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Magnetic-Compton-scattering study of spin moments in UFe2
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Spin moments were derived from the magnetic-Compton profile of UFe2, which was measured using 59.38-
keV circularly polarized synchrotron radiation from the Accumulation Ring Source at KEK, Japan. Although
the net moment on the uranium site is no more than a tenth of a Bohr magneton, the individual spin and orbital
moments, which are coupled antiparallel, are much larger and it is the spin moment that can be determined in
magnetic-Compton scattering. The data have been analyzed in terms of the U 5f , Fe 3d and delocalized spin
moments. The observed uranium-5f spin moment is less than half~i.e.,,0.25mB! and the diffuse spin moment
more than double~i.e., .0.20mB! those predicted from theory. These values compare favorably with those
deduced from neutron measurements of the total magnetization.@S0163-1829~97!01630-5#
l-
et

i
n-

ec
re

ro
e
-

f

e

of

if-
e
a

t
o
re
a

nt
d

-

llel
his
at

on-

itude
ced

the
peri-

tic
nd

e
f

I. INTRODUCTION

Below 160 K UFe2 is a soft ferromagnet, which crysta
lizes in the cubic fcc Laves phase and has low magn
anisotropy similar to that of pure iron.1 Interest in it arises
from the fact that the total moment on the uranium site
very small (!0.1mB) as was first deduced from neutro
diffraction experiments two to three decades ago.2,3 The ori-
gin of this anomalously small moment lies in the near-perf
cancellation of the spin and orbital moments which are p
dicted to be substantial (;0.5mB). This leads, in turn, to an
unusual magnetic form factor which does not peak at ze
momentum transfer,4 a fact that was not appreciated in th
earliest investigations.Ab initio spin-polarized band calcula
tions were made by Brookset al. in 1988;5 these confirmed
the itinerant nature of the U 5f electrons. The inclusion o
spin-orbit coupling led to a reduced orbital moment and
better description of the pressure dependence of the mom
They predicted the 5f moments in UFe2 to have a ratio,
2mL /mS , of approximately unity in contrast to the value
approximately 2.3 calculated for the 5f electrons in an iso-
lated ion, as determined from spin-orbit coupling. This d
ference arises from a reduced orbital moment which sugg
that the 5f electrons are itinerant and that there is hybridiz
tion of 5f and 3d electrons. The proximity of the 5f bands
to the Fermi energy also suggests hybridization between
5 f and conduction electron states. The reduction of the
bital moment on an actinide atom is accompanied by a
duction of the spin moment on the transition-metal site to
little as one-third of its value in the pure metal. The mome
calculated by Brookset al.5 are depicted in Fig. 1 and liste
in Table I.

A polarized neutron study4,6 confirmed the near zero mo
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ment on the uranium site, ascribed this to the antipara
coupling of spin and orbital moments, and showed that t
was responsible for the anomalous form factor drop off
low-momentum transfer. They also pointed out that the n
stoichiometric samples used in the early studies2,3 would
have possessed smaller moments. However, the magn
of the uranium spin and orbital moments that they dedu
are approximately half those predicted as can be seen in
table; there is also a significant disagreement between ex
ment and theory over the size of the Fe 3d and the itinerant

FIG. 1. A diagrammatic representation of the partial magne
moments in UFe2 calculated by self-consistent spin-polarized ba
theory ~Ref. 5!: the arrows are to scale approximately~numerical
values for the spin moments are listed in the table!. For the sake of
clarity the calculated 4sp moment on Fe of 0.02mB has not been
represented and thesp and d spin moments on the uranium sit
have been added together~they have a combined value o
20.13mB!.
3239 © 1997 The American Physical Society
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TABLE I. Magnetic moments in UFe2. All values are in Bohr magnetons; orbital moments are not measured in the Compton stud
the Fe3d moment plus the diffuse~spd! moment are not measured by circular dichroism.

Magnetic
momentsmB

Compton
free fit
results

Compton
2–10 a.u.

results
MXCD10

results Neutron data6
Theoretical
prediction5

Spin U5f 20.20(9) 20.06(8) 20.20~2! 20.22(2) 20.58
Spin Fe3d
~per atom!

0.52~5! 0.46~5! ---- 0.59~3! 0.73

spd itinerant 20.22(1) 20.23(1) ---- 20.25(2) 20.09
Orbital U5f ---- ---- 0.21~2! 0.23~2! 0.47
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moment, the former being three-quarters of the calcula
value while the latter is almost three times larger. Magne
moments in the actinides were reviewed fro
experimental7,8 and theoretical9 viewpoints in articles which
appeared in 1991.

Very recently10 the spin and orbital moments on the ur
nium site in UFe2 have been deduced from circular dichr
ism data by using sum rules.11,12Those data are also include
in the table and will be discussed later. Dichroism stud
are, by their nature, element specific; therefore, no inform
tion is forthcoming from Ref. 10 on the Fe or itinerant m
ments.

Neutrons probe the total site magnetization, which in
case of uranium in UFe2 is extremely small. On the othe
hand, it has been shown that spin magnetization alon
measured in magnetic-Compton-scattering experiments13 a
result that has recently been supported theoretically.14,15

Thus the relatively large spin moments can be studied.
Magnetic Compton scattering with circularly polarize

sources was first demonstrated in 1976,16 and developed with
synchrotron radiation from 1986 onwards.17 a review of the
topic has recently appeared.18 The Compton technique is a
incoherent scattering process, therefore the term linea
electron spin which gives rise to the signal measured in th
studies is only nonzero for ferro- and ferrimagnets. Dur
the course of a series of experiments on the rare-earth f
magnet HoFe2,

19,20it became clear that site-specific inform
tion about spin moments can be extracted from magn
Compton data by utilizing the characteristically differe
electron momentum distributions on the rare-earth a
transition-metal atomic sites. The temperature variation
the moments can also be followed.21,22 Since the spin-
dependent Compton technique is less familiar than s
polarized neutron diffraction a brief outline of the interpr
tative theory is included.

The quantity extracted from the differential scatteri
cross section for unpolarized radiation is the Compton p
file, denotedJ(pz): it is the projection of the electron mo
mentum density,n(p) along the scattering vector which
conventionally chosen as thez direction, vis:

J~pz!5E E n~p!dpxdpy . ~1!

The above expression is derived within the impulse appro
mation which requires the energy transferred to the elec
to be much greater than its binding energy; its final state
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then treated as a plane wave. The approximation is v
in the majority of Compton experiments which a
performed withg-ray or x-ray energies above 50 keV an
at large angles of scattering.23 The z axis momentum
component of the electron in its ground state,pz , can be
related by simple kinematics to the energy of the photon~Ei
initial, Es final! and the angle of scatteringu. The electron
momentum is normally expressed in atomic units~a.u. where
e5m5\51, c5137, then 1 a.u. of momentum
51.99310224 kg m s21).

When polarized radiation is used the cross section c
tains a term which couples the circularly polarized comp
nent of the electromagnetic field to the spin of the electr
This term is of orderPcuK u/mc wherePc is the degree of
circular polarization18 and K5k i2ks is the conventional
scattering vector,k i andks being the incident and scattere
beam wave vectors, respectively. The magnetic scatterin
a measurable but small fraction of the charge scatter
amounting for example to 1% in Fe but less than 0.1%
UFe2 for beams with of the order of 50% circular polariz
tion; it can be reversed by changing the direction of mag
tization or the hand of polarization, thus enabling the s
scattering to be isolated from the dominant charge-scatte
contribution.

The measurement can be understood by first conside
the Klein-Nishina cross section (ds/dV)KN for radiation
with defined values of linearPl and circularPc polarization
scattered from a free, stationary electron:24

S ds

dV D
KN

5
1

4 S e2

mc2D 2S ks

ki
D 2F11cos2u1

ki2ks

mc
~12cosu!

1P sin2 u2Pc~12cosu!
sO ~k i cosu1k s!

mc G ,
~2!

wherePc is a positive fraction,Pl , which is negative, is
21 for a beam completely linearly polarized in the scatt
ing plane and the qualitysO , the spin moment is positive o
negative depending on the direction of the magnetic fie
The double-differential cross section for afree-movingelec-
tron with spin, as calculated by Bhattet al.25 then has the
form
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d2s

dVdEs
5S 2ks

ki
D S m

\K D S 11
Ei~12cosu!

mc2 D S ds

dV D
KN

J~pz!,

~3!

where the first three brackets on the right-hand side of
equation arise from the transformation from a momentum
an energy scale~i.e., ]pz /]Es , which has been approxi
mated by its value atpz50!. This expression is consisten
with the impulse approximation, since it treats the electron
free but moving. There are several calculations for bou
electrons in the literature14,18,26–28they proceed by perturba
tion expansions inE/mc2 (5uK u/mc) andpz /mc and yield
a cross section that, to first order, looks exactly like the o
above. The important points to note are that the cross sec
is linear inPc , and scales with the momentum transfer@NB
at backscattering the factor (kO i cosu1kO s) has the magnitude
of preciselyK , the scattering vector#. This means that mag
netic Compton scattering has one difference from magn
x-ray diffraction which arises from its incoherent natur
namely that the spin-dependent effect can be increase
studying it at higher momentum transfer, whereas in diffr
tion the momentum transfer is fixed for a particular Bra
reflection.

The so-called magnetic Compton profile,Jmag(pz), which
is strictly speaking a spin-dependent quantity, is deriv
from the difference in cross sections measured when s
are reversed~↑ to ↓!, is given by

Jmag~pz!5E E @n↑~p!2n↓~p!#dpxdpy . ~4!

The magnetic effect is defined by the ratioR as
(I 12I 2)/(I 11I 2) where I 1 and I 2 represent the inte
grated Compton intensities for opposing sample magnet
tion. The data are placed on an absolute scale by calibra
with a measurement on pure metallic Fe whose momen
well known at 2.1mB which is almost entirely due to spin
the orbital moment being quenched. Iron also has a la
magnetic effect so it needs a comparatively small coun
time to achieve similar accuracy to the main investigatio

II. EXPERIMENTAL DETAILS

The measurements were carried out at the ARNE-1
tion of the Accumulation Ring Source at KEK, Japan whi
is equipped with an elliptical multipole wiggler and a doub
bent Si~111! silicon monochromator.29 The flux at the
sample was of the order of 1010 ph s21 mm22 and the beam
incident on the sample was approximately 2 mm square.
scattered intensity was detected with a 13-element Ge s
state detector. The average energy resolution of the dete
was 0.53 keV which translates to a momentum resolution
0.78 a.u. The additional resolution broadening due to g
metrical divergence and monochromator bandwidth w
negligible by comparison. Hence the experimental resolu
is determined by the detector response function. The exp
mental method follows that employed in our previous stud
of rare-earth magnetic compounds.19,20,30,31

The sample of UFe2 was in the form of a single crystal o
10 mm diameter and 4 mm thick, situated 900 mm from
multielement detector. It was mounted in a displex cryos
and cooled to 20 K. The cryostat sat between the poles o
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electromagnet producing a field of 0.5 T in the gap, the fi
direction being aligned with the scattering vector. The fie
was reversed every 15 s in order to ensure good signal a
aging as the beam lifetime was only a few hours.

A 25-mm tungsten filter was placed in the scattered be
in order to reduce the x-ray fluorescence from the urani
L shell ~13–20 keV!. In the first experimental period only
some 21 h of useful beamtime were available over a 3-
period; 3.83109 photons were detected but with the ma
netic effect limited to 0.07% the statistical accuracy was
sufficient to permit analysis of the spin moments. A seco
experiment, several months later, was more successful
2.131010 photons detected. It is the analysis of the seco
data set which is reported below. The incident beam ene
was 59.38 keV with a degree of circular polarization of a
proximately 60%. The mean scattering angle was 160° g
ing a Compton peak energy of 48.46 keV.

III. DATA ANALYSIS

The procedure for transforming the experimentally me
sured scattering cross sections into the magnetic Com
profile has been described in earlier papers.19,20,30,31The data
from each of the 13 detectors were processed independe
and then individually scrutinized for anomalies. As the ma
netic Compton signal is the difference spectrum obtain
upon field reversal the fluorescence lines should cancel~no
magnetic effect! as should the high momentum tails of th
profiles (pz.10 a.u.) because these are dominated by in
shell electrons which are spin paired. The data were c
rected for energy-dependent factors associated with abs
tion in the sample and in the tungsten filter, the energy
pendence of the detectors’ efficiency, the charge and
magnetic scattering cross sections; they were then conve
from an energy to a momentum scale, normalized, and
nally summed.

The normalization factor was determined as follow
There is no Compton scattering contribution from the u
nium K-shell electrons because the binding energy of 1
keV exceeds the energy of the incident energy. For Fe
K-shell binding energy is 7.1 keV and all 26 electrons ma
some contribution to the Compton scattered intensity. T
effective number of electrons in UFe2 from which Compton
scattering can occur within a prescribed momentum ra
can be determined from their binding energies and tab
tions of free atom profiles.32 The reason why free-atom
Compton profiles can be used with confidence to fit the l
shapes at high momentum is because solid-state binding
fects are limited to low momentum. The reason for this f
lows from the fact that the second moment of the profile
proportional to the kinetic energy of the electron and hen
via the virial theorem, the total energy~with a change of
sign!. Cohesive energies are very small compared to to
energies and the changes associated with the formation
solid are therefore necessarily restricted to low momenta
this case for210,pz,110 a.u. the effective number o
electrons is 141.35. The spin moment of UFe2, used for nor-
malization, was determined from a calibration.

Previous experience4,30,31 has shown that the magnet
Compton profiles of similar rare-earth compounds can
analyzed in terms of the Fe 3d and rare-earth 4f contribu-
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tions to the spin moment despite the fact that the magn
Compton profile is the sum of all the spin contributions. T
key is that the momentum distributions of electrons
transition-metal 3d and rare-earth 4f orbitals differ mark-
edly. The 4f electrons are more tightly bound than the 3d
electrons and their momentum distribution extends to hig
momenta. Typically the two component Compton profi
have half widths which differ by more than 20%. Furthe
more, any diffuse contribution in position space, be it ad
orbital centered on the rare earth or a delocalized conduc
electron contribution, is characterized by low momenta a
therefore leads to a magnetic Compton profile typically
stricted to less than 2 a.u. Thus the 3d, 4f , and diffuse
electron contributions could be determined with a relat
accuracy of a few percent.

By comparison with the rare earths the uranium 5f mo-
mentum distribution is more similar to the 3d momentum
distribution. The 5f and 3d profile half widths differ by no
more than 10%, compared with 20% between 4f and 3d,
which unfortunately means that the precision of the sep
tion is far lower. A best fit was obtained for the Fe 3d,
U 5 f , and U 6d free-atom Compton profiles using the tab
lated functions of Biggs, Mendelsohn, and Mann.32 Figure 2
shows the synthesized line when the data are fitted over
whole momentum range out to 10 a.u. The predicted s
moments, which are simply the areas under the compo
curves, are shown in the table together with those dedu
from neutron data and the calculated values. The bes
achieved with the component profiles leads to the mome
listed in the table. The errors in the last significant digit a
shown in the brackets. They are comparatively large beca
of the similarity between the Fe 3d and U 5f line shapes. If
profiles derived from band, rather than free-atom, calcu
tions were available they would differ somewhat and
estimation of the diffuse moment would change.

A word of explanation is needed with regard to the diffu
component of the spin moment labeledspd in the table and

FIG. 2. The measured magnetic Compton profile of UFe2 fitted
by free-atom Compton profiles~Ref. 29! for Fe 3d ~–––!, U 5f
~-•-•-!. The diffuse component, labeledspd, is modeled as the sum
of a U 6d free-atom profile and a free-electron parabola smea
with the experimental resolution function. In fact, these two as fit
are almost identical in shape and cannot be separated~••••!. The
total best-fit curve is shown as a solid line through the data poi
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in Fig. 2. This moment may be composed of a mixture
uranium 6d electrons and truly diffuse itinerant electron
Two approaches were tried. In the first instance the data w
fitted solely with a U 6d profile, although it is quite clear tha
not all the low-momentum electrons are localized at the u
nium atom site. The uranium 6d profile has a full width at
half maximum of approximately 1.0 a.u. and drops to 6%
its peak value by 2.0 a.u., thus it does not dominate the d
fitted by the Fe 3d and U 5f profiles which have half widths
greater than 2.0 a.u. A second approach was to use a
electron model for the entire diffuse component as had b
adopted in the studies of the rare earths. In this case, trea
the Fermi momentum as a fitting parameter, the result is
same, because the half width of the resulting profile is o
6% narrower than the uranium 6f function and is zero by 2.0
a.u. Thus if both models produce partial profiles with t
same enclosed area~i.e., the same partial spin moment!, the
method of analysis is not sensitive to the partition of t
diffuse spin moment between the U 6d and free-electron
models. The corollary is, of course, that the line-shape an
sis cannot discriminate between these separate contribut

The second column is deduced by limiting the fitting
the momentum range 2–10 a.u. By this means the fitting
not affected at all by the nature of the delocalized elect
contribution and the fact that the free-atom profiles will n
describe the solid-state effects at low momenta. The diff
moment, irrespective of its origin is then determined by t
difference between the fitted component line shapes and
data in the range 0–2 a.u. Notice that a comparatively sm
reduction (;10%) on Fe 3d moments on each site is mir
rored by the same total reduction in spin moment on uran
which amount to;30% of the value of the latter. The dif
fuse moment is little changed by this second fitting pro
dure. Comparison of our data with both neutron and MXC
results suggests that the ‘‘free fit’’ analysis of the Compt
data ~i.e., column 1 in the table! is the more appropriate
alternative.

Despite the comparative imprecision of the fitting proc
dure relative to other investigations, the delocalized mom
is approximately twice the predicted value and is insensit
to which of the two alternative methods of analysis of t
Compton data are used, a result that is in agreement
neutron data. Second, the spin moment on the uranium si
not as large as the predicted value: in fact, it is less than
the calculated amount when deduced by either method
line-shape analysis. Again this result is in line with the ne
tron experiment. The spin moment at the iron site is o
two-thirds of the predicted value. The recently published c
cular dichroism uraniumM -edge data10 provide no informa-
tion about the Fe 3d and the diffuse moments but confirm
the virtual cancellation of the spin and orbital moments
uranium predicted by theory. The sizes of their deduced m
ments are however much smaller than the calculated one
agreement with the Compton and neutron data. The MX
results were obtained, via the sum rules, by assuming tha
expectation value of the dipole moment^Tz& is zero as it is
in the itinerant transition metal ferromagnets; an assump
which appears to be validated.

The Compton results confirm the analysis of the neut
data, but by a different and possibly more direct method.
in the study31 of moments in CeFe2, it is an example of the
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value of spin-dependent Compton in the study moment
ferromagnets. In both cases the calculation is quantitativ
in error.
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