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angular correlation spectroscopy with

Ce and '''Cd as probe nuclei

B. Bosch-Santos, A. W. Carbonari,? G. A. Cabrera-Pasca, M. S. Costa, and R. N. Saxena
Instituto de Pesquisas Energéticas e Nucleares, University of Sao Paulo, Sao Paulo 05508-000, Brazil

(Presented 16 January 2013; received 5 November 2012; accepted 28 December 2012; published

online 27 March 2013)

The magnetic hyperfine field (B, in RZn compounds (R =Gd, Tb, Dy) has been investigated by
perturbed angular correlation spectroscopy using "*°Ce and '''Cd as probe nuclei, respectively, at
R and Zn sites, in order to study the origin of the magnetic coupling in these compounds. The
results for '''Cd probe showed that the temperature dependence of By roughly follows the
Brillouin function for the R total angular momentum J of each compound. The temperature
dependence of B, measured with 49Ce probes showed, however, a sharp deviation from the
Brillouin curve for all compounds, which was ascribed to the contribution of the 4f-electron of
Ce*t to By © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4798311]

. INTRODUCTION

The study of magnetic properties of rare earth and zinc
(RZn) compounds is interesting because the rare earth
elements present a localized magnetism associated with 4f
electrons, which do not participate in chemical bonds,
and are responsible for the magnetic properties in these
compounds. In this case, two different mechanisms have
been proposed to explain the magnetic coupling between
the 4f spins of rare-earth ions in the compound. One of
them is the f-s mechanism wherein the s-conduction elec-
trons mediate the 4f-4f coupling." The other is the f-d
mechanism in which the 5d electrons of the rare-earth ions
is spin polarized by the inner 4f shell, and a subsequent
5d-5d exchange interaction with the 5d electrons of the
neighboring rare-earth atoms comes about.”” In order to
verify which of these two mechanisms is responsible for the
magnetic coupling in RZn compounds, an investigation of
the local magnetic field on an atomic scale is required.

The aim of the present work is to study the origin of the
magnetic coupling in RZn (R=Gd, Tb, Dy) compounds.
Perturbed gamma-gamma angular correlation (PAC) spec-
troscopy, which measures the hyperfine interaction between
nuclear external fields and nuclear moments of the probe
nuclei at a certain atomic site in the crystalline structure, was
used in the present work to determine the experimental val-
ues of Bs(0) due to the coupling mechanism between 4f
electrons of the R atoms in both R and Zn sites of GdZn,
TbZn, and DyZn compounds. All compounds studied in this
work exhibit a cubic crystal structure CsCl type belonging to
space group Pm-3m. GdZn, TbZn, and DyZn compounds
order ferromagnetically with Curie temperatures (T(),
respectively, 268, 204, and 139 K*® in which a tetragonal
distortion was observed.
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Il. EXPERIMENTAL PROCEDURE

GdZn, TbZn, and DyZn samples were prepared by
arc-melting the constituent elements (Gd, Tb, Dy =99.9%
and Zn=99.999% purity) in stoichiometric proportions
under argon atmosphere purified with a hot titanium getterer.
The structure of samples was characterized by X-ray diffrac-
tion, whose results for GdZn and DyZn showed a single
phase corresponding to the CsCl structure. In the case of
TbZn, the results showed that a major fraction (~73%) of
the sample presents the expected CsCl structure, while a
minor fraction (~27%) presents the hexagonal structure of
the metal Tb. These two phases were previously observed in
TbZn as reported in the literature.®

PAC measurements were carried out in a four BaF, de-
tector spectrometer using 14OLa(l‘wCe) and 111In(l“Cd) nu-
clear probes. For the measurements with lllIn(mCd)
nuclear probes, a carrier free '''In in the form of '''InCl,
was thermally diffused into the samples at 800 °C for 6h,
700 °C for 8 h, and 500°C for 10h, respectively, for GdZn,
TbZn, and DyZn. Radioactive '*°La was introduced in the
sample by arc melting the constituent elements of the com-
pounds along with ~0.1% of La previously irradiated with
neutrons. After melting, samples were annealed in vacuum at
800°C for 6h, 750°C for 12h, and 470°C during 32h,
respectively, for GdZn, TbZn, and DyZn. The gamma cas-
cades of 171-245keV in '''Cd populated in the electron cap-
ture decay of '"'In and 329-487 KeV in '*°Ce populated
from the decay of '*°Ce were used for the PAC measure-
ments, which were carried out in the temperature range of
10-295K using a closed loop helium cryogenic system. A
detailed description of the experimental method can be found
elsewhere.”®

lll. RESULTS AND DISCUSSION

Results of PAC measurements with '''Cd for DyZn
were fitted with a model described by a single fraction with a

© 2013 American Institute of Physics
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FIG. 1. Perturbation functions for RZn meas-
ured with (a) "*°Ce at 50K and (b)'''Cd at 10K.
Solid lines are the least squares fit of the theoret-
ical functions to the experimental data.
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well-defined magnetic frequency, which was assigned to
probe nuclei substituting the regular position of Zn atom in
the cubic structure. Results for GdZn and TbZn were fitted
using two fraction sites for probe nuclei, with the major
fraction (~65%) being assigned to probe nuclei replacing Zn
sites and the minor fraction with a broadly distributed
frequency for GdZn and a well defined fraction for TbZn
assigned to probe nuclei replacing Tb position in the hexago-
nal crystal structure of Tb. The PAC spectra for RZn
measured with '*°Ce at indicated temperatures are shown
in Fig. 1(a) and the results of measurements with "ed at
indicated temperatures are shown in Fig. 1(b).

Fig. 2 shows the temperature dependence of the mag-
netic hyperfine field B measured with 49Ce (a) and '"'Cd
(b). For each compound, the B could be calculated from the
measured Larmor frequency (w;) using the relation
or = ygBr/h, where iy is the nuclear magneton and g is
the g-factor of the intermediate level of each probe nucleus,
which, for "cd and 14OCe, are, respectively, 0.30620.001
and 1.014 = 0.038."°
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FIG. 2. Temperature dependence of the magnetic field for RZn measured
with (a) 1*°Ce and (b) ''Cd probe nuclei.
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The use of "“°Ce probe is interesting to study local
magnetism because this probe nucleus has a small electric
quadrupole moment that makes it practically insensitive to
electric quadrupole interactions, being sensitive only to
magnetic dipole interactions. It is, therefore, useful to define
quite accurately the temperature of the magnetic transitions
as well as the magnetic hyperfine field at the rare-earth
positions. The temperature dependence of B measured with
140Ce for each studied compound is shown in Fig. 2(a). A
sharp deviation of the experimental values from the
Brillouin curve can be observed for each compound. This
deviation results from the presence of one 4f electron in the
Ce™ jon, which may contribute to the total hyperfine field.’?
A similar deviation was recently observed in RRh,Si,
(R =rare-earth element) compounds.'' The origin of this
contribution to the observed B, at 140Ce probes was
explained by the relative position of the 4f band of the Ce
impurity in the density of states for each compound, and we
believe that the same mechanism is responsible by the
temperature dependence behavior of B,y in the studied RZn
compounds. The 4f band of the Ce impurity is located near
the Fermi level, hybridized with the 4d bands which are
wide and extend above the Fermi level. As the polarization
of the 4f band of the impurity by the 4f electrons of the
rare-earth element of the host occurs via d band, when
temperature increases, more d-electrons are promoted to
energies above the Fermi level weakening the polarization of
the Ce 4f-band, resulting in a decrease in Bhfvalues.11

One can thus consider the effective B at 149Ce on rare-
earth positions as a sum of the host contribution (Bzf) plus a
contribution from the impurity Ce (Bj,), Byy = Bj; + Bj;. A
model based on the molecular field theory modified to be
used with rare-earth host and impurity'>'"® was used to
obtain these two contributions. Results of the fit are shown in
Fig. 2(a) as solid lines. Data points at low temperature for
TbZn were not included in the fit once they represent a possi-
ble decrease in Bjs due to the presence of a non-magnetic
state of Ce probe ion.'* We, so far, do not know the reason
why data at low temperature deviate from the fit in the case
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TABLE I. Results for the fit of Brillouin function to experimental B data
measured with '''Cd in RZn compounds. Bj,s measured with "Cd in R ele-
ments'® and ratio By (RZn) /By (R) are also displayed.

Tc B(0) B/(0)
Compound (K) (T) Element (T) thf’flf’)”
GdZn 261(1)  32.0(8) Gd —34.0(7)  0.94(3)
TbZn 202(1)  26.4(6) Tb —275(5)  0.96(3)
DyZn 135(1)  19.7(5) Dy —22.14)  0.893)

of GdZn. However, as this effect is caused by the probe itself
and the host contribution follows a Brillouin like behavior as
shown in Fig. 2(b), we have considered that these effects do
not appreciably change the host contribution to B .

The results for the behavior of B, with temperature
measured with '''Cd (Fig. 2(b)), which measured only the
host contribution, could be reasonably fitted using the
Brillouin function for the total angular momentum (J) of
each rare-earth ion: Jgq = 7/2, J1» = 6,Jpy, = 15/2, respec-
tively, for GdZn, TbZn, and DyZn. From this fit, the mag-
netic field at 0K [Bhf(O)] and the Curie temperature (T¢)
could be obtained. Results are shown in Table I.

Both coupling mechanisms described in introduction
result in spin polarization which, through Fermi contact
interaction, produces a magnetic hyperfine field at the probe
nucleus. One, therefore, expects By to be linearly propor-
tional to spin projection of S along J, (g—1) J.'® Results of
B),r at 0K obtained from the fit for both probe nuclei, Med
and '“°Ce (host contribution), show linear dependence with
(g-DJ.

In order to investigate the coupling mechanism, we have
followed the same procedure described in Ref. 15 and com-
pared B, measured with '''Cd in RZn to that in rare-earth
elements (R). In RZn, g probes have 8 nearest R neigh-
bors at Zn sites, while in R metals each site has 12 NN. In
the f—d mechanism, we, therefore, expect that the ratio
By (RZn)/Bjs(R) ~8/12=0.67 or larger. In the case of f—s
mechanism, Bjs(RZn) is roughly 0.5 of the Bjs(R), because
half of the R ions are replaced by Zn atoms. In Table I, B,
measured with ''Cd for rare-earth elements R = Gd, Tb, and
Dy as well as the ratio Bjs(RZn)/Bjs(R) are displayed. As
can be seen from the results, Bys(RZn)/Bjs(R) are all larger
than 0.67 which is a good indication that the f—d mechanism
is responsible for the magnetic coupling in these compounds.

IV. SUMMARY

PAC spectroscopy using '*°Ce and '''Cd was used to
measure the temperature dependence of B, respectively, at
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R and Zn sites in RZn (R = Gd, Tb, Dy) compounds. Results
for ""'Cd could be fitted by the Brillouin function, which
allowed determination of the Curie temperature as well as
By at OK. Although B values for 140Ce strongly depart
from the Brillouin behavior because the 4f-electron contribu-
tion to By, the host contribution could be determined from
the fit of a molecular-field based model. The host contribu-
tion to By follows a linear dependence with g; — 1 for two
probe nuclei, and a comparison of B values for RZn with
those for R measured with '''Cd indicated that the f—d
mechanism may be responsible for the spin coupling in these
compounds.
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