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Kondo lattice behavior and magnetic ordering in CeRh,Si

D. Kaczorowski! and A. Slebarski?
Unstitute of Low Temperature and Structure Research, Polish Academy of Sciences, P.O. Box 1410, 50-950 Wroctaw, Poland
2Institute of Physics, University of Silesia, 40-007 Katowice, Poland
(Received 19 April 2010; revised manuscript received 14 May 2010; published 9 June 2010)

Polycrystalline samples of CeRh,Si were studied by means of magnetic, electrical transport, heat capacity,
and x-ray photoemission measurements. The compound was found to order magnetically at 1.65 K at odds with
the literature data. The behavior of the resistivity and the specific heat in applied magnetic field suggests an
antiferromagnetic character of the electronic ground state. The electrical resistivity varies with temperature in
a manner typical for dense Kondo systems with distinct crystal-field interactions. The Kondo effect manifests
itself also in enhanced electronic contribution to the specific heat, reduced specific-heat jump at the onset of the
ordered state, and strongly reduced entropy released by the magnetic phase transition. The characteristic energy
scale in CeRh,Si, derived from the magnetic and heat-capacity data, is 12-16 K. The Kondo interactions lead
to some valence instability of the cerium 4f shell that was inferred from the core level 3d and 4d x-ray

photoelectron spectra of the compound studied.
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I. INTRODUCTION

Recent discoveries of unconventional superconductivity
in noncentrosymmetric heavy-fermion compounds CePt;Si,'
CeRhSi;,? and CelrSi; (Ref. 3) revived much interest in in-
vestigating cerium silicides containing noble metals. In the
ternary system Ce-Rh-Si, the existence of as many as 25
ternary compounds has been reported.* The most studied ma-
terial until now has been CeRh,Si, that exhibits at low tem-
peratures strongly anisotropic antiferromagnetic ordering,’
which is replaced under hydrostatic pressure by a supercon-
ducting state.® Most spectacularly, both cooperative phenom-
ena coexist in some pressure range around the critical value
of 0.9 GPa.%7 Similarly, the superconductivity in CeRhSis
evolves from the antiferromagnetic ground state near the
quantum critical point at p,=2.4 GPa.> The uniqueness of
superconductivity in CeRhSi;, as well as in CePt;Si,!
CelrSis,* and probably Ulr (Ref. 8) comes from the fact that
it involves spin fluctuations—assisted triplet pairing, which
has hitherto been believed to be feasible only in compounds
possessing centrosymmetric crystal structures.” Other terna-
ries from the system Ce-Rh-Si span wide spectrum of physi-
cal properties from valence fluctuations [e.g., CeRhSi, and
Ce,Rh;Sis (Ref. 10)] via antiferromagnetic Kondo lattice be-
havior [e.g., Ce,RhSi; (Ref. 11)] to complex long-range
magnetic orderings [e.g., Ce;Rh;Si, (Ref. 12) and CeRh;Si,
(Ref. 13)].

Formation of the compound CeRh,Si was first communi-
cated by Tursina et al.,'"* who determined the crystal struc-
ture of this phase to be a site exchange variant of the ortho-
rhombic CeNiSi, type. The physical behavior of the new
silicide was studied by Muro et al.'> The authors described
the compound as a heavy-fermion system, which shows a
spin-glass transition at 1 K. In this paper we report on the
results of our independent investigation of CeRh,Si aimed
mainly at ascertaining its low-temperature (LT) behavior.

II. EXPERIMENTAL DETAILS

Polycrystalline sample of CeRh,Si was prepared by arc-
melting stoichiometric amounts of the constituents (Ce:
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Ames Laboratory, 99.9 mass %; Rh: Chempur, 99.9 mass %;
and Si: Chempur, 6N) under titanium-gettered argon atmo-
sphere. The button was turned over and remelted several
times to ensure good homogeneity. Subsequently, it was
wrapped with tantalum foil and annealed at 850 °C for 5
weeks.

Quality of the annealed sample was checked by means of
x-ray diffraction (Stoe powder diffractometer with Cu K«
radiation) and microprobe analysis [Phillips 515 scanning
electron microscope equipped with an energy-dispersive
x-ray analysis (EDAX) PV 9800 spectrometer]. The lattice
parameters derived from the x-ray data amount to a
=4.0448(8) A, h=17.750(4) A, and ¢=4.058(1) A, being
in good agreement with the literature values.'* Moreover, the
intensities of the x-ray reflections are consistent with the
atom arrangement within the CeNiSi,-type related unit cell
given in Ref. 16. Besides the peaks due to the major phase
two weak foreign reflections were observed on the diffrac-
tion pattern, which marked the presence of small amount
(less than 5%) of CeRh;Si, as an impurity. The EDAX
yielded the composition 24.3(8):49.1(4):26.7(9) of the main
phase, in fairly good agreement with the nominal one. More-
over, it corroborated some contamination of the sample stud-
ied by CeRh;Si,. It is worth to mention that very similar
metallurgical problem in obtaining single-phase material was
reported for CeRh,Si in Ref. 15.

Magnetic measurements were performed in the tempera-
ture range 1.72-400 K and in magnetic fields up to 5 T using
a Quantum Design MPMS-5 superconducting quantum inter-
ference device magnetometer. The heat capacity and the
electrical resistivity were measured over the interval 0.35-10
K and 0.35-300 K, respectively, employing a Quantum De-
sign PPMS-9 platform. For the transport studies the current
and voltage leads were attached to a parallelepiped-shaped
specimen by tin soldering and spot welding, respectively.
The transverse (i L B) magnetoresistance was measured in
magnetic fields up to 9 T within the temperature range
0.35-30 K. Independently, the transverse magnetoresistivity
was measured in the temperature interval 4.2—-60 K in fields
up to 8 T using a homemade setup.
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FIG. 1. (Color online) Temperature variation in the reciprocal
molar magnetic susceptibility of CeRh,Si measured in a field of 0.5
T. The solid line is a Curie-Weiss fit with the parameters given in
the text. Upper inset: low-temperature magnetic susceptibility of
CeRh,Si. Lower inset: field variation in the magnetization in
CeRh,Si taken at T=1.72 K with increasing (full circles) and de-
creasing (open circles) magnetic field.

X-ray photoelectron spectroscopy (XPS) experiments
were carried out at room temperature using a Physical Elec-
tronics PHI 5700/660 spectrometer with monochromatized
Al Ko radiation (1486.6 eV). The spectra were collected on
parallelepiped-shaped specimens broken in sifu in high
vacuum on the order of 1071 Torr.

II1. RESULTS AND DISCUSSION
A. Bulk physical properties
1. Magnetic susceptibility

The magnetic behavior of CeRh,Si is presented in Fig. 1.
Above about 100 K the magnetic susceptibility follows a
Curie-Weiss law with the effective magnetic moment i ¢
=245 pp and the paramagnetic Weiss temperature 6,=
—65 K. The value of u is close to that expected for a Ce3*
ion within a Russell-Saunders coupling scheme, whereas the
strongly negative 6, value hints at the presence of Kondo
interactions with a characteristic energy scale of about 16 K
(Kondo temperature Tx== 6,/4, Ref. 17). At lower tempera-
tures, the inverse magnetic susceptibility considerably devi-
ates from a straight-line behavior, presumably because of
gradual depopulation of crystal-field levels originating from
a cerium Fs, ground multiplet split in an orthorhombic
crystal-field potential. As shown in the upper inset of Fig. 1,
no indication of any magnetic ordering is observed down to
1.72 K, the lowest temperature achievable in the magnetic
measurements performed (the small feature near 4.5 K
should be attributed to small amount of CeRh;Si,,'? detected
as an impurity by the x-ray diffraction and in the EDX analy-
sis). Indeed, at this terminal temperature the magnetization in
CeRh,Si varies with magnetic field in a manner characteris-
tic of paramagnetic ground state (see the lower inset of Fig.
1). The magnetization value reached in a field of 5 T corre-
sponds to the magnetic moment of about 0.4 up, which is

PHYSICAL REVIEW B 81, 214411 (2010)

100 T T T T T
80 q
60 —
=
—~ E a0 1
g 60 & c 4
S Z 207 1
G \
=5 g 5 0r =
T 40§ 3 ! J
a 20 L
0 1 2 3 4 5
T (K)
20 . 4
CeRh_Si
0 1 1 1 1 1
0 50 100 150 200 250 300

Temperature (K)

FIG. 2. (Color online) Temperature variation in the electrical
resistivity of CeRh,Si. The solid line is the Kondo fit discussed in
the text. Inset: temperature dependence of the temperature deriva-
tive of the resistivity. The arrow denotes the magnetic phase transi-
tion observed in the specific-heat data.

only a very small fraction of the magnetic moment calculated
for a free Ce** ion. The measured value is also significantly
smaller than the moment that might be associated with a
Kramers doublet being the crystal-field ground state upon
lifting the degeneracy of the 2F5/2 multiplet. This apparent
strong reduction in the magnetic moment in CeRh,Si pre-
sumably arises due to Kondo screening effect.

2. Electrical transport

The Kondo interactions clearly manifest themselves in the
temperature dependence of the electrical resistivity of
CeRh,Si, displayed in Fig. 2. The p(T) curve is dominated
by a maximum centered at about 40 K that is followed at
higher temperatures by a negative slope, which can be de-
scribed by the function

p(T)=py+py +cppT+cg InT. (1)

In this formula the terms p, and p; account for scattering
conduction electrons on static lattice imperfections and dis-
ordered magnetic moments, respectively, the linear-in-7 term
is a simplified phonon contribution, whereas the logarithmic
term represents spin-flip scattering on Kondo impurities. Fit-
ting Eq. (1) to the experimental data yields the parameters:
(p0+p(o;)HT=137'6 ILLQ cm, Cph=0'08 ,(LQ Cm/K, and CK HT
=—12.1 puQ cm (HT means high-temperature region). The
value of cg yr is similar to those observed for cerium-based
Kondo lattices and hints at a considerable density of elec-
tronic states at the Fermi level. At low temperatures, the
resistivity of CeRh,Si forms a shallow minimum near 10 K
and then shows a rapid drop below 2 K. The value measured
at 0.35 K is about 25 u() cm, yielding the residual resistiv-
ity ratio RRR=3.7.

The nonphononic resistivity Ap, derived by subtracting
the phonon contribution ¢, T from the experimental data (it
should be noted that such procedure may be inappropriate at
low temperatures, where the assumption ¢y, ~ 7 is likely in-
correct, however in that region the contribution due to scat-

214411-2



KONDO LATTICE BEHAVIOR AND MAGNETIC ORDERING...

100 T T T T T T T
80
El
o 60
G
3
~ .
o 40 f CeRh,Si
< 2
20 i e uH=0T |
v puH=9T
0 L 1 L 1 L
03 06 1 3 6 10 30 60 100 300

Temperature (K)

FIG. 3. (Color online) Temperature variation in the nonphononic
electrical resistivity of CeRh,Si measured in zero magnetic field
(circles) and in a field of 9 T applied perpendicular to the electrical
current (triangles). Note the logarithmic temperature scale. The
solid lines emphasize the LT and HT Kondo behavior. The dashed
line is the low-temperature fit discussed in the text.

tering of conduction electrons on phonons is anyway negli-
gible in comparison to the other scattering mechanisms) is
shown in Fig. 3. Clearly, besides the Kondo effect observed
at high temperatures, another logarithmic slope in p(7T), yet
of much smaller magnitude, is apparent at low temperatures,
namely, below a resistivity minimum located at about 10 K.
Analyzing the experimental data from the range 2.5-9 K (LT
region) in terms of Eq. (1) gives the parameters: (py+pg)iT
=80.6 w{) cm and cx yr=—1.1 u{) cm. The decrease in the
temperature-independent contribution to the resistivity when
going from high to low temperatures comes from a gradual
reduction in the spin-disorder scattering due to lifting the
degeneracy of the “Fs), multiplet.'® Concurrently, the Kondo
effect observed at high temperatures refers to the entire mul-
tiplet while that in the LT interval is associated with the
crystal-field ground state. According to Ref. 18, the ratio of
the logarithmic slopes in p(T) is governed only by the effec-
tive degeneracies A; of the crystal-field levels involved in the
Kondo effect, i.e.,

cxer MT-1 @
ckur NgT—1

In the case of CeRh,Si the ratio of the Kondo coefficients
is roughly 3:33 being in very good agreement with the the-
oretical prediction for the ground doublet—entire *Fs;, mul-
tiplet scenario (3:35).

As displayed in the inset of Fig. 2, the temperature deriva-
tive of the resistivity of CeRh,Si exhibits a distinct feature
below 2 K that is related to the onset of magnetically ordered
state (cf. the heat-capacity results discussed below). The non-
phononic resistivity in the ordered region can be well de-
scribed by the function Ap(T)=p,+AT> with the parameters
po=21.9 uQ cm and A=18.8 ) cm/K?. The first term in
this formula accounts for scattering processes of conduction
electrons on static defects, i.e., py is the residual resistivity,
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FIG. 4. (Color online) Low-temperature dependencies of the
electrical resistivity of CeRh,Si measured in several different mag-
netic fields applied perpendicular to the electrical current. Note the
logarithmic temperature scale.

whereas the second term has a form characteristic of Fermi
liquids and/or isotropic ferromagnets.

Upon applying magnetic field perpendicular to the electri-
cal current, the resistivity hardly changes above 15 K but in
the low-temperature region a pronounced magnetogalvanic
effect occurs. As may be inferred from Fig. 3, the resistivity
measured in 9 T lacks the low-temperature logarithmic up-
turn, and the kink due to the magnetic phase transition is
smeared out and shifted to higher temperatures. The magne-

toresistance defined as MR:’A%@ is negative except for

the region below 0.6 K. The influence of the magnetic field
on the resistivity is shown in more detail in Fig. 4. In fields
lower than 3 T, p(T) does not change significantly, and the
inflection point associated with the onset of the ordered state
slightly shifts toward lower temperatures, as usually ob-
served for antiferromagnets. In stronger fields, more distinct
changes in p(T) are seen. In particular, together with gradual
suppression of the resistivity there occurs a systematic shift
of the magnetic phase transition toward higher temperatures,
in a manner known for ferromagnetic systems.

Another important feature is a continuous increase with
increasing the magnetic field strength of the low-temperature
interval in which the electrical resistivity gets strongly sup-
pressed. The latter effect my be better inferred from Fig. 5
that displays the transverse magnetoresistance probed in
magnetic fields ranging from 0.5 to 9 T. The magnetoresis-
tance is negative from about 20 K in each field down to a
temperature of 1.5 K in a field of 0.5 T and to 0.6 Kin 9 T.
Close to the magnetic phase transition, a minimum in MR(7)
forms. It is relatively shallow for uoH=1 T but rapidly be-
comes very deep in stronger fields. In 9 T, the magnitude of
MR at its minimum is as large as —56%. On the MR iso-
therm measured in 0.5 T one recognizes a weak local maxi-
mum in the positive magnetoresistance that is often observed
for antiferromagnets. This maximum gets shifted to lower
temperature in a field of 1 T and entirely disappears in stron-
ger fields. All these observed features clearly manifest a sub-
stantial field-induced change in the character of the magnetic
state. They are consistent with the scenario of antiferromag-
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FIG. 5. (Color online) Temperature variation in the transverse
magnetoresistance of CeRh,Si measured in several different mag-
netic fields. Note the logarithmic temperature scale.

netic ordering in zero-field and metamagnetic transformation
to field-induced ferromagnetism above 1 T (see below). In
fields upH=3 T, the positive magnetoresistance found at
the lowest temperatures appears nearly field independent and
equal to about 11%. Such positive contribution to MR can be
expected for Kondo lattices in their coherent scattering re-
gime.

Figure 6(a) displays the transverse magnetoresistance
measured as a function of the magnetic field strength at sev-
eral different temperatures from the paramagnetic range. At
each temperature MR is negative. The isotherm taken at 4.4
K has largely a convex shape yet slightly bends upwards in
high magnetic fields to reach —33% in 8 T. In turn, the
MR(H) curves measured at higher temperatures have a con-
vex character in the entire field range studied, and with in-
creasing field the MR value in pugH=8 T gradually de-
creases.

The overall character of the MR(H) isotherms of CeRh,Si
is reminiscent to that characteristic of Kondo compounds'’
but it is also compatible with the behavior predicted for fer-
romagnets above their ordering temperature.”® For both
classes of materials MR is expected to scale as MR
=flH/(T+T")], where the parameter T is related to their
characteristic temperatures (either Kondo or Curie), namely,
T*=Tg and T"=-T, respectively.

In order to test this scaling relation, the magnetoresistivity
data of CeRh,Si were replotted as a function of H/(T+T"),
where the characteristic temperature 7° was adjusted so to
achieve the best overlap of the MR curves measured for 6
=T=20 K. The 4.3 K isotherm was excluded from the
analysis because of its dissimilar overall shape, likely mani-
festing short-range magnetic exchange interactions. In turn,
the MR data obtained at higher temperatures were not taken
into account because of possible contributions due to excited
crystal-field states. As displayed in Fig. 6(b), the MR iso-
therms measured at different temperatures can be superim-
posed on a single curve if T"=-2 K is assumed (reducing or
increasing T* by 0.5 K made the overlap between particular
MR curves noticeably worse). The negative sign of T* im-
plies that the observed scaling should be attributed to the
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FIG. 6. (Color online) (a) Magnetic field dependencies of the
transverse magnetoresistance of CeRh,Si taken at several tempera-
tures in the paramagnetic state. (b) Schlottmann scaling of the mag-
netoresistance data of CeRh,Si.

ferromagnetic character of magnetic correlations in the com-
pound studied. Most significantly, the value of |T*| is very
close to the temperature of the magnetic phase transition ob-
served in the electrical resistivity and heat-capacity data. On
the contrary, its absolute value is distinctly different from the
Kondo temperature in CeRh,Si, which was estimated from
the magnetic susceptibility data to be about 16 K.

3. Heat capacity

Figure 7(a) displays the low-temperature behavior of the
specific heat of CeRh,Si. Pronounced A-shaped anomaly in
C(T) unambiguously manifests the magnetic phase transition
that occurs at 1.65(5) K. The specific-heat jump at the onset
of the ordered state is much smaller than that expected for a
doublet ground state within the molecular-field approxima-
tion [AC=12.47 J/(mol K?)], and this reduction most likely
arises due to the Kondo effect. Another small feature in C(7)
is seen near 4.5 K. This singularity occurs due to the afore-
mentioned contamination of the sample studied by small
amount of CeRh;Si,.!* As displayed in the inset of Fig. 7(a),
above 10 K, the specific-heat data can be described by the
standard formula C(T)=+yT+ BT>, where the two terms ac-

214411-4



KONDO LATTICE BEHAVIOR AND MAGNETIC ORDERING...

4 T T T
L]
NQ o
8 °
3F & E . b
o « = °
X s .
g 2 F : ° “ : e ¢ T
= 0 100 200 300 400
- ¢ 22 o’
~ ° T (K
) .: : (K7 o o
1+ & Cd i
/ CeRh,Si
0 1 1 1
0 4 8 12 16
(a) Temperature (K)
10 T T T T )’ T T T T

(J/mol K)

S
E 0.1 b
&}
y Cehasi
001 1 1 1 1 1 1 1 1 1
0304 06081 2 3 4 6 8 10
(b) Temperature (K)

FIG. 7. (Color online) (a) Low-temperature dependence of the
specific heat of CeRh,Si. Inset: the specific-heat data in the form
C/T versus T? [for the sake of clarity the vertical scale was cut at a
value of 0.4 J/(mol K?)]. The solid line is a linear fit discussed in
the text. (b) Analysis of the magnetic contribution to the specific
heat of CeRh,Si (see the text). Note double-logarithmic scale.

count for the electronic and phonon contributions, respec-
tively. The least-squares fit yields a moderately enhanced
Sommerfeld coefficient y=58 mJ/(mol K?) that is about
half the value reported for CeRh,Si in Ref. 15. In turn, from

the relation B= %ﬁ% (r stands for a number of atoms in the
formula unit and R is the universal gas constant) one calcu-
lates the Debye temperature @=236 K, in good agreement
with the value of 250 K reported before.”

The magnetic contribution to the specific heat of CeRh,Si
can be derived by subtracting from the measured data the
electronic and phonon terms. Taking into account the above
derived values of vy and 8 one obtains the magnetic specific
heat Cmag(T)=C(T)—yT—,8T3, displayed in Fig. 7(b). The
double-logarithmic scale, used in this figure, clearly reveals a
power-law temperature variation in C,,, in the magnetically
ordered state. Quantitatively, the experimental data up to 1.2
K can be approximated by the formula Cy,,o(T)=csw® with
the coefficient cgy=1.11 J/(mol K*). The observed T°
power-law dependence of the specific heat points to an anti-
ferromagnetic character of the ordered state. Another indica-
tion for the ground-state antiferromagnetism in CeRh,Si can
be inferred from the heat-capacity data taken in applied mag-
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FIG. 8. (Color online) Temperature variation in the specific heat
over temperature ratio of CeRh,Si measured in several different
external magnetic fields. Note the logarithmic temperature scale.

netic fields. As shown in Fig. 8, with increasing the magnetic
field strength up to 1 T, the peak in C/T(T) gradually shifts
to lower temperatures, while this variation gets reversed for
pmoH=3 T. At the same time, the maximum in C(7) be-
comes very broad in strong fields. Such a behavior is char-
acteristic of antiferromagnets that exhibit magnetic field in-
duced metamagnetic phase transitions. For CeRh,Si the
metamagnetic critical field is likely between 1 and 3 T.

The temperature dependence of the entropy in CeRh,Si is
shown in Fig. 9. At the magnetic phase transition, the en-
tropy is strongly reduced in comparison to the entropy of the
ground-state doublet and amounts only to about 0.29R In 2
(the value of R In 2 is achieved at a temperature as high as
~20 K). This feature is in concert with the reduced value of
the jump AC at the critical temperature, and together with
the enhanced value of 7y supports the Kondo effect scenario,
inferred from the electrical transport behavior of the com-
pound. According to Desgranges and Schotte,?' the entropy
of a Kondo system amounts to 0.68 R In 2=3.92 J/(mol K)
at the characteristic temperature 7. This relation yields for

6 T T T

CeRhZSi

S (J/mol K)

0.29R1In2

0 5 10 15 20

Temperature (K)

FIG. 9. (Color online) Temperature variation in the entropy in
CeRh,Si. The arrow marks the magnetic phase transition observed
in the specific-heat data.
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FIG. 10. (Color online) (a) Ce 3d XPS spectrum of CeRh,Si.
Background was calculated using the Tougaard algorithm (Ref. 22)
and subtracted from the measured XPS data. The f°, f!, and /2
components were separated as described in the text. (b) Ce 4d XPS
spectrum of CeRh,Si.

CeRh,Si the Kondo temperature of about 12.5 K, in fairly
good agreement with the value estimated from the magnetic
susceptibility data.

B. Electronic structure

The 3d-core-level XPS spectrum measured for CeRh,Si is
shown in Fig. 10(a). Due to the spin-orbit (SO) interaction, it
consists of two sets of photoemission lines, split by Agq
=18.6 eV, which should be assigned to the 3d;, and 3ds),
components of the final states. Each SO set may contain
three contributions, which correspond to the possible f‘), fl,
and f2 configurations of the Ce ion.?>?* Their separation can
be done based on the Doniach-Sunji¢ theory,?> and the result
of such deconvolution for the compound studied is presented
in the bottom of Fig. 10(a). The main peaks 34°f! originate
from trivalent Ce ions while weak structures located about
11 eV away from the main peaks are due to the 3d@°f° com-
ponent and hint at somewhat unstable character of the 4f
shell. In turn, the 3d°f? final-state components are located on
the low-energy side of the main lines at the distance of about
4 eV. They appears when the core hole becomes screened
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by an additional 4f electron due to the hybridization of the
Ce 4f shell with the conduction band. Consequently, from
their contribution to the measured Ce 3d spectrum one can
derive the hybridization energy A=wV?N(ep), which de-
scribes the hybridization part of the Anderson impurity
Hamiltonian [V is the hybridization matrix element and
N(ep) is the density of states at the Fermi energy Ep].?

Quantitative analysis of the 3d spectrum of CeRh,Si was
performed based on the approach developed by Gunnarsson
and Schonhammer?’ (for details on the method applied
see Refs. 24 and 28). The ratio I(f2)/[I(f')+1(f*)] of the
intensities of the particular components to the spectrum
yields A~ 140 meV while from the ratio I(f°)/[I(f°)+1(f")
+1(f?)] the mean occupation of the 4f level is estimated to be
n;=0.95. The obtained values of A and n; imply some va-
lence instability of the cerium ions and hence provide an-
other evidence for the Kondo lattice character of the com-
pound studied. Assuming that in CeRh,Si the density of
states at Ep is of similar magnitude as that calculated for a
few other phases from the Ce-Rh-Si system, i.e., N(ep) =1
state per electron volt per atom,'®!>13 one gets an estimate
for the hybridization matrix element V<100 meV. Such
value is typical for heavy-fermion materials in which heavy
masses are associated with the on-site hybridization between
the 4f' states of Ce** jons and the conduction-band states.
Due to this interaction the 4f electrons become partially de-
localized, which manifests itself in the fractional valence of
cerium, that is slightly larger that +3, just as observed for
CeRh,Si.

Figure 10(b) presents the Ce4d XPS spectrum of
CeRh,Si. It consists of relatively broad features located at
binding energies from 103 to 118 eV and hardly resolved
structure in the energy region 118—124 eV. Moreover, there
occurs a sharp peak near 100 eV. Whereas the latter feature
likely arises due to 2p band of silicon, the main peaks
should be attributed to two sets of photoemission lines asso-
ciated with the 4d°4f" and 4d°4f” final states. The observed
splitting 6=3.1 eV is close the value expected for the SO
splitting of the La 4d states and thus corresponds to the core
hole 4d spin-orbit interaction. Similar splitting may be in-
ferred for the weak peaks at higher binding energies, and
hence these features should consequently be assigned to the
4d°4f° final states. Their appearance provides another evi-
dence for slightly delocalized character of the 4f electrons
in the compound studied.?*?%3 As characteristic for cerium
intermetallics,’” strong exchange interaction between the 4d
and 4f electrons results in the formation of complicated mul-
tiplet structure, and therefore more detailed interpretation of
the Ce 4d XPS spectrum of CeRh,Si seems not possible.

IV. SUMMARY

The compound CeRh,Si crystallizes with an orthorhom-
bic unit cell'* that is a site exchange variant of the well-
known CeNiSi,-type structure. At variance with the literature
data,’> which claimed the spin-glass behavior below the
freezing temperature of 1 K, the studied polycrystalline
sample was found to exhibit a long-range magnetic ordering
below 1.65 K. Though no direct proof of the character of the

214411-6
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electronic ground state via magnetic measurements was pos-
sible in the present study (because of the limited temperature
range), the observed magnetic field-induced changes in the
temperature variations in the specific heat and the electrical
resistivity suggest an antiferromagnetic arrangement of the
magnetic moments. Nevertheless, the presence of dominant
ferromagnetic correlations was inferred from the magnetore-
sistance data taken in the paramagnetic state in strong mag-
netic fields. In line with this finding seems rather small value
of the critical field leading to a metamagnetic phase transi-
tion. To account for simultaneous observation of ferromag-
netic and antiferromagnetic exchange interactions one may
speculate that the layered pseudotetragonal and strongly
elongated (b>4a=4c) crystal structure of CeRh,Si may
promote the formation of strongly ferromagnetically coupled
layers of Ce atoms, which alternate in an antiferromagnetic
manner along the long crystallographic axis, hence yielding
the antiferromagnetic unit cell. Obviously, this presumed
magnetic structure requires verification by neutron diffrac-
tion.

Alike established before for several other intermetallics
from the ternary Ce-Rh-Si system,>>!! the low-temperature
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physical properties of CeRh,Si are influenced by strong
Kondo screening interactions. The electrical resistivity and
the specific-heat data reveal a Kondo lattice character of the
compound studied with the characteristic temperature of
12-16 K. Hybridization of the cerium 4f states with the con-
duction band governs the electronic structure near the Fermi
level and manifests itself in the 3d and 4d core level XPS
spectra. The large hybridization energy of about 140 eV and
significantly reduced mean occupancy of the 4f level of
about 0.95, derived from this data, imply instability of the
cerium valence state. Further spectroscopic studies are nec-
essary to provide more information on the electronic struc-
ture of the compound.
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