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Neutron-diffraction studies of single crystals of U2T2In „T5Ni, Pd, Pt…
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Neutron-diffraction experiments on single crystals of U2T2In (T5Ni, Pd, Pt! verify the noncollinear mag-
netic structures found with studies of polycrystalline samples, and determine the values of the ordered mo-
ments. Compared to the earlier studies, we find the ordered moments on the uranium atoms larger, and no
moment associated with theT atoms, in disagreement with one previous study. TheT5Pt sample has a large
electronic specific heat and does not order magnetically. We give a detailed description of the low-temperature
crystal structure. Polarized-neutron experiments show that the site susceptibilities of the two independent
uranium atoms in U2Pt2In are substantially different and the conduction-electron polarization is unusually
large.@S0163-1829~99!00118-6#
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I. INTRODUCTION

The unusual properties exhibited by actinide intermeta
compounds, from spin fluctuators to superconducting he
Fermions, have led to searches for new groups of compou
on which systematic measurements may be made. One
group has the generic formula An2T2X, where An is an ac-
tinide ~U, Np, Pu, or Am!, T is a transition metal~Co, Rh,
Ni, Pd, Pt, etc.!, andX5Sn or In. First reports of the crysta
structure and the stability of the phases was made by Mir
bet et al.1 and Peronet al.2 in 1993. A more comprehensiv
review, including transuranium compounds, was given
Wastinet al. in 1995.3 These systems were reported to cry
tallize in the tetragonal U3Si2 structure, which is illustrated
in Fig. 1. The U-U distances in these materials approach
value of ;3.5 Å, which is known as the Hill criterion4 for
direct 5f -5 f hybridization effects to occur, so that a numb
of interesting electronic properties may be anticipated.

Shortly after their structural characterization, magne
property measurements were reported on many of the c
pounds confirming a variety of different behavior.5–13 In the
last three years we have succeeded in growing single cry
of these materials in Karlsruhe; allowing a more detai
examination of the properties. In this paper we confine
attention to the three compounds withT5Ni, Pd, and Pt, and
X5In. There are two major motivations for the prese
work. First, in the case of T5Ni and Pd the antiferromag
netic structure reported14–16 from experiments on polycrys
talline samples is rather complicated, being noncollinea
both cases. Since this is an unusual situation in actinide c
pounds~it is more common to find multi-k structures!,17 the
exact magnetic structure is worth verifying with a sing
crystal. In previous studies with polycrystalline samples
most only four magnetic reflections were observed. In
case of the Ni compound, the authors14 used this sparse in
PRB 590163-1829/99/59~18!/11818~8!/$15.00
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formation to not only refine the direction and magnitude
the uranium moment, but they further claimed a rather la
(0.37mB) moment on the nickel. Since a theoretical study
these materials18 concluded that no moment should exist o
the T sites, the presence of a Ni moment warrants furt
justification. Second, the Pt compound, which apparen
does not order magnetically, has a large value for the e
tronic specific heat coefficient of 415 mJ/~mol U!K2 which
classifies this compound as a heavy Fermion uran
compound.8,10 Moreover, recent measurements of the elec
cal resistivity and specific heat suggest that the compo
displays non-Fermi liquid behavior at low temperature.19–21

Although our measurements do not directly address this
teresting point, we characterized the structure of the Pt c
pound at low temperature and show that no magnetic or
ing occurs above 1.5 K. A polarized-neutron examination
the magnetization in the unit cell shows that the susceptib
ties at the two independent U sites are different and that th
is an unusually large conduction-electron polarization in
unit cell.

II. EXPERIMENTAL DETAILS

The crystals were grown at EITU, Karlsruhe, by a mo
fied mineralization process using about 20 g of the mol
sample encapsulated in a tungsten crucible and sealed u
vacuum by electron-beam welding. All crystals were char
terized by a four-circle x-ray diffractometer before bein
taken to Grenoble for the neutron experiments. The crys
were of irregular shape, with a weight of;20 mg. Most
crystals were oriented with ana or b axis approximately
vertical to allow the most independent reflections to be ga
ered. In the case of the Pt compound we examined two c
tals from different batches to be sure that the parame
were independent of sample batch. The calculated linear
11 818 ©1999 The American Physical Society
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sorption coefficient was 1.20 cm21, arising almost totally
from the In absorption, resulting in only small corrections

The first set of measurements withH50 were performed
with the D15 normal-beam diffractometer with a lifting d
tector to allow access to much of reciprocal space. This
fractometer is installed at the Institut Laue Langevin’s Hi
Flux Reactor and uses a wavelength of 1.174 Å. Temp
tures between 1.5 and 300 K were attained with a stand
‘‘orange’’ cryostat. An additional experiment was perform
in a magnetic field (Hmax56 T! on the S-20 diffractomete
~which has now been dismantled! to search for changes i
the intensities of the magnetic reflections ofTN in the pres-
ence of a magnetic field.

In the case of the Ni compound the magnetic wave vec
was independent of temperature and commensuratek
5 ~0, 0, 1/2!, in agreement with previous work.14–16 Intensi-
ties therefore could be collected easily without concern ab
the nuclear structure as the two contributions do not over
A total of 83 reflections, reducing to 21 inequivalent refle
tions were measured. In the case of the Pd compounk
5~000!, i.e., the magnetic and crystallographic cells are
same, again in agreement with previous work.15,16 In this
case we used the previously determined magnetic struc
to calculate where the strongest peaks would be, and
collected the subset of magnetic reflections which did not
on a strong nuclear reflection. To determine accurately
magnetic contribution, we measured reflections at 5 and
K, and by subtraction obtained 61 nonzero reflections, wh

FIG. 1. Crystallographic structure for U2T2In (T5Ni and Pd!,
space groupP4/mbm ~No. 127!, in two different projections.
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reduced to a reliable set of 18 inequivalent magnetic int
sities for the refinements.

The polarized-neutron measurements on U2Pt2In were
made with the D3 diffractometer at the ILL on the sam
crystals used in the D15 experiments. A wavelength of 0.8
Å was used with an Er filter to reduce thel/2 contamination.
The crystal was atT510 K and a magnetic field of 4.6 T
applied in the@101# direction. Standard ‘‘flipping ratios’’
were measured and these allow a determination of the r
of the ~small! magnetic contribution to the nuclear refle
tions. Since the D15 experiments establish the nuclear st
ture, the magnetic contributions can be deduced and thus
magnetization within the unit cell. Thetotal ~bulk! magneti-
zation at thisH andT is 0.184mB/per mole.22

III. RESULTS

A. Crystallography

We have already shown the U3Si2 structure of the space
group P4/mbm (Z52) in Fig. 1. As expected, our struc
tural refinements~Table I! for T5Ni and Pd are in excellen
agreement with those obtained from a Rietveld analysis
the polycrystalline compounds.14–16 Interestingly, the atomic
positions we obtain are closer to those reported from
pulsed neutron study14,15 ~in fact our values areexactly the
same to four significant figures! suggesting that the superio
Q range normally associated with this technique gives a b
ter value for the structural parameters. The extinction in
of these crystals is reasonably small, withymin;0.74 in the
case of the Ni compound.

In the case of the Pt compound the structure is not
simpleP4/mbm. Instead, as found first by x rays working o
a small crystal of this material,22 it crystallizes in the space
group P42 /mnm (Z54), which corresponds to doublin
the unit cell in thec direction and shifting slightly the atom
from their symmetric positions as shown in Fig. 2. Th
structure, the so-called Zr3Al2 type, was first reported for
U2Pt2Sn,23 and may be regarded as a superstructure of
U3Si2 structure. As seen in Fig. 2~and noted in Table I! there
are now two inequivalent U sites, those at sites 4g (U1) and
4f (U2) and in Table II we give the coordination sphe
around each of these uranium atoms. Since the U atoms
main on the planes atz50 and 0.5, it is clear from Fig. 2 tha
the one single distance of the U atoms that exists in the h
symmetryP4/mbm structure~see Fig. 1! now becomestwo
inequivalent distances. As we shall discuss later these
tances may play an important part in defining the magnet
of these materials.

Our refinements show that all structures are stoich
metric in the sense that no significant improvements in thR
factors could be achieved by allowing the occupational
rameters to vary. This is important particularly with respe
to the Pt compound and the appearance of the non-Fe
liquid state at low temperature.19–21 Many materials that ex-
hibit this phenomenon are actually disordered compoun
such as CeCu5.9Au0.1,24 and there has been some deba
whether the two phenomena are related.25 At least in U2Pt2In
this matter is not an issue.

The reduced space group of the Pt compounds gives
tematic absences at the positions (h0l ) with h1 l odd. An
examination of the data collection shows that these refl
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TABLE I. Results of the crystal structure refinements. Two crystals from different batches were exa
for U2Pt2In. ^y& is the mean value of extinction refined, andymin corresponds to the largest reductio
~compared to an unaffected intensity withy51) calculated from extinction. The In atoms are fixed
symmetry to the positions 2a in the T5Ni and Pd compounds, and 4d for T5Pt. Values of the coheren
scattering lengths used~in Fermis! are U58.417, In54.065, Ni510.3, Pd55.91, Pt59.60.

U2Ni2In (T525 K! U2Pd2In (T550 K! U2Pt2In (T520 K! U2Pt2In (T575 K!

Weight ~u.m.a.! 708.3 803.68 981.06 981.06
Space group P4/mbm P4/mbm P42 /mnm P42 /mnm
a ~Å! 7.390~5! 7.623~5! 7.684~5! 7.708~5!

c ~Å! 3.587~5! 3.739~5! 7.335~5! 7.371~5!

V (Å3) 195.867 217.274 433.065 437.951
Z 2 2 4 4
xU (4h) 0.1728~1! 0.1745~1!

xT (4g) 0.3742~1! 0.3713~1!

xU1
(4g) 0.1832~1! 0.1829~2!

xU2
(4 f ) 0.3397~1! 0.3387~2!

xT (8 j ) 0.1306~1! 0.1305~2!

zT (8 j ) 0.2273~1! 0.2286~2!

Reflections
measured 262 192 693 215
Unique reflections
with I .3s(I ) 88 74 301 87
Q range 6 – 66 6 – 40 2 – 60 4 – 45

Extinction
g (1024 rad21) 0.049~4! 0.042~6! 0.058~4! 0.014~5!

^y& 0.96 0.98 0.99 0.99
ymin 0.74 0.86 0.79 0.94

Refinement
R 0.031 0.024 0.026 0.036
x2 3.4 0.9 2.2 2.2
No. of variables 7 7 10 10
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tions always had a small~about 0.1% of the strongest refle
tion! intensity. However, given the very few systematic a
sences in this structure, there is a strong possibility for th
reflections to be affected by multiple scattering, especia
since the wavelength on D15 is quite short~1.174 Å!. Since
intensities of all these reflections were similar, and grea
than arising from any second-order contamination~of ;3
31024), we have neglected them in the refinement, and
sumed they originate from multiple scattering. A subsequ
test experiment on the D10 diffractometer at the ILL whi
has the capability of allowing a sample rotation about
scattering vector while examining the diffracted intens
showed that the intensities were very dependent on the r
tion angle c. An examination of some 20 of these wea
reflections allows us to conclude that the intensity obser
on D15 was indeed caused by multiple scattering, and
glecting these reflections in the analysis is justified at
level of 1 part in 104 of the strong reflections.

The staggering of the uranium chains~lower part of Fig.
2! actually decreasesone of the U-U distances, and, o
course, increases the other. These distances, within the
-
se
y

r

s-
nt

e

ta-

d
e-
e

sal

plane of the tetragonal structure are known asdi , whereas
the distances along the tetragonalc axis are known asd'

~see Fig. 1 of Ref. 15!. For theT5Ni and Pd compounds the
values ofdi and d' are straightforward and are given i
Table III. In the Pt compound it is less simple. The distorti
of the rows~parallel! to the tetragonalc axis, allows us to
define a mean positionxU, which, if occupied by both U
atoms, would result in a single column of U atoms parallel
the tetragonal axis.xU is defined such that the U atoms a
displaced an equal distanceDxU on each side of it. The sam
arguments may be made for the Ptz coordinates, similarly
defining a displacement ofDzT . All values are given in
Table III. As a function of temperature, theDxU and DzT

values show that the overall distortion of the structure ac
ally increases as the temperature is lowered. Usually, ato
positional parameters are stable as a function of tempera
and it is the lattice parameters that change; the present
ings probably indicate considerable anharmonicity. At so
higher ~than room! temperature the U2Pt2In structure may
transform into the higher symmetryP4/mbmspace group.
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B. Magnetic structure

As first derived by Boureeet al.,26 Fig. 3 shows the pos
sible magnetic structures in theP4/mbm space group with
the magnetic propagation vectork5~000!. The x2 values
obtained by refining the data with the different structures
the T5Ni and Pd samples are given in Table IV. For t
form factors we have used the U31 configuration and the
dipole approximation from the tables in Freemanet al.27

The x2 values in Table V show large differences a

TABLE II. Interatomic distances around the U1 and U2 atoms in
U2Pt2In calulated at 20 K.NN refers to the number of neighbors
The standard deviations are60.005 Å.

Atom NN Atom d ~Å! Atom NN Atom d ~Å!

U1(4g) 2 U2(4 f ) 3.676 U2(4 f ) 1 U2(4 f ) 3.484
U1(4g) 2 U2(4 f ) 3.858 U2(4 f ) 2 U1(4g) 3.676
U1(4g) 2 U2(4 f ) 4.194 U2(4 f ) 2 U1(4g) 3.858
U1(4g) 1 U1(4g) 3.982 U2(4 f ) 2 U1(4g) 4.194
U1(4g) 2 Pt(8j ) 2.845 U2(4 f ) 2 Pt(8j ) 2.819
U1(4g) 4 Pt(8j ) 2.960 U2(4 f ) 4 Pt(8j ) 3.008
U1(4g) 4 In(4d) 3.357 U2(4 f ) 4 In(4d) 3.420

FIG. 2. Crystallographic structure of U2Pt2In compound, space
group P42 /mnm ~No. 136!, in two different projections. The U2
atoms at the 4f site are marked with bold borders; these are
atoms that have a separation of only 3.48 Å in this structure.
r

leave no doubt that the correct structures areG8 for T5Pd
and G3 ~equivalent toG2 in Fig. 3! for T5Ni. The single
crystal data are, as expected, far more sensitive than th
finements on polycrystalline materials, but it is important
stress that, despite the difficulty of only a few magnetic
flections, the early attempts did indeed obtain thecorrect
magnetic structures. On the other hand, the values of
uranium moments proposed previously are systematic
low. For T5Ni, the values were 0.60~1! ~Ref. 14! and
0.85(5)mB ~Ref. 16!, whereas our value is 0.92(2)mB . For
T5Pd, the values were 1.6~2! ~Ref. 15! and 1.55(5)mB ~Ref.
16!, whereas our value is 1.73(1)mB . Our refinements show
no evidence for any moments on the T sites with a precis
of about 0.04mB . Thus the observation of a moment o
;0.4mB at the Ni site in Ref. 14 is probably a consequen
of unjustified confidence in the result of the Rietveld refin
ment.

For single crystals ofT5Pt exhaustive scans along diffe
ent reciprocal lattice lines at 1.5 K, revealed no evidence
any long- or short-range magnetic ordering. These findi
are in agreement with bulk experiments, in which no e
dence for a cooperative phase transition has been found8–11

Recently muon experiments21 also exclude any smallor-
deredmoment, although, interestingly, they do suggest
presence of antiferromagneticfluctuations.

C. Temperature dependence of moments

The temperature dependence of the square of the m
netic moment is shown in Fig. 4 and Fig. 5 forT5Ni and
T5Pd, respectively. The values ofTN deduced are in good
agreement with those reported from bulk measurement
Refs. 14 and 15, 14 and 43 K, respectively, but are hig
than those found by neutron diffraction and reported in R
16 for theT5Pd compound, in whichTN;31 K. However,
very few points were taken as a function of temperature.

The exponent of the magnetization belowTN are 0.28~1!
and 0.34 ~2! for the Ni and Pd compound, respectivel
These values are consistent with most three-dimensional
tems, and are commonly found in anisotropic uranium co
pounds. For comparison, a value ofb50.28 ~3! was found
for the isostructural compound U2Rh2Sn.28 The magnetic
structure in this material isG5 of Fig. 3, i.e., the moments ar
along thec axis.

High-field experiments on U2Pd2In ~Ref. 29! have shown
that at magnetic fields of between 23 T~at ;20 K! and 27 T
there is a metamagnetic phase transition; i.e., the ferrom
netic component suddenly increases. Such fields are
available together with neutrons. In an attempt to s
whether the magnetic structure is unstable with lower fie
but at temperatures nearTN , we have tried cooling the ma
terial throughTN in a magnetic field of 6 T applied along the
a axis, but no changes were observed.

D. Polarized-neutron experiment on U2Pt2In

As discussed above, the U2Pt2In structure has two in-
equivalent sites, U1(4g) and U2(4 f ) with slightly different
coordination spheres, see Table II and Fig. 2. The closes
atom to U2 is a similar U2 atom atdi53.484 Å at 20 K. Note
that the interatomic distances given in Ref. 22 are at 300

e
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TABLE III. The distortions in the U2Pt2In as compared toT5Ni and Pd.xU is the position which would
correspond to all U atoms being on rows parallel to the tetragonalc axis. For the Ni and Pd compounds, th
is the real value ofxU ~see Table I!, whereas for the Pt compound it is taken so that the atoms are disp
a constant amountDxU either side. The same arguments can be made for the Pt atoms which are dis
in the c direction.duu is the distance in the basal plane between nearest U neighbors,d' is the distance~to a
good approximation! along thec axis. With the inequivalence of the U1 and U2 in the Pt structure there ar
two values ofduu . The shortest bonds are marked in bold.

duu ~Å! d' ~Å!

xU DxU DzT

U2Ni2In 3.612~5! 3.587„5… 0.1728~1!

U2Pd2In 3.762~5! 3.739„5… 0.1745~1!

U2Pt2In ~20 K! 3.484„5… 3.982~5! 3.676~5! 0.1718~2! 0.0115~2! 0.0227~2!

U2Pt2In ~75 K! 3.571„5… 3.987~5! 3.686~5! 0.1721~4! 0.0108~4! 0.0214~2!

U2Pt2In ~300 K! 3.583„1… 3.925~1! 3.6878~3! 0.1725~1! 0.0079~1! 0.0155~1!
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because of the further distortion of the structure as the t
perature is lowered, the parameters at low temperat
where the interesting physics occurs, are slightly differe
The closest U neighbors for the U1 site aretwo U2 neighbors
in the @001# direction d'53.676 Å. Our polarized-neutron
measurements probe the individual site susceptibility
these two U atoms, and the results are given in Table V.
observed magnetization density in the unit cell, construc
using the maximum entropy method,30 is shown in Fig. 6.

The most important, and surprising, result is that the
susceptibility of U2 is almost double that of U1. Since the
‘‘average’’ U-U distances~obtained by averaging over th
nearest 7 U neighbors of Table II! are not too different for
the two atoms~3.85 Å for U2 and 3.92 Å for U1) the factor
of two in the site susceptibility is surprising. As shown
Ref. 22 the bulk susceptibility is not strongly anisotropic~a
factor of ;15% at low temperature!, so that the significan
difference in the site susceptibility probably arises from d
tails of the U-U and U-Pt hybridization processes.

In the analysis we also deduce the amount of^ j 2& contri-
bution to the form factor, and this allows an estimate of
ratio of the orbital and spin magnetic moments.31 These val-
ues~Table V! are the same for the two sites, and correspo
to values frequently found for U ions in intermetall
compounds,32 and reported, for example, for URhAl.33 For
the free-ion U31 configuration the ratioumL/mSu52.57, so
-
e,
t.

f
e
d

e

-

e

d

that a value of;1.8 represents an appreciable quenching
the orbital moment, as is expected when hybridizat
occurs.31

No significant susceptibility is found at the Pt site. This
not surprising; even if the Pt 5d states were polarized~see
below! they would have a form factor that falls rapidly wit
scattering angle, and would be difficult to detect in our e
periment. The individual site susceptibilities may be add
and compared to the bulk susceptibility as given in Ref.
The neutron value of the total induced moment~Table V! is
significantly lower than that found by the bulk measureme
~by some 25%!. In compounds such as US,34 the moment
observed with neutrons is larger~by ;10%) than that ob-
served with magnetization. This is because the bulk meas
ments observe all the magnetization in the unit cell, i.e., t
associated with the localized 5f electrons, as well as tha
arising from the conduction-electron states, and for magn
elements with less than a half-filled electron shell, these
aligned antiparallel. The neutron measurement is sensitiv
only that part of the magnetization associated with the loc
ized 5f states, so that it is normallygreater than that ob-
tained by bulk methods; the difference attributed to the ne
tive conduction-electron polarization.34 Thus, the large
positive discrepancy in the case of U2Pt2In is unusual. At
least two possibilities exist for this additional conductio
electron polarization; it can arise from either the Pt 5d elec-
o is given

FIG. 3. Possible magnetic arrangements in the space groupP4/mbmwith the representations corresponding tok5~000! — taken from

Ref. 26. Fork5~0, 0, 1/2!, the arrangements are the same, but their representation changes. The correspondence between the tw
in Table IV.



to
f
the
each

ion
ctors
ty of

PRB 59 11 823NEUTRON-DIFFRACTION STUDIES OF SINGLE . . .
TABLE IV. For convenient reference to Fig. 3 the representations are in the order equivalentk
5~000!, which corresponds to U2Pd2In, whereas U2Ni2In hask 5 ~0, 0, 1/2!. For identical arrangements o
one layer of U moments~as shown in Fig. 3! the representations are shown in each column. Given are
goodness-of-fitx2 values for the refinements and the resulting uranium moment. In the final column for
case are the results of a refinement including the best configuration~lowest x2) of the U moments and
allowing a moment on theT site. The symmetry of theT site moment is given by the second representat
in the column heading. ForT5Ni, 83 reflections were measured, reducing to 19 inequivalent structure fa
with I .3s(I). For T5Pd, the corresponding numbers were 61 and 18. Note that with the possibili
domains in the tetragonal basal plane, it is not possible to distinguish any value off in the arrangement
labeledG9 in Fig. 3.

U2Pd2In G2 G3 G4 G5 G6 G8 G9 G10 G8 /G10

x2 80.5 472 37.8 299 165 1.40 234 131 1.35
U moment (mB) 1.67~8! 1.4~2! 1.75~6! 2.0~2! 1.6~1! 1.73„1… 1.5~1! 2.1~1! 1.74~1!

Pd moment (mB) 0.025~15!

U2Ni2In G3 G2 G1 G8 G7 G5 G10 G9 G3 /G2

x2 4.18 1770 213 970 109 192 728 421 4.14
U moment (mB) 0.918„4… 0.7~1! 1.03~3! 1.4~1! 0.95~2! 0.97~3! 1.14~8! 1.12~6! 0.919~4!

Ni moment (mB) 0.029~24!
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trons or a fraction of the U 5f states that are delocalized. A
far as we are aware in uranium compounds, it is only
UPd2Al3 — a well-known heavy-Fermion superconductor
where a positive conduction-electron polarization has b
found.35

IV. DISCUSSION

Our study confirms the magnetic structures of previo
work on polycrystalline samples, but with important diffe
ences. In particular, our values of the magnetic moments
larger ~by ;15%) than those published earlier. Since t
structures of the Ni and Pd compounds arenoncollinearthis
confirmation is important, especially when the previous
finements were performed on only four magnetic reflectio
Such noncollinear magnetic structures are unusual in the
tinides. Sandratskii and Ku¨bler36 have discussed this problem
in general, and in the particular case of U2Pd2Sn have shown

TABLE V. Refinements for the polarized-neutron values f
U2Pt2In. The experiment was performed atT510 K with an ap-
plied field of 4.6 T. 161 reflections were measured withl50.843
Å. The data have been analyzed within the dipolar approxima
with the single-electron wave functions of Freemanet al. ~Ref. 27!.
The induced magnetic moment from the magnetization meas
ments ~on crystals from the same batch! for these conditions is
0.184(4)mB per formula unit.mL and mS are the orbital and spin
moments, respectively. The value formL /mS for the U31 free ion is
22.57.

U1 (4g) U2 (4 f )

Momentm(mmB) 47 ~9! 92 ~9!

Orbital momentmL(mmB) 100 ~20! 220 ~20!

2mL /mS 1.8 ~5! 1.7 ~2!

Total moment (mmB) 140 ~10!

Bulk moment (mmB) 184 ~4!

Conduction-electron polarization (mmB) 1 44 ~12!
n

n

s

re

-
s.
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that the strong spin-orbit coupling present in the actinid
stabilizes the noncollinear magnetic arrangement. An imp
tant constraint is the point symmetry at the position of the
atoms; once the moments point in the tetragonal basal pl
the most likely magnetic structures are those compatible w
the symmetry, and these are noncollinear.

Some success has been achieved in understanding th
isotropy in actinide compounds as arising from
hybridization-mediated mechanism that depends on the n
est approach of An-An neighbors. Thus, if the actinide ato
are stacked in a tightly packed basal plane arrangement,
the case, for example, in the 1:1:1 UTX compounds,37,38then
strong hybridization is set up in the basal plane and it
energetically favorable to find the momentperpendicularto
this hybridization-mediated bonding. In the present co
pounds the bond lengths are not very differentd' ~the short-
est U-U distance perpendicular to the plane! being 3.59 Å for
T5Ni, and 3.74 Å forT5Pd, see Table III. The correspond

n

e-

FIG. 4. Temperature dependence of the intensity of the~1, 0,
1/2! magnetic reflection in U2Ni2In shown on a scale normalized t
the value at 2.5 K. The inset is a log-log plot which givesTN

514.0 ~1! K, and the exponentb50.28 ~1!. The reduced tempera
ture t5(T2TN)/TN .
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ing di ~within the basal plane! distances are 3.61 and 3.76 Å
respectively, so that it seems unlikely that such a sim
model~which does not even take into account the numbe
neighbors! is valid with such small differences. Perhaps
chance, the moments in these compounds do in fact lie
pendicular to the shortest U-U distance, although this is
the case with the compound U2Rh2Sn,28 in which the mo-
ments point along thec axis, even thoughd'53.63 Å is the
closest U-U distance. However, one should be cautiou
taking these ideas too literally; probably more important
the filling of the d band and the consequent hybridizati
with the 5f states. The Rh-Sn compound is the only one
this isoelectronic column that orders magnetically. This m
well be the most important parameter as those with Ni a
Pd, which are isoelectronic, with either In or Sn appear
order with the moments in the basal plane~the case of the
Pt-Sn compound is not yet resolved! giving possibly the first
hint of systematics involving theT element and the occupa
tion of its d band.

The previous work on U2Ni2In ~Ref. 14! obtained a mo-
ment of;0.4mB on the Ni site. Our refinements with sing
crystals show that the moment is 0.03(2)mB , i.e., zero. This
is in agreement with arguments by Diviset al.18 in which
they predict no moments on theT atoms in these compound

U2Pt2In has a modified crystal structure as compared
the T5Ni and Pd compounds, but the refinements show
evidence for lack of stoichiometry or atomic disorder. W
have discussed this structure in detail as the compound

FIG. 5. Temperature dependence of the intensity of the~1, 0, 1!
magnetic reflection in U2Pd2In shown on a scale normalized to th
value at 4 K. The inset is a log-log plot which givesTN540.8 ~7!
K, and the exponentb50.34(2).
.
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hibits non-Fermi-liquid behavior at low temperature.19–21 It
does not order magnetically. We have performed a polariz
neutron experiment with the sample atT510 K, and an ap-
plied field of 4.6 T to measure the induced magnetization
the unit cell. There is a substantially different site susce
bility for the two independent U sites, with U2 site ~see
Tables I and II, and Fig. 2! having the larger value. Althoug
this crystal structure is rather complicated, it will be intere
ing to see whether these unusual features can be reprod
by theory. Moreover, the large conduction-electron den
deduced from comparing the results of the magnetization
polarized-neutron experiments may be relevant to the
usual transport properties of this material at low temperat
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