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Antiferromagnetic order with short correlation length and Kondo interactions
in U2PdGa3 and U2PtGa3
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We report the results of magnetic susceptibility, magnetoresistance, specific heat, and neutron-powder-
diffraction measurements on U2PdGa3 and U2PtGa3. The investigated compounds crystallize in the orthorhom-
bic CeCu2-type structure~space groupImma) and, atTN'30 K, undergo an antiferromagnetic state with finite
magnetic correlation lengths 120–150 Å. The magnetic structure is collinear and with the uranium magnetic
moments aligned parallel to the orthorhombicc axis. At 1.4 K, the uranium magnetic moments are estimated
to be about (0.3–0.4)mB /U. Despite showing the signature of three-dimensional almost long-range antiferro-
magnetic order below 30 K in the dc-magnetic susceptibility, for both compounds a discontinuity in the specific
heat at their Ne´el temperatures is lacking. Furthermore, the dc-magnetic susceptibility displays magnetic-
history phenomena, while the magnetoresistance data indicate the existence of Kondo interactions in the
magnetically ordered state. We discuss the observed magnetic behavior in terms of a competition between
randomness, Kondo and magnetic exchange interactions.

DOI: 10.1103/PhysRevB.65.134401 PACS number~s!: 75.20.Hr, 75.25.1z
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I. INTRODUCTION

In previous work we investigated the uranium-based
termetallic compounds U2TGa3, whereT5Ru, Rh, Pd, Ir,
and Pt.1 We found that these compounds crystallize in
orthorhombic CeCu2-type structure~space groupImma).
Based on magnetization, magnetic-susceptibility, a
electrical-resistivity data, we found that the ground states
U2RuGa3, U2RhGa3, and U2IrGa3 are ferromagnetic, while
both U2PdGa3 and U2PtGa3 undergo an antiferromagneti
~AF! ordering below 30 and 33 K, respectively. In addition
ferromagnetic-phase-transition anomaly occurs in both
and dc susceptibilities atTm580 K for the latter compound

Moreover, inspecting the compounds of the rela
U2TSi3 family, one observes either long-range ferromagne
order2,3 or spin-glass~SG! freezing.4–7 The occurrence of a
spin-glass state in some U2TSi3 compounds is believed to
originate from the randomly frustrated U-U interactions
sulting from atomic disorder inherent to an AlB2-type crystal
lattice.

These results make U2TGa3 compounds interesting mate
rials for a thorough investigation, as one expects, that ow
to the existence of the magnetic order, strong U-U magn
exchange interactions overcome magnetic fluctuations du
the randomness. In the present paper, our results for ma
tization, magnetoresistance, specific-heat, and neut
powder-diffraction measurements on the two antiferrom
nets U2PdGa3 and U2PtGa3 will be presented.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of about 10 g for U2PdGa3 and
U2PtGa3 were prepared by arc melting using a proced
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previously described.1 The characterization of the samples b
x-ray powder diffraction was performed at room tempe
ture. The U2PdGa3 sample was found to be of single phas
In the case of U2PtGa3, in addition to the major phase of th
orthorhombic CeCu2-type crystal structure, a small amou
of impurity phases~less than 3% in mass! was detected.
However, by means of neutron-diffraction measurement
found that the contamination is on a somewhat higher le
We have identified the main impurity phase as UGa3, which
appears to be less than 3% in U2PdGa3 and about 7% in the
case of U2PtGa3. As we will show below, any anomaly o
such kind of order due to the impurity UGa3 (TN570 K)
was not observed in our data. The calculated lattice par
eters based on the Bragg reflections of the major phase w
consistent with previously reported data.1

The dc-magnetic susceptibilityx(T)5M /H was mea-
sured by means of a superconducting quantum-interfere
device magnetometer~Quantum Design MPMS-5! in fields
H up to 50 kOe and in a temperature range of 2–100
These measurements were carried out in each case on
different pieces of the sample. The fact that we obtain
identical results for the three pieces rules out significant m
roscopic inhomogeneities in our samples. The absolute a
racy in x(T) is of about 5%, limited partly by a demagne
tizing factor, which was not taken into account in da
analysis. A large contribution to this experimental err
arises from a large magnetocrystalline anisotropy and fr
some texture effect existing in the samples. The
magnetization measurements in fields up to 140 kOe at
eral temperatures below 60 K and ac-magnetic susceptib
©2002 The American Physical Society01-1
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V. H. TRAN, F. STEGLICH, AND G. ANDRÉ PHYSICAL REVIEW B 65 134401
measurements in a frequency range of 30–1000 Hz w
performed using a Quantum Design PPMS. The amplitud
the oscillating frequency wasHac510 Oe.

The electrical resistivityr(T) was measured in a Quan
tum Design PPMS, using a four-probe ac technique in a t
perature range of 1.8–300 K. The samples were rectang
with typical dimensions 0.530.535 mm3. A current of 5
mA at a frequency of 37 Hz was supplied to the samples.
resistivity in a fixed magnetic field ofH5100 kOe was mea
sured on zero-field-cooled samples in a temperature rang
1.8–120 K. The resistivity data were also collected in fie
up to 140 kOe at several selected temperatures below 10
The magnetoresistance is defined asDr/r5@r(T,H)
2r(T,0)#/r(T,0). The magnetic fields were applied perpe
dicular to the direction of the current. The experimental er
in the resistivity is less than 5%, due mainly to the unc
tainty in the geometrical factor.

The specific heatCp(T) measurements were performed
a Quantum Design PPMS in a temperature range of 1.8–
K, utilizing a relaxation method.

Neutron-powder-diffraction~NPD! experiments were per
formed on the G4.1 diffractometer (l52.426 Å ) installed at
the Orphe´e reactor in Laboratoire Le´on Brillouin, Saclay.
The diffraction patterns were collected at several tempe
tures in the range 1.4–90 K. The experimental neutr
diffraction data were analyzed by the Rietveld profile fitti
method using theFULLPROF program,8 based on the nuclea
scattering lengths published by Sears.9 In the magnetic re-
finements, we used the magnetic form factor of U31 calcu-
lated in the dipolar approximation by Freemanet al.10

III. RESULTS AND DISCUSSION

A. Structural properties

The NPD patterns obtained at 40 K for U2PdGa3 and 90
K for U2PtGa3 ~Fig. 1! show nuclear reflections correspon
ing to an orthorhombic CeCu2-type structure. In the crystal
structure refinement, we have applied a peak-shape func
of pseudo-Voigt type to all the reflections. The refineme
ends at the reasonable agreement valuesRB53.9% for the
Pd-based compound and 6.2% for the Pt-based compo
respectively. Thus, by means of NPD, we confirm an ort
rhombic CeCu2-type structure with the space groupImma
for both U2PdGa3 and U2PtGa3. The fitting results are shown
as solid lines in Fig. 1 and listed in Table I.

In a CeCu2-type structure, the uranium atoms occupy t
four equivalent positions (4e), while the transition-metal and
gallium atoms are randomly distributed in eight equivale
positions (8h). Owing to the mixed site occupation of th
transition-metal and gallium atoms, we have checked p
sible atomic short-range order, applying the peak-shape fu
tion of Thompson-Cox-Hastings pseudo-Voigt type in t
calculation. We estimated a correlation lengthj, based on the
inverse of the full width at half maximum of the nucle
peaks. We obtained a value ofj of about 1300 Å for both
compounds, indicating that the atoms have a true long-ra
correlation. As we will discuss below, the atomic disord
may nevertheless give rise to some randomness in the
13440
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exchange interactions and, thus, rovides a significant in
ence on the observed magnetic properties.

We have calculated the values of the shortest distan
between the four uranium atoms: U1~0, 1/4, zU), U2~0, 3/4,
2zU), U3~1/2, 3/4, 1/21 zU), and U4~1/2, 1/4, 1/22zU).
We distinguish between three nearest U-U distances~see
Table I!; the first one is the zigzag distances along theb axis,
d1U-U , the second one is between neighboring uranium
oms lying in two adjacent bc planes, i.e., along thea axis,
d2U-U ; and the third one is identical to the lattice parame
a. For both compounds,d1U2U.d2U2U , which indicates
that the nearest U neighbors form zigzag chains~-U1-U2-
U1- and -U3-U4-U3-! parallel to theb axis. The next-neares
U neighbors are connected by zigzag chains~-U1-U4-U1-
and -U2-U3-U2-! along thea axis. Upon decreasing the tem
perature, the lattice parameters of both compounds slig

FIG. 1. Neutron-diffraction patterns of~a! U2PdGa3 and
~b! U2PtGa3 at 40 and 90 K, respectively. Open points represent
measured data points, and solid lines show the calculated pro
The difference between measured and calculated profiles is plo
on the lower scale.

TABLE I. Crystallographic parameters of U2PdGa3 at 40 K and
U2PtGa3 at 90 K.

U2PdGa3 U2PtGa3

a (Å) 4.401~1! 4.381~1!

b (Å) 6.987~2! 7.021~2!

c (Å) 7.692~2! 7.713~2!

zU 0.5346~5! 0.5404~10!

yT/Ga 0.0385~5! 0.0420~16!

zT/Ga 0.1663~13! 0.1641~31!

d1U-U (Å) 3.53 3.56
d2U-U (Å) 3.98 3.90
1-2
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ANTIFERROMAGNETIC ORDER WITH SHORT . . . PHYSICAL REVIEW B 65 134401
decrease, whereas the atomic parameters are rather tem
ture independent in the covered temperature range.

B. Magnetic susceptibility

The results of the dc-magnetic susceptibility studies
U2PdGa3 are shown in Fig. 2~a!. For small fields, thex(T)
curve exhibits a well-defined peak, arising from the A
phase transition. This peak is in agreement with previ
observation.1 An interesting result derives from comparin
the temperature dependencies of the zero-field-cooled~ZFC!
and field-cooled~FC! susceptibility: There is a differenc
between the ZFC and FCx(T) curves below the Ne´el tem-
peratureTN , defined as the position of the maximum
](Tx)/]T ~cf. arrows in Fig. 2!. In particular, the tempera
ture Tf , where ZFC and FC susceptibilities start to devia
strongly depends on the strength of the magnetic field. I
low magnetic field,Tf almost coincides with the maximum
of the magnetic susceptibility of 33 K, i.e., about 1.5° high
thanTN ; however in a field of 50 kOe,Tf amounts only to
17 K.

A similar irreversibility effect is also observed in the ca
of U2PtGa3 @Fig. 2~b!#. There exist differences between th
two compounds:~i! an anomaly at about 80 K, which i
suppressed in magnetic fields above 20 kOe, shows up
U2PtGa3 only and, for this compound; and~ii ! the tempera-
ture Tf depends more strongly onH, being 14 K atH
550 kOe.

The irreversibility of the magnetic susceptibility is a typ
cal feature expected for spin glasses~SG’s!.11,12 Naturally,

FIG. 2. Temperature dependence of the magnetic susceptib
x(T) of ~a! U2PdGa3 and ~b! U2PtGa3 measured in zero-field
cooled and field-cooled modes for different magnetic fields. Arro
indicate Néel temperatures as determined by the maximum
d(Tx)/dT.
13440
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the disorder of Pd/Pt and Ga atoms in the crystal lattice m
provide the random U-U exchange interaction necessary
the formation of the SG state. However, traditionally the S
state requires both disorder and frustration.11,12A disordered
CeCu2-type crystal structure~lacking any triangular or
kagomelattices! cannot explain the occurrence of frustratio
Hence it is not clear whether the irreversibility ofx(T) really
arises from the ‘‘freezing of uranium spins.’’ Alternatively
the feature of ‘‘magnetic-history phenomena’’ was known
show up in alloys with long-range ordering as well as to
due to ferromagnetic domain-wall pinning effects.2,3 The fol-
lowing observations do not support a spin-glass conject
For our samples we observe only a small decrease ofTN with
increasing fields, i.e.,TN is reduced to 30 K for U2PdGa3 and
to 29 K for U2PtGa3 by a field of 50 kOe. The fields also d
not considerably affect the intensity of thex maximum, con-
sidering the fact that in an applied field of 50 kOe the ma
mum loses an intensity of about 10% compared to that i
kOe. Therefore, the irreversibility effect observed in o
samples might be interpreted in terms of short-range m
netic interactions dictated by disorder effects. In this conte
we would like to add that irreversibility effects have be
observed quite often in intermetallicR2TSi3 and U2TSi3
compounds. A set of data was recently reported for sin
crystals of Tb2PdSi3 by Majumdaret al.13

Figure 3~a! shows the magnetization vs the applied fie
for U2PdGa3 at two temperatures. At 2 K, theM vs H be-
havior is linear up to about 50 kOe. Above this field, t
M (H) curve exhibits a slight upward tilt, followed by a ten
dency to saturate in high fields. This feature is beginning i
field of ;140 kOe, the highest available in our magnetom
ter. Such a behavior is a hallmark of the metamagnetic tr
sition, and it should be observed in antiferromagnetic s

ity

s
n

FIG. 3. ~a! The magnetizationM vs field for U2PdGa3 at 2 and
60 K. ~b! The magnetizationM vs field for U2PtGa3 at 2 and 50 K.
1-3
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V. H. TRAN, F. STEGLICH, AND G. ANDRÉ PHYSICAL REVIEW B 65 134401
tems. From the 1/M vs 1/H plot, a value of the uranium
magnetic moment of 1.4mB /at.U is obtained. At 60 K, the
magnetization shows a monotonic change with fields, in
cating a paramagnetic state of the compound.

In the case of U2PtGa3 @Fig. 3~b!#, there is also a sligh
upward curvature, but at a field much higher than that
U2PdGa3, i.e., of;80 kOe. This behavior is consistent wit
the AF state of the compound. We recognize that the mag
tization at 50 K shows a small spontaneous ferromagn
moment, but complete saturation is not achieved even in
kOe.

Further, the AF ground state is more supported by
ac-magnetic susceptibilityx8(T) results shown in Fig. 4
x8(T) clearly shows a sharp peak at 33.5 K for U2PdGa3 and
at 31.8 K U2PtGa3. The position of these peaks does n
depend on the applied frequencies, at least up to 1 kHz.
U2PtGa3 we found another peak located around 80 K, wh
is of the ferromagnetic origin.

C. Electrical resistivity and magnetoresistance

In Fig. 5~a!, we present the electrical-resistivity at ze
field and 100 kOe as a function of temperature for U2PdGa3.
The zero-field resistivity in the high-temperature range~not
shown! coincides with that previously reported:1 it increases
logarithmically with decreasing temperature. The resistiv
keeps increasing down to 1.8 K, without any tendency
ward a reduction which would signal the onset of coheren
The application of a magnetic field of 100 kOe leads to
depression of the electrical resistivity, i.e., to a negative m
netoresistance~MR!. In single-ion Kondo systems, the MR

FIG. 4. ~a! Temperature dependence of the ac-magnetic sus
tibility of U 2PdGa3, measured atHac510 Oe and at frequences o
30 and 1000 Hz.~b! Temperature dependence of the ac-magn
susceptibility of U2PtGa3, measured atHac510 Oe and at fre-
quences 100 and 1000 Hz.
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negative at all temperatures due to the freezing out of s
flip scattering by the magnetic field.14 In line with the
Kondo-like behavior of the electrical resistivity at hig
temperatures,1 this mechanism may also be operating
U2PdGa3. A remarkable feature of our MR results, but rath
common to magnetically ordered metals, is the occurrenc
a minimum inDr/r vs T nearTN . Such a behavior is com
monly understood as a significant suppression of spin fl
tuations by the applied magnetic field. The MR of U2PdGa3
as a function of magnetic field is plotted in Fig. 5~b!. For
magnetic fields up to 140 kOe, the MR is negative in t
range of measured temperatures. As long as the MR does
show any tendency to saturate, we believe that the urani
derived magnetic moments do not tend to align ferrom
netically in the applied fields. In fact, the negative MR a
the shape ofDr/r vs H curves indicate the strong influenc
of Kondo interactions on the MR in the AF state. It is inte
esting to note that at temperatures belowTN , the MR varies
asHn with n52.6. This behavior differs from that observe
in SG systems, whereDr/r also follows a power lawHn,
but with n<2.15

The temperature dependence of the electrical resistivit
U2PtGa3 is shown in Fig. 6~a!. At zero field one observes
‘‘knee’’ at Tm580 K which is absent in the 100-kOe resi
tivity r(100 kOe, T) data. Hence a deep minimum of th
Dr/r vs T curve develops aroundTm , coinciding withTm
derived from the magnetic-susceptibility measurements@Fig.
2~b!#. The general behavior of ther(T) curves taken at zero

p-

c
FIG. 5. ~a! Temperature dependence of the electrical resistiv

of U2PdGa3, measured at zero and at a fixed magnetic field of 1
kOe. The inset shows the magnetoresistance obtained from
above data.~b! Isothermal magnetoresistance of U2PdGa3 as a
function of the magnetic field. The solid line representsDr/r
5aHn (n52.6), and is meant to be a fit to theT51.8 K data.
1-4
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ANTIFERROMAGNETIC ORDER WITH SHORT . . . PHYSICAL REVIEW B 65 134401
field and 100 kOe is rather similar between 50 and 80
with a minimum in the resistivity at 60 K. Interestingl
enough, such a minimum ofr(T) was already observed i
the SG U2PdSi3,6 and in the re-entrant SG U2RhSi3.7 For
U2PtGa3, the r(T) minimum suggests two competin
mechanisms: on the one hand, local Kondo interacti
yielding an increase of the resistivity upon decreasing te
perature, and on the other hand, the freezing out of s
disorder scattering associated with magnetic short-range
dering. These different contributions to the MR yie
different contributions toDr/r vs T in the presence of ex
ternally applied magnetic fields. This results in a large d
ference between the zero-field and 100-kOe curves below
K, displayed in Fig. 4~a!. The fact thatDr/r vs T does not
exhibit another minimum atTN , but rather at a temperatur
of 15 K, i.e., far belowTN , is surprising and calls for furthe
studies.

The field dependence of the MR of U2PtGa3 @Fig. 6~b!# is
somewhat different from that of U2PdGa3 @Fig. 5~b!#. For
U2PtGa3, we find a power-law behaviorDr/r}Hn with n
'2, i.e., the exponent known for SG systems.15 It is clear
that Dr/r vs H changes sign near 80 K, i.e., becomes po
tive at higherT.

D. Specific heat

The results of the specific-heat,Cp(T), measurements fo
U2PdGa3 are shown in Fig. 7. For the purpose of data ana
sis, the contributions to the specific heat are assumed t
additive. In the paramagnetic region, the total specific h

FIG. 6. ~a! Temperature dependence of the electrical resistiv
of U2PtGa3, measured at zero field and at a fixed magnetic field
100 kOe. The inset shows the magnetoresistance obtained from
above data and from those of~b! ~full dots!. ~b! Isothermal magne-
toresistance of U2PtGa3 as a function of the magnetic field. Th
solid line representsDr/r5aHn (n52.1), and is meant to be a fi
to theT51.8 K data.
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Cp of U2PdGa3 consists of, at least, two distinct compo
nents: the lattice specific heatCph and the electronic specific
heatCel . The electronic contribution was taken as linea
temperature dependent,Cel(T)5gHTT. Owing to the lack of
a suitable non-f -electron reference compound, we assum
Cph(T) of U2PdGa3 to be described by the Debye functio
Cph(T)59R(T/QD)3*0

QD /T
@(x4exdx)/(ex21)2#. For tem-

peratures between 70 and 240 K, the experimental data
then fit by the equation

Cp* ~T!5Cph~T!1Cel~T!, ~1!

with a Debye temperatureQD5219(2) K and a Sommerfeld
coefficient gHT50.019(1) J/K2 mole U. These values ar
typical for ternary uranium-based intermetallics. The Deb
model works well at low temperatures (T,QD/50), but also
for T.QD/2. In the intermediate temperature regime, it mu
be considered a very crude approximation to the phonon
cific heat as measured. In Fig. 7 we also show the temp
ture dependence of the magnetic specific heat,Cmag(T),
which was obtained by subtractingCp* (T), as extrapolated to
T,70 K, from the measuredCp(T) data. There exists a
broad peak centered at 30 K, i.e., very close to the N´el
temperature inferred from the magnetic-susceptibility m
surements. BelowT514 K, we can describeCmag(T) well
by

Cmag~T!5gLTT1bT3exp~2D/T!, ~2!

with gLT50.072(2) J/K2 mole U, b58.731024~2! J/K4

mole U, andD515(2) K. The result of this fit is illustrated
in the inset of Fig. 7.

In the same way, theCp* (T) results for U2PtGa3 can be
analyzed~Fig. 8! within nearly the same temperature interv
as used for the Pd homolog. This yieldsQD5225(2) K and

y
f
the

FIG. 7. Measured specific heat of U2PdGa3 ~open circles!, with
an accuracy as indicated by the error bars, the sum of both
high-temperature electronic and phonon contributions~solid line!,
and the magnetic contribution~close triangles!, as functions of tem-
perature. Inset: the low-temperature part of the magnetic contr
tion and the rawCp data in theC/T vs T representation. The solid
line represents a fit to the low-temperatureCmag data~see the text!.
1-5
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gHT50.019(2) J/K2 mole U. By subtractingCp* (T) from the
Cp(T) data we obtain, according to Eq.~2!, Cmag(T) with
gLT50.061(2) J/ K2 mole U, b58.1(2) 1024 J/K4 mole U
andD518(2) K ~cf. the inset of Fig. 8!. Note that, in con-
trast to the susceptibility and the MR results,Cp(T) of
U2PtGa3 does not display any anomaly atTm580 K.

We would like to add that the ‘‘total’’ Sommerfeld coe
ficient g5gHT1gLT as obtained from the above fit proc
dure, agrees, within the uncertainty margins given, withg as
obtained by plotting the raw data asCp /T vs T2: We find
these data of both compounds to be well described b
straight line forT,7 K, yielding g5Cp /T (T→0)50.092
and 0.079 J/K2 mole U for the Pd and Pt compounds, respe
tively.

The magnetic specific heatCmag(T) also depends linearly
on temperature asT→0. This might be related to SG freez
ing as observed in the ‘‘random-bond’’ SG U2Rh2Ge2.16

However, in this caseCmag(T)5gT1DTk, wherek51.9, in
striking contrast to theT3exp(2D/T) dependence found fo
our compounds. Therefore, we discard SG freezing as a
tential origin for thegLTT term in Cmag(T) for the U2TGa3
compounds. Instead, we ascribe this term to the Kondo ef
that appears to be operating in the presence of AF or
similar to what is well known for canonical Ce-base
Kondo-lattice systems like CeAl2.17 As to the second term on
the right-hand side of Eq.~2!, this manifests a three
dimensional anisotropic AF magnon spectrum.18 Note, how-
ever, thatCmag(T) does not display any discontinuity at th
Néel temperature for long-range ordered antiferromagn
We ascribe the broad maximum of theCmag(T) at Tmax
'TN curve to AF order with a short correlation length.
fact, the long-range order~with infinite correlation length! is
most likely be destroyed by the randomness in the U-U

FIG. 8. Measured specific heat of U2PtGa3 ~open circles!, with
an accuracy as indicated by the error bars, the sum of both
high-temperature electronic and the phonon contribution~solid
line!, as well as the magnetic contribution~close triangles!, as func-
tions of temperature. Inset: the low-temperature part of the m
netic contribution and the rawCp data in theC/T vs T representa-
tion. The solid line represents a fit to the low-temperatureCmag data
~see the text!.
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change interactions. This resembles the case of the cryst
graphically disordered compound UAuSn,19 for which no
specific-heat jump could be resolved, although an AF tran
tion atTN'36 K has been established for this compound
means of NPD~Ref. 20! as well as by 119Sn-Mössbauer
studies.21 The latter experiments clearly indicated the pre
ence of magnetic inhomogeneities in UAuSn. In this conte
we recall other examples, e.g., UPd2In ~Ref. 22! and
CeInCu2,23,24 for which atomic-site disorder causing shor
range magnetic order apparently smears out the specific-
phase-transition anomalies.

Let us finally address the magnetic entropiesSmag(T),
which for both compounds amount to only a fraction ofRln2
~namely 68% for U2PdGa3 and 65% for U2PtGa3) at T
5TN . Together with the enhancedg values, the reduced
entropy is characteristic of a magnetically ordered Kon
lattice. This is in qualitative agreement with the assumpt
of a ‘‘Kondo-reduced’’ U-derived ordered moment, similar
the somewhat reduced Ce-based saturation moments f
in Kondo-lattice systems like CeAl2.17 Of course, the miss-
ing magnetic entropy is related to antiferromagnetic sho
range correlations, and is released in the paramagnetic s
However, the unavoidable inaccuracy of the specific-h
measurements~several percent! and of the Debye fit to the
phonon specific heat in this temperature regime, this con
bution cannot be extracted from the data.

E. Magnetic structure

The difference neutron-diffraction pattern
I (1.4 K)-I (40 K) andI (26 K)-I (40 K) of U2PdGa3, shown
in Fig. 9, give evidence that this compound orders antifer
magnetically at low temperatures. Clearly, the magnetic
flections can be indexed as 100, 021, and 120 within
magnetic unit cell, identical to the crystallographic one. F

he

g- FIG. 9. Difference between the neutron-powder-diffraction p
terns of U2PdGa3, taken at low temperatures and at 40 K, resp
tively.
1-6
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thermore, no signal appears on the reflections~001! or ~002!
at 2Q518.15° and 36.77°, respectively, indicating that t
ordered magnetic moments of uranium,mord , is aligned par-
allel to thec axis.

When we tried the three possible antiferromagne
models for the arrangement of the signs
the four uranium magnetic moments parallel to thec axis
~1 1 2 2, 1 2 1 2, 1 2 2 1! the only one com-
patible with the observed pattern is the spin configurat
~1 1 2 2!. In Fig. 10 we display the possible magne
structure for U2PdGa3. This structure is of a collinear type
in which the pairs of the nearest uranium atoms, U1 and
as well as U3 and U4, form two distinct ferromagnetic cha
within the bc plane. These chains are coupled antiferrom
netically to each other. In other words, the short U-U d
tancesd1U-U and d3U-U are associated with ferromagne
cally coupled magnetic moments, whiled2U2U is
characterized by antiferromagnetic U-U coupling. Therefo
there is no triangular magnetic structure, which could p
vide magnetic fluctuations as those observed in SG syste

Unfortunately, we were not able to refine the uraniu
magnetic moment with an acceptable agreement factorRM :
Owing to the low intensity of magnetic scattering, we obta
RM'20%. From the integrated magnetic intensity within t
spin configuration~1 1 2 2!, we have estimated the valu
of ordered uranium magnetic moments to be 0.38(5)mB /U.

FIG. 10. Model of the magnetic structure of U2PdGa3. Only the
uranium atoms with their magnetic moments are shown.
13440
c
f

n

2
s
-
-

,
-
s.

We wish to note that, in addition to the low intensity of th
magnetic scattering, we also observed some broadenin
the magnetic reflections. A possible explanation for this c
be imperfect magnetic order due to, for example,~i! inhomo-
geneity,~ii ! magnetic domains, and~iii ! magnetic short-range
interactions. The first interpretation requires nuclear Bra
reflections broader than instrumental resolution, which c
be clearly discarded~see Fig. 1!. To prove the second expla
nation, single-crystal studies are highly desirable. Here
favor the last explanation, and estimate the magnetic co
lation length~MCL! j. For U2PdGa3, we obtainj of 150 Å
in all (a* , b* , andc* ) directions.

As to U2PtGa3, the extra reflections indicating antiferro
magnetic order in this compound appear in the NPD patte
taken below 30 K only~Fig. 11!. Unlike the magnetic-
susceptibility and electric-resistivity measurements, neut
scattering in U2PtGa3 could not resolve any features relate
to magnetic order between 40 and 90 K. We suppose
discrepancy could be due to the very small value of the u
nium magnetic moment betweenTN'30 K andTm'80 K.
At present we cannot rule out that atTm the impurity phase
detected by nuclear NPD orders ferromagnetically, but is
resolved in the magnetic neutron-diffraction spectra due
its small volume fraction~cf. Sec. II!. Like for U2PdGa3
~Fig. 9! the low-temperature difference NPD patterns
U2PtGa3 ~Fig. 11! are all similar to each other. As in th
former compound, the magnetic peaks can be indexed
100, 021, and 120, with a magnetic unit cell being identi
to that of U2PdGa3. The magnitude of the ordered magne
moment at 1.4 K is evaluated to 0.32(5)mB /U, practically
the same value as found for U2PdGa3. Compared to the mo-
ments of the U31 (3.62mB /U) or U41 (3.58mB /U) free
ions, the observed values for U2PdGa3 and U2PtGa3 are

FIG. 11. Difference between the neutron-powder-diffraction p
terns of U2PtGa3, taken at low temperatures and at 40 K, resp
tively. No difference between the patterns collected at 40 K and
K could be resolved.
1-7
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strongly reduced. This, again, is in qualitative agreem
with the assumption of a Kondo effect being operative in
antiferromagnetically ordered state.

The MCL value for U2PtGa3 was found to bej5120 Å,
i.e., of similar size as for the Pd holomog. The MCL of t
two compounds correspond to about 20 unit-cell dimensi
along theb and c axes, and about 40 unit-cell dimensio
along thea axis. Therefore, the MCL is longer than report
for the SG compound URh2Ge2,16 for which j amounts to
45–75 Å only. However, the MCL is substantially short
than for the antiferromagnets URu2Si2 ~Refs. 25 and 26! and
UPt3.27,28 In fact, these latter compounds have MCL’s
about 200–500 Å. We should mention here that b
URu2Si2 and UPt3 become heavy-fermion superconducto
well below their respectively Ne´el temperature. Furthermore
their ordered U moments are extremely small, i.e., of or
1022mB .

Concerning the observed magnetic structure of U2PdGa3
and U2PtGa3, we note that this structure is very similar
that of UAuGa.29 This compound adopts the same orth
rhombic CeCu2-type crystal structure, and belongs to t
class of classical antiferromagnets, characterized by a co
ear magnetic structure, in which the U moments are orien
parallel to thec axis of the orthorhombic crystal structure.

IV. CONCLUSION

We have presented magnetic-susceptibility, electric
resistivity, magnetoresistance and specific-heat meas
ments of U2PdGa3 and U2PtGa3, in connection with neutron-
powder-diffraction experiments. We have confirmed th
these compounds crystallize in an orthorhombic CeCu2-type
structure. We have observed a number of features that
consistent with the presence of Kondo-type interactio
E.

r-

J.

ys

,
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, J
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Therefore, the magnetic properties of U2PdGa3 and U2PtGa3
have to be discussed in terms of an interplay between Ko
and exchange interactions. We suppose that the latter in
actions, though considerably weakened by the Kondo eff
are still strong enough to form antiferromagnetic order, b
with rather short correlation lengths due to the presence
atomic-site disorder: Various electronic environments arou
the magnetic U atoms modify the magnetic indirect e
change interactions. The structural disorder may, thus, in
be the reason for the short magnetic correlation lengths
served in the two compounds. In summary, the combin
effects of direct and indirect exchange interactions, on
one hand, as well as of Kondo interactions and randomn
on the other hand, appear to govern the magnetic prope
of U2PdGa3 and U2PtGa3.

Finally, we would like to recall that similar scenarios ha
been assumed for some non-Fermi-liquid~NFL! systems,30,31

showing either a distribution of Kondo temperatures~includ-
ing TK50) ~Refs. 32–34! or structural disorder in the para
magnetic state very close to a quantum critical po
~QCP!.35 Future investigations of the U2TGa3 systems
should shed more light on the problem of such disorde
magnets in the vicinity of a QCP. In order to suppress
order, we plan to apply hydrostatic and/or chemical press
From the NFL scaling behaviors established near the po
tial QCP of these two compounds, we expect a deeper ins
into the interplay between structural disorder and magn
interactions.
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W. Löser, and G. Behr, Phys. Rev. B62, 14 207~2000!.

14P. Schlottmann, Z. Phys. B: Condens. Matter51, 223 ~1983!.
15A. K. Nigam and A. K. Majdumdar, Phys. Rev. B27, 495~1983!.
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