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Symmetry and magnetism of UFe5Al7
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We report symmetry analysis and first-principles density-functional-theory~DFT! calculations of the mag-
netic structure in UFe5Al7. Two results can be considered as most significant. First, we show that the magnetic
structure of UFe5Al7 is noncollinear. This is an important modification of the magnetic phase diagram sug-
gested previously. The noncollinearity is a consequence of the interplay between the symmetry of the magnetic
crystal and the spin-orbit coupling. Second, we show that the DFT reproduces a drastic difference in the
magnetic structure of UFe5Al7 and UFe4Al8 compounds. This difference appears mainly as a result of a strong
variation of the angle between the crystallographicb axis and the 8f Fe moments under the influence of the
replacement of one of the Al atoms by the Fe atom. The influence of the orbital polarization correction is
discussed.
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I. INTRODUCTION

The compounds UFexAl122x are characterized by a drast
change of the magnetic properties with variation of the co
position. They crystallize in a tetragonal-body-center
ThMn12-type structure and have a congruent melting ran
from x53.8 to x55.8.1 This permits a systematic exper
mental study of single crystals with different composition2

Magnetization, Mo¨ssbauer, ac-susceptibility, and speci
heat measurements as well as the results of earlier neu
diffraction experiments3,4 were used in Ref. 2 to suggest
magnetic phase diagram of the system. Three differ
ranges of composition were found to have different magn
behavior: x,41d1 , 41d1,x,52d2, and x.52d2. In
this paper we will refer to these ranges as first, second,
third composition regions, respectively. Hered1 and d2 are
small positive numbers.

The stoichiometric compound UFe4Al8 belongs to the
first composition region. The magnetic structure of UFe4Al8
was determined by neutron diffraction measurements3 and
appeared to be very unusual. The magnetic structure of
Fe sublattice is close to collinear antiferromagnetic, with
weak canting leading to a ferromagnetic component. On
other hand, the U sublattice is ferromagnetic with magne
moments almost orthogonal to the Fe moments. The origi
the unusual magnetism of UFe4Al8 was explained in Ref. 5
on the basis of symmetry analysis and first-principles ca
lations in the framework of density functional theory~DFT!.

In the second region two magnetic phase transitions w
observed, revealing the formation of two different magne
structures in different temperature intervals.2 Presently, no
0163-1829/2002/65~9!/094413~5!/$20.00 65 0944
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neutron diffraction experiment has been performed for co
pounds within this composition range. In the third compo
tion region there is again one magnetic phase transition.
magnetic structure of the compounds of the third region w
suggested in Refs. 2 and 4.

A remarkable feature of this series of compounds is
radical difference between the magnetic structures in dif
ent composition ranges. For example, the value of the m
netization per formula unit varies from 1.6mB in UFe4Al8 to
7.5mB in UFe5Al7. According to the scheme suggested
Ref. 2 the complex magnetic structure of UFe4Al8 is re-
placed in the case of UFe5Al7 by a simple collinear ferro-
magnetic configuration~Fig. 1!.

In the present paper we report the theoretical study of
magnetism of UFe5Al7 and provide an explanation of th
strong variation of the magnetic properties within the seri

II. CRYSTAL STRUCTURE AND SYMMETRY ANALYSIS

In UFe5Al7 four Fe atoms occupy the 8f sites and one
additional Fe atom per formula unit replaces one of the f
Al atoms in the 8j positions. The additional Fe atoms are n
completely ordered. In the present study we, however,
glect this structural disorder and assume the translationa
riodicity of the positions of the fifth Fe atoms. In Table I w
present the symmetry operations of the crystal structure
obtained.

In general, the presence of magnetic structure lowers
symmetry of the crystal since not only the atomic positio
but also the directions of the atomic moments must be
variant under the action of symmetry operations. The sy
©2002 The American Physical Society13-1
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metry operations of the collinear ferromagnetic struct
with the atomic moments parallel to they axis ~Fig. 1! are
collected in Table I.6 The symmetry group of the ferromag
netic state is a subgroup of the symmetry group of the n
magnetic state~Table I!. Note that the replacement of one
the Al atoms by the Fe atom does not destroy the equivale
of the four Fe atoms in the 8f positions.

Next we discuss an important question of the stability
the collinear magnetic configuration in UFe5Al7. In Refs. 5
7, and 8 an intimate connection between the symmetry p
erties of the system and the stability of the magnetic str
ture has been shown. The following criterion was form
lated:A collinear magnetic configuration of a given type
atoms cannot be stable if this state is not distinguished

FIG. 1. Magnetic structure of the UFe5Al7 compound. The mo-
ments of the U (2a site! and the Fe atoms in the 8j site always
point along they axis. In the collinear structure~proposed in Ref. 1!
the Fe on the 8f sites~dotted, white arrows! also point along they
axis; in the noncollinear structure, the 8j Fe moment~solid line,
white arrows! deviation fromy axis follows from the symmetry
analysis.

TABLE I. Generators of the symmetry group of nonmagne
and collinear ferromagnetic UFe5Al7. In the ferromagnetic case
only operationsC2y andmyzR survive. The restrictions these oper
tions impose on the moment direction are collected in the th
column.

Operation Transposition of the
8 f Fe atoms

i↔ j

Restriction
on magnetic moments

U and Fe atomsa

C2y 1↔3;2↔4 Smx

my

mz

D
i

5S2mx

my

2mz

D
j

myz R 1↔4;2↔3 Smx

my

mz

D
i

5S2mx

my

mz

D
j

R no

aFor the U and 8j Fe atomsi 5 j ; for the 8f Fe sublatticei and j
according to the column ‘‘Transposition of the 8f Fe atoms.’’
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symmetry when compared to states with infinitesimal de
tion of the magnetic moments. This means that if there exist
a deviation of magnetic moments from the collinear dire
tions which does not disturb any of the symmetry operatio
of the collinear structure, such a deviation must take pla
To study the stability of the collinear ferromagnetic structu
in UFe5Al7 on the basis of this criterion we consider th
restrictions imposed by the symmetry operations of the c
linear magnetic configuration on the atomic moments. F
the U and Fe 8j moments we havemx50 andmz50. There-
fore these moments preserve their initial direction along thy
axis. For the 8f Fe atoms, the deviation of the magnet
moments from they axis does not disturb the symmetry o
the initial structure if thex andz components of the moment
fulfill the conditions summarized in the third column o
Table I and illustrated in Fig. 2. Therefore the stability of t
collinear structure proposed for the UFe5Al7 in Refs. 2 and 4
is improbable and a deviation of the magnetic moments fr
they axis must take place. Note that thex andz components
of different atoms compensate~Fig. 2!; the total moment of
the crystal preserves the direction parallel to they axis. The
value of the deviation angle cannot be predicted on the b
of symmetry arguments and needs a concrete calcula
with account for various interactions influencing the form

FIG. 2. Projection of atomic positions and Fe 8f moments on
the xy plane. The collinear~dashed-line arrows! and the noncol-
linear ~solid-line arrows! magnetic structures have the same sy
metry.
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tion of the magnetic structure.

III. CALCULATIONAL RESULTS AND DISCUSSION

The calculations were carried out using the augmen
spherical-wave~ASW! method modified to account for th
noncollinear magnetic structure and relativistic interactio
as described in Refs. 9 and 10. The experimental lat
parameters2 a5868.51 pm andc5501.67 pm were used in
the calculations with internal parameters units ofa for the 8i
positionsa50.344 and for the 8j positionsb50.2805.

The results reported in the paper were obtained in
calculations with 131 points in the first Brillouin zone. A te
calculation with 330 points gave for the collinear ferroma
netic structure a deviation in energy of less than 0.2 mRy
formula unit.

A. Collinear ferromagnetic state

Calculation for the collinear ferromagnetic structure p
posed in Ref. 2 resulted in a self-consistent magnetic s
with the total energy 23.4 mRy per formula unit lower th
the energy of the nonmagnetic state. A characteristic fea
of the density of states~DOS! of the ferromagnetic state
@Figs. 3~e!–3~h!# compared to the nonmagnetic DOS@Figs.
3~a!–3~d!# is a strongly decreased density of states at
Fermi level.

The calculated values of the magnetic moments are
lected in Table II. The calculated value of the magnetizat
per formula unit is in reasonable agreement with experim
although exceeds somewhat the experimental value.

As usual for U atoms, the spin and orbital moments
antiparallel. The values of two moments are close to e
other, which results in a small total moment on the U sit
The Fe moments are larger than the U moment, revealin
primary role of the Fe atoms in the magnetism of the co
pound.

The Fe moments are parallel to the U total moment. T
agrees with the results of the neutron diffracti
measurements.4 The calculated 8j Fe moment is larger than
the 8f Fe moment, which agrees with the estimations of
hyperfine fields obtained from the Mo¨ssbauer
measurement.11 We explain the higher moment of the 8j Fe
atoms by a higher number of Fe neighbors in the first co
dination sphere compared with the 8f site ~correspondingly
4 and 3!.

Comparison of the values of the moments shows that
theoretical Fe moments are larger than the values estim
in neutron diffraction measurement.4 On the other hand, the
calculated U moment is smaller than the experimental va
this is a rather typical feature of the DFT calculations.

Since one of our purposes is to understand the differe
in the magnetic states of UFe5Al7 and UFe4Al8 compounds,
we performed the calculation of UFe5Al7 in a magnetic con-
figuration similar to that of UFe4Al8: The moments of the
four Fe 8f atoms were arranged in a type-G antiferromag-
netic structure and directed along thex axis, being orthogo-
nal to the U moment and the moment of the fifth Fe ato
The total energy of this structure is about 4.5 mRy/f.u. hig
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than for the collinear ferromagnetic configuration. This co
firms the experimental result that the magnetic state
UFe5Al7 is drastically different from the magnetic state
UFe4Al8. In this magnetic configuration the value of the F
8 f moments~Table II! is close to the value obtained fo
UFe4Al8 and is substantially smaller than the correspond
moment in the collinear ferromagnetic state. It is remarka
that the fifth Fe moment, although orthogonal to other
moments, practically did not decrease compared with the
romagnetic configuration. The spin and orbital compone
of the U moment, although decreased, are still much lar
than in UFe4Al8.5

B. Noncollinear magnetism of UFe5Al7

The symmetry analysis performed in Sec. II shows t
the collinear ferromagnetic structure proposed in Ref. 2
UFe5Al7 cannot be stable: the moments of the 8f Fe atoms
must deviate from they axis. To verify this prediction we
performed an unconstrained calculation with all magne
moments allowed to deviate from the initial directions.

FIG. 3. DOS of the nonmagnetic~right panels! and collinear
ferromagnetic~left panels! states of UFe5Al7: ~a! and~e! total DOS,
~b! and~f! U 5 f DOS,~c! and~g! 8 f Fe 3d DOS, and~d! and~h! 8 j
Fe 3d DOS. The total DOS is given per formula unit, the part
DOS per atom. The energy origin is at the Fermi energy. In
ferromagnetic case, the dashed~dotted! line shows spin-up~spin-
down! contribution.
3-3
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TABLE II. Calculated magnetic moments. Values of the spin orbital and total moments are givenmB

per atom.M is the magnetization inmB per formula unit.

Canting angle Spin Orbital Total

Collinear ferromagnetic
U 2a -1.72 1.83 0.11
Fe 8f 1.49 0.08 1.58
Fe 8j 1.83 0.08 1.92
M 8.35
Collinear antiferromagnetic
U 2a -1.28 1.50 0.22
Fe 8f 90° 1.36 0.07 1.43
Fe 8j 1.69 0.07 1.76
M 1.98
Unconstrained
U 2a -1.70 1.79 0.09
Fe 8f 15° 1.49 0.07 1.56
Fe 8j 1.81 0.08 1.90
M 8.02
Fe 8j nonmagnetic
U 2a -1.25 1.38 0.13
Fe 8f 54° 1.38 0.06 1.45
M 4.8
OPC correction~1 mRy!
U 2a -1.86 2.44 0.57
Fe 8f 10.7° 1.49 0.08 1.58
Fe 8j 1.83 0.09 1.92
M 8.77
Magnetization measurementsa

M 7.46
Neutron diffraction measurementsb

U 2a 0.86
Fe 8f 1.1
Fe 8j 1.26

aReference 2.
bReference 4.
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In agreement with the symmetry analysis, the unc
strained calculation for UFe5Al7 has shown that the U and F
8 j moments keep their direction parallel to they axis. On the
contrary, the Fe 8f moments deviate from they axis by 15°.
Thex andz components of the Fe 8f moments become non
zero; however, as predicted by the symmetry analysis t
sum to zero~Fig. 1!. The calculated total magnetization
now closer to the experimental magnetization~Table II!.

These calculations successfully reproduce the drastic
ference in the magnetization of UFe5Al7 and UFe4Al8 estab-
lished experimentally. We have shown that in both co
pounds the 8f Fe moments form a canted noncolline
configuration but with very different canting angles: 15° f
UFe5Al7 and 74° for UFe4Al8.5 Although it is clear that the
difference in the magnetism of UFe4Al8 and UFe5Al7 com-
pounds is caused by the replacement of one of the Al at
by an Fe atom, there are two different aspects of the in
ence of this replacement on the magnetic configuration. F
the chemical nature of Al and Fe is very different. Anoth
aspect is a large magnetic moment on the fifth Fe atom.
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To separate the influence of these two factors we p
formed model calculations keeping the fifth Fe moment n
magnetic. Both canting angles and the values of the mom
~Table II! are intermediate between UFe4Al8 and UFe5Al7.

These results show that already a nonmagnetic fifth
atom influences the exchange interactions in the compou
The magnetic moment on the fifth Fe atom strengthens
trend to a large total ferromagnetic component in UFe5Al7 in
contrast to the small ferromagnetic component in UFe4Al8.

IV. CALCULATIONS WITH THE ORBITAL
POLARIZATION CORRECTION

The value of the U orbital moment is usually underes
mated within the local spin density approximation~LSDA!
scheme. A possible method to improve agreement with
periment is the inclusion of the orbital polarizatio
correction12,7 ~OPC! term into the Hamiltonian of the prob
lem. We used the OPC term in the formĤorb5I orbL l̂ z ,12,7

whereI orb is a parameter,L is the value of the atomic orbita
3-4
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moment, andl̂ z is the operator for the projection of the a
gular momentum on the local atomicz axis. The purpose o
this term is to simulate the effect of Hund’s second rule.

Surprisingly, in the case of UFe4Al8 the OPC was not able
to improve the agreement with experiment: For small val
of the OPC parameter both the size of the U moment and
canting of the Fe moments decrease under influence of
OPC. For an OPC parameter of about 1 mRy the U mom
and the canting angle jump to large values which far exc
the experimental values.5 This suggests that the form of th
correction is not adequate to account for the complex m
netic structure with two almost orthogonal magnetic sub
tices and the induced nature of the U magnetism.

To study the effect of the OPC on the magnetic state
UFe5Al7 we performed calculations with two values of th
OPC parameter, 0.5 and 1 mRyd. In this case a usual re
of an increased orbital U moment is obtained for both val
of the parameter.

The use of the OPC makes the difference between
calculated and measured magnetization somewhat large

V. CONCLUSIONS

We reported symmetry analysis and first-principles D
calculations of the magnetic structure in UFe5Al7. The fol-
o,

C.
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lowing two results can be considered as most significa
First, we have shown that the magnetic structure of UFe5Al7
is noncollinear. This is an important modification of the ma
netic phase diagram suggested in Ref. 2. The noncollinea
is a consequence of the interplay between the symmetr
the magnetic crystal and the spin-orbit coupling.

Second, we have shown that the DFT reproduces the d
tic difference in the magnetic structure of UFe5Al7 and
UFe4Al8 compounds. This difference appears mainly as
result of the strong variation of the angle between they axis
and the 8f Fe moments under the influence of the repla
ment of one of the Al atoms by an Fe atom. The influence
the orbital polarization correction is discussed to make
picture of the magnetism in UFe5Al7 more complete. We
obtained good agreement with experiment in the value of
magnetization per formula units. There is, however, a s
stantial difference between theoretical and experimental e
mations of the values of individual atomic moments. Furth
theoretical and experimental efforts are needed to unders
the origin of this difference.
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