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Magnetic susceptibility and YAl nuclear magnetic resonance data are reported for the non-Fermi-liquid
(NFL) alloys U,_,La,Pd,Al;,x=0.8,0.9, and 1.0. Ten percent doping of the lanthanum sites with uranium
impurities shifts the resonance frequency of 2’Al nuclei near the U ions sufficiently such that satellite lines are
resolved from the bulk line. The extra broadening of these satellite lines in U, LayoPd,Al; is evidence for
inhomogeneity in the magnetic susceptibility, and agrees with the NFL Kondo disorder model (KDM) and the
Griffiths-McCoy phase model (GMPM) theories. However, the resulting distributions of characteristic energies
do not extend down to zero, where uncompensated spins at finite temperatures would give rise to NFL
behavior. This is evidence that the distribution of energies is not broad enough to be the cause of NFL behavior

as described by the KDM and GMPM.
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I. INTRODUCTION

A number of metals have been discovered in which the
physical properties do not follow traditional Fermi liquid
(FL) theory! (for a review see Ref. 2). Non-Fermi-liquid
(NFL) behavior is seen in the transport [p=py+a(T/Ty)",n
=< 1.5], thermodynamic, and magnetic [C/T o yoc—In(T/T,)
or C/Txy*T ' 0<\<1) properties of these materials.?
No theory has been found to date that can adequately de-
scribe the properties of all NFL alloys. Theories that have
had success in describing the physical properties of a few
systems are based on (a) proximity in the phase diagram to a
quantum critical point (QCP),> (b) magnetic disorder,>”’
and (c) multiple channels through which conduction elec-
trons can screen magnetic impurities.®?

We have carried out magnetic susceptibility measure-
ments and >’Al nuclear magnetic resonance experiments in
U,_,La,Pd,Al;. The electrical resistivity and specific heat of
U,_La,Pd,Al; (x=0.8 and 0.9) have previously been
determined'? to exhibit NFL behavior. The magnetic suscep-
tibility has a Curie-Weiss-type temperature dependence, but
its field dependence at low temperatures does not follow the
expected Brillouin function for parameters obtained from the
Curie-Weiss fits. The agreement is improved if a disordered
energy scale (Curie-Weiss temperature) is assumed, as sug-
gested by disorder-driven NFL models such as the Kondo
disorder model (KDM) (Refs. 6 and 7) and the Griffiths-
McCoy phase model (GMPM).>!! However, the resulting en-
ergy distributions found from fits of the respective models to
the magnetic susceptibility do not extend down to zero
Kelvin, which is necessary in the KDM or GMPM models so
that uncompensated spins or clusters at finite temperatures
give rise to NFL behavior.
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PACS number(s): 75.40.Cx, 71.10.Hf, 76.60.Cq, 75.30.Mb

Nuclear magnetic resonance (NMR) has the ability to test
disorder-driven models, as nuclear spins sample the local
magnetic environment and are sensitive to inhomogeneity. A
change in the NMR resonance frequency can originate from
nearby magnetic ion(s) that contribute to the magnetic field
felt by the NMR nuclei. If this effect is significant, impurity
satellite lines'?> will develop in a dilute magnetic alloy, with
the weight of each impurity satellite line determined by the
number of nearby magnetic ions. These impurity satellite
lines and the bulk line are both broadened by a magnetically
disordered environment; a distribution of magnetic environ-
ments felt by the NMR nuclei is revealed by a distribution of
resonances or an increase in the width of the NMR resonance
line.

Liu et al."® reported impurity satellite NMR measure-
ments on the related NFL alloy U,_,Th,Pd,Al;. They con-
cluded that the narrow lines observed at low temperature
were indicative of a system in which disorder was not the
driving mechanism for NFL behavior. Unlike the tetravalent
thorium-doped system, however, trivalent elements such as
yttrium or lanthanum may introduce significant electrical dis-
order upon substitution with tetravalent uranium. A priori, it
is unclear whether the disorder introduced by the difference
in dopant valency will have large enough effects to produce
or strongly influence disorder-driven NFL behavior. This pa-
per presents evidence that, although the KDM and the
GMPM provide consistent descriptions of the inhomoge-
neous susceptibility in U,_,La,Pd,Al;, there is not enough
inhomogeneity to explain the NFL behavior. Thus, it appears
that the difference in dopant valency does not create enough
disorder to be the dominating mechanism for NFL behavior
in U;_,La Pd,Al;. We also conclude that neither the presence
nor the absence of a nearby QCP (as in U,_,LaPd,Al; and
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U,_,Th,Pd,Als, respectively) produces agreement between
disorder-driven NFL models and experimental data in the
doped UPd,Al; alloy.

Details of the preparation of aligned-powder
U,_,LaPd,Al; samples and techniques involved in obtaining
data are discussed in Sec. II. In Sec. III A anisotropic mag-
netic susceptibility data are fit to various models assuming
both spatially uniform and disordered energy scales. Section
IIT B reviews energy and magnetic susceptibility probability
distributions from disorder-driven NFL models, and Sec.
IIT C addresses the relationship between NMR Knight shifts
and widths to single-ion susceptibility. In Sec. IV predictions
of the corresponding NMR line shapes are compared to *’Al
NMR spectra, and a temperature-dependent study of the
NMR linewidth with respect to the average frequency of
resonance is presented. Conclusions are given in Sec. V.

II. EXPERIMENT

The U,_ .M Pd,Al; systems, M=Y, La, and Th, crystallize
in the hexagonal PrNi,Als structure (space group P6/mmm)
with all of the aluminum ions in crystallographically equiva-
lent sites. Ug LagoPd,Al; and Ug5Y(gsPd,Al; samples
were prepared by arc melting the constituent elements on a
copper hearth in a high purity argon atmosphere.!® Each of
the samples was then annealed at 900 °C for 7 days. The
samples were then crushed to a size of 90 microns. The
samples were mixed with Stycast 1266 epoxy and the pow-
der particles were field aligned using the method for aligning
magnetic “easy-plane” crystallites.'* A Quantum Design
MPMS was used to make dc magnetization measurements
for temperatures ranging between 5 and 300 K at 22.5 kG,
and fields between 0 and 55 kG at 2 K. *’Al pulsed NMR
spectra were taken on a homemade pulsed homodyne spec-
trometer for temperatures between 5 and 270 K and frequen-
cies between 15 and 80 MHz, using the field-swept
frequency-shifted and summed technique.

NMR spectra were obtained from samples of
U0‘15Y0_85Pd2A13 and Ul_xLade2A13,x=0.8, 09, and 1.0 for
applied field H both parallel and perpendicular to the hex-
agonal ¢ axis. Most data were taken for x=0.9, and a com-
plete analysis was carried out only for this Laconcentration.
However, the similarity of the spectra for x=0.9 and 0.8, in
particular the clear separation of the impurity satellite lines
from the central transition (inset of Fig. 1), is good evidence
that our conclusions apply for both concentrations. An ex-
ample is shown in Fig. 1. The quadrupolar satellites of
U, Lag¢Pd,Al; in Fig. 1 were identified'® and employed to
determine the quadrupolar frequency v, and asymmetry pa-
rameter 7. Comparing first-order quadrupole transitions at
22.5 kG and 70.78 K for H || ¢ of the crystallites gives v,
=0.981+0.006 MHz. Having determined Vg, was deter-
mined by comparing the difference in resonance positions of
the powder pattern extrema for H L ¢ at a number of fields.
This was done at 44.7 K for U, Lay¢Pd,Al;, and yields »
=0.274+0.002. These values of # and v, are slightly higher
than those found using NQR (nuclear quadrupole
resonance)'” (7=0.2 and v,=0.885 MHz) and NMR (Ref.
18) (7=0.22 and v,=0.949 MHz) in the parent compound
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FIG. 1. NMR spectra of U,_LaPd,Al;,x=0.8, 0.9, and 1.0.
The quadrupolar satellites show a two-dimensional powder pattern
due to random orientations of the crystallites in the basal plane
along with the development of impurity satellite lines with increas-
ing U concentration. Inset: Central transitions showing the develop-
ment of impurity satellite lines with increasing U concentration.

UPd,Al;. Because the quadrupolar splitting is large, the im-
purity satellite lines of the central transition do not overlap
the quadrupole satellites over a broad field range.

For a statistical distribution of impurities, the impurity
satellite intensities for different near-neighbor impurity con-
figurations are given by a binomial distribution.!> While the
impurity satellite intensities of the lanthanum-doped alloys
could be modeled by this binomial distribution, the spectra
from the yttrium-doped alloy could not. This indicates a non-
statistical impurity distribution (clustering, second-phase for-
mation, etc.). We therefore cannot reliably know the origin of
the observed Knight shift and NMR cannot show the cause
of the NFL behavior in the U;_,Y,Pd,Al; system.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility: Fits assuming a homogeneous
system

The temperature dependence of the magnetic susceptibil-
ity (M/H, where M is the magnetization) of U ;LayoPd,Als
was measured with H L c¢. The data were fit to a Curie-Weiss
form xy=Nuip?/[3ks(T+T,)]. This fit, shown in Fig. 2, re-
sults in an effective moment p=2.590+0.005 up and char-
acteristic temperature 7,=30.1+0.2 K. A Curie-Weiss form
for the low-temperature susceptibility does not agree with FL
theory, which predicts x(7)=x(0)—AT?, so that the good fit
to the Curie-Weiss form is evidence for NFL behavior.

For further comparison with these data, temperature de-
pendencies of the low- and high-temperature regimes for the
single-ion susceptibility have been calculated using a Bethe
ansatz solution to the s-d model for S=1/2.12! The
intermediate-temperature regime is well approximated by in-
terpolating between the low- and high-temperature regimes
of Wilson’s numerical renormalization group model using a
Curie-Weiss form.?!?> Heavy-fermion or concentrated
Kondo systems are at best only qualitatively described by the
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FIG. 2. Temperature dependence of the magnetic susceptibility
in a field-aligned powder of U ;La, oPd,Al; with a field of 22.5 kG
applied perpendicular to the ¢ axis. Curve: Curie-Weiss fit with
effective moment of p=2.590+0.005 wp and characteristic T
=30+0.2 K.

s-d model, so an analysis based on these formulas must be
thought of as phenomenological.

The dependence of the single-ion Kondo susceptibility
)(imp(T) on the ratio of the temperature to the Kondo tem-
perature x=T/Ty may be written as

x=0:
wi(gpug)®
n(0) = ———, 1
Xm0 = 2 (1)
x<0.5:
\Eﬂjwzxz
Ximp(x) = Ximp(0)|: 1- 4 ’ (2)
0.5<x<16:
0'68Xim (O)
Ximp(-x) = —ir—L’ (3)
w(x+12)
x>16:
Ximp(0) 1
Ximp(x) =~ |:1 - s (4)
wx In(x)

where w=0.41072 is the Wilson number?® and g is the
Landé factor of the f ion.

Fits of these single-ion Kondo susceptibility expressions
(each in the appropriate previously stated temperature re-
gimes) to the data, shown in Fig. 3, give characteristic tem-
peratures of 20.3 and 47 K for a magnetic field of 22.5 kG
applied perpendicular and parallel to the ¢ axis, respectively
(The small anomaly at roughly 45 K for H—c is not thought
to be intrinsic, and probably arises from the antiferromag-
netic transition of a small amount of frozen molecular oxy-
gen in the magnetometer.). These values are slightly higher
than those found via resistivity measurements (7,=17 K),'°
but consistent with the values determined from the
orientationally-averaged susceptibility and the heat capacity
(Ty=30 K).'° Thus, (7) can be fit to both Fermi-liquid and
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FIG. 3. Magnetic susceptibility measurements taken along and
perpendicular to the c axis of the crystal. Solid curves: Fits to the
single-ion Kondo susceptibility.

NFL (Curie-Weiss) functional forms, and by itself does not
indicate the appropriate picture.

Figure 4 shows the field dependence of the susceptibility
M/H for H L c, together with the Brillouin function suscep-
tibility

X=M/H=NgJuzB,(x)/H,

where
2J+1 2J+1 1 1
B,(x) = coth x— —coth—x,
2J 2J 2J 2J

and
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FIG. 4. Susceptibility measurements (open squares) taken at 7'
=2 K with the applied magnetic field perpendicular to the ¢ axis of
the crystal. Dashed curve: Brillouin function susceptibility for p
=2.590+0.005 ug, Tx=30 K (parameters from Curie-Weiss fit)
and J=0.5. Solid curve: Brillouin function sus- ceptibility for p
=472 pp, Tg=26.8 K with best fit for an angular momentum J
=0.90 (parameters from disorder-driven model fit).
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The parameters used to plot the dashed curve in Fig. 4 were
determined from the Curie-Weiss temperature dependence
and J was taken to be 1/2, which is the smallest physical
value (an unphysically small value of J produces better
agreement with the data). As described below in Sec. III B,
the inhomogeneous susceptibility predicted by both disorder-
driven models studied in this paper produces the field-
dependent susceptibility shown by the solid curve in Fig. 4.
This gives a more physical result for the angular momentum
(J/=0.90%0.01 when allowed to vary for best fit).

Thus, the field dependence of the low-temperature suscep-
tibility disagrees with a single-T|) picture, and is in better
agreement with the disorder-driven scenarios.

B. Probability distributions for disorder-driven NFL models

The disorder-driven models assume that the energy scale
for the alloy (Kondo temperature in the Kondo disorder
model, KDM,%7 cluster energy in the Griffiths-McCoy phase
model, GMPM,>!") is not spatially uniform, but is distrib-
uted. In order to find the spatial average susceptibility x(7),
one must integrate over the distribution function P(€) for the
disordered energy parameter £

x(T) = f X(T.E)P(€)dE, (6)
0

where x(T,E=Ty) is the susceptibility for fixed £. In the
KDM x(T,&) is the single-Tx Kondo susceptibility, which
we take to be given by Eqgs. (1)—(4). The distributed param-
eter is the Kondo temperature Tx=Tpexp(=1/|Tpy|), where
J is the exchange coupling constant, p, is the density of
states of the Fermi surface, and T is the Fermi temperature.
An assumed Gaussian distribution of Jp, gives®

P(&) = P(Tk)
B 1 1
B \"/Z_WWTK ln(TK/TF)2

xexp| ( — J_)z ™)

exp| =5 | ——< - ,
Plow?\in(ry/ry) ~ 7P

where J_p)() is the average coupling strength and w is the

width of the coupling strength distribution.

For the GMPM the distributed parameter is the cluster
energy E, which is inversely correlated with the size of the
cluster. The probability distribution P(E) for the cluster en-
ergies is?*

()\/60)(E/€0)()\_1) ,0 <E< EO,
0 JE> €,

P(&)=P(E)= { (8)
where € is a cutoff energy and A is a nonuniversal exponent;
N <1 describes singular (NFL) behavior.

Fits of the average susceptibility [Eq. (6)] for the KDM
and GMPM to the data for H L ¢ are shown in Fig. 5. The
value of the reduced statistical ) for the disorder-model fits
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FIG. 5. Temperature dependence of the magnetic susceptibility
at 22.5 kG. Fits of the KDM and GMPM are plotted over the sus-
ceptibility data. At these temperatures and this field it is impossible
to distinguish between the two models. Dashed curve: example of
NFL behavior observed when distribution of the Kondo temperature
is forced to be large (w=0.02).

is a factor of 2 better than for fits to the single-ion Kondo
susceptibility of Egs. (1)—(4). A summary of the fit param-
eters is given in Table 1.

The GMPM fit value of A=4.0 establishes that this model
does not account for the NFL behavior observed in
Uy LagoPd,Al;. NFL behavior only occurs for A <1, for
which a divergence is obtained at 7=0. This leads to corre-
sponding divergences in the magnetic susceptibility and heat
capacity. Using the fit parameters from Table I, P(€) has
been calculated directly using Egs. (7) and (8) for the KDM
and the GMPM, respectively, and is given in Figs. 6 (KDM)
and 7 (GMPM). These figures show that P(€) does not have
any appreciable weight near £=0 for either model. Little or
no weight at low energies means that, even though the dis-
order is quite observable, it is not strong enough to cause
NFL behavior.>7?> As an example, the dashed curve in Fig. 6
gives the Kondo-disorder P(Tk) for a larger value of w
=0.02, so that weight is transferred to lower values of Tk. It
can be seen in Fig. 5 that the corresponding susceptibility
disagrees strongly with the experimental data. The fit shows,
therefore, that there is little weight of P(E) for small values
of E.

C. Al impurity satellite knight shifts and linewidths

While the disorder-driven models are not able to explain
NFL behavior based on fits to the magnetic susceptibility, we

TABLE I. Parameters of disorder-driven model fits to magnetic
susceptibility at 22.5 kG with the NMR field applied perpendicular
to the ¢ axis of the crystal.

KDM GMPM
¢=3.62+0.01 9=3.62+0.01
Tpo=0.1620.001 A=4.00+0.45
w=0.0065+0.0013 €=26.8+1.0
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FIG. 6. Solid curve: Distribution function P(T%) based on the fit
of Fig. 5 and the assumption of a Gaussian distribution of coupling
constants as described by the KDM [Eq. (7)]. Dashed curve: ex-
ample of distribution of Kondo temperatures (w=0.02) which result
in NFL behavior.

argue in this section that they do roughly predict the Knight
shifts and spread in Knight shifts observed using NMR. The
sample-average Knight shift is related to the sample-average
single ion susceptibility y by K=ay (Ref. 16) if we assume
that (a) all nuclei in crystallographically equivalent sites
have the same value of a=3, jaij, Where a;; is the hyperfine
coupling constant between the ith NMR nucleus and the jth
impurity moment, and (b) any disorder in a;; and the suscep-
tibility are independent of each other. Similarly, the mean
square width of the Knight shift distribution may be written

5_Ki2= > ;i@ 6XSX» 9
Jik

where the sum is over all U ions that are coupled to the
nucleus.

Upon doping with the magnetic uranium ion
[U,_,LaPd,Al;,x=0.8 and 0.9], the NMR bulk line and im-
purity satellite!? weights are determined by the binomial dis-
tribution

014 T T T T Al
0.12 - Uj.1LaggPd,Aly
0.10 Hlc
225 kG
0.08 —
w
X 008 —
0.04 —
0.02 — —
0.00 k= | | } 1 1
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FIG. 7. Distribution function P(E) based on the fit of Fig. 5 and
the GMPM probability distribution [Eq. (8)].
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FIG. 8. NMR spectra of U, ;Lay¢Pd,Al; central transitions.
Asymmetric line shapes used to model varying number of nearby U
ions in the two closest shells to the NMR nuclei. The weights of the
bulk and satellite lines are determined by the concentration of ura-
nium via the binomial distribution. Unlabeled peaks origins are low
probability concentrations of uranium near NMR nuclei.

W(N,) = pM(1=pNN, (10)

N, I (N-N))!

where, for a concentration p of magnetic ions, W(N,) is the
probability of finding a given number N, of magnetic ions in
a shell surrounding the NMR nuclei capable of holding N
ions. Because of the long-range nature of the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction between the
doped magnetic ions and the NMR nuclei, magnetic ions in
sites beyond the nearest-neighbor sites may contribute to the
probability distribution.

In U,_,LaPd,Al; the nearest-neighbor and next-nearest-
neighbor site distances are about 1 A apart and both produce
resolved impurity satellites. Each shell contains four sites.
Ten percent doping of U would require 19% of the total
weight of the NMR spectra to make up each peak originating
from only one U ion in that particular shell. These lines are
the lines at 22.51 and 22.58 kG in the insets to Fig. 1 and
Fig. 8, respectively. Over all temperatures and fields investi-
gated in this study, the peaks labeled “one nearby U ion” in
Fig. 8 were successfully modeled with 18% of the total
weight of the NMR spectra. The data do not determine which
satellite is due to which shell; however, this is not crucial to
our analysis.

In the case of only one uranium ion coupled to the NMR
nucleus only one term in Eq. (9) is needed, i.e.,

SK? = a* x> (11)

The value of a can be determined from the slope of a
Clogston-Jaccarino plot (Knight shift vs susceptibility),
which should be linear. For the low-field impurity satellite in
Fig. 8, this is indeed the case, as shown in Fig. 9, and gives
a=(28.14+0.15)% /(cm?/mol U). The fact that the
Clogston-Jaccarino plot is linear over the entire temperature
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FIG. 9. Clogston-Jaccarino plot of 2TAl Knight shift from NMR
nuclei with one nearby magnetic ion (the low-field impurity satellite
in Fig. 8) in Uy ;LajoPd,Al;. Data taken at 22.5 kG with the mag-
netic field applied perpendicular to the ¢ axis.

range (5-220 K) supports the assumption that disorder in the
hyperfine coupling is independent of disorder in the average
magnetic susceptibility. It also implies the temperature inde-
pendence of the coupling constant a.

IV. DISORDER-DRIVEN NFL MODELS: PREDICTIONS
OF NMR LINE SHAPES

Having determined the coupling constant a, the probabil-
ity distributions P(E), and the fit parameters given in Table I,
comparison of NMR line shapes can be made with theoreti-
cal predictions of P(x) from the disorder models. The prob-
ability distribution for the susceptibility P(x)=|dE/dx|P(E)
is given for the KDM and the GMPM for a selection of
temperatures in Figs. 10 and 11, respectively. NMR line
shapes may be compared with these predicted distribution
functions after normalizing the NMR spectra frequency shift
scale by the coupling constant a [cf. Eq. (11)]. The main
difference between the calculated probability distribution and
the observed NMR spectra is broadening of the spectra by
site-independent broadening mechanisms. The existence of
this broadening is seen from the fact that aluminum ions with
no nearby uranium ions experience a distribution of fields on
the order of 10 Q at 22.5 kG and 70.78 K (Fig. 8). Broaden-
ing of the zero nearest-neighbor (Znn) line by distant mag-
netic impurities also broadens the impurity satellite lines in
similar fashion.”” Such broadening effects were removed by
a deconvolution of the Znn “bulk” line from the impurity
satellite lines. The shapes of the deconvoluted impurity sat-
ellite lines give the distribution function for the Knight shift
(Fig. 13).

At low temperatures it was found that the deconvolution
process did not produce significant spectral changes, due to
the large difference in linewidth between the bulk line and
the impurity satellite lines (cf. Fig. 12). Figures 14 and 15
show the KDM and GMPM calculations, respectively, com-
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FIG. 10. Probability distribution for the magnetic susceptibility
at 22.5 kG for select temperatures as predicted by the KDM. The
discontinuous slope observed at 10 K is an artifact originating from
the discon- tinuity in the single-ion Kondo susceptibility at the low-
temperature crossover [Egs. (2) and (3)].

pared to the deconvoluted NMR spectrum at 28 K and 22.5
kG. Neither model is able to reproduce the details of the
NMR spectrum, but the rms widths of the susceptibility dis-
tributions for both models are observed to be in good agree-
ment with the NMR spectrum with no further adjustable pa-
rameters.

This agreement suggests that the susceptibility distribu-
tion is due to a distribution of Kondo temperatures (cluster
energies) as given by the KDM (GMPM). The value of the
fractional spread in susceptibility Sy/x(T— 0 K)=0.2-0.3
(Fig. 16) is significantly less than 1, however, indicating that
there is little weight at low characteristic energies.”> Thus,
the NMR measurements confirm our conclusions from analy-
sis of the susceptibility data, namely, that disorder is not the
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500 | 30K b
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__ %00 10K 7
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& o0k -
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FIG. 11. Probability distribution for the magnetic susceptibility
at 22.5 kG for select temperatures as predicted by the GMPM.
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FIG. 12. FWHM of lines corresponding to NMR nuclei with
zero and one near-neighbor uranium ion in Uy ;Lay¢Pd,Al;. Mea-
surements taken at 22.5 kG and with the magnetic field applied
perpendicular to the ¢ axis.

driving mechanism for NFL behavior in U;_,La,Pd,Al;. In
Fig. 16 there appears to be a slight change in slope in the plot
of 8x/x vs x below the mean Kondo temperature (T
=20 K, xy=17 cm’/mol U) ; however, a fit of the entire data
to a straight line, assuming the errors shown in Fig. 16, gives
a x° per degree of freedom of 0.206. Thus, the linear Sy/ x vs
x behavior found in disorder-driven models for small Sx/x
(Ref. 25) fits the data in Uy LayoPd,Al; to within experi-
mental error.

V. CONCLUSIONS

Fits were made of the disorder-driven KDM and the
GMPM to susceptibility data, incorporating the full single-
ion Kondo susceptibility. A complete analysis was carried
out only for U, ;La, oPd,Al;; however, the clear separation of
the impurity satellite lines from the central transition (inset
of Fig. 1) is good evidence that our conclusions apply for the

T T T
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FIG. 13. Solid curve: As-measured NMR spectrum at 70.78 K
and 22.5 kG. Dotted curve: Deconvolution of the Znn line from the
solid line.
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FIG. 14. The magnetic susceptibility probability distribution
predicted by the KDM at 22.5 kG and 28 K for a single magnetic
impurity (solid line) is compared with the corresponding NMR
spectrum (dotted line) after removal of site independent broadening
effects via deconvolution.

x=0.8 concentration as well. It was determined that, al-
though both models fit the data, neither model can be con-
sidered the mechanism behind the NFL behavior in this alloy
system. This is because the distributions of characteristic en-
ergies £ are found to be too narrow to provide appreciable
weight at low &, which is the criterion for having uncompen-
sated spins at low temperatures and hence NFL behavior.
Consistent with this general behavior, a fit of the GMPM to
the susceptibility data found a value of exponent A\ that is
considerably greater than 1, i.e., out of the range of validity
of the model (\<1).

A comparison of the low-field ’Al impurity satellite
Knight shift and the magnetic susceptibility yields a value of
a=28.14+0.15% /(cm*/mol U) for the hyperfine coupling
constant. This determination allows direct comparison to be
made between the distribution functions predicted by the
disorder-driven models and deconvoluted NMR spectra.
While the distribution functions do not exactly reproduce the

500 E
Uo.1 La‘,_sPl:.leI3
apn | HLC .
28K, 22.5 kG
300 - ]
i
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100 - |
0 1 -“: L
0.0 5.0x10° 1.0x10% 1.5x10% 2.0x10% 2 5x10°

Susceptibility {cm’fmol U]

FIG. 15. The magnetic susceptibility probability distribution
predicted by the GMPM at 22.5 kG and 28 K for a single magnetic
impurity (solid line) is compared with the corresponding NMR
spectrum (dotted line) after removal of site-independent broadening
effects via deconvolution.
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FIG. 16. Bernal plot showing the expected linear behavior of
relative rms spread (Sy/y) in inhomo- geneous susceptibility in-
creasing with increasing susceptibility x. Dot-dash curve is the pre-
diction of the GMPM, dotted curve is the prediction of the KDM,
and the open squares are NMR measurements of disorder.

details of the NMR line shapes, it is found that the predic-
tions of both disorder-driven NFL models of the average sus-
ceptibility and rms widths are in good agreement with the
NMR data over the temperature range studied. The value of
the fractional rms spread Sy/y approached at T=0 K (Fig.
16) is significantly less than 1, again indicating that the
spread in the energy scale is insufficient to cause NFL
behavior.”> Thus, both susceptibility and NMR measure-

PHYSICAL REVIEW B 72, 014423 (2005)

ments confirm that disorder is not the driving mechanism
behind NFL behavior in this alloy.

NMR measurements have previously been carried out on
Uy, ThyoPd,Al;,"3 in which no QCP is observed in the phase
diagram and the nonmagnetic dopant (Th) is tetravalent.
Disorder-driven models are unable to describe the NFL be-
havior in this system, since here the NMR linewidths are
significantly less than predicted by disorder-driven model fits
to the susceptibility. This is in contrast to the present results
in Uy LayoPd,Al;, where the disorder-driven models are
roughly able to describe both the susceptibility and the NMR
spectra but give distribution widths that are too narrow to
account for the NFL behavior. A comparison of these two
systems suggests that disorder-driven models cannot describe
the NFL behavior in doped UPd,Al; regardless of the degree
of proximity to a QCP (present in U,_La,Pd,Al; but absent
in U,_, Th,Pd,Als) or the valency of the nonmagnetic dopant.
It is yet to be determined whether the trivalent nonmagnetic
dopant or the proximity to a QCP in the lanthanum-doped
system is responsible for the improved agreement between
the disorder-driven models and NMR experiments as com-
pared to the thorium-doped system.
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