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Abstract

The contribution of the 4f electron to the local magnetic field at highly diluted Ce atoms in
RER,Si, (RE = Ce, Pr, Nd, Gd, Tb, Dy) has been investigated as a function of temperature
through the measurement of the magnetic hyperfine field in *°Ce nuclei by time differential
perturbed gamma—gamma angular correlation spectroscopy. Samples of the studied
compounds were characterized by x-ray diffraction and zero-field resistance to determine the
crystal structure and transport properties. DC magnetic susceptibility was measured for
NdRh;Si,. It was observed that the variation of the magnetic hyperfine field with temperature
follows the expected behaviour for the host magnetization, with the exception of GdRh;Si,
which showed a strong deviation from such a behaviour. It is shown that the hybridization of
the d band of the host with the f band of the Ce impurity, which is stronger in GdRh;Si; than
in other compounds, is responsible for the observed deviation from the expected temperature
dependence of the hyperfine field. The origin of this stronger hybridization is ascribed to the
relatively small magnetic anisotropy observed in GdRh;Si, when compared with the other
compounds of the series, as shown by resistance measurements.

(Some figures may appear in colour only in the online journal)

1. Introduction

The behaviour of magnetic moments at dilute magnetic atoms
in metallic hosts is an interesting topic which is related to
fundamental properties in condensed matter physics such as
the Kondo effect. This effect, which is a striking phenomenon
of the increase in the resistivity of the host metal when
the temperature is lowered to nearly zero, was theoretically
explained by Kondo [1] as being from the scattering of
conduction electrons by the magnetic impurities.

0953-8984/12/416002+11$33.00

A localized magnetic moment in metals was first
observed in the early 1960s from susceptibility measurements
of iron atoms diluted in 4d metals [2, 3], and then theoretically
described by Anderson [4], who emphasized the nature of
these moments by considering a localized resonance at the
impurity.

The measurement of the magnetic hyperfine field (mhf)
at the impurity soon proved to be an important tool to
study localized magnetic moments at very dilute impurities
in metals [5] by providing the magnitude of the moment [6].
Many experiments to measure the mhf at impurities in
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magnetic hosts of metallic elements were then carried out
using different hyperfine techniques, such as Mdossbauer,
nuclear magnetic resonance (NMR) and perturbed angular
correlation (PAC) spectroscopies. The results are compiled
in tables [7]. The temperature dependence of mhf at these
impurities was also measured and almost all the results
showed that the fields follow the temperature dependence of
the host magnetization represented by a Brillouin-like curve.
However, in some cases results showed strong deviations from
the Brillouin curve, the first of which was observed by NMR
measurements of Mn in Fe host [8]. The experimental data and
its interpretation constituted the first example of a localized
magnetic moment in a ferromagnetic host. Jaccarino et al [9]
provided an explanation for the temperature dependence of
the observed magnetic field at Mn impurities in terms of a
molecular-field model involving a localized magnetic moment
at the Mn ions which is oriented by the exchange field
of Fe host. This exchange field is scaled to the reduced
magnetization of the Fe host by a parameter which assumes
that the intensity of the host—impurity exchange interaction
is different from that of the host-host interaction. Since then
similar behaviour has been observed in the magnetic hyperfine
field at the nuclei of magnetic impurities in ferromagnetic
elements [10—13] and in magnetic compounds [14—16]. Some
slight modifications to the model proposed by Jaccarino have
been added to take into account the contribution to mhf
of the conduction electrons [17, 10], in order to use this
model with rare-earth impurities [12] and hosts [18, 19].
Another model was proposed by Campbell [20] to explain
the anomalous behaviour of mhf at d-element impurities in
ferromagnetic d-element hosts. The model is based on the
scattering of conduction electrons at the impurity sites, which
are represented by a narrow localized d resonance situated
at or near the Fermi level, and therefore can be expected
to have a magnetic moment. This localized resonance is
particularly sensitive to the exact electronic structure of the
host, and can therefore change sharply with variation of
temperature. However, no physical description of the origin
of the anomalous behaviour of the mhf when the temperature
varies has been given so far, which makes this an open issue
yet to be resolved.

In order to fully describe the phenomenon of anomalous
temperature dependence of mhf, some questions must be
answered, such as: why does the same impurity in different
hosts show different behaviour? Which parameters, such as
distance between magnetic ion of the host and impurity,
number of conduction electrons or crystal structure are
important in inducing this phenomenon? It is clear that a
systematic investigation is needed to answer these questions,
and the best way to successfully achieve a good physical
explanation of this phenomenon is to study a family
of compounds. The investigation of this phenomenon in
magnetic compounds of the same family has clear advantages
because it is possible to separately study the influence of
one specific parameter by varying the composition of the
compound by changing the constituent elements within the
same crystalline structure. In this way it is possible to vary the
magnetic ion of the host, the distance between the magnetic

*
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Figure 1. Crystal structure of RERh,Si, compounds, where the
blue spheres represent RE atoms, the red spheres represent Si atoms
and the yellow spheres represent Rh atoms.

ion and the impurity, the number of conduction electrons,
and the position of the localized impurity band relative to the
Fermi level.

We thus decided to investigate, in this work, the
anomalous behaviour of mhf at 4°Ce impurities substituting
RE sites in the family of magnetic compounds RERh;Si,,
where RE is Ce, Pr, Nd, Gd, Tb, Dy. The results of CeRh;Si;
and GdRh;Si; have been reported earlier [19, 21]. The
reasons for the choice of this particular impurity and this
family of compounds was, first, the Ce>* ion possesses only
one 4f electron, which is nearer to the Fermi level than 4f
electrons of the rest of the lanthanides. Such a condition
makes a Ce ion quite sensitive to the chemical environment
around it, and as a consequence, also sensitive to the strong
interactions present around the Fermi level. Second, the
family of antiferromagnetic compounds RERh;Si>, where
RE is a rare-earth element, show high antiferromagnetic
transition temperatures and their magnetic moments are
localized solely at rare-earth ions [22]. Moreover, all these
ternary rhodium-based rare-earth silicides crystallize in the
well known body centred tetragonal ThCr,Sis-type structure,
which belongs to the 14/mmm spatial group. In this structure,
RE atoms occupy 2a (0,0,0) positions, the Rh atoms
occupy 4d (0, 1/2, 1/4) positions, forming a simple tetragonal
sublattice, and the Si atoms occupy 4e (0, 0, z) and (0, 0, 7)
positions, producing, as a consequence, a compact structure
formed by stacked atomic layers along the ¢ axis with the
Rh-Si-RE-Si-Rh sequence of atomic planes as shown in
figure 1. This structure thus makes the interatomic distances
very sensitive to changes in the constituent elements of the
compounds.

All compounds investigated in this work order an-
tiferromagnetically at unusually high Néel temperatures,
which vary from the lowest 35 K for CeRh,Si; to the
highest 106 K for GdRh,Si;. Whereas the measured Néel
temperatures for GdRh;Si», TbRh,Si» and DyRh,Si, are
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in reasonable agreement with those calculated by using
the Ruderman—Kittel-Kasuya—Yosida (RKKY) theory, which
predicts that the magnetic ordering temperature is propor-
tional to the de Gennes factor Jff(g — D2J(J + 1), some
of them, such as CeRh,Sip, PrRh;Si» and NdRh,Si, [23],
have much higher transition temperatures than the predicted
values. For instance, the Néel temperature of CeRh,Siy was
measured as Ty = 35 K [24] and predicted to be Ty ~ 1.5 K.
The large difference in this case has been ascribed to a
mixing of itinerant and local characters of the 4f electron
of Ce ions. CeRh,Si; is indeed found to be different from
the rest of the family, since it shows a superconductor
behaviour at low temperatures when submitted to a pressure
of 0.9 GPa [24, 25]. Despite these observations, the fact
that CeRh,Sip, PrRh;Si> and NdRh;Si; exhibit much higher
transition temperatures than predicted by RKKY theory
remains largely without explanation. The magnetic properties
of PrRh;Si, was studied by several different techniques [26,
23, 27, 28] and the results show that this compound orders
antiferromagnetically below ~69 K with a magnetic moment
localized at Pr, oriented parallel to the c-axis in a configuration
which is ferromagnetic in the a—b plane and antiferromagnetic
along the c-axis following an alternating sequence of opposite
directions at the atomic positions (0, 0, 0) and (1/2, 1/2, 1/2)
of Pr atoms. This behaviour seems to be widespread in the
RERh,Si; family, inasmuch as it has been also observed
in CeRh,Sip [29], NdRh,Si, [30], TbRh,Si; [29], and
DyRh,Sip [31, 32]. GdRh;Sip, on the other hand, was
reported to order antiferromagnetically at the highest Néel
temperature in the family, with magnetic moments localized
at Gd atoms oriented parallel to the a—b plane, exhibiting a
different behaviour when compared to the other compounds
of the RERh,Si; family.

In the present work we have investigated how the
contribution from 4f electrons of Ce impurities to the mhf at
140Ce can be affected by the unit cell volume of RERh,Si,
(RE = Ce, Pr, Nd, Gd, Tb, Dy) compounds and show
that the volume directly influences the hybridization of
d-host and f-impurity bands. We show that for GdRh,Si;
this influence strongly affects the temperature dependence
of the mhf. In order to carry out this investigation, we
have first characterized the samples studied in this work by
x-ray diffraction (XRD), to obtain lattice parameters and
the unit cell volume, and by magnetization and resistance
measurements, to characterize the transport and magnetic
properties. The temperature dependence of mhf at the
nucleus of Ce impurities in each compound was measured
by perturbed angular correlation (PAC) spectroscopy using
140Ce as probe nuclei. As the structure of the RERh,Sis
family of compounds is formed by layers of the constituent
atoms, the interatomic distances and the unit cell volume are
quite sensitive to changes in the chemical composition. We
have therefore investigated the behaviour of the measured
magnetic hyperfine field at '4°Ce on RE sites in RERhSi»
compounds as a function of the unit cell volume when RE
elements are changed. In order to confirm the anomalous
behaviour observed for GdRh;Si»>, we have also carried out
PAC measurements for GdRh,Ge; for comparison.

2. Experimental procedure

The samples of RERh;Si» (RE = Pr, Nd, Gd, Tb) were
prepared from highly pure metals (99.9%) purchased from
Alpha-Aesar and Si (99.9999%), by repeatedly melting the
constituent elements in stoichiometric proportion in an arc
furnace under argon atmosphere purified with a hot titanium
getter. The samples were submitted to thermal treatment at
900 °C for a period of approximately 96 h. The radioactive
140La-140Ce probe was introduced in the sample by adding
a small quantity of lanthanum metal (<0.1%), which had
been previously irradiated with neutrons in the IEA-RI
research reactor at a neutron flux of 3 x 10" n cm=2 s~!
for 12 h to produce “°La, and the remelting the alloy in
the arc furnace. The samples were once again submitted to
thermal treatment at 950 °C for 72 h. The PAC measurements
were carried out with a four BaF, detector spectrometer
equipped with a slow—fast electronic set-up for measuring the
delayed gamma—gamma coincidences. The gamma cascade
of 328-486 keV in “OCe populated from the B~ decay
of OLa with an intermediate level at 2083 keV (I™ =
4+t T ,2 = 3.5 ns) was utilized for the measurement. Since
the quadrupole moment of 2083 keV state is known to be
very small, one measures only the magnetic interaction with
the “9La—140Ce probe [33]. Details of the PAC technique
and experimental procedure can be found elsewhere [34].
PAC measurements were carried out in the temperature range
10-120 K.

All the samples were analysed by x-ray diffraction
measurements to determine their crystal structure and lattice
parameters after the radioactivity decayed almost to the
background level. The zero-field resistance measurements
were carried out as a function of temperature in the range
4-300 K using a four-point probe. The magnetic susceptibility
was measured with externally applied magnetic field of 5 kG
in the temperature range 4-300 K for the NdRh,Si; alloys
using VSM.

3. Experimental results

Spectra resulting from x-ray diffraction measurements for
samples of some of the studied compounds are displayed
in figure 2(a), which, within the resolution of the XRD
equipment, indicate the formation of a single phase with
tetragonal crystalline structure of ThCr;Siz-type belonging
to the 14/mmm space group. Results for lattice parameters a
and ¢ as well as for the unit cell volume (V.) as a function
of the rare-earth ions involved in this study are shown in
figure 2(b). The results agree fairly well with data found
in the literature [35] and show a linear decrease of the cell
parameters as the rare-earth atomic number increase. This is
consistent with the expected effect of lanthanide contraction.

Results of DC magnetic susceptibility measurements
as a function of temperature for NdRh;Si; are shown
in figure 3, along with previously reported results for
GdRh;,Si; [19], which is included in this figure for
comparison. Both compounds order antiferromagnetically
with Néel temperatures of T = 59(1) K and Ty = 106(1) K,
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Figure 2. (a) X-ray diffraction pattern for RERh,Si, (RE = Pr, Nd, Tb, Gd) compounds (the solid lines represent the calculated pattern
with the Rietveld method), and (b) variation of lattice parameters and unit cell volume of compounds as a function of RE atoms (dashed

lines are the guide to eye).

respectively, in agreement with the earlier reported values [36,
35]. Above the transition temperature, the susceptibility
shows the characteristic Curie-Weiss behaviour of the
paramagnetic state as the temperature is increased, described
by x = C/(T — ®Op). The fit of this Curie—Weiss law to
the experimental data gave an effective magnetic moment
Uett = 3.51(2) up per Nd ion for the NdRh,Sip compound.
This value is somewhat smaller than perr = 3.55 up for
PrRh,Si; [27]. The measured values of pefr for TbRh;Si; and
DyRh;Si; are 8.92 up [37] and 9.9 up [31] respectively. In
all cases the measured values are smaller than their respective
calculated magnetic moment for the free 3+ rare-earth ion.

A different situation was observed for GdRh,Si;, where
the measured effective magnetic moment pefr = 8.44(2) up
per Gd ion [19] is somewhat higher than the calculated value
of 7.94 pg. Such an increase in the magnetic moment for the
GdRh;Si; compound could be explained if a small additional
magnetic moment at Rh ions is assumed. The neutron
diffraction and Mossbauer spectroscopy measurements in
CeRh;Si, [38, 25], PrRh,Sip [23, 27] and DyRh,Sip [32]
have shown, however, that there is no magnetic moment at
Rh ions. It is therefore reasonable to assume that the effective
magnetic moment for all the studied compounds are in fact
localized only at the rare-earth ions. An alternate explanation
for the higher magnetic moment at Gd ions in GdRh;Si; was
provided by Czjzek et al [36] as due to an additional magnetic
moment induced at the 5d electrons by an 4f-5d exchange
interaction which adds to the magnetic moment of the 4f
electrons of Gd ions.

Some of the PAC spectra for PrRh;Si; and NdRh;Si5,
as well as for GdRh;Si, and TbRh;Si;, measured at
temperatures below Ty using '“CLa-'*°Ce probe nuclei are

X_1 (g.kOe/emu)
o
T
L

0 L | L | L | L | L | L

0 50 100 150 200 250 300

T(K)

Figure 3. Reciprocal magnetic susceptibility of NdRh,Si; (top)
and GdRh;Si; (bottom) as a function of temperature. The solid blue
lines represent the data range used to fit the Curie-Weiss law to the
experimental data.

shown in figures 4 and 5, respectively. Solid curves represent
the least-squares fit to the experimental data of an appropriate
perturbation function for magnetic interaction defined by the
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Figure 4. The PAC perturbation functions for 140Ce in (a) PrRh,Si, and (b) NdRh;Si, compounds at indicated temperatures. The solid
lines are the least-squares fits of the theoretical function to the experimental data.
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Figure 5. The PAC perturbation functions for 140Ce in (a) GdRh;Si, and (b) TbRh;Si, compounds at indicated temperatures. The solid
lines are the least-squares fits of the theoretical function to the experimental data.

following expression: in which the effect of finite time resolution 7r of detectors
and the distribution of mhf with a relative width & are

R(t) = AnGan(t) = Axn Z fiGéz (0, (1) properly taken into account. PAC spectra were fitted with two

i fractions of site populations for the probe nuclei. The major

fraction was assigned to probe nuclei substituting rare-earth

sites in the compounds. The minor fraction, which was

. 3 i temperature invariant, was calculated to be 5% for TbRh;Si;

corresponding perturbation factors given by and 20% for PrRh,Si, and NdRhSi», observed only at

low temperatures, and 10% for DyRh,Si;, observed in all

Gna () = [0.2+ 04 cos(wrt) + 0.4 cos Q)] measure(ri) temperatures. We do not ;et know the origin of this
x exp(—wi 13 /2) exp(—w? 8212 /2), (2) fraction.

where Aj; is the unperturbed angular correlation coefficient,
fi are the fractional site populations and G, (t) are the
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Figure 6. Resistance curves as a function of temperature for
PrRh;Si,, NdRh, Sip, TbRh;Si,, and GdRh;Si; (respectively, from
top to bottom). The solid red lines represent fits using the expression
given in the text to data below 7' = 0.657\.

Results of zero-field resistance measurements for some
of the compounds are shown in figure 6 for a broad range
of temperature. From these results the magnetic transition
temperature (7n) was calculated to be Ty = 69.5 K for
PrRh;Sis, Ty = 58.4 K for NdRh;Si;, Ty = 106 K for
GdRh;Si,, and Ty = 94 K for TbRh;Si;, as can be clearly
observed in each graph. It can also be seen from the figure that
above the Néel temperature for each compound, the resistance
varies linearly with temperature, as expected for metallic
systems, due to electron—phonon scattering.

4. Discussion

Scattering of conduction electrons by spin waves (magnon
excitations) in the long-range ordered systems gives rise to an
important contribution to the resistance of magnetic materials
below their magnetic ordering temperatures. Since at low
temperatures the resistance due to the scattering of electrons
by phonons can be neglected, the spin wave contribution
(Rsw(T)) is predominant and of the same order of magnitude
as the total resistance (R(T)). Therefore, at low temperatures
the total resistance of the magnetic material can be written as

R(T) = Ry + Rsw, 3)

where R( is the residual resistance at 7 = 0. The spin
wave resistance can be modelled by the following equation

* DyRh,Si, -

140 |- -> - TbRh,Si, 2t GdRh,Si,
o Gdrns, ol %

120 i NdRh,Si, .

PrRh,Si,

100

80

B,(T)

60

40

20

0 20 40 60 80 100 120

Temperature (K)

Figure 7. Temperature dependence of By for the studied
compounds. The solid lines represent the Brillouin curve for the
total angular momentum J of the respective rare-earth ion in each
compound, except for GdRh;,Si,, for which the solid line is the fit of
the model described in the text. Dotted lines are only to guide the
eyes.

based on the scattering of the conduction electrons on
antiferromagnetic spin waves [39]:

Rew(T) = AAY2T12e= AT

O GRE] o

where the coefficient A is related to the spin wave velocity
D (A o D'/3) or to an effective magnetic coupling factor I’
between rare-earth ions in a tetragonal system (A o 1/T3).
A is the spin wave energy gap, which is the minimum energy
required to excite spin waves from the magnetic anisotropy of
the material.

The model described by (3) and (4) was fitted to
experimental data for temperatures below ~0.657, as shown
in figure 6 by solid red lines. Results from this fitting
yield a spin wave gap A = 89.5(4) K for PrRh,Sip, which
is quite close to the value of A = 91.1(4) K reported in
the literature for this compound [23]. The corresponding
values for NdRh,Sip and TbRh,Si, are respectively 50.1
(5) K and 121.3 (8) K. The large spin wave gap means a
strong magnetic anisotropy, which implies that the rare-earth
magnetic moments in these compounds are oriented parallel
to the c-axis [23]. The behaviour of resistance below Ty for
GdRh;Si; is somewhat different, as can be seen in figure 6,
showing a much less pronounced curvature, almost tending
to be linear. The fitted value in this case is A = 17.6(6) K.
A linear behaviour (A ~ 0) for the resistance has been
interpreted as due to the S state of Gd ions [40]. Although
the A value for GdARh,Si; is much smaller than those for the
other compounds, it is still large enough and indicates that
there also exists an anisotropy in this system, most likely due
to the strong ferromagnetic interaction between the Gd ions in
the a—b plane [36].

The temperature dependence of the magnetic hyperfine
field By for the major fractions in each compound determined
from PAC measurements are displayed in figure 7, along
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Figure 8. Néel temperature as a function of the de Gennes factor.
The triangles connected by the straight solid line represent the
RKKY prediction, circles are values measured in this work, and
stars are data from the literature.

with previously reported data for CeRh;Si; [21] and
GdRh,Sis [19]. One can observe from the figure that By for
every compound, except GdRh;Sij, follows a second-order
Brillouin-type transition with the magnetic moments localized
at rare-earth sites of the host. This behaviour indicates that the
magnetic moment localized at the Ce impurity is polarized
by the molecular field of the host. The behaviour of the
temperature dependence of Bys for GdRh;Si; is anomalous,
with a sharp deviation from the Brillouin curve, as shown in
the inset of figure 7.

The extrapolation of Bys versus T data to Bpr = 0 gives
an estimate of 7y for each compound. The results, within
the experimental uncertainties, agree with those obtained by
magnetization and resistivity measurements and are quite
close to the values reported in the literature, as can be seen in
figure 8. These results clearly inspire confidence that the use
of 149La—140Ce probe nuclei for measuring the hyperfine field
and its temperature dependence in this series of compounds
is quite adequate. In figure 8, the Néel temperature is also
compared with the de Gennes factor for each compound. As
reported earlier [23-26] it may be observed that Ty follows
almost a linear dependence with the de Gennes factor for
compounds with heavier lanthanides (Gd, Tb, and Dy), but
not those with lighter lanthanides (Ce, Pr, Nd), where the
experimental Tx values are considerably higher than those
predicted by the de Gennes function.

The '4Ce hyperfine fields measured at the lowest
temperature are Bps = 129(4) T and Byr = 127(4) T for
PrRh;Si; and NdRh;Si; respectively, both at 10 K. These
values are very close to each other and also to By = 130(4) T,
previously measured [21] for CeRh;Si>. The corresponding
results for TbRh,Si» and DyRh,Sis, both measured at 12 K,
are Bpr = 94(4) T and Bpr = 50(4) T respectively. The
result for GdRh,Si» once again shows quite an anomalous
behaviour, in which the measured hyperfine field at 10 K is the
lowest: By = 24(2) T [19], despite the fact that this compound
has the highest magnetic moment localized at rare-earth ion

Table 1. Néel temperature, effective localized magnetic moment,
magnetic hyperfine field at 7 = 0 K, and spin wave energy gap
values for the studied compounds.

Compound Ty (K) Heft (UB) BY(0)(T) A (K)
CeRh,Sip 36% [21] 1.86 [25] 131(3) —
PrRh,Si, 702, 69.5° 3.55[27] 130(3) 89.5(4)
NdRh;Si, 58.8%,59(1)¢ 3.51(2) 129(2) 50.1(5)
58.4b
GdRh,Si»  106.5°[19],  8.44(2)[19] 42(2) 17.6(6)
106(1)¢
106°
TbRh, Si; 944.¢ 8.92 [37] 96(3) 121.3(8)
DyRhySi,  55° 9.9 [31] 53(3) —
4 PAC.

b Resistance measurements.
¢ Susceptibility.

in the entire series of the studied compounds. Extrapolated
values of By to T = 0 K and other magnetic parameters for
the studied compounds are shown in table 1.

From the results of By measured at '*9Ce as a dilute
impurity it is possible first to infer, from the fact that By
values for PrRh,Si» and NdRh;Si, are practically of the
same order of magnitude as that for CeRh,Siy, where 140ce
is not an impurity, that Ce impurities replace the rare-earth
ions in every compound and occupy substitutional sites in
the crystalline structure. Second, because the observed By
values are relatively high it is reasonable to conclude that the
main contribution to the observed magnetic hyperfine field
comes from the orbital magnetic moments of 4f electrons
of Ce impurities. Finally, the measured Bys are smaller than
the magnetic hyperfine field measured for the Ce3* free ion
(Bne ~ 195 T [41]).

The variation of Bys as a function of rare-earth element,
measured with '“0Ce for these compounds at the lowest
temperature is quite different from that of Bpr measured with
HlCq in rare-earth metals [42, 43] and in rare-earth based
binary intermetallic compounds [44, 45]. It is also different
from that measured with '40Ce in rare-earth based binary [46]
and ternary [47] intermetallic compounds. In all these cases
the Byt values increase somewhat steeply in the first half of
the lanthanide series (from Ce to Eu) and then decrease slowly
in the second half of the series (from Gd to Yb). From the
current investigation we find the Bpr in RERh;Si; are invariant
in the first half of the lanthanide series (Ce, Pr, Nd) and rapidly
decrease in the second half of the series (Tb, Dy). The case of
Gd is anomalous and GdRh,Si, shows the lowest By value.

The high values of By at '4°Ce probe nuclei in PrRh,Si»
and NdRh,Si, suggest that the 4f electron at Ce probe atoms
is localized, as was also shown by first-principles calculations
in CeRh,Si; [48], where it was estimated that the 4f band
would be localized at 1.6 eV below the Fermi level and
with a slight degree of hybridization with the 4d band. It
was also reported that 4f-conduction electron hybridization is
the mechanism responsible for magnetic instabilities of local
magnetic moments of diluted Ce in metals [49, 50]. Hence, as
Ce is a diluted impurity in the studied compounds, we believe
that a similar behaviour for the Ce 4f band, which is localized
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near the Fermi level and hybridized with the host d band,
occurs in these compounds.

In the single impurity Anderson Model [4] the 4f band
of the impurity is described as localized close to the Fermi
level and hybridized with the conduction electron bands. The
broadening of the f-level is given by [51]

T = 7 (| Vit 2)N(eR), Q)

where Vir is the average of the matrix element of the impurity
potential between the 4f orbital and the conduction electron k
orbitals, and N (gF) is the conduction electron density of states
at the Fermi level. The f and k conduction electron states are
therefore mixed by Vi, which accounts for the hybridization
between these states and it is inversely proportional to the unit
cell volume of the compound [4].

The influence of hybridization on the magnetic hyperfine
field can be investigated by considering that the effective
hyperfine field (Byr) measured at “°Ce probes can basically
be considered as a sum of the 4f-impurity field (Bsf) and the
host contribution (Bpegt), and can be written as [52]

Bhut = Bag + Bhost- (6)

The host contribution comes from the neighbouring
magnetic ions, which is proportional to the effective magnetic
moment (ueff) at the magnetic ions [53, 34]. As the
contribution to Bps from the host via conduction electron
polarization depends mainly on the number of conduction
electrons [34], which is practically the same for all RERh;Si;
compounds, the reduced magnetic hyperfine field (Bpf/ tefr)
can, therefore, be used as a parameter to investigate the
behaviour of By through the series of RERh,Si» compounds.
In figure 9 the reduced magnetic hyperfine field (B(0)ne/ teefr),
where B(0)pr is the extrapolated value of Bys to T = 0 K,
is plotted as a function of the unit cell volume for the
RERh,Si» compounds. The experimental data, excluding
that of GdRh;,Si;, were fitted to a second-order polynomial
function shown as a solid red line in the figure. In the same
figure, the effective localized moment (utefr) at the rare-earth
ion for each compound is also plotted as a function of the unit
cell volume. It can be seen that uefr decreases linearly with the
unit cell volume of RERh,Si; compounds in going from Dy to
Ce (blue dashed straight line in the figure). Since peg shows
a linear dependence with the volume, it is therefore clear
that, with the exception of GdRh,Siy, B(0)ns/tefr follows a
systematic behaviour as a function of volume. As B(O)nf/ Leff
monotonically decreases as the unit cell volume of the
compound decreases from CeRh,Si; to DyRh,Sij, we suggest
that the B4s decreases as a consequence of hybridization of the
4f state of the Ce impurity, which is located closer to the Fermi
level than the 4f state of the rare-earth ions of the host, with
the s and d bands of the host. This hybridization results in a
widening of the 4f band of the Ce impurity, as predicted by the
Anderson model. When the volume decreases, from CeRh;Sis
to DyRh;Siy, the 4f band broadens and, consequently, part of
it becomes delocalized reducing the contribution of the orbital
magnetic field of the impurity to By.

An important result is that the value of B(O)nf/Meff
for GdRh,Si; is well below that expected from the curve
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Figure 9. The reduced magnetic hyperfine field as a function of the
unit cell volume of the studied compounds. The solid line is the fit
of a second-order polynomial function to the data. The magnetic
moment localized at the rare-earth sites in the compounds is also
plotted as squares. The dashed line is a linear fit to the magnetic
moment data.

shown in figure 9, which indicates that the hybridization of
the 4f state of the Ce impurity is much stronger than that
for the other compounds. As a consequence of this strong
hybridization, the Ce-impurity 4f band, according to (6), is
thus quite wide, and therefore the delocalization of this band
is more intensified than that observed in the other compounds.
We suggest that the reason for such behaviour is due to the
position of the hybridized d bands of Gd and Rh of the
host relative to the Fermi energy. First-principles calculations
suggest that a substantial part of the 5d band of Gd is located
above the Fermi level, and the 4d band of Rh is situated below
the Fermi level [54, 55]. In particular, the hybridization for
5dyy and 5dy, orbitals is larger than for the other 5d orbitals
because they are directed towards the position of Rh in the
crystalline structure. Thus the hybridized 5d—4d band extends
through the Fermi level. The 4f band of the Ce impurity is also
located in the same region of the d bands of the host, and the
strong hybridization with such bands make it broad, resulting
in a delocalization of part of the 4f band, with a consequent
decrease in the Bys.

First-principles calculations also show that the behaviour
of d bands of Gd and Rh are quite similar in GdRh;Si;
and GdRhyGe, [55]. Therefore, if there is a difference in
the volume of these compounds, according to Anderson’s
prediction, the hybridization will be different, and, conse-
quently, the By measured with '“°Ce probes should also
be different, as we suggested above. In order to check this
point, we prepared a sample of GARh,Ge, doped with neutron
irradiated La metal, following the same procedure used to
prepare GdRh,Si» described earlier. The crystal structure
of the sample was investigated by x-ray diffractometry
and the result, shown in figure 10, yields values of a =
4.108(1) A, ¢ = 10.307(1) A, and a volume of 174 A>. This
value for the volume agrees quite well with the value of

176 A3 reported in the literature [56], and is ~6.6% larger
than that for GdRh, Si5.
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Figure 10. X-ray diffraction pattern for GdRh,Ge,. The solid line
represent the calculated pattern with the Rietveld method.

The magnetic hyperfine field at '4°Ce in GdRh,Ge, was
measured as a function of temperature, and the results are
shown in figure 11. In the plot of the temperature dependence
of By, data for GARh;Si; are also shown for comparison (see
figure 11(b)).

The temperature dependence of Bys for GdRh,Ge, and
GdRh;Si, are quite similar, as can be seen in figure 11.
Both compounds display the same anomalous behaviour. This
behaviour is a consequence of the strong interaction between
the magnetic ions of the host and the 4f electron of the Ce
impurity [19], which is polarized by the exchange field of
the host [15]. A simple model based on the molecular-field
theory, first proposed by Jaccarino et al [9] and modified
to apply to the case of Ce impurities in rare-earth based

0.04r,
0.00

0.04
__0.00

R(t

0.04

0.00

0.04+ °
0.00+

By (T)

magnetic compounds [57, 19], can be used to quantitatively
describe the behaviour of the temperature dependence of
Byt. In this model the hyperfine field at the probe site is
given by Bpr = B;j + By, where Bj is the contribution from
the impurity ion, which is the '“°Ce probe in the present
case, and By is the contribution from the magnetic field of
rare-earth ions of the host, which scales with the host reduced
magnetization o (7). Bj is proportional to the thermal average
of the impurity magnetic moment J;, which is localized. The
magnetic hyperfine field at the impurity site is thus written as

Byi(T) = Bi(0) x By, (y) + Bn(0)o (1), )

where B;i(y) is the Brillouin function and y is its argument
given by

_ uB(gs, — DJi  Bexe(T)
Y= kT '

In this expression, Bexc(7T) is the exchange field, which also
scales with o (T), and is given by

3KToE
(&n — DUn+ Dus

where Ty is the magnetic transition temperature, up is
the Bohr magneton, and & is the Boltzmann constant. The
parameters gy, = 2 and J, = 7/2 are, respectively, the Lande
factor and total angular momentum of the Gd ion. Lastly, the
parameter £ takes into account the fact that the host—impurity
exchange interaction strength may be different from that of
the host—host exchange.

The parameters produced by the fit of this model to
the experimental data of Bpp(7) measured with 140Ce in
GdRh;,Ge; are Bj(0) = =31 T, B,(0) =14 T, Ty =91 K, and

®)

Bexc(T) = o(D), &)
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Figure 11. (a) The PAC perturbation functions for '“°Ce in GdRh,Ge; at indicated temperatures. (b) Temperature dependence of By for
GdRh,Ge,. Similar results for GARh,Si, are also shown for comparison.
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& = 0.091. The parameters obtained previously for GdRh;Si;
are Bj(0) = —28 T, By(0) = 12.4 T, Ty = 107 K, and & =
0.056 [19]. It can be noticed that the transition temperatures
Ty, which in both compounds represents the Néel temperature,
agrees quite well with the values found in the literature [36,
56]. Moreover, the values of B;j(0) represent the contribution
of the 4f electron to By, i.e. the Bys contribution. The
absolute value of this contribution to the Byr in GdRhyGe;
is 7.1% larger than that of Bps in GdRh,Si,, which is very
close to the value of 6.6% found for the volume ratio of
GdRh,Ge, to GdRh;Si,. This result completely follows the
Anderson’s prediction: the larger is the volume, the weaker
is the hybridization, and, consequently the larger is the Bar
contribution. Therefore, Bys is directly proportional to the
volume of the unit cell of the compound. A very good
agreement between the variation of B;(0) for GdRh,Ge; and
GdRh;Si; with the variation of the respective unit cell volume
of the compounds, which according to (5) is proportional to
the width of 4f band with a consequent effect on B¢, therefore
shows that the model described by (7) is capable of correctly
estimating the impurity contribution to By.

The anomalous behaviour of the temperature dependence
of Bpr measured at probe nuclei of magnetic elements as
diluted impurities in magnetic hosts is an old issue but not
well settled yet. This anomaly has been observed in several
experiments of hyperfine interaction measurements since Koi
et al first reported experimental data of the temperature
dependence of NMR frequencies of >>Mn impurities in an iron
host [8]. Similar behaviour of the temperature dependence
of magnetic hyperfine field was observed in transition-metal
impurities in transition-metal hosts, such as 99Ru in Ni [10],
s—p impurities in transition-metal hosts, for instance ''°Sn
in Co [11], rare-earth impurities in transition-metal hosts,
such as '®Tm in Fe [12] and '*°Ce in Co [58], and
rare-earth impurities in rare-earth hosts, for instance *°Ce in
Gd [13]. More recently, this phenomenon was also observed
at rare-earth impurities in rare-earth magnetic compounds:
169Tm in TmFe; [59], '4°Ce in RAg [16, 60, 57] and '40Ce
in CeMn;Ge, [15]. The investigation of this phenomenon in
magnetic compounds has advantages because it is possible to
separately study the influence of one specific parameter by
varying the composition of the compound within the same
crystalline structure. In the present work, it was possible to
find an important clue to explain the origin of the observed
anomaly in the temperature dependence of Bpr. We suggest
that the hybridization of the 4f band of the Ce impurity with
d bands of the host, which are polarized by the magnetic Gd
ions, is responsible for the exchange interaction between the
spins of the magnetic ions of the host and the Ce impurities.
The exchange interaction between the 4f electrons of Gd and
Ce is mediated by the wide d band, which extends beyond the
Fermi level. As aresult, at higher temperatures more and more
of d electrons are promoted to the conduction band, which
weakens this exchange interaction, and as a consequence
decreases the Byr contribution, which is dominant in the total
Bpt. This mechanism, therefore, results in a strong deviation
of the temperature dependence of the magnetic hyperfine field
from the standard Brillouin-like curve at higher temperatures.

5. Conclusions

New results of the temperature dependence of hyperfine fields
measured with PAC spectroscopy, using a *°Ce probe, for
the intermetallic compounds PrRh;Si;, NdRh;Si,, TbRh;Si;
and DyRh;Si, are reported. These results along with the
previous data on CeRhySip and GdRh,Si» compounds are
discussed together to understand the anomalous behaviour
of the temperature dependence of hyperfine field at
140Ce highly diluted in GdRh;Si; and GdRh,Ge,. This
anomalous behaviour has been observed in several other
magnetic systems in which the magnetic hyperfine field
is measured at diluted magnetic probe atoms, but so
far the origin of this phenomenon has not been well
understood. Additional measurements of zero-field resistance
and magnetic susceptibility were also carried out in these
compounds, which together with the PAC results confirmed
magnetic transition temperatures in good agreement with the
literature values.

We have addressed the question whether the contribution
from 4f electrons of Ce impurities to the mhf at “0Ce
could be influenced by the unit cell volume of the RERh;Si;
compounds when the rare-earth atom changes, showing that
the unit cell volume directly influences the hybridization of
d-host and f-impurity bands. For GdRh,Siy, this influence
strongly affects the temperature dependence of the mhf. It is
further shown that the hybridization of the 4f band of the Ce
impurity with the d bands of the host, which are polarized by
the magnetic ions, is responsible for the exchange interaction
between the spins of the magnetic ions of the host and the
Ce impurities. The hybridization is stronger in GdRh;,Si; in
comparison with other compounds and is responsible for the
observed anomalous behaviour of the temperature dependence
of the hyperfine field in this compound. The origin of the
strong hybridization is most likely due to the relatively small
magnetic anisotropy observed in GdRh,Si; compared with
other compounds, as shown by the resistance measurement
data.
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