
in Fig. 3. There is also no evidence for the J,
= 0-1 excitation in the 20% of the sample which is'
untransformed. A possible explanation for this is
that the change in stoichiometry or chemical com-

position which causes the increase in the transi-
tion pressure for part of the sample also leads to
larger exchange interactions and hence broadens
the excitation. It is known from studies of the Eu
chalcogenides that the exchange is very sensitive
to impurities. It is clear that there has been a
dramatic change in the electronic structure on an
atomic scale, but it is not known if the crystal-
field splitting is substantially different from the
expected value or if the change is due to fluctua-
tions. If the ions are fluctuating then the excita-
tions would be broadened and lost in the back-
ground. Similarly if the f' electrons were broad-
ened into a band then the resulting Lorentzian
centered around E= 0 with a total integrated in-
tensity of 60 counts/32 min would be difficult to
observe.

The absence of a sharp excj.tation corresponding
to ionic 4f ' and 4f ' configurations in the mixed-
valence phase is consistent with neutron scatter-
ing results on other mixed-valence compounds.
In CePd, a quasielastic line with a Lorentzian
shape has been observed. " This implies that the
dynamic susceptibility has the relaxational form:

X"(Q, (o) = CDo/(I" + (o'),

where C is a normalization constant and ST' iA a
measure of the magnetization fluctuation energy.
In CePd3 this energy is SI' =19 meV and the total
cross section suggests a mixed valence of 0.5 4f
electron per formula unit. In Ce, ,~Th „there is
a first-order transition at 150 K at which the ef-
fective number of 4f electrons jumps from 0.7
to 0.6 with decxeasing temperature. This jump is
accompanied by a dramatic increase in SF from
24 to 72 meV. '4 By analogy with these systems
the spin dynamics in SmS may also change from
localized to itinerant at the phase transition.

Finally it is of interest to point out the apparent
difference between the integral and the mixed-
valence state as probed by inelastic neutron scat-
tering and elastic polarized neutron scattering.
There is a large change in the magnetic excita-
tions in the former, but there is no observable
change in the induced magnetic form factor."
The magnetic contribution to the latter scattering
simply scales with the static susceptibility. The
absence of the induced magnetic form factor an-
ticipated for an ionic 4f ' configuration has been
rationalized on the basis of renormalizing the
susceptibility by an artificial interconfiguration
fluctuation temperature 6, i.e. , X ~(T+ 6) ~.

induced magnetic form factor has also been mea-
sured in Ce, gThp 26 and in TmSe, and it is found
to correspond to that expected for simple atomic
Ce"(4f') and Tm'+(4f") even though both of these
materials are in mixed-valence phases. "'" In a
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homogeneous model for the mixed-valence phase,
the ground-state wave function would be a hybridi-
zation of those appropriate of 4f ' and 4 f'5d and
in calculating the magnetic moment there would
be cross terms which alter the moment and form
factor.

B. Phase diagram

There are two aspects to the phase diagram:
one is the detailed shape of the phase boundary in
the P-T plane for pure SmS and the second is
whether the transition is discontinuous or con-
tinuous as substitutions are made either for the
Sm. as in Sm, „Y„Sor for the chalcogen as in
SmS, „Se or SmSe and SmTe. The lattice-parame-
ter measurements have a bearing on the first
aspect.

The slope of the phase boundary is related to
the entropy change hS and the volume change 6V
at the transition by the Clapeyron equation:

thermodynamic arguments to estimate the elec-
tronic entropy in the mixed-valence phase.

The phase diagram and entropy change are
shown in Fig. 4. The data points for the phase
boundary with increasing pressure at different
temperatures are from resistivity, differential
thermal analysis, and neutron diffraction mea-
surements. Using the Clapeyron equation and a
constant volume change at the transition of 4V
= -4.1 cm'mole ', the entropy change at the tran-
sition t„an be calculated in the temperature range
200 & T& 460 K. These values of AS and those ob-
tained directly from the heat capacity in the temp-
erature range below T=20 K are shown as the
solid portions of the hS, p curve at the bottom of
Fig. 4. The dashed portion of the curve repre-
sents a smooth interpolation between 20 and 200
K which is consistent with the observed shift in
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If the volume change (taken from Fig. I) is as-
sumed to be independent of temperature, then AS
can be calculated from the observed slope of the
phase boundary. (The data in Fig. I given no evi-
dence for a substantial change in EVbetween 85
and 298 K.) The early resistivity measurements
made at 4.2 and 473 K suggested that the phase
boundary had a negative slope, and an estimate of
the entropy change at the transition of S „-S
= 0.2R was made. ' Subsequently, differential ther-
mal analysis and further resistivity measure-
ments at higher temperatures established that
dT/dP was positive (and ~S&0) at and above 298
K." The present hydrostatic measurements con-
firm that dT/dP is negative below room tempera-
ture and that the phase boundary is reentrant.
There is a large hysteresis in this first-order
transition, so that the equilibrium phase boundary
is difficult to establish. The hysteresis loop could
become larger at low temperatures, but as the
phase boundary as a function of x is reentrant in
Sm, „Gd„S, the equilibrium boundary for SmS
might be expected to be similar. A reentrant phase
boundary is possible for a pressure-induced in-
sulator to metal transition because at low temp-
erature the electronic entropy of the metallic
phase dominates while at higher temperatures the
larger lattice entropy of the insulating phase,
with its larger volume, may dominate. In the case
of SmS there are contributions from the thermal
population of the spin-orbit or crystal-field multi-
plets of the localized 4f electrons. The experi-
mental AS curve can be used in conjunction with
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FIG. 4, Phase diagram (top) and entropy (bottom) vs
temperature for SmS. The data points are from Ref. 7
(triangles and circles), Ref. 8 (diamonds), and present
work (squares). The electronic entropy in the mixed-
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at the transition. &he solid line at the top of the entropy
curves represents the electronic entropy based on an
ionic model of 0.2(4f )+ 0.8(4f )+ &~mix.
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the transition pressure at low temperatures. The
dashed portion of the phase boundary represents
an integration of .the hS,„~ curve. Finally the
phase boundary for decreasing pressure is
sketched schematically and its position is esti-
mated from the measured value at room tempera-
ture.

The entropy. change at the transition is com-
posed of contributions from the electronic and lat-
tice entropies of each phase.

S „—S. , =BS„„+S„[0.8(4f'5d)+0. 2(4f')] SI(4-f ).
The last term arises from the thermal population
of the J =0, 1, ... , 6 levels of the '+„multiplet,
and it can be calculated using the experimental
value of E('~,)-E('E,) =420 K and the Landd in-
terval rule. This contribution [-SI(4f')] is shown
as the bottom curve in Fig. 4. In order to obtain
a curve of S vs T it is necessary to estimate

For the vast majority of materials, the
average phonon density of states varies inversely
as the volume, and typical values of the Gruneisen
parameters (ye =-dlnO~/din V) are ye —1-1.5. If
this is true for an isostructural first-order phase
transition, then the lattice contribution to the en-
tropy is less than zero, ~,~« =Sm„-S~,«. It is
known that in the alloy system Sm, „Y„Sthe bulk
modulus and some of the long-wavelength acousti-
cal phonons go soft as a function of x on the me-
taDic side near the transition. " This led some
authors to estimate aS„«using a continuum model
and to note that b,Sh'««0 is consistent with the
available data. " It is difficult to believe that the
overall phonon density of states will not shift to
higher frequencies with the large volume contrac-
tion at the transition. Two reasonable limits for
SSa«are, (i) no change in lattice entropy '(ye=0)
and (ii) a Debye model estimate for the lattice
term with ya = 1.5, Oginsulator) =273 K, and
Oc(metal) =323 K. The estimate of the electronic
entropy in the mixed-valence phase which results
from combining these terms (S„=bS,„~-~Sa«+S;„,)
is shown as a band in the bottom half of Fig. 4.

The electronic entropy of the mixed-valence
phase varies at y T at low temperature and then
saturates at a value near 2R at higher tempera-
tures. This is the qualitative behavior expected

for a heavy Fermi liquid, and it should be com-
pared at high temperatures with the entropy of a
random mixture of 0.8 4f'ions and 0.2 4f'ions.
In the limit where the 0.2 4f electrons diffuse
through the lattice as in a classical liquid, there
would be an additional translational entropy of
0.2x(-,')R, and finally there is a small yT term re-
sulting from the 0.8 5d electrons. The entropy of
the static random mixture can be calculated as-
suming the crystal field and multiplet energy lev-
els discussed above, and the resulting curve is
shown in Fig. 4. This curve is in the experimen-
tal range obtained above, and the addition of the
contributions from the motion of the 0.8 5d and
0.2 4f electrons would raise the curve only (0.2-
0.3)R. One concludes that the electronic entropy
of the mixed-valence phase obtained from the low-
temperature heat capacity and from the phase
diagram are consistent with the model of a con-
tinuous transition from a heavy Fermi liquid to a
classical liquid with increasing temperature.

IV. SUMMARY

Elastic- and inelastic-neutron-scattering studied'
have been presented which show that a fundamen-
tal change in the electronic structure at the atomic
level occurs at the transition at 6.5 GPa. There
are no observable changes from an ionic descrip-
tion of Sm"

4
f' ions right up to the transition. In

the mixed-valence phase above 6.5 Gpa there is
no evidence for sharp excitations corresponding
to magnetic dipole transitions between normal
crystal field or spin-orbit levels. These results
and the estimated electronic entropy of the mixed-
valence phase are consistent with the model of a
two-component Fermi liquid.
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