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ESR of Gd3* in the intermediate-valence YbInCu, and its reference compound YInCu,
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Electron-spin-resonanc€éESR experiments on GH in the intermediate-valence phas&@<(T,) of
YbInCu, and in its reference compound YIngare interpreted in terms of an enhanced density of states at the
Fermi level for the Yb-based compound. The Korringa rate gustlift measured in ESR and the susceptibility
data allowed us to extract the electron-electron exchange enhancementfdotathe Yb-based compound.
The exchange interaction between theGdocal moments and the conduction electronse) is c-e wave-
vector dependent in both compounfiS0163-182@7)00701-7

I. INTRODUCTION compounds the observed temperature-deperglshtfts and
rapid broadening of the linewidths are associated, respec-
Many rare-earth intermetallic compounds present interesttively, with the temperature dependence of the host magnetic
ing physical properties associated with the hybridization besusceptibility and with the relaxation via excited crystal-field
tween localizedf-electron states and conduction electronslevels®~*' The magnetic moment of the ¥b ions, for the
(c-e). This has motivated experimentalists and theoreticianybinCu, compound aff=T,, is well defined. FoIT=T,
for the last several decades to study strongly correlated eleg¢ne compound behaves as a magnetic host with well estab-
tron phenomena in intermediate-valend¥) and heavy- |ished crystal-field levels for the free ¥b ion ground state
fermion (HF) systems. The Ce- and Yb-based compounds 2412 Thys, exchange and/or direct magnetic interactions
are particularly well suited for these studies, since the 4 (egyit in a shift and broadening of the &d resonance.
shell of Ce and Yb can contribute, at most, one electron ofrherefore, an analysis of ESR data in a magnetic host should
hole to the conduction band, respectively, simplifying thepe carried out keeping in mind that a shift and a broadening
theoretical analysis. The cubic AuB€C15b,F43m)-type  of the resonance may have a variety of origins. Although our
structuré of the YbInCu, compound, is particularly interest- data in YbInCy, agree with those of Altshuleet al,’ the
ing due to the first-order isostructural volume expansionaim of our work and analysis has been focused on the tem-
phase transition found &,~ 50 K. Extensive studi€sof  perature region where the ESR of &dactually probes the
sfusceptibility, specific heat, resi.stivity, Yb's Mossbauer, lat-j\/ state of YbInCu, (T<T,). In this case it is important to
tice parameter.,; x-ray absorption, and NMRRefs. 5 and  yse a reference compound that allows the extraction of the
6) are consistent with a 0.45% volume chahg®d a Yb  yarious intrinsic parameters. For this reason, we have also

valence change from~ 2.9 at high temperatures = 2.8 measured the ESR and susceptibility of din YIinCu,
at lower temperaturéThis property characterizes this com- gnq specific heat of YInCy

pound as an intermediafeion valence system at low tem-
peratures. To further study the electronic properties of this
compound, we have measured the low-temperature electron-
spin resonancéESR of Gd** in YbInCu, (T<50 K) and
in its reference compound YInGYT=100 K). Susceptibil- Single crystals of(Yb,Y);_,Gd,InCu, (0.0005 <x<
ity and specific-heat measurements were also performed. 0.002 nomingl were grown from a flux of excess InCu by
While our work was in progress, a paper by Altshulerthe method described elsewhéfeThe crystals were of
etal.” on GA&" in YbInCu, was published. They have ana- cubiclike shape with typical sizes of43x 1mn?. For the
lyzed their ESR data by focusing on the exchange couplindnigh-temperature ESR measurements, powdered crystals
between the G#" local moment and the “quasilocalized were used in order to increase the ESR signal-to-noise ratio.
Yb3* moment.” Thus, their analysis is mainly concentrated The ESR experiments were carried out in a Varian E-line
on the high-temperature datd ¥ 50 K). Their results re- X-band spectrometer, using a liquid-helium tail dewhi7—
semble those found for Gd impurities in a stable-valence 4.15 K) and a helium gas flug7—100 K) adapted to a room-
weak-magnetic metallf® or insulatot®!! hosts. In such temperature Tk, cavity. The susceptibility measurements

Il. EXPERIMENTAL DETAILS
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FIG. 1. ESR powder seret_:tra ofa) 0'18% of G&* in FIG. 3. Magnetic susceptibility as a function of temperature,
YbInCu, and (b) 0.25% of G#"* in YInCu,. The inset shows the measured at 1 kOe for 0.18% of &t in YbInCu, (circles and
definition of A andB for a Dysonian line shape. 0.25% of Gd* in YInCu, (squares

were made in a Quantum Design dc supercon_d'uctmg quanvfbl_XGd,(InCuzl.7 The linear dependence of the linewidth
tum interference device magnetometer. Specific-heat mea-

surements were performed in a small-mass calorimeter syg\-lislk_)oﬁtztgdo tob_ ;[L%el eépr/elfsiondAHiaz—zbS'I', OWitE
tem that employs a quasiadiabatic thermal relaxation":) ql)(og/Ke];or‘Gng i)n YglnCSn aid _YInC( ) rese,ec-
technique'* Samples employed here ranged in mass from 45Eive.ly Within the accuracy of the ?neasuremem's gh\gal—
to 145 mg. ues were found to be temperature independent for30 K.
The measured low-temperaturd< 7 K) g values were
Ill. EXPERIMENTAL RESULTS 2.0738) and 2.0042) for the Yb- and Y-based compounds,
. 3 respectively. For the low concentration samples0(05%)
FlgL;re .1 shows the ESR powder spectra of °Gd we measured similar values, within our experimental error.
(%0.'2/0) N Y_bInC_Lh and YInC_Lh measured al< 7 K. In single crystals the G resonance did not show crystal-
Typical Dysonian Ime_shapé%wnh A/B~ 22@_ were Ob'. cEield features, i.e., fine structure and/or anisotropic linewidth.
served. This type of line shape is characteristic of localize Figure 3 shows the magnetic susceptibility, corrected for

magrjetic moments in a Iat_tice with a skin depth s:naller thaqhe compound core-diamagnetism, for the samples used in
the size of the sample particles. For Ybinhe Gd™* reso- ;- "£gRr experiments. From the low-temperature talil
nance shows a decreasiAgB ratio as the temperature in- (T>45 K) we estimate the Gd concentration to be 021%
creases, in agreement with the increase of the resistivity ol 4 2%2)% for the Yb,_,Gd,InCu, and Y;_,Gd,InCu,
. . . . —X —X

served for this compourftt.® The g value and linewidth  ompounds, respectively. From  the  high-temperature
were obtained using the method of Pe‘ﬂ""’?'- E|gure 2 T>50 K) susceptibility of the Yh_,Gd,InCu, we obtain
gives the temperature dependence of the linewidth for bot 2410)5/Yb, in good agreement with previous repct
compounds. For the Yb-based system 7o¢ 30 K, an in- and close to the 4.54,/Yb expected for YB*(4f13,2F7,2).,

crease in the broadening of the Iinev_vidth and of gh_ealqe From the low-temperature datd € 45 K) a temperature-
were observe_d._A departure fro_m a linear broademng IS S8 dependent contribution d(1)x 103 emu/FU was esti-
in Fig. 2 and is in agreement with recently published data o

Mated, in agreement with previous measurem&iits.
In Fig. 4 we present specific-heat measurements for the

1400 YInCu, compound in the temperature range between 2 K
) <T< 20 K. The low-temperatur€/T data increase linearly
with T2 as seen in the inset of Fig. 4. The fitting parameters
1050 - 3 obtained from these data arg=1.636)mJ/mol K and
g  « Yb,GdInCu, B=0.3272)mJ/mol K'. A Debye temperaturép=330(5)
= 700l = . y. Gd.InCu K is also obtained. _ _
=] P - XTI In Table | we summarize the experimental parameters de-
2 ',c" rived in the present work, and by other groups, for the
£ 350l & YbInCu, and YInCu, compounds.
rd -
ol g IV. ANALYSIS AND DISCUSSION
0 20 40 60 80 100
Temperature (K) In the simplest treatment of the exchange interaction,

J:sS- s, between a localizedf4electron spin(S) on a solute
FIG. 2. Temperature dependence of the ESR linewidth foratom (Gd3*) and the freec-€’s spin (s) of the host metal,
0.18% of GA&* in YbInCu, (circles and 0.25% of G&* in  the ESRg shift (Knight shift)*® and the thermal broadening
YInCu, (squarel The dashed line is the best fit cH=a+bT. of the linewidth (Korringa rate,'® when “bottleneck and
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250 for YInCu,, when replacingAg~0.011(4) in Eq.(3), we
calculated a thermal broadening bf=3(2) Oe/K. That
. value is also larger than the one measuted0.9(1) Oe/K.
Therefore, we conclude that the approximations made in
Egs.(1) and(2) are not valid for either compound, and con-
- duction electron-electron correlatidrig* and g-dependent
T?) . exchange interaction);s(q),?* must be considered in the
.- analysis of our ESR datd;4(q) is the Fourier transform of
" the spatially varying exchange. In our analysis we will only
consider the contribution from a singtee band, because the
o-l!"'"-' . . . measured thermal broadenings of the linewidths were found
0 100 200 300 400 to be much smaller than those expected for the measyred
T4(K?) shifts 2526
As mentioned above the electronic contribution to the
FIG. 4. Specific heatQ/T) as a function off 2 for YInCu,. The ~ heat capacity for the YInCuy compound yields a
inset shows the low temperatufé dependence of/T. The solid v=1.636)mJ/mol K2, Assuming a free-e gas model for
line is the best it taC/T=y+ BT with y=1.636)mI/mol€ and  y|nCu,,y=(2/3)mk27(E;), we calculate a density of states
$=0.3272)mJ/molK'. at the Fermi levely(Eg) =0.34(2) states/eV mol spin. For
this density of states, one would expect an electronic-spin
susceptibility, ye=2ugn(Eg), of ~0.03<10" 2 emu/FU.
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“dynami¢ effects are not preserif, can be written as

Ag=Jin(Ep), (1) That is of the order qf the background suscept?bility (cor-
rected for the core diamagnetismeasured at high tempera-
and tures for this compoun¢see Fig. 3. Hence, one can assume
d(AH) 7k that electron-electron correlations are not important in
- - —szsnz(EF), 2) YInCu,. Taking into account only the wave-vector depen-
dT  gus dence of the exchange interactiah4(q),? in Egs. (1) and

where J, is the effective exchange interaction between thel2) the exchange parameters should be replaced:(0)
Gd** local moment and the-e in the absence af-e mo-  and (J7(a)), respectively. At the Gl site theg shift
mentum transfef! 5(Eg) is the “bare’ density of states for ~probes thee-e polarization(q = 0) and the Korringa rate the
one spin direction at the Fermi surfadejs the Boltzman ¢C-€ momentum transfer (€q<2kg) averaged over the
constant,ug is the Bohr magneton, ang is the GF*g  Fermi surfacé Using n(Eg)=0.34(2) states/eV mol spin,
value. Ag=0.0114), andb=0.9(1) Oe/K, we found the exchange
Equations(1) and(2) are normally used in the analysis of parameters between the &dlocal moment and the-e in
ESR data for highly diluted rare-earths magnetic moments ifYInCu, to be J;s(0)=32(10) meV and(JZ(q))*?=18(5)
intermetallic compounds with appreciable residual resistivimeV.
ity, i.e., largec-e spin-flip scattering. In our case the ESR  For YbInCu, the low-temperature linear part of the heat
parameters are found to be independent of theapacity gives an  electronic  contribution  of
concentratiorf® Hence, it is expected that the following re- y=50(5)mJ/mol K¥.#¢1 For a freec-e gas we obtained

lation would hold: n(Eg)=10(1) states/eV mol spin, about 30 times larger than
that found for YInCuy. For this density of states, we ob-
d(AH) 7k AQ)? 5 tained a c-e spin susceptibility, xe=2ug7(Ef), of
daT _g,uB( 9)" ) ~0.7%10°® emu/FU. This is one order of magnitude
smaller than the temperature-independent part of the suscep-
Using theg value of GF* in insulators as 1.993),%2 tibility measured in this compound for

(kigug)=2.34x 10 Oe/K, the measured shifts and the T<45 K, 6(1)x 10 2 emu/FU. This suggests that a strong
thermal broadening of the linewidtts for the G&** reso-  electron-electron exchange enhancement contributes to the
nance in YbInCy and YInCuw, we found (i) that for c-e spin susceptibility in YbInCy below its valence transi-
YbInCu,, when replacingAg~ 0.081) in Eq. (3), a thermal tion. It is known, that in the presence of such an electron-
broadening ofb~150(40) Oe/K is obtained. That value is electron exchange enhancement, the host ncetapin sus-
much larger than the one measurbe; 16(1) Oe/K, andii) ceptibility can be approximated B4

TABLE |. Experimental parameters for Gib,Y)InCu,.

a b c Y B
g Oe Oe/K % mJ mJ
mol K? mol K*
Yb(Gd)InCu, 2.0738) 150(20) 16(1) 0.182) 50(5)2 0.334)2
Y (Gd)InCu, 2.0042) 42(5) 0.91) 0.252) 1.636) 0.32712)

8See Refs. 4, 6, and 16.
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TABLE Il. Extracted parameters for G&¥'b,Y)InCu,.

7(Er) Op J15(0) (I
states K meV meV K(a) a
eV _mol spin
Yb(Gd)InCu, 10(1)2 ~ 276 2.4(1.5 1.31.0) 0.3620) 0.7(2)
Y (Gd)InCu, 0.342) 33005) 32(10) 18(5) ~ 1 ~ 0

8See Refs. 4, 6, and 16.

n(Eg)=10(1) states/eV mol spirg=0.7(2), andEgs. (5)

and (6) we obtain, J;(0)=~2.4(1.5) meV and
(32(q))*?~1.3(1.0) meV for the exchange parameters be-
where a accounts for the electron-electron interaction,tween G#* and thec-e in YbInCu,. These values are at
(1- )" is the Stoner enhancement factor, amEg) is  |east ten times smaller than their respective values found for
thebare density of states for one spin direction at the FermiGd3* in YInCu,, suggesting a much highete localization
level obtained from specific-heat experiments. An uppefor the Yb than for the Y-based compound. That is consistent
limit for « of ~ 0.9 is estimated assuming that the with a large7(Er) associated with a “narrow” band at the
temperature-independent  part of the susceptibilityFermi level in IV and HF systems. Table Il summarizes the
6(1)x 10" emu/FU, is only due to an enhanceee spin  parameters obtained in the present work for 3Gdin
susceptibility. (Yb,Y)InCu,.

In the presence of electron-electron exchange enhance-
ment and aq dependence of the exchange interaction,
J:s(q), theg shift[Eqg. (1)] and the thermal broadening of the
linewidth [Eq. (2)] may be rewritten &827

7(Eg)

2 77(EF)
Xe= £Mp 1—a '’

(4)

V. CONCLUSIONS

The ESR data presented for &din the IV phase of
YbInCu, (T<T,) show that the large density of states at the
Fermi level, characteristic of an IV and HF system, results in

Ag=J5(0) 1—a ' (5) a g shift and a Korringa rate larger than those found in its
reference compound YInGu Our results also indicate that
and the high density of states of an IV system perturb ghghift
d and the Korringa rate in a different way. We found that these
(AH) 7k K(a) . i
——=——(3%(q)) 7A(Ep) =7, (6) parameters are strongly dependent on the electronic proper
dT gue (1-a) ties of the chosen compound, such as electron-electron ex-

where K(a) is the Korringa exchange enhancementchange .interacFioﬁf wavze-vector dependeence of the ex-
factor?®2° Then Eq.(3) becomes change interaction);s(q),?* band structuré® and the local-
momentc-e relaxation effect$?
d(AH) 7k (J(@)) In summary, our results show that ESR experiments can
aT 9ps 32(0) be used to monitor the high density of states in some of the
fs highly correlated electron IV and HF systems. However, one
Using Ag=0.091), b=16(1) Oe/K, and assuming that should be aware that this property may not be observgble for
the wave-vector dependence of the exchange interaction fther strongly correlated electron systems when using the
YbInCu, is the same as that of its isomorphic compound=SR techniqué’
YInCuy, i.e., [(J%(q))/I%(0)]=0.31(15), we calculated
K(a)~0.36(20) from Eq(7). From the work of Shaw and

(Ag)*K(a). @)

ACKNOWLEDGMENTS

Warrerf® this value corresponds to~ 0.7(2), which is com-
patible with the upper limit of~ 0.9 estimated from the
enhancement of the-e spin susceptibility. Then, using

This work was supported by Grant No. 91/0573-0 of
FAPESP, Sa Paulo-SP-Brazil and NSF-DMR Grant Nos.
9117212, 9016241, and 9501529.

1See,Valence Fluctuation in Solidsedited by L.M. Falicov, W.
Hanke, and M.B. Maplg(North-Holland, Amsterdam, 1981
Valence Instabilities edited by P. Wachter and H. Boppart
(North-Holland, Amsterdam, 1982Valence Fluctuationedited
by E. Muller-Hartmann, B. Roden, and D. Wohllebéxorth-
Holland, Amsterdam, 1984 Valence Fluctuationsedited by
G.E. Barberis, M.E. Foglio, J.E. Crow, and P. Schlottmann
(North-Holland, Amsterdam, 1991

2K, Kojima, Y. Nakai, T. Sizuki, H. Asano, F. lzumi, T. Fuijita,

and T. Hihara, J. Phys. Soc. JB9, 792 (1990.

31. Felner and I. Nowik, Phys. Rev. 83, 617(1987; I. Felner and
I. Nowik, J. Magn. Magn. Mater63-64 615 (1987).

41. Felner, I. Nowik, D. Vaknin, U. Potzel, J. Moser, G.M. Kalvius,
G. Wortmann, G. Schmiester, G. Hilscher, E. Gratz, C.
Schmitzer, N. Pillmayr, K.G. Prasad, D. deWaard, and H. Pinto,
Phys. Rev. B35, 6956(1987; T. Matsumoto, T. Shimizu, Y.
Yamada, and K. Yoshimura, J. Magn. Magn. Mat&®4-107
647 (1992.



1020 C. RETTORIet al. 55

K. Kojima, H. Yabuta, and T. Hihara, J. Magn. Magn. Mater. ’M. Peter, D. Shaltiel, J.H. Wernick, H.J. Williams, J.B. Mock,

104-107 653 (1992. and R.C. Sherwood, Phys. Rel26, 1395(1962.

8E.V. Sampathkumaran, N. Nambudripad, S.K. Dhar, R. Vija-'®K. Yosida, Phys. Rev106, 893 (1957.
yaraghavan, and R. Kuentzler, Phys. Rev3® 2035(1987. 193, Korringa, Physica6, 601 (1950.

’T.S. Altshuler, M.S. Bresler, M. Schiott, B. Elschner, and E. 2°C. Rettori, H.M. Kim, E.P. Chock, and D. Davidov, Phys. Rev. B
Gratz, Z. Phys. B9, 57 (1995. 10, 1826(1974.

8C. Rettori, D. Davidov, A. Grayewskey, and W.M. Walsh, Phys. 2'D. Davidov, K. Maki, R. Orbach, C. Rettori, and E.P. Chock,
Rev. B11, 4450(1975. Solid State Communl2, 621(1973.

9D. Davidov, C. Rettori, and V. Zevin, Solid State Commas, 227, Abragam and B. BleanefePR of Transition longClarendon,
247 (1975. Oxford, 1970.

10¢. Rettori, D. Rao, S. Oseroff, R.D. Zysler, M. Tovar, Z. Fisk, 2T. Moriya, J. Phys. Soc. Jpi8, 516(1963.

S-W. Cheong, S. Schultz, and D.C. Vier, Phys. Revi3826  2*A. Narath, Phys. Rev163 232 (1967).

(1991). 25D, Davidov, A. Chelkowski, C. Rettori, R. Orbach, and M.B.
11R.D. Zysler, M. Tovar, C. Rettori, D. Rao, H. Shore, S.B. Os- Maple, Phys. Rev. B, 1029(1973.

eroff, D.C. Vier, S. Schultz, Z. Fisk, and S-W. Cheong, Phys.ZGG.E. Barberis, D. Davidov, J.P. Donoso, C. Rettori, J.F. Suas-

Rev. B44, 9467(199)); F. Mehran and K.W.H. Stevens, Phys. suna, and H.D. Dokter, Phys. Rev.1B, 5495(1979.

Rep.85, 123(1982. 27D. Davidov, R. Orbach, C. Rettori, D. Shaltiel, L.J. Tao, and B.
12p. Severing, E. Gratz, B.D. Rainford, and K. Yoshimura, Physica  Ricks, Phys. Lett35A, 339 (1971).

B 163 409(1990. 28A. Narath and H.T. Weaver, Phys. Rei75 373(1968.
13JL. Sarrao, C.L. Benton, Z. Fisk, J.M. Lawrence, D. Mandrus,?°R.W. Shaw and W.W. Warren, Phys. Rev3B1562(1971).

and J.D. Thompson, PhysicaZ23&224, 366 (1996. 30G.E. Barberis, D. Davidov, C. Rettori, J.P. Donoso, I. Torriani,
1R, Bachmann, F.J. DiSalvo, T.H. Geballe, R.L. Greene, R.E. and F.C.G. Gandra, Phys. Rev. Leth, 1996(1980.

Howard, C.N. King, H.C. Kivisch, K.N. Lee, R.E. Schwall, H.V. 3!H. Schaeffer and B. Elschner, Z. Phys. Condens. Matté&s3B

Thomas, and R.B. Zubek, Rev. Sci. Instru#3, 205(1972. 109 (1983.
15G. Feher and A.F. Kip, Phys. Re98, 337 (1955; F.J. Dyson, °2F.G. Gandra, S. Schultz, S.B. Oseroff, Z. Fisk, and J.L. Smith,
Phys. Rev98, 349(1955. Phys. Rev. Lett55, 2719(1985.

16N, Pillmayr, E. Bauer, and K. Yoshimura, J. Magn. Magn. Mater. 33F G. Gandra, M.J. Pontes, S. Schultz, and S.B. Oseroff, Solid
104-107 639 (1992. State Commun64, 859 (1987.



