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Non-Fermi-liquid behavior and spin fluctuations in doped UAI,
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Using the canonical spin-fluctuation system YAk a starting point, via negative chemical pressdoping
with Y) we have expanded_, in a system known to be near the Hill limit dtelectron localization, and
characterized the samples via resistivity, magnetic susceptibility, and specific-heat measurements. All system
parameters, including magnetic susceptibility, specific hee&=C/T limt_ o), and spin-fluctuation tempera-
ture, behave monotonically. For;U,Y ,Al,, 0.30<x=<0.70, spin-glass behavior is found with=5.1+0.5
K. This spin-glass behavior weakens;(sinks, smaller magnetic signature, no specific-heat angnfaly
x=0.75 while, at the same time, the spin-fluctuatibinT term also gradually disappears from the specific
heat. Forx=0.875, a non-Fermi-liquidnFl) InT term is found in the low temperatuf®T. This new, perhaps
equilibrium, ground state persists upon further dilution of the U ions with Y. Thus, we report on the evolution
of nFI behavior in the neighborhood of a spin-glass ground state but, indeed, directly out of a yet weaker form
of magnetism than heretofore reported, that of spin fluctuati@®163-18287)03102-(

INTRODUCTION fluctuations with doping in Y_,La,Al ,, where there is a
miscibility gap, led to the interesting result of Ref. @Bat at
The field of non-Fermi-liquid(nFl) systems has grown U, 4LagdAl» spin-glass and spin-fluctuation behavior appar-
quite rapidly since the discovery of nFl behavior in ently coexist’) evolving out of a miscibility gap region that
Uo.oY 0.gPds. In the intervening time, a number of further is inaccessible to trying to trace the root causes.
systems have been discovered which has led toe¢ksen- Thus, based on the work of Wifé,U,_,Y Al,, for
tially) general rule that this nFl behavio€(T«=InT, —i.e.,  which no miscibility gap is found, was deemed a good can-
C/T is divergent at lowT, y=InT or T~ 2, p«T) is found in  didate for trying to trace the suppression of the spin fluctua-
the vicinity of magnetisni.The type of magnetism that must tions with dilution.
be suppressédelow T=0 includes antiferromagnetisi;® The second conclusion that can be won from the existing
spin-glass behavidr, as well as (recently discovered resultss(see also R_e_f. 13s that size seems to be a deciding
ferromagnetisri.Heavy fermion systems with their, by defi- factor'® for determining the specific-heat enhancement due to

nition, already large low-temperatu@ T values have been SPin fluctuations, with smaller dopariis.g., Zr(Ref. 13 or
fruitful starting points for investigation. Si (Ref. 19] rapidly suppressing the spin fluctuations, while

; 12
The current work presents a search for nFl behavior ir{arger dopants, I'k.e. L4Ref. 10 or Pu, (_enhance the_ !OW_
. o emperature specific heat and magnetic susceptibility sub-
U, Y, Al, where the starting UAl compound exhibits a stantially
y_et weaker typg of magnetic behavior, that of spin fluctua- With '.the exception of several recently published
tions, than previously found necessary to produce nFl beha‘(/'alue§8 for very dilute U, ,Y,Al, x=0.9

ior. In addition, in contrast to all the nFl U systems found to

=lim;_,C/T) (no curves of the specific-heat Uswere
date, where the distance between U lattice sites has all be‘:r%blishgd ono gp(ecific heat data exFi)st for Y-doped UAI

well over the Hill limit® of 3.4 A, dy, in UAI, is almost However, Y is larger than U in UAI[dy_ (YAl ,) = 3.403
exactly equal to 3.4 A, A vs 3.363 A for UAl,], and the low-temperature magnetic
UAI 5, and specifically doping with Y, were chosen bﬁsedsusceptibility,x, is knowrt*!® to grow larger than that of
on several known experimental facts. UYAias been studied ya|, upon doping with Y. Thus, based on the considerations
extensively via doping studies, including work on of whether a miscibility gap exists or not and the expecta-
UsxMAlz M=La, " Th, = and P4U1, and our recent tion, based on the increasad that Y doping will enhance
work'®onM =Ti, Zr, Hf, and Sc. Wiré* has also done phase the low-temperature spin fluctuations and specific heat, the
stability and magnetic-susceptibility studies on manypresent work was performed on,U,Y ,Al , in order to in-

U;-xM,Al , compounds. Doping on the ndrsite has been yestigate the possibility of spin fluctuations as a basis for nFl
carried out somewhat less rigorously, see, e.g., Ref. 15 fogehavior.

Ga, Si, and Mn doping of the Al site. Two general facts
useful for planning the current study may be summarized
from the numerous previous studies. First, there exists a mis-
cibility gap'* in many U;_,M,Al , pseudobinary solutions
such that, even though a giveM Al , exists in the same Samples of Y_,Y ,Al,, 0=x=<1.0, were prepared by
cubic cF24 (C—15) structure as UAJ, for approximately arc-melting together the constituent metals. All samples were
0.3<x<0.7 there is a two-phase region. single phase as determined by x-ray-diffraction studies, with
The inability to continuously trace the evolution of spin the cubic lattice parametdisee Table )l varying linearly
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TABLE |. Parameters for Y_,Y Al ,.

X= 0 01 02 03 035 04 05 07 075 08 085 0875 09 0.95
ag (R) 7.766 7.775 7.788 7.800 7.804 7.809 7.818 7.838 7.844 7.846 7.851 7.854 7.856 7.858
x (L.7K) (memuw/Umole) 46 59 13 22 28 36 56 8 77 70 63 50 55 24
¥ &(mJ/U mole K) 145 190 380 390 460 490 430 380 470

(140 (185 (365 (345 (355 (355 (365 (380 (460) (445 (460 (460° (305°
B ¢ (mJ/mole K) -3.80 -2.58 -6.65 -565 -6.55 -561 -1.65 -1.26 -1.92 0.096 0.091 0.056
€ ¢ (10 3mJ/mole K) -1.87 -1.25 -2.35 -1.72 -2.04 -159 -0.21 -0.20 -0.53 013 0.11 0.10
5 ¢ (mJ/mole K) 1.67 1.15 252 209 242 204 058 046 0.71 -17.8 -153 -3.36
Tse (K) 105 10.3 145 155 162 162 190 178 157
T; 4(K) 22 46 49 53 56 53 51 45 32 23 18
T; € (K) 549 59 61 66 64 (63 (53 (4.2 (3.4

avalues taken from spin fluctuation fit; values in parentheses are as measured at 1.3 K.

®As mentioned in the introduction, Ref. 18 reported valuesjfdno curves givenfor x=0.9 and 0.95. These values are approximately
consistent with ouC/T values forT~1 K (see Fig. 9.

‘Parameters are from the spin fluctuation fit xs£0.8 and from the non-Fermi-liquid fit for=0.875, where for the nFb is given in mJ
mole™! K2,

9Derived from yi - Xfc-

®Derived from the temperature of the peak of the broad anomaB(if). The values in parentheses are for those compositions where only
a slight anomaly irC vs T, and no anomaly ilC/T, is visible.

(obeying Vegard's law between 7.766 A for UAl and  10% and 30% Y dopingsee Fig. 1, nor the peak iny(1.7
7.860 A for YAL,. K) near 70% Y doping(Fig. 2 and Table )l Also, for

Magnetic measurements were made using an automatéd35<x=<0.75(see Fig. 2there is a leveling off ofy below
superconducting quantum interference device magnetomet&rK that may be indicative of a transition.
from Quantum Design, an MPMS7. Resistivity measure- In order to further investigate this anomaly, we measured
ments were made on cut bars using a standard four-lead doe low-temperature magnetic susceptibility of the
method. Specific heat was measured using a small sample20<x=<0.95 samples cooled in field@fc” ) as well as
time constant method, as discussed in the literature. cooled in zero field“zfc” ) down to 1.7 K, with the field

As seen in Figs. 1 and 2 and in Table I, previous(200 G then turned on and measurements made as a func-
magnetic-susceptibility measurements on this system intion of increasing temperature. These data, shown in Figs. 3
cluded Uy oY oAl 5,1 UyY oAl and U;_,Y,Al,,  and 4, show classic spin glass behavior, with the spin freez-
x=0.9518 which were not sufficient to describe the stronging temperatureT; (defined as the temperature where the zfc
increase iny with x at low temperatures that begins betweenand fc curves deviate from one another, see Table |
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FIG. 1. Low-temperature magnetic susceptibiliB=5000 G of U, _,Y Al ,, 0<x=<0.5, normalized per U mole. Note the rapid jump
in x(T—0) betweerx=0.1 and 0.3, and the peak aral6 K for x=0.35, 0.4, and 0.5.
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being approximately constant-G K) for 0.35<x<0.70, coefficient, 8, in Table I. In contrast, 30% Y doping in
and then falling ® 2 K for x=0.875. UAI, gives (Fig. 5 a substantial increase in the upturn in
Let us now consider the specific heat. Based on results fo€/T below the minimum, implying stronger spin fluctua-
Uggdag 1Al »,1° where a larger low-temperatuse(~ fac-  tions, as well as a large~( factor 2.7 increase iny. We
tor of 2 vs pure UAb) was accompanied by almost a factor have, following the method of Ref. 22, calculat€g (see
of 2 increase iny (=C/T asT—0) and an increase in the Table ) and find — as qualitatively seen in Fi§ — a 40%
spin-fluctuation temperature, one would expect increases imcrease in ;Y oAl » vs pure UAL. It is further worth
v per U mole also in the present work. Specific-heat data fonoting that they(1.7K)/y ratio (proportional to the Wilson
U;_,Y,Al,, 0=x=0.3, are shown in Fig. 5. At 10% dop- ratic®) is almost a factor of 2 larger in ;Y 4 5Al , than in
ing, we see approximately the same relative increase in UAI ,, indicating a yet stronger magnetic character. This is
(~30% vs pure UAL as seen in Fig. 1 in the magnetic naturally consistent with the above-mentioned observation
susceptibility. However, the upturn i@/T below the mini-  that spin-glass behavior starts fox0.2.
mum, which is due to spin fluctuationspin fluctuations Considering now the specific-heat data for the region
give an extraT3InT/Tse term in C, see, e.g., Ref. 21is  0.35<x=<0.7 (see Fig. 6, we see that the spin-fluctuation
partially suppressed by 10% Y doping, as may be seen vistcaused upturn irC/T continues to higher Y concentrations
ally in Fig. 5 (the difference betwee@®/T at the minimum and, in fact(see Table )l the calculatedTge continues to
and at 1.3 K is a factor of 2 smaller ind4Y o;Al, vs  climb in this concentration regime. However, at fhespin-
UAI,) and quantitatively from the size of thE’InT term  glass transitiorisee Figs. 3 and 4 and Tablg theC/T data
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deviate below the fit to the higher temperature data. When |n the concentration regior>0.7, where the spin-glass
plotted asC vs T (not shown, a broad spin-glass peak in behavior iny weakens(Fig. 4), the specific heaty per U

C is easily recognizable for 0.35x<0.7, with a peak tem- mole remains strongly enhanced and essentially constant up
perature that scales withl; approximately as 1.2Ty o x=0.9(Fig. 7 and Table)l T¢r (Table ) falls somewhat,
(see Table ) — as is typical’ of spin glasses. Thus, andy (Fig. 2 and Table)lrecedes from its maximum value

U, ,YAl,, 0.35sx=<0.7, is a system where spin fluctua- atx=0.7.(See Fig. 8, where a plot dfsr and T; Vs X gives
tions and relatively strong spin-glass behavior coexist. Pre;

~an overview) Further, there is no obvious spin-glass
sumably, the dopant atoms defeat the moment compensati

mechanism locally, giving a frustrated U Spin that inter “homaly in C/T for x>07, as is in Fig. 6 for
acts with other defect lattice sites until, bel@w, the spins 0.35=x=0.7, although a weak anomaly can be seen in a plot

. o S . of CvsT. Thus, the smaller deviation between the fc and zfc
freeze due to insufficient thermal excitation in a zfc condi-

tion to align themselves in low fields. It is interesting that theX data (F_lgs. 3 and % the decrea_se Iy and the wea_k
spin fluctuation® persist after the spin glass forms — this is 2nomaly inC (not shown, are consistent with a weakening
then a sign that these fluctuations possess a somewhat mdtk SPin-glass behavior. It is noticeable in Fig. 7 that, for
local character, since long-wavelength paramagnons would=0-85, the fit for the specific heat usiigInT as an addi-
likely be affected(scatterediby the local spins present in a tional term to the normal electronicyT) and lattice
spin glass. (BT3+ €T°) terms does not describe the data well. Shown in

FIG. 5. Low-temperature spe-
cific heat divided by temperature,
1.3 K=T=20 K, normalized per
U mole, versus temperature
squared. The lines through the
data are fits toC/T=y+BT?
+€eT*+6T%nT.  The  strong
increase in y (limy_oCIT)
coupled with the steep increase of
C/T below 10 K forx=0.3 are
qualitative signs of a strong in-
crease in the influence of the spin
fluctuations, which cause the
T2InT term inC/T.
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FIG. 6. Low-temperature specific heat divided by temperature versus temperature squared,ftAl,, x=0.35, 0.4, 0.5, and 0.7.
The solid line is a fit ofC/T to y+ BT?+ eT*+ 6T2InT (i.e., spin-fluctuation behaviprThese fits deviate from the data at low temperature
at (roughly) 1 K above the temperature where the zfc and fc curves deviate from one another in Fig. 3, with the exceptior86f where
the specific heat deviates from the spin-fluctuationfit.5 K lower thanT; determined fromy. When plotted a£ vs T, the data below
T geviaion ShOw a broad peak as is characteristic of spin glasses; this p&ak/&iT (see Table)l— in contrast toT yeyiation from the C/T
curves — lies consistently at about T;2lerived fromy. The coinciding of spin-glass and spin-fluctuation specific heat in one and the same
sample in so clear a fashion is unique.

Fig. 7 is a fit to C/T=y+ BT%+€eT*+4InT, i.e., a non- (nFl) ground state.

Fermi-liquid behavior. This is carried further in Fig. 9 where, In addition to the specific heat, nFl systems typically

for x=0.875, the specific-heat differend®/T(measured) show a linear behavior in the low-temperature resistivity, as
—(BT?+ €T% is shown vs IT. The logarithmic behavior well as either a power law or Thdependence in the magnetic
over a decade and a half of temperature is convincing evisusceptibility — in so far as pure temperature dependences
dence that dilute U in YA} achieves the non-Fermi-liquid can be found® We observé&’ (not shown p=A—BT be-
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FIG. 7. Low-temperature specific heat divided by temperature vs temperature squargd fgr, @l ,, x=0.75, 0.8, and 0.8&lso in the
inse). Note in the inset that neither a spin-fluctuation (§blid line) nor a nFl fit (dashed curvefits the data. The solid lines are all
spin-fluctuation fits as described in the text.
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showing definite signs of spin-fluctuations

and 200 K. At temperatures below these two measurements the specific heat and, actually, a further strengthening of
regimes, bothp and y rise with decreasing temperature lessthe spin fluctuation temperature, see Fig. 8. Also in this re-
rapidly, i.e., there appears to be crossover behavior as olgion the large specific heat/U mole is clearly enhanced,
served in Ref. 26 — perhaps in the present case connectée., the entropy involved in the spin-glass transition does not
with the remanent weak spin-glass behavior. subtract from the entropy contained in the increagedfter
What conclusions can be drawn from the above resultsthe spin-glass transition begins to weaker-Q.7) the spin
First, Y doping clearly drives the system to a weak form offluctuations remain over a certain doping range-0.75 and
magnetic behavior, i.e. to a spin glass. In a separateaiork 0.8), albeit with a slightly decreasiriise, and then trans-
on the effects of S@soelectronic to Y doping on UAL, we  form into a non-Fermi-liquid state witlC/T diverging as
observe no sign of spin-glass behavior: neither a zfc vs finT. Thus, since — as often observeidr nFl systems —
difference iny nor a peak irC vs T as seen in Figs. 3, 4, and magnetism must first be suppressed nearby in the phase dia-
6 for U;_,Y Al ,. Thus, since Sc contracts the UAlttice  gram in order for nFl behavior to first appear, we infer that
vs the expansion caused by Y, we conclude that this spinthe direct predecessor to the nFl behavior here is therefore a
glass behavior in Y_,Y ,Al , may come from the expansion spin-fluctuation ground state. In fact, fg=0.875 and 0.9,
of the UAI, lattice beyond the Hill limit, rather than from spin-glass behavior istill presentin y, while the specific
either electronic effects or destruction of the U-sublattice orheat is showingCoTInT nFl behavior. Thus, if one
der. At, however, the same time the spin-glass LY ,Al,  understandsnFl behavior as occurring first when magnetism

90 FT T T T T T
80 | 2o, & Ui Y Alo |2 x=0875
- oy 0O  x=09
70 F T Ao, hd x = 095 FIG. 9. AC(= Crneasured
- %oy - — BT3— €TY) divided by tempera-
X eo0f Ovoo@oo A, ture vs I for Ul,>§YXAI 2
e . YN 0.875<=x=<0.95, normalized per
E 50l Q%ﬁk%n formula unit. The linear behavior
S [ OoooQ (dashed linesof the data over a
E 40 3 ? decade and a half in temperature
- 3 is strong evidence for non-Fermi-
o 30 E Te liquid behavior. No substantial
< - oo trace of a spin-glass anomaly is
ok “"’"‘m»... coes seen here in the specific-heat data,
L although a small deviation in zfc
ok vs fc yqc data is still visible(Fig.
L 4) for x=0.875.
O :. 1 2l 1 1

logyo T (K)
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is suppressed t6= 0, then the present results would indicate more representative of a true equilibrium ground state, where

that the suppression of the spin fluctuations is the harbingare take this to mean a state insensitive to small excursions in

of the nFl ground state. parameter space, be it doping or magnetic field or pressure or
The type of nFl behavior observed here, that past a certaisome other parameter.

dilution all samples shovC/T«InT, is not unique but is in
contrast to, e.g., the behavior observed in CgGihu , (Ref.
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