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We have performed muon spin relaxation (uSR) measurements of polycrystalline specimens of
Y1-xUxPd3 with x=0.1, 0.2, 0.4 and UPds. We demonstrate that UPds and Yo¢Uo4Pd; exhibit spin
glass order, while the predominant volume fraction remains nonmagnetic at 7— 0 in Yo3UoPd; and
the muon spin relaxation rate becomes even smaller in Yo9Uo1Pds, indicating the disappearance of mag-
netic order with decreasing U concentration x. These results are discussed in terms of the competition
between the crystalline electric field splitting Acer and the exchange coupling J.

PACS numbers: 76.75.+i, 75.10.Nr, 75.30.Mb

Rare earth and actinide alloys have demonstrated in-
teresting magnetism due to the combination of the Kondo
effect [1,2], RKKY exchange interaction [2], and crystal-
line electric field (hereafter CEF) splitting [3]. The Kon-
do effect can manifest itself in various forms, including
that of the so-called coherent Kondo lattice, thought to be
responsible for heavy fermion behavior [4]. Recently,
Cox proposed the possibility of a two-channel quadrupo-
lar Kondo effect, based on a nonmagnetic I's ground state
doublet, to explain the lack of strong magnetic field
dependence in the specific heat and susceptibility of
UBe;3 [5]. An investigation of the Y| - ,U,Pdj; alloy sys-
tem by Seaman et al. revealed that the electrical resis-
tivity p(T), electronic specific heat AC(T), and entropy
S(T) —S(0) for x = 0.2 exhibited non-Fermi-liquid be-
havior, apparently due to a two-channel quadrupolar
Kondo effect [6]. Magnetic susceptibility measurements
on Y- ,U.Pds with U concentrations 0.3 < x =< 0.5 show
spin-glass-like behavior [7], but no direct confirmation of
magnetic order exists.

In this paper, we report zero field (ZF) and longitudi-
nal field (LF) uSR measurements on Y;_,U,Pd; and
the related compound UPd4 [8]. We found that UPd,
and YgeUo4Pd3s exhibit spin glass order, while the
predominant volume fraction remains nonmagnetic at
T 0 in YogUg,Pd3 and the muon spin relaxation rate
becomes even smaller in Yo9UgPds. These results
demonstrate disappearance of magnetic order with de-
creasing U concentration x. We show that this behavior
can be understood in terms of the competition between
Acer (the energy separation between the CEF ground
state and the first excited state) and J (the exchange in-
teraction coupling between U** ions).

Polycrystalline specimens of Y -,U,Pd; with x=0.1,
0.2, 0.4 and UPd4 were prepared at UCSD by arc melting
in an argon atmosphere. Powder x-ray diffraction indi-
cated the cubic CusAu-type structure for 0 <x =<0.5.
UPd4 has the same cubic structure with stoichiometry
0p.25Ug.75Pd3, where O represents a vacancy [6,7]1. Our

uSR measurements were performed at the TRIUMF
M15 and M20 muon channels. ZF-uSR [9] is very sensi-
tive to static magnetic order. The uSR relaxation func-
tion G () due to static random fields, such as nuclear di-
polar fields [10] or random fields in spin glass systems
[11], is characterized by a recovery to § following depo-
larization. The dynamic fluctuation of fields also causes
muon spin relaxation, but without the } recovery. Static
and dynamic fields can be further distinguished through
the application of longitudinal magnetic fields (LF-uSR).

Figures 1(a)-1(d) show the ZF-uSR time spectra
A(1)/A(0) obtained from the muon decay asymmetry
A(t) observed in Y| -,U,Pd3 and UPd4. Nuclear dipolar
fields in the specimens are negligible; the calculated width
is A< 0.03 us~'. A roughly 10% Gaussian background
signal, corresponding to muons stopping in the cryostat
walls, has been subtracted from the total asymmetry for
cach sample. At the lowest temperature, 4(1)/A4(0) in
UPdy and YoeUo4Pds recovers to — 5 following the ini-
tial depolarization, clearly indicating spin glass order.
Weak magnetism appears below T~1 K in Y3Uq2Pd3
and is essentially absent in Yo9Up Pd;.

In a concentrated spin glass, the random local fields at
the muon sites can be represented by a Gaussian distribu-
tion Pg(H,A) =(}'u/\/:2—ﬂA)CXp(— Y2H?/2A4%)  with «
width A/y,. In the model of coexisting static and dynam-
ic random fields, the muon spin relaxation function
G (0.A,v.1) is given by G (Q,A,v,1) =G (1)G (1) with

G =%54+30-0A%)exp(—+0A%?) . ()
Gy(1) =expl—2(1 —Q)A*1/v] . (2)

where G (1) is the static Kubo-Toyabe function [10] for
a finite order parameter Q [G{(1)=1 for 0 =01, while
G,(1) represents the effect of dynamic fluctuations with
the fluctuation rate v>> A.

In a dilute alloy spin glass, in contrast, different muon
sites have different variable ranges of random local fields
when spin fluctuations occur: A muon site closer to a
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FIG. 1. The uSR time spectra A(¢)/A(0) observed in zero
external field in (a) UPds, (b) Yo6Uo4Pds, (c) YosUo2Pds, and
(d) YosUoiPds. In (a) and (b), the solid lines are best fits and
the dashed lines represent the fits with the dynamic relaxation
rate As fixed to be the values obtained from longitudinal field
measurements. The dashed line in (c) indicates 4(r)/A(0)
measured at 7=0.1 K and LF=100 G. (e) and (f) show
A(1)/A(0) observed in YogUos4Pds in longitudinal external
fields at 7=3.5 and 12 K, respectively.

magnetic moment has a larger width A/y,. Taking this
into account, Uemura et al. [11] calculated the relaxation
function G (as,Ag,t) in dilute alloy spin glasses by using a
probability function p(A,a), which describes the proba-
bility of finding a muon site with the field width A/y,.
G(as,hg,t) was then given as G(as,Aa,t) =[5Gs(Q,A,
v,t)p(A,a)dA, while the total Lorentzian distribution
of the local field, with the width a/y,, is recovered as
PL(H,a) =[5 Ps(H,A)p(A,a)dA.

The Y| -xU,Pd; system lies between these two limiting
cases: dense moments and dilute moments. The muon
spin relaxation function can be obtained by assuming a
modified probability function p(A,a) [12]. However, for
simplicity, we adopt the follwing phenomenological relax-
ation function G (a;,a,A4,B8.,1):

G(as,arg,B,t) ={5 + %1 — (as1) ) expl — (ast) */al}
xexpl—(42)P], 3)

where a; represents the width of the static random field in
units of us ~! and A4 is the dynamic relaxation rate. This
relaxation function interpolates the two limiting cases of
Gaussian [with a =2 and B=1, leading to G¢(Q,A,v,1)]
and Lorentzian [with a=1 and = ¥, leading to the lim-
iting case of small A4 given by Eq. (24) in Ref. [11]] field

distributions. This phenomenological line shape can be
reproduced by using microscopic arguments [12].

The ZF asymmetry measured in Yo6Uo.4Pd; was fitted
with A¢G(as,a,\g, B,t) in the time region 0 <t =<8 pus.
The ZF asymmetry in UPd4 was fitted with 4oG (a5, a,A4,
B,t)+ An,e(t), where A9G(as,a,A,B,t) is due to the spin
glass order in a large volume fraction [4¢/(Ao+Am)
= 0.9] and the step function e(¢) [¢(0) =1 and () =0
for + > 0] represents an initial asymmetry drop due to
magnetic order below ~30 K (also apparent in magneti-
zation measurements [13]) in a small volume fraction
(~10%). In Figs. 1(a) and 1(b), the solid lines are best
fits [14] and the dashed lines represent fits with the dy-
namic relaxation rate A4 fixed to the values obtained from
longitudinal field measurements. The parameter a= 1.6
obtained at the lowest temperatures for both Y¢Uq4Pd3
and UPd, indicates a field distribution between Gaussian
and Lorentzian.

We fitted the ZF asymmetry in Yo3Ug2Pd; and
YooUo.Pds to the sum A¢G(as,a,rg,B,t)+ Ay, where
An/(Ao+ A,) represents the nonmagnetic volume frac-
tion, and @ and B are fixed to | and 7, respectively, due
to the rather dilute magnetic moments. For x =0.2, the
nonmagnetic volume fraction 4,/(A4¢+ A,) can be unam-
biguously determined to be ~(61 % 5)%, based on the
saturation of 4(1)/A4(0) at ~0.7 observed at T=0.1 K,
as shown in Fig. 1(c). For this specimen, the dynamic re-
laxation rate Ay is fixed to values obtained by fitting
the LF-uSR time spectra (LF=100 G) to A,+Aq
xexp(—+Ar). The observed time spectrum A(r)/A4(0)
in a longitudinal field LF =100 G [the dashed line in Fig.
1(c)] indicates that the local magnetic fields in the mag-
netic volume are predominantly static at 7=0.1 K.

As shown in Fig. 1(d), the relaxation rate observed in
the x=0.1 system is much smaller than that in the
x=0.2 system, suggesting that the tendency towards
magnetic order rapidly weakens as the U concentration x
is decreased. When the relaxation rate is very small,
A(1)/A(0) does not reach its minimum (or saturating)
value in the time region of uSR measurements (0-8 us).
As a result, we cannot distinguish the case where the full
volume is magnetic with very small magnetic moments
(A, =0 with very small a;) from the other case where a
partial volume fraction is magnetic with less small mag-
netic moments (A4, =0 with somewhat larger a;). There-
fore, the nonmagnetic volume fraction 4,/(A¢+ A,) can-
not be unambiguously determined for x =0.1. However,
the upper limit of the static random field (a@;)max=0.1
us ~' in the magnetic region can be obtained for the larg-
est possible value of A,/(Ao+A,)=90%. If A,/(Ag
+A,) is smaller than 90%, a smaller value of a; is re-
quired to fit the data. At this U concentration, a longitu-
dinal field LF=100 G completely decouples the uSR
spectra (A, =0), indicating that the observed small relax-
ation is caused mainly by static fields.

Figure 2(a) shows the temperature dependence of the
width of the static random field a; in YqgUg4Pd3, and in
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FIG. 2. (a) Temperature dependence of the static random
field a5 in YoeUo.4Pds3, in the region of spin glass order in UPdy,
and in the magnetic region of YogUg2Pds. The onset of spin
glass order is seen at T, =12.5% 1 K for UPds4, at 11.0£0.5 K
for YoeUo.4Pds, and at 1.0+ 0.5 K for YogUo2Pd3 within the
magnetic partial volume, respectively. (b) Temperature depen-
dence of the dynamic relaxation rate A4 in YoeUo4Pds and
UPd, and Yo3sUo2Pds. In both (a) and (b), the closed and open
squares as well as triangles represent the results of fitting with
the dynamic relaxation rate A4 fixed to be the values obtained
from longitudinal field measurements. All lines are guides to
the eye.

the region of spin glass order in UPd4. The onset of spin
glass order is seen at T,=125%1 K in UPd4 and at
11.0+0.5 K in YoeUo4Pd3, with a;=40.8 and 21.7
ys", respectively, as T— 0. For Yg3Up,Pds, we plot
the width of the static random field a; in the magnetic

Y UPd o UPg,

PR

o

(KY
J

g \

o) |
v

%02 04 06 08 10
U concentration x

FIG. 3. (a) Low temperature width of the static random
field a;(T— 0) as a function of uranium concentration x. (b)
Magnetic phase diagram of the Y,-xUxPds and UPds4 systems.
Open circles in (a) and (b) represent the values in the magnetic
volume fraction of the specimens. The arrow in (a) represent-
ing a; in Yo9UqPd3 in the magnetic region is smaller than 0.1
us ~ ' if the nonmagnetic volume fraction is less than 90%.
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fraction (40% volume), which indicates the freezing tem-
perature T, =1.0%x0.5 K within the magnetic partial
volume.

The static width parameter a, approximately repre-
sents the half width at half maximum (HWHM) W of
the field distribution (a;/y,=1.0W for Lorentzian and
0.85W for Gaussian distribution). We can compare the
observed values of a; with a computer simulation of W
for dipolar fields from the U moments, assuming a muon
site. Unfortunately, the site location is not known accu-
rately. If we choose a likely candidate site at the center
of the cubic primitive cell formed by eight Y** or U**
ions, then the observed values of a; correspond to about
u~1lug U moment in both Y, -,U,Pd3 and UPd4. This
crude estimate is consistent with a neutron scattering re-
sult u=0.8up obtained in UPd4 [15]. We note that the
reduction of the U moment from the free ion value
gJupg =3.2up demonstrates the influence of the CEF.

The LF-uSR time spectra in YoUg4Pd; are shown in
Figs. 1(e)-1(f). Clear decoupling at T=3.5 K indicates
nearly static magnetic order. The measured asymmetry
is well described by the calculated relaxation function

Glag,a,hq.8,H,t) =expl— (Ly1)*]

xj; Gi(AH,1)p(A,a,)dA

using values of ag, Ay, and B from the ZF measurements
and a corresponding probability function p(A,a;) for
a=1.6, as shown by solid lines in Fig. 1(e). The absence
of decoupling at T=12.0 K shown in Fig. 1(f) indicates
fluctuation of the U** moments with the static random
field a; =0, consistent with T, = 11.0 K obtained in the
ZF measurements. The LF-uSR spectra measured in
UPd4 show the same behavior as those of Yq¢Ug 4Pd3.

Figure 2(b) shows the temperature dependence of the
dynamic relaxation rate A4 in YU 4Pd3 and UPd4 and
Y 3Ug2Pd; (within the magnetic volume). The rapid in-
crease of Ay as T is decreased towards Ty indicates the
critical slowing down of the spin fluctuations [11]. For
all the three samples plotted in Fig. 2, the peak tempera-
ture of Ay corresponds well with the temperature below
which a; becomes nonzero, providing reliable values for
the freezing temperature Ty.

Figure 3(a) shows the width of the static random field
a, at the lowest measured temperature as a function of U
concentration x. We plot the width in the magnetic
volume (40%) for x =0.2, while the upper limit value
(a5 )max is plotted for x =0.1. a; decreases by more than
100 times as x decreases from 0.4 to 0.2, indicating the
disappearance of spin glass order around a threshold con-
centration xu,=0.2. Figure 3(b) shows the spin glass
freezing temperature determined from these uSR mea-
surements as a function of U concentration x.

The large nonmagnetic volume fraction in Yo3UgoPds
is consistent with the existence of a nonmagnetic I3
ground state, as identified by neutron scattering [16].
The weak magnetic order below T,~1.0 K seen in Fig.
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2(a) might then be related to a possible small distribution
of local U concentrations x. When x is very close to the
threshold concentration x,, the critical condition for spin
glass order [Eq. (5)], as described below, may be fulfilled
in regions of the sample where x > x.

The spin glass order in YoeUo4Pd3s and UPd4 can be
understood in the context of induced moments. For mag-
netic ions with a nonmagnetic ground state in the pres-
ence of a CEF, the mean field theory of Sherrington [17]
gives a critical condition for cooperative spin glass order

VzJ> ACEF/Z(I} , 4)

where J is the exchange coupling constant of the
Edwards-Anderson type Hamiltonian (standard deviation
of randomly distributed JU), z is the coordination number
of each magnetic ion, Acgr is the energy separation be-
tween the CEF nonmagnetic ground state |0) and the first
excited state |1), and ay =(0|J,|1). The induced moment
picture has been used to explain spin glass behavior and
neutron scattering results in PrP, [18]. Using the mag-
netic moment per U ion u = lug [15] and Acgr =6 meV
[16] determined by neutron scattering, ay =(I'3]J,|I's) =2
and z=35, we estimate the coupling constant J to be
~0.6 meV for UPd4 [19], consistent with the ordering
temperature kgTg= 1.1 meV. We see that the critical
condition for spin glass order [Eq. (5)] holds for UPd,. If
we assume that the coupling constant J, Acgr, and ay are
independent of x and the average coordination number
(z)=6x, the critical condition for spin glass order would
become x > 0.3. These calculations demonstrate that the
observed crossover from nonmagnetic to spin glass ground
states at x, = 0.2 can be explained by the induced mo-
ment picture, using parameters consistent with the ob-
served values of Acgr, kTg, and u.

An alternative possible explanation is that the disap-
pearance of spin glass freezing at x, = 0.2 is determined
by the competition between single-ion Kondo screening of
the U** moments and intrinsic exchange interactions.
However, this seems unlikely since a threshold concentra-
tion x, =0.1-0.2 is also observed for the related Laj—,-
U,Pd; system in which the Kondo effect is not observed
(13l

In conclusion, we have demonstrated that UPd4 and
Yo.6Uo.4Pd;3 exhibit spin glass order, while the predom-
inant volume fraction remains nonmagnetic at 7— 0 in
Yo3Uo2Pd3. The large nonmagnetic volume fraction in
Yo.8Uo.2Pd; is consistent with the existence of a nonmag-
netic I'; ground state. The muon spin relaxation rate be-
comes even smaller in Yg9Ujg Pds, indicating disappear-
ance of magnetic order with decreasing x. We have also
proposed a picture that, out of possible competitions
among the Kondo effect, RKKY interaction, and crystal
field effects, it is the latter two factors which dominate
the magnetic phase diagram of the system.
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