RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 60, NUMBER 16 15 OCTOBER 1999-1I

NMR evidence for Kondo disorder in UCu; Pd; 5
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We report on Cu nuclear quadrupole resonaiN®R) and nuclear magnetic resonance experiments probing
the cubic non-Fermi-liquid compound UggPd, 5. The NQR spectrum indicates a partial disorder in the
occupation of Cu and Pd sites, with a preferential occupation of the eubite by Pd. Our results for the
temperature dependence of the nuclear magnetization recovery show unusual features that cannot be reconciled
with common expectations for a simple metal, but they are well accounted for in a description using the Kondo
disorder model[S0163-182809)50740-9

Recently the low-temperature thermal and transport propsphere to grains with a typical size of less than 4®9. Our
erties of a number of paramagnefielectron alloys have material is well characterized by thermal, transport, and op-
been found to not be compatible with a simple Landautical properties® For our experiments, we have used com-
Fermi-liquid behaviof;”> among them the alloy series mon spin-echo NMR techniqués.

UCus_,Pd, for 1=x=<1.53 In particular, studies of In Fig. 1 we show the NQR spectrum of UC#Pd; s mea-
UCu;sPd, 5 have initiated the proposal of the so-called sured aff=4.1K (open circles The full circles in the same
Kondo disorder mode(KDM),*® which considers a broad figure represent the NQR spectrum of the parent compound
distribution of Kondo temperatures as the origin for the di-uCus measured in the paramagnetic phas&af77 K under
vergence of its properties from Fermi-liquid behafidiDis-  similar conditions. The peaks near 12 and 13 MHz in the
order is an issue here, because YGiPd, with 0=<x=<2.3  NQR spectrum of UCycorrespond to the signals from both
crystallizes in the fcc AuBgtype structure. The uranium 95Cu and®3Cu at the Cue sites. The total width of the ob-

ions occupy the foua sites(in Wyckoff notation) with 43m  served UCysPd, sNQR spectrum is approximately 8 MHz,
symmetry and the Cuor Pd atoms are on two crystallo- centered at about=12MHz, in proximity to the frequen-

; . - : : iy _ cies of the NQR lines of UGu Therefore, it seems very
g:ﬁ;';?:g It?]quigaﬁ?et:'\t;fﬁtztra]l;o%?tg;r;v:;z@m I?]yrtrp] e likely that this NQR spectrum arises exclusively from Cu

parent compound UGuonly the e sites experience a atoms qccupyiljg the sit.es. Thg large width of the spectrum
non-zero electric-field gradient is consistent with the disorder introduced by the Pd substitu-

Very recently a debate has developed questioning the reflon of Cu. The signal intensity arising from Cu orsites is

evance of the KDM model for the UGu,Pd, series of expected to be at lower frequencies, since thec&ite en-
alloys®® Based on the results of elastic neutron-diffraction
measurements, it has been claimed that JReuis a chemi-
cally ordered compound with 100% Pd atoms occupying the
four c sites® The results presented in Réf.however, sug-
gest that lattice disorder is indeed at the origin of the non- P S
Fermi-liquid behavior of UCyPd. N
In this work we present convincing experimental evidence '
for chemical disorder in UGLLPd, s and argue that the KDM
is very well suited for describing the anomalous Cu nuclear
magnetic relaxation in this compound. Our results for the ; .
nuclear quadrupole resonan@®QR)/nuclear magnetic reso- Lo
nance(NMR) spectra of UCysPd, 5 indicate a distinct de- “on
gree of disorder in the occupation of both tbheand thee © , FRLN iy
sites by Pd and Cu, respectively, and the temperature depen- & 10 12 14 16
dence of the spin-lattice relaxation provides strong support v(MHz)

that the KDM applies for UCyPdy5. Small deviations FIG. 1. Cu-NQR spectrum of UGYPd, s measured at 4.2 K
f_rom the expectations of this model are observed at Io"\fopen circles The full circles represent the Cu-NQR spectrum of
fields and at temperatures below 2 K. , . UCus measured in the paramagnetic phasd at77 K. The solid

The UCuy sPd; s material used in our NMR investigation jine represents the best fit to the data implying a Pd occupation of
was prepared by arc melting suitable amounts of U, Cu, anghec sites of 70%. The best fit for an occupation of 100% is shown
Pd in an argon atmosphere. The corresponding AttBge by the broken line. In the inset we show an NMR spectrum of
crystal structure was verified by a powder x-ray diffraction UCu, ;Pd, ¢ measured atv=21.87 MHz andT=0.08 K (open
pattern. Our NMR sample was prepared by powdering &ircles. The solid line represents the results of our simulation of the
piece of this polycrystalline UGWPd, 5 in an argon atmo- NMR spectrum(see text
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vironment in UCy has cubic symmetry. The sites in the
structure of UCysPd, 5 are believed to be occupied by Pd
atoms by more than 709 which statistically leads to es-
sentially three different nearest neighlforn, environments
for the Cu atoms on the site, namely, with 0, 1, and 2 Pd
n.n. An environment with 3 Pd n.n. is statistically only sig-

0.8
time (s)

1-m(ty/m(eo)

[ @ 23K

nificant for a Pd occupation of thesites by less than 70% P
and hence this unlikely situation will not be considered any e
further. * omK
For each of these three environments we assume a Gauss- Lo
ian distribution of quadrupole frequencies all with equal 0.0} o o1k
n 011K

width. The center of each Gaussian is determined by the
number of Pd n.n. and the relative intensities are fixed by the _
relative probabilities of each environment to occur, given the time (s)

partial occupation of the sites by Pd atoms. The _best fits to FIG. 2. $3Cu-nuclear magnetization recovery in UGRd, ¢

the data_ of our four-parametgr modéborrespondlng to Pd measured atH=5.1T for nine different temperatures ‘between
occupations of the sites of either 70% or 100%, are shown q 11 k and 236 K(symbol3. The solid lines represent calculations

in Fig. 1 by the solid and the broken line, respectively. Al-of 1_m(t)/m(=c) at the respective temperatures, based on the
though the 70%-occupation best fit shows some deviationgondo disorder model as explained in the text. The inset shows data
from the data points, it reproduces the essential features @r five different temperatures and emphasizes the changes of the
our NQR spectrum rather well. The average quadrupole frerelaxation behavior at high and low temperatures.

quencies(vo)! of %3Cu obtained from this fit are 13.2, 11.5,

and 9.7 MHz forj=0,1,2 Pd n.n., respectively. THECu invoking the KDM we first need the distribution of Kondo
environment with only Cu n.n. hae)°=13.2MHz, obvi-  temperature®(T,), which we obtain from the dc suscepti-
ously very close to the observed quadrupole frequency obility data measured on our sampfeFollowing the proce-
®3Cu in UCu (see Fig. 1, thus adding confidence in the dure of Bernakt al*®we introduce the Kondo physics using
reliability of our approach. The best fit to the data assuminghe single ion susceptibility being defined as

a full occupation oft sites by Pd leads to a broad featureless

104 10?2 100

structure(broken line in Fig. L Further support for our in- gugJH
terpretation of partial disorder is obtained by comparing the 9uedB; ka(T+aTy)
results of our simulations and the NMR spectra collected at x(H, T+aTy)= H , (1)

several fixed frequencies. A convincing example is shown in
the inset of Fig. 1 where we display the NMR spectrumwhere all the symbols have the same meaning as in Ref.4, B
collected at a fixed frequencyw=21.87MHz and T  js the Brillouin function andx is a constant of order unity.
=0.08 K (open circleg The solid line represents a powder- We obtain aP(T) similar but not identical to that reported
pattern simulation of the signal obtained by solving explic-in Ref. 4. Next we consider the nuclear spin-lattice relaxation
itly the full Hamiltonian and inserting the quadrupolar pa- rate in the presence of a magnetic ion. If we neglect the
rameters quoted above. We note here that no free parametgave-number dependence of the susceptibility, the spin-
other than an overall scaling factor was used. Equally excelattice relaxation rate can be expressed’ as
lent agreement between the simulations and the observed
spectra is obtained at still higher frequencigs. 1 1

In addition to the NQR/NMR spectra we have measured . = 27HnikeTx 2
the nuclear magnetization recovanyt) for the central tran- !
sition of ®3Cu after the application of one or more rf pulses. where y is the gyromagnetic ratio of the Cu nuclél,; the
Changes of the widths or the number of the applied rf pulsesransferred hyperfine field at the nucleysis defined in Eq.
in the short comb were found to produce no appreciabl€l), andI’ denotes the correlation rate of thenoment fluc-
changes inm(t). Although no detailedT, profiles of the tuations. Following the suggestions of Cekal.'® we take
NMR lines were established, no drastic changes of th@ (T)«1/y(T) at very low temperatures, add(T)o\T/Tg
nuclear magnetization recovery were observed near the ceat high temperatures. A simple interpolation between these
ter of the line. This is, in fact, not surprising because thetwo limits leads to
linewidth is dominated by quadrupolar effects. In Fig. 2 we
show this in the form of X m(t)/m(x) at 5.1 T for nine 1 )
different temperatures between 0.1 and 23Gkmbolg. A T_1=CX (HT+aT )T for T<Ty, 3
first inspection of the data, i.e., noting the changes in the
shape ofm(t), led to the conclusion that the usual approachand
for describinlg the relaxation with a single value of a relax- L
ation rateT, - is not adequate in this case. The solid lines in B
the same figure represent the results of our calculations for T_l_C Crx(H.T+aTy) VT for T>T, (@)
the corresponding temperatures, applying the Kondo disorder ) o o
model as discussed in some details below. whereCTK is a multiplicative factor to ensure the continuity

For interpreting the spin-lattice relaxation in UGRd, 5 of Tl_1 atT=Tg, andC is a constant that is determined once
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and for all by the “best” fit to the data at any given tem-
perature and field. Experimentally a qualitative behavior T-01K T-5K
similar to that given by Eq93) and(4) has previously been
found in f-electron compounds:?° As a next step we con-
sider the spin-lattice relaxation due adl the f-electron mo-
ments. For this purpose we assume that the Kondo tempera-
ture of neighboring U ions and the fluctuating field produced
by different U moments at the site of a particular Cu nucleus
are uncorrelated. This assumption may be considered as a
simple extension of the “short range correlation” between 107
neighboring Kondo centers discussed in Ref. 5. Thus the

T=300K

N

DTy

(gl
spin-lattice relaxation rateT(‘l)‘1 at the Cu-sitei can be e
taken as a sum over the individual U contributions FIG. 3. Temperature dependence of the distribution @ Hs
obtained from fitting the nuclear magnetization recovery data dis-
1 1 played in Fig. 2.
2 T ®
Ti 1 Ti(T In Fig. 3 we dispIayD(TIl) atH=5.1T (data from Fig.

where 17?(7'{0 is the nuclear relaxation rate at the Cu-sjte 2) for three differentemgtlarqtures between 0.1 and 300 K. At
induced by the U ion at the sifewith a Kondo temperature low temperatures thB(T; ) is very broad as expected from

Tl). The transferred hyperfine field and henc&/1strongly ~ the 1:!(12 dependence of ! given by Eq.(3). At high T,
depend on the distanag between the Cu nucleisand the  D(T17) is much more narrow due to the weakiy depen-
U magnetic momenjt For keeping the analysis manageabledence ofT; * [see Eq4)].
we have introduced an effective number of equidistant In order to test the validity of our model further, we have
neighborsny, So that the sum in Ed5) extends only up to also used it to analyze the nuclear magnetization recovery
Nes terms. The best agreement between the model calculglata obtained foH=1.93T, where the Zeeman and the
tions and the measured nuclear magnetization recoveries @ladrupole interactions are of comparable magnitude. In this
obtained fomgz= 7, which in UCy Pd, 5 corresponds to the case we have replaced the term in brackets of (Bgby a
sum of nearest and next nearest U neighbors of a givea Cunumerical calculation of the nuclear magnetization
site and therefore this value seems reasonable. Finally, Egecovery" for a powder pattern at 1.93 Tv¢ 21.87 MHz),
(5) is inserted in the appropriate form of the nuclear magnethe field at which the recovery was monitored. The applied
tization recovery field also enters explicitly in our calculation via the spin-
lattice relaxation rate equatiori8)-(4).
m(t) Neif _ We compare our calculations with the experimental data
ocf J 0.9 ex —6t2 [1/T(Th)] for five temperatures antll=1.93 Tesla in Fig. 4. At tem-
m(e) =1 peratures=2 K the predictions of the KDM and the experi-
Neff
+0.1 ex;{ _— [1/T1(T{<)]]
=1

Neff
<1 P(Th) dTk
j=1

1—

mental data are in remarkably good agreement, although no
adjustable parameter has been used in this calculation. The
parameters; and C are the same as those used inthe 5.1 T
calculation. Although some deviations between experiment
and calculation for temperatures bwl@ K cannot be de-

= f [0.9e ®TV+0.1e™ (VTV)]

XD(T;HdT,t, (6)

valid for very short rf irradiation of the central line in the
high-field limit, i.e., the Zeeman interaction dominates over
the quadrupole interaction. The last identity of E&).simply
defines the resulting distributidD(TIl) of relaxation rates.

As shown in Fig. 2, the remarkable agreement between
our model calculation and the experimentally monitored
nuclear magnetization recovery, extending over the entire
measured temperature range from 0.1 to 300 K, is a strong
indication for the validity of our simple approach and gives
convincing evidence that Kondo disorder plays a major role |G, 4. cu-nuclear magnetization recovery in U@ed, s mea-
in UCu; sPch 5. We emphasize that our simple model hassyred atH=1.93 T for five different temperatures. The solid lines
only two free parameters, i.e., the effective number of Urepresent the calculated-Im(t)/m() at the respective tempera-
neighborsng of a Cue site and an overall prefact@in the  tures assuming the paramet&@sand n. obtained from the simu-
spin-lattice relaxation rate entering Eq3) and(4). lations at 5.1 T(see texxt

1-m(#)/m(oo)

104 102 10°
time (s)
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nied, the overall agreement indicates again that the observedyreement between our model calculation assuming a distri-

spin-lattice relaxation is influenced by a distribution of bution of Kondo temperatures and the experimental data for

Kondo energy scales. All our attempts to explain our datéboth high- and medium-field conditions give strong evidence

with a single value foiT failed. that disorder plays an essential role for the spin-lattice relax-
In conclusion the results of our NQR/NMR measurementsation in UCy Pd; 5. Altogether this also suggests that dis-

provide evidence that although the Pd atoms preferentiallprder is at the origin of the non-Fermi liquid behavior of this

occupy thec sites of the unit cell, the occupation is only of alloy.

the order of 70%, confirming that chemical disorder is

present on both the and thee Cu or Pd sites. Our nuclear

magnetization recovery data imply an increasing degree of This work has in part been financially supported by the

relative broadening of the distribution of the spin-lattice re-Schweizerische Nationalfonds zur rderung der wissen-

laxation rates with decreasing temperature. The impressivechaftlichen Forschung.
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