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Electronic and magnetic structure of URhGe
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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 approxim&tiSibA). 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 order CyR,0yR: U-I(M,,M,,M)—U-I(My,—M,,M,),
was recently observed in UGéRef. 1) and URhGE. This
superconducting phase is found within the ferromagnetic U-Il(M, ,M,,M,)—U-Il(M, ,— M, ,M,).
phase and disappears in the paramagnetic region, strongly Y
suggesting that the pairing mechanism is magnetic in originSince, the U atoms within the paif4,2 and (3,4 should
While for UGe, the superconductivity occurs at high pres- have the same magnetization, the above conditions freeze
sure, URhGe is superconducting at ambient pressure. Recemty:o, and allow theM,#0 component.
theoretical studies of the electronic and magnetic structure, The magnetic symmetry operations which map the U at-
and superconducting pairing in UgegRefs. 3 and #  oms of pair(1,2) to pair (3,4) are
strongly suggegp-wave (triplet) pairing for equal spin states
due to the longitudinal magnetic fluctuatiohhe aim of CoxR, 0y R: U-I(My , My, M) —U-Il(— My , My, M),
this paper is to show that first-principles calculations account
correctly for the electronic and magnetic structure of _— T _
URhGe. We show that the magnetic canting in URhGe can Caz,02 UMy, My M) = U-H (=M, =My, M)
originate from antiferromagnetic order of U-atom orbital

magnetization components. The calculated electronic and l_\/lappmg 'S only _p055|ble wheht, =0, and the mag.”e“'
zation of pair(1,2) is transformed to the magnetization of

magnetic properties determine the possible superconducting . - .
pairing, and they are crucial in the theoretical understandin@?alr (34 as (MX’.O’M 2= (=Mx0M,). Thus, together V.V'th
e ferromagnetidFM) M, components along the axis,

of superconductivity in URhGe. antiferromagnetidAFM) M, components of U pair$l,2)

Recent experiments on pofy-and single crystafsindi- . . .
cate that URrF:Ge has the oFr)th%o]rhombic gl’iNiS?/crystal struc—and(3’4) along thea axis can produce noncollinear magnetic

ture (Pnma). This structure can be viewed as arising from order in thea-c plane, without a further decrease of the

H 10
“zigzag” chains of U atoms along the axis which are ma_?r?etlc rsnymrrr:etlril.i for th when i nserved
shown in Fig. 1. The U atoms in the unit cell form two € same analysis for the case Qis conserved4

“pairs” (1,2 and (3,4) [the atoms of the paif1,2) wil axis) shows thaM,=0 andM,#0 components of different

henceforth be referred to as U-I, a@,4) as U-Il]. The U
atoms within the pairs are connected by an inverdidi :
—2,3—4), a 180° rotatiorC,, (1—2,3—4), and a mirror ‘
oy (1-4—1-4), both pairs accompanied by nonprimitive
translations. Other symmetry operations, 180° rotatidds, i
(1—4,2—3) and C,, (1—3,2—4), and mirrorsoy, (1 .
—3,2—4), o, (1-4,2—3), map the atoms U-I of pair
(1,2 to the atoms U-Il of pair3,4).

The experimental magnetic studieshow that URhGe is
ferromagnetic below a Curie temperature of 9.5 K and it has
a low-temperature ordered moment of Qug2per f. u., ori-
ented along the axis (z axis, see Fig. 1 The magnetic
symmetry operations which conserve theomponentM, of . §
the total (spir-orbital) magnetization are Nt

Cc—axis

a—axis
EJl: UIl(M,My,M,)—U-I(My,My,M,), .
FIG. 1. Schematic crystal structure of URh@aly U atoms are

shown. The unit-cell atoms are marked €52,3,4 and located at
U-Il(My,My M) = U-II(M,,M,M,), 4c sites. The crystal axes(b,c) correspond toX,y,z) axes.
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TABLE |. Magnetic anisotropy energymeV/f.u) calculated be the easy magnetization axis and ¢haxis the hard mag-
from total-energy differences for the magnetization directed alonghetization axis, in good quantitative agreement with recent

[100] (a axis), [010] (b axig), and[001] z (¢ axis). experimenta&t’® and theoretical studies. Note that the
MAE of 6.165 meV/f.u. in thea-c plane is substantially
AE [100] - [001] ~ [01Q] - [001]  [100] - [01Q] higher than the MAE of 1.524 meV/f.u. in the-c plane
Present 6.165 1524 4.641 g?r%rr]rzr;%rrg?t URhGe is thk-c easy magnetization plane
Reference 10 6.86 2.6 4.30 The spin, orbital, and total magnetic moments for U at-

oms together with the total magnetic moméper f.u) are
shown in Table Il for three fixed directions of spin magneti-
signs for the U-l and U-II atoms are allowed. For the casezation. For the physical case with the spin momamhi
when M, is conserved lif axis), both componentd1,,M,  aligned along the easy axis, there is a total magnetic mo-
=0. ment of 0.293g along thec axis arising from noncompen-
The conventional local spin-density approximationsated U-atom spin and orbital magnetizations. The value of
(LSDA) band theoretical method is applied together with thethe total magnetic moment agrees perfectly with the previous
relativistic full-potential linearized-augmented-plane-wavetheoretical result of 0,3 .*° Both present calculations and
(LAPW) method* to perform total-energy electronic and those of Ref. 10 yield the total magnetic moment, which
magnetic structure calculations. First, the spin magnetizatiofxceeds the experimental value of 0.234(Ref. 8 for the
is fixed along each of tha, b, andc axes. The crystal sym- single crystals, and is slightly smaller than the magnetic-
metry is reduced in the presence of spin-orbit coupling inmoment value of 0.42-0.48 found for polycrystalline
order to preserve a chosen component of the magnetizatioWRhGe samples. Since the U-I hadl{,0M?) components
In order to avoid systematic numerical errors when the dif-0f the orbital magnetization and U-1I has-M,0M{) com-
ference in the total energies for different magnetization difonents, they contribute to the FM component alongahe
rections is calculatetf, the same reduced symmefig,|} for ~ axis and the AFM component along theaxis yielding the
all three casés is chosen. Importantly, these reduced sym-magnetic canting in tha-c plane along thee axis which is
metry calculations allow for two pairs of U-l atoni,2) and ~ experimentally observed in Refs. 2 and 7.

U-1l atoms (3,4) to become nonequivalent with respect to  For Mg aligned parallel to the axis, there is almost com-
conventional space-group symmetry. plete compensation of spin and orbital magnetic moments
Here, 144 specia points in the irreducible 1/2 part of the along thea axis, resulting in an almost zero total magnetic
Brillioun Zone were used, with Gaussian smearing formoment. This is in quantitative agreement with the magneti-
k-point weighting. The “muffin-tin” radius values oRy;  zation measurements of Ref. 8, which report almost zero

=2.9 a.u. for URyr=2.35 a.u. for RhRyr=2.3 a.u. for spontaneous magnetization when aligned alongatleeis.

Ge, andRGE X K =76 (WhereK o, is the cutoff for the ~ Since the U-1 hasNI{,0Mf) components of the orbital mo-

LAPW basis setwere used. ment and U-1l has¥I},0,— M{) components, they contribute
The magnetic anisotropy energWIAE) is calculated as to the FM component along theeaxis and the AFM compo-

the difference in the total energies for different orientationsnent along thec axis yielding magnetic canting in the-c

of the magnetic moment along tleg b, andc axes, and is plane along thea axis. WhenM J|b axis, the U-I and U-II

shown in Table I. Total-energy calculations yield thexis to  atoms both have (M{,0) components of the orbital magne-

TABLE Il. Spin (M), orbital (M), and total M ;=M +M,) magnetic moments for U atoms, and the
total magnetic momentM ") per formula unit fug) calculated for three fixed directions of spin magneti-
zation: x (a axis), y (b axis), andz (c axis).

M a axis[100]

Atom Ms M M

axis x@ yb z (o) X (a) y (b) z (0 X (a) y (b) z (o)

U-I .995 0 0 —1.005 0 —-.038 —.010 0 —.038

OH] .995 0 0 —1.005 0 .038 —.010 0 .038

Mot .965 0 0 —1.017 0 0 —.052 0 0
M||b axis[010]

U-I 0 1.003 0 0 —1.210 0 0 —.207 0

OH] 0 1.003 0 0 —1.210 0 0 —.207 0

MmTot 0 .975 0 0 —1.224 0 0 —.249 0
M| c axis[001]

U-I 0 0 1.033 —.027 0 -1.294 —.027 0 — 261

u-Il 0 0 1.033 .027 0 —1.294 .027 0 — 261

Mot 0 0 1.011 0 0 —1.304 0 0 —.293
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2 T T T T T T T T . . > - =
o [0--®spnmomen ] resulting total magnetic momeerq— MS+M|. in the b-c
L |m--mctal moment. plane forms the 180¢f 6,,, angle with thec axis, when the
16 [T birauadatici vy » spin magnetic moment is aligned atéa angle. The angle

—_
F'S
T

0i01-05 betweenM ; and Mg decreases as the moments ap-
proach thea or b axes, with a maximum around 45°.

The total energy as a function of angle is very flat near
both thec easy axis andb axis, indicating the possibility of
additional minima close to the andb axes. The accuracy
better than 0.02 meV for the difference in the total energies
of ~4x10° eV would be required to resolve possible
minima, which are practically unreachaBfeNo additional

7. minima in theb-c plane are found, contrary to the proposal
0% 20 30 40 5 60 70 80 %0 of Ref. 8. Instead, there is a maximum in the total energy at
degrees ~60°. It can be understood to originate from the competing

FIG. 2. Total energy vs anglé between the axis and the spin  second-K,) and fourth-K ) order magnetic anisotropy con-
(circles and total (squares magnetization in theb-c plane, and  stants. These constants can be obtained by fitting the angular
biquadratic fitE ,nis= K,sin6+Ksinf'e. dependence of the total energy by the biquadratic function

Eanis= Kosirf+K,sin*6. This estimate yields foK, the
tization, an_d the mag_netic order _is collinear along Ithexis  yajue of 4.4 meV and-2.9 meV forK,. Surprisingly, the
for both spin and orbital magnetic moments. The calculatedypsojute value of the fourth-order anisotropy is more than
total magnetic moment of 0.244 is somewhat smaller than it the second-order anisotropy. This fairly large absolute
the experimental value for single-crystal spontaneous mag;,e ofK, could be the reason for the strong reduction of

netization of 0.34f . . the MAE in theb-c plane(see, Table)l
Note that all three calculated magnetic structures are con- The band structure of URhGe has a mixed spin character
sistent with the magnetic symmetry considerations above. Ié ; . . .
. , : 4 : ~" due to the spin-orbit couplingsOQ and we discuss only the
is fairly unusual that in spite of FM ordering of the spin . . .
_case with the moment along the ea@sgxis. The total density

magnetic moments there is AFM ordering of the orbital mag . .
netic moments. This is not forbidden by the magnetic sym—Of states(DOS) and spin-resolved densities of UtfDOS)

metry considerations and it indicates different coupling ofSt&tes are shown in Fig(&. The lower-energy region from
spin and orbital magnetization to the crystal lattice. 10.5 to 8.5 eV below the Fermi leveEf) is formed by
The AFM canting of U-atom magnetic moments was pro-Ge-4s states. This region is separated by an energy gap of
posed in Ref. 7 on the basis of neutron powder-diffraction~3 eV from the main valence band. In the region from 5.5
experiments. The authors reported the U-I and U-Il atomsto 3 eV belowE there are mainly Rh-d states hybridized
magnetic moments which are canted in ¢he plane with an ~ with Ge-4p states and U-6 states. Starting from 1.5 eV
angle of~=30° off the c axis, with the absolute value of belowE there are mainly U-6 statedsee, Fig. 8&)]. These
0.26ug for the AFM component of the magnetization. More states are spin split by 0.5 eV and strongly dispersive in
recent results for polycrystalsio not reproduce the picture the region of 1.5 eV below to 2.5 eV abotg . The tail of
of Ref. 7. They give the AFM component &c plane which  Rh-4d states is extended up to 2.5 eV abdge indicating
has a magnitude smaller than 06, while the FM-ordered the hybridization of Rh-d and U-5 states. The spin split-
component of 0.3i is aligned along the axis. The results ting of U-5f states can be interpreted in terms of Stoner-like
of Ref. 2 are in good quantitative agreement with presenband magnetist and the total-energy difference between
calculations(see, Table )l yielding the AFM component of ferro- and  nonmagnetic  solutions Egy—Eywm
0.03ug and FM component of 0.293;. Therefore, we sug- =—31.8 meV/f.u. is calculated in agreement with Ref. 10,
gest that the canted magnetic structure of URhGe can orighowing that the FM solution is energetically preferred.
nate from the noncollinear arrangement of the orbital mag- The spin- and orbitally resolvedrf;m;}) U-atomfDOS
netic moments oii1,2) and(3,4) U-atom pairs(see, Fig. L is shown in Fig. 8). The combination of substantial spin
It should be noted that the results presented here do not epolarization and strong SOC(the SOC constanté
clude the possibility of a noncollinear spin arrangement. =0.22 eV) results infmg;m;} separation as is evident in
Very recent single-crystal experimefhteeport no AFM  Fig. 3(b). The URhGe&f DOS spin and orbital character in the
component in the-c plane. Instead, they suggest the mag-vicinity of Eg differs from UGe (cf. Fig. 2 of Ref. 3 and
netization to be collinear and confined to the plane away the states for both{;|} spins are present. The total
from the high-symmetry axes. We perform the total-energyN(Eg)/f.u. of 17.5 states/eV arises mainly due to the fJ-5
calculations rotating the magnetization in thec plane!*  contribution. The measured electronic specific-heat coeffi-
The change in the total energy with the angle between magsient y=160 mJ/K mol (Ref. 16 corresponds to a dressed
netic moments and theaxis is shown in Fig. 2 for both spin value N* (E;)=68.6 states/eV, indicating a dynamic en-
and total magnetizations. Here, the spin magnetic momertiancemeniN* (Ez)/N(Eg) =3.91 that arises from magnetic
M, and orbital momeni, are antialigned and not parallel to fluctuations with possible contributions from phonons and
each other. Since the absolute valueMyf exceeddM, the  charge fluctuations. The presence of magnetic fluctuations
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FIG. 3. (a) Total and U-atom 5 DOS; (b) U-atom 5f partial DOS resolved according to, for 1 (full line) and | (dotted ling
components of spin.

can also cause the reduction of the calculated static magnetgerform reasonably well for URhGe as compared with the
moment and improve agreement with the experinfent. experimental data.

The LSDA calculations often fail to reproduce the mag- To summarize, LSDA calculations are shown to provide a
netic properties of-electron materials due to oversimplified consistent picture of the electronic and magnetic character of
treatment of correlation effects. We attempt to improve theURhGe that is essential for understanding the coexistence of
LSDA by using the LSDA-Hubbard U (LSDA+U) superconductivity with strong ferromagnetism. The calcula-
approach’!’ In these calculations, the atomiclike exchangetions show that URhGe is the eabyc-plane ferromagnet
J=0.3 eV constant is chosen for the U atéfrand Hubbard  with the ¢ easy magnetization axis. When U-atom spin mag-
U is varied as a parameter from zero up to 1 eV. The calcunetic moments are ferromagnetically ordered along ¢he
lated total magnetic momer¥l ;=M + M, is then varied easy axis, there is AFM ordering of the orbital magnetic-
from 0.575ug (U=0) to 1.2%5 (U=1 eV), exceeding the moment components along thexis yielding a noncollinear
experimental value of 0.42;. The experimental magnetic magnetic structure in the-c plane. We did not consider here
moment can be reproduced for an unphysical negative valuée noncollinear spin arrangement, which is also possible and
of U only. It indicates that the LSDAU does not have an is the subject of further investigation.
advantage over the conventional LSDA for URhGe, due to
the itinerant nature of it§ electrons, and the quantitative | am grateful to V. SechovskyM. Divis, A. Andreeyv, V.
improvement over the LSDA can be expected in the dynamiDrchal, J. KudrnovskyV. Janis J. Magk, and P. Nova for
cal mean-field theor}® Still, the LSDA theory is shown to useful discussions.
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