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Electron spin resonance of Gd* and Nd®** in Luln A, (A=Cu,Ni)
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Low-temperature (1.6 KT<60 K) data of electron spin resonance for 3Gdand N&* diluted in
LulnA, (A=Cu,Ni) compounds are presented. The results are interpreted in terms of a density of states at the
Fermi level built up of a singls band for the Cu-based system and a multiglertdd) bands for the Ni-based
system. The susceptibility and specific heat data show negligible electron-electron exchange enhancement for
both compounds. For the Cu-based system the exchange interaction between the rare-artmd®itf+)
local moment and the conduction electrons depends on the conduction-electron wave vector.
[S0163-182609)02939-2

[. INTRODUCTION (C15b, F43nrtype structur@were grown from a flux of ex-
cess InCu by the method described elsewh&fihe crystals
Electron spin resonand&SR of rare-earthg§RE) impu-  were of cubiclike shape with typical sizes of
rities in metallic hosts has been widely used to stlidthe  4x3x1 mn?. The ESR experiments were carried out in a
exchange interaction between the impurity localized magVarianE line and a Bruker ELEXSY X-band spectrometers,
netic moment and the conduction electrof) band- using a liquid-helium tail dewaf1.6—4.15 K and a helium
structures effects of the host metéli) crystal-field effects, gas flux(4—60 K) adapted to a room-temperature {pEEcav-

(iv) hyperfine interactiongy) highly correlated electron sys- ity. Dysonian lineshapés with A/B~2.2(2) were always
tems, andvi) superconductivity of the host metal. observed. These line shapes are characteristic of localized
The exchange interaction experienced by a RE iommagnetic moments in a metallic host with a skin depth
impurity in  transiton metafs® and intermetallic smaller than the size of the samples. In order to increase the
compounds® varies in sign and magnitude depending on theESR signal to noise ratio, powdered crystals were used in
transition-metal iort. Because of the stability of the &d  most of the ESR measurements. Experiments conducted in
and N&* ions 4f shell, the negative exchange integral is notsingle crystals did not show any anisotropy that could be
associated with a covalent mixing mechanssihhas been attributed to crystal-field effects. Susceptibility measure-
suggested that a negative effective exchange for RE impuriments were made in a Quantum Design dc superconducting

ties in somead-band compounds is due to the lack of orthogo-quantum interference devid&QUID) magnetometer. Spe-
nality between the # andd-orbitals of the neighbor sité€  cific heat measurements were performed in a small-mass
The purpose of this paper is to show that ESR of Gdnd  calorimeter system that employs a quasiadiabatic thermal re-
Nd3* in the LulmA, (A=Cu,Ni) compounds can provide a laxation techniqué? Samples used here ranged from 50 to
means to probe the band structure of these systems. W0 mg.
showed that the ESR data of &din LulnCu, (Ref. 7) and

YInCu, (Ref. 8 could be explained in terms of a singte
electronic-band contribution to the density of states at the

Fermi level. Alternatively, we will show here that the ESR  Figure 1 shows the specific heat for the LulpNiom-
data of Gd* and N&* in LuInNi, cannot be explained with pound in the temperature range of 2<R<20 K. In the
a single band. We propose that the contributiors@ndd  low temperature regionC/T increases linearly witr? as
electronic bands to the density of states at the Fermi level iseen in the inset of Fig. 1. The fitting parameteysand 3,

IIl. EXPERIMENTAL RESULTS

required to explain the data. obtained from these data are given in Table I. The Debye
temperaturefp, is given in Table Il.
Il EXPERIMENT Figure 2 gives the magnetic susceptibility data for some

of the Ly _,REINNi, (RE=Gd,Nd) crystals used in ESR
Single crystals of Ly ,RE/INA, (RE=Gd,Nd;A  experiments, corrected for the compound core diamagnetism.
=Cu,Ni; 0.0005=x=<0.005 nominal) of cubic AuBe Using the effective magnetic momenjsgs;=7.94 wg and
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FIG. 1. Specific heat@/T) as a function off? for LulnNi,. The

inset shows the low temperatuf& dependence o&/T. The dashed F_IG_._ 2. Temperature dependence of the+measured magnetic sus-
line is the best fit tocC/T=y+ BT2. The parameters and 8 are  CePtibility at 10 kOe, for 0.16)% of Gd'* and 0.062)% of
given in Table I. Nd®* in LulnNis, 0.032)% of N&f* in LulnCu, and pure

LulnNi,. The dashed line is the calculated Pauli susceptibjtiy
) with 7(Eg)=3.9(1) states/eV mol-spin for Lulnii

3.62 ug for GA®* and N&*, respectively, the Gd and Nd F
concentrations were estimated and their values are given palues are found to be temperature independent.blaredg

Table I. Also, the concentration of the &dnatural impuri-  parameters are independent of the Gd and Nd concentration.
ties in LulnNj; was estimated and is given in Table I. The values are presented in Table |I.

Figures 3 and 4 show the ESR powder spectrafor2%
of Gd* and ~0.05% of Nd* diluted in Lulm, (A
=Cu,Ni) atT=1.6 K, respectively. Thg values and line-
widths were obtained from the fitting of the resonances to the Figure 1 shows the electronic contribution to the heat ca-
appropriate admixture of absorption and dispersion lorentzpacity in LulnNj,. A Sommerfeld coefficient, y
ian derivatives® The solid lines are the best fit to the ob- =19(1) mJ/mol-¥, was obtained from it. In a free-e gas
served resonances and the extracted ESR parameters are predel, this coefficient is given byy=(2/3)m?k?»(Eg).
sented in Table I. The inset of Fig. 4 shows the®Nd Then, for LulnNj,, we calculate the density of states at the
resonances corresponding to the various Nd isotopes arfeermi level »(Eg)=3.9(1) states/eV mol-spin. From this
also the Gd" natural impurities resonance. Thgevalue for  density of states, we estimate an electronic spin susceptibil-
the *0Nd (1=0) isotope is close to thg value of al's ity, xe=2u37(Eg), of =~0.31x10 % emu/mol. This value
Kramers doublet ground statg€ 2.667). This indicates that is in good agreement with the susceptibilitgorrected
the RE are in a site of cubic symmet#/Table | gives the for the corediamagnetismmeasured at high temperatures
hyperfine constants“3A and *°A corresponding for the (see dashed line in Fig)2Thus, as in LulnCyf the Stoner’s
¥Nd (1=7/2) and *Nd (I=7/2) isotopes, extracted factor is negligible. Therefore, we conclude that electron-
from the measured spectra using the Breit-Rabi fortitila.  electron exchange enhancement is not important in LulnNi

Figures 5 and 6 show the temperature dependence of thehe exchange interactiord;S.s, between a localized f4
linewidth for the ~0.2% of Gd* and ~0.05% of Nd* electron spin §) on the RE ion impurities and thee’s spin
diluted in LulrA, (A=Cu,Ni), respectively. The linear de- (s) of the host metal causesgsshift (Knight shift) (Ref. 19
pendence of the linewidth was fitted to the expressidth  and a linear thermal broadening of the ESR liiésrringa
=a-+bT. Within the accuracy of the measurements, the rate.'® Allowing for a g-dependent exchange interaction,

IV. ANALYSIS AND DISCUSSION

TABLE |. Experimental parameters f¢6Gd, Nd: LulnA, (A=Cu,Ni).

g a b c y 8 1437 145
Oe OelK % mJ/mol-K mJ/mol-k*  Oe Oe

LulnCu, 2.033*  0.41(2?

LulnNi, 0.0097)° 191) 0.462)

Lu(Gd)InCy, 2.0033)* 41(2)* 0.91) ~0.2

Lu(Gd)InNi, 1.9802) 30(5) 6.0(8) 0.165)

Lu(Nd)InCuy, 2.5824) 52(5) 3.55) 0.065) and~0.00% 21510 130(8)

Lu(Nd)InNi, 2.61(2) 93(10) 30(6) 0.035)

aSee Ref. 7.
5Gf* natural impurities concentration.



PRB 60 ELECTRON SPIN RESONANCE OF Gd AND Nd3* IN ... 13517

Lu, Gd InA, Lu, Nd InA,
v =9.481 GHz s Ve 9.135 GHz — Lu, Nd,InCu,
T=16K o, : v=9.139 GHz
x= 0.
o | x= 0.002 0.05 %
2 o
i 2
= ®
@ >
[a] E
S a
= c
2 9
=
< 5
. 1 ) ] \ =]
3.25 3.35 3.45 3.55 2
Magnetic Field (kOe) <

2.3 2.4 2.5 2.6 2.7 2.8
FIG. 3. ESR powder spectra 6f0.2% Gd™* in LulnCu, and L.
LulnNi, at T=1.6 K. The solid lines are the best fit of the reso- Magnetic Field (kOe)

nance to a Dyson line shape.
b4 P FIG. 4. ESR powder spectra 6f0.05% Nd&* in LulnCu, and

LulnNi, at T=1.6 K. The solid lines are the best fit of the reso-

8,17 ; ; B
JfS(ﬂ)’ but Inhthe abs;ﬁnt%e Og (ii)lnductlon elgct(rjon ele_CtrOnnance to a Dyson line shape. The inset shows the resonances for the
exchange —enhancemert, ottleneck  an ynamic -\ arious Nd* isotopes and the resonance of natural impurities of

eff%cts, theg shift (Ag) and Korringa ratéb) can be written g+

as
B the measured shifts [see Eq.(4) below].?>?* Besides,Ag
Ag=g; 9 Jis(0) 5(Ep), 1) and b were found to be concentration independent, i.e.,
J the RE" spin system isinbottleneckn LulnCu,. Thus, by
and taking into consideration thg dependence of the exchange
intergcgion only, Egs.(1) and (2) may be combined to
d(AH) @k [ g;—1)\2 give®!
b=—r—=1¢ ( | (@) (Ep),
T Qius 9; 5
: - o b 7k (Jis(q))
where g; is the ionic g factor measured in insulaton®; 5= — > : ©)
=1.993 (Ref. 21 for GF* and g,=2.63 (Ref. 22 for (Ag)® Gike Jiy(0)

Nd®*), g, is the Landeg factor (g;=2 for G and g,

=8/11 for N&™). J;5(0) and(J%(q)) are the effective ex-
change parameters between the’REbcal moment and the
conduction electrons in the presence of conduction-electron

In the case of the absence ofjalependence of the exchange
interaction, Eq(3) reduces to

momentum transfet. The g shift measures the conduction- b — 7k _ (4)
electrons polarization =0) and the Korringa rate the (Ag)? Oims

conduction-electron momentum transfer 0=2kg),

averaged over the Fermi surfaleFinally, 7(Eg) is the From the experimental values given in Table |, we ob-

“bare’ density of states for one spin direction at the Fermi serve that Eq(4) does not hold for LulnCu Therefore, a
surfacek is the Boltzman constant, and; is the Bohr mag- g-dependent exchange interaction must be included. Using in
neton. Egs. (1) and (2) the g factors @; and g;) for G&®* and

In the analysis of the ESR data for &dand N&*  Nd®*, wk/giug, and the values ok g, b, and7(Eg) given
in LulnCu, the contribution from different conduction- in Tables | and I, the exchange parameters between the local
electron bands can be neglected because the measumedment and the conduction-electrons for3Gdand N&*
Korringa rates are much smaller than those expected frorm LulnCu, were estimated. Table Il summarizes these

TABLE Il. Derived parameters fofGd, Nd: LulnA, (A= Cu,Ni).

7(Er) oo J1s(0) (Ji(a))*? Jig

states/eV mol-spin K meV meV meV
LulnCu, 0.422)2 ~305
LulnNi, 3.91) ~295
Lu(Gd)InCuy, 24(6)2 15(4)2
Lu(Gd)InNi, 37(10 23(8) —8(3)
Lu(Nd)InCuy, 11540) 35(8)
Lu(Nd)InNi, 21570 65(20) —20(8)

8See Ref. 7.
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FIG. 6. Temperature dependence of the ESR linewidth for
FIG. 5. Temperature dependence of the ESR linewidth for~0.05% of Nd* in LulnCu, and LulnNj,. The dashed lines are
~0.2% of G&" in LulnCuy, and LuInNj,. The dashed lines are the the best fit toAH=a+bT. Values ofa andb are given in Table I.
best fit toAH=a+bT. Values ofa andb are given in Table I.

density of states at the Fermi level in LulnNiUsing
ns(Eg)=0.42(2) states/eV-1 mol-spinpne finds 74(Ef)
=3.48(12) states/eV-1 mol-spin. As found for isomorphous
compoundg;#?8 we may expect the rati6J%(q))*%J;s(0)

to be the same in the Cu- and Ni-based compounds. To the
best of our knowledge there is no calculation that take
into consideration the dependence of exchange interaction
[:)etween localized spins and-conduction electrons. So,

parameters. Notice that the ratidZ(q) )¥/%/J;(0), is differ-
ent for each RE'. That suggest a different wave-vector de-
pendence of the exchange interaction for eachk'REh
LulnCu,.

To attempt to explain the ESR data of the3Gdnd Nd*
in LulnNi, we propose that contributions fromm and d
conduction-electron bands are relevant. The justification fo

this assertion ardi) the measured Korringa rates are much .
larger than those expected from the measugedhifts W takeJrg to beg-independenf(J?,(q))*?=J¢4(0) = Jrq].

[see Eq(4) and Table ]:2*?5and(ii) theg shifts are negative If crystal-field splitting of thed electronic levels € ,t,,) at

for both Gd*+ and N&* (see Figs. 3 and)4Notice that in the Fermi level are not inclu.ded, they factor in Eq.(E_S)
the case of a single-band model, due to ¢he-8/11 value may be shown to be 1. Having made those assumptions,

for Nd®* . the g shifts for Gd* and N&* are of opposite e derived the values for the parametéE(q) )2 Jss(0),

sign[see Eq(1)]. In a two,s andd, band framework, Eqs. and Jiq, for GAF* and N&* in LulnNi, listed in Table
(1) and (2) can be rewritten 38 Il. Notice that the G&" exchange parameters with the

s-conduction electrons)¢(0) and (J%(q))*? are compa-

g;,—1 rable to those found in the isomorphous compounds
0 [Jts(0) 75(Ep)+3ta(0) 74(ER)], ()  REINCu, (RE=Y,Lu).”® Therefore, we feel confident
about the assumption that the-conduction electrons

and contribution to the density of states at the Fermi level

are about the same in these isomorphous compounds.

Ag=g;

d(AH) 7k 9;,-1\% ) Nevertheless, this assumption may underestimgtég),
b= dT  gips\ g, [(J7s(a)) 75(E) and in turn, overestimatesyy(Eg). Therefore, more
precisely, the values extracted for the exchange parameters
+F4(I74(a)) 73(Ep)], (6) in LuIlnNi, are an upper limit for the exchange with tke
. . — . electrons and a lower limit for the exchange with thelec-
where F is the reduction core polarization factor, which trons.

depends of the orbital degeneracy of theand at the Fermi

Level 2 For LulnNiy, bottleneckanddynamiceffects are not

taken into account because shifts and Korringa rates are V. CONCLUSIONS

RE concentration independent, and no temperature depen-

dence of theg shift was measured. In the absence of a band- The ESR data of Gt and N&* in LulnCu, are reason-
structure calculation for Lulnlj we argue that its band ably well described within a framework ofi) a single
structure will be similar to that of the isomorphous com-s-band model with no electron-electron exchange enhance-
pound LulnCy.?” Besides, we have not seen any magnetismment, and(ii) a wave-vector dependent exchange interaction
(ESR and magnetizatipnthat could be associated to between the # localized magnetic moment and the conduc-
Ni2*(3d®) in LulnNi,. Then, we assume that the contribu- tion electrons,J;s(q). On the other hand, for the Lulnji
tion of thes band is the same in both compounds. The den€ompound a two band modes, and d, with no electron-

sity of states associated to the Sommerfeld coefficient deelectron exchange enhancement can explain the ESR results.
rived above may be written ag((Er) = 7s(Er) + 74(Eg).  The d-electron band may be thought to be associated with
Thus, we can extract the contribution of tthelectrons to the the incomplete Ni electronicBshell.
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