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Relativistic effects in the magnetism of UFgAlg
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The magnetic structure of UR&lg possesses a number of unique features. There are two magnetic sublat-
tices whose magnetic moments are almost orthogonal. Additionally, there is a canting of the magnetic mo-
ments within the Fe sublattice. We show that these features can be treated as inevitable consequences of the
properties of a simpler magnetic state of the system. It is shown that the magnetism of the U sublattice is
induced by the compensated antiferromagnetism of the Fe sublattice. The orthogonality of the induced and
inducing moments is explained. The unusual nature of the magnetic anisotropy is demonstrated. A crucial role
of the spin-orbit coupling and the interatomic hybridization is exposed. The symmetry criterion of the magnetic
instability of a nonmagnetic sublattice in an antiferromagnetic crystal is formule86d63-18209)50434-1

The uranium compounds form an interesting class of maTo account for experimental information, the Fe moments
terials with widely varying electronic properties. One of thewere directed collinear to the axis and formed the
characteristic features of this class of materials is the noncols-antiferromagnetic structure. The U moments were directed
linearity of the magnetic structure observed in many uraniunparallel to theb axis. The directions of the moments were
compounds.Usually, the noncollinearity of the atomic mag- constrained and did not vary during calculations. None of the
netic moments is observed within the U sublattice. Thesma” initial moments CO”apsed during calculations. On the

present paper is devoted to the theoretical study of the magontrary, the moments increased and resulted in sizeable val-
netism of UFgAlg which differs essentially from the mag- ues for both sublattices. This result shows that, in agreement

with experiment, two orthogonal sublattices can, indeed, co-

netism of other systems. exist in UFgAlg. The lengths of the spin, orbital, and total
For a number of years the magnetic structure of J4¥ 8 ' '
y g g e moments were found to be 1,33, 0.07ug, and

was a matter of much controversy. The suggestions made cJ: . ) ’
y 99 0:{].40@, respectively, in reasonable agreement with the ex-

h is of different experimental investigations ran ) .
the ba;s of different experime ta gst gations range Penmental estimate for the total moment of 4gl The the-
from simple one-sublattice ferromagnetism up to unusual

: . S . oretical values of the spin, orbital, and total U moments are
spin-glass staté Recent investigation of a single crystal of 0.54us, —0.69u5, and —0.15u5. Compared with the
. . . . B . B . B-
U.Fe4AI.8 with the use of unpolarized and_ polarized neu.tronexperimental estimat®s of 0.52us, —0.99g, and
diffraction revealed an ordered magnetic structure with a

£ uni ; ) 3 ; : —0.47ug, we obtained a close value of the spin moment,
number of unique featureig. 1).° Two magnetic sublat- .+ 2 smaller value of the orbital moment. The underestima-

tices were detected. The magnetic moments of the U sublafiyy of the U orbital moment is a well-known feature of the
tice form a collinear ferromagnetic structure. A strong non-|;.| spin-density functiondL SDF) theory. Below we com-

collinearity is, however, observed between the U and Fe,ant on the results of the application of the OPC to this
magnetic moments which are almost orthogonal to one anéompound.

other. The magnetic structure of the Fe sublattice is close to investigate the interdependence of the magnetism of
a collinear antiferromagnetiso-calledG-type antiferromag- o Fe and U sublattices we carried out two model calcula-

netio structure. Additionally, there is a canting Of the_Fg tions. In the first calculation the Fe atoms were constrained
moments which leads to the second type of noncollinearity in

UFe,Alg. The noncollinearity within the Fe sublattice results

in a weak ferromagnetic moment parallel to the U moments. b y

The purpose of the present study is to understand the mag- )— X

netism of UFgAlg, in particular to reveal the hierarchy of

the interactions which lead to the formation of this complex 3 2 z

magnetic structure. MM s:\* (I
The description of the calculational approach can be o, Fe

found in Ref. 4. For a part of the calculations the orbital i

polarization correctiofOPQ in the forn® Hop=1gp, L-I -l A basic state

was included into the Hamiltonian of the problem. Heres € o

the atomic orbital moment, the operator of the angular mo- a -;)f-('

mentum, and op a parameter. = 2
We begin with the study of the instability of the nonmag-

netic state of UFRAIlg with respect to the formation of the ¢

magnetism of the U and Fe sublattices. At the begining a FIG. 1. Experimental magnetic structuiRef. 3 and basic mag-
small spin moment of 04z was put on each Fe and U atom. netic state of UFgAlg.
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to be nonmagnetic and the U atoms were free to develop TABLE I. Generators of the symmetry group of the basic state
their magnetic moments. In this case, a small magnetic mo?f UFe,Alg. Co andC,, are 180° rotations about theandy axis,
ment put on the U atom collapsed and the state of the wholEespectively], inversion;R, time reversal.

crystal was found to be nonmagnetic. In the second modetl i " . i
calculation the U sublattice was constrained to be nonmagoPe'ation  Transposition  Restriction on magnetic moments
netic. This restriction did not influence noticeably the mag- of Fe atoms of U and Fe atoms

netism of the Fe sublattice. m,

The results of the two model calculations reveal the prin- i
cipal role played by the Fe sublattice in the magnetism of~2 13,204 = ™
UFgAlg. In the following, we will show that the complex M/ A\ =M/
noncollinear magnetic structure of UfAdg is a necessary | no no
consequence of the properties of the state of the crystal stud- m, -m,
ied in the second model calculation, that is of the state wit .
the nonmagnetic U sublattice and collinear antiferromagnetic’ 1o4i2-3 nnz - R

I

Fe sublattice. To stress the importance of this state for un-
derstanding the magnetism of U we will refer to it as
the basic stat¢BS). 3 or the U sublatticé= j ; for the Fe sublatticé andj according to

To study the influence of the magnetism of the Fe sublat-the column “Transposition of Fe atoms.”
tice on the magnetic state of the U atoms the next calculation )
was started again with the BS. This time, however, no condroup of the BS of UFgAlg. The third column shows the
straint was imposed on the U magnetic moment. Both théransformatlon of the _coordmates of an axial vector under
length and the direction of the possible U moment were nofiCt_'I_on of thesgt oggrattlpns. f the U i N
restricted. Calculations have shown that the U atoms immel—)e WO OpPOsite directions ol te 1 magnetic moments can

diatelv b . h th . di equivalent only in the case when there is a symmetry
lately became magnetic, with the magnetic moments digperation of the system which reverses the direction of the

rected collinear to thé axis and orthogonal to the Fe mo- magnetic moment. In the present case it must be an operation
ments. The value of the U magnetic moments increasefhich reversesn, . Analysis of Table | shows that this con-
during the iterational calculations and resulted in the selfition is not fulfilied. All symmetry transformations leave,
consistent value cited above. The appearance of the magnetig;ariant.
moments at the initially nonmagnetic U sites allows to treat This symmetry breaking is, evidently, a necessary condi-
these magnetic moments iaslucedby the magnetism of the tion for the appearance of the induced moment on the U
Fe sublattice. sites. A stronger statement can, however, be formulated: the
Two features are important here. First, the vector sum ofmagnetic moment on the U sites not omlgn but alsomust
the Fe moments is zero. Because of this property and of appear. Indeed, since the symmetry operations of the BS
symmetrical position of the U atom with respect to the Fe(Table ) keepm, unchanged no condition is imposed on the
atoms, the Heisenberg's exchange field of the Fe sublattice at, value by the symmetry of the problem. Therefore none of
the position of the U atom is zero. Therefore the Heisenberghe m, values is distinguished by symmetry compared to
model cannot explain the physics of this compound. Thedther values. In this situation the probability, of the event
second important feature is the orthogonality of the inducinghat an arbitrary selected state with,=0 supplies the
and induced moments. ground state of the system, is negligible and the magnetic
These features raise the question about the physicaloment must appear at the U site. We can formulate the

mechanism of breaking the symmetry between two Oppositgriterion of _this type of magngtic instabilit_)A nonmagnetic
directions of theb axis. Indeed, the ferromagnetism of the U State of a given type of atoms in a magnetic crystal cannot be
hstable if this state is not distinguished by symmetry when

the symmetry breaking is a common feature of any ferro_compared to states where these atoms possess an infinitesi-
al magnetic moment.

magnetism, the present case differs essentially from the usudl The notion of the symmetry predetermined instability was

case of, for instance, the ferromagn_ensr_n of bee Fe. already introduced by us in an earlier work. In this case, the
n _bcc Fe, both up an_d down directions of the p":"r":""e'context was the study of the stability of collinear magnetic
atomic moments are equivalent and any of them can be agg, oy ration$” The symmetry criterion similar to that
sumed by the moments with an equal probability of 50%.iyen ahove was formulated. Both criteria can be combined
The equivalence of the two ferromagnetic states of bec Fg, the following generalized statement. Suppose there is a
can be easily proved by applying the operation of the timeontinuous parameter which describes different magnetic
reversal to one of the states. In the case of JMkg appli-  states of the system. Thehe state corresponding to a se-
cation of the time-reversal operation changes the directionfected value of the parameter can be stable only in the case
of both induced and inducing moments and does not help ughen this state is distinguished by symmetry compared to the
in studying the properties of the U sublattice. To understandgtates obtained with an infinitesimal variation of the param-
the origin of the symmetry breaking in Ul we must eter. Depending on the physical problem, the role of the
restrict the consideration to those transformations of the sygsarameter can be played by the length of the atomic moment
tem which leave the inducing magnetic structure invariant. or by the deviation of the magnetic moments from the col-
In Table | we collected the generators of the symmetnylinear directions.
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The symmetry predetermined instability of the nonmag-variables. The influence of the intersublattice hybridization
netic state of the U atoms can be illustrated by the propertiesecomes evident if we notice that both the U and Fe sublat-
of the total energy as a function af,. The most important tices taken separately are more symmetrical than their com-
feature of theE(m) curve is its asymmetry which leads to an bination in the UFgAlg crystal structure.
accidental position of the minimum at a nonzero value of Thus, we have shown that both types of noncollinearity
m, . are necessary consequences of the properties of the BS.

The orthogonality of the inducing and induced momentsHowever, the BS itself is formed by us on the basis of ex-
is also closely connected with the symmetry properties of theperimental information. To complete the theoretical study we
system. In our earlier publications we formulated a symmesmust justify the use of the BS as a starting point in the
try principle according to whictnone of the symmetry op- consideration of the unusual properties of Wi&g. The
erations of the initial Kohn-Sham Hamiltonian can be dis- magnetic structure of the BS can be characterized by two
turbed during the self-consistent calculatidh's This  features: the orientation of the Fe moments with respect to
statement is complementary to the instability criterion for-one another and the orientation of the magnetic moments
mulated above. If we again inspect Table | we see that theelative to the crystal lattice. Correspondingly, two properties
only possible direction of the U moments which is invariantmust be verified: first, the different relative orientations of
with respect to all symmetry operations is the direction col-the Fe magnetic moments have higher total energy compared
linear to theb axis. This direction was obtained both experi- to the total energy of th&-antiferromagnetic configuration
mentally and theoretically. Thus, we have shown that theand, second, the character of the magnetic anisotropy in the
magnetism of the U sublattice is a consequence of the synsrystal, indeed, makes the direction of the Fe moments along
metry properties of the BS of URAlg. No exchange inter- the a axis energetically preferable compared to the direction
action between the U moments is needed for the establisiparallel to thec axis. (Crystallographica and b axes are
ment of the ferromagnetism of the U sublattice. equivalent).

The next feature of the experimental magnetic structure To verify the first property the calculations were carried
we want to understand is the noncollinearity within the Feout for ferromagnetic and another for antiferromagnetic
sublattice. Again, we started the calculation with the BS of(m;=—m,=mz;=—m,) configurations of the Fe magnetic
the crystal and removed the constraints not only on the U bumoments. In both cases we obtained substantial increase in
also on the Fe magnetic moments. After first iteration, addithe total energy compared to the BS.
tionally the appearance of the magnetic moments on the U To verify the second property the calculation was carried
sites, we obtained the canting of the Fe moments. iMhe out for the state of the system similar to the BS but with the
components of different atomic moments have differentFe moments collinear to the axis. This calculation, how-
signs and compensate one another. On the contrarynghe ever, did not give the expected result: within the accuracy of
components of all atomic moments are equal and, in agreédhe LSDF calculation of about 0.1 mRy per formula unit, the
ment with experiment, result in a weak ferromagnetic mo-energy of the calculated state was indistinguishable from the
ment along the axis. total energy of the BS.

The necessity of the canting of the Fe moments follows The physical origin of the magnetic anisotropy became
immediately from the criterion of the instability of the col- evident when the constraint on the U atoms was removed. In
linear magnetic structures. Indeed, from Table | we see thagontrast to the BS, no magnetic moments appeared on the U
the canting of the Fe moments in the form obtained in thesites in this case. As the appearance of the induced U mo-
calculations disturbs none of the symmetry operations of théents leads to the decrease of the total energy of the system
BS. Therefore, the collinear structure is not distinguished bytFig. 2), the direction of the Fe moments collinear to the
symmetry and cannot be stable. The simultaneous appeaaxis became energetically preferable. Thus we obtained an
ance of the ferromagnetism of the U sublattice and of thémportant result that the magnetic anisotropy in /g is
canting of the Fe moments shows that none of them can bgoverned not by the Fe sublattice itself but by the properties
considered as a consequence of another. They are two intesf an induced magnetic moment of the U sublattice.
connected consequences of the properties of the BS of the To understand why no induced magnetic moment ap-
system. peared on the U sites for the Fe magnetic moments collinear

To reveal the physical interactions which are essential foto the ¢ axis, note that the symmetry of this state is higher
the appearance of both effects we carried out two furthethan the symmetry of the BS. The increased symmetry is a
model calculations. In the first calculation, the spin-orbitconsequence of the crystallographic equivalence ohthed
coupling (SOQ was set to zero. In the second, the hybrid-b axes. As a result, the nonmagnetic state of the U atoms is
ization between the U states and states of other atoms walkistinguished by symmetry and is stable. The calculation of
neglected. In each of the calculations both effects disappeaihe total energy as a function of the uranium spin moment
For explanation of this result it is important that in each ofgave, in contrast to the case of the BS, a symmetrical curve
the two cases the neglect of the part of interactions increasegith minimum atm=0 (Fig. 2).
the symmetry of the system in such a way that the nonmag- Summarizing, the calculations within the LSDF theory
netic state of the U sublattice and the collinear configuratiorcombined with the analysis of the symmetry of the problem
of the Fe sublattice are distinguished by symmetry and carallowed us to explain all the important features of the com-
not change during calculations. Thus, the neglect of the SO@lex magnetic structure of UgAlg. Quantitative compari-
leads to the Hamiltonian whose symmetry must be describeson of the experimental and theoretical quantities reveals,
with the use of the generalized spin-space gréupkich  however, a noticeable difference. Thus the theoretical cant-
allow the separate point transformation of spin and spac@&g angle of the Fe moments is about 8° compared with the
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magnetic moment per formula unit exceeded the experimen-
tal value several times. Presently, we cannot give a detailed
explanation of the unexpected influence of the OPC. We
05 | | note, however, that the situation in UjAdg is more peculiar
than in the compounds studied so far. As we have shown the
magnetism of the U sublattice and canting of the Fe mo-
ments are the consequences of the magnetism of the Fe sub-
lattice and of the hybridization of the electron states of dif-
mellc ferent atoms. Obviously, the OPC in the form used in the
present calculations influences the important hybridization
between the sublattices incorrectly. The unique properties of
the intersublattice interaction in Uf&lg make this com-
0I8 pound an important test system for further development of
' the theoretical schemésuch as the OPC, LDAU, and self-
interaction correction schemeaiming to improve the stan-
FIG. 2. Total energy as a function of the U spin moment for thedard LSDF theory by taking into account the influence of the
Fe moments collinear to the (basic statpandc axes. strong spatial localization and intra-atomic correlations of
) ) the 5f electron states. The application of different theoretical
experimental value of 16°. Also the theoretical value of thegchemes to UR@l, must be, however, a topic of separate
U_orbital moment is too s_ma[lsee above The c_alcul_ation investigation.
with the use of the OPC did not lead to the desired improve- A nymber of results presented in this paper are of general
ment of the total U moment. W.e.carrled out calculations withierest. Thus, the approach to the study of the state of the
different values oflop. Surprisingly, the U moment de- 5oms which do not possess an intrinsic magnetic moment is
crease(_j rather than increased f_or small values of the paramniversal and can be applied to any magnetic system. One of
eter. Simultaneously, the canting of the Fe moments deme possible examples is the multilayer systems where the
creased. Therefore the agreement with experiment becamg,gnetic and nonmagnetic layers alternate. Also the phe-
worse. Analysis of this unexpected result has shown that thgomenon of the magnetic anisotropy governed by the prop-
orbital polarization correction leads in this case to the de‘erty of the atoms which do not bear an intrinsic magnetic

crease of the spin moment of the U atom. As the value of the,oment is general and can be important in various magnetic
U spin moment is important for both the value of the orbital systems.

moment and the canting of the Fe moments, these quantities

decreased as well. For an orbital parameter of about 1 mRy This work was supported by the Deutsche Forschungsge-
the value of the U moment jumps to a large value close taneinschaft through Sonderforschungsbereich No. SFB 252.
2ug. Simultaneously, the canting of the Fe moments in-We are grateful to O. Eriksson and L. Nordstrdor useful
creases to about 50°. As a result, the obtained value of thdiscussions.
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