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The tetragonal intermetallic compounds U2Ni2In and U2Rh2Sn have been studied by means of specific-heat,
electrical-resistivity, and neutron-diffraction techniques. At low temperatures, both compounds order antifer-
romagnetically in a magnetic unit cell doubled along thec axis, and we find 5f moments of 0.60 and 0.38mB/U
atom for U2Ni2In and U2Rh2Sn, respectively. For U2Ni2In, our refinement also indicates a possible Ni moment
of 0.37mB perpendicular to the U moments. We discuss the development of the 5f moments together with
findings on other isostructural U2T2X ~T5transition metal,X5In, Sn! compounds, and confirm that the trends
expected due to 5f -ligand hybridization also hold for this family of uranium compounds. Our analysis indi-
cates different arrangements of the 5f moments in the two compounds~noncollinear arrangement within the
basal plane for U2Ni2In and collinear arrangement along thec axis for U2Rh2Sn!, although both compounds
have nearest-neighbor U-U distances along thec axis. This would mean that the magnetocrystalline anisotropy
in U2T2X compounds is not determined by nearest-neighbor U-U links alone.

I. INTRODUCTION

The magnetism in uranium intermetallic compounds is
governed by two delocalization mechanisms: first, the direct
overlap of 5f wave functions of neighboring U atoms, which
explains the importance of the interuranium spacingdU-U as
proposed by Hill,1 and second, the 5f -ligand hybridization,
which is particularly important in compounds with larger
U-U distances, as pointed out by Koellinget al.2 Isostruc-
tural groups of compounds are well suited for systematic
studies of these mechanisms because the geometry of the
U-ion surroundings is unchanged. Koellinget al.2 showed
that the influence of 5f -p hybridization can be studied sys-
tematically in isostructural UX3 compounds, whereX repre-
sents a group-III or group-IV element, as these compounds
exhibit similar lattice parameters~i.e., the directf - f overlap
is almost the same!. Similarly, the influence of 5f -d hybrid-
ization can be studied in UT3 compounds, whereT is a
transition-metal element. From these studies two basic find-
ings have emerged:~a! the degree of localization increases
with increasing U-X distance ~increasing the volume by
moving down in the group-III or group-IV column of the
Periodic Table!, i.e., decreasingf -p hybridization, and~b!
filling up the d band~moving to the right in the transition-
metal row of the Periodic Table! yields an increasing degree
of localization, i.e., decreasingf -d hybridization. These
trends, arising from 5f -ligand hybridization, have been con-

firmed also in an extensive study of isostructural UTX
compounds.3,4

Recently, a number of isostructural U2T2X compounds
~T5transition metal,X5Sn, In! have been reported.5,6 These
compounds form in the tetragonal U3Si2 structure type. An-
tiferromagnetic ordering has been reported for U2Ni2In,
U2Pd2In, U2Ni2Sn, U2Rh2Sn, U2Pd2Sn, and U2Pt2Sn, while
for the other U2T2X compounds a nonmagnetic ground state
was inferred from susceptibility, electrical-resistivity, and
specific-heat measurements.7–12 In most cases, the magnetic
ground-state properties~in the sense of magnetic as opposed
to nonmagnetic! are in agreement with the results of elec-
tronic band-structure calculations.12–14In addition, these cal-
culations indicate strongly reduced 5f moments due to 5f -
ligand hybridization. The experimental determination of the
development of the U moments across the U2T2X series is
motivated by these predicted trends. Essentially, there are
two ways to determine the size of the ordered moment of an
antiferromagnetic material:~a! using neutron-diffraction and
~b! using high-field magnetization measurements~by ex-
trapolation from a forced ferromagnetically aligned phase!.
However, none of the U2T2X compounds exhibits a satura-
tion of the magnetization in magnetic fields up to 35 T,15 and
for some of these compounds the lack of saturation was fol-
lowed up to 60 T.16–18 Therefore, in the family of U2T2X
compounds a direct determination of the 5f moment using
neutron diffraction is necessary.
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A second motivation for the magnetic-structure studies in
U2T2X compounds is to get more insight in the determining
factor for the magnetic anisotropy in U compounds. In a
wide variety of U compounds, the magnetic moments are
found to align systematically in directions perpendicular to
the shortest U-U distance.19–22The physical rationale is that
hybridization leads to a greater charge density in the direc-
tions or planes containing the U-U links, that orbital currents
flow in these regions of higher charge density and that the
magnetic moments are therefore perpendicular. Furthermore,
the coupling between such U-U neighbors is ferromagnetic.
In U2T2X compounds, the shortest U-U links are found ei-
ther in the basal plane or along thec axis depending on the
choice of the constituent elements.6 If the anisotropy were
driven by hybridization-mediatedf - f coupling only, one
would anticipate a moment configuration perpendicular to
the shortest U-U distance in all cases~similar to the findings
in UTX compounds!. While this was found to be true in
U2Pd2X compounds,23 the case of U2Ni2Sn seems to contra-
dict this rule.24 As an aside, we note that very recent band-
structure calculations including spin-orbit coupling have re-
produced the experimentally observed noncollinear
antiferromagnetic structure in U2Pd2Sn, and it was shown
that this structure is energetically preferred over the other
possible moment arrangements.25

The discussions above have motivated us to perform
specific-heat, electrical-resistivity, and neutron-diffraction
experiments on U2Rh2Sn and U2Ni2In, in which antiferro-
magnetic ordering around 24 and 14 K, respectively, was
inferred from pronounced anomalies in magnetic-
susceptibility7 and electrical-resistivity measurements.8,9

Possible antiferromagnetic ground states at low temperatures
were corroborated by a field-induced step of about 0.3mB/f.u.
in U2Rh2Sn around 20 T and a slight upward curvature in the
magnetization for U2Ni2In visible in higher fields.15

II. METHODS

Polycrystalline samples of U2Ni2In and U2Rh2Sn were
prepared as-cast by arc melting together appropriate amounts
of the constituents with a purity of at least 99.99% together.
In the case of U2Ni2In, a few percent of indium, in excess of
the exact stoichiometry, was added in order to compensate
for the higher evaporation losses. The phase purity of both
samples was checked by x-ray diffraction and only reflec-
tions representative of the tetragonal U3Si2 structure were
observed indicating that the quantity of secondary phases
was negligible in both samples. We also prepared U2Ru2Sn
as a non-magnetic analog for a more accurate determination
of the lattice contribution to the specific heat.

The electrical resistivity was measured between 4.2 and
300 K on bar-shaped samples with cross-sectional areas be-
tween 1 and 3 mm2 and a distance between the voltage con-
tacts of about 5 mm by using the standard ac four-probe
method. The specific heat was measured between 1.2 and 40
K and in applied fields of 0 and 5 T by means of a semi-
adiabatic method.

The neutron-diffraction results were obtained on powders
of about 20 g of material, which were encapsulated under
helium atmosphere in vanadium tubes. The samples were
then mounted in a helium cryostat on the High Intensity

Powder Diffractometer~HIPD! at the Intense Pulsed Neutron
Source at Argonne National Laboratory. For both com-
pounds, powder patterns at various temperatures above and
belowTN were taken using both the 30° and the 90° detector
banks. For each temperature, we have typically counted be-
tween 12 and 24 h. For U2Rh2Sn, additional powder patterns
were taken using a closed-cycle helium refrigerator in order
to reduce the background signal arising from the cryostat.
The diffraction patterns were analyzed by using the Rietveld
refinement programGSAS.26 For the magnetic-structure re-
finement, we determined the integrated intensities of indi-
vidual magnetic peaks, which then were fitted to possible
models.

III. CRYSTAL STRUCTURE

Our neutron-diffraction results confirm that U2Rh2Sn and
U2Ni2In crystallize in the tetragonal U3Si2 structure~space
groupP4/mbm!, which is shown in Fig. 1. In this structure,
the uranium atoms occupy the 4h positions, while the
transition-metal atoms occupy 4g sites, and theX atoms the
2a sites. For both compounds, our refinements indicate a
composition very close to the exact 2:2:1 stoichiometry, and
we find no evidence of secondary phases in our powder pat-
terns. The refined structural parameters of U2Ni2In ~at 20 and
300 K! and for U2Rh2Sn ~at 3 and 300 K! are listed in Table
I. Because of the observed cell doubling in the magnetic unit

FIG. 1. The crystallographic structure of U2T2X compounds:~a!
schematic view, showing the shortest U-U distanced' along thec
direction, and~b! projected onto a plane perpendicular to thec axis,
showing the nearest U-U distancedi in the tetragonal basal plane
~following Ref. 23!.
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cell ~see below!, we also checked the possibility of a nuclear-
cell doubling at low temperatures in U2Ni2In and U2Rh2Sn,
assuming a superstructure reported for two other members of
this family, namely U2Pt2Sn and U2Ir2Sn.

27,28 For U2Ni2In
and U2Rh2Sn, this yields only a very slight improvement in
the refinement, and within the error bars the original U3Si2
structure is found down to 1.5 K.

We also checked the location of the shortest U-U distance,
which is important in the context of anisotropy consider-
ations. In the U2T2X compounds there are two short U-U
distances, which are almost equal:~a! d' along thec direc-
tion, and~b! di within the basal plane~Fig. 1!. Previous x-ray
studies15 revealed thatd' is shorter at room temperature~see
Table I!. The present neutron-diffraction results indicate that
this remains valid down to the lowest temperatures. We find
no evidence for a crossover in the temperature dependences
of di andd' , as was reported for U2Pd2Sn.

23

IV. BULK PROPERTIES

A. Specific heat

In the specific heat, the antiferromagnetic transition of
U2Ni2In is manifest by a sharp maximum located at 14 K as
shown in Fig. 2. The shape and the position of the maximum
is only slightly influenced by an applied field of 5 T:Tmax
shifts to a lower temperature by about 0.3 K. Above the
magnetic transition, the specific heat can be described using
a Debye model for the lattice specific heat with a Debye
temperature of about 185 K~solid line denoted bya in Fig.
2!. Although this lattice contribution accounts well for the
specific heat at higher temperatures, assuming a constant
electronic contributiong to the specific heat, we find lower
values for the specific heat at low temperatures. This behav-
ior may be indicative of a change ofg in this compound.
The low-temperature extrapolation yields ag value of 206
mJ/mol K2, which is substantially smaller than the value of

TABLE I. Refined structural parameters for U2Ni2In and U2Rh2Sn at low temperature~neutron! and 300
K ~x rays from Ref. 15!.

U2Ni2In U2Rh2Sn
20 K 300 K 30 K 300 K

Space groupP4/mbm
U (4h) xU , xU11/2, 1/2 xU50.172 69~9! 0.172 7 0.172 45~7! 0.174 0
T (4g) xT xT11/2, 0 xT50.374 40~8! 0.376 1 0.367 45~10! 0.370 2
X (2a) 0, 0, 0
Lattice parameters
a ~Å!5 7.384 6~3! 7.375 7.534 3~3! 7.524
c ~Å!5 3.574 8~2! 3.572 3.624 5~2! 3.630
Shortest interuranium distances
d'5c ~Å! 3.574 8~2! 3.572 3.624 5~2! 3.630
di52&axU ~Å! 3.606 9~18! 3.602 3.675 0~15! 3.703
R factors for 2 histograms
RP 5.08 3.16
RWP 7.98 5.03
Reducedx2 3.276 3.158

TABLE II. Observed magnetic intensities of U2Rh2Sn and calculated quantities by fitting to magnetic
structures listed in Fig. 6.

hkl G1 G2 G3 G5 G7 G9 G10
b G8

Observed
intensity

0 0 1 0 0 0 0 0 0 0 0 1.0761.12
1 0 1a 2.58 0.00 2.47 2.49 2.66 2.61 2.69 2.39 2.4160.17
1 1 1a 0.49 0.17 0.17 0.32 0.98 0.67 2.90 3.90 3.8660.33
2 0 1 0.07 0.44 0.07 0.61 0.65 0.54 0.00 0.00 0.1360.35
2 1 1 0.05 1.05 0.21 0.45 0.16 0.44 0.13 0.25 1.0660.91
2 2 1 0.05 0.04 0.01 0.01 0.11 0.10 0.16 0.35 0.4260.22
3 1 1 0.11 0.11 0.10 0.04 0.05 0.22 0.00 0.00 0.5860.38
U moment~mB! 0.21~2! 0.28~4! 0.20~2! 0.28~2! 0.29~1! 0.30~1! 0.32~1! 0.38~1!

Reducedx2 3.7 6.4 4.0 3.9 3.3 3.5 1.4 0.7

aOnly these reflections have statistically significant intensities.
bFor the refinement ofG10, f was fixed at 45°, though this makes no difference to the calculated structure
factor.
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350 mJ/mol K2 derived from the data aboveTN . Note, that 1
mol f.u. of these compounds contains 2 U atoms. Theg val-
ues in the paramagnetic and magnetically ordered regions
may be different because of superzone boundary formation
due to an additional periodicity in the antiferromagnetic
state. This can open a gap on the Fermi surface and remove
a substantial portion of the electron states nearEF . For an
estimate of the magnetic entropy, we adjusted our estimate of
the nonmagnetic contribution to the specific heat in a way,
which conforms with the low-temperature specific heat. This
gives us an upper limit of the magnetic entropy, and we find
a relatively low value of about 0.7R ln2, which clearly indi-
cates itinerant 5f magnetism in this compound.

The antiferromagnetic ordering of U2Rh2Sn around 25 K
is reflected in a maximum in the temperature dependence of
the specific heat, which is hardly affected by an applied field
of 5 T. As can be seen in Fig. 2, the temperature dependences
of the specific heats of U2Rh2Sn and U2Ni2In are very simi-
lar at high temperatures, except for generally higher values in
U2Rh2Sn. This may indicate an even higherg value extrapo-
lated from the paramagnetic range in this compound. The
low-temperature extrapolation of U2Rh2Sn, on the other
hand, yields a rather low value of about 131 mJ/mol K2,
which would mean even stronger Fermi-surface gapping than
in U2Ni2In. For U2Rh2Sn, adjusting our estimate of the non-
magnetic contribution to the specific heat gives an upper
limit for the magnetic entropy of about 0.8R ln2. For the
purpose of a more reliable estimate of the lattice contribu-
tion, we also studied the nonmagnetic compound U2Ru2Sn,
but this ‘‘background’’ turned out to be unsatisfactory. Espe-
cially at low temperatures, U2Ru2Sn exhibits a smaller slope
in C/T vs T2 than U2Rh2Sn ~see Fig. 2!, which indicates a
stiffer lattice, i.e., a higher Debye temperature, for the former
compound. Nevertheless, subtracting the low-temperatureg
and the specific heat of U2Ru2Sn, we obtained a tentative
value for the magnetic entropy of U2Rh2Sn of about
0.45R ln2 at 35 K.

Finally, we examined whether an additional exponential
term contributes to the low-temperature specific heats of

U2Ni2In and U2Rh2Sn. It has been shown, that electron-
magnon interactions can contribute to the specific heat and
the electrical resistivity, giving rise to additional exponential
terms.29 These are difficult to detect in strong uniaxial mag-
nets, while they contribute significantly in the planar-
anisotropy case, where the in-plane anisotropy is small. The
concepts of electron-magnon interactions have been found to
apply qualitatively in UTX compounds,21 and the presence
or absence of such an exponential term in the specific heat
can be taken as a hint regarding the nature of the magneto-
crystalline anisotropy. While the low-temperature specific
heat of U2Ni2In did not allow to deduce reliable results, a
large exponential term in the specific heat of U2Rh2Sn seems
to be excluded. This finding may support uniaxial-type an-
isotropy for U2Rh2Sn.

B. Electrical resistivity

The temperature dependences of the electrical resistivities
of U2Rh2Sn and U2Ni2In are shown in Fig. 3. The data on
U2Rh2Sn have been reported previously

8,9 and our results are
very similar. The anomaly around 25 K is indicative of anti-
ferromagnetic ordering and, below 18 K, the electrical resis-
tivity obeys a quadratic lawr(T)5r01AT2 with the param-
etersr0560mV cm andA50.160mV cm/K2. The maximum
in the electrical resistivity of U2Rh2Sn just belowTN may be
another indicator of gap formation due to the antiferromag-
netic ordering. As with the specific heat, no additional
electron-magnon exponential term was found in the tempera-
ture dependence of the electrical resistivity of U2Rh2Sn.

For U2Ni2In, the magnetic ordering occurs below 14 K,
where the electrical resistivity is found to drop drastically.
Again, we find a quadratic law at low temperatures. Al-
though the resistivity measurements may be in error by as
much as 20%~due to errors in the geometrical factors and/or
micro cracks present in the sample!, bothr0 andA are found

FIG. 2. Temperature dependences of the specific heat of
U2Ni2In, U2Ru2Sn, and U2Rh2Sn. The solid lines represent the sum
of the low-temperatureg and an estimated lattice contribution to the
specific heat of (a) U2Ni2In, estimated from temperatures above
TN , and (b) U2Rh2Sn, taken from the nonmagnetic U2Ru2Sn. FIG. 3. Low-temperature electrical resistivities of U2Ni2In and

U2Rh2Sn. The magnetic-ordering temperatures are indicated by ar-
rows.
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to be enhanced in comparison with U2Rh2Sn. For U2Ni2In,
we find values of about 149mV cm and 0.365mV cm/K2,
respectively.

It should be noted that the values ofA reported here are
several orders of magnitude higher than in simple metals,
where electron-electron scattering gives rise to a quadratic
contribution in the temperature dependence of the electrical
resistivity. The dominant quadratic term in many heavy-
fermion materials, on the other hand, is usually attributed to
strong spin fluctuations, and an approximate scaling withg2

was observed experimentally, which yields an universal ratio
A/g2 of 131025 mV cm mJ22 mol2 K4 for heavy-fermion
materials.30 Although the validity of this universal behavior
is questionable in magnetically ordered materials, where the
anisotropy of the magnetic structure and magnetic excita-
tions can lead to differentA values in different directions,31

we find that the experimentalA/g2 values of U2Ni2In and
U2Rh2Sn are very close to this universal ratio.

V. MAGNETIC STRUCTURES OF U 2Rh2Sn and U2Ni2In

Figure 4 shows some of the raw neutron-diffraction data
from U2Ni2In taken in the 30° bank of HIPD at 4.2 and 20 K.
At low temperatures, a weak magnetic peak appears around
dhkl54.2 Å. The difference curve between the 4.2- and 20-K
raw data reveals that there are other magnetic contributions,
which appear in the proximity of nuclear reflections. In total,
we find four additional magnetic peaks atdhkl52.0, 3.0, 4.2,
and 5.1 Å. An inspection of the locations of these peaks
indicates that they can be indexed in a cell with a doubledc
axis as~321!, ~211!, ~111!, and ~101!, respectively, corre-
sponding to a magnetic wave vectork5~0,0,1/2! in the origi-
nal chemical cell. The additional magnetic contributions
were found to disappear aboveTN514 K.

Figure 5 shows some of the raw data from U2Rh2Sn taken
in the 30° bank at 4.2 and 30 K. The bottom plot is a differ-
ence curve between the 4.2- and 30-K raw data. For this
compound, two extra weak magnetic peaks around 4.2 and

FIG. 4. Plot of a portion of the U2Ni2In raw neutron-diffraction
data taken in the 30° bank of HIPD at (a) 20 K and (b) 4.2 K. In
the upper plot, reflection markers indicate the positions of both the
magnetic~lower! and nuclear reflections~upper!. The bottom plot
(c) is the enlarged 4.2–20 K difference curve. The positions of
some magnetic and nuclear reflections in a double-sized cell are
indicated with the indicesm andn, respectively. Note that, in the
raw data, the~101! magnetic reflection is not fully resolved from
the ~110! nuclear reflection. Clearly, there is some additional mag-
netic intensity visible for the~101!, ~111! and~211! reflections. All
indexing is in the magnetic unit cell which is doubled along thec
axis with respect to the chemical unit cell. The spectra have been
divided by the incident spectrum.

FIG. 5. Plot of a portion of the U2Rh2Sn raw neutron-diffraction
data taken in the 30° bank of HIPD at (a) 30 K and (b) 4.2 K. In
the upper plot, reflection markers indicate the positions of both the
magnetic~lower! and nuclear reflections~upper!. The bottom plot
(c) is the enlarged 4.2–30 K difference curve. The positions of
various magnetic reflections in a double-sized cell are indicated
with the indexm. Clearly, there is some additional magnetic inten-
sity visible for the~101! and~111! reflections. All indexing is in the
magnetic unit cell which is doubled along thec axis with respect to
the chemical unit cell. The spectra have been divided by the inci-
dent spectrum.
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5.1 Å, also indicating a magnetic unit cell with a doubledc
axis, appeared belowTN525 K. These extra reflections are
again indexable as~111! and ~101!, respectively, but their
intensity ratio is reversed compared to U2Ni2In, indicating
that the magnetic structures of the two compounds are very
different.

The location of the magnetic peaks indicates in both com-
pounds cell doubling along thec axis similar to that found in
U2Ni2Sn.

24 Using irreducible representation theory, Boure´e
et al.24 derived all possible magnetic configurations of the
2:2:1 structures with a wave vectork5~0,0,1/2!. In essence,
only 10 different configurations are allowed by representa-
tion theory. Two of the representations~G4 andG6! give zero
moments on the U sites, while finite moments are found for
the representations drawn in Fig. 6~using Boure´e’s notation!.
Therefore, we have to consider four different noncollinear

moment configurations~G1, G3, G5, andG7!, three configu-
rations with moments collinear along thec axis ~G2, G8, and
G9! and one configuration with moments collinear in the
basal plane~G10!. For U2Ni2Sn, theG10 configuration was
preferred in the neutron-powder-diffraction results,25 but one
cannot determine the in-plane anglef by powder
diffraction.32 If we also include moments on the transition-
metal~T5Ni, Rh! sites, the same symmetry analysis applies.
Note that both 4g(T) and 4h~U! sites have the samem2m
symmetry. In general, thec-axis arrangement of uranium
moments occurs with transition-metal moments in the tetrag-
onal basal plane andvice versa. This is due to the fact that if
U ions lie in a magnetic mirror plane, with the cell doubling,
theT moments necessary lie in a magnetic antimirror plane,
andvice versa. For example, theG3 configuration of uranium
moments is paired with a transition-metal-moment arrange-
ment like that ofG2 in Fig. 6.

For U2Rh2Sn and U2Ni2In, integrated intensities were de-
termined for those magnetic peaks which are clearly visible
in the difference patterns. After correction for absorption, the
Lorentz factor33 and the U31 form factor,34 the observed in-
tensities were fitted to the eight possible models. Some re-
flections with low or zero intensities were also included in
the refinement.

For U2Rh2Sn we find that only theG8 andG10 configura-
tions account for the strongest observed magnetic peak at
~111! as can be seen in Table II.G8 represents a collinear
c-axis configuration andG10 represents the collinear in-plane
configuration of the magnetic moments. Both of these con-
figurations imply uniaxial anisotropy for U2Rh2Sn, which is
consistent with the specific-heat and electrical-resistivity
analysis. The least-squares refinement clearly prefers theG8
configuration, with moments along thec axis, as shown in
Fig. 7~a!. The refinement gives a low magnetic moment of
0.38mB/U atom. This is close to the sensitivity limit of cur-
rent neutron-powder-diffraction experiments and we did not
try to refine an induced moment on the Rh sites. We find
similar values of the U moments for most of the other con-
figurations, which shows that the actual moment value is not
very sensitive to model applied. Furthermore, it is interesting

FIG. 6. Possible magnetic configurations, shown as projections
onto the tetragonal basal plane, for the U moments inP4/mbmwith
wave vectork5~0,0,1/2! after Bourée et al. ~Ref. 24!. The dot-
dashed lines represent the mirror planes parallel to thec axis. Note
that there are 8 U atoms in the doubled unit cell, the four in next U
layer having a reversed moment configuration. The crosses signify
that the moments are antiparallel to the solid circles. ForG10, the
in-plane anglef is a free parameter and cannot be determined by
powder-diffraction only. Note that there are no adjustable angular
parameters in any of the other representations.

TABLE III. Observed magnetic intensities of U2Ni2In and calculated quantities by fitting to magnetic structures listed in Fig. 6. In the
penultimate column, the fit toG3 with both U and Ni moments, as shown in Fig. 7~c! is given.

hkl G1 G2 G5 G7 G8 G9 G10
b

G3
~U only!

G3
~U1Ni
moments!

Observed
intensity

0 0 1 0 0 0 0 0 0 0 0 0 0.7861.02
1 0 1a 14.73 0.00 14.24 11.66 2.41 13.47 4.29 15.84 15.35 15.2860.52
1 1 1a 2.75 0.57 1.79 4.21 4.00 3.38 4.68 1.03 2.11 1.4560.29
2 0 1 0.38 1.45 3.41 2.80 0.00 2.71 0.00 0.41 0.40 1.2660.84
2 1 1a 0.29 3.32 2.60 0.74 0.25 2.22 0.20 1.29 2.54 3.1660.33
2 2 1 0.30 0.13 0.06 0.46 0.34 0.50 0.25 0.04 0.04 0.3760.51
3 1 1 0.61 0.34 0.19 0.22 0.00 1.11 0.00 0.61 0.76 1.1960.84
3 2 1a 0.95 0.00 0.44 0.30 0.16 0.53 0.11 0.14 0.32 0.9560.44
U moment~mB! 0.58~3! 0.59~7! 0.78~2! 0.71~4! 0.45~5! 0.79~2! 0.48~5! 0.58~2! 0.60~1!
Ni moment~mB! – – – – – – – – 0.37~4!
Reducedx2 3.6 9.9 2.6 5.6 9.4 3.1 8.7 2.4 1.7

aOnly these reflections have statistically significant intensities.
bFor the refinement ofG10, f was fixed at 45°, though this makes no difference to the calculated structure factor.

3268 53H. NAKOTTE et al.



to note that the 5f moment determined in our refinement is
close to the step detected in the high-field magnetization
measurements.13

For U2Ni2In, theG3 configuration as shown in Fig. 7~b! is
preferred, as can be seen in Table III. In this case the mo-
ments lie in the basal plane and within the~110!-type mirror
planes. Even if we allow an induced moment on the Ni site,
the G3 configuration is still preferred. The uranium moment
is quite insensitive to this addition at 0.60~1!mB/U atom.
However, the symmetry considerations outlined above nec-
essary imply that the Ni moments are uniaxial as shown in
Fig. 7~c!. This would be very unusual, as we normally think
of induced moments being parallel to the U moments. Nev-
ertheless, we do obtain a better fit by including a Ni moment
of 0.37~4!mB/Ni atom as listed in Table III and as shown in
Fig. 7~c!.

Our refinements indicate that U2Rh2Sn and U2Ni2In form
in entirely different antiferromagnetic configurations denoted
by G8 and G3, respectively. In both cases, the ordered 5f
moments are drastically reduced compared to the free
Hund’s rule moment~;3.2mB for both U31 for U41!. Also
for the effective paramagnetic moments~2.4mB for U2Rh2Sn
and 2.0mB for U2Ni2In! deduced from bulk susceptibility
measurements7 we find strongly reduced values with respect
to the free-ion values~;3.6mB for both U31 and U41!.

VI. DISCUSSION

A. Trends of 5f -ligand hybridization and magnetism in
U2T2X compounds

In Fig. 8, we have collected for the first time some basic
properties of those U2T2X compounds~T5In, Sn! studied up
to now, using the graphical representation applied to UTX
compounds in Ref. 4. For both systems, we find an increased
tendency towards magnetic ordering upon filling of thed
band of the transition metal~by moving from Fe→Co→Ni or
Ru→Rh→Pd or Ir→Pt!, which we attribute to a reduction of
the f -d hybridization.35

On the other hand, the substitution of Sn atoms for In
atoms in U2T2X compounds affects all kinds of hybridization
as the In~or Sn! atoms are in the same plane as the transition
metals. Simple tight-binding calculations35 indicate that the
total hybridization strength is reduced in Sn-containing com-
pounds. Although there may not be a single mechanism re-
sponsible for changes in the magnetic moment in this case,
we may anticipate similar changes on going from U2Pd2Sn to
U2Pd2In, and also from U2Ni2Sn to U2Ni2In. For U2Pd2X

compounds, Purwantoet al.23 found the moment in the In-
containing compound reduced by about 0.4mB/U atom com-
pared to the Sn-containing compound. Similarly, we find the
magnetic moment in U2Ni2In reduced by 0.45mB/U atom
compared to the moment of 1.05mB/U atom reported for
U2Ni2Sn.

24 Assuming similar changes in U2Rh2X com-
pounds, a possible nonmagnetic ground state of U2Rh2In
might be anticipated owing to the small moment of about
0.38mB/U atom in U2Rh2Sn. A nonmagnetic ground state for
U2Rh2In is indeed indicated by bulk measurements.7,12 Nei-
ther U2Co2X nor U2Ir2X order magnetically, but spin-
fluctuating behavior is indicated by low-temperature en-
hancements of the specific heat and magnetic susceptibility

FIG. 7. The low-temperature uranium mo-
ment configurations of~a! U2Rh2Sn, ~b! U2Ni2In
neglecting Ni moments, and~c! U2Ni2In allowing
Ni moments, as described in the text. The alter-
nating mirror planes (m) and antimirror planes
~m8! in these structures are denoted by dashed
and dotted lines, respectively. For sake of clarity,
we have drawn only atoms carrying a magnetic
moment with U and Ni/Rh atoms represented by
open and filled circles, respectively. The dimen-
sions are not drawn to scale.

FIG. 8. Schematic diagram@similar to those used for UTX com-
pounds~Ref. 4!# illustrating the development of some electronic
properties of U2T2X compounds with corresponding transition-
metal andp-electron elements given to the left and on the top,
respectively. The uranium momentsmord of antiferromagnetic
U2T2X compounds determined by neutron diffraction are displayed
as filled chimneys. Furthermore, the magnetic ordering tempera-
turesTN and the low-temperature electronic contributiong to the
specific heat are given in the upper left and lower right corner,
respectively. Note, that 1 mol f.u. contains two uranium atoms.
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for X5Sn.7 U2Pt2In exhibits a nonmagnetic heavy-fermion
ground state~with a g value of about 850 mJ/mol K2! and
U2Pt2Sn orders antiferromagnetically,12 but no U moment
has been determined by neutron diffraction up to now. In all
cases, we find an increased tendency towards long-range
magnetic ordering in U2T2Sn compounds compared with
their U2T2In counterparts.

B. Crystal structure and magnetocrystalline anisotropy
in U2T2X compounds

For both U2Ni2In and U2Rh2Sn, the shortest U-U dis-
tances are found along thec axis, but our least-squares re-
finements indicate entirely different moment configurations
in the two compounds. Moreover, the nearest-neighbor U-U
exchange is not necessarily ferromagnetic, in contrast to the
universal ferromagnetic coupling found in UTX compounds.

In Table IV, we summarize the types of the nearest-neighbor
out-of-plane exchange couplingJ' and also the in-plane
neighbor couplingJi , as inferred from the magnetic struc-
tures determined to date. We also note that U2Rh2Sn~G8-type
order! and U2Ni2Sn ~G10-type order! are both collinear and
have exactly the same ‘‘configurational’’ symmetry: the only
difference in their structures is that the moments lie in the
basal plane in U2Ni2Sn and along thec axis in U2Rh2Sn.
Although our results should be taken with caution as they
were derived on a limited data set with four and two mag-
netic reflections, respectively, they give some evidence that
the magnetocrystalline anisotropy is not determined by the
U-U distances alone. This is not altogether surprising as it is
the f -d and f -p hybridization that is all important in ura-
nium intermetallics and these hybridizations may have com-
pletely different characteristic directions.
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