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Ab.stract 

The heat capacity of SmS has beenmeasured in the metallic and 

. insulating phases between 0.3 and 20 K. The entropy difference shows 

clearly the' demagnetization of the 4f electrons in the metallic phase. 

The ~lectrical resistivity increases with decreasing temperature in 

·the metallic phase: The heat capacity and resistivity of metallic 

SmS are very similar to those of SmB6 suggesting that the same 

underlying mechanism is responsible ·for the unusual properties of 

both-substances. 
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An \Ulusual class of materials that contain rare earth ions with 

nonintegral valence and "soft" magnetic moments has recently been · 

recognized. 1 Samaritun sulfide exhibits the properties 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 voltune with no 

change in crystal structure. 2 There is only a factor of five decrease 

in resistivity at the transition but a factor of 10 increase in optical 

reflectivity at 0.8 ~. 3 The magnetic susceptibility decreases by 60%, 

and no evidence for magnetic ordering was found down to 1 K. 1 It has 

been proposed that there is a partial electronic rearrangement at the 

transition from an insulating phase in which Sm+ 2 ions are in the nan

magnetic 7F0 ground state of the 4f6 configuration to a metallic phase 

in which, in ttme average, 0.7 electrons are transferred to a conduction 

band. 1 To account for the observed susceptibility, it was suggested 

that the 4f levels form a virtual bound state tied to the Fermi energy. 1 

We 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 ~ function of temperature in the metallic phase from 3 to 298 K. 

An unusually large temperature-proportional contribution to the heat 

capacity of metallic SmS was observed. The entropy change at the 

transition, ~s = smetal - sinsulator' is calculated at low temperatures 

from the heat capacity measurements and at room temper~ture from the 
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Clapeyron equation. An estimate involving. the differences in multiplet 
. ' : . ; ' - - . . ' ' ,. . ~ . . ' . 

and .c.rystal f_ield ~-pl_ittiJlgs ?fld in. Debye temperatures accounts for 

i\S2 9 e and shcy.rs that the entropy asso~iated with .f l~vels, in metallic 
' . . ·' ' . ' ' '. I, ' ', ' } . ' ' . ' . • ' ' • ~ 

SmS disappears gradually at low ~emperatures. In addition, the 

resistivity was found to inc,rease ~ith decreasing temperature in the 

metallic phase. All of these effects are. also observed4' 5 in SmB6 • 

In fact, the features of the heat capacity and resistivity are similar 
';'. 1. ' 

in the two In.:,lt~rials which supports the suggestion that a common model 

must be used to,~xplain the unusual properties. 

The heat capacity measurements were.made by the heat pulse method 
·\ . ' .f - • ' . . . ' 

using germanium thermometers which give a precision from experiment to 

experiment of approximately, 0.1%. For the measurements .in the metallic 

phase a clamped piston and cylinder device was used. Th~:heat capacity . ' 
of the empty cell under.pressure had been determined in preyious 

studies6 by using a sample of comrpessed diamond powder. A 4.12 g 
. . . ' . ' 

I 

sample of SmS, which comprised 1_. 58% of the total weight of the cell 

and sample, was compressed and the transition monitoredby the advance 

of the piston. After applying 20 kbar load to the cell, the locking 

nut was tightened, and an est:i.Jll(lted 15 kbar. pressure was retained on 
. 1 • . . ) 

the .~ample. The results of the J!leasurements.are shown in Fig. 1. 
. . . . . . . . 

The large heat capacity of the metallic pliase,relative,to the .insulating 
' ' ' - . ' ' . ~ . 

phase is evident. A plot of. C/T vs T2 .$h9Ws that the ,limiting c:oef~. 
.· .. ' ·' '· .. -·· . . . " . 

ficient of the linear term in. the. he(lt capacity of the metallic phase 
: . . . . . • •''' . '' i, .,: I . ' ' 

is_y::: 145 mJ/mole K2
• A small.anornaly that occurs near:3 K,at zero 

1: '· ' • . • . . ·' ' ' . ., .• 

pressure and at 1,5 kbar is prqbaply assoFiated with impuriti~s,·. , . i 
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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 an upper limit of approximately 7 m.J/mole K2 can be 

assigned for the value of y in the insulating phase. 

·The electrical resistivity measurements were made in a girdle die 

and ~igh pressure cryostat as described in the literature. 7 As the 

resistivity of insulating SmS is very sensitive to strain, independent 

experiments were done in which the crystal was mounted in AgCl as the 

pressure transmitting medium or in a miniature teflon 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 hydrostatic. The 

results of increasing the pressure through the transition at 4.2 K 

are. compared with those8 at 473 K in the inset in Fig. 2. The change 

. in resistance is 10 .. greater at 4.2 than at 473 but is smeared out 

because of the inhomogeneous pressure distribution at low temperatures. 

Even 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 dT/dP ~ -200 K/kbar. The 

variation of the resistivity with temperature is shO\m in Fig. 2. 

There is a striking resemblance to SmB6 which shows an even larger 

increase in resistivity at low temperatures. 4' 5 

The lattice parameters of metallic SmS and SmB6 suggest that 

the relative contributions of the 4f5 and 4f6 configurations are 
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in the ratio 7:3.1 (The isomer shift9 and energy of the 1111 X-ray 
10 . " . ' ·. . · .. · . 

absorption edge have 'also been measured for SmB6 , and indicate the 

same ratio.) The lowest tenn for tlie 4£ 5- configuration is 6H5 / 2 and 

in a cubic crystal field this tenn ~plits into ~ r7 doublet and a fa 

qUartet. level. Inelastic neutron scatt~ring experiments on PrS show 

that the r7 doublet lies lowest, and a r7 -r& s~paration of 165 K is 

obtained for SmS by scaling the PrS results as the fifth power of 
11 . . .. . ". ' 

the lattice"parameter. The Rtn2 entropy of the r 7 Krameris doUblet 
. . . .,;. . 

must disappear as T + 0, and this usually occurs through magnetic 

ordering as. in, for example, CeB'6
12 an:d CePb 3 ~ 13 Integrktion of C/T 

for both the metalliC and insulating phases of SmS as a fuflctiori of 

tcmperature's~ows that t:.S increases smoothly from 0 at 0 K to 0.54 R 

at.20 K. Thi~ is close to 0;7 Rin2 which suggests that the r7 doublet 

in metallic sms loses its entropy gradually,· and in a temperature 

-interval in which susceptibility measurements show no indication of 

magnetic ord7ring. 

The entropy change at 298 K is calculated from the Clapeyron 

eqUation to be (0.15 ± O.l)R, substantially smaller than .. t:.S
20

• The 

initial rapid increase in t:.S is balanced at higher t~mperatures by 

other. factors such as population of higher energy levels in the 4f5 

and 4f6 multiplets and different Debye temperatures. Plausible 

values·would be 165 K for the r7 -r8 splitting, 11 415 K for the 7F0 -
7F1 

splitting14 of the 4f6 configuration, 266 K for the Debye temperature 

at zero pressure and a Grlineisen parameter of 1.5, and y = 10- 3R for 



-6-

the conduction electrons~ Such a model would give ~5298 = 0.2 R Which 

is similar to the observed value of (0.15 ± 0.1) R. 

The unusual properties exhibited by metallic SmS and SmB 6 , 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) the apparent inter

mediate electronic configuration of 0.7 f 5 and 0.3 f 6 derived from 

volume considerations, 3) the large linear term in the heat capacity 

and the continuous demagnetization of the 4£ electrons, and 4) the 

large rise in resistivity below SO K. It has been suggested1 that 

a-Ce also belongs in this group of materials, and CeSn3 and CeBe13 

are possible additional examples -- both have the r, crystal field 

ground.state, large linear tenns 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. 

( 



.J . 

-7-

References 

* Work at Berkeley supported by the U. S. Atomic. Energy Commission . 

1. M. B. Maple and D. Wohlleben, Phys. Rev. Lett. 27, 511 (1971) • 

2. A. Jayarainan, V. Narayananrurt i , E. BUcher and R. G. Maines , 

Phys. Rev. Lett. 25, 1430 (1970). 

3. J. L. Kirk, K. Vedam, V. Narayananrurti, A. Jayaraman and 

E. Bucher, Phys. Rev. B 6, (1972). 

4. A. Menth, E. Buehler, and T. H. Geballe, Phys. Rev. Lett. 22, 

295 (1969). 

5. J. C. Nickerson, R. M. White, K. N. Lee, R. Bachmann, T. H. 

Geballe, and G. W. Hull, Jr. , Phys. Rev. B3, 2030 (1971) . 

6. D. B. McWhan, J. P. Rerneika, S. D. Bader, B. B. Triplett and 

N. E. Phillips, to be published. 

7. D. B. McWhan, T. M. Rice and P. H. Schmidt, Phys. Rev. 177, 

1063 (1969). 

8. The measurements at 473 K were made as in Ref. 2. 

9. R. L. Cohen, M. Eibschlitz, and K. W. West, Phys. Rev. Lett. 24 

383 (1970). 

10. E. E. Vainshtein, S. M. Blokhin, and Yu. B. Paderno, Fiz. Tverd. 

Tela~' 2909 (1964). [Soviet Phys. Solid State~' 2318 (1965)]. 

11. We are indebted toR. J. Birgeneau for calculating the r7 -r8 

splitting. The experimental value for PrS was reported by 

K. C. Turberfield, L. Passel!, R. J. Birgeneau and E~ Bucher, 

J. Appl. Phys. 42, 1746 (1971). 



-8-

12. K. N. Lee and B. Bell, Phys. Rev. B6, 1032 (1972). 

13. J. R. Cooper, C. Rizzuto and G. Olcese, J. Phys·. (Paris) 32, 

C1-1136 (1971). 

14. W. E. Bron and W. R. Heller, Phys. Rev. 136A, 1433 (1964). 

, 

, 
t 

{, 



J 

) 

-9-

Figure Captions 

Fig~ 1 Heat capacity of SmS at approx~tely 15 kbar (triangles), 

and at zero pressure (circles). 

Fi~. 2 The resistivity versus temperature of SmS at 10 and 20 kbar. 

The inset compares the insulator-metal transition as a 

function of pressure 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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