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Electronic and magnetic structure of URhGe

Alexander B. Shick
Institute of Physics ASCR, Na Slovance 2, 182 21 Prague 8, Czech Republic
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A consistent picture of the magnetic properties and electronic structure of the superconducting itinerant
ferromagnet URhGe is obtained with the local spin-density approximation~LSDA!. The LSDA calculations
reproduce both the magnitude of the observed moment, composed of strongly opposing spin and orbital parts,
and the magnetocrystalline anisotropy. It is shown that the canted magnetic structure of URhGe can originate
from the noncollinear arrangement of U-atom orbital magnetic moments, while the spin magnetic moments are
ferromagnetically ordered.
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Superconductivity coexisting with ferromagnetic ord
was recently observed in UGe2 ~Ref. 1! and URhGe.2 This
superconducting phase is found within the ferromagn
phase and disappears in the paramagnetic region, stro
suggesting that the pairing mechanism is magnetic in ori
While for UGe2 the superconductivity occurs at high pre
sure, URhGe is superconducting at ambient pressure. Re
theoretical studies of the electronic and magnetic struct
and superconducting pairing in UGe2 ~Refs. 3 and 4!
strongly suggestp-wave~triplet! pairing for equal spin state
due to the longitudinal magnetic fluctuations.5 The aim of
this paper is to show that first-principles calculations acco
correctly for the electronic and magnetic structure
URhGe. We show that the magnetic canting in URhGe
originate from antiferromagnetic order of U-atom orbit
magnetization components. The calculated electronic
magnetic properties determine the possible superconduc
pairing, and they are crucial in the theoretical understand
of superconductivity in URhGe.

Recent experiments on poly-6,7 and single crystals8 indi-
cate that URhGe has the orthorhombic TiNiSi crystal str
ture (Pnma). This structure can be viewed as arising fro
‘‘zigzag’’ chains of U atoms along thea axis which are
shown in Fig. 1. The U atoms in the unit cell form tw
‘‘pairs’’ ~1,2! and ~3,4! @the atoms of the pair~1,2! will
henceforth be referred to as U-I, and~3,4! as U-II#. The U
atoms within the pairs are connected by an inversionI (1
→2,3→4), a 180° rotationC2y (1→2,3→4), and a mirror
sy (1 –4→1-4), both pairs accompanied by nonprimitiv
translations.9 Other symmetry operations, 180° rotationsC2x
(1→4,2→3) and C2z (1→3,2→4), and mirrorssx (1
→3,2→4), sz (1→4,2→3), map the atoms U-I of pai
~1,2! to the atoms U-II of pair~3,4!.

The experimental magnetic studies2 show that URhGe is
ferromagnetic below a Curie temperature of 9.5 K and it h
a low-temperature ordered moment of 0.42mB per f. u., ori-
ented along thec axis (z axis, see Fig. 1!. The magnetic
symmetry operations which conserve thez componentMz of
the total (spin1orbital) magnetization are

E,I : U-I~Mx ,M y ,Mz!→U-I~Mx ,M y ,Mz!,

U-II ~Mx ,M y ,Mz!→U-II ~Mx ,M y ,Mz!,
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C2yR,syR: U-I~Mx ,M y ,Mz!→U-I~Mx ,2M y ,Mz!,

U-II ~Mx ,M y ,Mz!→U-II ~Mx ,2M y ,Mz!.

Since, the U atoms within the pairs~1,2! and ~3,4! should
have the same magnetization, the above conditions fre
M y50, and allow theMxÞ0 component.

The magnetic symmetry operations which map the U
oms of pair~1,2! to pair ~3,4! are

C2xR,sxR: U-I~Mx ,M y ,Mz!→U-II ~2Mx ,M y ,Mz!,

C2z ,sz : U-I~Mx ,M y ,Mz!→U-II ~2Mx ,2M y ,Mz!.

Mapping is only possible whenM y50, and the magneti-
zation of pair~1,2! is transformed to the magnetization o
pair ~3,4! as (Mx,0,Mz)→(2Mx,0,Mz). Thus, together with
the ferromagnetic~FM! Mz components along thec axis,
antiferromagnetic~AFM! Mx components of U pairs~1,2!
and~3,4! along thea axis can produce noncollinear magne
order in thea-c plane, without a further decrease of th
magnetic symmetry.7,10

The same analysis for the case whenMx is conserved (a
axis! shows thatM y50 andMzÞ0 components of differen

FIG. 1. Schematic crystal structure of URhGe~only U atoms are
shown!. The unit-cell atoms are marked as~1,2,3,4! and located at
4c sites. The crystal axes (a,b,c) correspond to (x,y,z) axes.
©2002 The American Physical Society09-1
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signs for the U-I and U-II atoms are allowed. For the ca
when M y is conserved (b axis!, both componentsMx ,Mz
50.

The conventional local spin-density approximati
~LSDA! band theoretical method is applied together with
relativistic full-potential linearized-augmented-plane-wa
~LAPW! method11 to perform total-energy electronic an
magnetic structure calculations. First, the spin magnetiza
is fixed along each of thea, b, andc axes. The crystal sym
metry is reduced in the presence of spin-orbit coupling
order to preserve a chosen component of the magnetiza
In order to avoid systematic numerical errors when the
ference in the total energies for different magnetization
rections is calculated,12 the same reduced symmetry$E,I% for
all three cases13 is chosen. Importantly, these reduced sy
metry calculations allow for two pairs of U-I atoms~1,2! and
U-II atoms ~3,4! to become nonequivalent with respect
conventional space-group symmetry.

Here, 144 specialk points in the irreducible 1/2 part of th
Brillioun Zone were used, with Gaussian smearing
k-point weighting. The ‘‘muffin-tin’’ radius values ofRMT
52.9 a.u. for U,RMT52.35 a.u. for Rh,RMT52.3 a.u. for
Ge, andRMT

Ge 3Kmax57.6 ~whereKmax is the cutoff for the
LAPW basis set! were used.

The magnetic anisotropy energy~MAE! is calculated as
the difference in the total energies for different orientatio
of the magnetic moment along thea, b, andc axes, and is
shown in Table I. Total-energy calculations yield thec axis to

TABLE I. Magnetic anisotropy energy~meV/f.u.! calculated
from total-energy differences for the magnetization directed al
@100# (a axis!, @010# (b axis!, and@001# z (c axis!.

DE @100# - @001# @010# - @001# @100# - @010#

Present 6.165 1.524 4.641
Reference 10 6.86 2.56 4.30
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be the easy magnetization axis and thea axis the hard mag-
netization axis, in good quantitative agreement with rec
experimental2,7,8 and theoretical10 studies. Note that the
MAE of 6.165 meV/f.u. in thea-c plane is substantially
higher than the MAE of 1.524 meV/f.u. in theb-c plane
meaning that URhGe is theb-c easy magnetization plan
ferromagnet.

The spin, orbital, and total magnetic moments for U
oms together with the total magnetic moment~per f.u.! are
shown in Table II for three fixed directions of spin magne
zation. For the physical case with the spin momentMs
aligned along the easyc axis, there is a total magnetic mo
ment of 0.293mB along thec axis arising from noncompen
sated U-atom spin and orbital magnetizations. The value
the total magnetic moment agrees perfectly with the previ
theoretical result of 0.3mB .10 Both present calculations an
those of Ref. 10 yield the total magnetic moment, whi
exceeds the experimental value of 0.214mB ~Ref. 8! for the
single crystals, and is slightly smaller than the magne
moment value of 0.42–0.43mB found for polycrystalline
URhGe samples. Since the U-I has (Ml

x,0,Ml
z) components

of the orbital magnetization and U-II has (2Ml
x,0,Ml

z) com-
ponents, they contribute to the FM component along thc
axis and the AFM component along thea axis yielding the
magnetic canting in thea-c plane along thec axis which is
experimentally observed in Refs. 2 and 7.

For Ms aligned parallel to thea axis, there is almost com
plete compensation of spin and orbital magnetic mome
along thea axis, resulting in an almost zero total magne
moment. This is in quantitative agreement with the magn
zation measurements of Ref. 8, which report almost z
spontaneous magnetization when aligned along thea axis.
Since the U-I has (Ml

x,0,Ml
z) components of the orbital mo

ment and U-II has (Ml
x,0,2Ml

z) components, they contribut
to the FM component along thea axis and the AFM compo-
nent along thec axis yielding magnetic canting in thea-c
plane along thea axis. WhenMsib axis, the U-I and U-II
atoms both have (0,Ml

y,0) components of the orbital magne

g

e
ti-
TABLE II. Spin (Ms), orbital (Ml), and total (MJ5Ms1Ml) magnetic moments for U atoms, and th
total magnetic moment (MTot) per formula unit (mB) calculated for three fixed directions of spin magne
zation:x (a axis!, y (b axis!, andz (c axis!.

Msia axis @100#

Atom Ms Ml MJ

axis x ~a! y ~b! z ~c! x ~a! y ~b! z ~c! x ~a! y ~b! z ~c!

U-I .995 0 0 21.005 0 2.038 2.010 0 2.038
U-II .995 0 0 21.005 0 .038 2.010 0 .038
MTot .965 0 0 21.017 0 0 2.052 0 0

Msib axis @010#
U-I 0 1.003 0 0 21.210 0 0 2.207 0
U-II 0 1.003 0 0 21.210 0 0 2.207 0
MTot 0 .975 0 0 21.224 0 0 2.249 0

Msic axis @001#
U-I 0 0 1.033 2.027 0 21.294 2.027 0 2.261
U-II 0 0 1.033 .027 0 21.294 .027 0 2.261
MTot 0 0 1.011 0 0 21.304 0 0 2.293
9-2
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tization, and the magnetic order is collinear along theb axis
for both spin and orbital magnetic moments. The calcula
total magnetic moment of 0.249mB is somewhat smaller tha
the experimental value for single-crystal spontaneous m
netization of 0.346mB .8

Note that all three calculated magnetic structures are c
sistent with the magnetic symmetry considerations above
is fairly unusual that in spite of FM ordering of the sp
magnetic moments there is AFM ordering of the orbital ma
netic moments. This is not forbidden by the magnetic sy
metry considerations and it indicates different coupling
spin and orbital magnetization to the crystal lattice.

The AFM canting of U-atom magnetic moments was p
posed in Ref. 7 on the basis of neutron powder-diffract
experiments. The authors reported the U-I and U-II ato
magnetic moments which are canted in thea-c plane with an
angle of'630° off the c axis, with the absolute value o
0.26mB for the AFM component of the magnetization. Mo
recent results for polycrystals2 do not reproduce the pictur
of Ref. 7. They give the AFM component ina-c plane which
has a magnitude smaller than 0.06mB , while the FM-ordered
component of 0.37mB is aligned along thec axis. The results
of Ref. 2 are in good quantitative agreement with pres
calculations~see, Table II! yielding the AFM component of
0.03mB and FM component of 0.293mB . Therefore, we sug-
gest that the canted magnetic structure of URhGe can o
nate from the noncollinear arrangement of the orbital m
netic moments on~1,2! and~3,4! U-atom pairs~see, Fig. 1!.
It should be noted that the results presented here do no
clude the possibility of a noncollinear spin arrangement.

Very recent single-crystal experiments8 report no AFM
component in thea-c plane. Instead, they suggest the ma
netization to be collinear and confined to theb-c plane away
from the high-symmetry axes. We perform the total-ene
calculations rotating the magnetization in theb-c plane.14

The change in the total energy with the angle between m
netic moments and thec axis is shown in Fig. 2 for both spin
and total magnetizations. Here, the spin magnetic mom
Ms and orbital momentMl are antialigned and not parallel t
each other. Since the absolute value ofMl exceedsMs , the

FIG. 2. Total energy vs angleu between thec axis and the spin
~circles! and total ~squares! magnetization in theb-c plane, and
biquadratic fitEanis5K2sin2u1K4sin4u.
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resulting total magnetic momentMW J5MW s1MW l in the b-c
plane forms the 180°1u tot angle with thec axis, when the
spin magnetic moment is aligned at aus angle. The angle
u tot-us betweenMJ and Ms decreases as the moments a
proach thea or b axes, with a maximum around 45°.

The total energy as a function of angle is very flat ne
both thec easy axis andb axis, indicating the possibility of
additional minima close to thec and b axes. The accuracy
better than 0.02 meV for the difference in the total energ
of '43106 eV would be required to resolve possib
minima, which are practically unreachable.15 No additional
minima in theb-c plane are found, contrary to the propos
of Ref. 8. Instead, there is a maximum in the total energy
'60°. It can be understood to originate from the compet
second-(K2) and fourth-(K4) order magnetic anisotropy con
stants. These constants can be obtained by fitting the ang
dependence of the total energy by the biquadratic func
Eanis5K2sin2u1K4sin4u. This estimate yields forK2 the
value of 4.4 meV and22.9 meV forK4. Surprisingly, the
absolute value of the fourth-order anisotropy is more th
half the second-order anisotropy. This fairly large absol
value ofK4 could be the reason for the strong reduction
the MAE in theb-c plane~see, Table I!.

The band structure of URhGe has a mixed spin chara
due to the spin-orbit coupling~SOC! and we discuss only the
case with the moment along the easyc axis. The total density
of states~DOS! and spin-resolved densities of U-f ( f DOS)
states are shown in Fig. 3~a!. The lower-energy region from
10.5 to 8.5 eV below the Fermi level (EF) is formed by
Ge-4s states. This region is separated by an energy gap
'3 eV from the main valence band. In the region from 5
to 3 eV belowEF there are mainly Rh-4d states hybridized
with Ge-4p states and U-6d states. Starting from 1.5 eV
belowEF there are mainly U-5f states@see, Fig. 3~a!#. These
states are spin split by'0.5 eV and strongly dispersive in
the region of 1.5 eV below to 2.5 eV aboveEF . The tail of
Rh-4d states is extended up to 2.5 eV aboveEF indicating
the hybridization of Rh-4d and U-5f states. The spin split-
ting of U-5f states can be interpreted in terms of Stoner-l
band magnetism10 and the total-energy difference betwee
ferro- and nonmagnetic solutions EFM2ENM
5231.8 meV/f.u. is calculated in agreement with Ref. 1
showing that the FM solution is energetically preferred.

The spin- and orbitally resolved ($ms ;ml%) U-atom f DOS
is shown in Fig. 3~b!. The combination of substantial spi
polarization and strong SOC~the SOC constantj
50.22 eV) results in$ms ;ml% separation as is evident i
Fig. 3~b!. The URhGef DOS spin and orbital character in th
vicinity of EF differs from UGe2 ~cf. Fig. 2 of Ref. 3! and
the states for both$↑;↓% spins are present. The tota
N(EF)/f.u. of 17.5 states/eV arises mainly due to the U-f
contribution. The measured electronic specific-heat coe
cient g5160 mJ/K2 mol ~Ref. 16! corresponds to a dresse
value N* (EF)568.6 states/eV, indicating a dynamic e
hancementN* (EF)/N(EF)53.91 that arises from magneti
fluctuations with possible contributions from phonons a
charge fluctuations. The presence of magnetic fluctuati
9-3
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FIG. 3. ~a! Total and U-atom 5f DOS; ~b! U-atom 5f partial DOS resolved according toml for ↑ ~full line! and ↓ ~dotted line!
components of spin.
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can also cause the reduction of the calculated static mag
moment and improve agreement with the experiment.8

The LSDA calculations often fail to reproduce the ma
netic properties off-electron materials due to oversimplifie
treatment of correlation effects. We attempt to improve
LSDA by using the LSDA1Hubbard U (LSDA1U)
approach.3,17 In these calculations, the atomiclike exchan
J50.3 eV constant is chosen for the U atom,18 and Hubbard
U is varied as a parameter from zero up to 1 eV. The ca
lated total magnetic momentMJ5Ms1Ml is then varied
from 0.575mB (U50) to 1.29mB (U51 eV), exceeding the
experimental value of 0.42mB . The experimental magneti
moment can be reproduced for an unphysical negative v
of U only. It indicates that the LSDA1U does not have an
advantage over the conventional LSDA for URhGe, due
the itinerant nature of itsf electrons, and the quantitativ
improvement over the LSDA can be expected in the dyna
cal mean-field theory.19 Still, the LSDA theory is shown to
u
o
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perform reasonably well for URhGe as compared with
experimental data.

To summarize, LSDA calculations are shown to provide
consistent picture of the electronic and magnetic characte
URhGe that is essential for understanding the coexistenc
superconductivity with strong ferromagnetism. The calcu
tions show that URhGe is the easyb-c-plane ferromagnet
with thec easy magnetization axis. When U-atom spin ma
netic moments are ferromagnetically ordered along thc
easy axis, there is AFM ordering of the orbital magnet
moment components along thea axis yielding a noncollinear
magnetic structure in thea-c plane. We did not consider her
the noncollinear spin arrangement, which is also possible
is the subject of further investigation.
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