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Magnetic, magneto-optical, and structural properties of URhAl from first-principles calculations
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We present a first-principles investigation of the electronic properties of the intermetallic uranium compound
URhAl. Two band-structure methods are employed in our study, the full-potential augmented plane-wave
~FLAPW! method, in which the spin-orbit interaction was recently implemented, and the relativistic, non-full-
potential, augmented-spherical-wave method. To scrutinize the relativistic implementation of the FLAPW
method, we compare the spin and orbital moments on each atom, as well as the magneto-optical Kerr spectra,
as calculated with both methods. The computed quantities are remarkably consistent. With the FLAPW method
we further investigate the magnetocrystalline anisotropy energy, the x-ray magnetic circular dichroism at the
uraniumM4,5 edge, the equilibrium lattice volume, and the bulk modulus. The magnetocrystalline anisotropy
energy is computed to be huge, 34 meV per formula unit. The calculated uranium moments exhibit an Ising-
like behavior—they almost vanish when the magnetization direction is forced to lie in the uranium planes. The
origin of this behavior is analyzed. The calculated optical and magneto-optical spectra, and also the equilibrium
lattice parameter and bulk modulus, are found to compare well to the available experimental data, which
emphasizes the itinerant character of the 5f ’s in URhAl.

DOI: 10.1103/PhysRevB.63.205111 PACS number~s!: 71.20.2b, 71.28.1d, 75.30.Gw, 78.20.Ls
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I. INTRODUCTION

The group of ternary uranium intermetallics with comp
sition UTX, whereT is a transition metal andX a p element,
has recently attracted attention~for a review, see Ref. 1!.
Most of the intermetallics of this composition crystallize
the hexagonal ZrNiAl structure~sometimes called the Fe2P
structure!, which contains three formula units per unit ce
The ZrNiAl structure has a layered structure, consisting
planes of uranium atoms admixed with one-third of theT
atoms, that are stacked consecutively along thec axis, while
two adjacent uranium planes are separated from one ano
by a layer consisting of the remainingT atoms and theX
atoms; see Fig. 1. The uranium interlayer exchange coup
is relatively weak and depends sensitively on the specifiT
and X elements, which gives rise to a variety of magne
behaviors observed in the UTX compounds.1 Some of the
UTX intermetallics are ferromagnets, such as, e.g., UP
~Ref. 2!, while others exhibit unusual antiferromagne
structures, such as, e.g., UNiGa~Ref. 3!. A metamagnetic
transition from a paramagnetic state to a ferromagnetic s
has been observed4,5 in UCoAl in magnetic fields of only
0.5 T. Also URhAl, which becomes ferromagnetic atTC
527 K has received attention.1,6–10

One of the key questions to be addressed when discus
actinide compounds is the degree of localization of thef
electrons, which may range from nearly localized to pra
cally itinerant, depending on the specific compound.11,12

Since the 5f electrons are simultaneously involved in th
chemical bonding and magnetism, a broad variety of ph
cal properties may emerge from the degree of 5f localiza-
0163-1829/2001/63~20!/205111~9!/$20.00 63 2051
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tion. Also URhAl has been considered in this respect. In
polarized neutron study, magnetization-density profiles w
measured which supplied evidence of a high degree of
isotropic hybridization between the 5f and the Rh 4d
orbitals.8,9 A sizable induced moment of 0.28mB on the Rh
atom within the basal uranium plane was detected, wher
interestingly, only a very small induced moment of 0.03mB

was detected on the equally close Rh site out of the pla8

Later inelastic neutron-scattering experiments, howev
found a peak at 380 meV, which was interpreted as the
nature of an intermultiplet transition,10 promoting thus the
localized picture. The 380-meV peak occurred at the sa
energy where a uranium intermultiplet transition w
observed13 in UPd3, which is one of the uranium compound
where the 5f electrons are undoubtedly localized.

A very unusual property that was reported for URhAl
the enormous magnetocrystalline anisotropy.1,6 The suscep-

FIG. 1. The ZrNiAl-type unit cell, which is adopted by nume
ous UTX intermetallic compounds, withT a transition-metal ele-
ment andX a p element.
©2001 The American Physical Society11-1
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tibility measured at 4.2 K for a field in the basal hexagon
plane was very different from that for a field along thec axis.
Typically the former was identical to that of paramagnetic
compounds of the same structural group, such as,
URuAl.1 Even for fields up to 35 T only a moment of abo
0.1mB per formula unit could be induced in the basal plan
A linear extrapolation of the measured induced moment
4.2 K would lead to an estimated field of 1500 T needed
rotate the moment into the basal plane. At elevated temp
tures the magnetization can be forced to lie in the basal p
with much smaller fields. However, it was observed that
magnetization vanished when it was forced to lie in-plane14

The large anisotropy in the induced Rh moments that w
observed in the polarized neutron study8,9 clearly witnesses
the anisotropy of the U(5f )-Rh(4d) hybridization: A strong
hybridization occurs between the valence orbitals of the
and Rh atoms within the basal plane, but the hybridizat
between the valence orbitals of the U atom and those of
equally close Rh atom in the adjacent plane is much sma

The aim of the present study is to investigate the el
tronic properties of URhAl on the basis of first-principle
calculations. For delocalized 5f electrons, the band-structur
approach, based on the local-spin-density approxima
~LSDA!, is expected to provide an appropriate descripti
whereasf-electron materials containing localizedf electrons
tend to be better explained by specifically adapted
proaches, such as, e.g., the LSDA1U approach.15,16 Two
other electronic structure calculations for URhAl were c
ried out recently.15,17 These indicated, first, that the bondin
and magnetism are governed by the U 5f –Rh 4d
hybridization,17 and, second, that the calculated magne
optical Kerr spectrum15—based on the assumption of del
calized 5f ’s—compares reasonably well to the experimen
Kerr spectrum. In the present paper we address, in partic
those electronic properties which have not been explai
previously. These are the magnetic moments that were m
sured with polarized neutrons8,9 and with x-ray magnetic cir-
cular dichroism,14 the enormous magnetocrystalline anis
ropy energy~MAE! of approximately 41 meV per formula
unit ~cf. Ref. 1!, the measured x-ray magnetic circular d
chroism~XMCD! spectrum14 at the uraniumM4,5 edges, and
the equilibrium lattice parameter and bulk modulus.18

In the present electronic structure investigation we e
ploy the full-potential linearized-augmented-plane-wa
~FLAPW! method, as implemented inWIEN97 code,19 which
has recently been extended to include the relativistic s
orbit coupling by one of us.20 As the spin-orbit~SO! imple-
mentation is rather new, we compare our results for tes
purposes to those obtained by the relativistic augmen
spherical-wave~ASW! method,21 which is based on the
spherical potential approximation. The moments as co
puted with both methods are remarkably consistent, as
the magneto-optical Kerr spectra.

As we will point out in detail below, the comparison o
most of the calculated and experimental properties po
undoubtedly to relatively delocalized 5f states in URhAl.
One of the most interesting findings of our study is that
magnetism of URhAl is computed to be highly anisotrop
The magnetic moment of uranium, which is certainly pres
20511
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for magnetization along the hexagonal axis, behaves in
Ising-like manner,22 i.e., it practically disappears when it i
forced to lie perpendicular to it, in accordance with expe
mental observations.14 One of the consequences is a hu
computed MAE, amounting up to 34 meV per formula un
Experimentally such an anisotropic magnetic behavior w
frequently observed for UTX compounds crystalyzing in the
ZrNiAl structure ~cf. Ref. 1!, but to our knowledge it has
never been studied theoretically until now.

In the following, in Sec. II we briefly describe the imple
mentation of SO interaction in the FLAPW scheme. We th
compare the spin and orbital moments, as well as
magneto-optical Kerr effect~MOKE! spectra, as compute
with the FLAPW and ASW schemes. Subsequent to the t
ing of the relativistic FLAPW code, in Sec. III we prese
our results for the equilibrium lattice parameter, the bu
modulus, the XMCD spectrum, and the MAE. Conclusio
are formulated in Sec. IV.

II. COMPUTATIONAL METHOD

A. Implementation of the SO interaction

Here we briefly outline the treatment of the SO interacti
in the FLAPW scheme, which is a crucial element in o
study of URhAl. The FLAPW method, as implemented
the WIEN97 code,19 was used in the present work. The sta
dard LAPW basis with wave functions expanded into sphe
cal harmonics inside the atomic spheres and plane wave
the interstitial space, is employed~see, e.g., Ref. 23!. The
starting radial basis functions inside the atomic spheres
obtained as scalar-relativistic solutions of the Dirac equat
in the spherical part of the effective potential. The SO co
pling is included subsequently via the second variational s
approach.24 In the first step of this approach, the scala
relativistic part of the Hamiltonian is diagonalized on a ba
adopted for each of the spin projections separately. In
second step the full Hamiltonian matrix is constructed on
basis of eigenfunctions of the first step Hamiltonian. Only
limited number of eigenstates of the first step Hamiltonian
necessary to construct the basis used in the second ste
the present implementation the size of the second step b
is controlled by an energy cutoff, so that its influence up
the results can be checked. The main approximation of
approach comes from the fact that the initial basis functio
are constructed from the scalar-relativistic Hamiltonian
stead of the fully relativistic Hamiltonian. This does not le
to substantial errors, because the second variational appr
has been shown to yield results that are in good agreem
with those of fully relativistic calculations.25

We neglect the SO coupling in the interstitial space. Al
for the SO coupling we consider only the spherical part
the effective potentialV in the atomic spheres. The SO pa
of the Hamiltonian in the spheres is then given by

Hso5hso~r ! l̂•ŝ, hso~r !5
\

~2Mc!2

1

r

dV

dr
, ~1!

whereM is the relativistically enhanced electron mass:
1-2
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M5m1
«2V

2c2
. ~2!

The contribution of a given atomic sphere to the SO ma
element is given by

^ i uHsou j &5 (
l ,m,s,k

m8,s8,k8

almsk* ~ i !alm8s8k8~ j !^Rls
(k)uhsouRls8

(k8)&

3^Ylmxsu l̂•ŝuYlm8xs8&. ~3!

almsk( i ) are the expansion coefficients of the functioni in
the spherical harmonics basis. Indicesl , m, and m8 corre-
spond to the orbital quantum numbers,s ands8 run over the
two spin projections, andk andk8 denote the radial function
for a given expansion energy, the energy derivative of
radial function and the local orbital radial function~if used!.
Rls is the large component of the corresponding rad
function.24 For further details, we refer to Ref. 20.

For magnetic systems the direction of the magnetiza
with respect to the crystal coordinate system is treated a
input parameter. It is assumed that the exchange field is
directional, i.e., the arrangement of the spin moments
each atomic site is collinear. The selectable magnetiza
direction is facilitated by rewriting the scalar productl̂•ŝ
as26

l̂•ŝ5ŝzS l̂ z cosu1
1

2
l̂ 1e2 if sinu1

1

2
l̂ 2eif sinu D

1
1

2
ŝ1S 2 l̂ z sinu2 l̂ 1e2 if sin2

u

2
1 l̂ 2eif cos2

u

2D
1

1

2
ŝ2S 2 l̂ z sinu2 l̂ 1e2 if cos2

u

2
1 l̂ 2eif sin2

u

2D ,

~4!

whereu and f are azimuthal and polar angles of the ma
netization in the rectangular crystal coordinate system. T
feature allows us to study the dependence of the total en
on the exchange-field direction, which is a common meth
to determine the easy magnetization axis and MAE.27

B. Symmetry considerations

In magnetic systems the spin-orbit coupling causes r
tions in the coordinate and the spinor space to be no lon
independent as they are for the scalar-relativistic Ham
tonian. The symmetry is thereby reduced to at mos
uniaxial one along the exchange-field direction, which m
possibly increase the number of crystallographic nonequ
lent atomic positions. A second consequence is that the
inversion and operations inverting the exchange field bel
no longer to the symmetry group of the Hamiltonian, ho
ever, their combinations still do. This must properly be tak
into account when symmetry is employed to generate eig
functions in the symmetry coupledk points. In the case o
URhAl, whose Fe2P crystal structure has no inversion sym
metry, this aspect is of particular relevance. An immedi
20511
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outcome of the symmetry considerations is that, in syste
without inversion symmetry, thek-space symmetry group
differs from the point group of the effective potential. This
illustrated by the example

Rte
ik•rfk~r !5e2 iRk•rfk* ~R21r !5e2 iRk•rf2Rk~r !, ~5!

whereRt5Rst is a combined operation of a space rotati
R and the time inversiont, and the spinor part is not show
for the sake of simplicity. The consequence of Eq.~5!—for
systems without inversion symmetry—is that, whileR be-
longs to the symmetry group of the charge density and
potential, it is 2R that belongs to thek-space symmetry
group.

III. TESTS AND RESULTS

A. Numerical aspects

In all FLAPW calculations, a regular sampling of the Bri
louin zone with 838k points was used while the sets o
irreduciblek points were chosen according to the symme
imposed by the crystal structure and the exchange-field
rection. For the exchange field along thec axis, an irreduc-
ible part of 1/12th Brillouin zone was used, which was e
larged to the 1/4th Brillouin zone when the exchange fi
was along thea axis, corresponding to the reduced symme
of the system. The LSDA exchange-correlation param
terization of Perdew-Wang~Ref. 28! was adopted. We used
total amount of about 1260 basis functions. The uraniums
and 6p states and rhodium 4p and aluminum 2p states were
treated as local orbitals. Approximately 200 functions we
used as a basis for the second variational step Hamilton
We found that an energy cutoff, which determines the size
the second step basis, of about 1 Ry above the Fermi l
and the orbital momentum cutoffl 54 in Eq. ~3! are suffi-
cient for a calculation of the ground-state properties in m
systems.

B. Magnetic moments

To probe the SO implementation, we compute the s
and orbital moments on each atom in URhAl, and comp
these to moments computed with the ASW scheme. The
culated moments on the uranium site and on the two
equivalent rhodium sites for the magnetization along thc
axis, as obtained by the two methods, are shown in Tab
In the ASW calculation 288k points in the 1/12th irreducible
part of the Brillouin zone were used. The SO coupling
treated in a second variational manner in the ASW sche
For the exchange-correlation potential the parametrizatio
von Barth and Hedin29 has been applied. Theab initio com-
puted moments are found to be remarkably consistent
spite of the quite different construction of the FLAPW an
ASW basis sets and the spherical-potential versus f
potential approach. The difference per computed individ
moment is less than 0.044mB . The spin moments obtaine
by the FLAPW method are slightly less than those of t
ASW method, which can be explained by different sphe
radii being used. The FLAPW atomic spheres do not over
and there is an interstitial contribution to the spin moment
1-3
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TABLE I. The spin magnetic moments (Ms) and orbital moments (Ml) of the individual atoms in URhAl
in mB , as calculated by the FLAPW and ASW methods. For comparison the experimental mome
obtained from neutron diffraction experiments~Ref. 8! and the XMCD spectrum~Ref. 14! are also given.

ASW FLAPW Neutr. Expt. XMCD
Ms Ml Ms Ml Ms Ml Ml

U 1.238 21.629 1.215 21.585 1.16 22.10 21.6360.14
Rh~I! 20.032 0.014 20.048 0.009 0.28
Rh~II ! 20.043 20.010 20.074 20.012 0.03
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0.379mB per unit cell, while the ASW atomic spheres fill th
space entirely and the whole spin density is distributed
tween them. The total spin moments per formula unit o
tained by the two methods differ by 0.077mB . The good
agreement obtained for the moments supports the faultl
ness of the SO implementation in the FLAPW code. T
further illustrates that, for this relatively closed packed m
terial, the nonspherical potential does not have a signific
influence upon the moments.

A previous calculation17 of the spin and orbital moment
of URhAl yielded very different values: a 5f spin ~orbital!
moment of 0.26mB (20.10mB , respectively! on uranium
was obtained, and an averaged spin ~orbital! moment of
20.02mB (20.003mB , respectively! on Rh. These moment
do not compare favorably with our calculated moments,
with the experimental moments. It was therefore propose
Ref. 17 that a high-moment state exists in URhAl, which h
a total energy close to the low-moment state.

In Table I we also list the experimental moments as
termined from neutron-diffraction experiments8 and from the
XMCD spectrum,14 using the XMCD sum rule for the orbita
moment.30 While the two calculations are in close correspo
dence with one another, the same cannot be said of the
experiments, for which the orbital moments differ by 0
mB . The origin of this discrepancy in the uranium orbit
moment is unknown. However, it should be mentioned t
the XMCD sum rule is based on an atomic model, in wh
a theoretical 5f occupation number enters by its applicatio
From the XMCD spectrum a high ratio of the orbital an
spin moment was deduced, which was put forward as
dence of fairly localized 5f states.14 The neutron-diffraction
experiments, on the other hand, yielded a smaller ratio,
consequently, it was concluded that there is substantiaf
hybridization.8 The calculated spin moment on U compar
well to that obtained from neutron scattering, but not to t
which follows from the XMCD spectrum. From the macr
scopic total moment7 of 0.94mB a spin moment of only
(0.6960.14)mB was obtained in Ref. 14, which is conside
ably smaller than the computed uranium spin moment. T
calculated orbital moment seems, at first sight, to be clos
the XMCD orbital moment, but the common experience
tablished by LSDA calculations for actinide materials is th
the LSDA underestimates the orbital moment.12

To correct the underestimation of the orbital moment
the LSDA, the orbital polarization~OP! correction has been
proposed.31 The additional OP term in the Kohn-Sham equ
tion enlarges the orbital moment,12 and we anticipate tha
application of the OP to URhAl would bring the computed
20511
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orbital moment in better agreement with that measured in
polarized neutron study. Future investigations with a pr
ently being developed OP code are envisaged.

The neutron-diffraction experiments8,9 allocated a rather
large induced magnetic moment on the Rh~I!, which is the
Rh atom within the uranium plane~see Fig. 1!. The large
induced moment of 0.28mB was considered as evidence
U 5 f –Rh 4d hybridization.8 A similarly large Rh~I! moment
does not follow from our calculations. Instead, both Rh
oms are computed to be only slightly polarized with a sp
polarization opposite to that of the uranium~see Table I!. We
can not explain this difference at present. One aspect
deserves to be mentioned is that an additional negative
moment contribution of20.11mB has been observed exper
mentally, which was attributed to conduction electron8

While apparently further studies of URhAl are desirable, o
present calculations at least provide consistent values for
moments given by LSDA band-structure theory.

C. Magneto-optical Kerr effect

A second, experimentally accessible quantity that depe
crucially on the SO interaction is the MOKE.32 The
magneto-optical Kerr rotationuK and Kerr ellipticity«K are
related to the optical conductivity tensorsab via the expres-
sion

uK1 i eK'2
sxy

sxx
S 11

4p i

v
sxxD 21/2

, ~6!

which is valid for Kerr angles and Kerr ellipticities of up t
a few degrees.33 The conductivity tensor can conveniently b
calculated from its linear-response theory expression:

sab~v!5
ie2

m2\V
(

en.eF
em,eF

1

vnm

3S Pmn
a Pnm

b

v2vnm1 id
1

Pnm
a Pmn

b

v1vnm1 id D . ~7!

Here V is the unit-cell volume,\vnm is the energy differ-
ence en2em , and Pnm is the momentum matrix elemen
between the occupied statesm and unoccupied statesn. The
parameterd accounts for the spectral broadening due to fin
lifetime effects. Its determination from first principles is b
yond the scope of the present single-particle approach,
therefore it is treated as a phenomenological parameter. N
1-4
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to the optical interband conductivity spectra as given by
~7!, an intraband contribution of the Drude form should
added to the diagonal elements of the conductivity ten
~see, e.g., Ref. 34!. For technical details of the evaluation o
the conductivity tensor, we refer to Refs. 34 and 35.

The MOKE spectra, as obtained by the FLAPW and AS
methods, are compared to the experimental data36 in Fig. 2.
In the FLAPW calculation we used the same number ok
points as in the self-consistency procedure, whereas
second-variational-step energy cutoff was increased
2.5 Ry above the Fermi level, in order to describe better
relevant high-energy states. We checked that increasing
number ofk points by a factor of 4, and raising the ener
cutoff to 4 Ry above the Fermi level, left the spectra virtua
unchanged. The intraband Drude contribution with plas
frequency\vP53.1 eV ~calculated! was added to the diag
onal elements of the conductivity tensor. Lifetime broade
ings d50.4 and 0.6 eV were used for the interband a
intraband transitions, respectively. Figure 2 shows tha
good agreement between the MOKE spectra of the two
ferent computational schemes is present over the whole
ergy range. Consequently, the studied SO-sensitive qua
is identically reproduced by bothab initio schemes. Below
4-eV photon energy, the theoretical MOKE spectra satisf
tory describe both the shape and magnitude of the meas
spectra. Above 4 eV there occurs a deviation of the ca
lated spectra from the experimental ones of Kucˇera et al.36

The gratifying correspondence of experimental MOKE a
LSDA calculations applicable for delocalized 5f ’s, suggests
a relatively delocalized nature of the 5f ’s in URhAl. Optical
spectra that are computed adopting localizedf states are gen

FIG. 2. The polar Kerr rotationuK and Kerr ellipticity «K for
magnetization direction along thec axis of URhAl. The experimen-
tal data~Ref. 36! are given by the symbols, the theoretical spec
as calculated by the FLAPW scheme by the solid line, and th
calculated by the ASW scheme by the dashed line.
20511
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erally quite different from spectra computed for the sa
material, but assuming delocalizedf states.37

D. Equilibrium volume and bulk modulus

Ground-state properties, such as the lattice parameter
bulk modulus, are generally expected to be adequately
scribed by the LSDA density-functional formalism. Also fo
actinide compounds this is expected, provided the itiner
approach to the 5f ’s is warranted. We have determined th
equilibrium volume and bulk modulus of URhAl by mini
mizing the total energy. For URhAl this is a computationa
demanding task, because the unit cell contains n
atoms and there are three free internal parame
@c/a,x(U),x(Al) #. In order to reduce the numerical effor
the total energies for a given unit-cell volume have be
calculated at the experimental lattice parameters as obta
from pressure measurements.18 The structural parameter
x(U) and x(Al) have also been fixed at the experimen
atomic positions, but we checked that the calculated ato
forces are quite small and thus the positions are presum
not influenced much by the volume change. The calcula
total energy vs unit-cell volume has been fitted with the st
dard Murnaghan equation of state, from which we obtain
equilibrium volume and the bulk modulusB. This procedure
has been carried out both for scalar-relativistic and relativ
tic FLAPW calculations; see Fig. 3. The scalar-relativis
FLAPW calculation yields an equilibrium volume o
Vth /Vexpt50.957 and a bulk modulusB5157 GPa. The lat-
ter value should be compared to the experimental valuB
5175 GPa. When SO coupling is included, the respec
values areVth /Vexpt50.962 andB5181 GPa~see Fig. 3!,
which compare favorably with the experimental values18

The inclusion of SO coupling obviously has a non-negligib
influence on the cohesive properties. We also mention
we have found that the orbital moment decreases faster
the spin moment, with an applied pressure up to 8 GPa.
total uranium moment at 8 GPa is thereby reduced to m
than 50% of the ambient pressure value. It would be of
terest to test this finding experimentally.

E. Magnetocrystalline anisotropy

One of the interesting results of our study is that the m
netism of URhAl is calculated to be Ising-like, i.e., the ma
netic moment practically disappears when the magnetiza
is forced to lie in the basal plane. A similar looking behavi
exists for some rare-earth ions~e.g., Dy31 in C3h symmetry!,
where the combination of SO coupling and the axial crys
field selects, as the ground state, a Kramers doubletuJ,MJ
56J&, which is split when the magnetic field is along th
symmetry axis, but remains nonmagnetic when the field
perpendicular to the axis.22

In our calculations we started from the magnetic solutio
and constrained the exchange field along thea axis. The
iterative procedure leads to a practically nonmagnetic s
consistent solution with all spin and orbital moments le
than 0.02mB . The very same behavior was observed expe
mentally on a URhAl single crystal in an external field.14 In
order to analyze the reason for such strongly anisotropic

e

1-5



tie
th

he
r

t t
ex
at
e
th
ep

e
-

ro
e
-
ap
-

th

e
ed

ge
tic

the

s

e
ex-

ng
-
-
e
een
the
etic
ior
ag-

e
al-
e

sis
e
e
an-
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havior, we first consider the uranium site projected densi
of the 5f states. The densities of states projected on
relativistic j 55/2 and 7/2 basis are shown in Fig. 4. T
relativistic SO splitting of about 1 eV is clearly visible fo
both orientations of the exchange field. This suggests tha
strength of the SO interaction is superior to that of the
change interaction. Next we consider the densities of st
projected on theYlmxs basis for both orientations of th
exchange field, which are shown in Fig. 5. The sizes of
SO and exchange splitting can be estimated from the s
ration of 5f 23↑ and 5f 3↑ states and 5f 23↑ and 5f 3↓ states,
respectively. It is apparent from Fig. 5~b! that the peak in the
density of states located just below the Fermi level is form
predominantly by 5f 23↑ and 5f 3↓ states located in the ura
nium planes. Their orbital counterparts 5f 3↑ and 5f 23↓ are
pushed up by the SO interaction to energies that are app
mately 1 eV higher. If we now consider the stability of th
nonmagnetic state in Fig. 5~b! with respect to the perturba
tion by an exchange field, we see readily that in a first
proximation the 5f 23↑ and 5f 3↓ states are split by the ex
change field collinearly with thec axis, while no splitting is
induced by the exchange field perpendicular to thec axis. In
the latter case an exchange-field-induced mixing of
5 f 23↑ and 5f 3↓ states with the 5f 3↑ and 5f 23↓ states, or
with states of different magnetic quantum numbers, is n
essary for any splitting. The former possibility is prevent

FIG. 3. The LSDA total energy of URhAl as a function of th
ratio V/Vexpt. Total energies obtained from scalar-relativistic c
culations are shown in~a!, and those obtained upon including th
SO coupling are shown in~b!. The lines are guides to the eyes.
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by the strong SO coupling. The latter would require a chan
in the hybridization. The fact that we obtain a nonmagne
solution for the exchange field constrained along thea axis
shows that exchange splitting can prevail over neither of
two above-mentioned possibilities.

Although the anisotropic ferromagnetism in URhAl look
similar to the above-mentioned Ising behavior22 of rare-earth
ions, its physical origin is different. For URhAl both th
strong SO coupling and the hybridization prevent the
change splitting for the field along thea axis. While the SO
coupling is equally large for all U compounds, the stro
hybridization is typical for the Fe2P structure. This very an
isotropic crystal structure~see Fig. 1! imposes a very aniso
tropic hybridization, where the U-U and U-Rh bonding in th
basal plane is much stronger than the U-Rh bonding betw
adjacent planes. Thus the anisotropic hybridization of
5 f ’s is essential for an explanation of the unusual magn
feature. An equivalent anisotropic magnetization behav
has, to our knowledge, never been computed for a ferrom

FIG. 4. The projected densities of states in the relativistic ba
for c-axis ~a! anda-axis ~b! orientations of the exchange field. Th
solid line denotes the total 5f 5/2 density of states and the dotted lin
the total 5f 7/2 density of states. Note that, for both cases, the qu
tization axis is along the crystallographicc axis.
1-6



la
n-
a
e
pi
o
as

a
E
a
n
he
lie

lie
o
a

th

on-
rly

e
r-

ed,
and
x-

ti-
l

ore
the
l

and
.
e

ti

in
hi

the

y

MAGNETIC, MAGNETO-OPTICAL, AND STRUCTURAL . . . PHYSICAL REVIEW B 63 205111
netic material. We note, for comparison, that simi
calculations38 were performed for the layered transitio
metal compounds CoPt and FePt, which belong to the m
netically hardest transition-metal materials. The spin mom
in these materials was computed to be completely isotro
whereas the orbital moment exhibited only a slight anis
ropy, and a MAE of up to about 3 meV per formula unit w
computed.38 While such a value is commonly regarded as
very large MAE, for URhAl we compute an enormous MA
of 34 meV per formula unit. The strong SO coupling of ur
nium obviously contributes decisively to the huge MAE. A
experimental value for the MAE can be obtained from t
magnetization curves, which were measured for app
fields of up to 35 T along thec and a axes, respectively.1

Assuming the magnetization curve to be linear in the app
field above 35 T, we have deduced an experimental MAE
41 meV per formula unit. In spite of the fact that no extern
magnetic field is introduced in the calculation, and so

FIG. 5. Densities of states projected on the nonrelativis
u l ,m,s& basis forc-axis ~a! and a-axis ~b! orientations of the ex-
change field. The arrows denote the spin projections. The 5f 23

states are depicted by the shaded area, the 5f 3 states by the thick
line, and the total 5f densities by the thin line, each for a given sp
projection. The quantization axis is along the crystallograp
c-axis.
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theoretically studied system is not in the experimental c
ditions, the computed and experimental MAE’s agree fai
well with one another.

F. X-ray magnetic circular dichroism

XMCD is a relatively new magneto-optical tool for th
investigation of ferromagnetic materials. Its theoretical fo
mulation is identical to that of the Faraday~or Kerr! effect,
except that in XMCD core-valence excitations are creat
whereas in the optical Faraday or Kerr effect valence-b
excitations are involved. In x-ray-absorption and XMCD e
periments, one measures the absorption coefficientsa6 for
the two circular polarizations of the x rays, parallel or an
parallel to the magnetization.a6 are related to the optica
conductivity tensor:

a6'
4p

c
Re~sxx6 isxy!. ~8!

Due to the localized, non-dispersive character of the c
states, we use different techniques for the evaluation of
optical conductivity@Eq. ~7!# in the valence-band spectra
range and in the x-ray spectral range.40

The measured and calculated x-ray absorption
XMCD spectra at the uraniumM4,5 edges are shown in Fig
6. TheM4,5 peaks arise dominantly from transitions from th

c

c

FIG. 6. Isotropic absorption spectrum~curves in the top figures!
and XMCD spectrum~bottom figures! of the uraniumM4,5 edges.
Theab initio calculated spectra are shown by the solid line, and
experimental spectra~Ref. 14! by the dotted line. Note that the
XMCD spectra at theM5 and M4 edges have been multiplied b
factors of 10 and 4, respectively.
1-7
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3d3/2 and 3d5/2 core states to the 5f valence states. While th
splitting of theM4,5 edges follows from the FLAPW calcu
lation, the onset energy of theM5 edge has been adjusted b
hand. The theoretical spectra have been broadened w
Lorentzian of 3-eV width. The calculated spectra quali
tively reproduce the experimental ones. However, sev
differences can be observed. While the ratios of theM4,5
absorption peaks are very similar, the experimental pe
deviate from the Lorentzian shape, which is likely caused
an energy dependence of the quasiparticle lifetime, whic
not taken into account in the calculation. The major discr
ancy between the calculation and experiment is the siz
theM4 XMCD peak. To quantify this discrepancy we calc
lated the difference between theoretical and experimenta
tegrated XMCD peaks. For theM4 edge this difference is
18% of the experimental XMCD spectra integrated over b
edges, while in the case of theM5 edge it is only 8%. As the
integrated XMCD signal is proportional to the orbit
moment30 this discrepancy could be related to an undere
mation of the orbital moment by LSDA-based computatio
methods. This would imply that the orbital moment obtain
using the XMCD sum rule is underestimated. In order
confirm this we applied the XMCD sum rule to the theor
ical spectra using the calculated 5f occupation of 2.5. While
the calculated uranium orbital moment is21.59mB , the
XMCD sum rule yields an orbital moment of21.36mB .
This discrepancy is too large to be explained by a variat
of the occupation number or the contribution of thed states
to the orbital moment. It thus appears that an application
the sum rule to URhAl leads to an underestimation of
orbital moment.

The XMCD spectra can be understood qualitatively fro
the partial densities of states; see Fig. 5. The major con
bution to the absorption at theM4 edge stems from optica
transitions to 5f 3↓ states~the 5f 23↑ states are occupied!,
resulting in a single-peak structure of this part of the XMC
spectrum. The major contribution to the absorption at theM5
edge stems from transitions to 5f 3↑ and 5f 23↓ states, which
are both unoccupied, resulting in two peaks of an oppo
sign in the XMCD spectrum. As the separation of the pe
is smaller than the typical lifetime broadening, the pea
cancel each other to a large extent, thus leading to a m
smaller signal than obtained at theM4 edge.

IV. CONCLUSIONS

We have probed the recent implementation of the SO
teraction in the FLAPW scheme by computing the mome
and magneto-optical Kerr spectra of URhAl, and compar
these quantities to results obtained with the ASW sche
The obtained agreement between the quantities comp
with the two schemes can be regarded as outstanding.

Second, we have calculated several electronic prope
of URhAl, in order to investigate the degree of 5f electron
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localization in URhAl. Two previous experimenta
investigations8,9 suggested rather delocalized 5f ’s, but two
more recent experiments10,14 put forward evidence of a high
degree of 5f localization. Our study exemplifies that th
electronic properties of URhAl are very well explained b
LSDA-based calculations, in which the 5f ’s are treated as
itinerant. In particular, the magneto-optical Kerr effect, eq
librium volume, bulk modulus, MAE, and magnetocrysta
line anisotropy of the uranium moment are satisfactory
scribed. Somewhat less well explained are the XMC
spectrum and the uranium orbital moment, which might
connected to the insufficient treatment of OP within t
LSDA.12 The delocalized description furthermore reproduc
the anomalous magnetic anisotropy that has been obse
for URhAl ~Ref. 14! and for other uranium intermetallic
compounds that belong to the same structural group.1 Con-
nected with the anomalous magnetic Ising-like behavior is
enormous computed MAE of 34 meV/formula unit, com
pared to an experimental MAE of 41 meV/formula un
These values considerably outrange all the MAE’s that
known for transition-metal compounds, and are also th
times larger than the MAE’s that were recently computed
the cubic uranium monochalcogenides.39 The origin of the
large magnetic anisotropy rests in the strong SO interac
of uranium and the particular hybridization, which is typic
of the very anisotropic crystal structure, that cannot be ov
come by an exchange field along thea axis. To understand
better the detailed relationship between the crystal struc
and the anisotropic hybridization we are presently perfor
ing calculations for other isostructural UTX compounds.

Note added in proof.After this paper was accepted fo
publication, we performed new calculations of the electro
structure of various UTX compounds. For URhAl we found
that beside the self-consistent solution forM i@100#, as dis-
cussed above, a second self-consistent solution for this d
tion of M exists, which possesses a lower total energy. T
solution has a spin moment which is only slightly reduc
relative to the moment of the@001# orientation. The magne
tocrystalline anisotropy energy remains large, with thec-axis
being the easy axis. A full description of this finding will b
addressed in a subsequent paper.
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