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Antiferromagnetic order and Kondo-lattice behavior in single-crystalline Ce,RhSi;
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Single crystal of Ce,RhSi; was investigated by means of x-ray diffraction, magnetization, electrical resis-
tivity, and heat-capacity measurements. Moreover, its electronic structure was studied by cerium core-level
x-ray photoemission spectroscopy. The results revealed that Ce,RhSi; is an antiferromagnetic Kondo lattice

due to the presence of stable trivalent Ce ions.
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I. INTRODUCTION

The majority of compounds of the type R,TM;, where
R=rare-earth (RE) or U, T stands for a d-electron transition
metal, and M is a p-electron element, crystallize with the
hexagonal AlB,-type structure or its derivative. These phases
exhibit a large variety of physical properties that are pre-
dominantly related to the degree of atomic disorder and/or
topological frustration in triangular magnetic sublattices.!
Compounds in which T and M atoms jointly occupy same
crystallographic positions commonly show behaviors typical
of nonmagnetic atom-disorder spin-glasses (NMAD SGs).>3
Partially ordered alloys, i.e., those showing some superstruc-
ture in the atom distribution, often exhibit ferromagnetic
cluster-glass properties.'#*=® In turn, the phases with all the
constituent atoms located at their own specific positions in
the unit cell typically have nonmagnetic ground states*’~' or
show long-range magnetic ordering.'0-8

The series of ternary rare-earth silicides RE,RhSi; was
reported to crystallize with fully ordered hexagonal unit cells
with both lattice parameters doubled with respect to the AlB,
type.'*2! Magnetic measurements revealed that these com-
pounds order antiferromagnetically for RE=Gd, Tb, Dy, Ho,
and Er and ferromagnetically for RE=Nd.!® Moreover, the
neutron-diffraction data confirmed collinear antiferromag-
netic ordering for Tb,RhSi;, Ho,RhSi;, and Er,RhSi;, while
indicated a ferromagnetic spiral for Nd,RhSi5.2*??

The Ce-based phase Ce,RhSi; has attracted particular at-
tention due to its intriguing magnetic and electrical transport
properties. In the first literature report it was characterized as
an antiferromagnet with the Néel temperature Ty=6 K,!° but
no evidence for any long-range magnetic order down to 2 K
was found in neutron-diffraction experiment.’ Subsequent
magnetic susceptibility, electrical resistivity, and heat-
capacity studies corroborated the ordered state below 6-7
K,223 which was described based on the results of other
neutron-diffraction experiment as a simple collinear arrange-
ment of the Ce magnetic moments along the b axis of an
orthorhombic magnetic unit cell.?! The magnetic moment de-
rived at 1.3 K by the neutron diffraction was 1.3up per Ce
atom.?!

Furthermore, the compound was found to exhibit behavior
typical of strongly correlated electron systems, such as en-
hanced linear contribution to the specific heat, large negative
value of the paramagnetic Curie temperature, and negative
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logarithmic slope in the electrical resistivity.”> Most recently,
Kondo-lattice character of polycrystalline Ce,RhSi; was cor-
roborated by the results of magnetic-susceptibility and elec-
trical resistivity measurements performed under hydrostatic
pressure.?*23 These latter findings motivated us to undertake
our own detailed investigations of Ce,RhSij;, yet for the first
time on well-defined single crystals of this interesting com-
pound.

II. EXPERIMENTAL DETAILS

Single crystal of Ce,RhSi; was grown by the Czochralski
pulling method in a tetra-arc furnace under ultrapure argon
atmosphere. The starting components were high-purity ele-
ments (Ce-3N, Ames Laboratory, Rh-3N, Chempur, and Si-
6N, Chempur). The obtained crystal was 4 mm in diameter
and 20 mm in length. The specimens for x-ray analysis and
for physical measurements were cut from this crystal using a
wire saw.

Single-crystal diffraction data were collected on a KUMA
Diffraction four-circle diffractometer equipped with a charge
coupled device (CCD) camera using Mo K« radiation. Crys-
tal structure refinement was performed employing the pro-
gram SHELXL-97.%° Details of the single-crystal data collec-
tion and the structure refinement are given in Table 1.

A polycrystalline sample of La,RhSi;, used as a nonmag-
netic counterpart to the cerium compound studied, was syn-
thesized by arc melting the stoichiometric amounts of the
elemental components (La-3N, Ames Laboratory, purity of
Rh and Si as given above) in Ti-gettered argon atmosphere.
The button was flipped over and remelted several times to
ensure good homogeneity of the material. Quality of the ob-
tained alloy was checked by x-ray powder diffraction on a
Stoe powder diffractometer with Cu K« radiation and by en-
ergy dispersive x-ray analysis using a Phillips 515 scanning
electron microscope equipped with an EDAX PV 9800 spec-
trometer. The structure refinement was done employing the
program FULLPROF.?’

Magnetic-susceptibility measurements were performed in
the temperature range of 1.72-400 K and in magnetic fields
up to 5 T using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer. The magnetiza-
tion at 1.72 K was measured as a function of magnetic field
up to 9 T employing a Quantum Design PPMS platform. The
heat capacity was studied within the temperature interval of

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.134435

SZLAWSKA et al.

TABLE 1. Crystallographic and structure refinement data for
CCthSi3.
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TABLE III. Anisotropic thermal displacement parameters for
the atoms in Ce,RhSi; (in A2X 10%).

Compound Ce,RhSi;
P6/mmm
a=8.2240(12) A
c=4.2261(8) A
247.53(7) A3

467.42 g/mol

Space group

Unit-cell dimensions
Volume
Formula weight

Calculated density 6.271 g/cm?
Absorption coefficient 21913 mm™!
0 range for data collection 20.84°-43.05°
-10=h=15
-15=k=10
Ranges in hkl -5=I[=8

Reflections collected/unique 3760/337 [R(int)=0.0641]
Completeness to §=43.05° 82%
Refinement method full-matrix least squares on F2
337/0/13
1.157
R1=0.0405, wR2=0.1115
R1=0.0414, wR2=0.1125
0.000(8)

3.051 and =2.230 e/A~?

Data/restrains/parameters
Goodness of fit on F?
Final R indices [/=20(1)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

0.35-300 K in magnetic fields up to 8 T using a Quantum
Design PPMS platform. The temperature and field variations
of the electrical resistivity were studied from 2 to 300 K in
applied magnetic fields up to 9 T employing a Quantum De-
sign PPMS platform. External magnetic field was applied
perpendicular to the current flowing through the specimen.
The x-ray photoelectron spectra were obtained with mono-
chromatized Al K« radiation using a PHI 5700 ESCA spec-
trometer.

III. RESULTS AND DISCUSSION
A. Crystal structure

In the unit cell of AIB, (space group P6/mmm) the atoms
are located at just two positions: Al at 1a (0, 0, 0) and B at
2d (2/3, 1/3, 1/2). As mentioned in Sec. I, many of R,TM;
ternaries adopt this simple structure with R atoms occupying
the la sites, while 7" and M atoms sharing the 2d positions.
In the case of Ce,RhSi;, however, previous reports indicated

TABLE II. Atomic coordinates and equivalent isotropic thermal
displacement parameters (in A2 X 10%) for Ce,RhSis.

Atom Site X y z U (eq)
Cel la 0 0 0 13(1)
Ce2 3f 172 0 0 8(1)
Rh 2d 2/3 1/3 172 9(1)
Si om 0.8336(1) 0.1664(1) 172 9(1)

U1l U22 U33 U23 U13 U12

Cel 10(1) 101  18(1) 0 0 5(1)
Ce2 8(1) 8(1) 9(1) 0 0 4(1)
Rh 9(1) 10(1) 101 0 0 5(1)
Si 7(1) 7(1) 13(1) 0 0 3(1)

that this compound crystallizes with a superstructure with
full atomic order, in which the a and c lattice parameters are
doubled with respect to the AlB, subcell. Two different atom
distributions were proposed based on the results obtained in
two independent investigations of single crystals of
Er,RhSi;: (i) Cel at 2b (0, 0, 1/4), Ce2 at 6k (x, y, 1/4), Rh
at 4f (1/3, 2/3, 0), Si at 12i (1/6, 1/3, 0) (space group

P62c¢)," and (ii) Cel at 2b (0, 0, 1/4), Ce2 at 6k (x, 2x, 1/4),
Rh at 4f (1/3, 2/3, z), Si at 12k (x, 2x, z) (space group
P65/ mmc).?

Unexpectedly, none of these structures was found to
model the x-ray data collected in the present work for the
Czochralski grown single crystal of Ce,RhSi;. While dou-
bling the AlB, subcell in the basal hexagonal plane was
clearly observed, no diffraction spots which would manifest
doubling the ¢ parameter were recorded. Nevertheless, the
refined structure is also fully ordered. The obtained arrange-
ment of the atoms is as follows: Cel at 1a (0, 0, 0) site, Ce2
at 31 (1/2, 0, 0) site, Rh at 2d (2/3, 1/3, 1/2) site, and Si at 6m
(x, y, 1/2) site (for the free parameters see Table II). The
atomic thermal displacement parameters are shown in Table
1.

The crystal structure of single-crystalline Ce,RhSi; is
shown in Fig. 1. The rhodium and silicon atoms build a
two-dimensional hexagonal networks separated by planes of
cerium atoms, which build discrete Sig rings. The Rh atom
has a trigonal-planar Si coordination at the Rh-Si distance of
2.3781(10) A. The two crystallographically inequivalent Ce
atoms possess hexagonal prismatic environments. The Cel
atom is coordinated by twelve Si atoms with the Cel-Si dis-
tance of 3.1752(8) A, and the Ce2 atom has four Rh nearest
neighbors at the Ce2-Rh distance of 3.1782(4) A and eight

FIG. 1. Crystal structure of Ce,RhSi5.
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TABLE IV. Interatomic distances in the Ce,RhSi; unit cell

(in A).

Cel 12 Si 3.1752(8)
2 Cel 4.2260(8)
6 Ce2 4.1120(6)
Ce2 4 Rh 3.1782(4)
8 Si 3.1797(5)
2 Cel 4.1120(6)
4 Ce2 4.1120(6)
2 Ce2 4.2260(8)
Rh 3 Si 2.3781(10)
6 Ce2 3.1782(4)
Si 2 Si 2.3700(10)
1 Rh 2.3781(10)
2 Cel 3.1752(8)
4 Ce2 3.1797(5)

Si next-nearest neighbors at the Ce2-Si distance of
3.1797(5) A. All these bond lengths are close to the sums of
the respective covalent radii. The list of other interatomic
distances is given in Table IV.

The refined structure of Ce,RhSi; is closely related to that
determined for U,RuSi;.” However, on the contrary to the
latter prototype, in which the Si atoms occupy a general po-
sition 120 (x, y, z), in Ce,RhSi; these atoms are coplanar
with the transition-metal atoms, as reported before for the
compounds Ce,CoSi; and Eu,PdSi,.!%?

B. Magnetic properties

Figure 2 shows the temperature dependencies of the re-
ciprocal magnetic susceptibility of single-crystalline
Ce,RhSi;, measured in magnetic field applied parallel to the
two principal hexagonal axes. Above about 200 K both sus-
ceptibility components follow the Curie-Weiss law with the
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FIG. 2. Temperature dependencies of the reciprocal molar mag-
netic susceptibility of Ce,RhSi;, measured with magnetic field of
0.5 T oriented parallel to the a and ¢ axes. Solid lines represent fits
of the Curie-Weiss law to the experimental data above 200 K. Inset
displays the magnetic-susceptibility components, measured at low-
temperatures in a field of 0.01 T.
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FIG. 3. Low-temperature magnetic susceptibility of Ce,RhSij
measured in various magnetic fields applied along the a axis.

parameters: pe=2.55u5 and ¢/=-102 K for Bllc and pg
=2.6pp and ¢,=-78 K for Blla. The values of the effective
magnetic moment u. are very close to that expected for
trivalent Ce ions (2.54up). In turn, the large negative values
of the paramagnetic Curie temperature 6, (|6,|>Ty) may
manifest hybridization of the 4f electronic states with the
conduction band. Below 200 K, one observes distinct devia-
tions from the Curie-Weiss behavior which probably occur
due to gradual depopulation of the crystal-field levels.

As is apparent from the inset to Fig. 2, the studied single
crystal of Ce,RhSi; orders antiferromagnetically at Ty
=4.5 K. This ordering temperature is considerably different
from 7Ty=6-7 K, reported before for polycrystalline
samples.?!?>2* From the huge magnetic anisotropy observed
in the ordered state, with y,. being much smaller than y, and
showing hardly any anomaly at Ty, one may conclude that
the magnetic moments are confined in the ordered state to
the hexagonal basal plane. This finding is in accord with the
neutron-diffraction data obtained for the polycrystals.?! With
increasing the magnetic field strength the maximum in x,(7)
shifts toward lower temperatures and strongly broadens,
while above 1.5 T it is not discernible (see Fig. 3). The
overall behavior of yx, is reminiscent of antiferromagnets
showing a field-induced metamagnetic transition.

At first glance, the metamagneticlike character of
Ce,RhSi; seems corroborated by the results of the magneti-
zation measurements performed in the ordered region as a
function of the magnetic field. The exemplary isotherms
taken at 7=1.8 K are shown in Fig. 4. The o,(B) curve
(measured in the field applied parallel to the a axis) reveals a
distinct anomaly near B.=1.5 T, in perfect agreement with
the features observed for y,. It is, however, worthwhile not-
ing that above B, the magnetization remains nearly propor-
tional to the magnetic field strength, in a manner typical for
antiferromagnets, and only in fields stronger than 6 T does o,
show a tendency to saturate. This feature implies that the
anomalies at B,. manifest a change in the antiparallel arrange-
ment of the magnetic moments in Ce,RhSi; with respect to
the direction of the external magnetic field, and thus it is
rather not associated with the onset of field-induced ferro-
magnetic state, which is typically observed in metamagnetic
systems. The o,(B) isotherm (for Bllc) exhibits a straight-

134435-3



SZLAWSKA et al.

FIG. 4. Magnetic field variations of the magnetization in
Ce,RhSi;, measured at 1.72 K with field applied along the two
characteristic directions. Solid lines emphasize straight-line behav-
iors below and above B.=1.5 T.

line behavior up to the strongest fields applied, in line with
the large magnetocrystalline anisotropy. For both directions
of the magnetic field the magnetization was fully reversible,
i.e., no hysteresis effect was observed.

In contrast with the Ce-based compound, La,RhSi; is a
weak Pauli paramagnet with nearly temperature-independent
magnetic susceptibility of about 2 X 107 emu/mol at room
temperature.

C. Specific heat

Figure 5 presents the temperature dependencies of the
specific heat of Ce,RhSi; and its nonmagnetic counterpart
La,RhSis. The solid line through the experimental points for
the latter compound is the least-squares fit to the formula

C= Cel+ Cph,D+ Cph,E’ (1)

in which the first term represents the electronic contribution
in the form C,=1v7T, while the other two terms are the
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FIG. 5. Temperature variations of the specific heat of Ce,RhSij
and La,RhSis. Solid line is a fit described in the text. Inset presents
the specific heat over temperature ratio for Ce,RhSi; below 10 K.
The idealized phase transition marked by the solid line has a step at
Ty=4.5 K.
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FIG. 6. Low-temperature specific heat of Ce,RhSi; measured in
several applied magnetic fields oriented along the a axis (upper
panel) and the ¢ axis (lower panel) of the hexagonal unit cell.

phonon contributions within the Debye and Einstein mod-
els, respectively. The acoustic modes, represented as
Debye oscillators, contribute to the total specific heat as
Conp(T)=9Rn(T/ O )’ fg)D’T[e‘:—z';%dx, while the optical
modes are given by the Einstein  formula Cpne(T)

(O4/T)%exp(Ox/T)
=3RNE Texp@m-1T
np, and ny are the Debye temperature, the Einstein tempera-
ture, the number of Debye oscillators, and the number of
Einstein oscillators, respectively.’* For La,RhSi; it was as-
sumed that the Debye model properly describes vibrations of
the Rh and Si atoms (i.e., n,=12), while the Einstein model
is appropriate for the La atoms (i.e., ny=6). With these input
parameters the specific heat of the compound can be well
described by Eq. (1) (see Fig. 5) and the so-derived fit pa-
rameters are as follows: y=4 ml mol~! K2, 0,=247 K,
and O;=522 K.

The specific heat of Ce,RhSi; is dominated at low tem-
peratures by a saw-tooth-shaped anomaly at the antiferro-
magnetic phase transition. Using an equal entropy construc-
tion (see the inset to Fig. 5) the Néel temperature was
estimated to be 4.5 K, in good agreement with the magnetic-
susceptibility data. The observed broadening of the antifer-
romagnetic peak in C(T) may be due to Kondo fluctuations
of characteristic energy scale comparable to Ty (see below).
As displayed in Fig. 6, upon applying external magnetic field
along the a axis the anomaly in C(7) shifts toward lower
temperatures and its magnitude diminishes, in a manner typi-

dx, where R is the gas constant, @, O,
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FIG. 7. (Upper panel) Temperature variations of the nonphonon
contribution to the heat capacity of Ce,RhSi; (left-hand side axis)
and the related magnetic entropy (dashed line; right-hand side axis).
Solid lines represent the Schottky and magnon contributions dis-
cussed in the text. (Lower panel) Illustration of the methods used
for estimating the Kondo temperature (for explanation, see text).

cal for antiferromagnets. It is worth to note that this behavior
is observed also in fields stronger than B.=1.5 T, which
supports the above-formulated conjecture of B, being a criti-
cal field for the reorientation of antiparallel aligned magnetic
moments rather than for a metamagnetic phase transforma-
tion. The latter transition presumably occurs near 6 T, as for
this field the peak in C(7) is superimposed on a broad hump
that may signal the appearance of field-induced ferromag-
netic state. Eventually, in a field of 8 T, the specific heat
measured with Bllc shows a smeared maximum characteris-
tic of metamagnets above their metamagnetic critical field.

In contrast to the above-described behavior, the heat ca-
pacity measured in magnetic field applied along the ¢ direc-
tion is hardly affected by field. The maximum in C(7) shifts
only faintly toward lower temperatures and its magnitude is
almost unchanged up to 4 T. This behavior is consistent with
the magnetic structure of Ce,RhSi; in which the magnetic
moments are aligned perpendicular to the ¢ axis and the
magnetic anisotropy in the ordered state is very large.

Assuming that the phonon contribution to the specific heat
of La,RhSijs is a good approximation of that in Ce,RhSijs, the
specific heat due to 4f electrons in the latter compound was
extracted as follows:

C4f(T) = C(CethSI3) - C(LathSI3) . (2)
As displayed in Fig. 7, C4/(T) is dominated at high tem-
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peratures by a pronounced broad maximum that manifests
the Schottky contribution due to crystal-field splitting of the
’Fs,, ground multiplet of Ce** ions into three Kramers dou-
blets. In the unit cell of Ce,RhSi; there are two inequivalent
sites for Ce atoms with the multiplicity 1 for Cel and 3 for
Ce2. Applying the standard Schottky formula with the proper
weights one obtains fairly good description of the experi-
mental data above ca. 40 K (note the solid line in Fig. 7). The
so-derived energies of the excited crystal-field levels are
A;=350 K and A;,=399 K for the Cel ion and A,
=136 K and A,,=384 K for the Ce2 ion. For both ions the
total crystal-field splitting is consistent with the magnetic
entropy estimated by integrating the C4;/ T data, which tends
at high temperatures to a value of 15 J mol~' K~! that cor-
responds to the sixfold degeneracy of the *Fs, multiplet.

In the ordered region, the heat capacity of Ce,RhSis is
dominated by the magnetic contribution due to antiferromag-
netic spin waves. Assuming that the magnon dispersion can
be approximated by the relation w= \rA§W+Dk2, in which
Agyw is a gap in the spin-wave spectrum and D stands for the
spin-wave stiffness, the specific heat can be expressed as®-3

301 +2(Lﬂ
20Aqw 32\ Agw/ |’
3)

where the first term accounts for the electronic contribution
to the specific heat, while the coefficient c¢ is related to the
spin-wave stiffness D as coD™3. The least-squares fit of Eq.
(3) to the experimental data below 3 K yielded the param-
eters y=580 mJ mol™' K2, ¢=98 mJ mol~! K™, and Agy
=2.4 K. The value of v is strongly enhanced and likely in-
dicates strong electronic correlations. In turn, the obtained
spin-wave gap Agy is of the order of magnitude often found
in cerium intermetallics with antiferromagnetic ground
states.

In antiferromagnetic Kondo systems the specific-heat
jump at the Néel temperature, 6C, is related to the character-
istic Kondo temperature T via the formula®3-34

2
5C=ﬁ{df’(%+(> +§l//’<%+§>] G

Cmag =T+ CA;%\’?e_ASW/T[ 1+

2 e

where {=(Tx/Ty)/2m, while ¢, ¢/, and " are the first
three derivatives of the digamma function. This universal
relation is shown in the lower panel in Fig. 7. For Ce,RhSi
8C is about 2.8 J molg! K=!, which yields an estimate for T
being equal to about 9 K.

Another estimate of the Kondo temperature can be de-
rived from the value of the magnetic entropy released at 7.
From the theoretical expression®

Ty exp(=Tg/Ty) )
TN 1+ exp(— TK/TN)
(5)

and the experimentally determined S(7))=2.8 J molg, K™/,
the Kondo temperature of 9.5 K (see the lower panel in Fig.

S(Tk/Ty) = R(ln[l +exp(— Tx/Ty)] +
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FIG. 8. Temperature dependencies of the electrical resistivity of
Ce,RhSi; measured with the current flowing along two characteris-
tic directions. Inset presents the resistivity of polycrystalline
La,RhSij. Solid line is a BGM fit described in the text.

7) is found, in very good agreement with the value estimated
from &6C.

D. Electrical resistivity

The temperature variations of the electrical resistivity of
single-crystalline Ce,RhSi;, p* and p°, measured along
the crystallographic a and c¢ axes, respectively, are shown
in Fig. 8. At room temperature p“=254 p{) cm and
p=272 p) cm. In both directions the resistivity changes
only slightly with decreasing temperature, dropping to
222 pQ) cm and 217 uf) cm, respectively, at 2 K. The an-
tiferromagnetic phase transition manifests itself as sharp
maxima in p(T) and p°(T). Above Ty=4.5 K both compo-
nents exhibit negative temperature coefficients up to about
25 K, where local minima are observed. At higher tempera-
ture p¢ increases in a semimetallic manner up to room tem-
perature showing only a faint hump in the vicinity of 100 K.
In turn, p?(T) shows a broad maximum near 100 K followed
by a decrease with rising temperature toward 300 K. The
observed features likely reflect interplay of Kondo and
crystal-field interactions.

The inset to Fig. 8 displays the electrical resistivity data
for La,RhSi;. The p(T) curve of this nonmagnetic isostruc-
tural analog to Ce,RhSi; can be well described by a Bloch-
Griineisen-Mott (BGM) relation

( )5 Or/T xodx

T) = po + =po+ 4RO, — f —_—

p(T) = py+ prGm = Po oyl . @-ni-e
- KT, (6)

where pg is the residual resistivity due to lattice defects, the
second term accounts for electron-phonon interactions, and
the third one describes the contribution due to Mott’s s-d
interband scattering. Least-squares fitting of the BGM for-
mula to the experimental data in the entire temperature range
covered yielded the values py=230 u{) cm, @x=228 K, R
=0.96 uQcm K™, and K=0.6 X107 uQ cm K3, The pa-
rameter @y is usually considered as an approximation of the
Debye temperature. For La,RhSi; the specific-heat data
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FIG. 9. Temperature variations of the magnetic contributions to
the resistivity of Ce,RhSi; (enlarged by the residual resistivity) for
the current flowing along the a and ¢ axes. Solid lines mark the
logarithmic slopes of the resistivity in the paramagnetic state.
Dashed lines represent the magnon contributions.

yielded ®5=247 K, which is indeed close to ® derived
from the resistivity.

In order to analyze the magnetic contribution to the elec-
trical resistivity of Ce,RhSij it was assumed that the phonon
contribution in this compound can be properly approximated
by that in La,RhSi;, i.e.,

p(T) = po+ ppom + P- (7)

With this assumption the temperature variations of pj,
+po and p;, +py were derived, as displayed in Fig. 9 (note a
semilogarithmic scale). In the paramagnetic region both
curves show a behavior typical for the interplay of Kondo
screening and crystal-field interactions.® In both directions
the regions of logarithmic decrease of the resistivity are
separated by a weak maximum related to the splitting be-
tween the crystal-field levels. According to Ref. 36, the loga-
rithmic slopes c];(T and ch in the low-temperature and high-
temperature ranges, respectively, are proportional to the
squared effective degeneracy of the thermally populated lev-
els: cx*N>—1. In the case of Ce>* ion placed in a noncubic
symmetry the ground multiplet splits into three doublets, and
hence for cerium compounds the expected ratio ci :ch' is
3:35. For Ce,RhSij that ratio is about 3:40 for both direc-
tions of the current, i.e., it is very close to the theoretical
prediction.

Below the Néel temperature the resistivity drops rapidly
due to strong decrease in spin-disorder scattering in the mag-
netically ordered state. In this region, the p{, and p;, curves of
Ce,RhSi; can be described by the formula®'37

T 2A 2 [ Agw \?
T) = bA2 R _ASW/T 1 ﬂ _(ﬂ) ,
pUT) = po+ bAsw\ 5 —e T s\t
(8)

which takes into account scattering processes of conduction
electrons on the antiferromagnetic spin waves. In this expres-
sion the same dispersion relation of magnons was assumed
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FIG. 10. Low-temperature variations of the electrical resistivity
of Ce,RhSis, measured along the ¢ axis (upper panel) and the a axis
(lower panel) in magnetic field applied in the a direction and the ¢
direction, respectively.

as that applied above in the analysis of the specific-heat data.
Accordingly, the coefficient b was defined as bxD™2,
Least-squares fitting of this formula to the experimental
data below 4.5 K gave the following parameters: p,
=216 puQ cm, Agw=8 K, and »=2.9 u) cm K2 for the
current flowing along the a axis and pp=210 wQ) cm, Agy
=6.4 K, and b=22 uQ cm K™ for the current flowing
along the c axis. It is worthwhile noting that the so-derived
values of the spin-wave gap in Ce,RhSij; is larger than that
estimated from the specific-heat data (see Sec. III C), yet at
least of the same order of magnitude.

E. Magnetoresistivity

The temperature dependencies of the low-temperature re-
sistivity measured in magnetic field applied perpendicular to
the flowing electrical current are presented in Fig. 10. For B
directed along the a axis, which is the easy magnetization
direction (see above), the maximum in p“(7T), associated with
the onset of the antiferromagnetic state, initially moves to-
ward lower temperatures with rising the field strength but in
fields stronger than 4 T this tendency is reversed. At the same
time one observes a distinct broadening of the resistivity
maximum. Hence, the overall behavior of p°(T) in Blla mim-
ics that of the magnetic susceptibility and the heat capacity
measured in the same direction of the applied magnetic field,
and can be easily understood in terms of a metamagnetic
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FIG. 11. Transverse magnetoresistivity isotherms of Ce,RhSis,
taken at several different temperatures in the antiferromagnetic and
paramagnetic regions with the configurations of the electrical cur-
rent and the magnetic field as in Fig. 10.

phase transition that takes place between 4 and 6 T. Further
support for this scenario comes from the inspection of the
field variations of the transverse magnetoresistivity, MR
=%‘)’1@, measured with jllc and Blla. As shown in the up-
per panel in Fig. 11, in the ordered region, magnetoresistivity
(MR) is positive in low fields and increases with rising field.
Then it goes through a broad maximum (3% at 2 K in a field
of 6 T) and subsequently decreases becoming negative in
higher fields. With increasing temperature the maximum in
MR moves toward lower fields and its magnitude diminishes.
Such a behavior is characteristic of antiferromagnets under-
going a metamagnetic phase transition. The value of the
metamagnetic critical field, associated with the maximum in
MR, corresponds well with that derived from the magnetiza-
tion and heat-capacity data (compare Figs. 4 and 6).

For the magnetic field applied along the ¢ axis the low-
temperature resistivity measured in the a direction remains
nearly unchanged up to 4 T (see the lower panel in Fig. 10).
In stronger fields, the maximum in p?(7) moves toward
lower temperatures, accompanied by some broadening and
decrease in its magnitude. In fields of 8 and 9 T a new fea-
ture in p(7T) is observed in the form of another maximum
that likely manifests some field-induced change in the mag-
netic structure of the compound investigated. This latter con-
jecture seems corroborated by the magnetoresistivity data
collected with jlla and Bllc, displayed in the lower panel in
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FIG. 12. Schlottmann scaling of the paramagnetic magnetoresis-
tivity isotherms of Ce,RhSi; presented in Fig. 11.

Fig. 11. Below the Néel temperature, MR is positive and
increases with increasing field up to 6 T, as expected for an
antiferromagnet. In stronger fields, MR measured at 2 K
shows a rapid rise to reach about 15% in 9 T. The isotherms
taken at higher temperatures exhibit a metamagneticlike
maximum that shifts toward smaller fields and diminishes in
its height with rising temperature.

In the paramagnetic region, the transverse magnetoresis-
tivity, measured in both above-defined configurations of the
current and the magnetic field with respect to the crystallo-
graphic axes, is negative and exhibits a field dependence that
is reminiscent of the behavior of Kondo systems. In 9 T, MR
measured with jllc and Blla reaches just above Ty a value of
—9%, while for jlla and Bllc it is does not exceed 2%. As is
apparent from Fig. 12, for both configurations the paramag-
netic isotherms can be superimposed onto each other using
the single-ion Kondo scaling relation MR(B)=/{B/(T+T")],
derived within the Bethe-Ansatz approach.’® The character-
istic temperatures 7%, which ensure the best overlap of the
MR curves, are 3.7 K for p¢ with Blla and 1.7 K for p* with
Blc.

F. Electronic structure

Ce core-level x-ray photoemission spectroscopy (XPS) is
an appropriate method to get insight into the character of the
Ce 4f states in Ce-based intermetallics owing to the strong
Coulomb interaction between the photoemission core hole
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FIG. 13. Ce 3d (upper panel) and Ce 4d (lower panel) XPS
spectra obtained for Ce,RhSi;. The f' and f> components were
separated on the basis of the Doniach-Sunji¢ theory. Plasmon reso-
nance structures are indicated by the horizontal lines (plasmon en-
ergy hv=13 eV). Vertical arrows point to the shoulders originating
from small amount of Ce,O5 on surface of the specimen measured.

and the electrons located near the Fermi level. The spin-orbit
(SO) interaction results in two sets of photoemission lines in
such XPS spectra, which are, respectively, assigned to the
3d5,, and 3ds;, components of the final states. Each SO set of
the Ce 3d lines may consist of three contributions.’® The
main peaks 3d°f! originate from Ce**. The 34°f° compo-
nents, ~11 eV away from the f' peaks, originate from Ce**.
In turn, the 34°f? final-state components appear when the
core hole becomes screened by an additional 4f electron due
to the hybridization of the Ce 4f shell with the conduction
band. Consequently, the contribution of the 3d°f? lines in the
measured Ce 3d spectrum, located on the low-energy side of
the main lines at the distance of ~4 eV, reflects the hybrid-
ization strength 6= 7V2N(ep).

The upper panel in Fig. 13 shows the Ce 3d XPS spec-
trum of single-crystalline Ce,RhSi;, where a background,
calculated using the Tougaard algorithm,*® was subtracted
from the measured XPS data. The separation of the overlap-
ping peaks in the spectrum was done on the basis of the
Doniach-Sunji¢ theory.*! In order to estimate the hybridiza-
tion strength between the 4f states and the conduction band a
quantitative analysis of these data was made based on the
Gunnarsson and Schénhammer model® (for details of the
applied approach, see Ref. 42). The hybridization parameter
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6 found for Ce,RhSi; is about 80 meV that is a value typical
for Ce-based intermetallics with stable valence of cerium
ions. In the spectrum presented in Fig. 13 there are no dis-
tinct intensities at a distance of ~11 eV from the main pho-
toemission lines which could be assigned to the Ce 3d°f°
final states (some tiny features observed at the binding ener-
gies of 896 and 915 eV are probably plasmons associated
with group oscillations of the conduction electrons). This
finding corroborates the presumption of well-defined triva-
lent character of the Ce ions.

Another evidence of the stable valence of the Ce ions in
Ce,RhSi; may be provided by the Ce 4d XPS spectrum, dis-
played in the lower panel in Fig. 13. The multiplet structure
observed for the binding energies ranging between 104 and
118 eV can be assigned to the 4d9fl final states, while no
additional peaks are seen at higher binding energies, which
would indicate the Ce 4d°f° state.® The shapes of 4d XPS
peaks are strongly affected by multiplet effects, which should
be treated in intermediate coupling regime.?® For this reason,
their quantitative analysis is not straightforward and not at-
tempted here. Nevertheless, the observed 4d spectrum seems
fully consistent with that of the Ce 3d states. Thus, the XPS
results support the magnetic-susceptibility and heat-capacity
data that also indicated the presence of stable Ce** ions.

IV. SUMMARY

The Czochralski grown single crystal of Ce,RhSi; was
found to form in a derivative of the AlB,-type structure,
characterized by doubling the unit cell along the basal hex-
agonal lattice parameter a, while leaving the ¢ parameter
unaltered. This finding is at odds with the crystal structure
hitherto considered in the literature, which was assigned to
Ce,RhSi; presuming that it is isostructural with Er,RhSis
(for the latter compound both lattice parameters are doubled
with respect to the AIB,-type!®?%). Most importantly, the re-
fined unit cell of Ce,RhSi; exhibits full crystallographic or-
dering of all the constituent atoms.

Based on this feature, by analogy with other R,TM;
phases, one may expect that the compound orders mag-
netically at low temperatures. The detailed bulk magnetic,
electrical, and thermodynamic measurements of single-
crystalline samples indeed indicated long-range antiferro-
magnetic order that sets in at 7y=4.5 K. This result corrobo-
rates the previous findings reported for polycrystals of
Ce,RhSi;, however the Néel temperature is considerably
lower than the literature data.?’">3-2% This discrepancy might
be due to some deviations in the composition of the poly-
crystalline samples from the ideal stoichiometry (note that
the refinements revealed the single crystal studied in the

PHYSICAL REVIEW B 79, 134435 (2009)

present work to have full atomic occupancies at all the sites)
or it may be related to a crystal structure different from that
determined for the single crystal.

The antiferromagnetic unit cell of Ce,RhSi; consists of
the magnetic moments carried by two crystallographically
inequivalent cerium atoms, which are confined to the hex-
agonal basal plane. The magnetic structure likely changes in
a field of 1.5 T applied along the easy magnetization direc-
tion, yet it remains antiferromagnetic in character up to at
least 4 T. In stronger fields a field-induced ferromagnetism is
observed. For magnetic field applied along the other direc-
tion a metamagnetic phase transition is not observed below 8
T. This finding indicates a strong magnetocrystalline aniso-
tropy in Ce,RhSi; that is rather uncommon for Ce-based
compounds. Obviously, the conjecture on field-induced
changes in the magnetic structure being the origin of the
observed features in the magnetization, heat capacity, and
electrical resistivity of the silicide studied should be verified
by neutron diffraction performed in external magnetic field.

The large negative paramagnetic Curie temperature, nega-
tive logarithmic slopes of the magnetic contribution to the
resistivity, as well as strongly enhanced low-temperature spe-
cific heat are all indicative that Ce,RhSi; belongs to a family
of dense Kondo systems with heavy-fermion ground state.
Using different approaches, the Kondo temperature was es-
timated to be about 9 K. Moreover, in the paramagnetic re-
gion the magnetic, electrical transport, and thermal behaviors
of the compound investigated are governed by strong crystal-
field interactions with large energy separation between the
ground state and the first-excited state (as much as about 350
K for the Cel ion and 140 K for the Ce2 ion) and the overall
energy splittings of the order of 400 K. An inelastic neutron-
scattering experiment is required to prove the crystalline
electric field model worked out in this study. Some ab initio
crystal-field and electronic structure calculations are pres-
ently underway to complement the present discussion based
on the experimental data. Those results will be published in a
separate extensive article.
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