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Magnetic sublattice interactions in UFe4Al8
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Previous neutron experiments on polycrystalline samples of UFe4Al8 have led to a series of conflicting
proposals, including a spin-glass state, for the magnetic structure below the ordering temperature of
;150 K. Our experiments on a stoichiometric single crystal show that the principal interaction is a commen-
surate antiferromagnetic ordering of the Fe sublattice, with a moment at 4.2 K of 1.08(2)mB per Fe atomin the
basal planeof the tetragonal structure. However, symmetry arguments suggest that the Fe sublattice has a
weak ferromagnetic component also in the basal plane. Experiments in a magnetic field with polarized neutrons
establish that the ferromagnetic U moment is 0.47(2)mB per U atom. In a magnetic field applied in the@010#
direction ~basal plane! the Fe sublattice antiferromagnetism is aligned perpendicular to the field in the basal
plane, i.e., in the direction@100#. Combining the neutron and magnetization results shows that the weak Fe
ferromagnetic component in zero field is;0.3mB so that the canting angle of the Fe moments is 16°. Rela-
tively small fields are sufficient to cause a further canting of the Fe moments towards the field direction; for
example at 4.6 T this canting is 25°. Polarized-neutron experiments in the paramagnetic state show that the Fe
susceptibility is almost isotropic; however, the response of the U 5f electrons is much smaller along thec axis,
so that it is the hybridization between the Fe 3d and U 5f electrons that gives rise to the measured anisotropy
in this material. The weak ferromagnetism of the Fe sublattice, which may be a consequence of the interaction
between the U 5f and Fe 3d electrons assures that the two sublattices develop their moments in the same
manner. This is different from the situation in theRFe4Al8 ~R5rare earth! compounds, in which the rare earth
develops its full moment only at a lower temperature.@S0163-1829~97!01621-4#
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I. INTRODUCTION

Compounds with the ordered ThMn12 structure originally
attracted attention because they were seen as possibly
TC materials for applications.1 Examples are SmFe10Si2 in
which the Curie temperature is 606 K and the uniaxial
isotropy is substantial. Of course, in these materials it is w
understood that the highTC arises from the Fe-Fe interac
tions, and the anisotropy from the rare-earth sublattice.
cently, more effort has been focused on compounds of
form Nd2Fe14B and these are now used in applications. In
550163-1829/97/55~21!/14370~8!/$10.00
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tetragonal body-centered ThMn12 structure, space group
I4/mmm~No. 139! four different sets of equivalent position
are occupied. The thorium~actinide or rare earth! (M ) atom
occupies the 2a sites~000! and the transition-metal~Fe! at-
oms start by occupying a set of 8f sites. If the ratio of Fe to
M is greater than 4 to 1 the remaining Fe atoms are dist
uted over a set of 8i and 8j positions in a manner that i
determined by the heat of mixing between theM and
p-electron atom~Al or Si!. It is noteworthy that no com-
pounds of compositionMFe12, in which all three eightfold
sites are fully occupied by Fe, have been found. A rec
14 370 © 1997 The American Physical Society
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55 14 371MAGNETIC SUBLATTICE INTERACTIONS IN UFe4Al8
theoretical study of these high-Fe content compounds
proposed noncollinear structures and spin-glass behavio2

A special situation exists forMFe4Al8. Here, at least ide-
ally, the Fe atoms only occupy the 8f sublattice, and the Al
atoms occupy the 8i and 8j positions. Moreover, the tota
occupation of the 8f sites by Fe~see Fig. 1! means that each
M atom is surrounded by a parallelopiped of eight Fe ato
In the interesting situation that a simple antiferromagne
structure~as illustrated, for example, by the12 signs in Fig.
1! is found on the Fe sublattice, the molecular field from t
Fe sublattice at theM site is zero.3 This aspect has bee
recognized for some time, and the separate sublattice
M and Fe allows a study of their interaction. Of course, su
a low Fe content means that the ordering temperature d
substantially ~to between 100 and 200 K for variou
compounds3! and, in addition, the compounds do not exhi
large ferromagnetic moment in small magnetic fields.

Although we have been studying a number of t
RFe4Al8 compounds~with R5Lu, Dy, Ho, and Y! we shall
confine our discussion in this paper to UFe4Al8, which has a
special place. In other rare-earth materials there is clear
dence, principally from Mo¨ssbauer and neutron experimen
that the moments develop on the two sublattices atdifferent
temperatures.4,5 In principle, since there is only one magnet
propagation vector for both sublattices, they must orde
the same temperature; however, the growth of the orde
moments can be quite different as a function of temperat
The first report of neutron experiments6 on UFe4Al8 showed
only one transition temperature at;150 K consistent with
the Fe Mössbauer findings, and proposed a magnetic ord
ing on the Fe sublattice only with the spins of 1.6mB at 4.2 K
parallel to thec axis. Scha¨fer et al.7 then proposed the sam
structure with;1mB on the Fe sites, but with a ferromag
netic contribution of 0.8(1)mB at the U site. In a subsequen
paper8 by the same group as Ref. 7, they reported neutr
diffraction measurements in a magnetic field, and these,
gether with ac and dc magnetic susceptibility results,
them to propose a highly unusualspin-glassstate. They
claimed to establish that moments existed on both the
tinide and Fe sublattices—perhaps the cleanest experim
being the 237Np Mössbauer signal appearing at the sa

FIG. 1. Crystallographic unit cell of body-centered-tetrago
MFe4Al8. The space group isI4/mmm. TheM atoms, in this case
uranium, are situated at the origin and body-centered position.
Fe atoms are situated at the 8f positions~1/4 1/4 1/4! and symmetry
related positions. For clarity the Al atoms are not shown. T
G-type antiferromagnetism associated with the moments of the
atoms is shown as1 and2 signs. The experiments shown that th
easy axis of magnetization is in theab plane.
as

s.
c

e

of
h
ps

vi-
,

at
ed
e.

r-

-
o-
d

c-
nt
e

temperature as the Fe hyperfine field in the isostructu
NpFe4Al8 compound. Thus, it appeared that moments
exist on both actinide and Fe sublattices at the ordering t
perature, but the low-temperature behavior was unusua
should be remarked that the same authors had propos
‘‘spin-glass’’ state in their experiments on the isostructu
compound HoFe4Al8.

9 The next experiments reported10 on
UFe4Al8 were those of magnetization in a high field,
which evidence for a strong anisotropy was found, and
authors proposed that the easy axes was in the basal te
onal plane, in contradiction to the direction proposed fro
the neutron experiments. All of the above experiments w
performed on polycrystalline samples, in which domain
fects are known to play an important role, especially if a
isotropy is present. Indeed in a related study, Felner, Now
and Seh11 observed unusual behavior in the magnetic pro
erties of theMFe5Al7 compounds~with the same structure!
and concluded that much of it could be explained by dom
effects without resort to any exotic spin-glass state.

Our interest in this material was such that we underto
the production of single crystals by the Czochralski tec
nique. Magnetization measurements on these single cry
emphasized the unusual nature of the interactions betw
the sublattices. The easy axis was found to be^100&, with
little signal induced when the field is applied along thec
axis.12 At 4.2 K an important remanence of 1.6mB /mole was
found, and measurements of the magnetoresistance sho
an unusual reversibility.13 We report in this paper a serie
of neutron experiments to illuminate the behavior of the t
sublattices in this interesting compound.

II. UNPOLARIZED NEUTRONS

A. Stoichiometry

In view of the uncertainties as to site occupation we u
dertook a four-circle neutron experiment on the cryst
which was approximately spherical with a volume
11 mm3, at Riso” National Laboratory. A total of 478 reflec
tions were measured atl51.027 Å, which gave a set of 15
independent reflections after averaging equivalents. The
sults of the crystallographic least-squares refinement
shown in Table I.

The values forx for the 8i and 8j sites are in excellen
agreement with those refined~from polycrystalline data! in
Ref. 7. This refinement gives confidence that the sampl
stoichiometric, with, in particular, the Fe and Al sublattic
fully ordered. In addition, we know that the extinction fro
the crystal is appreciable, but is well characterized by t
four-circle experiment. This is important in processing t
polarized-beam data below. The minimum extinction coe
cient wasymin5Iobs/I calc50.42 and the average correctio
wasyav50.88.

B. Temperature dependence

To make a preliminary investigation of the magnetic o
dering the crystal was examined at the four-circle diffrac
meter at Riso” National Laboratory, Denmark, equipped wi
a closed-cycle helium cryostat (Tmin;20 K). These mea-
surements were later extended at the Siloe¨ reactor, CEN-
Grenoble, down to 4.2 K. Reciprocal-lattice scans in the lo
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14 372 55J. A. PAIXÃO et al.
Q region were performed along selected high-symmetry
rections of the first Brillouin zone around several recipro
lattice points. No new antiferromagnetic~AF! peaks were
observed, but rather an increase of intensity in cert
nuclear peaks@Fig. 2~a!#. One of the difficulties with the
magnetic structure refinements of previous studies6–8 has
been the small number of peaks that were observed to ch
intensity below the ordering temperature of 150 K. We ha
had the same difficulty with a single crystal. Only the refle
tions ~110!, ~310!, and ~330! have small enough nuclea
structure factors that the small additional magnetic inten
below the ordering temperature may be measured~Table II!
without the use of special techniques involving polarizat
analysis of the scattered neutrons. These additional inte

FIG. 2. ~a! Evolution of the square-root of the intensity of th
~110! reflection as function of temperature. Theincreaseat low
temperature above the nuclear intensity is proportional to the
dered magnetic moment. This reflection has a dominant contr
tion from the Fe sublattice. ~b! Temperature dependence of th
magnetization of the U sublattice in an applied magnetic field of
T//@010#. The moment of the U atoms was determined from
flipping ratio of the~211! Bragg reflection, which has no contribu
tion from the Fe sublattice.
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ties are consistent with the model developed in this pa
from using polarized neutrons, but they are not, by the
selves, sufficient to determine the individual moments
zero field.

These experiments show that the sublattice of Fe sp
does indeed have the so-calledG-type antiferromagnetic
~AF! order ~see Fig. 1! and thatTN5145(3) K. However,
the direction of the moment appears to be most probablin
the basal plane, which is consistent with the magnetizatio
measurements.10,12

C. Magnetic structure and wave vector

The U atoms, being at the origin of the unit cell, contri
ute to all reflections.
The four Fe atoms in a primitive unit cell may be chosen

1,S 14 1

4

1

4D ; 2,S 34 3

4

1

4D ; 3,S 14 3

4

1

4D ; 4,S 34 1

4

1

4D .
The other four sites are derived from the body-center
translation. If the magnetic moment vectors on these f
sites arem1 , m2 , m3 , andm4 their magnetic structure factor
are

~m11m21m31m4!

reflections withH, K, and L all even,

~m11m22m32m4!

for reflections withH and K odd, L even,

~m12m21m32m4!

for reflections withH and L odd, K even,

~m12m22m31m4!

for reflections withK and L odd, H even.

The AF intensities are found on reflections withH andK
odd, L even indicating that the antiferromagnetic vector
given by the sum (m11m22m32m4). This is the so-called
G-type AF structure7 shown in Fig. 1. The ferromagnetic~F!
component is of course the sum of all moments. It is imp
tant to remember that even for those reflections sensitiv
the AF contribution from the Fe sublattice there will be
ferromagnetic contribution from the uranium moments.

r-
u-

5

ta of

lat-
TABLE I. Results of the crystallographic least-squares refinement of the four-circle neutron da
UFe4Al8. The equivalent isotropic Debye-Waller coefficientBeq is calculated as Beq

5(8p2/3)( i( jUi j ai* aj* ai•aj , whereUi j is the anisotropic displacement tensor. The room-temperature
tice parameters area58.740(1) Å; c55.036(1) Å.

x y z Beq (Å
2) Occupancy

U (2a) 0 0 0 0.26~5! 1.0~fixed!
Fe (8f ) 1/4 1/4 1/4 0.37~3! 1.027~10!
Al (8 i ) 0.3440~2! 0 0 0.39~6! 1.008~14!
Al (8 j ) 0.2805~2! 1/2 0 0.28~6! 1.016~10!
R52.18% x253.7
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55 14 373MAGNETIC SUBLATTICE INTERACTIONS IN UFe4Al8
The magnetic structure deduced from our measurem
is shown in Fig. 3. The symmetry elements that relate the
atoms in the unit cell play an essential role in establishing
magnetic structure. The symmetry element relating atom
at ~1/4 1/4 1/4! and 2 at~3/4 3/4 1/4! ~and equivalently 3 and
4! is a diad axis parallel toc passing through the U atom a
the body-centered position. Since the action of the diad a
is to rotate the components of the moment perpendicular
by 180°, and we find thatm1 andm2 are parallel, this sym-
metry element must be combined with the time invers
operator when defining the magnetic space group. Simila
atoms 1 and 3~and equivalently 2 and 4! are related by a
screw diad parallel tob passing through the centers of bo
atoms. If this diad is combined with time inversion it ensur
that theb ~parallel to the diad! components ofm1 andm3 are
reversed, whereas thea ~perpendicular! components are par
allel. If this is the case the ferromagnetic component is p
allel to a and the AF component parallel tob. If the diad is
not combined with time inversion then the reverse will

FIG. 3. Magnetic structure of UFe4Al8 in an applied field of 4.6
T as derived from the analysis of the polarized-neutron data.
solid points are the uranium atoms, with the open points the
atoms. The sizes of the arrows are an indication of the sizes o
moments. Note that this is a different perspective compared to
1. The anglef discussed in the text is the angle between the spin
atom 1 and thea axis.
ts
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true. It is in fact the latter situation that is found in the e
periment and shown in Fig. 3. Similar arguments can be u
to discuss the screw diad parallel toa which relates atoms 1
and 4~and equivalently 2 and 3!.

The magnetic wave vector isq5@000#. The contribution
from the U atoms is ferromagnetic. However, the above sy
metry considerations show that the Fe sublattice may h
bothan antiferro- as well as a ferromagnetic contribution
is this aspect that has not been recognized in the past w
these compounds have been considered. For example th
manance observed with a single crystal is 1.6mB /mole, and
this was ascribed to the U moment. Our unpolarized m
surements show that a major part of the Fe magnetism
antiferromagnetically aligned, but a small Fe ferromagne
component isnot excluded by symmetry.

The symmetry does not predetermine the direction of
moments in theab plane. The anglef that the Fe momen

e
e
he
g.
n FIG. 4. Schematic drawing to show the arrangement of alu
num atoms around the Fe atoms. Note that the rotation of the t
fold axis discussed in the text implies that Fe 1 and 3 are equiva
only when the spins rotate fromf in Fe 1 to~180-f! at Fe 3.
u-
e inten-
om the

sed for
TABLE II. Nuclear and magnetic intensities of the low-Q reflections measured with unpolarized ne
trons. The magnetic intensity was estimated by subtracting the room-temperature intensities from th
sities measured at 4.2 K. The model used to calculate the magnetic intensities is that derived fr
analysis of the polarized-neutron data. All intensities are given in barns (10224 cm2). y is the extinction
correction for the nuclear intensities atl51.53 Å, such thatI N5y3uFNu2, whereFN is the nuclear structure
factor calculated with the parameters given in Table I. The coherent nuclear-scattering amplitudes u
the calculation arebU50.8417,bFe50.954 andbAl50.3499~all in units of 10212 cm!.

HKL
I obs

~300 K!
I obs

~4.2 K!
y

~1.53 Å! I N ~calc!
I obs

I (4.2 K)-I (300 K) I M ~calc!

~110! 0.72~3! 2.97~3! 0.97 0.44 2.25~4! 2.66
~310! 2.94~3! 4.32~5! 0.90 2.79 1.38~6! 1.13
~200! 12.3~6! 12.5~6! 0.49 13.0 0.02~8! 0.05
~220! 15.8~6! 16.2~6! 0.50 16.82 0.4~7! 0.26
~330! 6.78~5! 7.96~2! 0.82 6.68 1.18~6! 1.16
~101! 0.42~1! 0.46~1! 0.98 0.40 0.04~2! 0.20
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makes with thea axis~see Figs. 3 and 4! must be determined
by experiment. The ferromagnetic and antiferromagne
components of the Fe moment are given bym sinf and
m cosf, respectively.

III. POLARIZED NEUTRONS

A. Paramagnetic state

To determine the individual sublattice susceptibilities
the paramagnetic state we have performed polarized-neu
experiments with a magnetic field applied first parallel to
@001# and then the@100# axis. Since certain reflections hav
magnetic contributions from the U sublattice only, and oth
from both sublattices, the individual sublattice susceptib
ties may be deduced provided that the crystal structure
Fe and U form factors are known. For the form factors
have used the well-known metallic iron form factor,14 and
for the U we have used the standard U31 form factor. This
latter point is addressed in more detail below; the appro
mation used here is sufficiently accurate to give a relia
extrapolation toQ50, which gives the susceptibility. Th
results of these measurements are given in Table III. I
clear that the actinide atom is the source of the high magn
anisotropy of this system, the induced moment atT
5155 K with the field applied parallel to the easy axis~a!
being about an order of magnitude greater than that m
sured when the field is applied along the hard axis~c!. The
iron atom is easily polarized even when the field is appl
along the hard axis, with a ratio of 1.7 between the susc
tibilities measured along thea andc axis.

B. The ordered state with applied field

To establish the relationship between the two sublatti
below the ordering temperature we have performed an
periment on the D3 polarized-neutron spectrometer at
ILL. The neutron wavelength used was 0.843 Å, which
sufficiently short that the extinction corrections are qu
small and can be made with certainty.

The polarized-beam technique, of course, is ideal
looking at ferromagnets or signals from paramagnets i
field, as in Sec. III A above. In this case the general featur
that all moments arecollinearwith the applied field, which is
also the direction of polarization of the incident neutrons.
the case of UFe4Al8 we expect the U contribution and an
ferromagneticFe contribution to be parallel to the applie
field, but the majority of the Fe moment ordersantiferro-

TABLE III. Individual site susceptibilities as determined from
polarized-neutron experiments at 155 K. The magnetization
induced by an applied magnetic field of 4.6 T~Hi@001#! and 5.0 T
~Hi@100#!. The fourth column~neutron total! is simply xU14xFe
and the last column gives the bulk susceptibility per mole
UFe4Al8 at nominally the same temperature measured on an
ented small single-crystal using a superconducting quantum in
ference device magnetometer.

103x(mB /T) U Fe Neutron total Bulk

Hi@001# 6.4~3! 40.3~6! 168~5! 115~2!

Hi@100# 52~4! 68.9~16! 328~10! 225~14!
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magnetically. The situation is then much more comple
Since the ordering wave vector isq5@000# there is overlap
between the magnetic and nuclear reflections. Before c
tinuing to evaluate the magnetic structure factors we nee
consider possible domain configurations, of which there
two:

~i! Tetragonal domains are those for which the spin dir
tions are all rotated byp/2. For example, if the moment i
aligned alonga, it may equally well be aligned alongb;

~ii ! 180° domains are those in which all spins are rever
in direction;

In zero-field domains~i! and~ii ! should be equally popu
lated. In an applied field within the basal plane it is clear th
for H.Hcritical a single domain is formed. From Ref. 12
Hcritical;1.5 T.

Another more subtle point is to understand the prefere
for a certainf angle as drawn in Fig. 4. It would seem at fir
glance that changing the directions of the Fe moments
atoms 1 and 3 in the figure would lead to the same confi
ration. That is by changingf to (1802f). To understand
the preference for a particular value off, reference should
be made to similar experiments on the weak ferromag
NiF2.

15 Briefly, in the ThMn12 structure the Fe have sit
symmetry 2/m and the twofold axis is parallel to â110&
axis. If one considers the Fe atom at~1/4 1/4 1/4! ~Fe atom 1
in Fig. 3! the local twofold axis is@110#, but for the atom at
~1/4 3/4 1/4! ~Fe atom 3 in Fig. 3! it is @1,21,0#, etc. That is,
there is a local rotation of symmetry byp/2 about the tetrag-
onalc axis every time a translation ofa/2 or b/2 is made. If
the field is then applied along the direction@100# the local
field around the two Fe spins1 and2 in Fig. 3 is different.
The application of the symmetry operators shows that if
crystal-field term favors the twofold axis as the spin dire
tion, and the exchange field favors antiparallel coupling, th
a weak ferromagnetic structure will result. Thus the loc
symmetry operators assure an optimum value forf. Put an-
other way, it is the local coordination of the Al atoms arou
the Fe 1 site in Fig. 3 that rotates byp/2 on translating from
Fe 1 to Fe 3. This is shown more directly by Fig. 4 in whi
we have attempted to show the three-dimensional config
tion of Al atoms around the Fe atoms 1 and 3 in Fig.
Clearly, values off and (1802f) aredifferentwith respect
to the local environment.

To analyze the polarized-beam data it is convenient
divide the reflections in two subsets:~a! ‘‘ferromagnetic
reflections’’ ~reflections withH or K even! that are sensitive
only to the component of the magnetization aligned para
to the applied field; and~b! ‘‘antiferromagnetic reflections,’’
those that, in addition to a contribution from the U mome
are also sensitive to the antiferromagnetic component of
Fe moments and therefore have a magnetic structure fa
that isnot parallel to the field. This last subset comprises t
reflections withH andK odd andL even.

For the ‘‘ferromagnetic reflections’’~i.e., those that are
not sensitive to the Fe AF component! a standard procedur
can be used to extract the magnetic structure factors from
measured flipping ratios, after due corrections for extincti
imperfect polarization, andl/2 contamination of the neutron
beam. The analysis of the subset of ‘‘antiferromagnetic
flections’’ is more complicated, because the direction of
magnetic structure factors is not knowna priori. It depends
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55 14 375MAGNETIC SUBLATTICE INTERACTIONS IN UFe4Al8
on the relative magnitudes of the antiferromagnetic and
romagnetic components of the Fe atoms. A similar situat
occurs when the structure is noncentrosymmetric in wh
case it is also not possible to extract the magnetic struc
factors from the flipping ratios.16 In such cases, a magnet
model has to be fitted directly to the measured flipping rat
In all calculations the magnetic form factor of the U ato
was calculated in the dipole approximation,fU5^ j 0&
1C2^ j 2&, where the coefficientC25mL /m is the ratio be-
tween the orbital and total moment of the U atom. T
^ j 0,2& functions are derived from the radial 5f density distri-
bution calculated by Desclaux and Freeman.17

The subset of ‘‘ferromagnetic’’ reflections was analyz
in a least-squares refinement of the magnetic structure fac
that includes as variables the value of the magnetic mom
at the U and Fe sites and the coefficientC2 of the U form
factor. The results of the least-squares fit are shown in Ta
IV, column 1. The residual error between the observed
calculated magnetic structure factors isR510%. This rela-
tively high value may be a result of imperfect corrections
extinction, multiple-scattering effects on some of the wea
reflections, and the assumption of spherical magnetiza
densities when processing the data. The total magnetiza
derived from the refinement is 2.50(6)mB per mole, in ex-
cellent agreement with the value of the bulk magnetizati
As expected, a model including only a moment at the Fe
U site cannot fit the data at all. The major magnetic con
bution to these reflections comes from the Fe moments
cause there are four Fe atoms to only one U atom. In Fi
we have plotted the effective moment derived from this
of reflections as a function of sinu/l. Since the moments ar
on both sites, the observed results do not fall on a sin
f (Q), but the observed and calculated are represented
open circles and filled triangles, respectively. They are
good agreement and fall near a conventional Fe form fa
~solid curve!.

We then proceeded to an analysis of the full data set.
measured flipping ratios were included in this refinem
~251 observations!, with exception of two weak reflection
~101! and~002! that are very sensitive to multiple scatterin
and second-order contamination. The model allows the
moments to tilt towards the direction of the applied magne
field, while preserving themm8 symmetry of the magnetic

TABLE IV. Magnetic moments of the U and Fe sublattic
derived from the least-squares refinements.~I! refinement on the
structure factors of the ‘‘ferromagnetic’’ reflections;~II ! refinement
on the flipping ratios using the whole data set.C2 is also a param-
eter in these refinements~see text!; its value is 2.1~1!. The number
of reflections and parameters is given, and the final row gives
R factors which give a measure of the goodness of fit.

Moment
(mB) ~I! ~II !

mU 0.50~3! 0.47~1!

mFe~par.! 0.50~1! 0.47~2!

mFe~perp.! 0.99~2!

Reflections 56 251
Parameters 3 4
R 10.9% 2.13%
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structure. We have obtained a good fit to the data with a
angle of 25.4~3!° at 4.6 T with a final residual factorR
52.13% ~Table IV, column II!. A list of the measured and
calculated flipping ratios of the low-angle ‘‘antiferromag
netic reflections’’ is shown in Table V. The magnitude of th
Fe moment 1.10(2)mB , obtained by adding the two compo
nents in quadrature, is in good agreement with the va
expected from the measured Mo¨ssbauer hyperfine field at th
Fe nuclei.8 Also an important consistency check of the r
finement of the flipping ratios is that the values of the
moment and the component of the Fe moment aligned w
the field agree with the results of the previous refinemen
the ferromagnetic magnetic structure factors.

C. Uranium moment—temperature dependence
and form factor

Once the sublattice interactions are understood in
compound, we may focus on the temperature dependenc
the uranium sublattice. In fact the uranium ferromagne
moment contributes to the~110! reflection, see Fig. 2~a!, but
its contribution is only;25% of the nuclear~110! intensity.
The large increase of a factor of;5 ~Table II! in the inten-
sity of the~110! reflection comes from the antiferromagnet
Fe component. Instead we show in Fig. 2~b! the growth of
the uranium moment by selecting a reflection such as~211!,
which hasH andK of different parity, andL odd, and this
senses the U sublattice only. The polarized-beam techn
may then be used to observe the change of the U ferrom
netic component with temperature. A field of 1.5 T is us
for these measurements, which is the minimum that can
used with the superconducting magnet on D3 otherwise
incident neutrons become depolarized. In the paramagn
state,T.155 K, we observe the induced moment, but wh
comparing Figs. 2~a! and 2~b! it is clear that the developmen
of magnetic order with temperature on the two sites is v
similar.

e

FIG. 5. Magnetic-scattering amplitude of a subset of reflectio
with H, K, andL all even plotted on a Fe form-factor curve. The
reflections have contributions from both U and Fe ferromagn
components. If the U moment was zero the observed amplitu
~circles! should follow the Fe form factor, shown as a solid curv
The calculated values~triangles! include the U moment derived
from the least-squares refinement of the flipping ratios.
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TABLE V. Observed and calculated flipping ratios of the low-angle subset of ‘‘antiferromagne
reflectionsH andK odd, andL even.

HKL Robs Rcalc HKL Robs Rcalc

110 2.35~7! 2.428 512 1.130~9! 1.097
1̄10 2.72~9! 2.693 5̄12̄ 1.061~9! 1.007
310 0.569~5! 0.588 512̄ 1.120~10! 1.055
3̄10 0.590~16! 0.577 532 1.409~9! 1.353
130 0.626~3! 0.615 5̄32 1.476~10! 1.400
1̄30 0.507~2! 0.519 532̄ 1.455~10! 1.377
112 1.240~7! 1.209 114 1.36~5! 1.320
1̄12 1.073~6! 1.062 11̄4 1.32~5! 1.341
112̄ 1.168~7! 1.169 134 1.19~3! 1.161
312 1.531~8! 1.584 1̄34 1.08~3! 1.067
3̄12 1.872~10! 1.901 314 1.205~2! 1.192
31̄2̄ 1.743~9! 1.774 31̄4̄ 1.155~2! 1.108
132 1.316~10! 1.357 7̄12̄ 0.691~2! 0.679
1̄32 1.613~13! 1.586 712 0.667~2! 0.722
510 1.985~11! 1.894 334̄ 1.167~8! 1.143
51̄0 1.952~14! 1.918 334 1.170~11! 1.133
530 0.764~4! 0.752 51̄4̄ 1.23~2! 1.183
330 2.273~10! 2.216 114 1.356~6! 1.320
3̄30 2.521~12! 2.426 114̄ 1.324~9! 1.341
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We show in Fig. 6 the deduced magnetic moment a
function of sinu/l for those reflections that have a contrib
tion from the U moment only. One of the early motivatio
for performing these experiments was the question
whether the U form factor,f (Q), would show a similar ef-
fect to that found18 in UFe2, in which the partial cancellation
of the spin and orbital contributions results in af (Q) for
uranium that has a maximum at sinu/l;0.2 Å21 rather than
at 0. Although there is a spread in thef (Q) for the first few
reflections that is unusual in these kind of measureme
there appears no evidence for anything else than fluctuat
around a conventional form factor. These ‘‘deviations’’

FIG. 6. Uranium form factor derived from the flipping ratio
measured at 4.2 K with an applied magnetic field of 4.62 T//@010#.
The reflections shown haveH andK of different parity~andL odd!
and are sensitive only to the U moment. The solid curve repres
the U31 form factor calculated with the dipole approximation.
a

f

ts,
ns

Fig. 6 may be caused by multiple-scattering effects. A m
interesting possibility is that they might be caused by no
spherical contributions from the Fe spin distribution, but
determine this requires more experiments. A better mea
of the U form factor is obtained from the refinement of t
C2 coefficient in the dipole approximation. This we find
be 2.1~1!. Using the relationshipmL /mS5C2 /(12C2),
wheremL andmS are the orbital and spin moments, respe
tively, on the uranium site, we findmL /mS521.9(1). The
values ofmL /mS for 5f 2 and 5f 3 are 23.32 and22.56,
respectively. Thus, theumL /mSu ratio in UFe4Al8 is close to
that found in URhAl,16 and the hybridization between the
5 f and Fe 3d electrons is not sufficient to cause the redu
tion in the orbital moment similar to that found in UFe2 and
which results inmL /mS;21.

IV. DISCUSSION

An important result of our experiments on a single crys
is that they prove beyond all doubt that UFe4Al8 is nota spin
glass. The results of Galet al.8 can be readily understood b
realizing that in a powder sample there is considerable m
tion of the particles when a field is applied and the mate
is anisotropic.19 No doubt the same applies to the mater
HoFe4Al8.

9 However, Galet al.8 were correct in stating tha
the sublattice interactions are unusual in this compound.
AF part of the Fe moment orders~;1mB per Fe! such that
the spins lie always in the basal plane of the tetragonal st
ture. There is little anisotropy within this basal plane—
already suggested by magnetization measurements.12 The
uranium sublattice also orders, but ferromagnetically, w
the U moment again within the basal plane. Symmetry c
siderations show that the Fe moments can have a small
romagnetic component, i.e., the Fe spins are canted as
sult of the exchange field established by the U mome
ts
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This canting in zero field is small, only 16°~see Fig. 3! but it
gives rise to a ferromagnetic component of 0.3mB per Fe.
The remanence deduced from magnetization measureme12

may be understood as arising frombothU and Fe contribu-
tions. In a field applied in the basal plane this canting an
rapidly increases, so that by 4.6 T the measurements s
that it is 25°. This increase of the canting angle accounts
the large high-field susceptibility.

Measurements just aboveTC of the individual site suscep
tibilities show that it is the U moment which provide th
major contribution to thebulk anisotropy. A magnetic field
in the hard axis@001# induces a sizable moment on the F
site, but little response on the U site. Of course, this situa
is common in actinide compounds, where the actinide
itself provides the major contribution to the magnetic anis
ropy.

The Fe and U are clearly closely coupled; for example
rare-earth alloys of the same composition the rare earths
velop their full magnetic moments only at low temperatu
~typically 20–40 K!, a process primarily driven by the hy
bridization of the rare-earth 5d electrons with the Fe 3d
electrons, rather than a direct 4f -3d interaction.1,3 In
UFe4Al8 the temperature dependence of the magnetizatio
similar for both sublattices; no doubt as a consequence o
molecular fields from the weak ferromagnetism of the
sublattice.

Our measurements have clarified a long-standing prob
of characterizing the magnetic structure of UFe4Al8. How-
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ever, they have also raised a number of questions. For
ample, in their measurements on the magnetoresistance
fait et al.13 interpreted the results in terms of unusual dom
configurations. Our measurements suggest that this m
for the domain configurations is probably correct. Howev
in writing r i andr' in terms of a current flow either paralle
or perpendicular to theferromagneticcomponent our mea
surements suggest this is a great simplification. In fact, w
the current is perpendicular~or parallel! to theferromagnetic
U component it is clearly parallel~or perpendicular! to the
principal antiferromagneticcomponent of the Fe sublattice
Although no theoretical treatment of the magnetoresista
results has yet appeared, it will be important to bear th
points in mind in developing any theory.

ACKNOWLEDGMENTS

J.A.P. and A.P.G. thank the European Commission
support for visits to Riso”, Siloë, and Saclay through the
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