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Multiple k magnetic structure and Fermi surface of USb
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We present calculations of the multipke magnetic structures in USb in the framework of spin density
functional theory. The system is described by a fully relativistic Hamiltonian including an orbital polarization
correction term. Calculations are carried out with the modified augmented spherical waves method which takes
into account the full-shape potential and the noncollinearity of the magnetization inside the atomic spheres.
The experimentally determined evolution from the ground state tkitticture towards the singlestructure
under pressure is studied. The Fermi surface properties of the ground staté tsipleture are analyzed in
detail and compared with experimental data.
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[. INTRODUCTION form a detailed study of the Fermi surface properties of the
triple-k structure and compare our theoretical results with
The complex noncollinear triplk- magnetic structure experimental de Haas—van Alphen data.
(Fig. 1) distinguishes USb from other compounds of the se-
ries of the uranium monopnictides U =N, P, AS, Sb,

. . . Il. CALCULATIONAL APPROACH
and Bi.}? Under pressure there is a phase transition into a

singlek structuré? (Fig. 1), which is a collinear antiferro- The calculations are carried out with the modified aug-
magnetic structure formed by ferromagnetic planes with alimented spherical wavéMASW) method. The MASW
ternating directions of the atomic moments. method takes into account the full-shape potential inside the

In contrast to the first three compounds in the series, UNatomic spheres, which is expanded in spherical harmonics up
UP, and UAs, the experimental specific heat coefficteim to 1=8. Besides, the variation of the direction of the mag-
USb is smalf The Sommerfeld coefficient increases con-netization inside the atomic spheres is taken into account. A
stantly from 25.8 mJ/Kin UN to 53.2 mJ/K in UA’s but  detailed description of the MASW method is given
decreases in USb to 4.56 mJ/KAs this electronic specific elsewheré. A number of calculational schemes which take
heat is directly related to the density of electron states at thito account the noncollinearity of the intra-atomic magneti-
Fermi level, semimetal properties can be expected in the casmtion appeared in the last few yed?s!? Because of the
of USh. This is experimentally confirmed by electrical resis-calculational complexity of this approach, very few studies
tivity measurement8 A small density of states at the Fermi of complex systems have been reported.
level signals that only few bands cross the Fermi level and The fully relativistic Hamiltonian describing the system is

only few Fermi surface sheets are present. written as a sum of four contributions
The first density functional theory calculation of the
multi-k structures in USbreproduced the triplé&- ground A= |:|SC+ |:|SO+ |:|Op+ ,qnmt. 1)

state and low Sommerfeld constant. In the present paper we

gfj}:{; d ttr?ee Ssit#d|)é_o;:]hde t?ilelg-rgtrr]lljccﬁj r?eijse:;egif?érgﬁtblgtr;i(cj: :al:l'he first termHg is the scalar-relativistic Hamiltonian al-
gie- P . ~_lowing for interatomic noncollinear magnetic structdres

constants confirming the experimentally observed transition

from triple- into singlek structure under pressure. We per-
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Here theU,=U(4,,¢,) are the spirs rotation matrices
transforming into the local coordinate system of atenThe
diagonal elementsi’!’! are the standard scalar-relativistic
Hamiltonians® for spin up and down in theth atoms local
frame. They are spherically averaged and contain the mass
velocity and the Darwin term.

The second terni, in Eq. (1) takes into account spin-
orbit coupling. It can be written as

FIG. 1. Triplek structure(left) and singlek structure(right) in A=, Ul > {M!aiiNMU, . (3)
USh. v "iSXy.z g
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Here theo; are the Pauli spin matrice$” is the angular ~ TABLE I Symmetry operations for single- and tripkestruc-
momentum operator of theth atom, and the coefficientd? ~ tures in USb. Here t,=(300), t,=(030), ty,=(330), t
can be found in Ref. 15. =(3%3%) and so on.

The third termI:IOp in Eq. (1) is the orbital polarization :
correction(OPQ term. Following the work of Eriksson, Jo- Symmetry operationfax|t}

hansson, and Brooksthis term is written singlek

{E[0} {Cx0} {Cyy[0} {C2,|0}
|:|Op= 2 | grbL ;IA;]_ (4) {C2b|tx} {C;z|ty} {le—z“x} {CZa|ty}
v {I |t} {Ux|tz} {O'y|tz} {Uz|tz}

t . " t
Here the parametdr., is taken to be 2.6 mRyd for the U {owltyd  {Siltd  {Sultyd  {owdtad

atoms as suggested in Ref. 16, is the projection of the triplek
orbital moment on the locat axis of atomy and1 is the (E|0}

. . C,,|0 C,,|0 C,,|0
2X2 unity matrix. {Cax0} {Ca[0} {C2,|0}

{C31l0} {C30} {C340} {C340}

The fourth termI:Inrnt in Eq. (1) includes all nonspherical [cijor (cijoy (cHjo (cLjo}
and off-diagonal parts of the potential in the atomic sphere, ®{Clb|t} @{C‘t It O{CLItt  ©{Cylt)
not yet included in the first three terms. It can be written as ®{Cz It @{C;‘Z“} @{Cizh} @{C?ﬁ“}

e c 4y 4y

- e e sed
|:|nm: UI ( v )Y FV It oyt (Tyt a,|t
' 2” [ U(l)g)(rv) 0 oolF») {Salt} {Sadt} {Se4lt} {Sedt}
{Sedlt} {Sedt} {Sedt} {Sedlt}

O{ogwl0}  O{S|0}  O{S.|0}  BO{oyy/0}

U, ®) O{og0}  Ofoad0}  O{Sj0}  ©fS,o}

{00} O{S,I0}  B{ogy0}  BO{S,|0}

+|2 Vim(T) Yim(T )
140

The off-diagonal part of the potential takes into account
intra-atomic noncollinearity of the spin densities which is _ _ _
treated in a self-consistent way. Within the MASW method The symmetry operations for the single- and triple-
there is no approximation on the shape of the22potential ~ Structures in USb are collected in Table I. For the sirigle-

inside the atomic spheres. structure 16 operations of tetragonal symmetry and in the
case of the triplde structure all 48 cubic symmetry opera-
IIl. SYMMETRY OF THE CRYSTAL AND MAGNETIC tions leave the magnetic crystal invariant. The notation of
STRUCTURE Bradley-Cracknelf is used for the operatorg is the iden-

_ o o tity operation,| the space inversiorf; is a pure rotationg is

The uranium monopnictides crystallize in the face cen- reflection, andis a rotation reflection® denotes the time
tered NaCl structure. The size of the magnetic unit cell dereyersal operator.
pends on the magnetic structure. The sirigleiructure hasa  The analysis according to the symmetry criterion formu-
body centered tetragonal magnetic unit ¢&llg. 1) with two |64 in our previous publicationsee Ref. 20 for review
chemical units per cell. The magnetic unit cell of the trigle- ghows that both structures are stable and can be the ground
structure is a simple cubic and containes four chemical Unit§ e of the system. Which of the two structers is realized
(F'gr'ol)'.m lifv calculations and to studv the stability of the depends on the complex balance of various interactions and

simplify uiations study Stabliity O INe cannot be predicted on the basis of the symmetry arguments.

calculated magnetic structures the symmetry analysis is esg direct DFT calculation of both structures is needed to re-

sential. Symmetry operations of a magnetic crystal mus : )
leave invariant both the positions of the atoms and the mag\feal the structure with lower energy. These calculations are

netic structure. In the presence of spin-orbit coupling Sp"{eported In Sec. IV.

and space variables are coupled and therefor a space rotation

C must be accompanied by an identical spin rotatisee

e.g., Refs. 17 and 18Due to the axial nature of the mag- IV. RESULTS
netic moment the space inversibleaves magnetic moments
invariant. The symmetry operations can be written in the _ ) . )
form {ag|t}, whereag is a rotation or a rotation accompa-  The experimentally determined ground state in USb is

A. Magnetic ground state

nied by the inversion antlis a space translation. the triplek structure with a Neel temperature oFy
In addition, the ag|t} operations can be accompanied by =213 K. The experimental lattice constant i
the time reversa® which can be represented @s= oK. =11.6992, (a, is the Bohr radiug and the magnetic mo-

Here o is a Pauli spin matrix an& is the operator of ments of the U atoms are measured to be 2g5Under
complex conjugation. Th@ operator reverses the direction pressure a transition towards a singlestructure is
of magnetic moments. observed*
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the Fermi level. This property is in agreement with the small
ol experimental Sommerfeld coefficient for USb.
The three bands crossing the Fermi level result in three
109 11.1 113 115 117 11.9 Fermi surface sheets. One encloses hole states; the other two

lattice constant (a,) enclose electron states. The Fermi surface sheets are shown
_ in Figs. 4a)—4(d). The first sheeftFig. 4(a)] consists of rings
FIG. 2. Calculated total energy,,; and magnetic moment for centered around th¥ point. The second sheéFig. 4(b)]
single- and triplek structures in USb as a function of the lattice looks like dog bones centered at tKepoints while the third
constant sheef{Fig. 4 (c)] looks like cigars.
We did a series of calculations for single- and trifsle- The symmetry of the triplé- structure is reflgcted in the

: - . . form of the Fermi surfaces. The fourfould rotations about the
structures for lattice constants of the cubic lattice varying di he threefold . b he di |
from a=10.9, to a= 12.0a,. The results are shown in Fig coordinate axes, the threefo _ rotat|ons_ about the iagonals,
5 970 o " and the reflections and rotation reflections collected in the

As can be seen in Fig. 2, the calculated magnetic grouna—able | leave the Fermi surface invariant.
state is the triplde structure with a lattice constarda
=11.5,, in reasonable agreement with the experimental lat-
tice constant. The calculated magnetic moment for the
ground state is 2.24g which is the sum of an orbital mo-
ment of 4.4z and an oppositely directed spin moment of
2.22ug . Although the calculations fail to reproduce exactly
the experimental value of the magnetic moment, this result is
in much better agreement with experiment than the result of
the earlier calculatiohwhich gave a moment of 1.54;.
This improvement is mainly due to the OPC term, E4),
which enhances the calculated orbital moments.

The transition from triple to singlk is reproduced in the

calculations. For lattice constants<11.23, the singlek

structure becomes energetically preferable. The magnetis « &
moment of the singlé- structure fora=11.3; is 2.2Qug o A

per U atom with an orbital moment of 4.2 and an oppo- 'I ‘—)
sitely directed spin moment of 2.2 . The size of the mo- ii B 2
ment decreases with decrease of the lattice conéagnt 2).

g ) X
o
B. The Fermi surface in USb

Next we discuss the Fermi surface of the triflestruc- (b) (d)
ture, calculated for the theoretical equilibrium lattice con-

stanta=11.58,. Analysis of the band structur@ig. 3) re- FIG. 4. Fermi surface sheets in trigteUSb. The first two
veals that there are three bands crossing the Fermi level. Theets(a) and (b) enclose hole states, and the third sh@aten-
calculated density of states shows a small number of states @bses electron states.
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from; first, cigar shaped sheets at tKepoints which are

‘Q*Os\o\Qozq;&ﬂ‘\{};@o\@\o\ 00" responsible for the branches labeled witland 8” and sec-
002 - Q\\ P P g,vO\Q 1 ond, a spherical sheet at thepoint leading to the constant
a d B O,/’ o frequency branch.
0015 - * & ‘..,}1 e e, S osores We suggest an alternative interpretation. The shape of the
[ O .?:Cj s OB et dog bone sheet leads to a separation of the extremal cross
* 7 r . . .. . .
001 om0 ‘e .,9;}0’“,..0” | sections into a minimunB’ and a maximunB cross section
5 for field orientations near thé@01) and (100 direction. For
0005 band2 ‘ . these field orientations the maximum cross sectris
0012 - 1 rather constant, whereas for field orientations far from Car-
_O-0-0-0_ 2 . . .
o © ©-0- g g o tesian axes there is no cross sectiongdf/pe.

o, ’0’ . O\o\o P The de Haas—van Alphen data for the cigar shaped theo-
| C0 0@ YT e 308 ] retical Fermi surface sheet is compared with the experimen-
g 0009 0o ,0,0,070’0:,.0..,““‘ tal data in the middle graph in Fig. 5. Here, the agreement
< S *tene .x,...u"‘ | between theoretical and experimental data is very good; the

a branchesa and o' are reproduced in good quantitative

band 3 agreement. For the first ring shaped theoretical sheet there is

0 % \ \ no clear experimental evidence. The theoretical de Haas—van
006 50000 500RO00000G - A]phen data for this sheet are shownlln the Iower graph in

004 | 1 Fig. 5. The large cross sectiogselonging to the inner and
€ . . .

r 1 outer cross section of the ring are not seen experimentally.
0,02 £OOO0C OOO@éooooo | 9 P y

The smaller cross sectiohmay be represented by the lower

bl L band 1 | branches of the experimental data. This is, however, the data
i | 0.0 * e $ oo . we already assinged to the cigar shaped sheet.
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o ® ‘ » A V. CONCLUSIONS
[100] [101] [001] [111] [110]

FIG. 5. Theoretical ©) and experimental ¢ ) de Haas—van We have studied Sir_]g_le' and triplllema'gnetic structures
Alphen data for triplee USh. The greek letters indicate the ex- IN USb by means o&b initio calculations in the framework

tremal cross sections shown in Figd% of spin density functional theory. In agreement with the ex-
periment we obtained the triplke-structure to be the mag-
petic ground state. Also the transition into a singlground

In Fig. 4(d) the Fermi surface sheets are shown togethe tat d : full duced. Th |
with several extremal cross sections labeled with Greek lets arc UNCET Pressure 1s successiully reproduced. The caicu-

ters. The cross sectionsand 3 are labeled in the same way lated magnet_ic moment of urar_1ium atoms is in reasonable

as in Ref. 8. The de Haas—van Alphen measurements Suagreement with the _Iarge expenm_ental moments. L

gested two cigar-like Fermi sheets at thepoints and a A detailed analygs of the Fermi surface properties is per-

spherical sheet at the point. The two cigar shaped Fermi fprmed. A comparison of the calu[ated ext_remal Cross sec-

surface sheets are reproduced by our calculations, wherefgns of the Fermi surface sheets with experimental de Haas—

no spherical sheet is found at thepoint, although the upper Van Alphen data is given and a new interpretation of the

occupied bands at thE point are very close to the Fermi _experlmental dgta is suggested. We_hope the present th_eoret—

level (see Fig. 3 The suggested spherical Fermi surfaceical yvork will stlmulgte further experlment_al and th(_aoretlcal_

sheet could not be detected experimentally over the wholgtudies of the Fermi surface and electronic properties of this

range of orientations of the applied magnetic field, althougfFompound. _ _

this is expected for a spherical sheet. On the other hand, Our recent calculation of the doublestructure in USb

there is no experimental evidence for the first theoreticafor the experimental lattice parameter gave the total energy

Fermi surface sheet shown in Figat very close to_ the total energy of the trigteeonfiguration.
The special form of the dog bone sheet suggests an eXp|§_urther studies are needed to understand the role of the

nation for the failure of the experiments to observe the sugdoublek magnetic state.

gested spherical Fermi sheet over the whole range of field

direction. To show this, the experimental de Haas—van Al-

phen data are compared with the theoretical data in Fig. 5. ACKNOWLEDGMENTS
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