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a b s t r a c t

In this paper, a model based on the molecular field theory is used to fit experimental data of the magnetic
hyperfine field (mhf) at nuclei of a magnetic dilute impurity in a magnetic host and determine separately
the contributions of the host and the impurity to mhf, which otherwise would not be possible. The model
is used to fit data on the temperature dependence of mhf at 140Ce nuclei as an impurity replacing rare-
earth (RE) ions in REAg (RE ¼ Gd, Tb, Dy, Ho) hosts. Experimental data on GdAg and DyAg are available in
the literature and data on the temperature dependence of mhf for TbAg and HoAg were measured by
perturbed gammaegamma angular correlation (PAC) spectroscopy. Due to the magnetic interplay be-
tween host and impurity magnetic ions, the behavior of the temperature dependence of mhf below
respective TN of each compound shows an accentuated deviation from an expected Brillouin-like pattern
for each compound. This unusual behavior is a consequence of an additional magnetic interaction which
emerges from the polarization of localized moments of Ce induced by the magnetic field from RE ions.
The impurity contribution calculated from the model are shown to follow the same behavior of the
reduced hyperfine field determined from experimental data. The host contribution is discussed in terms
of the indirect magnetic coupling between the magnetic RE ions of the host and the obtained values are
supported by first-principles calculations based on the density functional theory (DFT). It is also shown
that both contributions calculated by the model have values within the expected experimental sys-
tematic. Moreover, density of states (DOS) from first-principles calculations explain the mechanism
responsible by the observed anomalous behavior of the temperature dependence of mhf. The model
presented here can be applied to understand the complex phenomenon of interactions between the
magnetic ions of a ordered host and dilute magnetic impurity atoms. The physical description of these
magnetic interactions might have an important impact to new applications in spintronics and quantum
computing.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The investigation of magnetism from an atomic view in inter-
metallic compounds containing rare-earth elements is useful to
understand the wide variety of interesting physical phenomena,
especially different magnetic behaviors, associated with these
materials. Neutron diffraction is one of the techniques often used to
obtain information about the spatial distribution of the magnetic
moments in magnetic compounds. Unfortunately, due to the very
large thermal neutron absorption cross sections of some rare-earth
).
elements, little information is available from neutron diffraction
studies about details of the magnetic structure in many rare-earth
compounds. Nevertheless, as experimental data on the local
magnetism at a certain site in magnetic compounds is very
important to study the origin of its magnetic properties, other
techniques can be used. Hyperfine interaction (hfi) techniques are
very useful tools to provide precise and reliable information on the
magnetism in an atomic scale. Hfi techniques measure the local
magnetic field at a certain site of the samples by using probe nuclei.
Some hfi techniques based on resonance methodology use the
constituent rare-earth element nucleus itself as a probe, this is the
case, for instance, of 151Eu, 155Gd, 161Dy and 171Yb in M€ossbauer
spectroscopy or nuclear magnetic resonance. However, as rare-
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earth ions have incomplete 4f shell, contributions to the magnetic
hyperfine field (mhf) from the orbital angular momentum or core
polarization of the probe atom itself are usually rather large and
may be different for each rare-earth ion. As a consequence, in a
systematic investigation where a series of compounds with
different rare-earth elements are being studied and the magnetic
interaction between magnetic rare-earth atoms is the subject of
interest, it is not convenient to use hfi probe nuclei that contribute
themselves to mhf, because their large 4f contribution would mask
contributions from the neighborhood. The use of different probes
with different magnetic coupling constants is also a problem in
such investigations. In a systematic study, therefore, it is better to
use the same probe nucleus (in which contributions to mhf from
the nucleus itself are not present or can be separated from the host
contribution) for all compounds in order to better compare the
results. At this point, it is noteworthy that localized moments on
diluted magnetic ions in magnetic matrices can only be measured
by local techniques such as hfi techniques.

Perturbed gammaegamma angular correlation (PAC) spectros-
copy is a hyperfine interaction technique where radioactive probe
nuclei, which emit gamma rays in cascade, are introduced into the
samples and the time dependence of the gamma-rays emission
pattern are measured. In PAC spectroscopy it is, therefore, possible
to use the same probe nucleus to investigate a series of compounds
with different rare-earth elements. The most convenient PAC probe
nucleus used to investigate the contribution from the magnetic
neighbor to the hyperfine field is the closed-shell 111Cd, which can,
in principle, substitute for any of the constituent elements in the
compound under investigation. However, sometimes this probe
does not substitute the rare-earth elements, and some other probe
must be used to investigate the local magnetic field at the rare-
earth sites.

140Ce is another PAC probe that can be used to investigate the
local magnetism in rare-earth compounds as it substitutes rare-
earth ions. However, Ceþ3 ions have one 4f electron and conse-
quently a localized moment is found in such ions, which also create
a contribution from the probe itself to the magnetic hyperfine field.
On the other hand, the 4f band of Ceþ3 is generally located close to
the Fermi level in most compounds, especially when Ce is an im-
purity in a rare-earth compound, and can be hybridized with d-
band of the host [1]. As a consequence, the influence on the mag-
netic hyperfine field can be strongly dependent on the temperature
and easy to be observed as reported before formeasurements of the
temperature dependence of the mhf at 140Ce in Gd by Thiel et al. [2]
and CeMn2 Ge2 by Carbonari et al. [3], in which the behavior of mhf
strongly departs from the standard Brillouin curve.

For closed-shell probe nuclei as impurity in rare earth inter-
metallic compounds, themagnetic hyperfine field is proportional to
the conduction electron spin polarization (CEP) at the probe site, as
shown in literature for several compounds using, for instance, 111Cd
[4e7]. In the case of rare earth probe nuclei, the 4f electrons are
expected to contribute significantly to the magnetic hyperfine field.
The magnetic hyperfine field measured by PAC spectroscopy is the
effective field at the probe site and, therefore, it is not possible to
determine each contribution to mhf separately from the mea-
surements. Unfortunately, there are only few experimental results
available for rare-earth probe nuclei in rare earth magnetic com-
pounds to permit a systematic investigation of the mhf contribu-
tion due to 4f electrons. Moreover, it is not known yet the intensity
of the contribution of 4f electrons of a rare-earth impurity probe on
the magnetic hyperfine field in magnetic compounds neither if it is
always present.

The magnetic hyperfine field (mhf) at probe nuclei of dilute
magnetic rare-earth ions in magnetic intermetallic compounds is
itself a very interesting and yet not well understood subject mainly
because of the exchange interaction between the localized mag-
netic moment on the probe atom and the magnetic host ions. The
understanding of this interaction is technologically important since
the possibility to design a specific material, in which this interac-
tion can be tuned, would make it a potential candidate to new
application in spintronics and quantum computing.

In the present paper we show that, using a simple model based
on the molecular field theory, it is possible to separately determine
both contributions to the effective mhf measured experimentally:
one from the magnetic ions of the host and another from the 4f
electron of the impurity probe atom. As a consequence, such
methodology makes 140Ce a useful probe to be used in measure-
ments of local magnetic fields in rare-earth compounds as well as it
allows the individual investigation of each contribution, which
opens the possibility to study the complex interaction between the
host magnetic ions and the Ce magnetic impurity.

In order to verify the applicability of the model it is convenient
to test it in magnetic matrices belonging to a series of isostructural
RE compounds because parameters such as atomic distances,
chemical composition, magnetic ion, etc. can be controlled. We
have chosen to investigate in this work the mhf at 140Ce probe
nuclei substituting rare-earth (RE) sites of the cubic intermetallic
binary compounds of the type REAg in order to quantify the 4f
contribution and compare the results with previous measurements
of mhf on 140Ce in other rare earth compounds. The anti-
ferromagnetic order of the majority of compounds in the family,
for instance in NdAg compound [8], is characterized by adjacent
ferromagnetic planes (110) having oppositely directed spins in the
[001] direction [9e11]. The exceptions are CeAg and PrAg, which
orders ferromagnetically [12]. The antiferromagnetic (p,p,0)
structure in these compounds is built up by ferromagnetic [110]
planes coupled antiferromagnetically. Considering the lanthanide
series from La to Lu, NdAg is the first antiferromagnetic compound
after CeAg and PrAg. The antiferromagnetic state in NdAg was
shown to be unstable having an energy extremely close to the
ferromagnetic state [13]. Phenomena like quadrupole interactions
and crystal field splitting, spin fluctuations and incommensurate
magnetism make the magnetic behavior in REAg compounds very
complex.

In the presentwork the temperature dependence of mhf at 140Ce
on rare-earth sites in TbAg and HoAg was measured by PAC spec-
troscopy below respective N�eel temperatures. The results were
analyzed together with previous ones also from PACmeasurements
using 140Ce at rare-earth sites in GdAg [14] and DyAg [15]. Mea-
surements of mhf at some temperatures in new samples of GdAg
and DyAg were taken in order to confirm the results previously
obtained. The anomalous behavior of the temperature dependence
of mhf was analyzed with the proposed model to obtain the host
contribution and the probe contribution to mhf. The probe
contribution determined by themodel was shown to agreewith the
expected experimental values. Host contribution obtained from the
model were shown to follow the expected behavior for indirect
magnetic coupling of rare-earth compounds and agree with the
systematic behavior obtained from first-principles calculations
using the density function theory (DFT), whose results also help to
explain the mechanism responsible for the anomalous behavior of
the temperature dependence of mhf.

2. Experimental

Samples of REAg were prepared by repeatedly melting the
constituent elements (RE 99.99% and Ag 99.9985%) under argon
atmosphere purified with a hot titanium getterer in an arc furnace.
The samples used for PACmeasurements were prepared in a similar
way but with radioactive 140La (obtained by neutron irradiation of



Table 1
Weiss temperature, N�eel temperature, and lattice parameter of REAg compounds.

Compound q TN a

(K) (K) (Å)

GdAg �88.5 133 3.646
TbAg �12.2 105 3.620
DyAg �23.3 57 3.608
HoAg �2.3 33 3.601
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lanthanum metal) substituting about 0.1% of RE atoms. All samples
were annealed under an atmosphere of ultra pure Ar for 48 h at
700 �C. The structure of each sample was checked by X-ray
diffraction (XRD) measurements using Cu Ka with subsequent
analysis by Rietveld method. The results indicated the cubic CsCl-
type structure with the Pm3m space group for all samples and,
within the resolution of XRD, no secondary phases were observed.
Magnetization measurements were carried out for all samples in
the temperature range of 4e200 K using a superconductor quan-
tum interference device (SQUID), and the results are shown in Fig.1.

The PAC measurements were carried out with a conventional
fast-slow coincidence set-up with four conical BaF2 detectors. The
gamma cascade of 329 keVe487 keV, populated from the decay of
140La, with an intermediate level with spin I ¼ 4þ at 2083 keV (T1/
2 ¼ 3.45 ns) in 140Ce was used to measure the magnetic hyperfine
field at the rare-earth sites. The samples were measured in the
temperature range of 10e295 K by using a closed-cycle helium
cryogenic device. The time resolution of the system was about
0.6 ns for the 140Ce gamma cascade.

The PAC method is based on the observation of hyperfine
interaction of nuclear moments with extra-nuclear magnetic field
or electric field gradient. A detailed description of the experimental
method can be found elsewhere [16,17]. The perturbation factor
G22(t) of the correlation function, which contains detailed infor-
mation about the hyperfine interaction, for an unpolarized ferro-
magnetic sample consisting of randomly oriented domains can be
written (neglecting the A44 terms) as:

RðtÞ ¼ A22G22ðtÞ ¼ A22½0:2þ 0:4cosðuLtÞ þ 0:4cos2ðuLtÞ� (1)
Fig. 1. Magnetic susceptibility c(T) for REAg compounds in a magnetic field
Measurement of G22(t) allows the determination of the Larmor
frequency uL ¼ mNgBhf =Z, from the known g-factor of the 2083 keV
state of 140Ce, and consequent determination of the magnetic hy-
perfine field Bhf. The experimental data for temperatures below TN
were analysed for a pure magnetic dipole interaction. This is
because for 140Ce the small value of the quadrupole moment
(Q ¼ 0.35 b [18]) and the short half-life (which delimit the time
window for the observation of hyperfine interactions) of the in-
termediate state involved in the gamma cascade imply that only
quadrupole interactions with frequencies much higher than those
usually found in most materials could be observed. As a conse-
quence, only magnetic dipole interactions might be observed with
140Ce probe nuclei.
3. Results

The lattice parameter (a) of each compound was determined
from XRD measurements and are displayed in Table 1, the results
of 100 Oe. The insets show the inverse magnetic susceptibility c�1(T).
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agree very well with those early reported [19]. Results from
magnetization measurements show that the REAg compounds
investigated in this work do not exhibit simple magnetic behavior,
especially GdAg and TbAg. Therefore, the magnetization data from
Fig. 1 for all compounds were fitted with the CurieeWeiss law
c(T) ¼ c0 þ C/(T � q). The Weiss temperature (q) obtained from the
fit to the susceptibility data along with the N�eel temperature (TN)
obtained from magnetization data are also presented in Table 1.
Results are quite similar to those reported by Walline and Wallace
[12].

Typical PAC spectra at some temperatures for GdAg and TbAg,
measured by using the 140La / 140Ce probe, obtained just above
and below respective N�eel temperatures are shown in Fig. 2. Solid
curves represent the least squares fit of the experimental data to Eq.
Fig. 2. Perturbation functions R(t) of the 140Ce probe in GdAg (left) and TbAg
(1). Results of the fitting indicated that most of the alloys had
unique field with small distribution.

The PAC results show well-defined magnetic dipole interaction
below the respective magnetic transition temperatures for both
compounds. Fig. 3 shows the temperature dependence of the hy-
perfine field Bhf at 140Ce in REAg compounds. The observed mag-
netic interaction corresponds to the antiferromagnetic ordering of
the RE moments. However, mhf data show an accentuated devia-
tion from the expected behavior for a simple antiferromagnetic
ordering.

4. Discussion

The unusual behavior of Bhf with temperature (see Fig. 3) can be
(right) at some temperatures below their respective N�eel temperatures.



Fig. 3. Temperature dependence of the magnetic hyperfine field at RE sites in REAg measured with 140Ce probe. The solid lines represent the fitting to a molecular field model
described in the text.
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explained by using a model derived from that used by Jaccarino
et al. [20] to explain a similar behavior for the temperature
dependence of the 55Mn NMR frequency in ferromagnetic FeMn
alloys. In order to explain such behavior the authors proposed a
calculation of the NMR frequency based on amolecular-field theory
in which the localized moment on Mn is oriented in the exchange
field of Fe host. This model was modified by Bernas and Gabriel [21]
in order to explain the temperature behavior of the mhf measured
with a rare-earth probe nucleus 169Tm in iron host and afterwards
used to analyze results from PACmeasurements using 140Ce diluted
in magnetic rare-earth hosts [2,22]. In this paper, a modification of
the models used by those authors has been introduced. The effec-
tive hyperfine field, Bhf, at the probe site is given by the sum of the
contributions from the probe ion itself, Bihf and from the polariza-
tion of conduction electrons by the magnetic ions of the host, Bhhf ,
which scales with the host reduced magnetization s(T). Bihf is
proportional to the thermal average of the impurity moment hJii,
which is localized and has magnitude independent of temperature.
The thermal average of the localized magnetic moment of the im-
purity is taken over its levels in the exchange field of the host
Biexc[20]:

Bhf ðTÞ ¼ Bihf ð0Þ � BJiðyÞ þ Bhhf ð0ÞsðTÞ; (2)

where the argument of the Brillouin function BJi ðyÞ is given by
y ¼
mB

�
gJi � 1

�

kT
Ji
!
$B/excðTÞ; (3)

where mB and k are the Bohrmagneton and the Boltzmann constant,
respectively, the Land�e factor gJi ¼ 6/7 and total angular mo-
mentum Ji ¼ 5/2 for Ce3þ. T is the temperature in all equations. The
exchange field, which also scales with s(T), is given by

BexcðTÞ ¼ Bexcð0ÞxsðTÞ; (4)

where x is a parameter that takes into account the fact that the
host-impurity exchange may be different form the hostehost ex-
change, and

Bexcð0Þ ¼ 3kTo�
gJh � 1

��
Jh þ 1

�
mB

; (5)

where To is the magnetic ordering transition temperature and, gJh
and Jh are respectively the Land�e factor and total angular mo-
mentum of the magnetic ion of the host. As REAg compounds
studied in this work order antiferromagnetically, To is the N�eel
temperature, TN. The temperature dependence of the Bhf for studied
REAg compounds is shown in Fig. 3, where the solid curve repre-
sents the Eq. (2) described in this model, which better fit to the
experimental data. In Table 2 the results for the relevant



Table 2
Parameters obtained from the fit of the model described in the text for the studied
compounds.

Compound Jh gJh TN Bihf (0) Bhhf (0) x

(K) (T) (T)

GdAg 7/2 2 132 �70 7.5 0.148
TbAg 6 3/2 106 �78 6.2 0.143
DyAg 15/2 4/3 56 �115 5.4 0.157
HoAg 8 5/4 31.5 �138 4.5 0.175
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parameters obtained by fitting this model to the experimental data
are also shown. The x values presented in the table were normal-

ized to
ðgJh�1ÞJh
ðgJi�1ÞJi .

We also have investigated the critical behavior near the transi-
tion temperature of each sample by least-square fitting only Bhf
values immediately below TN in Fig. 3 to the function
B(T)¼ B(0)(1� T/TN)b. The results of the fit are shown in Table 3 and
the resulting transition temperatures TN are in very good agree-
ment with those obtained by magnetization measurements and
those reported in literature shown in Table 1. The values for b are
near to the theoretical value expected for a three dimensional
isotropic Heisenberg magnet (bz 0.38).

4.1. First-principles calculations

In order to have a clear view of the electronic structure in the
REAg plus Ce impurity, self-consistent calculations from the density
functional theory [23] have been performed using the WIEN2k
computer code [24], in which the Kohn-Sham equation in the
crystal is solved by the augmented plane wave plus local
orbitals(APW þ lo) all-electron method. The muffin-tin sphere
radius RMT¼ 2.9 was chosen for the rare-earth and Ag. The number
of plane-waves was limited by the cut-off Kmax ¼ 7=Rmin

MT , and the
charge density was Fourier expanded up to Gmax¼ 14. For the
Brillouin zone integration of the supercell, a mesh of 1600 k points
was used within the whole zone. Exchange and correlation effects
were treated with local density approximation (LDA) [23] which is
parameterizated by Perdew-Wang [25]. The valence states were
treated within the scalar-relativistic approach taking into account
the spineorbit interaction and the core states are relaxed in a fully
relativistic manner. A supercell was used to simulate the antifer-
romagnetism and cerium dilution in each REAg-Ce system. These
supercells were built up from 2

ffiffiffi
2

p
� 2

ffiffiffi
2

p
� 2 REAg single-cell with

a total of 32 atoms (16 of each element), in which one atom of host
RE with majority spin was replaced by one Ce atom producing a
concentration of 6.25% of Ce doping. An additional set of calcula-
tions was performed taking into account the local correlation from
RE 4f electrons as treated directly by Hubbard parameter U into an
approximation [26] for self interaction correction (DFT þ U; the U
value for all RE atoms is 6.8 eV, except for Gd, which has semi-filled
4f shell. In all calculations the charge difference between two self-
consistent cycles was used as a convergence criterion.
Table 3
Parameters obtained from the fit of the function B(T) ¼ B(0)(1 � T/TN)b to data in the
critical region.

compound B(0) b TN

(T) (K)

GdAg 25 (1) 0.41 (3) 131 (1)
TbAg 23 (1) 0.41 (5) 105 (1)
DyAg 48 (5) 0.35 (9) 54 (2)
HoAg 42 (5) 0.4 (1) 31 (3)
Results of calculations for mhf, determined by the methodology
implemented in theWIEN2k code by Blugel [27], at Ce replacing RE
sites in REAg structure are displayed in Table 4. It is well-known
that the mhf calculated by ab initio methods based on DFT does
not agree very well with the experimental values [28,29]. However,
more important than the absolute values, we are interested in the
behavior of these values as a function of determined parameters
related to the magnetic coupling as will be discussed in the next
subsections.

The partial f and d density of states projected on Ce, Gd and Ag
extracted from calculations for Ce-doped GdAg supercell is dis-
played in Fig. 4. We have chosen to exhibit the Gadolinium atom
with spin-up states (DOS from Gd with spin-down states has
reciprocally majority states exchanged by the minority ones).
Although the figure displays the GdAg compound it is representa-
tive of the PDOS for all REAg studied in this paper because,
increasing the number of 4f electrons, the only difference in the
PDOS plots will be the gradual population of the spin down RE 4f
band (minority spin), with the Fermi level moving towards the
conduction band. One can observe that the d bands are very wide,
extending from�5.5 eV to ~2 eV, with the higher population region
in the range from �5.5 eV to �4.0 eV, corresponding to the Ag 4d
band fully filled. The inset in Fig. 4 shows that, for energies higher
than �4 eV, all d bands are strongly hybridized with a very small
population below the Fermi level, as expected. The figure also
shows that the Gd spin-up 4f band is well-defined and far from the
Fermi level, whereas the spin-down 4f band is unpopulated. Ag ion
shows a full d band far from the Fermi level and, although it does
not directly contribute to the magnetic interactions, Ag ions plays
an important role in REAg compounds. Ag ions keep RE ions apart
from each other making a direct ded interaction between them less
probable [33,34]. Moreover, the Ag ions are also important to
provide s electrons to the conduction band helping in the indirect
RKKY coupling via polarization of the conduction electrons. The
DFT calculations corroborate the conclusion extracted from the
systematic of Bhhf (0), which is described in the next subsection, that
the indirect RKKY is the mechanism of coupling between the RE
magnetic ions in REAg.
4.2. Host contribution to Bhf

The application of the model used to fit the temperature
dependence of Bhf results in two contributions for the Bhf. One
contribution comes from the polarization of the magnetic moment
of the probe ion, Bihf . The other, Bhhf (0) comes from the magnetic
rare-earth ions. This later contribution is due to unpaired localized
4f electrons in rare-earth ions. As 4f electrons are well localized, the
magnetic coupling between these electrons of two nearest
neighbor rare-earth ions occurs, therefore, by indirect exchange.
There are twomodels which explain such exchange. The first model
comes from the works of Ruderman and Kittel [30], Kasuya [31],
and Yosida [32] and is known as RKKY theory in which exchange
interactions between magnetic ions in metals is mediated by con-
duction electrons. The localized 4f electrons in the rare-earth ions
Table 4
Magnetic hyperfine field at Ce impurity calculated byWIEN2k code: core field (Bcore)
calculated from 1s, 2s, 3s, and 4s shells, valence field (Bvalence) calculated from 5s to
6s shells of Ce, and the contact field (Bcontact). All values are in Tesla.

compound Bvalence Bcore Bcontact

GdAg 25.48 �21.34 4.14
TbAg 21.46 �18.48 2.98
DyAg 21.38 �19.04 2.34
HoAg 19.36 �18.38 0.98



Fig. 4. Partial d and f density of states projected on Ce, Gd, and Ag for the studied REAg
compounds. The inset displays the d contribution from Gd and Ce and shows that they
are quite similar, however, very small and wide. It also shows that the d band of Ag is
narrower with a high population. The dotted line indicates the position of the Fermi
energy.
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spin-polarize the conduction electrons, which in turn couples to
the neighbor localized 4f electrons. In the second model, the indi-
rect 4fe4f exchange is mediated by an intra-atomic 4fe5d polari-
zation followed by a 5de5d-exchange interaction between the spin
polarized 5d-electrons of neighboring rare-earth ions [33,34]. In
both cases, a spin polarization arises, which leads, via Fermi contact
interaction, to a magnetic hyperfine field Bhf at the nucleus of a
probe atom. In the RKKY interaction, polarized conduction s-char-
acter electrons induce a non-zero spin density at the probe nuclei,
whereas in the 4fe5d interaction, 5d electrons of 140Ce probes are
directly polarized by the 5d electrons of the rare-earth host pro-
ducing the magnetic hyperfine field.

Since spin exchange is the dominant mechanism in the polari-
zation, the hyperfine magnetic field is expected to be proportional
to ðgJh � 1ÞJh, the spin projection of S along Jh. Therefore, in most
rare-earth ferromagnets one finds that the relation Bhf vs. ðgJh � 1ÞJh
is in fact approximately linear [35]. To verify this linearity, we have
plotted in Fig. 5 values of Bhhf (0), from Table 2, as a function of
ðgJh � 1ÞJh for each REAg compound. A linear function (solid
straight line in the figure) fits very well the data and constitutes a
Fig. 5. Contribution from the RE ions of the host to the effective Bhf at T ¼ 0 in REAg at
140Ce as a function of the projected RE spin ðgJh � 1ÞJh . Values were calculated with the
model described in the text (Bhhf ) and simulated by first-principles calculations (Bcon-
tact). The solid lines represent the linear fit to the values.
strong indication that spin polarization by RKKY mechanism is
responsible by the hyperfine fields at 140Ce probes and also that the
model used to fit the temperature dependence of Bhf can provide
values for the host contribution (Bhhf ) which follows an expected
behavior. Values of Bcontact displayed in Table 4 from DFT calcula-
tions are also shown in Fig. 5. As it wasmentioned above, the values
of Bhf calculated by DFT are often underestimated and do not agree
with the experimental values. However, here we are interested in
the systematic behavior of Bcontact. As can be seen in the figure,
Bcontact values show a linear dependence on ðgJh � 1ÞJh and were
also fitted by a straight line with a slope (2.02± 0.19) very similar to
that (1.96± 0.15) used to fit Bhhf (0). The straight line that fits Bcontact
is displaced from that for Bhhf because the constant terms extracted
from the linear fits to each set of values are quite
different:�2.95± 0.53 and 0.51± 0.43, respectively. This difference
(~3.4 T) reflects the inaccuracy of the DFT calculations to reproduce
the mhf values. Results from calculations, therefore, confirm the
observed linear dependence on the spin projection of the Bhhf and
reinforce the conclusion that the model can provide values that
follow an expected behavior.

The DFT þ U calculations did not yield results as good as those
for calculations without U. First, because the resulting Bcontact values
do not follow the expected behavior as those determined from
experimental data through Eq. (2) and displayed in Fig. 5. Second,
the 4f peak for Ce impurity in the PDOS obtained from DFT þ U
calculations is located around 2 eV below the Fermi level, which is
not expected. And last, the DFT þ U calculations is not completely
variational.

Since the relative values are shown to follow an expected
behavior, we can now verify if the absolute values of Bhhf (0) ob-

tained from the fit of the model to experimental data are reason-
able. We have compared the result for GdAg with results of Bhf also
measured with 140Ce for other Gd compounds (GdNiIn [36,37],
GdNi2 [38] and GdCo2 [39]) for which the behavior of the tem-
perature dependence is reproduced by a Brillouin curve, which
means that little, if any, 4f electron contribution is present and does
not change the expected behavior of the host magnetization
dominated by spin exchange mechanism. In the RKKY theory of
indirect coupling, the magnetic ordering temperature (TO) is ex-
pected to be proportional to the de Gennes factor [6,40]:
Fig. 6. Experimental values of Bhf extrapolated to T ¼ 0 in some Gd compounds
measured with 140 Ce probe as a function of respective magnetic ordering temperature.
Data for GdAg, shown as a full red square, is that for the host contribution (Bhhf )
calculated by the model described in the text. The solid line represents the linear fit to
Bhf values. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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TOfG2
sf ðgJh � 1Þ2JhðJh þ 1Þ, where Gsf is the s-f exchange constant.

As Bhhf (0) has a linear dependencewith ðgJh � 1ÞJh, the ratio Bhhf /TO is

proportional to ½G2
sf ðgJh � 1ÞðJh þ 1Þ��1 and the plot of Bhhf as a

function of TO must be, therefore, a straight line. Fig. 6 displays
experimental values of Bhf at 140Ce for GdNiIn, GdNi2 and GdCo2
compounds as a function of TO. The value of Bhhf (0) ¼ 7.5 T for GdAg

resulting from the fit of the model described by Eq. (2), follow the
same linear relation between Bhf at 140Ce and the magnetic tran-
sition temperature already observed for those compounds, as
shown in Fig. 6. Therefore, the model used to fit the anomalous
temperature dependence of Bhf measured with 140Ce is able to
provide values for the host contribution to the magnetic hyperfine
field that are in very good agreement with those expected by the
indirect coupling RKKY model.
Fig. 7. Experimental reduced Bhf/meff at temperatures equal to 0.24TN (top) and
calculated reduced Bihf /meff at T ¼ 0 K (middle) as a function of the total spin Jh of RE.
The experimental Bhf/meff as a function of the volume of unit cell for each REAg com-
pound (bottom).
4.3. Probe ion contribution to Bhf

The results of the fit also show that the values for Bihf (0) are
much higher than Bhhf (0) and have opposite signs for all compound.
This contribution to the magnetic interaction is due to the polari-
zation of f-spin moments of 140Ce induced by the magnetic field
from rare-earthmoments [3]. As Bihf ð0Þ for all compounds is smaller
than the magnetic hyperfine field of 183 T for the free Ce3þ ion [41],
we suppose that the ground state for Ce ions is affected in a certain
degree consequently resulting in an intermediate valence for Ce
impurity ions.

In order to verify the quality of the Bihf values given by the
model, we have compared them to the reducedmagnetic hyperfine
field Bhf/meff, where meff is the effective magnetic moment of the RE
ion of the host compound. The magnetic hyperfine field at 140Ce
impurities on rare-earth sites can be considered as a sum of two
main contributions:

Bhf ¼ Bihf þ Bhhf : (6)

The reduced Bhf can, thus, be written as

Bhf
meff

¼
Bihf
meff

þ
Bhhf
meff

: (7)

The host contribution can be written as a sum of the partial
contribution from the neighboring magnetic moment meff(ri) at the
ri position to the conduction electron polarization p(ri) [16]:
Bhhf ¼ A

P
meff ðriÞpðriÞ, with A being the hyperfine coupling con-

stant, which depends on the probe nucleus. As rare-earth atoms
contribute with the same number of electrons to the conduction
band and each compound has the same structure with almost the
same lattice parameter, the last term in Eq. (7) will not appreciably
vary for the REAg compounds. The main variation comes, therefore,
from the first term. The reduced Bihf /meff values calculated with Bihf
(from Table 2) obtained from the fit of the model described above
are shown in Fig. 7 as a function of the total RE angular momentum
Jh. The results are comparedwith the experimental values of Bhf/meff,
also plotted in Fig. 7, where the values of Bhf where taken at tem-
peratures T ¼ 0.24TN for each compound in order to normalize
them to that for HoAg, which has the lowest TN among the studied
compounds. This procedure is necessary to take into account the
different TN temperatures of the compounds that affects the satu-
ration of Bhf at low temperatures.

The comparison of the experimental Bhf/meff with the calculated
Bihf /meff shows a remarkable similar behavior with an increase of
values when Jh increases from Gd to Ho. Values are different mainly
because they were taken at different temperatures. However, if we
consider, for instance, the value of Bhf ~ 70 T at the lowest measured
temperature for GdAg, almost at the saturation region, Bhf/
meff ~ 8.1 T/mB, which is practically equal to Bihf /meff ~ 8.2 T/mB
calculated with the value obtained from the fit of the model shown
in Table 2. The model used to fit the anomalous temperature
dependence of Bhf measured with 140Ce is also able to provide
values for the 140Ce impurity contribution to the magnetic hyper-
fine field which are in very good agreement with those expected
from experiments.
4.4. The anomalous behavior of Bhf: impurity-host magnetic
interaction

The magnetic interaction between a magnetic impurity ion
diluted in a magnetic host is still an issue not well understood.
Some papers have studied the systematic of the magnetic hyperfine
field at different impurities (magnetic and non-magnetic) on
ferromagnetic hosts, especially in iron, with the only intention of
explain the dependence of mhf on the atomic number of the im-
purity [42,43]. Nevertheless, the host-impurity exchange interac-
tion, when both are magnetic, in particular, is not well described so
far and few works attempted to understand this issue using
different mathematical approach [44,45], however, without
explanation about the physical origin of the anomalous behavior of
the temperature dependence of Bhf. In the model described above
the strength of the host-impurity interaction is approximated by
the parameter x, the higher its value the weaker is the host-
impurity exchange interaction. The results of the fitting (see
Table 2) show that this parameter roughly increases with the in-
crease of the rare-earth total spin Jh revealing that the host-
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impurity interaction slightly weakenswhen going fromGd (J¼ 7/2)
to Ho (J ¼ 8).

The data of Bhf at 140Ce in REAg are, therefore, also useful to
investigate the, so far, not well understood issue, i.e. the behavior of
localized magnetic moments at dilute magnetic impurities in a
magnetic matrix. The clear observable evidence of such a phe-
nomenon is the anomalous behavior of the temperature depen-
dence of Bhf measured at probe nuclei of magnetic elements as
diluted impurities in magnetic hosts. Shirley et al. reported a first
review about mhf at transition metal impurities in magnetic tran-
sition metal hosts [46].

Recently, in an attempt to explain the origin of this phenome-
non, the mhf at 140Ce probes in RERh2 Si2 (RE ¼ Ce, Pr, Nd, Gd,Tb,
Dy) compounds was measured as a function of temperature [47]
and results indicated a strong correlation between the reduced
Bhf, which is proportional to the probe contribution to mhf, and the
unit cell volume. Using the prediction of the Anderson model,
which states that the hybridization of the 4f band with conduction
electrons is inversely proportional to the unit cell volume [48], the
authors concluded that hybridization could play an important role
in the 140Ce impurity contribution [47]. The higher is the unit cell
volume the lower is the hybridization and, consequently, the higher
is the Ce 4f contribution to Bhf, i.e., the higher is the reduced Bhf. For
GdRh2 Si2, the only compound in the studied series that presented
an anomalous temperature dependence of Bhf [49], this contribu-
tion is the lowest observed with a consequent stronger hybridiza-
tion, which was assigned as the responsible for the anomalous
behavior of the temperature dependence of Bhf [47]. In the work
reported here, the reduced Bhf showed an opposite correlationwith
Fig. 8. 4f states from the total density of states projected on Ce for the studied REAg
compounds. The dotted line indicates the position of the Fermi energy.
the cell volume (see Fig. 7), the higher is the unit cell volume the
lower is the reduced Bhf. These results, therefore, imply that,
differently from GdRh2 Si2, hybridization does not play an impor-
tant role in the anomalous temperature dependence of Bhf in REAg
compounds and a different mechanism of reducing the Ce 4f
occupation (and, consequently, the contribution to Bhf) with tem-
perature must be acting.

Total density of states projected on Ce for Ce-doped REAg
(RE ¼ Gd, Tb, Dy, Ho) compounds are shown in Fig. 8. It is clearly
seen from the figure that the Ce 4f band defines the Fermi level and
it is scarcely occupied (it is occupied by less than one electron).
These results qualitatively agree with those obtained from the
proposed model. The values of Bhfi indicate that the 4f band would
not be fully occupied.

Taking into account the first-principles calculations, we then
propose that the position of the Ce 4f band is the key to explain the
behavior of the temperature dependence of Bhf in REAg compounds
measured with 140Ce. Consequently, the decrease of Bhf with tem-
perature experimentally observed is due to the gradual delocal-
ization of the Ce 4f electron when the temperature increases. If the
4f band is at the Fermi level or very close to it at 0 K, when the
temperature increases the band moves towards and beyond the
Fermi level and the contribution of the 4f electrons from the Ce
impurity atoms to the measured Bhf decreases. As a result, a strong
decrease is observed, when compared to the Brillouin curve, in the
temperature dependence of Bhf.

5. Conclusion

The use of 140Ce as a nuclear probe for measurements of the
magnetic hyperfine field via PAC spectroscopy in the rare-earth
compounds REAg (RE ¼ Gd, Tb, Dy, Ho) was investigated. For all
studied compound, Bhf showed an anomalous dependence with
temperature with a deep decrease when temperature increases.
This behavior was ascribed to the contribution from the 4f electron
of Ce impurity (Bihf ) to the total Bhf in addition to the host contri-
bution (Bhhf ) from the RE ion of the compound. A model based on
the molecular field theory and capable to differentiate these two
contributions was used to fit the temperature dependence of Bhf of
all samples. The resulting Bhhf values show a linear dependence on
the RE spin projection ðgJh � 1ÞJh, indicating that these values ob-
tained from the fit follow an expected behavior. Moreover, DFT
calculations results for the contact field contribution also show the
same systematic behavior, confirming, therefore, that Bhhf calculated
by the proposed model give values that really correspond to the
host contribution. Furthermore, the comparison of the Bhhf value for
GdAg with experimental Bhf values, also measured with 140Ce, for
other Gd compounds, for which the temperature dependence fol-
lows the expected Brillouin curve, has shown that the calculated
value of Bhhf from the fit follows the same linear dependence with
the magnetic ordering temperature indicating that the fit produced
a Bhhf value with an intensity that agrees very well with an exper-
imental systematical behavior. As for the Ce impurity contribution
Bihf obtained by the fit, it was possible to compare it with the
experimental values Bhf/meff and verify that both follow the same
systematics with intensities very close each other. However, it was
also verified that Bhf/meff values decrease with the unit cell volume,
conversely as observed in RERh2 Si2 compounds [47]. This ruled out
the supposition that hybridization of Ce 4f with host d electrons
would play an important role in determining the anomalous
behavior of the temperature dependence of Bhf in REAg. Therefore,
we have proposed a different mechanism of such striking phe-
nomenon in REAg, based on first-principles calculation: the posi-
tion of the Ce 4f band relative to the Fermi level would have the
chief role in determining the shape of the temperature dependence
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of Bhf. In conclusion, the delocalization of the Ce 4f band is
responsible by the decrease of Bhf with the temperature experi-
mentally observed at 140Ce probe nuclei dilute in a magnetic host.
However, this delocalization can occur by different mechanisms, in
GdRh2 Si2 it was shown that the delocalization occurs indirectly by
hybridization of Ce 4f band. In REAg compounds the delocalization
occurs directly because the Ce 4f band is located at the Fermi level.
The model presented in this paper does not explore details about
the nature of ground state of the Ce impurity neither if the increase
of temperature promotes the occupation of other states. This issue
may be further investigated in order to obtain a more detailed
description of the intriguing phenomenon here observed.
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