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PHYSICAL REVIEW B, VOLUME 65, 22050R)

I. Eremin}? D. Mansket and K. H. Bennemarin
Linstitut fir Theoretische Physik, Freie UniversitBerlin, D-14195 Berlin, Germany
2Physics Department, Kazan State University, 420008 Kazan, Russia
(Received 5 February 2002; published 23 May 2002

Using a three-band Hubbard Hamiltonian we calculate within the random-phase approximation the spin
susceptibility,x (g, ), and nuclear magnetic resonance spin-lattice relaxation ratg,ifi/ihe normal state of
the triplet superconductor SRuQ, and obtain quantitative agreement with experimental data. Most impor-
tantly, we find that due to spin-orbit coupling the out-of-plane component of the spin suscepBility
becomes at low temperatures two times larger than the in-plane one. As a consequence, strong incommensurate
antiferromagnetic fluctuations of the quasi-one-dimensiozadind yz bands point into the-direction. Our
results provide further evidence for the importance of spin fluctuations for triplet superconductivity in
SKLRUG,.
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The spin-triplet superconductivity witff.=1.5 K ob-  three-band Hubbard Hamiltonian for the three bands crossing
served in layered SRuO, seems to be a new example of the Fermi level. We calculate the dynamical spin susceptibil-
unconventional superconductivityfthe nons-wave symme- ity x(g,w) within the random-phase approximation and
try of the order parameter is observed in several experimenishow that the observed magnetic anisotropy in the RuO
(see, for example, Refs. 2 andl Although the structure of plane arises mainly due to the spin-orbit coupling. Its further
SrpRuQ, is the same as of the highs superconductor enhancement with lowering temperatures is due to the vicin-
La, ,SKCuQ,, its superconducting properties resemblejty to a magnetic instability. Thus, we demonstrate that as in
those of supe_rflumee. Most recently it was found that the the superconducting stafethe spin-orbit coupling plays an
superconducting order parameter ispivave type, but con- important role also for the normal state spin dynamics of
tains line nodes halfway between the I%umane_s‘f' These  gr,RuQ,. We also discuss briefly the consequences of this
results support Cooper pairing via spin fluctuations as one ofagnetic anisotropy for Cooper pairing due to the exchange
the most probable mechanism to explain the triplet superconsf spin fluctuations.
ductivity in SpRuUQ,. Therefore, theoretical and experimen- e start from the two-dimensional three-band Hubbard
tal investigations of the spin dynamics behavior in the norgmiltonian,
mal and superconducting state o5bBuQ, are needed.

Recent studies by means of inelastic neutron scattering
(INS) (Ref. 6 and nuclear magnetic resonar®&viR) (Ref. H=H,+Hy=>, > tklazlgakylgjLz Ui, (D)

7) of the spin dynamics in $RuQ, reveal the presence of Ko 1 il

strong incommensurate fluctuations in the BRyilane at the

antiferromagnetic wave vect®®; = (27/3,27/3). As it was  whereay |, is the Fourier-transformed annihilation operator
found in band-structure calculatiofighey result from the for the d, orbital electrons (=xy,yzzX) andU, is the cor-
nesting properties of the quasi-one-dimensiahglandd,,  responding on-site Coulomb repulsiap.denotes the energy
bands. The two-dimensional,, band contains only weak dispersions of the tight-bindings bands calculated as follows:
ferromagnetic fluctuations. The observation of the line nodes, = — €o— 2t cosk,—2t,cosk,+4t’cosk,cosk,. We choose
between the Ruplane$™ suggests strong spin fluctuations the values for the parameter sef (ty,t,,t") as(0.5, 0.42,
between the Ru©planes inz direction® ' However, inelas-  0.44, 0.14, (0.24, 0.31, 0.045, 0.01and(0.24, 0.045, 0.35,
tic neutron scattering observes that magnetic fluctuations 0.01) eV for dyy, d,x, andd,, orbitals in accordance with
are purely two-dimensional and originate from the RuO band-structure calculatiod3. The electronic properties of
plane. Both behaviors could result as a consequence of thbis model in application to SRuO, were studied recently
magnetic anisotropy within the Ryplane as indeed was and as was found can explain some features of the spin ex-
observed in recent NMR experiments by Ishietaal’® In  citation spectrum in SRuQ,.2*** ! However, this model
particular, analyzing the temperature dependence of théails to explain the observed magnetic anisotropy at low
nuclear spin-lattice relaxation rate dfO in the RuQ plane temperatures and line nodes in the superconducting order
at low temperatures, they have demonstrated that the out-oparameter belowl ., which are between the Ry(lanes.
plane component of the spin susceptibility can become alOn the other hand, it is known that the spin-orbit coupling
most three time larger than the in-plane one. This strong anglays an important role in the superconducting state of in
unexpected anisotropy disappears with increasings,RuQ,.** This is further confirmed by the recent observa-
temperaturé® tion of the large spin-orbit coupling in the insulating

In this Rapid Communication we analyze the normal stateCa,RuQ,.>” Therefore, we include in our model spin-orbit
spin dynamics of the $SRuQ, using the two-dimensional coupling,
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where the angular momentulyy operates on the threg,
orbitals on the sitd. Similar to an earlier approacfi,we
restrict ourselves to the three orbitals, ignoriag orbitals
and choose the coupling constantsuch that thd,, states
behave like anl=1 angular momentum representation.
Moreover, it is known that the quasi-two-dimensionaf
band is separated from the quasi-one-dimensigaandyz
bands. Then, one expects that the effect of spin-orbit cou-
pling is small and can be excluded for simplicity. Therefore,
we consider the effect of the spin-orbit coupling »nand

yz bands only. Then, the kinetic part of the Hamiltonidp
+Hg, can be diagonalized and the new energy dispersions
are

e(kr,yz: (tk,yzt tixz T Ak)/2,
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FIG. 1. Calculated Fermi surface for a Ruflane in S;RuQ,
€ = (tk,yz+tk,xz_ A2, (3) taking into account spin-orbit coupling.

whereA, = (t y,— tix)°+\%, anda refers to spin projec- main anisotropy arises from the calculations of the aniso-

tion. One clearly sees that the spin-orbit coupling does nof.
remove the Kramers degeneracy of the spins. Therefore, tr}
resultant Fermi surface consists of three sheets like observq
in the experiment. Most importantly, spin-orbit coupling to-
gether with Eq(1) leads to a new quasiparticle that we label
by pseudospin and pseudo-orbital indices. The unitary tran

formation U, connecting old and new quasiparticles is de-
fined for each wave vector and lead to the following relation
between them:
+ _ + ; +
Ck,yz+ = ulkak,yz+ U1k xz+
+ _ + ; +
Ck,xz+ = U2k yz+ — 10U 2k8 xz+

+ + . +
Cy,yz— = U1k yz— H1U k@ xz— s

+ _ + . +
Cxxz— = u2kak,yz— +1 U2k xz— » (4)

where Upe= Mty to T AYZHN and o= (tuy,
—tixrF ANV (tyz— txz T A)*+ N The “~" and “ +"
signs refer to then=1 andm=2, respectively.

In Fig. 1 we show the resultant Fermi surfaces for each
obtained band where we have cho3aen100 meV in agree-
ment with earlier estimation'$:'’ One immediately sees that
xz andyz bands split around the nested parts in good agree-

and

opic vertexg,=1,+2s, andg, =1, +2s, calculated on

e basis of the new quasiparticle states. In addition, due to
e hybridization betweerz andyz bands we also calculate
the transverse and longitudinal components of the the inter-
Sb_and susceptibilityy; - . Then, for example,

B 4
Xoxz(0®)=— N ; (UkUk4q— V2KV 2k +q)

f( 6I-<'—xz) —f( €k_+qxz)

+ - 0t
€xxz 6k+qxz+ w+i10

®)

X5 0,0) = XA, 0) + X34, @)

f( Elrxz) —f( 6;+qxz)

N ; [U2kUok4q U2kl 2k+q

2
+ \/§(U2k02k+q+ UokUzk+q) ]

+ + 0t
€kxz ™ Ektquz T @O i0

(6)

. . . 2 2

ment with experiment® Thus, spin-orbit coupling acts as a Where f(x) is the Fermi function ands; and vj are the
hybridization between these bands. However, in contrast t§0rresponding coherence factors that we have calculating
hybridization spin-orbit coupling introduces also an anisot-through the corresponding vertexes using 4. For all
ropy for the states with pseudospifsand | . This will be other orbitals the calculations are straightforward. Note that

reflected in the magnetic susceptibility. Since the spin andh® magnetic response of thg band remains isotropic.

orbital degrees of freedom are now mixed in some spin-

One clearly sees the difference between longitudinal and

orbital liquid, the magnetic susceptibility involves also the fransverse components which results from the calculated ma-

orbital magnetism which is very anisotropic.

trix elements. Moreover, the longitudinal one gets an extra

For the calculation of the transvers@f’ , and longitudi-  term due t0~lZ while the transverse does not contain the
nal, x{*, components of the spin susceptibility of each bandcontributions froml, or T_. The latter occurs due to the
| we use the diagrammatic representation. Since the Kramefact thatxz andyz states are a combination of the real orbital
degeneracy is not removed by the spin-orbit coupling, thestates2,+1) and|2,—1). Thus the transition between these
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FIG. 3. Temperature dependence of the imaginary part of the
spin susceptibility divided bw; and summed ovey. Note,zzand
+ — refer to the out-of-plandsolid curve and in-plane(dashed
curve components of the RPA spin susceptibility. In the inset we
show the corresponding frequency dependence of the
Imyrpa(Qi,w) at the IAF wave vectoQ;=(27/3,27/3). The re-

il 5 T h sults for the out-of-plane compone(solid curve are in a quanti-
two states are not possible wi h. or | _ operators. There- tative agreement with INS experimer(Ref. 6.

fore, each component of the longitudinal susceptibility gets

an extra term in the matrix element that sufficiently enhances ) )

their absolute values. We also note that our results are in accordance with ear-
AssumingU;; = &;;U one gets the following expressions lier estimations made by Ng and Sigtfswith one important

for the transverse susceptibility within random-phase apdifference. In addition to Ng and Sigri&t,we include in

FIG. 2. Results for the real part of the out-of-plaiselid curve
and in-plane(dashed curyemagnetic susceptibilities, Reg(q,w),
calculated within RPA using) =0.505 eV along the route (0,0)
— (7,0)— (7, 7)— (0,0) within the first Brillouin zone at tempera-
ture T=100 K.

proximation (RPA): accordance with mixing of the spin and orbital degrees of
freedom also the orbital contribution to the magnetic suscep-
xo (o) tibility y. For example, due tb, and |, (I_) vertices at
X$5A|(q,w):+: (7)  Q;=(2#/3,27/3), x**is affected by factor of 2 from spin-
1-Uxq (@) orbit coupling. Moreover, in previous work,it was found

that the IAF are slightly enhanced in the longitudinal com-
ponents of thexz andyz bands in comparison to the trans-
verse one. In our case there are IAF in the transverse
component of the spin susceptibility. Furthermore, by taking
into account the correlation effects within RPA we show that
the IAF will be further enhanced in thedirection.
This is further illustrated in the inset of Fig. 3 where we
(8) present the results for the frequency dependence of the
imaginary part of the total susceptibilities aD;
In Fig. 2 we show the results for the real part of the trans-=(2#/3,2#7/3) and temperaturg=20 K. The longitudinal

and for the longitudinal susceptibility

Xrpal(Q,®)

~ xbi(A,0)+ x6,(d,0) +2U xb;(0,0) x4,(4, )
1-U%x)(9,0) x4 (0, 0) '

verse and longitudinal total susceptibility,xgpi’>  component reveals a peak at approximaiely=6 meV in
=EiX,§;AZiZ along the route (0,08) (m,0)—(m,m)—(0,0) quantitative agreement with experimental data in ANSn

in the first Brillouin zone folJ =0.505 eV. Note the impor- the other hand, the transverse component is featureless show-
tant difference between the two components. Most imporing the absence of the IAF spin fluctuations. This also points
tantly, the incommensurate antiferromagnetic fluctuationsut that the IAF are aligned perpendicular to the Ry@@ne.
(IAF) at Q;=(2=/3,27/3) are present in the case xf and In order to see the temperature dependence of the mag-
yz bandsonly in the longitudinal components of the spin netic anisotropy induced by the spin-orbit coupling we dis-
susceptibility, but not in the transverse ones. This is conplay in Fig. 3 the temperature dependence of the quantity
nected to the fact that the matrix elements type,oanduv, 2 gImxrpa(d, ws)/ wg; for both components. At room tem-
are important because they suppress transition betweén “ peratures both longitudinal and transverse susceptibilities are
and “—" bands for the transverse susceptibilities. The trans-almost identical, since thermal effects wash out the influence
verse susceptibility is larger than the longitudinal one atof the spin-orbit interaction. With decreasing temperature the
small values ofq indicating ferromagnetic fluctuations. magnetic anisotropy arises and at low temperatures we find
These are mainly pointing in the Ru@®lane. On the other the important result that the out-of-plane compongfttis
hand, the longitudinal component shows a structure at thabout two times larger than the in-plane oné“ x* ~/2).

IAF wave vector indicating a direction of the IAF fluctua-  Finally, in order to compare our results with experimental
tions perpendicular to the Ry(lane. data we calculate the nuclear spin-lattice relaxation rate for
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1.6 rate is almost isotropic. Due to the anisotropy in the spin
susceptibilities arising from spin-orbit coupling the relax-
14 . . . .
ation rates become different with decreasing temperature.
F.; 12 The largest anisotropy occurs close to the superconducting
< transition temperature in good agreement with experimental
2 10 datal®
F‘,: 08 To summarize, our results clearly demonstrate the essen-
= tial significance of spin-orbit coupling for the spin dynamics
0.6 already in the normal state of the triplet superconductor
04 SrL,RuQ,. We find that the magnetic response becomes
’ . . . A strongly anisotropic even within a Ry(plane: while the
S0 100 150 200 250 in-plane response is mainly ferromagnetic, the out-of-plane
Temperature (K) response if antiferromagneticlike.

Let us also remark on the implication of our results for the
FIG. 4. Calculated normal-state temperature dependence of th[?iplet superconductivity in SRUO;. In a previous stud%ﬂ

nuclear spin-lattice relaxation ratg * of 0 in the RuQ plane for neglecting spin-orbit coupling but including the hybrid'iza-
the external magnetic field applied aloogxis (dashed curyeand tion betweenxy, xz, andyz bands, we have found ferromag-
along thea-b plane(solid curve. Down and up triangles are ex- netic and IAF f,luct,uations within,tha—b plane. This would
perimer?tall poiqts tgken from Ref. 13 for the correspondingIead to nodes within the RuCplane Howevér due to the
magnetic-field direction. magnetic anisotropy induced by spin-orbit coupling, a node-
lessp-wave pairing is possible in the Ry@lane as experi-
mentally observed. Our results provide further evidence for
the importance of spin fluctuations for triplet superconduc-
(G wqp) tivity in Sr,RuQ,. Regarding the possibility gi-wave pair-
> |Apie =l (9)  ing within RuG;, plane studied previousk};??note that the
q Wst anisotropy considered in this paper might be significant for

TiT] ()2
. . . determining the position of the node in the Ru@ane or
p - -
whereAy is theg-dependent hyperfine-coupling constant andbe een two Ru@planes.

Xg is the imaginary part of the corresponding spin suscepti-
bility, respectively,perpendicularto thei direction. Similar We are thankful to B.L. Gyorffy, Y. Maeno, K. Ishida, D.
to experiment we use an isotropic hyperfine coupling con- Fay, and M. Eremin for stimulating discussions and M.Ya.
stant (17Aq~22 kOelug). Ovchinnikova for a critical reading of the manuscript. We are
In Fig. 4 we show the calculated temperature dependencgrateful to INTAS (Work Program 654 SFB 290, and the
of the spin-lattice relaxation for an external magnetic fieldGerman-French FoundatioiPROCOPE for financial sup-
within and perpendicular to the Ry(plane together with port. The work of I. E. was supported by the “Alexander von
experimental data. AT=250 K the spin-lattice relaxation Humboldt Foundation” and CRDF Grant No. REC. 007.

10 ion in the RuQ plane for different external magnetic
field orientation (=a, b, andc)
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