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The specific heat of polycrystalline SmIns has been measured over the temperature range of 0.5 K
to 25 K. At 15.2 K it revealed a A—type anomaly which was associated with the antiferromagnetic
(AFM) phase transition. Below 11 K the specific heat showed the usual temperature dependence
expressed by the formula Cp = T + 877, the last term being the sum of the lattice (ﬁTs) and
the magnetic (ozTS) specific heats. The entropy related to the transition was close to the value
S = RIn4, which was expected for the lowest laying crystalline field quartet. The thermal and
electrical conductivity of SmlIns (polycrystal), as well as of polycrystalline samples of Lalns was
measured in the temperature range between 4 K and 40 K. The crystal-field Lorenz number was
calculated from the magnetic contributions to the thermal and electrical conductivity. It turned out

to be a decreasing function of temperature as a result of different effects of inelastic scattering on

the thermal and electrical kinetic coefficients.
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I. SPECIFIC HEAT

The intermetallic compound Smlng crystallizes in a
primitive cubic structure of the AuCus—type. It becomes
antiferromagnetically ordered below 16 K [1]. In this pa-
per measurements of the specific heat of SmIngbetween
0.5 K and 25 K are reported.

The measurements were carried out by an adiabatic
method in the apparatus described elsewhere [2]. The
sample was prepared by arc melting the components on
water—cooled copper base in a pure—argon atmosphere.
The starting materials were 3N pure Samarium and 5N
pure Indium. The quality and phase homogeneity were
confirmed by an X-ray diffraction.

The specific heat of SmIng (Fig. 1) revealed a A-type
anomaly due to the AFM ordering below Ty = 15.2 K.
From the susceptibility measurements some higher Neel
temperature, Ty = 16 K was reported by Buschow et al.
[1].

In addition to the usual lattice and electronic terms,
the magnetic specific heat due to exchange interactions
between the electronic spins also contributed in the tem-
perature range where the measurements were done. At
the temperatures below 1 K a nuclear specific heat of Sm
ions is also significant [3].

In order to extract the magnetic contribution Cps to
the specific heat, we had assumed that the lattice (Cp)
and the electronic (Cg) terms for SmIng were the same
as for Lalng, as given by Nasu et al. [4] and Van Diepen
et al. [5].

After the substraction of the Lalng heat capacity from
that measured for Smlns we can give an estimate for the
entropy related to the phase transition. Presumably, the
short range ordering which still causes an extra contri-
bution above the Neel point, does not contribute signifi-

cantly above 25 K. The entropy related to the transition
was equal to 10.9 J/mole. This was close to the value
S = RIn4 = 11.5 J/mole which was expected for the
lowest laying crystalline electric field (CEF) quartet (ef-
fective spin 3/2). The entropy change above Ty amounts
to 30 % of Rin4.
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Fig. 1. The specific heat of Smlns against temperature
around the antiferromagnetic phase transition as well as in

the lower temperature range (insert). Lalns specific heat data
are also shown [53].
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The best agreement with the data was obtained
with Cys proportional to 7%7. The magnetic specific
heat as function of temperature was plotted in Fig. 2.
The straight line corresponds to the equation Cjy =
10.87%7 mJ /K mole. Kimura [6] has shown that a differ-
ent kind of dependence, besides the expected T2 depen-
dence may occur in the case of a strong magnon—phonon
coupling in an antiferromagnet.
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Fig. 2. Magnetic contribution to the specific heat of Smlns
against the temperature, as extracted from the measuring of
specific heat and the electronic part and the lattice contribu-
tion of Lams.

On Fig. 1 the commonly used C'p/T vs T plot is also
shown. Below 11 K the data appeared to be represented
in a satisfactory fassion by the formula Cp = yT + §7°
where the first term corresponded to the electronic con-
tribution and the second term was the sum of the lat-
tice and the magnetic specific heats. The values of the
constants were (for specific heat in mJ/Kmole) v = 42
and § = 4.65. The electronic specific heat coefficient
~ determined in this manner was very high in com-
parison with the values of 6.3 for Lalng [4] and 11.4
for Prlng [4] respectively. Assuming the lattice contri-
bution to be the same as for that of Lalns, we can
present the magnetic contribution to the specific heat
as Cpr = 3.597° mJ/Kmole.

Below 4 K an anomaly in the specific heat was ob-
served, most probably due to Sm3t as magnetic “im-
purities”. We think that the temperature dependence of
the difference Cipp = Cp— 427 — 46573 - Cy (here for
Cn we have adopted the value given by Lounasmaa [3]
for the nuclear specific heat of Samarium metal) with the
maximum at 1.35 K (Fig. 3) is characteristic for magnet-
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ically ordered Sm3* ions in SmlIns. The entropy associ-
ated with these “impurities” equaled S = 233 mJ /K mole
which means that only 1.57 % Sm3* ions are bounded
to Smlng. It 1s difficult to decide what was the real tem-
perature dependence of Cyr. The T2 — temperature de-
pendence implies to large value of the electronic specific
heat. A decision about it could give specific heat mea-
surements in high magnetic fields, of the same order of
magnitude as T (on the energy scale).
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Fig. 3. Temperature dependence of the excess part of the
specific heat of SmIn over the electronic, lattice, and hyper-
fine specific heat. See the text.

II. TRANSPORT PROPERTIES

Recently, there has been considerable interest in the
effects of CEF on the electron transport properties of
rare—earth intermetallic compounds as metallic systems
containing magnetic ions [7-9]. SmIns is one of the inter-
metallic compounds just in this category. In such com-
pounds the scattering cross—section for conducting elec-
trons depends upon the temperature as a consequence of
the CEF splitting of the 4f—electron level of the rare—
earth ions [10,11]. Therefore, studies of the transport
properties provide information of the CEF level scheme
of the rare—earth ion, and also of the scattering mech-
anisms. Among the intermetallic compounds of rare—
earths, compounds where the CEF ground state is a sin-
glet are particularly interesting because fairly large CEF
effects are expected to be seen in transport properties at
low temperatures.

An additional fact which in some sense may complicate
the physical picture in SmlIng 1s that the Sm valence may
be different, the ratio Sm3+: Sm?* (i.e. 4f° to 4f5 electron
configuration) not being well established. The change of
the Sm valence should be somehow correlated with the
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transport properties. We present here the results of ther-
mal conductivity and electrical resistivity measurements
of Smlng in the temperature range from 4 K to 40 K,
together with the results on Lalns, as a non—magnetic
counterpart of SmIng, which does not possess 4f electrons
and a magnetic moment, as well. The measurements of
Lalng which are isomorphous with SmlIng suggested that
the thermal conductivity in the last compound should
be governed by conduction electrons. All these measure-
ments definitely showed the effect of CEF. By comparing
the temperature dependence of the thermal conductiv-
ity of Smlng with the theory of CEF effects and heat
transfer phenomena, the energy separation between the
ground and the first exited states may be determined and
compared with the known CEF level scheme.

The thermal conductivity A (T') was measured at the
temperatures between 4 K and 40 K by the standard
steady state method [12]. One end of the sample was
soldered to a copper holder which was a part of the
copper heat sink. Heat was supplied to the sample by
a Constantan heater fastened to the other end by GE
7031 varnish and the temperature gradient across the
sample was measured by two Allen Bradley carbon ther-
mometers glued to it with the accuracy of about 1mK.
These thermometers were calibrated against a manufac-
turer calibrated Lake Shore carbon-glass thermometer
attached to the cold end of the sample. The temperature
gradient was usually 0.02 to 0.3 K/cm depending upon
the temperature of measurement. The thermal conduc-
tivity was obtained by computer fit from the data of the
heater power, the temperature gradient and the geom-
etry of the sample. The error was estimated to be less
than 5 %, mainly due to geometrical inexactnesses.
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Fig. 4. Electrical resistivity and relative magnetic part

pm/p(T=80 K).

The electrical resistivity was measured by the con-
ventional four—terminal AC techniques using a precision
Princeton Applied Research Model 5302 Lock—in Am-
plifier. An extended range low—temperature addenda to
a standard Gifford-McMahon two-stage cryogenerator
was used to produce temperatures between 4 K and 40 K.
The sample for measuring of thermal and electrical con-
ductivity was cut as an elongated bar of the dimension of
40x2x2 mm?> from the same poly—crystalline SmInz rod

on which the specific heat has been measured. Fig. 4 dis-
plays the absolute electrical resistivity of SmIng and the
magnetic contribution obtained by extracting the Lalng
resistivity and normalized to the resistivity at 80 K. The
CEF effects are clearly evidenced as well as a dramatic
anomaly at Thy.
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Fig. 5. Thermal resistivity multiplied by the temperature

(T'/A) of SmIns and Lalns vs. temperature. The “1-2” curve
is the magnetic part of thermal resistivity of Smlns.
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Fig. 6. Temperature dependence of the CEF Lorenz num-
ber for Smlns

The results of the same procedure are presented at
Fig. 5 where the thermal resistivity W(1/A) is shown as
multiplied by T'. In this way all other contributions such
as those from impurity or electron—phonon scattering are
separated from the “magnetic” part of resistivities due
to CEF effects.

As the thermal conductivity of metals is governed by
the electron electrical thermal conductivities are a sum of
contributions from different scattering processes, accord-
ing to Matthisen’s rule. From the magnetic contributions
to the thermal and electrical resistivities the CEF Lorenz
number Lo was calculated:

Lep = per/WerT. (1)
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The data for the ratio (Lcr/Lo) are shown in Fig. 6.
For metals where only electrons contribute to the ther-
mal conductivity, the relative Lorenz number (Lop/Lo)
is equal to unity insofar as there are only elastic scat-
tering processes [12]. Inelastic scattering processes, how-
ever, have different effects on the thermal and electrical
conductivities, leading to the suppression of the Lorenz
number. Qualitatively, because no elastic scattering is
possible on the singlet ground state level, at low temper-
atures there is only inelastic scattering (transition from
singlet to doublet, e.g. 'y — T's) and consequently low val-
ues of (Lep/Lo) . With the increase of T' the (T's) dou-
blet becomes populated, elastic scattering becomes pos-
sible and the CEF Lorenz number increases. So it seems
the singlet ground state is also possible, most probably
due to the Sm??* ions.

The magnetic part of the thermal conductivity of
SmlIng may be analyzed as follows.

The low temperature thermal conductivity of a metal
may be written as [12]

T/NT) = p /(L + BT?) (2)

where p, is the residual resistivity, L is the Lorenz num-
ber and BT® is the term due to scattering by phonons.
The temperature dependence above Tx can be inter-

F(X;T) = Vo> + Y |<ilV]j > (ni + nj)x

ij

where

ni = exp(L;/kT)/ Z Dj exp(—E; /kT) (6)

and

A=F; - L. (7)

Here |i > and |j > are the wave functions for the i-th
and j-th CEF states and D); is the multiplicity of the
state |j >. According to the equation A(T)/7T depends
upon temperature through a change of the population of
each CEF state with temperature and also different ma-
trix elements between the states. In order to analyze the
experimental data for A(T')/T using these equations, we
consider only two low-lying states and assume that the
major contribution to the thermal conductivity comes
from the matrix element between these states at low
temperatures. Then, the experimental data can be fitted
to eq.4 by choosing appropriate values for the two ad-

316

preted in terms of the CEF splitting of the 4f-levels
in Smlng . The 6H5/2 state of the Sm ion is sphit by
the effect of CEF onto the number of levels of which
the ground state may be a singlet. In such a system the
Hamiltonian for the interaction of conduction electrons
with the Sm ions is given by [13]:

R=Vo— > 2Jex(kik')(gs —1)J(F)S(k") + Rq (3)

where the first term represents the interaction with the
spherical part of the screened Coulomb charge, the sec-
ond term — the exchange interaction with 4 f spins of Sm
ions and the third term the interaction with the electric
quadrupole of the Sm ion. In this expression, g; is the
Landes g—factor, Jex is the s — f exchange parameter.
From this Hamiltonian the equation for the electronic
thermal conductivity is obtained as [14]:

A(T)/T:/Hcﬁmxm dz (4)
with
(1/2)(1+ cosh ) (5)
cosh(A;; /kT) + cosh x

justable parameters, the energy separation between the
ground state and the first exited state (A) and the ma-
trix element between states, (1/Vo?| < i[V|j > |?, where
V = R — Vo. The best fit is obtained with

Alkp =28 K+ 1K

and

(1/Vo* Y | <ilV]j>["=21£0.1.

ij

A temperature dependence similar to the one above
should exist for the electrical conductivity, the theoreti-
cal expression being, of course, somewhat different from
eq. 4.

The value 28 K for A is close to the value 30 K, the
energy separation between the ground state (a I's dou-
blet) and the first exited state (T's doublet) in Smlns.
But it is undoubtedly clear, that more detailed studies
of the CEF splitting in Smlng are desirable to confirm
the present results.
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III. CONCLUSION

A. The specific heat of SmlIng reveals a I-type anomaly
due to the AFM ordering below Ty = 15.2 K. This tem-
perature concurs well the results of Bushow et al. [1] in
magnetic susceptibility. From the experimental data on
the magnetic contribution of Cyy to the specific heat, we
calculated that Cyy = 10.8.72.7 mJ/(Kmole). This de-
pendence was different from the expected Ci, ~ T2 [6],
that may occur in the case of strong magnon—phonon
coupling in an antiferromagnet. The value concurs well
with the effective spin 3/2 of the lowest laying CEF quar-
tet.

B. The change of the Sm valence correlated with the
transport properties. The scattering processes during the

transfer of energy and charge in the temperature inter-
val 4-40 K are separated from the “magnetic” part of
resistivities due to the CEF effects. From the magnetic
contributions of the thermal and electrical resistivities
the CEF Lorenz LCF number was calculated. Inelastic
scattering processes have different effects on the thermal
and electrical conductivities leading to a suppression of
the Lorenz number.
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IINTOMA TEIIJIOEMHICTD TA BJIACTHUBOCTI IIEPEHOCY SmlIn:

E. Jleaposceki, JI. Jlegaposcbka, K. ITomos, M. Baiiues, K. Kamnalimkes, M. Kipos
Jlabopamopis nusvkux memnepamyp i MazHemusmy,
Incmumym $isuxu meepdozo miaa im. I. Hadorcaxosa, Boazapcvka axademis nayx
Cogpin, BG—1784, Boaeapis

Bumipawo maromy TermaoeMHicTh MoKpucTadidHoro Smlns B remmeparypromy iHTepsBasl iz 0.5 K o 25 K.
ITpu 15.2 K cnocrepirasacs A-monifHa aHoMmaslis, sika Nos’sizaHa 3 aHTHdepoMarHeTHuM (A®) daszoBum mepe-
xomoM. Ilpm remmeparypi mmkunmii Big 11 K muroma TermmoeMHICTh MaJja 3BHYaiiHy TeMIIepaTypHY 3aJIesKHICTD,
mo BupaxkaeTbea dopmynoro Cp = 4T 4+ 61°, me ocrammiil wien — cyMa IPaTKOBOI (ﬁTs) Ta MarHeTHOI (ozTS)
nuroMux TeroeMuocrTeil. [loB’A3zana 3 nmepexomom enrpornd Osmsbka 10 Beanuman S = RIn 4, gka e criomiBaHomo

1A HallHIZK9I0T0 KBapTeTy KPUCTAMHOro HoJis. Terno— Ta exexrponposiggicts Smlns (nosikpucran), a Takox

Ho/KprcTaaiYHnX 3paskiB Lalns BumiproBasach y Temieparypaomy iHTepBasi Mix 4 K Ta 40 K. Yucio Jlopena

KPHUCTAJIYHOTO TI0JIS BU3HAYEHO 3 MarHeTHUX BKJIAIB y TEILJIO— Ta eJeKTPOIPOBIIHICTh. Y pe3ysbTaTl pi3Koro

BIJIMBY HENPYXKHOTO PO3CIAHHA Ha TEIJIOBI Ta eJeKTPUYHI KIHeTWYHI KOoedilleHTH BOHO BHUSBHJIOCH CKJIAIHOIO

PYHKINE TeMITlepaTypH.
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