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Abstract

Ferromagnetic and electrical properties of Ce;Rh; and Pr;Rh; single crystals have been investigated by the measurements of magnetization,
magnetic susceptibility, electrical resistivity and thermal expansion. As previously reported, the two compounds are ferromagnetic at low temper-
ature. In the ferromagnetic state, Ce;Rh; has a uniaxial magnetic anisotropy along the c-axis. On the contrary, Pr;Rh; shows the relatively large
in-plane magnetic anisotropy. Magnetic anisotropy energy estimated from the magnetization curves at 4.2 K is K,;; =6.32 x 10? erg/cm? for Ce;Rh;
and K, =1.90 x 10° erg/cm3 for Pr;Rhj, respectively. Saturation magnetization at 4.2 K is 0.98 wg/Ce for Ce;Rh; and 1.38 pg/Pr for Pr;Rh; which
are smaller than the gJ value of Ce** and Pr** free ions indicating the existence of crystal electric field (CEF) effect. Magnetic anisotropy axis of
Ce;Rh; is different from the prediction by the point charge model. This can be described by the 4f-conduction electron hybridization in the c-plane.
Electrical resistivity of Ce;Rh; indicates the existence of the Kondo scattering.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The rare earth intermetallic compounds R7Rh3 crystallize in
the ThyFes type hexagonal structure with space group P63mc
in which the R atom occupies three non-equivalent sites [1-3].
In this system, almost all the rare earth elements form R7Rh3
compounds with Rh. Magnetic and electrical properties have
been reported by several authors [4-8]. Among them, La7Rhj3 is
a Pauli paramagnetic superconductor with the superconducting
transition temperature of 7s = 2.6 K [4]. In the other compounds,
Ce7Rh3 and Pr7Rh3 are ferromagnetic below T¢c=6.8 K and
14.1 K, respectively and show metallic electrical conduction
[6,8]. On the other hand, the R7Rh3 (R =Gd and Tb to Er) com-
pounds and Y7Rh3 show a negative temperature coefficient of
the electrical resistivity in the high temperature region indicating
the compensated semimetal or degenerated semiconductor [9].
Furthermore, Ce7Rh3 shows the heavy fermion characteristics
[5-7]. Since these studies were carried out using polycrystalline

* Corresponding author. Tel.: +81 82 424 7089; fax: +81 82 424 5241.
E-mail address: tsutaok @hiroshima-u.ac.jp (T. Tsutaoka).

0925-8388/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2006.11.033

samples, detailed properties of these compounds were not so
clear. In the present study, we have succeeded to make single
crystals of CeyRh3 and Pr;Rh3 and investigated the magnetic
and electrical properties of these two compounds. In this report,
we will present the experimental results of magnetic, electri-
cal and thermal measurements and the detailed ferromagnetic
behavior of Ce7Rh3 and PryRh3z will be discussed.

2. Experimental

Polycrystalline samples of Ce7Rh3 and Pr;Rh3 were prepared by arc-melting
the constituent elements of 99.9% Ce, Pr and 99.96% Rh under high purity argon
atmosphere. Single crystals were obtained by a Czochralski method from single-
phase polycrystalline samples using a tri-arc furnace. Rectangular and sphere
samples were cut from the single crystalline ingots. The dimension of the c-axis
sample of Ce7Rh3 is 2.0 mm x 1.8 mm x 4.9 mm; the other rectangular samples
have almost the same dimensions. All the samples were annealed at 500 °C for
24 h in an evacuated quartz tube. Powder X-ray diffraction indicated that the
samples were all single-phase with the ThyFes-type hexagonal structure. The
crystal orientation was determined by the back reflection Laue method. Mea-
surements of the AC magnetic susceptibility yac were made using a standard
Hartshorn bridge circuit. Frequency and amplitude of the AC magnetic field
are 100 Hz and 12 Oe, respectively. Magnetization and magnetic susceptibility
were measured using a vibrating sample magnetometer in the magnetic field
up to 17kOe and in the temperature range from 4.2 to 300 K. The electrical
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resistivity p and thermal expansion AL/L were measured by a conventional DC
four-terminal method and a strain gauge method, respectively. In the electri-
cal resistivity measurements, the applied electrical current was 10 mA and the
measurement number was 10 per point.

3. Results and discussion
3.1. Ferromagnetic behavior of Ce;Rh;3 single crystals

The magnetization M curves of Ce;Rh3 at 4.2 K are shown
in Fig. 1 along the c-axis and in the c-plane. For this sample, the
magnetization was measured by the extraction method using a
superconducting magnet up to 90 kOe. No magnetic anisotropy
was observed in the c-plane. The magnetization curve along
the c-axis indicates a ferromagnetic character and M slightly
increases with increasing magnetic field H, in higher magnetic
fields up to 90kOe. In the c-plane, the M initially shows the
linear increases with increasing H and approach to the curve
along the c-axis. This result shows that CeyRh3 has a uniax-
ial type magnetic anisotropy with the c-axis as the easy axis.
The saturation magnetization value, which is estimated by the
extrapolation of the M to 1/H=0, is 0.98 pg/Ce. This is about
one-half of the theoretical value of Ce**, 2.14 up. The origin of
this small saturation magnetization can be attributed to the crys-
tal electric field (CEF) effect or the effect of the non-magnetic
Ce ions. Since Ce7Rh3 has tree non-equivalent crystallographic
sites, magnetic moment of each site can be different. From the
entropy change at 7¢ determined by the specific heat measure-
ments, Trovarelli and Sereni suggested that only the Ce ion at
the sitel contributes to the ferromagnetic property and the Ce,
and Ces ion contribute the Kondo effect and the valence fluctu-
ation, respectively [7]. However, assuming that the two of the
14 Ce ions in the unit cell carry the magnetic moment, magne-
tization value must be 1/7 of the full moment of Ce>*. Since the
obtained saturation magnetization value, 0.98 ng/Ce, is larger
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Fig. 2. Magnetization curves of Ce7Rhj3 at various temperatures.

magnetic moment at the sitel can be different from that at site2
and site3.

The temperature variation of the magnetization curve is
shown in Fig. 2. Ferromagnetic property disappears between
6.5 and 7 K. The ferromagnetic Curie temperature T¢c was deter-
mined to be 6.8 K from the xac versus T data, displayed in Fig. 3.
This value is in good agreement with the previously reported one
[6,8]. A relatively large magnetic anisotropy is also observed in
the yac measurement. In the uniaxial magnetic anisotropy sys-
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Fig. 1. Magnetization curves of Ce;Rh3 at 4.2 K. Fig. 3. AC magnetic susceptibility xac of Ce7Rh3 as a function of temperature.
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Fig. 4. Magnetic susceptibility x and reciprocal susceptibility x~' of Ce7Rh;3
as a function of temperature.

tem with hexagonal structure, the hard axis magnetization can
be described using two magnetic anisotropy constant K;; and
Ky as follows [10],

M? 2Ky He

4Ku274+ 7 = .
M{ MZ M

ey

Here, Mg and Hg are the saturation magnetization and the
effective magnetic field, respectively. Effective magnetic field
is represented by
NM
Hef=H — —. @)
Ko
Here, N and p( are the demagnetizing factor and the mag-
netic permeability of vacuum, respectively. From the intercept
value of the He/M versus M? curve, the magnetic anisotropy
constant of Ce7Rh3 at 4.2 K was estimated. Obtained value is
Ky =6.32 x 102 erg/cm3. This obtained value is small com-
pared to the value of hexagonal Co, K,j =6.86 x 10° erg/cm?
at4.2K [11].

Fig. 4 shows the magnetic susceptibility x and the reciprocal
susceptibility x~! as a function of temperature. The magnetic
susceptibility rapidly decreases with increasing temperature in
both axes. Paramagnetic susceptibility above 50 K obeys the
Curie—Weiss law. Effective magnetic moment e, Which is
obtained from the reciprocal susceptibility data, is 2.3 ug/Ce
along the c-axis and 2.4 wg/Ce in the c-plane, respectively. These
values have a good agreement to the theoretical value 2.54 pg
of Ce**. The paramagnetic Curie temperature Op is 3.1K for
the c-axis and —53.6 K for the c-plane, respectively. From the
molecular field theory, the CEF parameter Bg can be determined
using 6, values as follows [12],

0 _ 10(6p2 — 6p1)
27320 - DI +3)
where the 6,1 and 6y, are the paramagnetic Curie tempera-

ture along the c-axis and in the c-plane, respectively and J is
the total angular momentum of the rare earth ion. We obtained
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Fig. 5. Electrical resistivity p of Ce7Rh3 and LayRh3 as a function of tempera-
ture. The inset is the low temperature part of p for Ce;Rhs3.

BY = —5.91K for Ce7Rh3. We will discuss this negative value
of Bg and the difference of the magnetic anisotropy axis between
Ce7Rh3 and PryRhs, later.

Fig. 5 shows the electrical resistivity p as a function of tem-
perature T for a Ce;Rhj3 single crystal. The inset shows the low
temperature part. The electrical resistivity data of LayRh3 are
also shown in this figure [13]. In Ce7Rhs, the metallic electrical
conduction was observed in both axes. The p of Ce7Rh3 slightly
decreases with decreasing temperature from room temperature
and shows a minimum at about 24 K and a rapid decrease at
Tc. On the other hand, LayRh3 shows the superconducting tran-
sition at Ts =2.6 K [4]. The minimum of p in Ce7Rhj3 can be
caused by the short range ferromagnetic ordering above T¢. It
was reported that CeyRh3 shows the coexistence of ferromag-
netic order and the Kondo effect [6,14]. To evaluate the Kondo
scattering, the magnetic component of the electrical resistivity
Pmag Was estimated by subtracting the p of LayRh3 from that
of Ce7Rh3. The pmag along the c-axis is shown in Fig. 6 as a
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Fig. 6. Magnetic component of electrical resistivity pmag of Ce7Rh3 along the
c-axis as a function of temperature.
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Fig. 7. Magnetization curves of Pr;Rh3 at 4.2 K.

function of temperature. The high temperature variation of py,g
above 70K shows a —log T dependence indicating the Kondo
effect.

3.2. Ferromagnetic behavior of Pr7Rh3 single crystals

Magnetization M curves of Pr;Rh3 along the c-axis and in
the c-plane at 4.2 K are shown in Fig. 7. These curves indicate
that Pr;Rh3 has an easy-plane type magnetic anisotropy in the
c-plane. The saturation magnetization value, which is estimated
by the extrapolation of the M to 1/H=0, is 1.38 pg/Ce. This
is about 40% of the theoretical value of Pr3*ion in the ordered
state (pgy=3.2 up). As temperature increases, magnetization
curve along the c-plane becomes paramagnetic near 16 K as
shown in Fig. 8(a). The M? versus H/M plot, i.e. Arrot plot,
which is shown in Fig. 8(b) indicates that the Curie temperature
Tc exists between 14 and 16 K. On the other hand, the gradi-
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Fig. 9. AC magnetic susceptibility xac of Pr7Rh;3 as a function of temperature.
The inset shows the dxac/dT vs. T curve in the c-plane.

ent of the linear magnetization curve decreases with increasing
temperature.

The AC magnetic susceptibility yac is shown in Fig. 9 as a
function of temperature T. The inset shows the d yoc/dT versus T
curve in the c-plane. The Curie temperature T¢ was determined
to be 14.1 K from the inflection point of the temperature in the
c-plane susceptibility (the inset of Fig. 9). A large magnetic
anisotropy was also observed between the c-axis and the c-plane
in the yac curve. In the in-plane magnetic anisotropy system
with hexagonal structure, the hard axis magnetization can be
described as follows [10,15],

M?  2(Ky +2K H,
4k~ (Kut +2 w) _ Heii @
M M} M

From the gradient of the Hef/M versus M? curve, magnetic
anisotropy constant of PryRhz at 4.2 K was estimated to be
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Fig. 8. Magnetization curves (a) and the Arrot plot (b) for Ce;Rhj3 at several temperatures.
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Fig. 10. Magnetic susceptibility yx and reciprocal susceptibility x~! of Pr;Rh;3
as a function of temperature.

Ky =1.90 x 107 erg/cm?®. This value is much larger than that
of Ce7Rhj.

Magnetic susceptibility x and reciprocal susceptibility x~
under 10kOe along the c-axis and in the c-plane are shown in
Fig. 10 as a function of temperature. The y rapidly decreases
with increasing temperature for both axes. The x~! curves indi-
cates the linear temperature variation above 50 K indicating the
Curie—Weiss law. Effective magnetic moment p.f determined
from the paramagnetic susceptibility is 3.5 wp/Pr along the c-
axis and 3.6 pwp/Prin the c-plane, respectively. These values have
a good agreement to the theoretical value 3.58 pg of Pr’*. Fur-
ther, the paramagnetic Curie temperature, 6, is —31.7 K for the
c-axis and 8.6 K for the c-plane, respectively. The second order
CEF parameter B(z) determined by Eq. (3) is 1.74 K for Pr7Rh;3.

Fig. 11 shows the electrical resistivity p as a function of tem-
perature T for a PryRh3 single crystal. The inset shows the low
temperature parts. Pr;Rh3 also shows the metallic conduction
and the p decreases with decreasing temperature and shows a
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Fig. 11. Electrical resistivity p of Pr7Rh3 as a function of temperature. The inset

shows the low temperature part of p for Pr;Rhs.

kink at Tc. The electrical resistivity in the paramagnetic state
shows the negative curvature in both axes; temperature depen-
dence of p does not follow the Bloch—Griineisen equation. This
behavior could be originated by the s—d interband scattering
which was described by Mott and Jones [16]. This behavior is
also seen in LayRh3 as shown in Fig. 5.

3.3. The magnetic anisotropy difference between Ce7Rh3
and PryRh;

We consider the CEF parameter Bg of Ce7Rh3 and Pr7Rhs3.
From the point charge model, the B(z) can be estimated using the
following equation [17],

BY = o, ()1 = 0)AY = —a; (r*)(1 — 0)
1/2 5 2
2(7) Geesny

where  is the Stevens factor and (%) is the mean square of the
radial wave function of 4f electrons. This value was calculated
by Freeman and Watson [18]. The o is a shielding factor; we
assume this 0.5. The Z; is the valence of the ion and the R; is
the distance between the origin and the position of the ith atom.
The 6; is the angle from the quantized axis. Assuming that the
valence of R and Rhis 3+ and 1+, respectively, Bg was calculated
using the atoms included in the nearest neighbor polyhedron.
Obtained value of Bg is 13.16 K for Ce7Rh3 and 3.86K for
Pr7Rhj3, respectively. Comparing the Bg value from the magnetic
susceptibility data, —5.91 K for Ce;Rh3 and 1.74 K for Pr7Rh3,
to the calculated ones, a reasonable agreement was obtained in
Pr7Rh3. However, in Ce7Rhj3, the experimentally obtained B(z)
value has the opposite sign and shows a large difference from the
expected one by the point charge model. Generally, the magnetic
anisotropy axis is determined by the interaction between the
ligand and the 4f electrons in the rare earth compounds; the
distribution of the 4f electrons can be reflected on the sign of
the Stevens factor in Eq. (5). It is known that the Stevens factor
is negative for Ce, Pr, Nd, Tb, Dy and Ho. Thus, the sign of Bg
must be positive and the in-plane magnetic anisotropy can be
maintained in Ce;Rh3 and Pr7Rh3. We discuss this discrepancy
of the anisotropy axis in Ce7Rh3 considering the distribution of
the 4f electrons on the three rare earth sites R1, R2 and R3.

In the R7Rh3 system, the lattice constant of the c-axis is
smaller than that of the a-axis. From this geometry, at the R1
and R3 sites, the number of R3* ions situated along the c-axis is
larger than that in the c-plane. Thus, the 4f electrons at R1 and
R3 tend to be distributed along the c-axis; the magnetic moments
can be polarized in the c-plane as shown in Fig. 12. On the other
hand, the 4f electrons at R2 site are distributed in the c-plane
due to the distribution of the other R** ions around it; magnetic
moments are polarized along the c-axis. Since there are four R1
and R2 sites and three R2 sites in R7Rh3, the total 4f electron
distribution can be stabilized along the c-axis. In Pr;Rh3, the
in-plane magnetic anisotropy is considered to be achieved by
this mechanism. On the other hand, it is known that the 4f elec-
tron hybridizes with the conduction electron in Ce compounds.
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Fig. 12. Schematic diagram of the distribution of 4f electron around the each rare earth site in R7Rh;3.

Thus the strong 4f-conduction electron hybridization in the c-
plane makes the 4f electrons distribution in the c-plane; magnetic
moments are polarized along the c-axis in Ce7Rh3. And this can
bring about the uniaxial magnetic anisotropy in Ce7Rhs.

The thermal expansion of Ce7Rh3 can be also explained by
the hybridization effect. Fig. 13 shows the thermal expansion
AL/L of a Ce7Rh3 single crystal. With decreasing temperature,
the AL/L decreases in the c-plane and increases along the c-
axis. Since the lattice shrinkage in the c-plane is caused by the
4f-cnduction electron hybridization; the lattice expands to the c-
axis to compensate the lattice energy. Such kind of the change in
the magnetic anisotropy axis was also found in Ce;Ni3 [19,20].
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Fig. 13. Thermal expansion AL/L of Ce7Rhj3 as a function of temperature.

The origin of the small magnetic anisotropy in Ce;Rh3 com-
pared to that in Pr;Rh3 can be realized from this hybridization
effect.

4. Conclusions

Ferromagnetic properties of Ce;Rh3z and Pr7Rhj single crys-
tals have been investigated. Ce;Rh3 has uniaxial magnetic
anisotropy along the c-axis; on the contrary, PryRh3 has in-
plane anisotropy in the basal plane. The magnetic anisotropy
energy has been estimated for these compounds at 4.2 K. The
uniaxial magnetic anisotropy in Ce;Rh3 can be realized by the
4f-conduction electron hybridization. In Ce;Rh3, the coexis-
tence of the Kondo effect and ferromagnetic order was observed.
The CEF parameter Bg was experimentally examined from the
magnetic susceptibility data and was also calculated by the point
charge model. Reasonable agreement in Bg value was obtained
in PI‘7Rh3.
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