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Ab initio study of anisotropic magnetism in uranium compounds
Eric M. Collins, Nicholas Kioussis,a) and Say Peng Lim
Department of Physics and Astronomy, California State University Northridge, Northridge,
California 91330-8268

Bernard R. Cooper
Department of Physics, West Virginia University, Morgantown, West Virginia 26506

We have applied two methods to investigate the origin in the electronic structure of the unusual
magnetic behavior of the uranium monochalcogenides and monopnictides. First, we have carried out
spin-polarized electronic structure calculations based on the full-potential linearized muffin-tin
orbital ~FPLMTO! method with only spin-polarization~orbital polarization only via spin-orbit
coupling! and also with orbital polarization correction. Second, we have carried out first-principles
calculations synthesizing~1! a phenomenological theory oforbitally driven magnetism using a
model Hamiltonian which incorporates explicitly the hybridization-induced and Coulomb exchange
interactions on an equal footing, and~2! FPLMTO electronic structure calculations allowing a
first-principles evaluation of the parameters entering the model Hamiltonian. Within the purely band
calculation greater success is obtained for the zero-temperature ordered moments for the more
itinerant compounds~US and UP!, while the synthesis of phenomenology and electronic structure
method gives better agreement with experiment for the more localized pnictides~UBi, USb!. Results
for the ordered moments and ordering temperatures are presented, and the validity and limitations
of the two methods are discussed. ©1999 American Institute of Physics.
@S0021-8979~99!73308-6#

I. INTRODUCTION

The uranium monopnictides UX~X5P, As, Sb, Bi! and
monochalcogenides~X5S, Se, Te! have become1 prototype
systems with respect to their unusual magnetic properties
and electronic structure. In this class of compounds, with the
simple rocksalt structure, one can vary the uranium–uranium
spacing2 and examine the change in magnetic behavior as the
degree of 5f -electron localization changes from localized to
itinerant behavior, as the chemical environment changes.
This family of compounds also allows the study of the de-
pendence of the magnetic behavior on the hybridization be-
tween the 5f states of uranium and the uranium 6d states or
the ligandp electrons when one replaces the pnictide with its
corresponding chalcogenide, where the only apparent chemi-
cal change is the addition of ap electron in the anion.

In these systems there is large directional magnetic an-
isotropy, which changes from the^001& direction in the pnic-
tides to the^111& direction in the chalcogenides. For the
monopnictides, both the ordering temperature and ordered
moment increase on going down the pnictide column from
UP ~125 K and 1.8mB! to UBi ~285 K and 3.0mB!.3 On the
other hand, for the chalcogenides, while the moment in-
creases on going from US (1.75mB) to UTe (2.2mB), the
Curie temperature decreases with increasing lattice constant
~178 K for US to 104 K for UTe!.4,5

To understand the underlying mechanisms responsible
for the unusual magnetism in this class of systems, we have
employed two methods to calculate the zero-temperature
magnetic properties. First, full-potential linear muffin-tin or-
bital ~FPLMTO! electronic structure calculations within the
local density approximation~LDA ! have been carried out

using ~i! only spin polarization, with orbital polarization in-
cluded only through spin-orbit coupling; and~ii ! using both
spin and orbital polarization correction.6 Second, we apply a
phenomenological~PHEN! theory of magnetic ordering
based on the Anderson and Kondo Hamiltonian, which in-
cludes the band-f Coulomb exchange and the band-f hybrid-
ization on an equal footing. The parameters entering the phe-
nomenological Hamiltonian are calculated from the
FPLMTO electronic structure calculations. Theseab initio
parameters are then used in a mean field calculation to evalu-
ate the zero-temperature moment and the ordering tempera-
ture.

II. METHOD

The self-consistent density-functional calculations are
based on the FPLMTO method.7 Explicit orbital polarization
can be taken into account self-consistently by means of an
eigenvalue shift,DVm52E3Lzml , at each atom site.6 Here,
Lz is the z component of the total orbital moment of the
atom, ml is the magnetic quantum number, andE3 is the
Racah parameter which is self-consistently evaluated at each
iteration.

The phenomenological method is based on the Anderson
and Kondo lattice Hamiltonian8

H5H01H1 , ~1!

where
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The FPLMTO electronic structure calculations are used
to evaluate the band energiesek , the f-state energyem , and
the on-site Coulomb repulsion U.9 Since the 5f states in
uranium compounds are more delocalized than the 4f states
in cerium, we adopt the ‘‘band point of view’’ scheme to
evaluate the hybridization matrix elementsVkm .10 The
band-f exchange Coulomb interaction,Jm,m8(k,k8), is calcu-
lated using the more atomiclike scheme.8

Having calculated from first principles all parameters in
the Hamiltonian, one can then evaluate the two-ion interac-

tions E
mam

a8

mbmb8(Rb2Ra) treatingH1 to second order in pertur-

bation theory.8 The exchange interactions contain three types
of terms: the pure Coulomb exchange interaction term pro-
portional to Jmm8

2 (k,k8), the hybridization-mediated ex-
change interaction term proportional toVkm

4 , and the cross
term proportional toVkm

2 Jmm8(k,k8). These exchange inter-

actions, E
mam

a8

mbmb8(Rb2Ra), couple two f ions via single-

electron scattering. The two-ion interactions between thef 3

multiplets can be determined in terms of the one-electron
interactions.10 Having obtained the two-ion interactions, the
ordering temperature and zero temperature ordered moment
can be determined by means of a mean field calculation.9

III. RESULTS AND DISCUSSION

In Table I we present the calculated values of the zero-
temperature uranium magnetic moment in the ferromagnetic
state. For the LDA calculations we list the values with and
without orbital polarization correction taken into account. To

determine the direction of magnetic anisotropy we have car-
ried out total energy electronic structure calculations with the
moment aligned in different directions.

For both the pnictides and chalcogenides we find that the
ab initio purely band structure calculations for ferromagnetic
configurations give the lowest energy for moment~both spin
and orbital! along the^111& direction. The results for the
chalcogenides are consistent with experiment, where the easy
axis of magnetic anisotropy is along^111&; however experi-
mentally, the pnictides are antiferromagnetic with an easy
direction of^001&. The values of the moments with no orbital
polarization correction are consistently lower than the ex-
perimental results by a factor of 2 for the heavier pnictides
and chalcogenides, and by a factor of 3 for the lighter ones.
With orbital polarization correction taken into account the
values of the total moment increase and are in better agree-
ment with experiment. These results indicate the importance
of the effect of orbital polarization in the uranium com-
pounds. Note, that in all cases the orbital moment is antipar-
allel ~in accordance to Hund’s third rule! to and larger than
the spin moment. The LDA calculations of the magnetic mo-
ments with orbital polarization are in better agreement with
experiment for the lighter more itinerant chalcogenides~US!
and pnictides~UP!. On the other hand, the LDA calculations
including the orbital polarization correction fail to give the
nearly saturated moments for the heavier uranium com-
pounds which exhibit a more localized nature of the 5f
states. Thus, for the more itinerant~lighter! systems where
band theory is more appropriate, the refinement of including
the orbital polarization corrections is relatively successful in
providing agreement with experiment. In contrast, the mo-
ments obtained from the phenomenological calculations
agree well with experiment for the more-localizedf-electron
pnictides~UBi, USb!.

We have calculated the 10310 exchange interaction ma-
trix pertinent to the change of magnetic behavior in this class
of compounds. Characteristic values of the exchange interac-
tion matrix elements (m5m855/2) of the f 3 multiplets for
the first three nearest-neighbor shells of US are listed in
Table II. The exchange interactions resulting from the hy-
bridization of f states with non-f states are dominant due to
the more extended spatial extent of the 5f wave functions.
Note, that the second nearest-neighbor exchange interaction
is twice as large as the first nearest-neighbor exchange inter-
action.

Listed in Table III are the calculated ordering tempera-
tures for the phenomenological~PHEN! method,Tc , as well

TABLE I. Values of the calculated and experimental~see Refs. 3–5! mag-
netic moments for the uranium chalcogenides and pnictides in units ofmB .
Listed are the FPLMTO values for the spin momentmS , the orbital moment
mL , and total momentm, for the spin polarized only calculation (FP1SP)
and for the calculation with spin polarization and orbital polarization cor-
rection (FP1SP1OP). Also listed are the values of the total magnetic mo-
ment of the phenomenological~PHEN! calculations.

FP1SP FP1SP1OP
PHEN EXPT

mS mL m mS mL m m m

US 21.87 2.39 0.52 22.06 3.58 1.51 3.1 1.6
USe 22.01 2.68 0.67 22.27 3.89 1.62 3.2 2.0
UTe 22.35 3.23 0.88 22.60 4.26 1.66 3.3 2.2

UP 22.18 2.66 0.48 22.43 3.85 1.43 3.3 1.8
UAs 22.32 3.00 0.68 22.44 4.12 1.68 3.3 2.2
USb 22.37 3.50 1.13 22.60 4.57 1.97 3.3 2.8
UBi 22.55 3.82 1.28 22.69 4.79 2.10 3.2 3.0

TABLE II. Characteristic matrix elements of the 10310 two-ion interaction

matrix (E
mam

a8

mbmb8(Rb2Ra)) of the f 3 multiplet. Values of the hybridization

induced (EV4), cross terms (EV2J), and pure Coulomb exchange (EJ2) in-
teractions are listed for them5m855/2 elements for each of the first, sec-
ond, and third nearest uranium neighbors in units ofK.

EV4 EV2J EJ2

R5(1/2 1/2 0) 253 14.4 2.0
R5(1 0 0) 490 12.9 1.0
R5(1 1/2 1/2) 29 4.2 0.1
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as the experimental values. The synthesis of phenomenology
and electronic structure method gives the trend of Curie tem-
peratures for the chalcogenides in qualitative agreement with
experiment. We find that the calculated ordering tempera-
tures for the more localized compounds~UBi, USb, UTe! are
in better agreement with experiment, while overestimating
Tc for the more itinerant compounds.

In conclusion, we have applied two different computa-
tional methods to study the trend of the low-temperature or-
dered magnetic moment across the uranium compounds. The
method involving pure electronic structure calculations bet-
ter predicts the moments for the more itinerant systems. On
the other hand, the synthesis of phenomenology and elec-
tronic structure method provides a better description of the
ordered moment for the more localized uranium compounds,
and can be used to gain insight into some of the specific
contributions of the interactions responsible for the unusual
magnetic properties of these compounds. With a quite lim-
ited degree of success, the PHEN calculations also give val-
ues for the magnetic ordering temperatures. Employing anab
initio based phenomenological approach utilizing the Hub-

bard model and a disordered Ising lattice with randomly lo-
cated holes~two types of uranium sites, embodying the lo-
calized and delocalized components, respectively! Cooper
and Lin11 obtain the correct values of ordering temperatures
and variation with pressure and dilution alloying for the ura-
nium chalcogenides. Recent results for the more-localized
cerium pnictides and chalcogenides, based on the synthesis
of ab initio and electronic structure calculations, for the or-
dered magnetic moment and the ordering temperatures are in
good agreement with experiment.12
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TABLE III. Calculated ~from the phenomenological PHEN method! and
experimental values of the ordering temperatures for uranium compounds.
For the case of the pnictides, the ordering temperature listed is the Ne´el
temperature.

TC (K) calc TC (K) exp

US 950 178
USe 580 160
UTe 170 104

UP 900 125
UAs 450 126
USb 195 241
UBi 120 285
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