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Disorder to order transition in the magnetic and electronic properties of URh2Ge2
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We present a study of annealing effects on the physical properties of tetragonal single-crystalline URh2Ge2.
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 crystallographica axis. From our study URh2Ge2 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.
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The magnetic and electronic properties of disordered
termetallic compounds have been the focus of a large n
ber of investigations~for reviews see Refs. 1–4!. These ma-
terials are model systems to study ‘‘glassiness,’’ which
observed in the magnetic behavior of spin glasses and
electronic transport of metallic glasses. Surprisingly, ho
ever, and in spite of the long-standing research efforts
central topic, the transition from glassy to crystalline beh
ior, which can be accomplished in such materials, has b
widely neglected in these studies.

At present the consensus is that in order to obtain gla
behavior in an intermetallic compound, a critical value
structural disorder must be exceeded. Hence, tuning
structural disorder provides a tool to investigate the tran
tion from glassy to crystalline behavior. The critical disord
value for the transition from glassy to metallic electron
transport is characterized by the Ioffe-Regel criterion.5 It dis-
tinguishes between the regime of strongly disordered gla
(l!Ri j ) compared to weakly disordered metallic (l@Ri j )
transport in metals (l is the elastic mean-free path;Ri j is the
atomic nearest-neighbor distance!. The magnetic exchange i
intermetallics is affected in two ways by disorder. First, t
atomic randomness disturbs the spin correlations, lead
eventually to a transition from a long-range ordered to
spin-glass state. Second, if the disorder is strong enoug
cause substantial electronic localization, it suppresses
conduction-electron mediated magnetic exchange.

Both the transitions from glassy metallic and magnetic
crystalline and ordered behavior lead to unusual phys
properties. Because of the crystalline disorder the us
Boltzmann-equation based view of electronic transport is
PRB 610163-1829/2000/61~13!/8878~10!/$15.00
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longer appropriate, while the magnetic exchange is rand
ized and weakened. From a theoretical standpoint, the e
of disorder on transport and magnetic exchange in these
its is only partially understood, while the problem of th
interplay between local-moment magnetism and disorde
electronic transport is unsolved.3,6–8 Experimentally, owing
to a lack of suitable materials these transitions are larg
unexplored. In this context we present our case study on
effect of annealing on the properties of URh2Ge2. For this
material we have been able to gradually tune the ground s
of the system from a disordered electronic and magnetic
a long-range ordered one by means of annealing. This c
pound therefore permits us to investigate in detail the ord
disorder transitions in the magnetic and electronic proper
of a local-moment disordered metal, as sketched above.

Previously, we characterized as-grown URh2Ge2 as a
three-dimensional random-bond heavy-fermion spin gla9

Based upon x-ray and neutron-diffraction studies crysta
graphic disorder results from a mixing of Rh and Ge ato
over their available lattice sites, while the U atoms are po
tioned on an ordered bct sublattice. The structural disor
on an atomic scale generates spin-glass behavior via ran
and competing magnetic interactions. In this contribution
will show that varying the disorder level by metallurgic
treatments, like annealing, dramatically affects transport
magnetic properties. In the transport properties a transi
from that in a disordered medium to typical metallicity
observed, while magnetically the system is tuned into a lo
range ordered antiferromagnetic~AFM! state. Our results im-
ply that, while in single-crystalline, as-grown URh2Ge2 the
structural disorder generates the glassy transport and m
8878 ©2000 The American Physical Society
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FIG. 1. Temperature dependence of~a! the dc
susceptibility xdc and ~b! inverse susceptibility
xdc

21 of as-grown (S1, h) and annealed (S2, d

andS3, n) URh2Ge2 in a field of B50.6 T, ap-
plied alonga andc axes.
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netic behavior, the system is close to both a metallic a
long-range ordered state. Minute changes of the leve
atomic disorder are sufficient to pass the critical disor
limit and to transform the magnetic and electronic glas
state into a crystalline long-range ordered state. To inve
gate the relationship between magnetic and electronic gro
state we therefore performed a thorough study of the ph
cal properties of annealed, single-crystalline URh2Ge2 and
compared it to those of as-grown material.

The experiments presented here have been carried ou
the crystal investigated in Ref. 9, where details regard
crystal growth and characterization can be found. The co
position of the as-grown crystal was determined by elect
probe microanalysis ~EPMA! to be single-phase
URh2.0060.06Ge1.9660.06. Initially, the physical properties o
the crystal were investigated in as-grown form, after whic
was annealed, first at 900 °C for 1 week, and subsequent
1000 °C for a second week. After each heat treatment
main physical and metallurgical properties were determin
No stoichiometry changes occurred with the annealing
900 °C. However, after the heat treatment at 1000 °C
single crystal was coated with a thin layer (;50mm) of an
U-rich phase, and small amounts of Rh and Ge were eva
rated from the sample. X-ray Laue diffraction proved t
sample still to be single-crystalline tetragonal, but w
EPMA a small change of the matrix composition
URh1.9760.06Ge2.0860.06 was established. To minimize th
contributions from the U-rich surface phase the crystal w
polished to remove as much coating as possible. From x
powder diffraction performed on the as-grown and the twi
annealed crystal we observe small intensity changes
number of Bragg peaks caused by the annealing. Unfo
nately, the intensity changes are too weak to unambiguo
relate them to structural modifications due to the anneal
To resolve the relationship between annealing and struct
properties further studies are underway and their results
be presented in due time.10 However, the lack of such struc
tural information does not affect our discussion of the phy
cal properties, as we independently determine the diso
level in the annealed crystals from the physical properties
d
of
r
y
ti-
nd
i-

on
g
-

n

it
at
e

d.
t
e

o-

s
ay
-
a

u-
ly

g.
al
ill

i-
er
In

the following we refer to the crystal in as-grown form asS1,
after annealing at 900 °C asS2, and after annealing a
1000 °C asS3.

We determined the dc and ac susceptibilitiesxdc andxac ,
the former as function of temperatureT and fieldB, the latter
as function ofT and frequencyv, the T dependence of the
specific heatcp and the resistivityr for the samplesS1, S2,
and S3. The susceptibilities were obtained in a commerc
superconducting quantum interference device, in 0.6 T
tween 5 and 300 K, and at other fields up to 5 T between 5
and 50 K.xac was measured in the frequency range 1 – 13

Hz from 5 to 30 K with a driving fieldBac5331024 T. The
specific heat was measured using a home-built, semia
batic technique, between 2.5 and 30 K for the crystalsS1
andS2, and between 4 and 25 K forS3. The resistivity was
determined employing a four-point ac technique between
and 300 K. Because of the annealing-induced phase segr
tion in crystal S3, the data taken on this crystal could b
slightly affected by the stoichiometry change. Still, as o
metallurgical and structural analysis ofS3 establishes the
stoichiometry to be almost 1:2:2 and the crystallograp
structure properly tetragonal, important qualitative and se
quantitative conclusions can be drawn from a comparison
the data on the crystal after the second heat treatment an
as-grown one.

In Figs. 1~a! and 1~b! we plot the dc susceptibilities a
xdc(T) andxdc

21(T) of S1 –S3 for both crystallographic di-
rections in an applied fieldB50.6 T.11 At all annealing
stages a magnetic anisotropy of a factor of 3–4 betweea
and c axis is observed, with Curie-Weiss-like behavior
high temperatures. Curie-Weiss fits to the data of the th
crystals above 100 K yield values of the Curie-Weiss te
peratureQCW / effective magnetic momentme f f of 2120 to
2150 K/2.9 to 3mB along thea and226 to 236 K/3.15 to
3.25mB along the c axis, respectively. It implicates tha
within the error from alignment variations the high
temperature susceptibility does not significantly depend
annealing. Further, since for both crystallographic directio
and all annealing stagesme f f is smaller than expected for
free U31 or U41 ion, it indicates that even at highest tem
peratures the uranium crystalline electric field~CEF! levels
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are not equally populated. This accounts for the unphysic
large negative values ofQCW along thea axes.

While the single ion properties of the paramagnetic
ions at high temperatures are not affected by the annea
the nature of the low-temperature magnetic state is tra
formed from glassy to long-range ordered. This is illustra
in Figs. 2 and 3, where we displayxdc(T) of S1 –S3 mea-
sured in zero-field-cooled~ZFC! and field-cooled~FC! mode
and as function of fieldB, and in Fig. 4 depictingxac(T) as
function of frequencyv.

In the FC/ZFC experiment9 ~Fig. 2! ~applied fieldB55
31023 T! the as-grown crystalS1 shows for both crystallo-
graphic directions the archetypical signs of spin-glass fre
ing: cusps at 9.3 K inxdc and large irreversibility below the
cusps between FC and ZFC experiment, in contrast to
reversible behavior in the paramagnetic phase above
cusps. As for canonical spin glasses like CuIMn ,4 xdc below
the cusps increases withT for the ZFC run, while it is almost
constant in the FC experiment. From the irreversibility poi
the temperature at which FC and ZFC run deviate from e
other, we determine the freezing temperatureTF59.16 K.

Annealing the crystal at 900 °C (S2) reduces the tell-tale
marks of spin-glass freezing, though they are not comple
suppressed. Maxima are visible for both crystallographic
rections, but now at 15 K. Irreversibility is observed betwe
FC and ZFC measurement, though to a much lesser de
than forS1. In addition, the maxima are much broader th
in the as-grown case, andxdc of the FC measurement has

FIG. 2. The low-temperature dc susceptibilityxdc , measured in
field-cooled~FC, filled symbols! and zero-field-cooled~ZFC, open
symbols! mode for URh2Ge2 along a (s) and c (n) axis after
various heat treatments.
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clearT dependence, which is uncharacteristic for typical s
glasses far into the frozen state. Also unlike typical sp
glasses, the irreversibility point lies above the maximum
Tirr 518 K.

The second heat treatment (S3) removes all signs of spin
glass freezing. Fora andc axes antiferromagnetic anomalie
are visible, withTN513.3 K for both directions, determine
from the maxima ind(xT)/dT, and without irreversibility
between FC and ZFC experiment. The anomalies are sh
indicating a well-defined long-range antiferromagnetic tra
sition. Altogether, the FC/ZFC experiments suggest that w
the annealing a transition from a spin-glass state inS1 has
been achieved towards a long-range antiferromagnetic
ordered one inS3. The crystalS2 represents an intermedia
state between those two extremes.

This observation is corroborated by our study of the fie
dependence ofxdc and the frequency dependence ofxac .
The first we present in Fig. 3 forS1 –S3 with the field along
a andc axes. ForS1 there is a strong suppression and broa
ening of the freezing transition with increasing magne
field B, resembling the behavior of canonical spin glasse4

These effects are much weaker forS2,12 and absent forS3,
as expected for a long-range antiferromagnetically orde
system.

The ac susceptibilities are shown in Fig. 4. While forS1
we observe the characteristic spin-glass frequency de
dence ofTF for a and c axes,9 it is much weaker forS2.
Again, as for the dc experiment, the magnetic anomaly
S2 is broadened, and a frequency dependence only app
below Tac.13 K, thus much lower than the irreversibilit
point. In addition, no out-of-phase component is detected
S2, confirming the suppression of the spin-glass freezi
Finally, for S3 a magnetic anomaly is present, but the fr
quency dependencies have vanished and no out-phase s
is detected, thus confirming the nature of the magnetic s
as long-range antiferromagnetically ordered.

The transition from a spin-glass to a magnetically orde
state with annealing is also observed in the specific heatcp .
In Fig. 5~a! we plot cp /T as function ofT for S1 –S3. The
difference of the absolutecp values at high temperatures fo
the crystals imply that theT dependence of the CEF leve
and/or lattice contributions slightly change with annealin
Without further quantitative information about these chang
we can only approximate the background contributions
cp , thus allowing us a qualitative discussion of the spec
heat, and which is quantitatively exact in the low-T limit,
with negligible lattice and CEF contributions.

We performed the correction for crystalS1 as described
in Ref. 9, using the nonmagnetic allomorph UFe2Ge2 as spe-
cific heat background. Below 30 K this contribution is we
represented by a Debye lattice specific heat withQD5203
K. In order to compareS2 andS3 to S1, we assume Debye
lattice backgrounds for the two data sets, but withQD vary-
ing slightly to achieve thatcp of S1 –S3 merge at 25 K. We
obtain values ofQD5223 K for S2 and 216 K forS3; the
approximate background contributions are included in F
5~a! as solid and broken lines. Subtracting the Debye spec
heats from the experimental data yield the corrected spe
heatcp,cor at the magnetic anomalies, displayed in Figs. 5~b!
and 6~a!.

There are substantial qualitative differences of theT de-
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FIG. 3. The field dependenc
of the dc susceptibilityxdc of
URh2Ge2 for both crystallo-
graphic directions for~a! S1, ~b!
S2, and~c! S3 in applied fields of
0.005 T~h!, 0.6 T ~s!, 2 T ~n!,
and 5 T~1!.
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FIG. 4. The temperature an
frequency dependence of the a
susceptibilityxac of URh2Ge2 for
both crystallographic directions
for ~a! S1, ~b! S2, and~c! S3 in
Bac50.3 mT and at frequenciesv
of 1.157 Hz ~solid line!, 11.57
Hz (n),115.7 Hz (s), and 1157
Hz ~1!.
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FIG. 5. ~a! The temperature dependence
the specific heatcp /T of URh2Ge2 for the crys-
talsS1 (h), S2 (n), andS3 (s). The lines in-
dicate background corrections forS1 ~solid line!,
S2 ~dotted line!, and S3 ~dashed line!. ~b! The
magnetic specific heatcp,cor vs T of URh2Ge2 for
S1 (h), S2 (n), and S3 (s); for details see
text.
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pendence ofcp of the crystalsS1 andS2, on the one hand
and the twice annealed crystalS3, on the other. ForS1 the
freezing transition is manifested as broad anomaly with
maximum incp,cor at 12.8 K ('1.4TF), resembling the spe
cific heat effects in canonical spin glasses.4 A similar
anomaly, but now with a maximum at 14.9 K, is visible f
S2. In contrast, a mean-field-like magnetic transition is o
served forS3 at TN513.4 K, while the low-T specific heat
cp,cor of S3 is qualitatively different from that ofS1/S2. For
S1 andS2 at low temperaturescp is best described bygT
1DTk, with g5116 mJ/mol K2, D525 mJ/mol Kk11, and
k51.80 for S1.9,13 Instead, forS3 we find below 10 K the
common relation for a heavy-fermion antiferromagnet in
magnetically ordered phase,cp5gT1bT3, with g5200
mJ/mol K2 and b53.7431024 mJ/mol K4 ~Fig. 6!. Alto-
gether, the specific heat verifies the main result of the s
ceptibility study: a transition from a spin-glass ground st
in as-grown URh2Ge2 to an antiferromagnetically ordere
heavy-fermion state in twice-annealed material. CrystalS2
represents an intermediate state, with the higher tempera
of the maximum incp,cor , compared toS1, corresponding to
a

-

e

s-
e

re

a higher temperature of the anomaly inx, while the resem-
blance of the low-temperature specific heat to that of cry
S1 proves the absence of any true long-range magnetic
ordered phase.

Finally, in Figs. 7~a! and 7~b! we present the resistivity
plotted asr/r300 K(T) for S1, S2, and S3. The absolute
values ofr for crystalS1 at 300 K are 318mV cm along the
a and 450mV cm along thec axis. The salient features of th
resistivity of the as-grown crystalS1 are ~i! unusual large
values ofr, ~ii ! a large and temperature dependent anis
ropy betweena and c axis, and~iii ! negative temperature
coefficients for both crystallographic directions up to roo
temperature.

We have considered various mechanisms causing sur
characteristics. The low-temperature resistivity is mu
larger than the unitary limit and does not show a logarithm
T dependence, ruling out the Kondo effect~not shown!.
There is no evidence for a gap or pseudogap, since fit
activated behavior ofr(T) are poor. This is demonstrated i
Fig. 8~a!, where we set out lnr vs T21. Further, the maxi-
mum metallic resistivity, either estimated from the Ioff
Regel criterion5,14
of
FIG. 6. ~a! The temperature dependence
specific heatcp,cor /T of URh2Ge2 for crystals
S1 (h), S2 (n), andS3 (s). ~b! The magnetic
specific heatcp,cor /T vs T2 of URh2Ge2 for
S1 (h), S2 (n), and S3 (s). The lines indi-
cate low-temperature fits tocp , for details see
text.
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FIG. 7. The temperature dependence of t
normalized resistivityr/r300 K of URh2Ge2 for
the crystalsS1 ~solid line!, S2 (s), andS3 (n)
for ~a! I ia and ~b! I ic axis.
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5190 mV cm, ~1!

or from the Mooij rule,15 200 mV cm, is much lower than
that observed in the experiments, implying an electro
mean-free path smaller then interatomic distances and
stantial electronic localization. Consequently, it is necess
to interpret the resistivity as arising from crystallograph
disorder,2,3,16,17 which also accounts for the strong samp
dependence ofr. The overall behavior ofr for our crystal is
similar to that reported in Ref. 18, only the absolute valu
for our crystal are larger by a factor 1.5–2 forric. The
sample dependentr reflects the degree of Rh/Ge stackin
disorder, which varies with growth conditions.

A demonstration for the dominating role of crystall
graphic disorder on the transport properties and its ani
ropy comes from our annealing experiments on URh2Ge2. In
Figs. 7~a! and 7~b! we include the normalized resistivities o
annealed URh2Ge2 , S2 andS3, alonga andc axes. Owing
to unfavorable sample shapes of the annealed sample
absolute values ofr could not be determined with high ac
c
b-
ry

s

t-

the

curacy. At room temperature the values ofr for S2 andS3
are the same as those ofS1, but within a comparatively large
experimental error of620%. It implies that the resistivity
values are still large, and that the structural disorder in
crystals has not been removed completely by the annealin19

The most striking result is the different effect of anneali
on the transport properties alonga andc axes, respectively
The c axis normalized resistivity remains almost unaffect
by both annealing procedures. But along thea axis the tem-
perature evolution ofr changes drastically with annealing
While for S2 there is at least the negative temperature co
ficient dr/dT up to room temperature, qualitatively resem
bling the behavior ofS1, for S3 above 50 Kdr/dT changes
from negative to positive, implying a transition from almo
insulating to metallic behavior generated by the annealing
addition, the normalized resistivity exhibits a small anoma
at the antiferromagnetic transition atTN513.5 K.

At present, there is no consensus about the mechan
causing the unusual transport properties of disorde
strongly correlated electron systems.2,3,7,8,16For weakly cor-
related disordered metals the low-T conductivitys to lowest
order is predicted to evolve like16
e

FIG. 8. The resistivity r of as-grown
URh2Ge2 (S1) set out in an activation plot lnr
vs T21 ~a! and as conductivitys2s0 vs T in a
double-logarithmic representation~b! along
a (s) and c (h) axis. The dashed lines denot
dependenciess2s0}T andT0.5, respectively.
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s5s01aTp/21bAT. ~2!

p (5 3
2 , 2, or 3! depends on the dominant inelastic collisio

mechanism, theAT term represents corrections fro
electron-electron interactions tos. As illustrated in the
double-logarithmic plot of s2s0 vs T for as-grown
URh2Ge2 @Fig. 8~b!#, up to about 20 K we observes2s0
}Tx with x'1 for both crystallographic directions. At hig
T ~.50 K! for I ia the exponentx changes to'0.5, while for
I ic it is closer to 0.7. Similar to URh2Ge2, different Tx re-
gimes ofs have been observed for metallic glasses.3. It has
been attributed to inelastic electron-electron collisions ca
ing s}T at low temperatures, while at highT electron-
phonon interactions lead tos}T0.5. Yet, this interpretation
has been questioned as an oversimplification.16 Moreover, in
URh2Ge2 the situation is more complicated, as we expect
additional magnetic-scattering contribution. Further, it is n
evident that there is a quantitative one-to-one corresp
dence between the behavior of a weakly and strongly co
lated disordered metal. Therefore, we will limit ourselv
here to a phenomenological and qualitative discussion of
resistivity, while an extensive discussion of the resistiv
will be presented elsewhere.20

The annealing procedure does not fundamentally mo
the band structure or related properties of URh2Ge2. If the
annealing would change these properties, it should equ
affect the resistivities along thea and thec axis. In contrast,
we observe ac-axis transport independent of annealing,
gether with ana-axis resistivity changing from an almos
insulating to a metallic behavior. Consequently, the resis
properties of as-grown and annealed URh2Ge2 are mainly
caused by the type and degree of structural disorder, and
by the underlying band structure of a ‘‘perfectly we
ordered’’ URh2Ge2. In particular, the metallic resistivity
along thea axis in twice-annealed URh2Ge2 indicates that
the disorder is more strongly reduced within the tetrago
plane than along thec axis. Since the susceptibility prove
that annealing does not affect the ionic properties of the
atoms in URh2Ge2, the crystals after the different heat trea
ments constitute to good approximation URh2Ge2 containing
three different levels of Rh/Ge disorder. This implies that o
compound allowed us to study the problem set out in
introduction, viz, the transition from glassy to crystallin
electronic and magnetic behavior as the degree of struc
disorder is varied.

In as-grown form, because of the atomic scale disord
the system behaves glassy with respect to the electr
transport and magnetic properties. Annealing the crystal
duces the disorder. For moderate annealing, i.e., forS2, the
glassy behavior still dominates, although regarding its m
netic properties the system cannot be properly described
pure spin glass anymore, but rather as a mixture of A
clusters and spin glass. This is evidenced by the broad m
netic anomaly and the large difference between the irrev
ibility temperatureTirr 518 K from the FC/ZFC experimen
and the temperatureTac'13 K, below which a frequency
dependence ofxac is observed. This suggests that the syst
consists of magnetically correlated regions with a wide d
tribution of sizes, ranging from single spins leading to t
spin-glass frequency dependence ofxac to large magnetic
clusters, blocking below 18 K and causing the differen
s-
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between FC and ZFC data at these temperatures. Tha
freezing/blocking temperatures increase forS2 compared to
S1 is simply related to the reduced disorder inS2.

While the average size of the magnetically correlated
gions is larger inS2 than in S1, there are no long-rang
ordered regions in the crystal. Hence, the specific heat
exhibits the broad anomaly that is characteristic for sho
range magnetic phenomena, and the temperature depend
of cp does not follow aT3 behavior, as it would have bee
expected for antiferromagnetic magnons. However, theT de-
pendence of the specific heat ofS1 and S2 is also not in
agreement with the prediction of the two-level model,cp

}T.4,21 The experimentally observed intermediate expon
cp}T1.9, together with the similarity of the specific heats
S1 andS2 might therefore be taken as qualitative argum
for dimensionally reduced magnons within the magne
clusters causing suchT dependence ofcp .

For a sufficiently long annealing treatment, that is forS3,
the disorder is reduced to a degree that a long-range ord
magnetic, and along thea axis, a crystalline metallic state i
realized. We note that in recent neutron-diffraction expe
ments performed onS3 the antiferromagnetic long-range o
dered structure has been directly observed, with an orde
moment of 0.5mB pointing along thec axis; details of these
investigations will be published elsewhere.10 The fact that
along thec axis the resistivity still exhibits the characteristic
of transport in a disordered medium suggests that with
annealing a state is created, in which the localization of
conduction electrons in thec direction is much stronger tha
within the tetragonal plane.

The observation of a magnetic anomaly inr/r300 K along
thea axis inS3 atTN , in contrast to the absence of such
anomaly along thec axis for the same crystalline piece,
surprising and warrants further exploration. It suggests t
critical fluctuations depend on the electronic mean-free p
or the extent of the electronic wave functions. In our case
long as the mean-free path or the electron wave functions
smaller than the magnetic lattice spacing~which represents a
lower cutoff length scale for the fluctuations!, no critical
magnetic fluctuations are observable. For twice-annea
URh2Ge2 this is the case for the resistivity along thec axis.
If, however, the mean-free path or wave functions exte
over a few magnetic lattice sites, as for the resistivity alo
the a axis, critical fluctuations can be observed. Theore
cally, to our knowledge this feature has never been inve
gated, and we hope that our result initiates efforts to so
this problem.

With respect to magnetism, we must account for the co
plete replacement of spin-glass by long-range order. To
ate a spin-glass state in a material with Ruderman-Kit
Kasuya-Yosida ~RKKY ! magnetic exchange, as it i
generally the case forf-electron intermetallics, the tota
RKKY amplitude from the competing interactions must a
erage to near zero. This balance of ferromagnetic and a
ferromagnetic exchange is present in as-grown URh2Ge2.
The replacement of the spin-glass ground state by long-ra
magnetic ordering in annealed URh2Ge2 indicates a shift of
the balance. We have no experimental access to measur
local magnetic exchange, but we can imagine a sim
mechanism causing such effects.
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Our mechanism is based on the assumption that with
nealing the length scale, over which the magnetic excha
is effective, is increased. From the resistivity we know th
the magnetic interaction is primarily modified by the anne
ing in the tetragonal plane, and therefore we consider
two-dimensional problem of the in-plane interaction. In t
as-grown spin-glass material we have a balance of ferrom
netic and antiferromagnetic exchange within the plane.
us assume that this is realized by a ferromagnetic interac
JFM along the unit-cell axes with the nearest neighbors,
antiferromagnetic exchangeJAFM along the unit-cell diago-
nal with the next-nearest neighbors, and with the condit
JFM5JAFM to ensure balanced competing interactions.22 If
now the magnetic interaction length scale is increased w
the annealing, it implies that additional magnetic interactio
from next-next-nearest neighbors, etc., have to be taken
account. Then, it is obvious that even if we retain the con
tion JFM5JAFM in the annealed material, the addition
magnetic interactions can shift the balance and in effect
ate a long-range ordered magnetic state.

So far, theoretical investigations only treat the RKKY i
teraction in the presence of weak disorder,6 which requires
that the mean free pathl is much larger than interatomi
distances. In URh2Ge2, in contrast, we have strong disorde
with the mean free path of the order of interatomic distanc
Unfortunately, in this limit of strong disorder there is n
knowledge on the dependence of the magnetic exchang
the mean-free path. Qualitatively, at least, it is obvious t
there must be a transition region from the disorder indep
dent magnetic exchange for the case of weak disorder to
of fully localized electrons in a strongly disordered mediu
which leads to a breakdown of conduction-electron media
magnetic exchange. We suggest that URh2Ge2 lies right in
this transition region, and that with annealing we tune
length scale of the effective magnetic interaction. Again,
hope that our experiments motivate theoretical efforts on
magnetic exchange in the strong-disorder limit, even tho
we are aware that this is an extraordinarily difficult task.

Our scenario suggests that spin-glass behavior in de
magnetic compounds like URh2Ge2 is by far more likely for
systems with only nearest-neighbor interactions, which
turn qualitatively implies small electronic mean free pa
and small magnetic moments. Indeed, the various repo
cases of intermetallic random-bond spin glasses,
U2PdSi3 ~Ref. 19! or PrAu2Si2 ~Ref. 23!, are systems with
large resistivities and without large-moment elements. A
for PrAu2Si2 ~Ref. 23! the isoelectronic replacement of Si b
Ge has been shown to suppress the spin-glass state an
duce antiferromagnetic long-range order, which can be in
preted as arising from the inequivalence of antiferromagn
and ferromagnetic ordering upon alloying. But evident
more experimental studies will be necessary to test the g
eral validity of such a prediction.
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In conclusion, URh2Ge2 emerges from our study as a
model compound that allows us to investigate the role
disorder for the magnetic and electronic properties
strongly correlated electron systems. Our work clearly est
lishes that disorder plays an important role in such co
pounds, and that the material responds sensitively on
variation of the disorder level. Further, our study explains t
large sample dependencies for URh2Ge2. Several groups re-
cently observed maxima in the susceptibility, which in retr
spect have to be attributed to the spin-glass freezing ba
upon compound disorder.9,18,24,25 In two reports25,26 even
long-range magnetic ordering was reported. All in all, pr
nounced sample dependencies are observed for almost
physical property. Of course, if annealing at temperatures
the order of 1000 °C is sufficient to transform the spin-gla
system into a long-range ordered one, differences in
sample preparation, annealing procedures, etc., will spec
cally affect the physical properties.

Further, our work outlines future routes of investigation
For instance, it will be interesting to relate the physical pro
erties directly to the structural behavior. As pointed out,
possible scenario for the replacement of the spin-glass s
by antiferromagnetic order would be that the anisotrop
change of the magnetic exchange strength with annea
destroys the balance between the competing magnetic in
actions. Here, a detailed study of the disorder employi
microscopic~NMR, Mössbauer spectroscopy, extended x-r
absorption fine structure! as integral~neutron and x-ray dif-
fraction! techniques, combined with a determination of th
physical properties, would allow a test of such a scenar
Another point of interest is the process of transforming t
spin-glass state into the antiferromagnetism. The quest
which we cannot answer on basis of our data, is if the tra
sition is continuous, with magnetic clusters growing grad
ally as the disorder is reduced, or if above a certain clus
size a percolative, long-range ordered state suddenly app
across the crystal. A detailed, and particularly microscop
study of the magnetic state should give new insight into t
problem of the glassy and ordered state as either compe
or collaborative effects. Finally, a principal problem of dis
ordered magnets is the existence of the~classical! Griffiths
phase, a region between the ordering temperatures of
disordered and ordered system.8,27 The possibility to tune the
disorder level in URh2Ge2 should allow us to investigate
these questions in a much more efficient manner than w
previously possible.
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