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Exchange narrowing effects in the EPR linewidth of Gd diluted
in Ce compounds
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Physics Department, University of California, Santa Cruz, California 95064

Paulo R. S. Netto
Departamento de Fı´sica, Universidade Estadual Paulista, Caixa Postal 473, 17033-360, Bauru-SP, Brazil

Anomalous thermal behavior on the EPR linewidths of Gd impurities diluted in Ce compounds has
been observed. In metals, the local magnetic moment EPR linewidth,DH, is expected to increase
linearly with the temperature. In contrast, in CexLa12xOs2 the Gd EPR spectra show a nonlinear
increase. In this work, the mechanisms that are responsible for the thermal behavior of the EPR lines
in CexLa12xOs2 are examined. We show that the exchange interaction between the local magnetic
moments and the conduction electrons are responsible for the narrowing of the spectra at low
temperatures. At high temperatures, the contribution to the linewidth of the exchange interaction
between the local magnetic moments and the Ce ions has an exponential dependence on the
excitation energy of the intermediate valent ions. A complete fitting of the EPR spectra for
powdered samples is obtained. ©1998 American Institute of Physics.@S0021-8979~98!39911-9#
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I. INTRODUCTION

During the last two decades Ce compounds have b
extensively studied and many of them show anomalies t
cal of intermediate valence systems.1 Electron paramagnetic
resonance~EPR! spectra of magnetic ions diluted in Ce com
pounds allow us to study locally the influence of the int
mediate valent Ce ions. In normal metals, the thermal beh
ior of the local moments EPR linewidth,DH, is linear and
described by the Korringa mechanism.2 In contrast, in
CexA12xPd3 ~A5Ag, Y! and CexLa12xOS2 the Gd spectra
shows a nonlinear increase ofDH in the temperature rang
4.2,T,300 K, and a strong dependence on the
concentration.3,4 At low temperatures (T) the slope
d(DH)/dT is smaller than in the isostructural non-IV com
pounds MPd3 ~M5Sc, Y, La!5 and LaOs2,

4 however, at high
temperatures the resonance line is strongly broadened
the slope asymptotically approaches the value measure
them. Then, to describe this abnormal behavior of linewi
other mechanisms different from the Korringa are necess

It was demonstrated6 that at high temperatures, the ind
rect exchange interaction between the local magnetic and
Ce 4f electrons has an appreciable contribution to the li
width of the magnetic impurities at high temperature. The
interconfigurational fluctuations are transferred via
Ruderman–Kittel–Kasuya–Yosida~RKKY ! interaction to
the Gd site as an effective alternating magnetic field, wh
relaxes the Gd spins. However, this mechanism is not s
cient to describe the low temperature behavior of the
linewidth. It is well known7,8 that the Gd EPR spectra show
a resolved fine structure at lowT, which is narrowed due to

a!On leave from Departamento de Fı´sica, Universidade Estadual Paulist
Av. Engenheiro Luiz E. Coube S/N, 17033-360 Bauru-SP, Brazil.
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the exchange interaction between local magnetic mom
and conduction electron when the temperature is increa
Then, for the correct description of the thermal behavior
the Gd spectra it is necessary to include not only the in
mediate valence effects but also the narrowing mechan
The goal of this work is to calculate the EPR spectra of
diluted in CexLa12xOs2 including the both mechanisms.

II. THEORETICAL ANALYSIS

To obtain the EPR absorption, the transverse dyna
susceptibility of the local magnetic moments coupled to
conduction electrons is necessary. The susceptibility, inc
ing the crystal field interaction, can be obtained using
projector formalism in the Liouville space.9 Normally the
EPR experiments are performed at a concentration that
conduction electrons static susceptibility is much sma
than those of the local moments, then, in this approximati
the susceptibility for the system in the nonbottleneck regi
can be written as follows

x1~v!'12v0F (
M ,M8

PM~V21!M ,M8G , ~1!

whereVM ,M8
21 is the transition matrix, the quantum numbe

M and M 8 describe the various Zeeman states (M ,M 8
52S,2S1I ,...,S21) associated to theS57/2 Gd spin
and PM are transition probabilities associated to t
M↔M11 transition and can be written as:

PM5CM exp M\v0 /kTY (
M

CM8 exp M8\v0 /kT, ~2!

where CM5S(S11)2M (M11) and k is the Boltzmann
constant. The elements of the transition matrix forkT large
compared to \v0 are expressed by the formul
8 © 1998 American Institute of Physics
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VM ,M85~\v0 /gmB2H2HM !dM ,M82 iDHresdM ,M8

2 i
1

2
bCM8~2dM ,M82dM ,M8

2dM ,M8112dM ,M821!, ~3!

wherev0 is the microwave frequency,H is the variable ex-
ternal magnetic field,DHres is the temperature independe
residual linewidth of the various fine structure lines,b is the
Korringa parameter,mB is the Bohr magneton, andHM is the
resonance field of the GdM→M11 transition. As we can
see, the transition matrix is a tridiagonal matrix where
diagonal elements contain the linewidth of each resona
line and the resonance field. The upper and lower diago
terms represent the fluctuation rates of the local moment
tween two consecutives resonance frequencies.

In a cubic environment the fine structure spectra is giv
by

H~6 7
2↔6 5

2!5H07~125f!b4 ,

H~6 5
2↔6 3

2!5H06~125f!b4 ,
~4!

H~6 3
2↔6 1

2!5H06~125f!b4 ,

H~1 1
2↔2 1

2!5H0 ,

whereb4 is the crystal field parameter for the Gd ion,f is
given by

f5sin2 u cos2 u1sin4 u cos2 w sin2 u ~5!

and u and w are spherical coordinates of the applied ma
netic fieldH with respect to the axes of the crystal.

As it was shown previously,7,8 for the LaSb:Gd and
CePd3:Gd, the spin-spin interaction between Gd ions has
important role in the calculation of the resonance spectra
both cases was found that when the spin-spin interactio
not taken into account the narrowing in the theoretical sp
tra occurs at higher temperatures than in the experiment
transition 1/2↔1/2 does not appear in the theoretical spec
in the intermediate temperature range, however, it appea
the experiment, and the experimental linewidth of the sin
line at high temperatures is smaller than the calculated o
The discrepancies between theory and experiment can
overcome by introducing this interaction. Unfortunately,
theoretical calculation which takes spin-spin interaction i
account exists at present. We shall introduce the spin-
interaction in a phenomenological way.7,8 This can be done
by adding to the transition matrix elements the term:

VM ,M8
ex

5 i
Hex

PM
~12dM ,M8!2 i

6Hex

PM
dM ,M8 , ~6!

where Hex is the exchange-field parameter. The transit
matrix has some properties that must be satisfied for
additional term. First,PM Im(VM,M8) are the elements of a
negative-definite symmetric matrix. This guarantees a p
tive energy absorption. Second, as the total spin comm
with the exchange Hamiltonian, the relation(MVM ,M850
must hold. Since these two requirements are satisfied, we
believe that the additional term for the transition matrix d
scribes the main effects of the spin-spin interaction. Beca
of the random distribution of the Gd ions, it is realistic
assume a distribution ofHex . For the present calculations w
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

186.217.234.225 On: Tue
e
ce
ls
e-

n

-

n
In
is

c-
he
a
in
e
e.
be

o
in

n
is

i-
es

an
-
se

use a slightly modified Lorentzian distribution for the e
change field with a maximum atHex50. The mean exchang
field amounts to about 95 G and the distribution function w
cut off at 1500 G.

III. THE LINEWIDTH

In our metallic host the impurity EPR linewidth calcula
tions must consider the energy transfer between the impu
spin S, the spin of the host rare earth ions~Ce!, the spins of
the conduction electrons as well as the lattice, in the prese
of static external magnetic field and a small alternating fie
In the present work we shall assume that the system is in
unbottlenecked regime, i.e., the conduction electrons and
host magnetic ions are in equilibrium with the lattice.
addition we shall assume that the transverse susceptib
associated with the impurity at the impurity resonance f
quency is much larger than those of the other spin system
the same frequency. In this limit one can consider only
transverse magnetization,Mx , of the impurities and neglec
the interaction of the rf field with the magnetic host ions a
the conduction electrons. In other words, the magnetic h
ions and the conduction electrons are ‘‘passive dissipa

FIG. 1. Temperature dependence of the Gd linewidth for selected value
concentrationx in CexLa12xOs2. The full lines represent the theoretica
results. The residual linewidths are not realistic and the data has been s
to avoid curve overlap.

TABLE I. Obtained parametersb,b4 ,A,Eex that fit the linewidth thermal
behavior for Gd diluted in CexLa12xOs2. Eex ~expt.! is the experimental
value ofEex to be taken as a comparison.

x b@G/K# b4@G# A@G# Eex ~theor.! Eex ~expt.!

1.0 1.07 4.8 10 200 670 500
0.95 1.32 10.6 10 150 684
0.9 3.5 9.0 9800 1243
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systems.’’ With these assumptions the impurity linewid
can be expressed as:

DH5DHres1bT1D IF , ~7!

whereDHres is the residual linewidth,b is the usual Kor-
ringa contribution, originated from the impurity-conductio
electron exchange interaction, andD IF is the impurity line-
width due to the exchange interaction with the Ce host ion6

The last contribution arises from the RKKY coupling b
tween the Ce and Gd ions, which transfers the Ce fluc
tions to the Gd site. Ce ions fluctuate between the 4f 0 and
the 4f 1 configurations. If we assume the 4f 0 configuration as
the ground state~with Jz50!, the contribution of the excited
4 f 1 configuration to the impurity linewidth can be written a

D IF5Ae2Eex /T, ~8!

whereEex is the energy required to delocalize a single el
tron from the Ce 4f 1 configuration andA is an adjustable
parameter defined in Ref. 6.

The resonance absorptionP is calculated using the rela
tion P5@Re(x1(v))2Im(x1(v))#. To obtain the EPR line-
width of the powdered samples we have to integrate the
sorption over all directions of the magnetic field.

IV. RESULTS AND DISCUSSION

Using the results above we calculate the total linewi
of the Gd resonance. Figure 1 shows the calculated and
perimental linewidth of a CexLa12xOs2 powdered sample, a
a function of temperature for selected concentrations of
The residual linewidth is sample dependent and it was
considered in the plot. To fit the data we adjust the para
etersb, b4 , A, and Eex using the Monte Carlo simulate
annealing. With this technique it is possible to obtain mo
accurate results than previous calculations with conventio
methods.6–8 Comparing our theoretical results with the e
perimental data we can see that in all of the cases we go
excellent fit. According to our model, at lowT the main
contribution to the linewidth is originated in the usual Ko
ringa mechanism and the exchange narrowing effects.
high temperatures the population of the excited Ce 4f 1 con-
figuration is increased, and the exponential contribut
given byD IF is the most important. The parameters used
fit the experimental data are shown in Table I. The analysa
priori of the exchange narrowing effects in this system is
easy because there do not exist a single crystal spect
obtain by a direct measure the crystal field parameter, h
ever, if we look for the spectra of Ce0.8La0.2Os2 in Fig. 1~a!
of Ref. 4 we can see clearly that the Dysonian type line d
not fit the experimental result. The experimental spec
shows the typical broadening at lowT due to the fine struc-
ture contribution, and these effects tend to be more impor
in higher Ce concentrations.8 If we compare the exchang
narrowing effects for the present case with that in Ce3
~Ref. 8! certainly the exchange narrowing effects are le
important in the former one, due to the smaller crystal fi
parameter. Otherwise, its contribution is more important
lower temperatures than in CePd3 because the higher Kor
ringa parameter values collapse the spectra at lower temp
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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tures. It is necessary to point out that the minimization
sults show clearly a nonzero value for the crystal fie
parameter which reflects the importance of this mechani
On the other hand, looking for the intermediate valen
mechanism, the effect of the Ce concentration at high te
perature seems clear. The increase in the excitation en
value when the Ce concentration is reduced agree with
interconfigurational fluctuation model.10–13 This model pre-
dicts an increasing on the excitation energy when we cr
from the intermediate valence to the magnetic regime.
the other hand, theA value depends on the strength of the C
fluctuation spectra and we can expect an increase with the
concentration. The small values ofb obtained for high Ce
concentrations~when compared with those of LaOs2! agree
with the experimental results of Ref. 4 at lowT, with the
prediction of the ‘‘hybridization hole’’ model3 for Gd diluted
in CePd3 powdered sample and with that obtained in Ref
for the monocrystalline spectra of the same compound. T
result agrees also with that obtained by Hirst12 for low T, but
not with the result obtained in Ref. 14, which predicts
higher value forb. However, the thermal behavior of th
linewidth obtained by the latter authors agrees, at least qu
tatively, with that obtained here. It is important to obser
that in contrast to the hybridization hole model, here we ha
supposed a constant density of states as in a normal m
The nonlinear contribution to the linewidth, at highT, ac-
cording with the present model, is originated in the exchan
interaction of the magnetic impurities with the Ce ions.

In conclusion, our calculations using the intermedia
valence and exchange narrowing mechanism permit a q
titative description of the thermal behavior of Gd linewidth
Note that the values obtained for the excitation energy a
within the experimental error, close to that founded by S
reni et al.15 The agreement with experimental results su
ports our interpretation.
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