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Order and non-Fermi-liquid behavior in UCu ,Pd
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We have studied the role of disorder in the non-Fermi-liquid system,B&wsing annealing as a control
parameter. Measurement of the lattice parameter indicates that this procedure increases the crystallographic
order by rearranging the Pd atoms from thes 16 the 4 sites. We find that the low-temperature properties
depend strongly on annealing. Whereas the non-Fermi-liquid behavior in the specific heat can be observed over
a larger temperature range after annealing, the clear non-Fermi-liquid behavior of the resistivity of the unan-
nealed sample below 10 K disappears. We come to the conclusion that this argues against the Kondo disorder
model as an explanation for the non-Fermi-liquid properties of both as-prepared and anneaj@d.UCu
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[. INTRODUCTION This model presupposes a distribution of microscopic ex-
change couplings and was argued to successfully explain the
Since the first observation of non-Fermi-liquid behaviorobserved non-Fermi-liquid behavior in the magnetic suscep-
in 19911 many intermetallic compounds have been foundtibility and the specific heat.
with low-temperature thermodynamic properties that cannot UCu,Pd is particularly well suited for studying the influ-
be described within Landau’s Fermi-liquid theoryy ( ence of disorder because of the possibility of perfect chemi-
=consty = constp— p,=T2). Typically, such alloys show a cal ordering in this compound, which crystallizes in the cu-
logarithmic or a weak power-law dependenceCifT and in  bic AuBe; structure. In this ideal case the Pd atoms would
the magnetic susceptibility at low temperatures, as well as occupy the 4 sites and the Cu atoms would occupy the
a nonT? dependence of the electrical resistivity(for ex- smaller 1@ sites. X-ray absorption fine-structu(XAFS)
amplep—p,=T). All of these compounds are close to mag- experiment§, however, indicate that in an unannealed
netism. In searching for further examples for non-Fermi-sample of UCyPd only 76% of the Pd atoms populate the
liquid behavior, Andraka and Stewanharacterized UG#Pd ~ 4c sites, and the remaining 24% are on the Bites. An-
as a non-Fermi-liquid. They found a power-law temperatureother hint for disorder in this compound is, according to Ref.
dependence of the Sommerfeld coefficignt C/T=AT ° 9, that the change of the slope of the lattice parameter of
(A=450 mJ/mole K™%, 5§=0.32) over a decade in tem- UCus_,Pd, versus the Pd concentration occurs atx
perature between 1 and 10 K: the magnetic susceptibility ~0.85 and not as would be expectedxat1 for an ideal,
also followed a power law with the sam®between 1.8 K  ordered compound.
and 10 K. Furthermore, the electrical resistivity increased In this work we study annealed U¢Rd samples, where
linearly below 10 K with a slope six times larger than that inthe Pd atoms are rearranged from thee Hites to the 4
Uo,YogP%.! A possible explanation for this non-Fermi- sites. This allows us to study U@Rd with lesgbut not zer
liquid behavior is, according to Ref. 2, the proximity to an- intrinsic disorder in order to analyze the importance of dis-
tiferromagnetism suppressed =0 in this compound. order for its non-Fermi-liquid behavior. The original discov-
This is called the “quantum critical point(QCP scenario. ery work reported the effect of annealing on UGRd, s,
Following this seminal work, much research has beerbut not on UCyPd. The only other annealing study of which
done on UCyPd and its physical properties have been ex-we are aware reported th&twithin their error bar, no dif-
plained by various other theories. Castro Netoal® sug-  ference in disorder in ball milledwhich introduces strain
gested that &riffiths phasecauses the non-Fermi-liquid be- that broadens diffraction peak linewidihanannealed and
havior, whereupon de Andrads al? fit their UCy,Pd data annealedat 925 °C for one weeksamples of UCyPd could
down to 0.6 K to this theory. Scheidtt al,> however, be found in elastic neutron diffraction measurements.
showed that theilC/T data down to 60 mK matches this  We show by x-ray, ac-susceptibility, resistivity, and spe-
model only in a small temperature range around 1 K. Thigcific heat data that the physical properties of URd are
was also confirmed by Vollmest al® extremely sensitive to annealing. We conclude that disorder
Bernalet al.” interpreted the non-Fermi-liquid behavior of may not be the underlying mechanism for the non-Fermi-
UCu,Pd within the framework of th&ondo disorder model liquid behavior in the specific heat and resistivity.
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FIG. 2. The electronic part of the specific hee€/T over the
FIG. 1. (8 The lattice parametea as a function of the Pd temperature as a function of temperature far UCu,Pd unan-
concentratiorx of unannealed UG, Pd, (solid circleg. The open  nealed and annealed afty) UCu,Pd splat-cooled and UGYPd, 5.
square shows the lattice parameter of our 7-day annealed sampMyith increasing annealing time the non-Fermi-liquid regime ex-
the open down triangle the 14-day annealed sample. Both lie nearlyands up to more than two decadissed. The data of splat-cooled
on the straight lindsee inseétthat fits the data lower thax=0.8. UCu,Pd matches UCGLPd, , above 200 mK.

The splat-cooled sampl@pen up trianglehas a lattice parameter . . )
similar to that of UCygPd, ,. The inset shows the lattice parameter ShOWS in addition the lattice parameters of the two annealed

and the one splat-cooled samples. One observes that the lat-
(Ref. 9. Notice that the lattice expansion changexat0.85. The  tice parameters of the annealed samples nearly lie on the
straight lines are linear fits to the data fo=0.8 andx=1.1. (b) straight line that fits the data points from unannealed samples
The[3 1 1] peak of all samples of UGRd. Upon annealing the with Pd concentrations lower that=0.8. The decrease of
peak width becomes smaller, which indicates increasing order: ¢he lattice parameter with annealing can be attributed to a
quantitative analysis gives for the full width at half maximum thermally activated movement of the Pd atoms from the
0.39°, 0.31°, 0.27°, 0.25° wittt 0.01° accuracy in this sequence. smaller 1@ sites to the bigger@ sites. The lattice parameter

of the splat-cooled sample, however, is clearly much larger
than the unannealed one, which is indicative of increased

h | f q din thi K I disorder. The lattice parameter of the splat-cooled AJReu
bT.e Zafmp esho UG bpreshen_:% 'T)t 'i work were al aample is almost the same as that of unannealed; Rk, .
obtained from the same batch. This batch was arc-melted s rther test for increasing order upon annealing is the

under a highly purified argon atmosphere. To obtain th& \yigth at half maximum of an x-ray peak. As an example,
h|ghe_st possible homogeneity, the.sample was flipped ovqfig_ 1(b) shows theg3 1 1] peak from x-ray powder diffrac-
four times and remelted. The loss in weight was 0.2%. Th§;,n measurements of the splat-cooled, the unannealed, and
sample was then cut in several pieces. These pieces Wefig, 7. ang the 14-day annealed U€d samples. The full
treateoll '3 different Ways.é)ne was rlneasursd fas cast, oze W@idth at half maximum clearly gets smaller in this sequence,
anniae In an evacuate quarotz glass tube for seven daysgliqp, is o strong indication of increasing order with anneal-
750°C, one for 14 days at 750 °C and another one was splafsg the samples. The resistivity ratio of the 7-day and 14-day
cooled(cooling rate more than $K/s) as a way to intro- annealed samples betwedh=1.8 K and T=400 K de-

duce more disorder than in the as-cast sample. All thesgreases by 11%see Fig. 3 which also supports increasing
samples were identified as single phase (Ayu8teucture in order for extended annealing.

extra long counting time powder diffraction measurements. -y these samples with different degrees of disorder, we
Also in specific heat and ac-susceptibility measurem.enlts NQre now able to make a systematic study of the role that
impurity phases such as Ugor UPds were detected within disorder plays for the physical behavior of U@d. In Fig.

1% accuracy. The annealed samples showed no weight Io%a) ACIT is displayed versus g T for all these samples

within 0.1% accuracy. except the splat-cooled one. It can be seen that the antiferro-
magnetic transitiohof the unannealed UGRd sample Ty
~170 mK) is suppressed by annealing. The 7-day annealed
sample of UCuPd still shows an inkling of such a transition
(=140 mK), whereas UC#d 14-day annealed follows a
logarithmic dependence down to the lowest measured tem-
perature of 0.08 K. This logarithmic temperature dependence
expands upon annealing to cover more than two decades as
can be seen in the inset of Fig.ap

To compare our specific heat data to the Griffiths phase
modef that predicts a power-law behavi6/ T T~ with
A<1, we have performed a carefyf analysis of our data:

of unannealed UGu,Pd, over a large range of concentration

Il. SAMPLE PREPARATION

Ill. RESULTS AND DISCUSSION

In the inset of Fig. 1 the lattice parameteof unannealed
UCus_,Pd, is plotted versus the Pd concentratign The
concentration dependence of the lattice paramatean be
described by two straight lines with an intersectionxat
~0.85. This points to the beginning of augmentée.,
above random disorder present 0+ 0.85) occupation of
the smaller 16 sites by the Pd atoms at this=0.85
concentratior. The expanded plot arour=1 [Fig. 1(a)]
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28 . — —— ] data for the 14-day annealed sample can be well described by

24 1 o | a Fermi-liquid expansiop—p,=A T?+B T* (see the inset
- 1 of Fig. 3). The small upturn of the resistivity by about 0.5%
22r T — 1  below 1 K with an inkling of a maximum at 70 mK seen also

s ] - in the inset of Fig. 3 is so far not understood. It is also
sl ] observed in the unannealed samfgiet shown herg Except
' or o1 for this small upturn bele 1 K we conclude that the behav-
1.6 : "] ior of the resistivity of the annealed sample is clearly no
i 199, . - . ol longer non-Fermi-liquid-like witho—p, =T below 10 K as
fr:ﬁ,,,_._ TIK ] first reported by Andraka and Stewafor the unannealed
12 DE‘DDDDDD 7 case. In fact, the observed behavior of the resistivity below
FP56000888838BB B R 5 & 5 o 10 K is neither consistent with Fermi-liquid nor with non-
- 1 Fermi-liquid behavior with a unique power-law dependence.
o8 T, , . , . , . , ] Also notice that the sign oA in our fit is unusual forf
0 100 200 300 400 moments forming a Kondo lattice.
Temperature [K] Furthermore, a strong indication for a change of the
ground state in this system is the change from a negative
FIG. 3. The electrical resistivitp/pso k @S @ function of tem- magnetoresistance at 1.8 K of the unannealed sample to a
perature for UC4Pd unannealedopen circle, UCu,Pd 7-day an-  pogitive magnetoresistance of the annealed samfies
nealed (open up trianglk and UCyPd 14-day annealedopen oy This indicates a transition from a spin-disordered
squar¢. The qualitative run of the curve changes dramatlcally:compound to a “normal” metal.
Above 2 K the non-Fermi-liquid behaviop ~p, =T disappears Finally, we observe that also the spin glass behavior

upon annealing. The inset shows an expanded plot of the resistivit . : o
of the 14-day annealed sample down to 30 mK. The solid line is aYound in unannealed UGRd (Refs. 5 and 1is sensitive

fit to our data in the region betwee2 K and 8 K with aFermi- upon annealing._ The spin glass temper_afﬂgg determined
liquid expansion p—p,=AT2+BT* (p,=141.5u0 cmA from ac-susceptibility measurements shifts to lower tempera-
—0.024,0 cmK-2 B=—0.00013x0Q cmK-%). The small ture with decreasing frequen¢95 Hz, 995 Hz in the unan-

upturn of the resistivity by about 0.5% below 1 K seen in the inset€aled sample.In the annealed samples we could still ob-
is so far not understood. serve a maximum in the ac-susceptibility at 65 rfikday
annealegland at 55 mK(14-day annealgdbut no tempera-

(i) A two-parameter logarithmic fia; +a,In T leads toy?  ture shift with frequencynot shown. This temperature shift
=9.0 and y?>=6.1 for fits in the temperature regiong  of the maximum might be due to a suppression of the anti-
<10 K and T<1 K, respectively.(ii) A three-parameter ferromagnetic transition of the unannealed sample as re-
power-law fita;+a, T~ 1** converges to theamey? val-  cently discussed by Kaer et al,? supporting increasing or-
ues with the fit parameter— 1.0 anda; ,a} large and with ~ der between the 7-day and 14-day annealed samples. Further
opposite signs® One easily sees that this is effectively WOrk on the effects of annealing upon spin glass behavior is
equivalent to our two-parameter logarithmic(fit From this !N Progress.
statistical analysis we conclude that our specific heat data
beloyv 10 K has a clear_ Iogarithmic temperature behavior. IV. CONCLUSIONS

It is remarkable that increasing order in Ufd does not
destroy its non-Fermi-liquid behavior in the specific heat, but Summarizing, we have shown that in U@ intrinsic
rather expands the temperature range of its logarithmic besrder yields a new tuning parameter for non-Fermi-liquid
havior. Thus this work reports an alternative tuning param-behavior in the specific heat in addition to the usual param-
eter for non-Fermi-liquid behavior besides pressére, eters of doping, pressure, and magnetic field. Therefore
doping? or magnetic field? crystallographic order. samples must also be characterized by their intrinsic order:

The splat-cooled UCHPd, as expected for the most disor- X-ray linewidth and lattice parameter measurements indicate
dered sample, shows, however, a completely different behawa rearrangement of the Pd atoms from the $ides to the 4
ior. The temperature dependence is more like that osites in UCyYPd leading to increased sublattice order upon
UCu; gPd; , (which has almost the same lattice parameter agnnealing.
our “splat-cooled” sample, see Fig.) Jas can be seen in Increasing order has a markedly different effect on the
Fig. 2(b). behavior of the specific heat and the resistiviiy:A higher

The electrical resistivity shows a particularly strong sen-degree of crystallographic order suppresses the antiferromag-
sitivity to annealing. Fig. 3 shows the electrical resistivity of netic transition temperatur@éy to <0.08 K. The best or-
the unannealed and the annealed samples. The residual resisred sample then shows a logarithmic behavidZ/ii over
tivity drops strongly by a factor of about 2.5. Also an enor- more than two decades in temperature from 0.08 K to 10 K.
mous change in the qualitative behavior of the curve can b&herefore annealing expands the range of non-Fermi-liquid
observed. While the resistivity of the unannealed sample inbehavior in the specific heat.
creases continuously below 400 K, the resistivity of the an- (i) On the other hand, the behavior of the resistivity in the
nealed samples has a Kondo-like minimum at about 35 K. Irannealed sample showsT& dependence with higher-order
the temperature region betweg K and 8 K our resistivity —corrections betwee2 K and 8 K. In addition, the magne-
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toresistance changes sign: The non-Fermi-liquid behaviorespect to the Griffiths phase motiele have found that our
(p—p,T) of the unannealed samples observed by Andrakapecific heat data are not consistent with the theoretically
and Stewaftin the same temperature range thus vanishes fopredicted power-law behavioC/TeT~ 1+ with A <1.
increased crystallographic order. Therefore these two theoretical models, which presuppose
Since the Kondo disorder model would predict non-disorder for explaining the non-Fermi-liquid behavior in
Fermi-liquid behavior for the specific hedbgarithmic de-  ycy,Pd are not applicable. Our observations lead support to
pendence of the Sommerfeld coefficient on temper&ture 5 quantum critical point scenario that might reconcile our
and for the resistivity® (o —p,=T) in about the same tem- spacific heat, susceptibility and resistivity data. Further the-
perature range, this model is therefore clearly not applicablgyetical and experimental work, in particular muon spin reso-
in annealed UC4Pd. With respect to unannealed U®d, it nance and NMR studies on the annealed samples, is in

seems furthermore plausible from FidaPto expect that the progress in order to establish such a scenario.
low-temperature behavior of its Sommerfeld coefficient is

due to the same physical mechanism as in annealed RiCu
Thus, since disordefat least as understood in the Kondo
disorder modelis not the underlying mechanism @/T for
non-Fermi-liquid behavior in annealed URd as shown We thank A. Castro Neto for valuable discussions and
above, it seems possible that it is not the origin for non-suggestions. S.K. has been supported by SFB 484 of the
Fermi-liquid behavior in unannealed UgRd either. With  Deutsche ForschungsgemeinscH&EG).
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