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Magnetic, magneto-optical, and structural properties of URhAI from first-principles calculations
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We present a first-principles investigation of the electronic properties of the intermetallic uranium compound
URhAI. 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
uraniumM 4 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 tHés5n URhAI.
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[. INTRODUCTION tion. Also URhAI has been considered in this respect. In a
polarized neutron study, magnetization-density profiles were
The group of ternary uranium intermetallics with compo- measured which supplied evidence of a high degree of an-
sition UTX, whereT is a transition metal and ap element,  isotropic hybridization between thef5and the Rh 4
has recently attracted attentidfor a review, see Ref.)L  orbitals®® A sizable induced moment of 0.2 on the Rh
Most of the intermetallics of this composition crystallize in atom within the basal uranium plane was detected, whereas,
the hexagonal ZrNiAl structurésometimes called the e interestingly, only a very small induced moment of Qu@3
structurg, which contains three formula units per unit cell. was detected on the equally close Rh site out of the plane.
The ZrNiAl structure has a layered structure, consisting of_ater inelastic neutron-scattering experiments, however,
planes of uranium atoms admixed with one-third of the found a peak at 380 meV, which was interpreted as the sig-
atoms, that are stacked consecutively alongcthgis, while  nature of an intermultiplet transitiod, promoting thus the
two adjacent uranium planes are separated from one anothiocalized picture. The 380-meV peak occurred at the same
by a layer consisting of the remainiif atoms and theX  energy where a uranium intermultiplet transition was
atoms; see Fig. 1. The uranium interlayer exchange couplingbserved® in UPd;, which is one of the uranium compounds
is relatively weak and depends sensitively on the spetific where the % electrons are undoubtedly localized.
and X elements, which gives rise to a variety of magnetic A very unusual property that was reported for URhAI is
behaviors observed in theTX compounds. Some of the the enormous magnetocrystalline anisotrépyThe suscep-
UTX intermetallics are ferromagnets, such as, e.g., UPtAI
(Ref. 2, while others exhibit unusual antiferromagnetic
structures, such as, e.g., UNiGRef. 3. A metamagnetic
transition from a paramagnetic state to a ferromagnetic statt
has been observédin UCoAIl in magnetic fields of only
0.5T. Also URhAI, which becomes ferromagnetic B¢
=27K has received attentidrf°
One of the key questions to be addressed when discussin
actinide compounds is the degree of localization of tlie 5
electrons, which may range from nearly localized to practi-
cally itinerant, depending on the specific compothtf
Since the $ electrons are simultaneously involved in the  FIG. 1. The ZrNiAl-type unit cell, which is adopted by numer-
chemical bonding and magnetism, a broad variety of physieus UTX intermetallic compounds, witfi a transition-metal ele-
cal properties may emerge from the degree bfl&caliza-  ment andX a p element.
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tibility measured at 4.2 K for a field in the basal hexagonalfor magnetization along the hexagonal axis, behaves in an
plane was very different from that for a field along thaxis.  Ising-like mannef? i.e., it practically disappears when it is
Typically the former was identical to that of paramagnetic Uforced to lie perpendicular to it, in accordance with experi-
compounds of the same structural group, such as, e.gnental observation¥. One of the consequences is a huge
URUAL* Even for fields up to 35T only a moment of about computed MAE, amounting up to 34 meV per formula unit.
0.1ug per formula unit could be induced in the basal plane. Experimentally such an anisotropic magnetic bghaylor was
A linear extrapolation of the measured induced moments dfedquently observed for UX compounds crystalyzing in the
4.2K would lead to an estimated field of 1500 T needed toZ'NiAl structure (cf. Ref. 1, but to our knowledge it has
rotate the moment into the basal plane. At elevated temperdiever been studied theoretically until now. _

tures the magnetization can be forced to lie in the basal plane [N the following, in Sec. Il we briefly describe the imple-
with much smaller fields. However, it was observed that thenentation of SO interaction in the FLAPW scheme. We then
magnetization vanished when it was forced to lie in-plghe. compare the spin and orbital moments, as well as the
The large anisotropy in the induced Rh moments that wa§'agneto-optical Kerr effedtMOKE) spectra, as computed
observed in the polarized neutron stBidylearly witnesses With the FLAPW and ASW schemes. Subsequent to the test-
the anisotropy of the U(§-Rh(4d) hybridization: A strong N9 of the relativistic FLAPW code_, in Sec. Ill we present
hybridization occurs between the valence orbitals of the LPUr results for the equilibrium lattice parameter, the bulk
and Rh atoms within the basal plane, but the hybridizatiofnodulus, the XMCD spectrum, and the MAE. Conclusions
between the valence orbitals of the U atom and those of thare formulated in Sec. IV.

equally close Rh atom in the adjacent plane is much smaller.

The aim of the present study is to investigate the elec- Il. COMPUTATIONAL METHOD
tronic properties of URhAI on the basis of first-principles . . .
calculations. For delocalizedf%lectrons, the band-structure A. Implementation of the SO interaction

approach, based on the local-spin-density approximation Here we briefly outline the treatment of the SO interaction
(LSDA), is expected to provide an appropriate descriptionjn the FLAPW scheme, which is a crucial element in our
whereadf-electron materials containing localizéetlectrons  study of URhAI. The FLAPW method, as implemented in
tend to be better explained by specifically adapted apthe wieng7 code!® was used in the present work. The stan-
proaches, such as, e.g., the LSPA approacH>'® Two  dard LAPW basis with wave functions expanded into spheri-
other electronic structure calculations for URhAI were car-cal harmonics inside the atomic Spheres and p|ane waves in
ried out recently>* These indicated, first, that the bonding the interstitial space, is employddee, e.g., Ref. 23 The
and magnetism are governed by the 13HRh4d  starting radial basis functions inside the atomic spheres are
hybridization;” and, second, that the calculated magnetopbtained as scalar-relativistic solutions of the Dirac equation
optical Kerr spectruii—based on the assumption of delo- in the spherical part of the effective potential. The SO cou-
calized §’s—compares reasonably well to the experimentalpling is included subsequently via the second variational step
Kerr spectrum. In the present paper we address, in particulagpproactf* In the first step of this approach, the scalar-
those electronic properties which have not been explainegklativistic part of the Hamiltonian is diagonalized on a basis
previously. These are the magnetic moments that were meadopted for each of the spin projections separately. In the
sured with polarized neutrofi$and with x-ray magnetic cir-  second step the full Hamiltonian matrix is constructed on the
cular dichroism* the enormous magnetocrystalline anisot-basis of eigenfunctions of the first step Hamiltonian. Only a
ropy energy(MAE) of approximately 41 meV per formula |imited number of eigenstates of the first step Hamiltonian is
unit (cf. Ref. 1), the measured x-ray magnetic circular di- necessary to construct the basis used in the second step. In
chroism(XMCD) spectrum’ at the uraniunM, s edges, and  the present implementation the size of the second step basis
the equilibrium lattice parameter and bulk moduttis. is controlled by an energy cutoff, so that its influence upon
In the present electronic structure investigation we emthe results can be checked. The main approximation of this
ploy the full-potential linearized-augmented-plane-waveapproach comes from the fact that the initial basis functions
(FLAPW) method, as implemented imEN97 code;® which  are constructed from the scalar-relativistic Hamiltonian in-
has recently been extended to include the relativistic spinstead of the fully relativistic Hamiltonian. This does not lead
orbit coupling by one of u&’ As the spin-orbitSO) imple-  to substantial errors, because the second variational approach
mentation is rather new, we compare our results for testinfas been shown to yield results that are in good agreement
purposes to those obtained by the relativistic augmentedwith those of fully relativistic calculation®’
spherical-wave(ASW) method?" which is based on the  We neglect the SO coupling in the interstitial space. Also,
spherical potential approximation. The moments as comfor the SO coupling we consider only the spherical part of
puted with both methods are remarkably consistent, as ange effective potentiaV/ in the atomic spheres. The SO part

the magneto-optical Kerr spectra. of the Hamiltonian in the spheres is then given by
As we will point out in detail below, the comparison of

most of the calculated and experimental properties points A 1dv
undoubtedly to relatively delocalizedf Sstates in URhAI. Heo=heo(r) 1- 0, he(r)= ——— = —,
One of the most interesting findings of our study is that the (2Mc)?2 1 dr
magnetism of URhAI is computed to be highly anisotropic.

The magnetic moment of uranium, which is certainly presentvhereM is the relativistically enhanced electron mass:

@
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e—V outcome of the symmetry considerations is that, in systems
M=m+—-. (2)  without inversion symmetry, thé&-space symmetry group
2¢c differs from the point group of the effective potential. This is
The contribution of a given atomic sphere to the SO matrixliustrated by the example
element is given by RTe‘k"¢>k(r)=e‘iRk'r¢:(R‘1r)=e‘iRk'r¢,Rk(r), 5)
iIH_ )= a*  (Narro (IVR®Ih R(K,’) whereR,=RO 7 is a combined operation of a space rotation
(i[Hsdli) |,m2 imsx(Dam s (DR sl Rig: ) R and the time inversiom, and the spinor part is not shown
m',s’,x’ for the sake of simplicity. The consequence of Es—for
~ oA systems without inversion symmetry—is that, whiRebe-
><<Ylm)(s||'0'|Ylm’)('s’>- 3 y y y

longs to the symmetry group of the charge density and the
ams(i) are the expansion coefficients of the functiom potential, it is —R that belongs to thé-space symmetry
the spherical harmonics basis. Indidesn, andm’ corre-  group.
spond to the orbital quantum numbessands’ run over the
two spin projections, ang andk’ denote the radial function . TESTS AND RESULTS
for a given expansion energy, the energy derivative of the
radial function and the local orbital radial functicif used.
Ris is the large component of the corresponding radial In all FLAPW calculations, a regular sampling of the Bril-
function?* For further details, we refer to Ref. 20. louin zone with 838k points was used while the sets of
For magnetic systems the direction of the magnetizatiorirreduciblek points were chosen according to the symmetry
with respect to the crystal coordinate system is treated as emposed by the crystal structure and the exchange-field di-
input parameter. It is assumed that the exchange field is uniection. For the exchange field along tbexis, an irreduc-
directional, i.e., the arrangement of the spin moments oilible part of 1/12th Brillouin zone was used, which was en-
each atomic site is collinear. The selectable magnetizatiofarged to the 1/4th Brillouin zone when the exchange field
direction is facilitated by rewriting the scalar proddcts ~ Wwas along the axis, corresponding to the reduced symmetry
as of the system. The LSDA exchange-correlation parame-
terization of Perdew-Wan(@Ref. 28 was adopted. We used a
total amount of about 1260 basis functions. The uranim 6
and & states and rhodiumptand aluminum P states were
treated as local orbitals. Approximately 200 functions were
used as a basis for the second variational step Hamiltonian.
We found that an energy cutoff, which determines the size of
the second step basis, of about 1 Ry above the Fermi level

A. Numerical aspects

U .1
I-o=0,| |,cosf+ §I+e*'¢sm0+il,e"f’sm0

N|

- A A . 0 . . 0
+ = +<—Izsin0—l+e"¢sin2§+le'¢co§§)

N sing—T.e-14co2l+1 adsipl and the orbital momentum cutof=4 in Eq. (3) are suffi-
2" z * 2 2)’ cient for a calculation of the ground-state properties in most
systems.
@ ¥
where ¢ and ¢ are azimuthal and polar angles of the mag- B. Magnetic moments

netization in the rectangular crystal coordinate system. This
feature allows us to study the dependence of the total energ
on the exchange-field direction, which is a common metho
to determine the easy magnetization axis and MAE.

To probe the SO implementation, we compute the spin
nd orbital moments on each atom in URhAI, and compare
these to moments computed with the ASW scheme. The cal-
culated moments on the uranium site and on the two in-
equivalent rhodium sites for the magnetization along ¢he
axis, as obtained by the two methods, are shown in Table I.

In magnetic systems the spin-orbit coupling causes rotain the ASW calculation 288 points in the 1/12th irreducible
tions in the coordinate and the spinor space to be no longgrart of the Brillouin zone were used. The SO coupling is
independent as they are for the scalar-relativistic Hamiltreated in a second variational manner in the ASW scheme.
tonian. The symmetry is thereby reduced to at most d&or the exchange-correlation potential the parametrization of
uniaxial one along the exchange-field direction, which mayon Barth and Hedf? has been applied. Thab initio com-
possibly increase the number of crystallographic nonequivaputed moments are found to be remarkably consistent, in
lent atomic positions. A second consequence is that the timspite of the quite different construction of the FLAPW and
inversion and operations inverting the exchange field belondSW basis sets and the spherical-potential versus full-
no longer to the symmetry group of the Hamiltonian, how-potential approach. The difference per computed individual
ever, their combinations still do. This must properly be takenrmoment is less than 0.044 . The spin moments obtained
into account when symmetry is employed to generate eigerby the FLAPW method are slightly less than those of the
functions in the symmetry couplek points. In the case of ASW method, which can be explained by different sphere
URhAI, whose FgP crystal structure has no inversion sym- radii being used. The FLAPW atomic spheres do not overlap,
metry, this aspect is of particular relevance. An immediateand there is an interstitial contribution to the spin moment of

B. Symmetry considerations
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TABLE I. The spin magnetic moment$A;) and orbital moments\],) of the individual atoms in URhAI
in ug, as calculated by the FLAPW and ASW methods. For comparison the experimental moments as
obtained from neutron diffraction experimerii®ef. 8 and the XMCD spectruniRef. 14 are also given.

ASW FLAPW Neutr. Expt. XMCD
M, M, M, M, M, M, M,

U 1.238 ~1.629 1.215 —1.585 116 —2.10  —1.63+0.14

RN(1) -0.032 0.014 —0.048 0.009 0.28

Rh(I1) -0.043  -0.010 -0074 —0.012 0.03

0.37%ug per unit cell, while the ASW atomic spheres fill the orbital moment in better agreement with that measured in the
space entirely and the whole spin density is distributed bepolarized neutron study. Future investigations with a pres-
tween them. The total spin moments per formula unit ob-ently being developed OP code are envisaged.
tained by the two methods differ by 0.0ZZ. The good The neutron-diffraction experimefitSallocated a rather
agreement obtained for the moments supports the faultlestarge induced magnetic moment on the(Rhwhich is the
ness of the SO implementation in the FLAPW code. ThisRh atom within the uranium planesee Fig. 1 The large
further illustrates that, for this relatively closed packed ma-induced moment of 0.28; was considered as evidence of
terial, the nonspherical potential does not have a significari) 5f—Rh 4d hybridization® A similarly large Rfl) moment
influence upon the moments. does not follow from our calculations. Instead, both Rh at-
A previous calculatiotf of the spin and orbital moments oms are computed to be only slightly polarized with a spin
of URhAI yielded very different values: af5spin (orbital) polarization opposite to that of the uranidsee Table). We
moment of 0.2@g (—0.10ug, respectively on uranium can not explain this difference at present. One aspect that
was obtained, and an averadespin (orbital) moment of  deserves to be mentioned is that an additional negative spin
—0.02ug (—0.003ug, respectively on Rh. These moments moment contribution of-0.11ug has been observed experi-
do not compare favorably with our calculated moments, nomentally, which was attributed to conduction electrdns.
with the experimental moments. It was therefore proposed iWhile apparently further studies of URhAI are desirable, our
Ref. 17 that a high-moment state exists in URhAI, which hagpresent calculations at least provide consistent values for the

a total energy close to the low-moment state. moments given by LSDA band-structure theory.
In Table | we also list the experimental moments as de-
termined from neutron-diffraction experimehend from the C. Magneto-optical Kerr effect

XMCD spectrumt® using the XMCD sum rule for the orbital _ _ _

moment® While the two calculations are in close correspon- A Sécond, experimentally accessible quantity that depends
dence with one another, the same cannot be said of the twgucially on the SO interaction is the MOKBE The
experiments, for which the orbital moments differ by 0.5 Magneto-optical Kerr rotatiofix and Kerr ellipticity e are

wg. The origin of this discrepancy in the uranium orbital elated to the optical conductivity tensey,; via the expres-
moment is unknown. However, it should be mentioned thaf'o"

the XMCD sum rule is based on an atomic model, in which 1o

a theoretical 5 occupation number enters by its application. O +i€n~— ﬁ/( 1+ ﬂa ) (6)
From the XMCD spectrum a high ratio of the orbital and KK ok x|

spin moment was deduced, which was put forward as evi- = . o
dence of fairly localized 6 statest” The neutron-diffraction ~Which is valid for Kerr angles and Kerr ellipticities of up to
experiments, on the other hand, yielded a smaller ratio, and few degree%. The conductivity tensor can conveniently be

consequently, it was concluded that there is substanfial 5c@lculated from its linear-response theory expression:
hybridization® The calculated spin moment on U compares

well to that obtained from neutron scattering, but not to that ie? 1

which follows from the XMCD spectrum. From the macro- Tap(®)= M2hQ ¢S ©nm

scopic total momentof 0.94ug a spin moment of only 5:1<5,F:

(0.69*0.14)ug was obtained in Ref. 14, which is consider- 8 8

ably smaller than the computed uranium spin moment. The y 11 P b 11 ey F o
calculated orbital moment seems, at first sight, to be close to w—oyntid otontid)

the XMCD orbital moment, but the common experience es-

tablished by LSDA calculations for actinide materials is thatHere () is the unit-cell volumef w,, is the energy differ-

the LSDA underestimates the orbital momé&ht. encee,— €y, andlIl,,, is the momentum matrix element
To correct the underestimation of the orbital moment bybetween the occupied statesand unoccupied states The

the LSDA, the orbital polarizatiotOP) correction has been paramete® accounts for the spectral broadening due to finite

proposed The additional OP term in the Kohn-Sham equa-lifetime effects. Its determination from first principles is be-

tion enlarges the orbital momettt,and we anticipate that yond the scope of the present single-particle approach, and

application of the OP to URhAI would bring the computed U therefore it is treated as a phenomenological parameter. Next
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' ' n ' ' erally quite different from spectra computed for the same
[} . . . 7

02 | Kerrrotatione, |l Kerr ellipticity e, | material, but assuming delocalizédtates’
U

D. Equilibrium volume and bulk modulus

===

7\ Ground-state properties, such as the lattice parameter and
\ bulk modulus, are generally expected to be adequately de-
scribed by the LSDA density-functional formalism. Also for
actinide compounds this is expected, provided the itinerant
approach to the Bs is warranted. We have determined the
equilibrium volume and bulk modulus of URhAI by mini-
mizing the total energy. For URhAI this is a computationally
demanding task, because the unit cell contains nine
atoms and there are three free internal parameters
[c/a,x(U),x(Al)]. In order to reduce the numerical effort,
the total energies for a given unit-cell volume have been
calculated at the experimental lattice parameters as obtained
- . from pressure measuremehisThe structural parameters
x(U) and x(Al) have also been fixed at the experimental
atomic positions, but we checked that the calculated atomic
forces are quite small and thus the positions are presumably
Energy (eV) not influenced much by the volume change. The calculated
total energy vs unit-cell volume has been fitted with the stan-
FIG. 2. The polar Kerr rotatiox and Kerr ellipticity e for  dard Murnaghan equation of state, from which we obtain the
magnetization direction along tleeaxis of URhAI. The experimen- equilibrium volume and the bulk modul® This procedure
tal data(Ref. 36 are given by the symbols, the theoretical spectranas heen carried out both for scalar-relativistic and relativis-
as calculated by the FLAPW scheme by the solid line, and thosgc F| APW calculations; see Fig. 3. The scalar-relativistic
calculated by the ASW scheme by the dashed line. FLAPW calculation vyields an equilibrium volume of
o . ) Vin/Vexpi=0.957 and a bulk modulu8= 157 GPa. The lat-
to the optical interband conductivity spectra as given by Edar yalue should be compared to the experimental value
(7), an intrabanq contribution of the Drude form .should be:l?SGPa. When SO coupling is included, the respective
added to the diagonal elements of.the conductlwty' tensoy es areVyy /Veypi=0.962 andB =181 GPa(see Fig. 3
(see, e.g., Ref. 34For technical details of the evaluation of | .-, compare favorably with the experimental valifs.
the conductivity tensor, we ref_er to Refs. 34 and 35. The inclusion of SO coupling obviously has a non-negligible
The MOKE spectra, as obtained by. the FLAP.W qnd ASWinfluence on the cohesive properties. We also mention that
methods, are comparec_i to the experimental HataFig. 2. we have found that the orbital moment decreases faster than
In the FLAPW calculation we used the same numbekof o shin moment, with an applied pressure up to 8 GPa. The
points as in the self-consistency procedure, whereas thga\ ranium moment at 8 GPa is thereby reduced to more

second-variational-step energy cutoff was increased tgan 5004 of the ambient pressure value. It would be of in-
2.5Ry above the Fermi level, in order to describe better thq,-

relevant high-energy states. We checked that increasing thgrest to test this finding experimentally.
number ofk points by a factor of 4, and raising the energy
cutoff to 4 Ry above the Fermi level, left the spectra virtually
unchanged. The intraband Drude contribution with plasma One of the interesting results of our study is that the mag-
frequencyfh wp=3.1 eV (calculated was added to the diag- netism of URhAI is calculated to be Ising-like, i.e., the mag-
onal elements of the conductivity tensor. Lifetime broaden-netic moment practically disappears when the magnetization
ings §=0.4 and 0.6 eV were used for the interband andis forced to lie in the basal plane. A similar looking behavior
intraband transitions, respectively. Figure 2 shows that @xists for some rare-earth iofes.g., Dy* in Cg, symmetry,
good agreement between the MOKE spectra of the two difwhere the combination of SO coupling and the axial crystal
ferent computational schemes is present over the whole effield selects, as the ground state, a Kramers doyb|éd

ergy range. Consequently, the studied SO-sensitive quantity = J), which is split when the magnetic field is along the
is identically reproduced by bothb initio schemes. Below symmetry axis, but remains nonmagnetic when the field is
4-eV photon energy, the theoretical MOKE spectra satisfacperpendicular to the axf.

tory describe both the shape and magnitude of the measured In our calculations we started from the magnetic solutions
spectra. Above 4eV there occurs a deviation of the calcuand constrained the exchange field along #éexis. The
lated spectra from the experimental ones of &macet al®® iterative procedure leads to a practically honmagnetic self-
The gratifying correspondence of experimental MOKE andconsistent solution with all spin and orbital moments less
LSDA calculations applicable for delocalized’s, suggests than 0.0Zg. The very same behavior was observed experi-
a relatively delocalized nature of thé’s in URhAI. Optical ~ mentally on a URhAI single crystal in an external fiéfdn
spectra that are computed adopting localikethtes are gen- order to analyze the reason for such strongly anisotropic be-

e
o

complex polar Kerr effect (deg)
1 |
[=} =}
B n

0 2 4 6 2 4 6

E. Magnetocrystalline anisotropy
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FIG. 3. The LSDA total energy of URhAI as a function of the
ratio V/Ve,pi. Total energies obtained from scalar-relativistic cal-
culations are shown ifa), and those obtained upon including the i | ————
SO coupling are shown itb). The lines are guides to the eyes. » ' 0 ' y ' 5
Energy (eV)

havior, we first consider the uranium site projected densities
of the 5f states. The densities of states projected on the FIG. 4. The projected densities of states in the relativistic basis
relativistic j =5/2 and 7/2 basis are shown in Fig. 4. The for c-axis (a) anda-axis (b) orientations of the exchange field. The
relativistic SO splitting of about 1eV is clearly visible for solid line denotes the totalf§,, density of states and the dotted line
both orientations of the exchange field. This suggests that thtbe total 5/, density of states. Note that, for both cases, the quan-
strength of the SO interaction is superior to that of the exdization axis is along the crystallographicaxis.

change interaction. Next we consider the densities of states

projected on theY,,xs basis for both orientations of the by the strong SO coupling. The latter would require a change
exchange field, which are shown in Fig. 5. The sizes of then the hybridization. The fact that we obtain a nonmagnetic
SO and exchange splitting can be estimated from the sepaeolution for the exchange field constrained along dhexis
ration of 5f _3, and 53, states and 6_3; and 53 states, shows that exchange splitting can prevail over neither of the
respectively. It is apparent from Fig(ty that the peak in the two above-mentioned possibilities.

density of states located just below the Fermi level is formed Although the anisotropic ferromagnetism in URhAI looks
predominantly by $_5, and 5, states located in the ura- similar to the above-mentioned Ising behatfaf rare-earth
nium planes. Their orbital counterpart$;5 and 5 _5 are  ions, its physical origin is different. For URhAI both the
pushed up by the SO interaction to energies that are approxstrong SO coupling and the hybridization prevent the ex-
mately 1 eV higher. If we now consider the stability of the change splitting for the field along theaxis. While the SO
nonmagnetic state in Fig.(|» with respect to the perturba- coupling is equally large for all U compounds, the strong
tion by an exchange field, we see readily that in a first aphybridization is typical for the F& structure. This very an-
proximation the 5_5; and 53, states are split by the ex- isotropic crystal structurésee Fig. 1 imposes a very aniso-
change field collinearly with the axis, while no splitting is  tropic hybridization, where the U-U and U-Rh bonding in the
induced by the exchange field perpendicular todlais. In  basal plane is much stronger than the U-Rh bonding between
the latter case an exchange-field-induced mixing of theadjacent planes. Thus the anisotropic hybridization of the
5f_3; and 53, states with the &, and 5 _; states, or 5f’s is essential for an explanation of the unusual magnetic
with states of different magnetic quantum numbers, is necfeature. An equivalent anisotropic magnetization behavior
essary for any splitting. The former possibility is preventedhas, to our knowledge, never been computed for a ferromag-
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FIG. 6. Isotropic absorption spectruurves in the top figurgs
and XMCD spectrurr(bottom figure} of the uraniumM, s edges.
Theab initio calculated spectra are shown by the solid line, and the
experimental spectréRef. 14 by the dotted line. Note that the
XMCD spectra at theM; and M, edges have been multiplied by
factors of 10 and 4, respectively.
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theoretically studied system is not in the experimental con-
ditions, the computed and experimental MAE’s agree fairly
FIG. 5. Densities of states projected on the nonrelativisticwell with one another.
|I,m,s) basis forc-axis (a) and a-axis (b) orientations of the ex-
change field. The arrows denote the spin projections. The; 5
states are depicted by the shaded area, faestates by the thick
line, and the total b densities by the thin line, each for a given spin ~ XMCD is a relatively new magneto-optical tool for the
projection. The quantization axis is along the crystallographicinvestigation of ferromagnetic materials. Its theoretical for-
c-axis. mulation is identical to that of the Faradégr Kerr) effect,
except that in XMCD core-valence excitations are created,
netic material. We note, for comparison, that similarWhereas in the optical Faraday or Kerr effect valence-band

calculationd® were performed for the layered transition- €XCitations are involved. In x-ray-absorption and XMCD ex-
metal compounds CoPt and FePt, which belong to the magreriments, one measures the absorption coefficientgor
netically hardest transition-metal materials. The spin momeni€ two circular polarizations of the x rays, parallel or anti-
in these materials was computed to be completely isotropidarallel to the magnetizationr™ are related to the optical
whereas the orbital moment exhibited only a slight anisotconductivity tensor:

ropy, and a MAE of up to about 3 meV per formula unit was

computed® While such a value is commonly regarded as a -

very large MAE, for URhAI we compute an enormous MAE a"~— Re(oyFioy,). (8

of 34 meV per formula unit. The strong SO coupling of ura- ¢

nium obviously contributes decisively to the huge MAE. An

experimental value for the MAE can be obtained from theDue to the localized, non-dispersive character of the core
magnetization curves, which were measured for appliegtates, we use different techniques for the evaluation of the
fields of up to 35T along the and a axes, respectively. optical conductivity[Eq. (7)] in the valence-band spectral
Assuming the magnetization curve to be linear in the appliedange and in the x-ray spectral rarffe.

field above 35T, we have deduced an experimental MAE of The measured and calculated x-ray absorption and
41 meV per formula unit. In spite of the fact that no externalXMCD spectra at the uraniuril 4 s edges are shown in Fig.
magnetic field is introduced in the calculation, and so thes. TheM, s peaks arise dominantly from transitions from the

F. X-ray magnetic circular dichroism
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3d3, and 3, core states to thefSvalence states. While the localization in URhAIL.  Two previous experimental
splitting of theM 4 5 edges follows from the FLAPW calcu- investigation$® suggested rather delocalized’s, but two
lation, the onset energy of thé; edge has been adjusted by more recent experimeritst put forward evidence of a high
hand. The theoretical spectra have been broadened withdegree of 5 localization. Our study exemplifies that the
Lorentzian of 3-eV width. The calculated spectra qualita-electronic properties of URhAI are very well explained by
tively reproduce the experimental ones. However, severdlSDA-based calculations, in which thef’s are treated as
differences can be observed. While the ratios of Mgs itinerant. In particular, the magneto-optical Kerr effect, equi-
absorption peaks are very similar, the experimental peakibrium volume, bulk modulus, MAE, and magnetocrystal-
deviate from the Lorentzian shape, which is likely caused byine anisotropy of the uranium moment are satisfactory de-
an energy dependence of the quasiparticle lifetime, which iscribed. Somewhat less well explained are the XMCD
not taken into account in the calculation. The major discrepspectrum and the uranium orbital moment, which might be
ancy between the calculation and experiment is the size afonnected to the insufficient treatment of OP within the
the M, XMCD peak. To quantify this discrepancy we calcu- LSDA.'2 The delocalized description furthermore reproduces
lated the difference between theoretical and experimental inthe anomalous magnetic anisotropy that has been observed
tegrated XMCD peaks. For thel, edge this difference is for URhAI (Ref. 14 and for other uranium intermetallic
18% of the experimental XMCD spectra integrated over bothcompounds that belong to the same structural gfoGpn-
edges, while in the case of thés edge it is only 8%. As the nected with the anomalous magnetic Ising-like behavior is an
integrated XMCD signal is proportional to the orbital enormous computed MAE of 34 meV/formula unit, com-
moment® this discrepancy could be related to an underestipared to an experimental MAE of 41 meV/formula unit.
mation of the orbital moment by LSDA-based computationalThese values considerably outrange all the MAE'’s that are
methods. This would imply that the orbital moment obtainedknown for transition-metal compounds, and are also three
using the XMCD sum rule is underestimated. In order totimes larger than the MAE's that were recently computed for
confirm this we applied the XMCD sum rule to the theoret-the cubic uranium monochalcogenid@sThe origin of the
ical spectra using the calculated Bccupation of 2.5. While  large magnetic anisotropy rests in the strong SO interaction
the calculated uranium orbital moment is1.59ug, the  of uranium and the particular hybridization, which is typical
XMCD sum rule yields an orbital moment of 1.36ug. of the very anisotropic crystal structure, that cannot be over-
This discrepancy is too large to be explained by a variatiorcome by an exchange field along thexis. To understand
of the occupation number or the contribution of thetates better the detailed relationship between the crystal structure
to the orbital moment. It thus appears that an application oand the anisotropic hybridization we are presently perform-
the sum rule to URhAI leads to an underestimation of theing calculations for other isostructuralTX compounds.
orbital moment. Note added in proofAfter this paper was accepted for

The XMCD spectra can be understood qualitatively frompublication, we performed new calculations of the electronic
the partial densities of states; see Fig. 5. The major contristructure of various UX compounds. For URhAI we found
bution to the absorption at thd, edge stems from optical that beside the self-consistent solution k[ 100], as dis-
transitions to %3 states(the 5f 3, states are occupigd cussed above, a second self-consistent solution for this direc-
resulting in a single-peak structure of this part of the XMCDtion of M exists, which possesses a lower total energy. This
spectrum. The major contribution to the absorption atMhe  solution has a spin moment which is only slightly reduced
edge stems from transitions td § and 5 _;, states, which relative to the moment of thg01] orientation. The magne-
are both unoccupied, resulting in two peaks of an opposit¢ocrystalline anisotropy energy remains large, with dkexis
sign in the XMCD spectrum. As the separation of the peakdeing the easy axis. A full description of this finding will be
is smaller than the typical lifetime broadening, the peaksaddressed in a subsequent paper.
cancel each other to a large extent, thus leading to a much
smaller signal than obtained at tiv, edge.
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