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Magnetization densities in UCoAl studied by polarized neutron diffraction
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UCoAl crystallizes in the ZrNiAl-type hexagonal structure, exhibits a paramagnetic ground state, but a
metamagnetic transition to a ferromagnetic state with uranium magnetic moments parallel to thec axis occurs
at low temperatures when a field of 1 T is applied in this direction. We present the results of a polarized
neutron experiment on a UCoAl single crystal. Experimental data have been analyzed by a maximum entropy
method and within an atomic model. The main magnetic contribution originates from the uranium atoms. The
ratio mL /mS between the orbital and spin moment is slightly reduced in comparison to the uranium free ion
value and remains nearly unchanged between 1 and 8 T. Induced magnetic moments of nearly same magnitude
and similar field dependence are observed on the two cobalt sites. An additional magnetization density is
observed around the aluminum positions. The results are discussed in context of former studies on isostructural
UTX compounds.
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I. INTRODUCTION

The magnetic and other electronic properties of urani
intermetallic compounds are affected by the delocalization
the 5f electrons due to the overlap between 5f -electron
wave functions of neighboring uranium atoms and by
hybridization between the uranium 5f states and the electro
states of other neighboring atoms. Both mechanisms dep
strongly on the crystalline surrounding of the uranium atom
Comparison of a large group of isostructural compounds
be thus essential for more general understanding of the p
ics of uranium intermetallics. The UTX ~T is a late transition
metal, X is a p metal! compounds crystallizing in the hex
agonal ZrNiAl-type structure constitute such a system. D
pending onX andT components, the magnetic properties
these compounds are ranging from Pauli paramagnetism
spin fluctuation effects, metamagnetism, and magnetic or
ing with stable uranium magnetic moments.1

An important characteristic of most of these compound
a strong uniaxial magnetocrystalline anisotropy with the e
magnetization axis parallel to the hexagonalc axis. Possible
origin of this magnetic anisotropy was discussed in case
URhAl and URuAl~Refs. 2 and 3! on the basis of polarized
neutron-diffraction experiments. Both compounds exh
similar magnetic anisotropy although their magnetic grou
states are different: URhAl orders ferromagnetically with
considerable uranium moment (0.94mB),2 while URuAl is
0163-1829/2001/63~6!/064423~8!/$15.00 63 0644
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paramagnetic. The polarized neutron-diffraction experime
revealed a strongly anisotropic hybridization between
uranium 5f states and the 4d states of Rh or Ru. Relatively
large magnetic moment induced by hybridization has b
observed on theT1 (T5Rh or Ru! site, which lies in the
~001! plane together with the U atoms~see Fig. 1!, while the
T2 site, which is at the same distance from uranium but
of this plane, does not show such induced moment. The
isotropic hybridization has been proposed as a poss
source of the large bulk magnetic anisotropy. Recent po
ized neutron diffraction on UNiAl and UNiGa showed th
for these two compounds a larger magnetic moment is
duced on theT2 site.4 In the case of UCoAl, comparabl
moments on both cobalt sites have been reported.5,6

UCoAl became one of the most intensively studied UTX
compounds.1 The ground state of UCoAl is considered to b
paramagnetic. When a magnetic field of'1 T is applied
along thec axis of UCoAl below 13 K, a metamagneti
transition to a high-field ferromagnetic state with uraniu
magnetic moments parallel to thec axis is observed.7 The
magnetization along thec axis does not saturate above th
metamagnetic transition but shows a strong, almost lin
increase with increasing field (M1T50.334mB , M8T
50.445mB). Here, we present a more precise polariz
neutron-diffraction study of this compound performed on
single crystal of well defined stoichiometry 1:1:1. We co
centrate on two points:~i! describe the magnetization distr
©2001 The American Physical Society23-1
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bution throughout the unit cell, especially on the two cob
sites, and~ii ! determine the spin and orbital components
the uranium magnetic moments. In order to understand
microscopic origin of the strong magnetization increase
fields above the metamagnetic transition, we have studied
change of the overall picture in UCoAl when increasing t
magnetic field from 1 to 8 T.

II. EXPERIMENT

The UCoAl single crystal has been grown by the Cz
chralski method in a tetra-arc furnace from the melt of s
ichiometric amounts of pure metals~the purity was 3N for
U, 4N for Co, 6N for Al !. The x-ray diffraction confirmed
that the crystal is a single phase with the hexagonal ZrNi
type structure. The lattice parameters, determined at ro
temperature by x-rays, area5667.5 pm andc5396.6 pm.7

The sample used for our neutron-diffraction study has
shape of a flat plate (430.833 mm) perpendicular to@100#
direction with a length of 3 mm along@001# direction.

Two types of neutron-diffraction experiments have be
performed. To refine the nuclear structure parameters at
temperature as well as the extinction parameters of our c
tal, integrated intensities of nuclear reflections have b
measured on the lifting counter D15 diffractometer at
Institut Laue-Langevin~ILL ! Grenoble at 0.851 Å. The crys
tal was mounted in an orange cryostat with thec axis parallel
to thev axis of the diffractometer and was fixed on a sm
Al sample holder. The polarized neutron-diffraction expe
ment has been performed on the D3 diffractometer at
ILL, with an identical sample orientation. The flipping ratio
have been measured forl50.514 and 0.843 Å, in magneti
fields of 1 and 8 T applied parallel to thec axis of the UCoAl

FIG. 1. Schematic picture of the two layers of the ZrNiAl-typ
crystal structure.
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crystal. The polarization of the incoming neutron beam w
0.8684 ~0.8830! and 0.9292~0.9502! in 1 T ~8 T! for l
50.514 and 0.843 Å, respectively.

III. CRYSTAL STRUCTURE DETERMINATION

UCoAl crystallizes in the ZrNiAl-type hexagonal struc
ture, a ternary derivative of the Fe2P structure~space group
P6̄2m). The structure is a layered one, with U-Co a
Al-Co planes alternating along the hexagonalc axis. Both
layers are shown in Fig. 1. The atomic positions are follo
ing:

3U in 3~g!:~x,0,12 !, ~0,x, 1
2 !, ~ x̄,x̄, 1

2 !,

3Al in 3~ f !: ~y,0,0!, ~0,y,0!, ~ ȳ,ȳ,0!,

2Co in 2~c!:~ 1
2 , 2

3 , 0!, ~ 2
3 , 1

3 , 0!

~we call this position ‘‘Co2’’ !,

1Co in 1~b!: ~0, 0, 1
2! ~we call this position ‘‘Co1’’ !.

The point-group symmetry at U site ism2m. Each U
atom has four nearest U neighbors within the U-Co plane
the distancedUU5aA123x13x2'346 pm considering the
UCoAl lattice constants given above. The two second nea
U atoms are located along thec axis, at a distance equal toc
~5 396.6 pm!. The distances between U and Co, genera
the U-T distances, are shorter than the U-U ones. The UT1
and U-T2 distances are very similar~281.0 and 281.5 pm
respectively, for UCoAl at 300 K!. However, the geometry
of the corresponding bonds is quite different: the U-T1 bonds
are located within the U-T plane, whereas U-T2 bonds point
out of this plane.

In order to determine the structure parameters, integra
intensities of 131 nonequivalent~243 total! reflections have
been measured at 2 K. The geometry of the experimen~c
axis parallel to thev axis,l50.851 Å) allowed to measure
reflections of thehk0 and hk1 type only. The full-matrix
least-square programXFLS was used for the refinement of th
crystal structure of UCoAl. The relevant values of the sc
tering length and the absorption coefficient have be
taken.8,9 Anisotropic temperature factorsb( i , j ) have been
considered. The Becker-Coppens model10,11of the secondary
extinction correction with the Lorentzian distribution of th
angular mosaic block orientation has been applied. In
program, the extinction correction is described by only o
parameterg, describing the angular distribution of the mo
saic blocks. The contribution from the size of the mos
blocks has been neglected. The importance of the extinc
correction and the reliability of the applied model is demo
strated in Fig. 2. It is clear that this correction is relative
small for our crystal—the largest correction, which is for t
201 reflection, amounted less than 12%. The final result
our refinement are summarized in Table I.
3-2
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IV. RESULTS OF THE POLARIZED NEUTRON
EXPERIMENT

The polarized neutron experiment consists of measu
the peak intensity of Bragg reflections for neutrons polariz
parallel and antiparallel to the applied magnetic field. T
ratio of these two intensities~corrected for background!
gives the value of the so-called flipping ratioR. For a non-
centrosymmetric structure,R is given by

FIG. 2. Plot ofI obsvs I calc without ~a! and with~b! the extinction
correction.
06442
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Rhkl5
FN8

21FN9
212pq2~FN8 FM8 1FN9 FM9 !1q2~FM8

21FM9
2!

FN8
21FN9

222pq2~FN8 FM8 1FN9 FM9 !1q2~FM8
21FM9

2!
,

~1!

where FN and FM are the nuclear and magnetic structu
factors, respectively:

FN5FN8 1 iF N9 , FM5FM8 1 iF M9 , ~2!

p is the polarization of the incident neutron beam andq
represents the sine of the angle between the vector of
magnetic structure factor and the scattering vector.

First, we have measured the flipping ratios of the~100!
reflection, for which the structure factor is purely real, in
few different applied magnetic fields up to 2 T. Using th
structure data (FN), we obtained the magnetic structure fa
torsFM , which are displayed in Fig. 3. These data, in agr
ment with the magnetization measurements, confirm tha
magnetic field of 1 T is sufficient to induce the ferromagneti
state in UCoAl.

The main polarized neutron experiment has been p
formed atT52 K, for applied magnetic fields of 1 and 8 T
The flipping ratios of 63 nonequivalent groups ofhk0 and

FIG. 3. M vs B data taken from Ref. 7; the inset shows th
magnetization data~s! and the values ofFM corresponding to
~100! reflection~d!.
TABLE I. Final refinement of the structural parameters and the extinction correction parameterg for
UCoAl at 2 K. b( i , j ) are the anisotropic temperature factors;b(1,2)5b(2,2)/2,b(1,3)5b(2,3)50 for the
hexagonal structure.

Atom type U Co1 Co2 Al

Position x, 0 ,12 0, 0, 1
2

1
3,

2
3, 0 y, 0, 0

x50.5788(1) y50.2358(2)
Occupation 1 1

3
2
3 1

b(1,1) 0.00064~7! 0.0014~4! 0.0015~3! 0.0015~2!

b(2,2) 0.00073~7! 0.0015~4! 0.0015~3! 0.0014~2!

b(3,3) 0.0317~10! 0.033~5! 0.046~5! 0.037~3!

g50.195(25)
R factor51.87%
3-3



e

io

ge
fle
m
h

o

ibu
ic
m

n
la
re
pa
a
ng

w

W
g

on
ag
ic

ee
s
ti
o
ai
n
th
e
nd

in
e
io
-

io
al
f
f

e

co

total

di-

tion

our

the

ap
n
re
en
hat

on

lo-
of
or

1

at
ve

t
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hk1 reflections ~usually, two equivalent reflections hav
been measured for each group! with sinu/l<0.91 Å21 have
been measured at a wavelength ofl50.843 Å. To check the
extinction correction, 22 strongest nonequivalent reflect
groups have been measured also atl50.514 Å. Addition-
ally, at this shorter wavelength, the experimental arran
ment enabled us to measure further 23 nonequivalent re
tions of thehk2 type. No reflection has been excluded fro
the analysis due to extinction. The same set of reflections
been measured in both fields.

The experimental flipping ratios were analyzed by tw
different approaches: the maximum entropy method,12,13

which makes no assumption on the magnetization distr
tion, and by a classical refinement of an atomic model wh
considers that the magnetic moments are carried by ato
sites. We consider first the maximum entropy approach.

A. Maximum entropy treatment—spin density maps

The advantage of the maximum entropy method~MAX-
ENT! is that no atomic model is needed for the refineme
The required information is the space-group symmetry,
tice parameters, experimental flipping ratios with cor
sponding nuclear structure factors, wavelengths, beam
for individual reflections, and the extinction correction p
rameterg. In our analysis, we have included also the flippi
ratios for the~000! reflection, for whichFM is given by the
measured bulk magnetization value. For the refinement,
divided the unit cell of UCoAl into 32332332 small cells in
which the magnetization is assumed to be constant.
started the refinement with a small magnetization havin
flat distribution~i.e., the same value in all the cells!. As the
final result, we have obtained the most probable rec
structed three-dimensional map of the density of the m
netic moment, i.e., the map which fits the data and for wh
the entropy is maximum.

The best way to show the main features of the thr
dimensional map is to make a projection onto the ba
plane. The analysis of our data gives a rather good resolu
along thec axis that allows us to divide the unit cell into tw
parts—one containing the U-Co plane, the other one cont
ing Al-Co plane. Each of the two parts contain 16 cells alo
c. The sufficient resolution has been achieved thanks to
measurement of thehk2-type reflections. It is an advantag
in comparison to the previous work done on UNiGa a
UNiAl, 4 which was restricted tohk0 andhk1 planes.

The magnetization distributions within the U-Co plane
1 and 8 T are shown in Fig. 4. The main contribution com
clearly from the uranium atoms. Much weaker magnetizat
clouds are located on the Co1 positions. Another way to dis
play the results is to select cell of given coordinatesx andy
within the basal plane and look at its magnetization variat
along thec axis. Such a plot is drawn in Fig. 5 for the centr
position of U, Co1, and for the point lying in the middle o
the line connecting U and Co1. The magnetization clouds o
U and Co1 are clearly located in thez5c/2 plane. We ob-
serve a considerable increase of the magnetization betwe
and 8 T on theuranium site and a decrease on the Co1 posi-
tion. This decrease appears just at the center and is over
06442
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pensated by an increase in the surrounding area. The
integrated magnetization associated with the Co1 site thus
increases when increasing the field from 1 to 8 T. In ad
tion, a small magnetization arises on the~0, 0, 0! position,
where we do not expect any atom. The whole magnetiza
cloud around this position is rather small~see Fig. 6!, and the
size of this effect can be understood as accuracy limit of
data and the method.

The enhancement of the magnetization distribution on
U sites when the field is increased from 1 to 8 T is slightly
anisotropic, as can be better seen on the differential m
shown in Fig. 4~c!. A small positive magnetization arises i
8 T between U and Co1 atoms, as seen on Fig. 5. This featu
can originate from the polarization of the bonds betwe
uranium and cobalt by applied magnetic field, assuming t
d or f electrons participate in the bonding.

In the Al-Co plane, magnetization clouds are observed
the Co2 positions and close to the Al positions~see Fig. 6!.
Figure 7 shows clearly that these positive densities are
cated in the Al-Co plane with a shape similar to that one
the cobalt sites. Magnetic moment induced on aluminum

FIG. 4. Density of magnetic moment within the U-Co plane in
T ~a! and 8 T~b! and differential density (M8T2M1T) ~c! recon-
structed by maximum entropy method. The contours are
0.01mB /Å 2, dotted contours represent negative values. Abo
0.1mB /Å 2 ~center of the uranium position!, the contours are a
0.1mB /Å 2.
3-4



la
b
n

ib

n
ei
a
ps

r
el
ing

m

m.
ken
ac-

of
i-

as-
by
he

a-

f
-

in

at
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an atomic disorder between the cobalt and aluminum sub
tice, i.e., part of Co atoms is located on the Al sites, could
an explanation. We discuss this possibility later. The mag
tization on both the Co2 and ‘‘Al’’ sites increase when in-
creasing the field, as can be seen in Figs. 6 and 7. The
crease is again somewhat anisotropic, indicating a poss
bond polarization.

The magnetization clouds around all the atomic positio
including aluminum, are sufficiently separated to allow th
direct integration. Magnetic moments obtained in this w
are given in Table II. A color version of all the density ma
is available on www.xray.cz/priv/javor/ucoal.html.

B. Maximum entropy treatment—atomic model

Now, let us consider that magnetic moments are cente
on individual atoms with fixed positions. In such a mod
the magnetic structure factors are given by the follow
expression:

FM~Q!5(
at

Gat~Q!e2Watmatf at~Q!. ~3!

Here, the summation goes over all nonequivalent ato
which carry a magnetic momentm with a corresponding
form factor f, Q is the scattering vector,W is the Debye-
Waller factor, andG is the geometrical factor

G~Q!5(
j

eiQr j , ~4!

FIG. 5. Density of magnetic moment along thec axis in differ-
ent basal-plane positions; the U-Co1 means a point on the middle o
the line connecting U and Co1. The white and black symbols rep
resent 1 and 8 T data, respectively.
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where we sum over all equivalent positions of a given ato
The geometrical and the Debye-Waller factors can be ta
from the nuclear data refinement. For the magnetic form f
tor of uranium, the dipole approximation is used:

mUf U5mS^ j 0&1mL~^ j 0&1^ j 2&!5m~^ j 0&1C2^ j 2&!,
~5!

C25
mL

m
.

The mL and mS represent the orbital and spin moment
uranium, thê j n& are the radial integrals, tabulated for ind
vidual ions.14 We have considered the both U31 and U41

possibilities. In the case of cobalt, orbital moments are
sumed to be negligible, and the form factor is described
^ j 0& only. We have taken the function corresponding to t
Co21 ion.14

We fit the magnetic structure factors~real and imaginary
part separately! calculated from the reconstructed magnetiz
tion maps to Eq.~2!. The weights of individual reflections
have been taken as

FIG. 6. Density of magnetic moment within the Al-Co plane
1 T ~a! and 8 T~b! and differential density (M8T2M1T) ~c! recon-
structed by maximum entropy method. The contours are
0.01mB /Å 2, dotted contours represent negative values.
3-5
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weight5S 1

errD
2

, err5
dR•R

R21
, ~6!

whereR is the flipping ratio calculated from the map anddR
the corresponding experimental error for the given reflecti
First, we have assumed an uranium magnetic moment on
U site and a cobalt moment on both Co sites. The results
summarized in Table II. A substantial improvement of the
~the agreement factors improve by a factor of'1.6! is

FIG. 7. Density of magnetic moment along thec axis in differ-
ent basal-plane positions; the ‘‘Al’’ position means a point close
Al site, where the magnetization reaches local maximum. The w
and black symbols represent 1 and 8 T data, respectively.
06442
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achieved assuming additionally cobalt moment on the
site. It would correspond to the Co-Al atomic disorder. The
results are denoted by ‘‘* ’’ in Table II and represented in
Fig. 8. All the results given in Table II have been obtain
for ^ j n& of U31. Assuming U41, we have obtained the sam
values of total moments and the same agreement with
data, and cannot thus make any conclusion about the
nium valence.

C. Flipping ratio direct refinement for an atomic model

Another way to treat the experimental data is the dir
refinement of the measured flipping ratios, independently
the maximum entropy results. We assume the magnetic
ments on given atomic sites, characterized by magnetic f
factors as in the previous treatment. On the U site, we c
sider two types of moment—one purely orbital, the seco
purely spin. For the refinement, we have used the Cambr
Crystallography Subroutine Library14 and refined the experi
mental data for both wavelengths together. Again, the d
are not very sensitive to the uranium valence. In the follo
ing, we give the values obtained for U31. The fit without
magnetic moment on the Al site gives an agreement facto
x254.9 and 8.2 for the data in 1 and 8 T, respective
Including the cobalt moment on this site, the fit improv
seriously:x253.1 and 4.8 for 1 and 8 T, respectively. Th
final results are summarized in Table II.

The results obtained by the maximum entropy method
the direct refinement of the flipping ratios are generally in
good agreement, as can be seen in Table II. All the magn
moments are parallel to thec axis ~direction of the applied
field!. The main magnetic contribution comes from the u
nium atoms. It increases by'25% between 1 and 8 T. Th
orbital and spin moments are oriented antiparallel and th

te
ll
ctor on
TABLE II. Summary of the results obtained by integration in the magnetization density maps, fit of Eq.~1! to the magnetic structure
factors calculated from these maps and the direct refinement of the measured flipping ratios;mspd is obtained by comparing the sum of a
moment with the bulk magnetization. By* we denote the results obtained assuming magnetic moment described by cobalt form fa
Al site.

m~U!
(mB /atom)

mL

(mB /atom)
2mS

(mB /atom)
2mL /mS mL /m m(Co1)

(mB /atom)
m(Co2)

(mB /atom)
m~‘‘Al’’ !

(mB /atom)
mspd

(mB /f.u.)

1 T integration in
the map

0.326~12! 0.059~11! 0.051~8! 0.048~10! 20.094

fit Eq. ~1! 0.327~4! 0.602 0.275 2.19 1.84~4! 0.044~4! 0.054~3! 20.044
refinement of
experimentalR

0.300~4! 0.597 0.297 2.01 1.99 0.072~4! 0.049~4! 20.023

* fit Eq. ~1! 0.341~3! 0.566 0.225 2.52 1.66~3! 0.059~3! 0.049~2! 0.035~2! 20.094
* refinement of
experimentalR

0.317~4! 0.561 0.244 2.30 1.77 0.068~4! 0.046~3! 0.019~3! 20.055

8 T integration in
the map

0.410~14! 0.068~17! 0.065~8! 0.068~13! 20.099

fit Eq. ~1! 0.401 0.786 0.385 2.04 1.96~4! 0.039~5! 0.052~4! 20.004
refinement of
experimentalR

0.383~5! 0.785 0.402 1.95 2.05 0.083~6! 0.050~5! 10.001

* fit Eq. ~1! 0.428~3! 0.728 0.300 2.43 1.70~3! 0.063~3! 0.055~2! 0.049~2! 20.090
* refinement of
experimentalR

0.412~5! 0.733 0.321 2.28 1.78 0.078~4! 0.050~4! 0.029~4! 20.055
3-6



e

e
ve
e

as
te
ch
th

lk
n

e
as

i
. 7
an
n

um

the
n-

Al
ean

on

e
e of
tal
n-
en-
on
at-

A
nd

vi-
in

te,
ins

he

a

-
as

es.
de-
en-
in

ta
etic
st

he
5
-
hAl
ch

he
alt
e

on-

n
8
ts

ns
se
n

MAGNETIZATION DENSITIES IN UCoAl STUDIED BY . . . PHYSICAL REVIEW B63 064423
ratio remains nearly unchanged by increasing the magn
field. The induced magnetic moment on cobalt positions
about 0.05mB . It is somewhat larger on Co1 than on Co2.
The additional moments around the Al site are larger wh
integrating the reconstructed maps. The integration invol
all the space, while in the refinement of the atomic mod
we consider moments on given fixed positions only. In c
of the Co-Al atomic disorder, the Co atoms could be loca
not exactly on the Al site, but distributed around it. Su
disorder is not considered in the atomic model while
integration includes it.

Comparing the total sum of all the moments with the bu
magnetization value,7 one can infer the residual conductio
electron polarizationmspd. This moment is in total oriented
parallel to the uranium spin moment@antiparallel to the total
m~U!#.

V. DISCUSSION

Our study reveals rather clearly an existence of magn
zation distribution around the Al sites. A similar effect h
been observed in UNiGa and UNiAl.4 Due to poor resolution
along thec axis, it was not possible to locate these clouds
that study. Our resolution is better, and as shown in Fig
these positive densities are located in the Al-Co plane
have a shape similar to that of cobalt sites. The correspo
ing magnetic moment is oriented parallel to the total urani

FIG. 8. Form factor curve of UCoAl in 1 T~a! and 8 T~b!; the
points represent values calculated from the reconstructed de
maps after subtraction of the cobalt contribution, the lines repre
the form factor calculated by Eq.~3! using the parameters given i
Table II.
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moment. We have tentatively ascribed this effect to
Co-Al atomic disorder. A similar explanation has been co
sidered also for UNiGa and UNiAl~Ref. 4! ~i.e., Ni-Ga or
Ni-Al disorder!. The magnitude of the moment located on
sites is well comparable to that on Co sites. That would m
either a large degree of disorder~e.g., 50% of Co atoms on
Al sites! or rather large moment carried by the Co atoms
the Al sites~e.g., 10% disorder would mean almost 0.5mB
per such Co atom!. The latter possibility does not seem to b
realistic. A question then arises, whether the large degre
Co-Al disorder would be observed when determining crys
structure. In the case of x-ray diffraction, most of the inte
sity is due to the scattering on the uranium and the m
tioned disorder would have almost negligible influence
the reflection intensities. For the neutron diffraction, the sc
tering length of Co~2.5 fm! and Al ~3.4 fm! do not differ
substantially and are much smaller than that of U~8.4 fm!.8

The disorder would be thus relatively hardly observable.
somewhat more favorable situation exists for UNiGa a
UNiAl. The scattering length of Ni@10.3 fm~Ref. 8!# is large
compared especially to that of Al. However, no strong e
dence for a large Ni-Ga or Ni-Al disorder has been found
the crystal structure refinement of UNiGa and UNiAl.4 The
origin of these magnetization distributions around Al si
which are clearly above the experimental error, rema
questionable.

Let us now turn to the uranium magnetic moment. T
ratio 2mL /mS determined from our data~see Table II! is
reduced compared to the U31 free ion value of 2.57, but the
reduction is smaller than in the isostructural UNiG
(2mL /mS51.98), UNiAl (2mL /mS51.79), or URhAl
(2mL /mS51.81). The large orbital contribution is remark
able for a material such as UCoAl, which is considered
one of the UTX compounds with rather delocalized 5f
electrons.1 We shall note that bothmL and mS are strongly
reduced with respect to the corresponding free ion valu
The values of the spin and orbital moments have been
rived also in Ref. 5, based, however, on analysis of 11 c
trosymmetric reflections only. The data obtained earlier
1.7 T are similar to our results in 1 T. An increase ofmL and
unchangedmS have been reported in a field of 5 T. Our da
reveal a different development when increasing the magn
field: bothmL andmS increase and their ratio remains almo
unchanged~see Table II!.

Another highly interesting question is connected with t
anisotropy of the hybridization between the uraniumf
states and transition-metald states. As mentioned in the in
troduction, a large anisotropy has been observed for UR
and URuAl. Our study does not show any indication for su
a large hybridization anisotropy in UCoAl, and confirms t
previous experiment. The following values for the cob
moments induced in a field of 5 T have been reported in th
former study:m(Co1)50.058mB , m(Co2)50.076mB .6 The
m(Co2) moment increases with the field, whereasm(Co1)
has been reported as insensitive to the applied field. In c
trast, our analysis shows that the moment on Co1 is slightly
larger than that on Co2 and both moments increase whe
increasing the magnetic field by'10–20% between 1 and
T ~see Table II!. The magnitude of the magnetic momen
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induced on cobalt is about 20% of the uranium momen
less than in URhAl~30%! or URuAl ~45%!. This is expected
because the 4d wave functions of Rh or Ru are more e
panded in space than the 3d states of Co, which leads t
stronger hybridization in the 4d compounds. The 5f -3d hy-
bridization in UCoAl is apparently stronger than in UNiAl o
UNiGa ~the Ni moments are about 10% of U moments! since
the cobalt 3d states are in lower binding energies~i.e., closer
to EF) than the nickel 3d states.15 The increase of the coba
moment induced by the field is smaller compared to the u
nium moment. This could be an indication of a weakening
the hybridization.

Comparing the results obtained by polarized neutron
fraction for URhAl, URuAl, UNiAl, UNiGa, and UCoAl,
one could speculate that the hybridization is strongly an
tropic ~occurs mainly within the U-T plane! for the 4d se-
ries, while no such strong anisotropy appears for the 3d se-
ries. The U-T1 and U-T2 distances are very close to ea
other in all the mentioned compounds, and cannot thus s
as an explanation for such a different behavior. The natur
thed states plays probably the crucial role. In this context
would be highly interesting to investigate an isostructu
UTX compound from the 5d series, e.g., UPtAl which is a
simple ferromagnet with uranium moments aligned along
c axis.1,16
06442
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-

-
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VI. CONCLUSIONS

Our polarized neutron data confirm that the main ma
netic contribution in UCoAl comes from the uranium atom
The ratio between the orbital and spin moment is sligh
reduced in comparison to the U31 free ion value, but the
reduction is smaller than in other isostructural UTX com-
pounds. It remains nearly unchanged between 1 and 8
Both mL and mS are very reduced compared to the corr
sponding free ion values. We have observed induced m
netic moments of comparable magnitude and similar fi
dependence on both cobalt sites. An additional magnet
tion is observed around the aluminum positions.
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