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ESR of Gd31 in the intermediate-valence YbInCu4 and its reference compound YInCu4
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Electron-spin-resonance~ESR! experiments on Gd31 in the intermediate-valence phase (T,Tv) of
YbInCu4 and in its reference compound YInCu4 are interpreted in terms of an enhanced density of states at the
Fermi level for the Yb-based compound. The Korringa rate andg shift measured in ESR and the susceptibility
data allowed us to extract the electron-electron exchange enhancement factora for the Yb-based compound.
The exchange interaction between the Gd31 local moments and the conduction electrons (c-e) is c-e wave-
vector dependent in both compounds.@S0163-1829~97!00701-7#
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I. INTRODUCTION

Many rare-earth intermetallic compounds present inter
ing physical properties associated with the hybridization
tween localizedf -electron states and conduction electro
(c-e). This has motivated experimentalists and theoretici
for the last several decades to study strongly correlated e
tron phenomena in intermediate-valence~IV ! and heavy-
fermion ~HF! systems.1 The Ce- and Yb-based compoun
are particularly well suited for these studies, since thef
shell of Ce and Yb can contribute, at most, one electron
hole to the conduction band, respectively, simplifying t
theoretical analysis. The cubic AuBe5 (C15b,F43m)-type
structure2 of the YbInCu4 compound, is particularly interest
ing due to the first-order isostructural volume expans
phase transition found atTv' 50 K.3 Extensive studies4 of
susceptibility, specific heat, resistivity, Yb’s Mossbauer, l
tice parameter,LIII x-ray absorption, and NMR~Refs. 5 and
6! are consistent with a 0.45% volume change2 and a Yb
valence change fromz' 2.9 at high temperatures toz' 2.8
at lower temperature.4 This property characterizes this com
pound as an intermediatef -ion valence system at low tem
peratures. To further study the electronic properties of
compound, we have measured the low-temperature elec
spin resonance~ESR! of Gd31 in YbInCu4 (T&50 K! and
in its reference compound YInCu4 (T&100 K!. Susceptibil-
ity and specific-heat measurements were also performed

While our work was in progress, a paper by Altshu
et al. 7 on Gd31 in YbInCu4 was published. They have ana
lyzed their ESR data by focusing on the exchange coup
between the Gd31 local moment and the ‘‘quasilocalize
Yb31 moment.’’ Thus, their analysis is mainly concentrat
on the high-temperature data (T. 50 K!. Their results re-
semble those found for Gd31 impurities in a stable-valenc
weak-magnetic metallic8,9 or insulator10,11 hosts. In such
550163-1829/97/55~2!/1016~5!/$10.00
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compounds the observed temperature-dependentg shifts and
rapid broadening of the linewidths are associated, resp
tively, with the temperature dependence of the host magn
susceptibility and with the relaxation via excited crystal-fie
levels.8–11 The magnetic moment of the Yb31 ions, for the
YbInCu4 compound atT>Tv , is well defined. ForT>Tv
the compound behaves as a magnetic host with well es
lished crystal-field levels for the free Yb31 ion ground state
2F7/2.

4,12 Thus, exchange and/or direct magnetic interactio
result in a shift and broadening of the Gd31 resonance.
Therefore, an analysis of ESR data in a magnetic host sh
be carried out keeping in mind that a shift and a broaden
of the resonance may have a variety of origins. Although
data in YbInCu4 agree with those of Altshuleret al.,7 the
aim of our work and analysis has been focused on the t
perature region where the ESR of Gd31 actually probes the
IV state of YbInCu4 (T,Tv). In this case it is important to
use a reference compound that allows the extraction of
various intrinsic parameters. For this reason, we have
measured the ESR and susceptibility of Gd31 in YInCu4
and specific heat of YInCu4.

II. EXPERIMENTAL DETAILS

Single crystals of~Yb,Y! 12xGdxInCu4 ~0.0005 <x<
0.002 nominal! were grown from a flux of excess InCu b
the method described elsewhere.13 The crystals were of
cubiclike shape with typical sizes of 43331mm3. For the
high-temperature ESR measurements, powdered cry
were used in order to increase the ESR signal-to-noise ra
The ESR experiments were carried out in a Varian E-l
X-band spectrometer, using a liquid-helium tail dewar~1.7–
4.15 K! and a helium gas flux~7–100 K! adapted to a room-
temperature TE102 cavity. The susceptibility measuremen
1016 © 1997 The American Physical Society
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were made in a Quantum Design dc superconducting qu
tum interference device magnetometer. Specific-heat m
surements were performed in a small-mass calorimeter
tem that employs a quasiadiabatic thermal relaxat
technique.14 Samples employed here ranged in mass from
to 145 mg.

III. EXPERIMENTAL RESULTS

Figure 1 shows the ESR powder spectra of Gd31

('0.2%) in YbInCu4 and YInCu4 measured atT< 7 K.
Typical Dysonian line shapes15 with A/B' 2.2~2! were ob-
served. This type of line shape is characteristic of localiz
magnetic moments in a lattice with a skin depth smaller th
the size of the sample particles. For YbInCu4 the Gd

31 reso-
nance shows a decreasingA/B ratio as the temperature in
creases, in agreement with the increase of the resistivity
served for this compound.4,16 The g value and linewidth
were obtained using the method of Peteret al.17 Figure 2
gives the temperature dependence of the linewidth for b
compounds. For the Yb-based system forT. 30 K, an in-
crease in the broadening of the linewidth and of theg value
were observed. A departure from a linear broadening is s
in Fig. 2 and is in agreement with recently published data

FIG. 1. ESR powder spectra of~a! 0.18% of Gd31 in
YbInCu4 and ~b! 0.25% of Gd31 in YInCu4. The inset shows the
definition ofA andB for a Dysonian line shape.

FIG. 2. Temperature dependence of the ESR linewidth
0.18% of Gd31 in YbInCu4 ~circles! and 0.25% of Gd31 in
YInCu4 ~squares!. The dashed line is the best fit toDH5a1bT.
n-
a-
s-
n
5

d
n

b-

th

en
n

Yb12xGdxInCu4.
7 The linear dependence of the linewid

was fitted to the expressionDH5a1bT, with
a5150(20)Oe, b516(1) Oe/K anda 5 42~5! Oe, b
50.9~1! Oe/K for Gd31 in YbInCu4 and YInCu4, respec-
tively. Within the accuracy of the measurements, theg val-
ues were found to be temperature independent forT, 30 K.
The measured low-temperature (T, 7 K! g values were
2.073~8! and 2.004~2! for the Yb- and Y-based compound
respectively. For the low concentration samples ('0.05%)
we measured similar values, within our experimental err
In single crystals the Gd31 resonance did not show crysta
field features, i.e., fine structure and/or anisotropic linewid

Figure 3 shows the magnetic susceptibility, corrected
the compound core-diamagnetism, for the samples use
our ESR experiments. From the low-temperature
(T.45 K! we estimate the Gd concentration to be 0.18~2!%
and 0.25~2!% for the Yb12xGdxInCu4 and Y12xGdxInCu4
compounds, respectively. From the high-temperat
(T.50 K! susceptibility of the Yb12xGdxInCu4 we obtain
4.24~10!mB/Yb, in good agreement with previous reports,

3–6

and close to the 4.54mB/Yb expected for Yb31(4 f 13,2F7/2).
From the low-temperature data (T, 45 K! a temperature-
independent contribution of6(1)31023 emu/FU was esti-
mated, in agreement with previous measurements.3–6

In Fig. 4 we present specific-heat measurements for
YInCu4 compound in the temperature range between 2
,T, 20 K. The low-temperatureC/T data increase linearly
with T2 as seen in the inset of Fig. 4. The fitting paramet
obtained from these data areg51.63(6)mJ/mol K2 and
b50.327(2)mJ/mol K4. A Debye temperatureuD5330(5)
K is also obtained.

In Table I we summarize the experimental parameters
rived in the present work, and by other groups, for t
YbInCu4 and YInCu4 compounds.

IV. ANALYSIS AND DISCUSSION

In the simplest treatment of the exchange interacti
JfsS•s, between a localized 4f electron spin~S! on a solute
atom ~Gd31) and the freec-e’s spin ~s! of the host metal,
the ESRg shift ~Knight shift!18 and the thermal broadenin
of the linewidth ~Korringa rate!,19 when ‘‘bottleneck’’ and

r

FIG. 3. Magnetic susceptibility as a function of temperatu
measured at 1 kOe for 0.18% of Gd31 in YbInCu4 ~circles! and
0.25% of Gd31 in YInCu4 ~squares!.
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‘‘ dynamic’’ effects are not present,20 can be written as

Dg5Jfsh~EF!, ~1!

and

d~DH !

dT
5

pk

gmB
Jfs
2 h2~EF!, ~2!

whereJfs is the effective exchange interaction between
Gd31 local moment and thec-e in the absence ofc-e mo-
mentum transfer,21 h(EF) is the ‘‘bare’’ density of states for
one spin direction at the Fermi surface,k is the Boltzman
constant,mB is the Bohr magneton, andg is the Gd31g
value.

Equations~1! and~2! are normally used in the analysis o
ESR data for highly diluted rare-earths magnetic moment
intermetallic compounds with appreciable residual resis
ity, i.e., largec-e spin-flip scattering. In our case the ES
parameters are found to be independent of
concentration.20 Hence, it is expected that the following re
lation would hold:

d~DH !

dT
5

pk

gmB
~Dg!2. ~3!

Using theg value of Gd31 in insulators as 1.993~2!,22

(pk/gmB)52.343104 Oe/K, the measuredg shifts and the
thermal broadening of the linewidthsb for the Gd31 reso-
nance in YbInCu4 and YInCu4, we found ~i! that for
YbInCu4, when replacingDg' 0.08~1! in Eq. ~3!, a thermal
broadening ofb'150(40) Oe/K is obtained. That value
much larger than the one measured,b'16(1) Oe/K, and~ii !

FIG. 4. Specific heat (C/T) as a function ofT2 for YInCu4. The
inset shows the low temperatureT2 dependence ofC/T. The solid
line is the best fit toC/T5g1bT2, with g51.63(6)mJ/molK2 and
b50.327(2)mJ/molK4.
e

in
-

e

for YInCu4, when replacingDg'0.011(4) in Eq.~3!, we
calculated a thermal broadening ofb'3(2) Oe/K. That
value is also larger than the one measured,b'0.9(1) Oe/K.
Therefore, we conclude that the approximations made
Eqs.~1! and~2! are not valid for either compound, and co
duction electron-electron correlations23,24 and q-dependent
exchange interaction,Jfs(q),

21 must be considered in th
analysis of our ESR data.Jfs(q) is the Fourier transform of
the spatially varying exchange. In our analysis we will on
consider the contribution from a singlec-e band, because the
measured thermal broadenings of the linewidths were fo
to be much smaller than those expected for the measureg
shifts.25,26

As mentioned above the electronic contribution to t
heat capacity for the YInCu4 compound yields a
g51.63(6)mJ/mol K2. Assuming a freec-e gas model for
YInCu4 ,g5(2/3)pk2h(EF), we calculate a density of state
at the Fermi level,h(EF)50.34(2) states/eV mol spin. Fo
this density of states, one would expect an electronic-s
susceptibility, xe52mBh(EF), of '0.0331023 emu/FU.
That is of the order of the ‘‘background’’ susceptibility ~cor-
rected for the core diamagnetism! measured at high tempera
tures for this compound~see Fig. 3!. Hence, one can assum
that electron-electron correlations are not important
YInCu4. Taking into account only the wave-vector depe
dence of the exchange interaction,Jfs(q),

21 in Eqs. ~1! and
~2! the exchange parameters should be replaced byJfs(0)
and ^Jfs

2 (q)&, respectively. At the Gd31 site the g shift
probes thec-e polarization~q 5 0! and the Korringa rate the
c-e momentum transfer (0<q<2kF) averaged over the
Fermi surface.21 Using h(EF)50.34(2) states/eV mol spin
Dg50.011(4), andb50.9(1) Oe/K, we found the exchang
parameters between the Gd31 local moment and thec-e in
YInCu4 to be Jfs(0)532~10! meV and^Jfs

2 (q)&1/2518(5)
meV.

For YbInCu4 the low-temperature linear part of the he
capacity gives an electronic contribution o
g550(5)mJ/mol K2.4,6,16 For a freec-e gas we obtained
h(EF)510(1) states/eV mol spin, about 30 times larger th
that found for YInCu4. For this density of states, we ob
tained a c-e spin susceptibility, xe52mBh(EF), of
'0.731023 emu/FU. This is one order of magnitud
smaller than the temperature-independent part of the sus
tibility measured in this compound fo
T,45 K, 6(1)31023 emu/FU. This suggests that a stron
electron-electron exchange enhancement contributes to
c-e spin susceptibility in YbInCu4 below its valence transi-
tion. It is known, that in the presence of such an electr
electron exchange enhancement, the host metalc-e spin sus-
ceptibility can be approximated by23,24
TABLE I. Experimental parameters for Gd:~Yb,Y!InCu4.

a b c g b
g Oe Oe/K % mJ

mol K2

mJ
mol K4

Yb~Gd!InCu4 2.073~8! 150~20! 16~1! 0.18~2! 50~5!a 0.33~4!a

Y~Gd!InCu4 2.004~2! 42~5! 0.9~1! 0.25~2! 1.63~6! 0.327~2!

aSee Refs. 4, 6, and 16.
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TABLE II. Extracted parameters for Gd:~Yb,Y!InCu4.

h(EF) uD Jfs(0) ^Jfs
2 (q)&1/2

states
eV mol spin

K meV meV K(a) a

Yb~Gd!InCu4 10~1!a ' 276a 2.4~1.5! 1.3~1.0! 0.36~20! 0.7~2!

Y~Gd!InCu4 0.34~2! 330~5! 32~10! 18~5! ' 1 ' 0

aSee Refs. 4, 6, and 16.
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xe52mB
2 h~EF!

12a
, ~4!

where a accounts for the electron-electron interactio
(12a)21 is the Stoner enhancement factor, andh(EF) is
thebare density of states for one spin direction at the Fer
level obtained from specific-heat experiments. An up
limit for a of ' 0.9 is estimated assuming that th
temperature-independent part of the susceptibil
6(1)31023 emu/FU, is only due to an enhancedc-e spin
susceptibility.

In the presence of electron-electron exchange enha
ment and aq dependence of the exchange interactio
Jfs(q…, theg shift @Eq. ~1!# and the thermal broadening of th
linewidth @Eq. ~2!# may be rewritten as20,27

Dg5Jfs~0!
h~EF!

12a
, ~5!

and

d~DH !

dT
5

pk

gmB
^Jfs

2 ~q!&h2~EF!
K~a!

~12a!2
, ~6!

where K(a) is the Korringa exchange enhanceme
factor.28,29 Then Eq.~3! becomes

d~DH !

dT
5

pk

gmB

^Jfs
2 ~q!&

Jfs
2 ~0!

~Dg!2K~a!. ~7!

Using Dg50.08(1), b516(1) Oe/K, and assuming tha
the wave-vector dependence of the exchange interactio
YbInCu4 is the same as that of its isomorphic compou
YInCu4, i.e., @^Jfs

2 (q)&/Jfs
2 (0)#'0.31(15), we calculated

K(a)'0.36(20) from Eq.~7!. From the work of Shaw and
Warren29 this value corresponds toa' 0.7~2!, which is com-
patible with the upper limit of' 0.9 estimated from the
enhancement of thec-e spin susceptibility. Then, using
rt

nn

,

,

i
r

,

e-
,

t

in

h(EF)510(1) states/eV mol spin,a'0.7(2), andEqs. ~5!
and ~6! we obtain, Jfs(0)'2.4(1.5) meV and
^Jfs

2 (q)&1/2'1.3(1.0) meV for the exchange parameters b
tween Gd31 and thec-e in YbInCu4. These values are a
least ten times smaller than their respective values found
Gd31 in YInCu4, suggesting a much higherc-e localization
for the Yb than for the Y-based compound. That is consist
with a largeh(EF) associated with a ‘‘narrow’’ band at th
Fermi level in IV and HF systems. Table II summarizes t
parameters obtained in the present work for Gd31 in
~Yb,Y!InCu4.

V. CONCLUSIONS

The ESR data presented for Gd31 in the IV phase of
YbInCu4 (T,Tv) show that the large density of states at t
Fermi level, characteristic of an IV and HF system, results
a g shift and a Korringa rate larger than those found in
reference compound YInCu4. Our results also indicate tha
the high density of states of an IV system perturb theg shift
and the Korringa rate in a different way. We found that the
parameters are strongly dependent on the electronic pro
ties of the chosen compound, such as electron-electron
change interaction,27 wave-vector dependence of the e
change interaction,Jfs(q),

21 band structure,26 and the local-
momentc-e relaxation effects.20

In summary, our results show that ESR experiments
be used to monitor the high density of states in some of
highly correlated electron IV and HF systems. However, o
should be aware that this property may not be observable
other strongly correlated electron systems when using
ESR technique.30–33
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