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We present a study of annealing effects on the physical properties of tetragonal single-crystally@elJRh
This system, which in its as-grown form was recently established as the first metallic three-dimensional
random-bond heavy-fermion spin glass, is transformed by an annealing treatment into a long-range antiferro-
magnetically ordered heavy-fermion compound. The transport properties, which in the as-grown material were
dominated by the structural disorder, exhibit in the annealed material signs of typical metallic behavior along
the crystallographia axis. From our study URIGe, emerges as exemplary material highlighting the role and
relevance of structural disorder for the properties of strongly correlated electron systems. We discuss the link
between the magnetic and electronic behavior and how they are affected by the structural disorder.

The magnetic and electronic properties of disordered infonger appropriate, while the magnetic exchange is random-
termetallic compounds have been the focus of a large numized and weakened. From a theoretical standpoint, the effect
ber of investigationgfor reviews see Refs. 1+4These ma- of disorder on transport and magnetic exchange in these lim-
terials are model systems to study “glassiness,” which isits is only partially understood, while the problem of the
observed in the magnetic behavior of spin glasses and thiaterplay between local-moment magnetism and disordered
electronic transport of metallic glasses. Surprisingly, how-electronic transport is unsolvéd:® Experimentally, owing
ever, and in spite of the long-standing research efforts, & a lack of suitable materials these transitions are largely
central topic, the transition from glassy to crystalline behav-unexplored. In this context we present our case study on the
ior, which can be accomplished in such materials, has beegffect of annealing on the properties of Ufd®,. For this
widely neglected in these studies. material we have been able to gradually tune the ground state

At present the consensus is that in order to obtain glassgf the system from a disordered electronic and magnetic into
behavior in an intermetallic compound, a critical value ofa long-range ordered one by means of annealing. This com-
structural disorder must be exceeded. Hence, tuning thpound therefore permits us to investigate in detail the order-
structural disorder provides a tool to investigate the transidisorder transitions in the magnetic and electronic properties
tion from glassy to crystalline behavior. The critical disorderof a local-moment disordered metal, as sketched above.
value for the transition from glassy to metallic electronic  Previously, we characterized as-grown YRk, as a
transport is characterized by the loffe-Regel criteddindis-  three-dimensional random-bond heavy-fermion spin dlass.
tinguishes between the regime of strongly disordered glassBased upon x-ray and neutron-diffraction studies crystallo-
(A<Rjj) compared to weakly disordered metalliex R;;) graphic disorder results from a mixing of Rh and Ge atoms
transport in metalsX is the elastic mean-free patR;; is the  over their available lattice sites, while the U atoms are posi-
atomic nearest-neighbor distancéhe magnetic exchange in tioned on an ordered bct sublattice. The structural disorder
intermetallics is affected in two ways by disorder. First, theon an atomic scale generates spin-glass behavior via random
atomic randomness disturbs the spin correlations, leadingnd competing magnetic interactions. In this contribution we
eventually to a transition from a long-range ordered to awill show that varying the disorder level by metallurgical
spin-glass state. Second, if the disorder is strong enough toeatments, like annealing, dramatically affects transport and
cause substantial electronic localization, it suppresses thmagnetic properties. In the transport properties a transition
conduction-electron mediated magnetic exchange. from that in a disordered medium to typical metallicity is

Both the transitions from glassy metallic and magnetic toobserved, while magnetically the system is tuned into a long-
crystalline and ordered behavior lead to unusual physicalange ordered antiferromagnet&FM) state. Our results im-
properties. Because of the crystalline disorder the usugbly that, while in single-crystalline, as-grown URbe, the
Boltzmann-equation based view of electronic transport is natructural disorder generates the glassy transport and mag-
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netic behavior, the system is close to both a metallic andhe following we refer to the crystal in as-grown form 3,
long-range ordered state. Minute changes of the level oéfter annealing at 900°C aS2, and after annealing at
atomic disorder are sufficient to pass the critical disorderl000 °C asS3.
limit and to transform the magnetic and electronic glassy We determined the dc and ac susceptibilifigs andy .,
state into a crystalline long-range ordered state. To investithe former as function of temperatufeand fieldB, the latter
gate the relationship between magnetic and electronic groun@s function ofT and frequencyw, the T dependence of the
state we therefore performed a thorough study of the physispecific heat,, and the resistivity for the samplessl, S2,
cal properties of annealed, single-crystalline Y&g, and and S3. The susceptibilities were obtained in a commercial
compared it to those of as-grown material. superconducting quantum interfer_ence device, in 0.6 T be-
The experiments presented here have been carried out §f€€n 5 and 300 K, and at other fields up3 T betweenSS
the crystal investigated in Ref. 9, where details regardini"”d 50 K.xac Was measured in the frequency range 1=10

. . . . _ _4
crystal growth and characterization can be found. The comt'? frglm ﬁto S0 Kwitha dr|v(|jng fl.eIcBac;3>< 1?) 'IT- The i
position of the as-grown crystal was determined by electronc‘bzﬁg' 'Egch?l;cguvevalsaerpv?:es:r; 5 l;quggag Kofr(?re';hgl ::’rys:sgl“sa 1a-
probe  microanalysis (EPMA) to be single-phase andS2, and between 4 and 25 K f&@3. The resistivity was

URm-O‘}:O-OGGel-gf?to-OG' .In|t|all)_/, the physical properﬂes_of . determined employing a four-point ac technique between 1.3
the crystal were investigated in as-grown form, after which it

. and 300 K. Because of the annealing-induced phase segrega-
was annealed, first at 900 °C for 1 week, and subsequently fon in crystal S3, the data taken o?] this crysFt)aI couldgbeg

1000°C for a second week. After each heat treatment thgjighyy affected by the stoichiometry change. Still, as our
main physical and metallurgical properties were determinedyetajiurgical and structural analysis 88 establishes the
No stoichiometry changes occurred with the annealing aksichiometry to be almost 1:2:2 and the crystallographic
900°C. However, after the heat treatment at 1000 °C thtrycture properly tetragonal, important qualitative and semi-
single crystal was coated with a thin layer 0 um) of an  quantitative conclusions can be drawn from a comparison of
U-rich phase, and small amounts of Rh and Ge were evapahe data on the crystal after the second heat treatment and the
rated from the sample. X-ray Laue diffraction proved theas-grown one.

sample still to be single-crystalline tetragonal, but with In Figs. 1a and 1b) we plot the dc susceptibilities as
EPMA a small change of the matrix composition to y4(T) andx2(T) of S1-S3 for both crystallographic di-
URN, 97- 00658 08:0.0s Was established. To minimize the rections in an applied fiel®=0.6 T At all annealing
contributions from the U-rich surface phase the crystal wastages a magnetic anisotropy of a factor of 3—4 betwaeen
polished to remove as much coating as possible. From x-ragnd ¢ axis is observed, with Curie-Weiss-like behavior at
powder diffraction performed on the as-grown and the twice-high temperatures. Curie-Weiss fits to the data of the three
annealed crystal we observe small intensity changes of erystals above 100 K yield values of the Curie-Weiss tem-
number of Bragg peaks caused by the annealing. Unfortuperature® .,y / effective magnetic momenigss of —120 to
nately, the intensity changes are too weak to unambiguously 150 K/2.9 to 3ug along thea and — 26 to —36 K/3.15 to
relate them to structural modifications due to the annealing3.25ug along thec axis, respectively. It implicates that
To resolve the relationship between annealing and structuratithin the error from alignment variations the high-
properties further studies are underway and their results willemperature susceptibility does not significantly depend on
be presented in due tint8 However, the lack of such struc- annealing. Further, since for both crystallographic directions
tural information does not affect our discussion of the physi-and all annealing stages.:; is smaller than expected for a
cal properties, as we independently determine the disorddree U*™ or U** ion, it indicates that even at highest tem-
level in the annealed crystals from the physical properties. liperatures the uranium crystalline electric fi¢@EF levels
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wf ' f\\ s3] clearT depeqdence, which is uncharacteristic for typical spin
P “ glasses far into the frozen state. Also unlike typical spin
L e glasses, the irreversibility point lies above the maximum at
35| FCHZFC 44 a lle ] T =18 K
U LS irr .
w05t T The second heat treatmer83) removes all signs of spin-
/\ glass freezing. Foa andc axes antiferromagnetic anomalies
1001 e . T are visible, withTy=13.3 K for both directions, determined
05| FOHL o 2] from the maxima ind(xT)/dT, and without irreversibility
; ; between FC and ZFC experiment. The anomalies are sharp,
= ul . _z:;—ziiim\‘ S2 | indicating a well-defined long-range antiferromagnetic tran-
i) FC.---*"':_-::: & Toag sition. Altogether, the FC/ZFC experiments suggest that with
£ ol e “”\ | the annealing a transition from a spin-glass stat&inhas
g Ly ZFC ¢ 4 been achieved towards a long-range antiferromagnetically
@ T e S 1 ordered one ir83. The crystalS2 represents an intermediate
= P e state between those two extremes.
"’% FC. _::__:il—;é ’ “,‘5\' This observation is corroborated by our study of the field
X LT . | dependence ojf4. and the frequency dependence xaf..
. ' ' The first we present in Fig. 3 f@&1—S3 with the field along
sof FC A:sf\u\_ S| a andc axes. FoiS1 there is a strong suppression and broad-
AAAAA“‘A ZFC "*m‘,x ening of the freezing transition with increasing magnetic
404" “‘~—~*..*~_|_|2 1 field B, resembling the behavior of canonical spin gladses.
«f FC K These effects are much weaker 82 2 and absent fo83,
””"?A as expected for a long-range antiferromagnetically ordered
ul 9°°i'°FgC “‘w,‘* ] system.
’ el The ac susceptibilities are shown in Fig. 4. While &ir
125- m = ““'*«;0 we observe the characteristic spin-glass frequency depen-
dence of g for a and c axes’ it is much weaker forS2.
T (K) Again, as for the dc experiment, the magnetic anomaly for

S2 is broadened, and a frequency dependence only appears

field-cooled(FC, filled symbol$ and zero-field-cooledZFC, open be!ow Tac= 13 K, thus much lower than the i_rreversibility
symbols mode for URBGe, alonga (O) andc (A) axis after point. In addition, no out-of-phase component is detected for
various heat treatments. S2, confirming the suppression of the spin-glass freezing.

Finally, for S3 a magnetic anomaly is present, but the fre-
are not equally populated. This accounts for the unphysicallguency dependencies have vanished and no out-phase signal
large negative values @,y along thea axes. is detected, thus confirming the nature of the magnetic state

While the single ion properties of the paramagnetic Uas long-range antiferromagnetically ordered.
ions at high temperatures are not affected by the annealing, The transition from a spin-glass to a magnetically ordered
the nature of the low-temperature magnetic state is transstate with annealing is also observed in the specific bgat
formed from glassy to long-range ordered. This is illustratedn Fig. 5a we plotc,/T as function ofT for SL-S3. The
in Figs. 2 and 3, where we display;(T) of SL-S3 mea- difference of the absolute, values at high temperatures for
sured in zero-field-coole@FC) and field-cooledFC) mode  the crystals imply that th& dependence of the CEF levels
and as function of field, and in Fig. 4 depicting,(T) as  and/or lattice contributions slightly change with annealing.
function of frequencyw. Without further quantitative information about these changes
In the FC/ZFC experimeﬁt(Fig, 2) (applied fieldB=5 we can only approximate the background contributions to
X 1073 T) the as-grown crystabl shows for both crystallo- ¢, thus allowing us a qualitative discussion of the specific
graphic directions the archetypical signs of spin-glass freezheat, and which is quantitatively exact in the I@whmit,
ing: cusps at 9.3 K inyy. and large irreversibility below the with negligible lattice and CEF contributions.
cusps between FC and ZFC experiment, in contrast to the We performed the correction for crystal as described
reversible behavior in the paramagnetic phase above thie Ref. 9, using the nonmagnetic allomorph Y6e, as spe-
cusps. As for canonical spin glasses likeMBu* x4, below  cific heat background. Below 30 K this contribution is well
the cusps increases wilhfor the ZFC run, while it is almost represented by a Debye lattice specific heat v#ith=203
constant in the FC experiment. From the irreversibility point,K. In order to comparé&2 andS3 to S1, we assume Debye
the temperature at which FC and ZFC run deviate from eaclattice backgrounds for the two data sets, but vidth vary-
other, we determine the freezing temperatlipe=9.16 K. ing slightly to achieve that, of S1-S3 merge at 25 K. We
Annealing the crystal at 900 °CSR) reduces the tell-tale obtain values o® =223 K for S2 and 216 K forS3; the
marks of spin-glass freezing, though they are not completelgpproximate background contributions are included in Fig.
suppressed. Maxima are visible for both crystallographic di5(a) as solid and broken lines. Subtracting the Debye specific
rections, but now at 15 K. Irreversibility is observed betweenheats from the experimental data yield the corrected specific
FC and ZFC measurement, though to a much lesser degréeatc, .., at the magnetic anomalies, displayed in Figh) 5
than forS1. In addition, the maxima are much broader thanand Ga).
in the as-grown case, ang,. of the FC measurement has a  There are substantial qualitative differences of Thde-

FIG. 2. The low-temperature dc susceptibility., measured in
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FIG. 5. (a) The temperature dependence of
the specific heat, /T of URh,Ge, for the crys-
talsS1 (O), S2 (A), andS3 (O). The lines in-
dicate background corrections 81 (solid line),

S2 (dotted ling, and S3 (dashed ling (b) The

magnetic specific heat, .., vs T of URh,Ge, for

S1 (O), S2 (4A), and S3 (O); for details see
text.
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pendence ot, of the crystalsS1 andS2, on the one hand, a higher temperature of the anomaly jn while the resem-
and the twice annealed crystaB, on the other. FoB1 the blance of the low-temperature specific heat to that of crystal
freezing transition is manifested as broad anomaly with €51 proves the absence of any true long-range magnetically
maximum inc,, o, at 12.8 K (~1.4T¢), resembling the spe- ordered phase. o
cific heat effects in canonical spin glasée#\ similar Finally, in Figs. 7a) and qb) we present the resistivity,
anomaly, but now with a maximum at 14.9 K, is visible for plotted asp/pso(T) for S1, S2, and S3. The absolute
S2. In contrast, a mean-field-like magnetic transition is ob-values ofp for crystalS1 at 300 K are 318 cm along the
served forS3 at Ty=13.4 K, while the lowT specific heat & 2and 450u) cm along thec axis. The salient features of the
resistivity of the as-grown crystél are (i) unusual large

Cp,cor Of S3 is qualitatively different from that o81/S2. For - .
S1 andS2 at low temperatures,, is best described byT values ofp, (i) a large and temperature dependent anisot-
+DT*, with y=116 mJ/mol K, D=25 mJ/mol K1, and ropy_bgtweena and c axis, and(m). negative temperature
=1 810 for S1 %13 Instead foré3 we find below 10’K the coefficients for both crystallographic directions up to room

: - ’ . . : temperature.
common relation for a heavy-fermion antéferrc_)magnet in the We have considered various mechanisms causing such
magnetlcéally ordered phasﬁp: YT+ BT with y=200  cparacteristics. The low-temperature resistivity is much
mJ/mol K and g=3.74<10"" mJ/mol K4. (Fig. 6. Alto- |5rger than the unitary limit and does not show a logarithmic
gether, the specific heat verifies the main result of the susr gependence, ruling out the Kondo effegtot shown.
ceptibility study: a transition from a spin-glass ground stateThere is no evidence for a gap or pseudogap, since fits to
in as-grown URBGe, to an antiferromagnetically ordered activated behavior of(T) are poor. This is demonstrated in
heavy-fermion state in twice-annealed material. CryS&l  Fig. 8@a), where we set out Ip vs T~ L. Further, the maxi-
represents an intermediate state, with the higher temperatureum metallic resistivity, either estimated from the loffe-

of the maximum irc, .., compared t1, corresponding to  Regel criteriofi**

FIG. 6. (a) The temperature dependence of

B P specific heatc, .o,/T of URh,Ge, for crystals
) [ P,

° = S1 (d), S2 (A), andS3 (O). (b) The magnetic
§ g specific heatc, o /T Vs T2 of URh,Ge, for
= = S1 (d), S2 (A), and S3 (O). The lines indi-
& i~ : )

o™ o™ cate low-temperature fits to,, for details see

text.
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g FIG. 7. The temperature dependence of the
g normalized resistivityp/ p399 k Of URh,Ge, for
14 a the crystalsS1 (solid ling), S2 (O), andS3 (A)
for (a) I]ja and(b) I||c axis.
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3724 curacy. At room temperature the valuespofor S2 andS3
Pmax= 5 5 = 190 uf) cm, (1)  are the same as thoseSf, but within a comparatively large
kre“a experimental error of20%. It implies that the resistivity

or from the Mooij rule!® 200 € cm, is much lower than values are still large, and that the structural disorder in the

that observed in the experiments, implying an electroniccryStals has not been removed completely by the annegling.
pern » IMplying The most striking result is the different effect of annealing

mean-free path smaller then interatomic distances and sulah the transport properties aloagandc axes, respectively.

stantial electronic localization. Consequently, it is necessarnfpa ¢ axis normalized resistivity remains almost unaffected

to interpréatlﬁtlr;e rgsistivity as arising from crystallographic by both annealing procedures. But along thaxis the tem-
disorder}-****" which also accounts for the strong sample perature evolution op changes drastically with annealing.
dependence qi. The overall behavior of for our crystalis  \while for S2 there is at least the negative temperature coef-
similar to that reported in Ref. 18, only the absolute valuesjcjent dp/dT up to room temperature, qualitatively resem-
for our crystal are larger by a factor 1.5-2 fpfic. The  pling the behavior oB1, for S3 above 50 Kdp/d T changes
sample dependent reflects the degree of Rh/Ge stacking from negative to positive, implying a transition from almost
disorder, which varies with growth conditions. insulating to metallic behavior generated by the annealing. In
A demonstration for the dominating role of crystallo- addition, the normalized resistivity exhibits a small anomaly
graphic disorder on the transport properties and its anisotat the antiferromagnetic transition &= 13.5 K.
ropy comes from our annealing experiments on LRd. In At present, there is no consensus about the mechanisms
Figs. 7a) and 1b) we include the normalized resistivities of causing the unusual transport properties of disordered
annealed URJGe,, S2 andS3, alonga andc axes. Owing  strongly correlated electron systefts’®1%For weakly cor-
to unfavorable sample shapes of the annealed samples thelated disordered metals the Iolweonductivity o to lowest
absolute values g could not be determined with high ac- order is predicted to evolve lik&

T T 7T 1000
. ¢
',, //
. 7
4
2
b
s
el
s )
o-0, = TO}S’
L L 4 100
e - FIG. 8. The resistivity p of as-grown
.7 ) g URh,Ge, (S1) set out in an activation plot |n
7 « . .
g <] vs T™1 (a) and as conductivityy— oo vs T in a
& double-logarithmic  representation(b) along
S a © a (O) andc (O) axis. The dashed lines denote
- : 0.5 i
I 1o dependencies— oo T and T~ respectively.
co-o,«T
- b.
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o=0,+aT”2+b\T. (2) between FC and ZFC data at these temperatures. That the
freezing/blocking temperatures increase $2r compared to

p (=3, 2, or 3 depends on the dominant inelastic collision S1 is simply related to the reduced disorderSa.
mechanism, the T term represents corrections from  While the average size of the magnetically correlated re-
electron-electron interactions to. As illustrated in the gions is larger inS2 than inS1, there are no long-range
double-logarithmic plot ofoc—o, vs T for as-grown ordered regions in the crystal. Hence, the specific heat still
URh,Ge, [Fig. 8b)], up to about 20 K we observe— o,  exhibits the broad anomaly that is characteristic for short-
«T* with x~1 for both crystallographic directions. At high range magnetic phenomena, and the temperature dependence
T (>50K) for I|a the exponent changes te=0.5, while for  of ¢ does not follow aT® behavior, as it would have been
l|lc it is closer to 0.7. Similar to URIGe,, differentT* re-  expected for antiferromagnetic magnons. However Ttde-

gimes ofo have been observed for metallic glasets.has  pendence of the specific heat 81 andS2 is also not in
been attributed to inelastic electron-electron collisions Causégreement with the prediction of the two-level mode,;,

ing o=T at low temperaturesbf\’/vhile art]_hig]ﬁ electron- 1421 The experimentally observed intermediate exponent
phonon interactions lead to=T"". Yet, this interpretation cpoch'g, together with the similarity of the specific heats of

B??Shfgen tﬂzessi::,loar]ci)dnaif ;r;%vig?;mﬁggf:;mg:ﬁg\gr’G'::t a S1 andS2 might therefore be taken as qualitative argument
© P ' P Yor dimensionally reduced magnons within the magnetic

additional magnetic-scattering contribution. Further, it is not lust . T d d of
evident that there is a quantitative one-to-one correspon(E USIETS causing such dependence oty . .
For a sufficiently long annealing treatment, that is $8,

dence between the behavior of a weakly and strongly corre- ™~ ,
lated disordered metal. Therefore, we will limit ourselvesthe d'SQfder is reduced to gdegree tha_t a IOng-rgnge ordered
here to a phenomenological and qualitative discussion of thEYagnetic, and along thE_ axis, a crystalline metalllp state is-
resistivity, while an extensive discussion of the resistivity'e@lized. We note that in recent neutron-diffraction experi-
will be presented elsewhef®. ments performed 0683 the antiferromagnetic long-range or-
The annealing procedure does not fundamentally modifylered structure has been directly observed, with an ordered
the band structure or related properties of Ygg,. If the ~ moment of 0.5 pointing along thec axis; details of these
annealing would change these properties, it should equallinvestigations will be published elsewhéfeThe fact that
affect the resistivities along theeand thec axis. In contrast, along thec axis the resistivity still exhibits the characteristics
we observe a-axis transport independent of annealing, to-of transport in a disordered medium suggests that with the
gether with ana-axis resistivity changing from an almost annealing a state is created, in which the localization of the
insulating to a metallic behavior. Consequently, the resistive&eonduction electrons in thedirection is much stronger than
properties of as-grown and annealed Y8k, are mainly  within the tetragonal plane.
caused by the type and degree of structural disorder, and not The observation of a magnetic anomalypifpo, « along
by the underlying band structure of a “perfectly well- thea axis inS3 atTy, in contrast to the absence of such an
ordered” URRGe,. In particular, the metallic resistivity anomaly along the axis for the same crystalline piece, is
along thea axis in twice-annealed URKe, indicates that surprising and warrants further exploration. It suggests that
the disorder is more strongly reduced within the tetragonatritical fluctuations depend on the electronic mean-free path
plane than along the axis. Since the susceptibility proves or the extent of the electronic wave functions. In our case, as
that annealing does not affect the ionic properties of the Uong as the mean-free path or the electron wave functions are
atoms in URBGe,, the crystals after the different heat treat- smaller than the magnetic lattice spacimchich represents a
ments constitute to good approximation URde, containing  lower cutoff length scale for the fluctuationsno critical
three different levels of Rh/Ge disorder. This implies that ourmagnetic fluctuations are observable. For twice-annealed
compound allowed us to study the problem set out in thaJRh,Ge, this is the case for the resistivity along thexis.
introduction, viz, the transition from glassy to crystalline If, however, the mean-free path or wave functions extend
electronic and magnetic behavior as the degree of structuralver a few magnetic lattice sites, as for the resistivity along
disorder is varied. the a axis, critical fluctuations can be observed. Theoreti-
In as-grown form, because of the atomic scale disordercally, to our knowledge this feature has never been investi-
the system behaves glassy with respect to the electronigated, and we hope that our result initiates efforts to solve
transport and magnetic properties. Annealing the crystal rethis problem.
duces the disorder. For moderate annealing, i.e.Sfgrthe With respect to magnetism, we must account for the com-
glassy behavior still dominates, although regarding its magplete replacement of spin-glass by long-range order. To cre-
netic properties the system cannot be properly described asage a spin-glass state in a material with Ruderman-Kittel-
pure spin glass anymore, but rather as a mixture of AFMKasuya-Yosida (RKKY) magnetic exchange, as it is
clusters and spin glass. This is evidenced by the broad magienerally the case fof-electron intermetallics, the total
netic anomaly and the large difference between the irreverdRKKY amplitude from the competing interactions must av-
ibility temperatureT;,, =18 K from the FC/ZFC experiment erage to near zero. This balance of ferromagnetic and anti-
and the temperaturé,.~13 K, below which a frequency ferromagnetic exchange is present in as-grown 0.
dependence of,. is observed. This suggests that the systenirhe replacement of the spin-glass ground state by long-range
consists of magnetically correlated regions with a wide disimagnetic ordering in annealed URbe, indicates a shift of
tribution of sizes, ranging from single spins leading to thethe balance. We have no experimental access to measure the
spin-glass frequency dependence xqf. to large magnetic local magnetic exchange, but we can imagine a simple
clusters, blocking below 18 K and causing the differencemechanism causing such effects.
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Our mechanism is based on the assumption that with an- In conclusion, URhGe, emerges from our study as a
nealing the length scale, over which the magnetic exchangmodel compound that allows us to investigate the role of
is effective, is increased. From the resistivity we know thatdisorder for the magnetic and electronic properties in
the magnetic interaction is primarily modified by the anneal-strongly correlated electron systems. Our work clearly estab-
ing in the tetragonal plane, and therefore we consider théshes that disorder plays an important role in such com-
two-dimensional problem of the in-plane interaction. In thePounds, and that the material responds sensitively on the
as-grown spin-glass material we have a balance of ferromag@riation of the disorder level. Further, our study explains the
netic and antiferromagnetic exchange within the plane. Letarge sample dependencies for URie,. Several groups re-
us assume that this is realized by a ferromagnetic interactioR€Ntly observed maxima in the susceptibility, which in retro-
Jey along the unit-cell axes with the nearest neighbors, arfPeCt have to bde gttr'bgéflngzéwe ?\zm-glasstérk_?gzmg based
antiferromagnetic exchangkry along the unit-cell diago- Ilé)%%r]rgr?g]eprcr)wl;%netilioér de.ring wa?s rego:tee%or Alin Z\I/Ienpro-
gal V:V':[]h thi:iﬁ;ﬁ?:rg;}a?]ec'ggi%r;’ng?]gw;:geigit%%%dmonnoun_ced sample dependenci_es are opserved for almost any
nz’\\;lv théprhrﬁagnetic interaction length scale is increased wit hhySICO?I prcf)perty. of cour?fe, i annealmgf at te?peratureis of

RS " L . e order of 1000 °C is sufficient to transform the spin-glass
the annealing, it implies that additional magnetic interaction pin-g

f iahb h be taken i System into a long-range ordered one, differences in the
rom next-next-nearest neighbors, etc., have to be taken intg, ., 1o hrenaration, annealing procedures, etc., will specifi-
account. Then, it is obvious that even if we retain the condi-

. B . led 2l the additional cally affect the physical properties.
tion Jem=Jarm In the annealed material, the additional £, per our work outlines future routes of investigations.

magnvletic interactiorcmjs Ca(;' shift the balance and in effect Créeq jhgtance, it will be interesting to relate the physical prop-
ate a fong-rr]ange or Ie_re "?agr.‘e“c St?te' h . erties directly to the structural behavior. As pointed out, a
So far, t er(])renca |nvest|]9at|onks gn yéreat_ the RKKY in- possible scenario for the replacement of the spin-glass state
tﬁract;]on in t efpresence'o Wei | 1sor ar']’h'c_ requUIres v antiferromagnetic order would be that the anisotropic
that the mean free path is much larger than interatomic pange of the magnetic exchange strength with annealing
distances. In URJGe,, in contrast, we have strong disorder, yegtroys the balance between the competing magnetic inter-
with the mean free path of the order of interatomic distances,tions. Here. a detailed study of the disorder employing
Unfortunately, in this limit of strong disorder there is no microscopid NMR, Mossbauer spectroscopy, extended x-ray
knowledge on the dependence of the magnetic exchange Qfhsqrption fine structufeas integral(neutron and x-ray dif-
the mean-free path. Qualitatively, at least, it is obvious thag, tion) techniques, combined with a determination of the
there must b_e a transition region from the d|30(der 'ndEpe”'hysical properties, would allow a test of such a scenario.
dent magnetic exchange for the case of weak disorder to thalngiher point of interest is the process of transforming the
of fuIIy localized electrons in a strongly'dlsordered med',um*spin-glass state into the antiferromagnetism. The question,
which leads to a breakdown of conduction-electron mediateq,hich we cannot answer on basis of our data. is if the tran-
magnetic exchange. We suggest that UB# lies right in  gjtion is continuous, with magnetic clusters growing gradu-

this transition region, and that with annealing we tune the,y a5 the disorder is reduced, or if above a certain cluster
length scale of the effectlve magnetic interaction. Again, Wegjzq 5 percolative, long-range ordered state suddenly appears
hope that our experiments motivate theoretical efforts on the . 5s the crystal. A detailed, and particularly microscopic
magnetic exchange in the strong-disorder limit, even thouglyy,qy of the magnetic state should give new insight into the
we are aware .that this is an extraprdmanly d|ff|cglt tgsk. problem of the glassy and ordered state as either competing
Our scenario suggests that spin-glass behavior in densg co|japorative effects. Finally, a principal problem of dis-
magnetic compounds like URBe; is by far more likely for - rqered magnets is the existence of tokassical Griffiths
systems with only nearest-neighbor interactions, which Ihase, a region between the ordering temperatures of the
turn qualitatively implies small electronic mean free pathsgisordered and ordered systéAT.The possibility to tune the
and small magnetic moments. Indeed, the various reporte§isorder level in URbGe, should allow us to investigate

cases of intermetallic random-bond spin glasses, lik§hese questions in a much more efficient manner than was
U,PdSi (Ref. 19 or PrAwSi, (Ref. 23, are systems with previously possible.

large resistivities and without large-moment elements. Also,
for PrAu,Si, (Ref. 23 the isoelectronic replacement of Siby ~ We would like to thank B. Becker for performing the
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