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Antiferromagnetic structure of UNiAl
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UNiAl crystallizes in the hexagonal ZrNiAl-type structure. Magnetic, transport, and thermal properties of
UNiAl point to an antiferromagnetic~AF! ordering belowTN519.3 K. Below this temperature UNiAl orders
with propagation vectorq5(0.1,0.1,0.5). U magnetic moments are oriented along the hexagonal axis and
modulated sinusoidally within the basal plane. The modulation is not even partially squared-up down to 1.7 K.
The maximum size of U moment is (1.2460.03)mB /U. However, the three U atoms that are crystallographi-
cally equivalent do not carry the same moment within the crystallographic unit cell. The propagation vector of
AF structure does not change in the whole temperature range. AF correlations that propagate also withq
5(0.1,0.1,0.5) can be traced at temperatures up to 30 K showing the critical scattering nearTN .
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I. INTRODUCTION

Compounds containing 5f -electron states have been th
subject of intensive experimental and theoretical studies o
past few decades due to numerous different ground sta
Systematic studies of equiatomic UTX ~T, late transition
metal; X, p-electron element! compounds crystallizing in
several distinct crystal structures1,2 revealed that the magne
tocrystalline anisotropy is closely related to the anisotropy
the bonding of 5f electrons. In this respect, one deals w
hybridization-induced magnetocrystalline anisotropy. T
degree of hybridization depends on the relative position od
and 5f bands within the energy scale. The most pronoun
consequence of hybridization is delocalization of 5f -electron
states as the strength of hybridization increases. Co
quently, the ground state can change within a certain is
tructural group of compounds as a function of constituenT
and/orX elements from Pauli paramagnetism through we
ferromagnetic or spin fluctuation behavior towards lon
range magnetic order. This development is readily obser
also in other U-based compounds2,3 and is due to the gradua
reduction of the 5f -d hybridization on going from left to
right ~or from top to bottom! in the Periodic Table. As the 5f
electronic states participate both in bonding and magnet
we can expect a strong relation also between the trans
and thermal properties on the one side and magnetic an
ropy on the other.

UNiAl is a member of the large group of ternary uraniu
compounds crystallizing in the hexagonal ZrNiAl-typ
structure.1,2 The following conclusions were drawn from re
sults of susceptibility, magnetization, specific-heat, a
electrical-resistivity studies on UNiAl:1 ~a! antiferromagnetic
PRB 580163-1829/98/58~5!/2692~7!/$15.00
er
es.

n

e

d

e-
s-

k
-
d

,
ort
ot-

d

~AF! ordering belowTN519.3 K, ~b! uniaxial magnetic an-
isotropy in both AF and paramagnetic regions~c axis is an
easy magnetization direction!, ~c! large negative~anisotrop-
ic! magnetoresistance effect due to a metamagnetic tra
tion, ~d! large value of the low-temperature specific-heat c
efficient g'167 mJ/K2 mol, which may be due to magneti
fluctuations in the ordered state, and~e! pronounced and an
isotropic dependence of the specific heat and resistivity on
applied magnetic field.

Although UNiAl has been the subject of intensive stud
already for a couple of years,1,2,4,5 the details about the anti
ferromagnetic structure at low temperatures remained
clear, mainly due to lack of a good-quality single crystal
the past. Recently, a new, large, and good-quality sin
crystal grown by a modified Czochralski method has beco
available. This made our neutron studies at CENG-C
Grenoble possible. Here we report results on elastic neut
diffraction studies.

II. EXPERIMENTAL METHODS

A single crystal of UNiAl has been grown from a slightl
off-stoichiometric melt~excess of U! by a modified tri-arc
Czochralski technique in continuously gettered Ar atm
sphere at the FOM-ALMOS center at the University of Am
sterdam. In order to reduce mosaicity, the seed was ti
from the easy-grow direction by an angle of 15°. No sub
quent heat treatment was given to the as-cast ingot. The q
ity of the resulting product was checked by x-ray diffractio
and by electron microprobe analysis~EPMA!. It has been
found to be single crystalline and homogeneous with co
position deviating from the ideal stoichiometry by no mo
2692 © 1998 The American Physical Society
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PRB 58 2693ANTIFERROMAGNETIC STRUCTURE OF UNiAl
than 1 at. %~resolution limit of EPMA!. The cylindrical-
shape part~0.4 g! of this single crystal was sparked-out an
used in the neutron-diffraction experiments.

The integrated intensities were measured on the DN3
mal beam diffractometer at the SILOE reactor at CEN
CEA, Grenoble in two subsequent experiments. In the fi
one, the crystal was mounted with its hexagonal axis perp
dicular to the rotational axis of the diffractometer. In th
configuration, we could reach nuclear and magnetic (hkl)
reflections with highl index. In the second experiment, th
same crystal was mounted with itsc axis parallel to the
rotational axis of the diffractometer. However, in this expe
ment we could not reach (hkl) reflections with l index
higher than 1. In both cases, the crystal was encapsulate
a small aluminum container, sealed under helium, and m
sured with an incident-neutron wavelength of 1.541 Å. T
DN3 diffractometer is equipped with a single, lifting-count
detector andl/2 contamination filter leaving residual con
tamination on the level of 531024.

In both experiments, the single crystal was oriented us
several sufficiently strong and well-centered nuclear refl
tions. The cell parameters were refined from the UB ma
and the scan profiles were analyzed by the Lehman-La
algorithm.6

The crystallographic and magnetic structures were de
mined by fitting procedures using the programsGSAS~Ref. 7!
andFULLPROF.8 The function minimized during least-squar
refinement was(wuFobs2Fcalcu2, w51/s2. The scattering
lengths were taken from Ref. 9 and the U31 (^ j 0&1c2^ j 2&)
magnetic form factor from Ref. 10.

III. RESULTS

A. Crystal structure

Using 73 ~32 inequivalent! reflections from the first ex-
periment~c axis perpendicular to the rotational axis of th
diffractometer! and 60~29 inequivalent! reflections from the
second experiment, both sets observed at 40 K, we confir
that UNiAl forms in the hexagonal ZrNiAl-type structur
~space groupP6̄2m!. This structure~Fig. 1! is built up by
alternating two types of basal plane atomic layers along thc
axis. One of them contains the U atoms and1

3 of the Ni
atoms. The other one consists of the rest of the Ni ato
together with Al atoms. Each U atom has four neares
neighbors within the basal plane and two other neighb
along thec axis. Bonding of the U 5f states within the basa
plane gives rise to a strong uniaxial magnetocrystalline
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isotropy with the easy magnetization direction along thec
axis.1 For the crystal-structure refinement we have utiliz
the general structure analysis system~GSAS! because of its
ability to refine two independent sets of observations sim
taneously.

Although the results of the fit that included absorptio
scale factors, positions, and temperature factors of the at
as free parameters were in good agreement with expe
values, the factors referring to the quality of fit were n
satisfactorily low. It is especially well known that extinctio
and stoichiometry~occupation of constituent elements! are
the main obstacles in the single-crystal neutron-scattering
periment. Therefore we also included in the refinement
extinction parameters~Becker-Coppens model11! and the oc-
cupation numbers as free parameters. The best agree
between the fit and data was obtained by using the secon
extinction. The quality of the fit was not improved by inclu
sion of the primary extinction into the fit. The refined resu
suggest that the extinction is mostly caused by small mo
spread of large domains. The results of this fit are summ
rized in Table I.

In addition, the quality of the fit was not improved whe
the occupation numbers were allowed to be free parame
This means that the stoichiometry of our sample does
deviate significantly from the ideal 1:1:1 composition. Th
result is in good agreement with the electron-micropro
analysis results.

B. Ground-state magnetic-structure determination

Previous neutron-diffraction experiments made on a po
der sample5 and on a single crystal4 have indicated at 4.2 K
an antiferromagnetic structure withq56(0.1,0.1,0.5) and

FIG. 1. Schematic representation of the crystal structure
UNiAl crystallizing in the hexagonal ZrNiAl type of structure.
TABLE I. Refined structural parameters for UNiAl at 40 K.

Structure type: ZrNiAl
Space group:P-62m Site

Local
symmetry Position parameters

B (Å 2)
T540 K

U 3(g) (m2m) xU 0 1
2

xU50.5719(9) 0.16~2!

Ni I 1(b) (262m) 0 0 1
2

0.10~1!

Ni II 2( c) (26) 1
3

2
3 0 0.18~2!

Al 3( f ) (m2m) xAl 0 0 xAl50.2306(19) 0.34~5!

Cell parameters:a5669.260.8 pm,c5401.060.7 pm
Maximal extinction: 0.61
R factors:R53.24%,x255.38
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2694 PRB 58K. PROKEŠet al.
the U moments oriented along thec axis. Due to poor quality
of the used single crystal, it was not possible to refine
magnetic structure of UNiAl.

As the temperature is lowered below the magnetic-pha
transition temperatureTN519.3 K, additional Bragg peak
are observed. We assume these reflections to be of mag
origin. In Fig. 2, we show a representative reciprocal sc
along the@110# direction at 1.7 K. Clearly, we observe add
tional magnetic Bragg reflections that can be indexed us
the propagation vectorq56(0.1,0.1,0.5). This result sug
gests antiferromagnetic coupling of the moments along thc
axis and some kind of modulation within the basal pla
Since no additional intensity is recorded at the nuclear Br
peaks, the net magnetic moment in each basal plane is
The fact that no diffracted intensity is recorded
6(0.3,0.3,0.5) positions yields a sine-wave profile modu
tion of the U magnetic moments in the basal plane, i.e.,
squaring-up of the in-plane modulation is observed down
1.7 K.

In order to sort out all possible magnetic structures t
are compatible with a paramagnetic crystal-structure sp
group and with the experimentally determined propagat
vector, we have used irreducible representation theory as
veloped by Bertaut.12 There are only four among the 12 sym
metry operations withinP6̄2m space group that leave th
propagation vectorq56(0.1,0.1,0.5) invariant: the identity
E, a mirror plane perpendicular to thec axis m(x,y,0), a
twofold rotation axis along the@110# direction 2(x,x,0), and
a mirror plane containing this axis and thec axis m(x,x,z).
It is easy to check that these four elements commute w

FIG. 2. Representative reciprocal scan along the@110# direction
at 1.7 K. Clearly, additional magnetic Bragg reflections can be
dexed using the propagation vectorq56(0.1,0.1,0.5). Note that no
intensity is recorded around the6(0.3,0.3,0.5) position marked b
the arrow.
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each other and form a group. Consequently, there are
one-dimensional irreducible representations. The effects
the symmetry elements on the U-moment components
listed in Table II. We note that there is no such symme

operation that would project U atoms from the (xU,0,12 ) (U1)

or the (0,xU , 1
2 ) (U2) position to the (2xU ,2xU , 1

2 ) (U3)
position and it follows that these two U atomic positions a
disconnected. Let us note, that we suppose, at this time
magnetic moment at the transition-metal atom~Ni!. This is a
fairly reasonable assumption as the compounds YNiAl a
LuNiAl that crystallize in the same hexagonal structure a
nonmagnetic.13 Therefore, only an induced magnetic m
ment on Ni atoms due to U moments can be expected as
been observed for instance, by Paixa˜o et al. for isostructural
URhAl:14 We will restate this question in Sec. III C.

Basis vectors corresponding to each irreducible repres
tation are obtained by the projection-operation method.15 By
combining the results obtained for both disconnected U
sitions belonging to the same irreducible representat
magnetic models are derived. It follows that the magne
moments on all U sites can be either along the hexagonc
axis or perpendicular to it~Table III!. There are four basic
magnetic-structure models associated with the propaga
vectorq56(0.1,0.1,0.5) represented in Fig. 3. In modelsA
andB, the U moments orient along the hexagonal axis; ho
ever, these models differ significantly. In modelA, all the
moments within one crystallographic unit cell are coupl
ferromagnetically. In modelB, the two connected U mo
ments are coupled antiferromagnetically and the disc
nected one has to be zero. In modelsC and D, the U mo-
ments lie within the basal plane.

-

TABLE II. Symmetry operations on moment components in t
crystallographic unit cell of UNiAl. Note that there is no mixin
between atoms U1 and U2 on one side and atom U3 on the other.

Moment
components

Symmetric operations

M (E) M (mxy0) M (2xx0) M (mxxz)

m1x m1x 2m1x 2m2y m2y

m2x m2x 2m2x 2m1y m1y

m3x m3x 2m3x 2m3y m3y

m1y m1y 2m1y 2m2x m2x

m2y m2y 2m2y 2m1x m1x

m3y m3y 2m3y 2m3x m3x

m1z m1z m1z m2z m2z

m2z m2z m2z m1z m1z

m3z m3z m3z m3z m3z
TABLE III. Possible U magnetic moment configurations in UNiAl.

Model

Moment components

m1x m2x m3x m1y m2y m3y m1z m2z m3z

A 0 0 0 0 0 0 m2z m1z m3z

B 0 0 0 0 0 0 2m2z 2m1z 0
C 2m2y 2m1y 2m3y 2m2x 2m1x 2m3x 0 0 0
D m2y m1y m3y m2x m1x m3x 0 0 0



c
ss
wi
li

ve

se

-

e
e

re

o

re
t

ar
ts

ent

f

the
th

lent
ic

that
tial
do
er
lve
ld,
ine
ay

en
ns
lent
t.
tic

fine-

ls
ily

nts
h
ins.
s-
d U
dif-
-
ame

is

ion
c
%.

nly
to
ex

i
te

to

PRB 58 2695ANTIFERROMAGNETIC STRUCTURE OF UNiAl
One propagation vector would mean that with ea
nuclear Bragg peak only one pair of magnetic peaks is a
ciated. However, six magnetic reflections are associated
each nuclear Bragg peak, in three pairs. Here we are dea
with a hexagonal system, so there are other propagation
tors, q856(20.1,0.2,0.5) andq956(20.2,0.1,0.5) that
are symmetrically equivalent toq. One has to be careful with
the fact thatq ends at the Brillouin-zone boundary becau
then, in some cases, the propagation vectorq does not need
to be associated with2q. However, in our case, it is neces
sary to associate with each of the propagation vectorsq, q8,
or q9 also2q directions to index all reflections and to mak
magnetic moments a real quantity. For instance, the refl
tion ~0.9,0.9,0.5!, can be indexed as (1,1,1)2q and the reflec-
tion ~1.1,0.8,0.5! as (1,1,1)2q8.

Then the question arises whether the magnetic structu
characterized by all threeq vectors~triple-q structure!, if it
contains three domains, each of them characterized by
6q vector ~single-q structure!, or if it mixes both ~three
domains of triple-q or double-q structures!. We have to con-
sider the fact that the crystallographic unit cell contains th
magnetic moments that do not necessarily propagate with
same propagation vector. From this point of view, there
three possibilities:~a! each of the three U magnetic momen
propagates with different propagation vector~this would cor-
respond to triple-q structure!, ~b! all of them propagate with

FIG. 3. Possible magnetic structures of UNiAl considering o
U moments derived by group analysis for propagation vec
6(0.1,0.1,0.5) within one U-Ni basal plane. U moments in the n
U-Ni layer are coupled antiferromagnetically to moments shown
the figure. Symbols in circles denote magnetic moment orien
parallel to thec axis ~1!, magnetic moment oriented antiparallel
the c axis ~2!, and no moment allowed~0!.
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the same propagation vector~single-q structure!, for ~c! mag-

netic moments at connected positions (x,0,12 ) and (0,x, 1
2 )

propagate with the same propagation vector and the mom

at the remaining position (2x,2x, 1
2 ) propagates with one o

the remaining propagation vectors~double-q structure!.
It is well known15 that it is not possible to distinguish

between multiple-q structures and single-q structures with
magnetic domains that are equally populated, which is
situation normally encountered in zero magnetic field. Bo
structures give the same integrated intensities for equiva
magnetic reflections. This is not true if a crystallograph
distortion takes place at the magnetic phase transition
lowers the symmetry of the structure leading to preferen
population of one magnetic domain. However, our data
not indicate within the given resolution of the diffractomet
the presence of any distortion. The other possibility to so
the problem would be the application of a magnetic fie
application of the uniaxial stress on the single-crystall
sample, or using high-resolution neutron powder or x-r
diffractometers at low temperatures.

We do see a statistically significant difference betwe
the integrated intensities of the six magnetic reflectio
around the origin of the reciprocal space that are equiva
from the point of view of the geometry of the experimen
Therefore, we conclude that UNiAl contains three magne
domains.

In total, 164 magnetic reflections in both~c parallel and
perpendicular to the rotational axis of the diffractometer! ex-
periments were measured. For the magnetic-structure re
ment, only the magnetic reflections for whichI .3s(I ) were
selected~96 reflections!. The results of the fits to the mode
depicted in Fig. 3 are summarized in Table IV. As can eas
be seen, the best agreement is achieved for modelA in which
the two disconnected U positions carry different mome
~i.e., mU1

5mU2
ÞmU3

!. The six magnetic reflections for eac
nuclear reflection were generated by three magnetic doma
By different combinations of the propagation vectors a
signed to these magnetic domains and two disconnecte
positions it became clear that the only consequence is a
ferentmU1

/mU3
ratio for differently populated magnetic do

mains. It seems to be quite reasonable to suppose the s
mU1

/mU3
ratio for all three magnetic domains that

achieved in the case of a single-q magnetic structure~i.e.,
within each magnetic domain there is only one propagat
vector for all U positions!. We found the three magneti
domains populated with the ratio 31.7%:27.4%:40.9

r
t
n
d

TABLE IV. Results of the fits to different magnetic-structure models of UNiAl depicted in Fig. 3F
denotes fixed parameter,w andq are angles between momentmU and thea axis and thec axis, respectively.

Model
mU1,U2

(mB)
w

~deg!
q

~deg!
mU3

(mB)
w

~deg!
q

~deg! mU1
/mU3

mmean

(mB) x2

A 1.24 ~3! 0 ~F! 0 ~F! 0.54 ~9! 0 ~F! 0 ~F! 0.44 0.64 ~3! 7.10
Aeq 1.08 ~4! 0 ~F! 0 ~F! 1.08 ~4! 0 ~F! 0 ~F! 1.00 0.69 ~2! 25.6
B 0.58 ~18! 0 ~F! 0 ~F! 0 ~F! 0 ~F! 0 ~F! 0 0.25 ~7! 183
C 0.77 ~16! 236.1 (8) 90 ~F! 0.93 ~29! 230 ~F! 90 ~F! 1.21 0.52 ~14! 124
D 0.65 ~15! 59.5 ~8! 90 ~F! 0.74 ~26! 60 ~F! 90 ~F! 1.14 0.43 ~12! 123
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2696 PRB 58K. PROKEŠet al.
These values are close to1
3 , a value to be found in the cas

of equally populated domains. However, at the same time
population of the domains differs enough to explain the d
ferences in the integrated intensities of the geometric
equivalent magnetic reflections around the origin of the
ciprocal space. Let us note that the difference in magnit
of the U momentsmU1

andmU3
on disconnected positions i

important. This is demonstrated by the fit to the model
noted in Table IV asAeq that differs from modelA only by
the fact that all U magnetic moments are equal. This
yields an almost identical magnetic domain population tha
about a 20% smaller magnitude ofmU1

. However, thex2

value increases by more than a factor of 3. The other mo
B, C, andD yield a very bad agreement with experimen
observations.

C. Nonzero Ni magnetic moments

Up to now, we have supposed no magnetic moment a
positions. However, small induced moments can be expe
due to hybridization between 3d and 5f states.14 Possible
configurations of the Ni moments compatible with the spa
group and the propagation vectorq were derived in the very
same manner as for U moments. In this case, two inequ
lent Ni sites @1(b) and 2(c)# have to be treated indepen
dently. The possible moment configurations are depicte
Fig. 4. There are four models corresponding to four o
dimensional representations. They are labeled in the s
way as in the case of U moments. As can be seen, the
ment on Ni I at position 1(b) that is situated in the U basa
plane is within theA model oriented along thec axis, i.e., it
can be parallel or antiparallel to the U moments. The N
moments on the 2(c) position are oriented perpendicular
the hexagonal axis. In modelB there cannot be any momen
at the Ni I site and the moments at Ni II sites are within t
basal plane. In modelsC andD, the moment on the Ni I site
is within the basal plane and the moments on the Ni II s
are oriented along the hexagonal axis, coupled antiferrom
netically and ferromagnetically with each other, respective

The fits of the experimental data to all models yield t
conclusion that the experimental data do not allow accu
determination of the magnitude of the Ni moments. T

FIG. 4. Possible Ni moment configurations in UNiAl derived b
group analysis for propagation vector6(0.1,0.1,0.5) projected to
the basal plane. Ni moments in the next layer are coupled ant
romagnetically to moments shown in the figure.
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magnitude of Ni moments is in all cases very small a
appears to be below the detection limit of the experime
Considering all possible models allowed by symmetry
estimate the upper limit for the magnitude of Ni moments
be about 0.1mB /Ni. This implies negligible influence on the
U moments, domain population, etc. and therefore also
the quality of the fits.

D. Diffuse scattering

It is well known that the influence of magnetic fluctu
tions in the vicinity of the magnetic phase transition giv
rise to additional magnetic-scattering intensity that can
recorded in a diffuse-scattering experiment. As has b
shown by Bru¨ck et al.,1 there are clear deviations from th
expected temperature dependencies of some bulk prope
that can be attributed to magnetic fluctuations in the vicin
of TN . In Fig. 5, the temperature dependence of the in
grated intensity@Fig. 5~a!# and width at the half-maximum
@Fig. 5~b!# of both the magnetic~0.9,0.9,0.5! reflection and
the diffuse scattering around this reflection are shown. As
temperature approaches the magnetic phase transition, b
diffuse scattering centered at~0.9,0.9,0.5! appears. Above
TN , the diffuse-scattering intensity increases with decreas
temperature. At the same time, the width of the Loren
shape diffuse-scattering peak decreases, reflecting tha
spatial correlations increases@Fig. 5~b!#. Below TN , the
magnetic~0.9,0.9,0.5! reflection emerges on top of the di
fuse scattering as a result of the onset of coherent scatte
due to long-range magnetic order. Its width stays cons
below TN . Antiferromagnetic correlations can be traced
least up to 30 K, a temperature that is 50% higher thanTN .
The onset of antiferromagnetic correlations clearly coincid
with the change of the sign of the temperature derivative
the electrical resistivity. The electrical resistivity for bo
orientations~current parallel to the hexagonal axis and p
pendicular to it! decreases slowly with lowering temperatur
they reach broad minima at 30 K and form maxima at 18
(ric) and 14 K (r'c), respectively. The increase of th
electrical resistivity with lowering temperature was prev

r-
FIG. 5. Temperature dependence of the integrated intensit

both the magnetic~0.9,0.9,0.5! reflection~d! and the diffuse scat-
tering around this position~m! of UNiAl ~a! and their width at half
maximum~b!. The lines are guides for eye.
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PRB 58 2697ANTIFERROMAGNETIC STRUCTURE OF UNiAl
ously attributed to appearance of antiferromagnetic corr
tions and our results support this statement. It is interes
that the intensity of the diffuse scattering in the ordered
gion seems to be higher than in the paramagnetic state
aboveTN , suggesting that magnetic fluctuations might
present even in the long-range antiferromagnetic state.
to high magnetic anisotropy of this system, any deviations
the moment direction from thec axis are forbidden and
therefore ordinary low-energy transverse spin waves are
favorable. In this case, when only the moment size is
fixed, the possibility of longitudinal fluctuations has to b
considered. However, to clarify unambiguously the origin
the diffuse scattering an inelastic neutron-scattering exp
ment is highly desirable.

IV. DISCUSSION AND CONCLUSIONS

The electronic structure of actinides is characterized
partially occupied 5f -electron states in analogy with part
occupied 4f states in lanthanides. However, there are fun
mental differences between the character of the 4f - and
5 f -electron states in metals. The most important one i
much larger spatial extent of the 5f wave functions, and thus
a much stronger interaction with the environment, compa
to the 4f case. As a consequence, the 5f electrons in ac-
tinides are, as a rule, delocalized due to their participatio
bonding, and hence there is considerable hybridization of
5 f states with the valence states of neighboring ato
~5 f -ligand hybridization! in the crystal lattice. Consequently
the magnetic moments due to the itinerant 5f electrons are
much smaller than expected for a free U31 or U41 ion. On
the other hand, the hybridization leads also to strong m
netic anisotropy of a type depending on the crystal struct
In this respect, we speak about the hybridization-indu
magnetic anisotropy. The hexagonal structure of the ZrN
type ~Fig. 1! exhibits a relatively close packing of U an
transition-metal atoms within the U-T layers leading to a
highly correlated electron gas within the U-T basal-plane
layers. Clearly, the most important parameter concerning
two-ion (5f -5 f ) interaction is the U-U spacing.16 In UNiAl,
the U-U separation amounts to 344.8 pm at 40 K, a va
inside the critical region~340–360 pm!. In this case, also
5 f -ligand hybridization is expected to play an important ro
One of the most apparent manifestations are
hybridization-induced magnetic moments on the transiti
metal sites as was observed by Paixa˜o et al.14 in the case of
URhAl that crystallizes in the same structure as UNiA
Highly correlated 5f -electron states are expected to form
band pinned at the Fermi surface. The high density of st
at EF is projected into highg values of the low-temperatur
specific heat and into highly anomalous transport propert

In the case of UNiAl, one immediately notes the strong
reduced magnitude of the U moments of (1.2460.03)mB in
agreement with expectations based on the U-U separa
Moreover, due to reasons given in the preceding paragr
~anisotropic hybridization!, UNiAl exhibits a strong uniaxial
magnetic anisotropy that locks the U-moment orientat
along thec axis that also is the easy-magnetization directi
The anisotropy energy determined from single-crys
studies1,2 exceeds several hundreds of tesla if derived fr
the high-field magnetization measurements and several
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dreds of kelvin if derived from magnetic susceptibili
studies.1 With conventionally available magnetic fields th
direction of U moments is hardly changed. For instance
4.2 K a magnetic field of 11.4 T applied along thec axis
induces a moment reorientation manifest as a spin-flip tr
sition in the magnetization curve1 while the magnetic re-
sponse in fields applied within the basal plane is mu
smaller, which is also true for the paramagnetic range. At
K, the magnetization curve for field applied perpendicular
the c axis is a straight line up to 35 T yielding onl
0.14mB /f.u. in this field. However, we do not have any dire
evidence for anisotropically induced magnetic moments
Ni sites. Our data do not indicate any sizable moments c
tered at Ni sites.

The participation of the electronic states of 5f origin in
anisotropic bonding and their presence at the Fermi sur
can be documented by the transport and thermal propertie
UNiAl. 1 The electrical resistivity is strongly anisotropic. A
anomalousT5/3 power law is found at low temperatures fo
current parallel to the hexagonal axis. The rather high
sidual resistivities are strongly reduced upon application o
magnetic field that is high enough to force the system
order ferromagnetically. Finally, the low-temperatu
specific-heat coefficient in UNiAl that amounts at zero fie
to 167 mJ/molU K2 ~Ref. 1! reflects a high density of states o
5 f origin at the Fermi surface.

While the coupling of the U moments along thec axis is
antiferromagnetic in UNiAl, the coupling within the bas
plane is in principle ferromagnetic albeit a sine-wave mod
lation of U moments within the basal plane is found. In th
respect, UNiAl is unique among the UTX compounds crys-
tallizing in the ZrNiAl type of structure because all oth
compounds consist of ferromagnetic basal-plane sh
coupled in various ways along thec axis.2 The uniqueness
of UNiAl is reflected also by the fact that the U moments a
not equal at all sites. First, the three U sites, which are cr
tallographically equivalent, do not carry the same mom
within the crystallographic unit cell. Second, the modulati
is not even partially squared-up down to the lowest tempe
ture applied in the experiment~1.7 K!. Moreover, the propa-
gation vectorq56(0.1,0.1,0.5) is invariant with tempera
ture. This observation is striking because, normally, equ
moment structures are found in the ground state due
minimum magnetic entropy. In the case of sine-wave mo
lated structures one usually observes a temperature de
dence of the propagation vector. This is not the case
UNiAl and, at this moment, we do not have a clear expla
tion for this behavior.

In conclusion, we have reported on the antiferromagne
structure of UNiAl. The compound crystallizes in the he
agonal ZrNiAl-type structure. BelowTN519.3 K, UNiAl or-
ders antiferromagnetically with propagation vectorq
5(0.1,0.1,0.5). The magnetism in UNiAl is due to U m
ments that are oriented along the hexagonal axis and m
lated sinusoidally within the basal plane. The maximum s
of the U moment is (1.2460.03)mB /U. However, the three
U atoms that are crystallographically equivalent do not ca
the same moment within the crystallographic unit cell. T
propagation vector of the antiferromagnetic structure d
not change in the whole temperature range of existenc
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this structure. Antiferromagnetic correlations that propaga
also with q5(0.1,0.1,0.5) can be traced at temperatures
to 30 K.
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