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Berkeley, California 94720

and

D. B. MchWhan
Bell Laboratories
Murray Hill, New Jgrsey_07974 ,

Abstract

" The heat‘capécity of SmSVhas béen‘measuied in“the meﬁallic andv
_insulating phases between 0.3 and 20 K. ‘The.entrOpy differencevshows
clearly the demagnetization of the 4f electrons in the metailic phase.
" 'The eiectrical resistivity increases with‘decreaéing.temperature in
“the metallié phasei The heét capééity and'reéistiﬁity.ofﬂmééaliic
SmS are very similar to those of SmBs suggeStihg that the same
underlying mechanism is responSiblé"fof”thé unusual pfopértiesrof

~ both- substances.
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An unusual class of materials that contain rafe_éarth ions with
nonintegral valence and ''soft' magnetic moments has:reccntly_béen
recognized.1 Samarium sulfidec exhibits. the propertieé characteristic
of these materials at pressures above 6.5 kbar but not at lower
pressures and is, therefore, a particularly interesting system for
further study. The first order metal-insulator transition at 6.5
kbar and 298 K in SmS is marked by an 8% decrease in volume with no
change in crystal structure.z There is only a factor.of five decrease
in resistivity at the transition but a factor of 10 increase in optical

3 The magnetic susceptibility decreases by 60%,

1

reflectivity at 0.8 u.
and no evidence for magnetic ordering was found down to 1 K.~ It has
been préposed that there is a partial electronic reéfrangement at the
transition from an insulating phase in which Sm*? ions are ih'the non-
maghetic ’F, ground state of the 4f° configuration to a metallic phase
_in which, in time average, 0.71e1ectrons aré transferred to a conduction
band.1 To account for the observed susceptibility, it was suggested
that the 4f'1evels form a virtual bound state tied to the Fermi‘ene_rgy.1
'Wé have measured the heat capacity of SmS at zero pressure and at
approximately 15 kbar from 0.3 to 20 K, and we have measured the
electrical resistivity as a function of pressure at 4.2 and 473 K and
as a function of temperature ih the metallic phase from 3 to 298 K.
An unusuallyvlarge temperature-proportional contribution to the heat
capacity.of metallic SmS was observed. The entropy change at the

transition, AS = S Sinsulator’ is calculated at low temperatures

metal
from the heat capacity measurements and at room temperature from the
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_Clapeyron equatlon An estlmate 1nvolv1ng the dlfferences in multiplet

and crystal f1e1d sp11tt1ngs and 1n Debye temperatures accounts for .

AS246 and shows that the entropy assoc1ated w1th £f levels in metallic

SmS dlsappears gradually at low temperatures In,addltlon, the
resistivity was found to increase with decreas;ng femperature in the
metallic phase. All of these effects are also.observed4’§ in SmBg.

In fact, the features of the heat capacity and resistivity are similar

 in the two materials which supports the suggestion that a common model

must be used to explain the'unuéual properties.

The heqt capacity measurements were made by thg heat pulseimgthod
u51ng germanlum thermometers whlch give a. prec151on from experiment to
experiment of approx1mate1y 0.1%. For the mcasurementsw;n the metallic
phase a clamped piston and cylinder device was used. Thp;heat capacity
of the empty celllunder,pressure had been determined in p;evious

studie$6 by using a sample of comrpessed diamond powder. A 4.12.g

sample of SmS, which comprised 1.58% of the total weightiof,thelcell

and sample, was cgmpres§ed and the transition monitored. by the advance
of the pispoﬁ. Aftgr app}ying 20 kbar load to the cell,;the locking
nut was tightened, and an estimatéd 15 kbaripressurg was retained on
theﬁ§émp1é: ‘The results of the_megsu;gments:are shown in Fig. 1.

The large heét_capacity Qf Fbg,mstgl}i;:phasqfrelative,to the .insulating
phage j§ evidgnf, A plq;,oij/T stT?£§h9wsdtha;ﬁhellimitingzgoef1
fiéient éf tﬂe linear;tegminﬂthgaheat.capacitx;of-the metallic phase

is y ~ 145 mJ/mole K?. A small anomaly that occurs near 3 K-at zero

pressure and at 15 kbar is probably assp;iated_with,impuritiqg.? ;
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‘(Such effects have frequently been observed in rare earths and their
compounds.) The anomaly obscures any linear term in the zero-pressure
heat capacity, but anvupper limit of épproximately 7 mJ/mole Kzlcan be
assigned for the value of y in the insulating.phase.

"The electrical resistivity measurements were made in a girdle die
and high pressure cryostat as described in the 1iterai;ure.7 As the
resistivity of insulating SmS is very sensitive td sffain, independent
~‘¢=;Jcperimem:s were done in which the crystal was mounted in AgCl as the
pressure traﬁsmitting medium or in a minjature feflon cell containing
a mixture of n-pentane and isoamyl alcohol. In both cases the pressure
medium is a brittle solid at low temperatures but in the latter case
the initial compression at room temperature is hydrbétatic. The
results of increasing the pressure through the transition at 4.2 K

8 at 473 K in the inset in Fig. 2. The change

are compared with those
_in resistance is 10" greater at 4.2 than at 473 bﬁt_is smeared out
because of the inhomogeneousvpressure distribution at low temperatufes.
Bven.at room temperature the transition was sharp when the teflon cell
was used but was 1 kbar wide when the nonhydrostatic AgCl was used.
From these curves and the transition pressure at 298, the slope of

the phase boundary is calculated to be dr/dP ~ -200 K/kbar. The
varijation of the resistivity with temperaturebis shown in Fig. Z;
There is a striking resemblance to SmB¢ which shows an even larger
increase in resistivity at low temperafures.4’5

The lattice parameters of metallic SmS and SmB¢ suggest that

the relative contributions of the 4£° and 4£® configurations are
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in the ratio 7:3.1 (The isomer shift9 and energy of the Ljyy X-ray

'abSOrptiOn-edgelo'have7aiso'been-meésdred forﬂSmBg; and indicate the

same ratio.) The lowest term for the 4f5 configuration is Gﬂgkz‘and'f

in a cubic:CrfétaI field this term splits into a Iy doublet and a T

' quartet level. Inelastic neutron scattering experiments on PrS show

that the I'; doublet lies lowest, and a T,-T, separation of 165 K is
obtained for SmS by scaling the PrS results as the'fifth poner of o
the lattice parameter. 11 The R&n2 entropy of the P Kramer's doublet :
must dlsappear as T +~ 0, and this usually occurs through magnetlc ‘

12 13 Integration of C/T N

ordering as“in, for ‘example, CeB¢~“ and CePb,.
for both the metallic and insulating phases of SmS as a function of
tenperature‘shows that AS increases’smoothly from 0 at 0 K to 0. 54 R
at-ZO'K ThlS is close to 0.7 R&n2 which suggests that the F doublet

in metallic SmS loses its entropy gradually, and in a temperature

.interval in which susceptibility measurements show no indication of -

magnetic orderingl

The entropy change at 298 K is calculated from the Clapeyron
equation to be (0.15 * 0.1)R, substantlally smaller than,ASzo. The
initial rapid increase in AS is balanced at higher temperatures by
other factors such as population of higher energy_levels in the 4f£%
and 4f‘ multiplets and different Debye temperatures. Plaueibie
values would be 165 K for the T,-T, splitting,!! 415 K for the 7F,-7F,
splitting;4 of the 4f° configuration, 266 K for the Debye temperature

at zero pressure and a Griineisen parameter of 1.5, and y = 10~ °R for



the conduction electrons. Such a model would give AS,,, = 0.2 R which
is similaf to the observed value of (O.lS + 0.1) R.

- The unusual properties exhibited by metallic SmS and SmB¢, and
which would have to be explained by a successful microscopic theory,
are: 1) the absence of magnetic ordering and the saturation of the
magnetic susceptibility at low temperatures, 2) thé apparent inter-
mediate electronic configuration of 0.7 £° and 0;3 £¢ derived from
~ volume considerations, 3) the large linear term in the heat capacity
and the continuous demagnetization of the 4f electrons, and 4) the
large rise in resistivity below 50 K. It has been s_uggested1 that
a-Ce also belongs in this group of materials, and CeSny and CeBe,,
are poSsible additional examples -- bqth have the f,vcrystal field
ground .state, large linear terms in the low-temperature heat capacity,
and susceptibilities that saturate at low temperatures with no

-indication of a divergence or magnetic ordering.13

We thank E. Bucher for making the SmS samples, T. M. Rice for

helpful discussions, and A. L. Stevens for technical assistance.
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Figure Captions

Heat capacity of SmS at approximately 15 kbar (triangles),

and at zero pressure (circles).

The resistivity versus temperature of SmS ét 10 and 20 kbar.
The inset compares the insulator-metal transition as a
function of pressufe at 4.2 and 473 K. The»pressure trans-
mitting medium was AgCl (circles), frozen.(triangles) or

liquid (squares) n-pentane isoamyl alcohol.
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