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Electronic theory for the normal-state spin dynamics in Sr2RuO4:
Anisotropy due to spin-orbit coupling
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Using a three-band Hubbard Hamiltonian we calculate within the random-phase approximation the spin
susceptibility,x(q,v), and nuclear magnetic resonance spin-lattice relaxation rate, 1/T1, in the normal state of
the triplet superconductor Sr2RuO4 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 susceptibilityxzz

becomes at low temperatures two times larger than the in-plane one. As a consequence, strong incommensurate
antiferromagnetic fluctuations of the quasi-one-dimensionalxz and yz bands point into thez-direction. Our
results provide further evidence for the importance of spin fluctuations for triplet superconductivity in
Sr2RuO4.
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The spin-triplet superconductivity withTc51.5 K ob-
served in layered Sr2RuO4 seems to be a new example
unconventional superconductivity.1 The non-s-wave symme-
try of the order parameter is observed in several experim
~see, for example, Refs. 2 and 3!. Although the structure of
Sr2RuO4 is the same as of the high-Tc superconductor
La22xSrxCuO4, its superconducting properties resemb
those of superfluid3He. Most recently it was found that th
superconducting order parameter is ofp-wave type, but con-
tains line nodes halfway between the RuO2 planes.4,5 These
results support Cooper pairing via spin fluctuations as on
the most probable mechanism to explain the triplet superc
ductivity in Sr2RuO4. Therefore, theoretical and experime
tal investigations of the spin dynamics behavior in the n
mal and superconducting state of Sr2RuO4 are needed.

Recent studies by means of inelastic neutron scatte
~INS! ~Ref. 6! and nuclear magnetic resonance~NMR! ~Ref.
7! of the spin dynamics in Sr2RuO4 reveal the presence o
strong incommensurate fluctuations in the RuO2 plane at the
antiferromagnetic wave vectorQi5(2p/3,2p/3). As it was
found in band-structure calculations,8 they result from the
nesting properties of the quasi-one-dimensionaldxz anddyz
bands. The two-dimensionaldxy band contains only weak
ferromagnetic fluctuations. The observation of the line no
between the RuO2 planes4,5 suggests strong spin fluctuation
between the RuO2 planes inz direction.9–11 However, inelas-
tic neutron scattering12 observes that magnetic fluctuation
are purely two-dimensional and originate from the Ru2
plane. Both behaviors could result as a consequence o
magnetic anisotropy within the RuO2 plane as indeed wa
observed in recent NMR experiments by Ishidaet al.13 In
particular, analyzing the temperature dependence of
nuclear spin-lattice relaxation rate on17O in the RuO2 plane
at low temperatures, they have demonstrated that the ou
plane component of the spin susceptibility can become
most three time larger than the in-plane one. This strong
unexpected anisotropy disappears with increas
temperature.13

In this Rapid Communication we analyze the normal st
spin dynamics of the Sr2RuO4 using the two-dimensiona
0163-1829/2002/65~22!/220502~4!/$20.00 65 2205
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three-band Hubbard Hamiltonian for the three bands cros
the Fermi level. We calculate the dynamical spin suscepti
ity x(q,v) within the random-phase approximation an
show that the observed magnetic anisotropy in the Ru2
plane arises mainly due to the spin-orbit coupling. Its furth
enhancement with lowering temperatures is due to the vi
ity to a magnetic instability. Thus, we demonstrate that as
the superconducting state14 the spin-orbit coupling plays an
important role also for the normal state spin dynamics
Sr2RuO4. We also discuss briefly the consequences of t
magnetic anisotropy for Cooper pairing due to the excha
of spin fluctuations.

We start from the two-dimensional three-band Hubba
Hamiltonian,

H5Ht1HU5(
k,s

(
l

tklak,ls
1 ak,ls1(

i ,l
Ulnil ↑nil ↓ , ~1!

whereak,ls is the Fourier-transformed annihilation operat
for the dl orbital electrons (l 5xy,yz,zx) andUl is the cor-
responding on-site Coulomb repulsion.tkl denotes the energy
dispersions of the tight-bindings bands calculated as follo
tkl52e022txcoskx22tycosky14t8coskxcosky . We choose
the values for the parameter set (e0 ,tx ,ty ,t8) as ~0.5, 0.42,
0.44, 0.14!, ~0.24, 0.31, 0.045, 0.01!, and~0.24, 0.045, 0.35,
0.01! eV for dxy , dzx , anddyz orbitals in accordance with
band-structure calculations.15 The electronic properties o
this model in application to Sr2RuO4 were studied recently
and as was found can explain some features of the spin
citation spectrum in Sr2RuO4.8,14,16,11However, this model
fails to explain the observed magnetic anisotropy at l
temperatures13 and line nodes in the superconducting ord
parameter belowTc , which are between the RuO2 planes.
On the other hand, it is known that the spin-orbit coupli
plays an important role in the superconducting state of
Sr2RuO4.14 This is further confirmed by the recent observ
tion of the large spin-orbit coupling in the insulatin
Ca2RuO4.17 Therefore, we include in our model spin-orb
coupling,
©2002 The American Physical Society02-1
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Hso5l(
i

L iSi , ~2!

where the angular momentumL i operates on the threet2g
orbitals on the sitei. Similar to an earlier approach,14 we
restrict ourselves to the three orbitals, ignoringe2g orbitals
and choose the coupling constantl such that thet2g states
behave like anl 51 angular momentum representatio
Moreover, it is known that the quasi-two-dimensionalxy
band is separated from the quasi-one-dimensionalxz andyz
bands. Then, one expects that the effect of spin-orbit c
pling is small and can be excluded for simplicity. Therefo
we consider the effect of the spin-orbit coupling onxz and
yz bands only. Then, the kinetic part of the HamiltonianHt
1Hso can be diagonalized and the new energy dispers
are

ek,yz
s 5~ tk,yz1tk,xz1Ak!/2,

ek,xz
s 5~ tk,yz1tk,xz2Ak!/2, ~3!

whereAk5A(tk,yz2tk,xz)
21l2, ands refers to spin projec-

tion. One clearly sees that the spin-orbit coupling does
remove the Kramers degeneracy of the spins. Therefore
resultant Fermi surface consists of three sheets like obse
in the experiment. Most importantly, spin-orbit coupling t
gether with Eq.~1! leads to a new quasiparticle that we lab
by pseudospin and pseudo-orbital indices. The unitary tra
formation Ũk connecting old and new quasiparticles is d
fined for each wave vector and lead to the following relat
between them:

ck,yz1
1 5u1kak,yz1

1 2 iv1kak,xz1
1 ,

ck,xz1
1 5u2kak,yz1

1 2 iv2kak,xz1
1 ,

ck,yz2
1 5u1kak,yz2

1 1 iv1kak,xz2
1 ,

ck,xz2
1 5u2kak,yz2

1 1 iv2kak,xz2
1 , ~4!

where umk5l/A(tk,yz2tk,xz7Ak)
21l2 and vmk5(tk,yz

2tk,xz7Ak)/A(tk,yz2tk,xz7Ak)
21l2. The ‘‘2 ’’ and ‘‘ 1’’

signs refer to them51 andm52, respectively.
In Fig. 1 we show the resultant Fermi surfaces for ea

obtained band where we have chosenl5100 meV in agree-
ment with earlier estimations.14,17One immediately sees tha
xz andyz bands split around the nested parts in good ag
ment with experiment.18 Thus, spin-orbit coupling acts as
hybridization between these bands. However, in contras
hybridization spin-orbit coupling introduces also an anis
ropy for the states with pseudospins↑ and ↓. This will be
reflected in the magnetic susceptibility. Since the spin a
orbital degrees of freedom are now mixed in some sp
orbital liquid, the magnetic susceptibility involves also t
orbital magnetism which is very anisotropic.

For the calculation of the transverse,x l
12 , and longitudi-

nal, x l
zz, components of the spin susceptibility of each ba

l we use the diagrammatic representation. Since the Kram
degeneracy is not removed by the spin-orbit coupling,
22050
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main anisotropy arises from the calculations of the ani
tropic vertexgz5 l̃ z12sz and g15 l̃ 112s1 calculated on
the basis of the new quasiparticle states. In addition, du
the hybridization betweenxz andyz bands we also calculat
the transverse and longitudinal components of the the in
band susceptibilityx l l 8 . Then, for example,

x0,xz
12~q,v!52

4

N (
k

~u2ku2k¿q2v2kv2k¿q!2

3
f ~ekxz

1 !2 f ~ek¿qxz
2 !

ekxz
1 2ek¿qxz

2 1v1 iO1
, ~5!

and

x0,xz
zz ~q,v!5xxz

↑ ~q,v!1xxz
↓ ~q,v!

52
2

N (
k

@u2ku2k¿q1v2kv2k¿q

1A2~u2kv2k¿q1v2ku2k¿q!#2

3
f ~ekxz

1 !2 f ~ek¿qxz
1 !

ekxz
1 2ek¿qxz

1 1v1 iO1
, ~6!

where f (x) is the Fermi function anduk
2 and vk

2 are the
corresponding coherence factors that we have calcula
through the corresponding vertexes using Eq.~4!. For all
other orbitals the calculations are straightforward. Note t
the magnetic response of thexy band remains isotropic.

One clearly sees the difference between longitudinal
transverse components which results from the calculated
trix elements. Moreover, the longitudinal one gets an ex
term due to l̃ z while the transverse does not contain t
contributions froml̃ 1 or l̃ 2 . The latter occurs due to th
fact thatxz andyz states are a combination of the real orbi
statesu2,11& andu2,21&. Thus the transition between thes

FIG. 1. Calculated Fermi surface for a RuO2 plane in Sr2RuO4

taking into account spin-orbit coupling.
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two states are not possible withl̃ 1 or l̃ 2 operators. There-
fore, each component of the longitudinal susceptibility g
an extra term in the matrix element that sufficiently enhan
their absolute values.

AssumingUi j 5d i j U one gets the following expression
for the transverse susceptibility within random-phase
proximation~RPA!:

xRPA,l
12 ~q,v!5

x0,l
12~q,v!

12Ux0,l
12~q,v!

, ~7!

and for the longitudinal susceptibility

xRPA,l
zz ~q,v!

5
x0,l

↑ ~q,v!1x0,l
↓ ~q,v!12Ux0,l

↑ ~q,v!x0,l
↓ ~q,v!

12U2x0,l
↓ ~q,v!x0,l

↑ ~q,v!
.

~8!

In Fig. 2 we show the results for the real part of the tra
verse and longitudinal total susceptibility,xRPA

12,zz

5( ixRPA,i
12,zz along the route (0,0)→(p,0)→(p,p)→(0,0)

in the first Brillouin zone forU50.505 eV. Note the impor-
tant difference between the two components. Most imp
tantly, the incommensurate antiferromagnetic fluctuatio
~IAF! at Q i5(2p/3,2p/3) are present in the case ofxz and
yz bandsonly in the longitudinal components of the sp
susceptibility, but not in the transverse ones. This is c
nected to the fact that the matrix elements type ofuk andvk
are important because they suppress transition between1’’
and ‘‘2 ’’ bands for the transverse susceptibilities. The tra
verse susceptibility is larger than the longitudinal one
small values of q indicating ferromagnetic fluctuations
These are mainly pointing in the RuO2 plane. On the other
hand, the longitudinal component shows a structure at
IAF wave vector indicating a direction of the IAF fluctua
tions perpendicular to the RuO2 plane.

FIG. 2. Results for the real part of the out-of-plane~solid curve!
and in-plane~dashed curve! magnetic susceptibilities, Rex(q,v),
calculated within RPA usingU50.505 eV along the route (0,0
→(p,0)→(p,p)→(0,0) within the first Brillouin zone at tempera
ture T5100 K.
22050
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We also note that our results are in accordance with e
lier estimations made by Ng and Sigrist19 with one important
difference. In addition to Ng and Sigrist,19 we include in
accordance with mixing of the spin and orbital degrees
freedom also the orbital contribution to the magnetic susc
tibility x. For example, due tol z and l 1 ( l 2) vertices at
Qi5(2p/3,2p/3), xzz is affected by factor of 2 from spin
orbit coupling. Moreover, in previous work,19 it was found
that the IAF are slightly enhanced in the longitudinal co
ponents of thexz and yz bands in comparison to the tran
verse one. In our case there areno IAF in the transverse
component of the spin susceptibility. Furthermore, by tak
into account the correlation effects within RPA we show th
the IAF will be further enhanced in thez direction.

This is further illustrated in the inset of Fig. 3 where w
present the results for the frequency dependence of
imaginary part of the total susceptibilities atQi

5(2p/3,2p/3) and temperatureT520 K. The longitudinal
component reveals a peak at approximatelyvs f56 meV in
quantitative agreement with experimental data in INS.6 On
the other hand, the transverse component is featureless s
ing the absence of the IAF spin fluctuations. This also poi
out that the IAF are aligned perpendicular to the RuO2 plane.

In order to see the temperature dependence of the m
netic anisotropy induced by the spin-orbit coupling we d
play in Fig. 3 the temperature dependence of the quan
(qImxRPA(q,vs f)/vs f for both components. At room tem
peratures both longitudinal and transverse susceptibilities
almost identical, since thermal effects wash out the influe
of the spin-orbit interaction. With decreasing temperature
magnetic anisotropy arises and at low temperatures we
the important result that the out-of-plane componentxzz is
about two times larger than the in-plane one (xzz.x12/2).

Finally, in order to compare our results with experimen
data we calculate the nuclear spin-lattice relaxation rate

FIG. 3. Temperature dependence of the imaginary part of
spin susceptibility divided byvs f and summed overq. Note,zzand
12 refer to the out-of-plane~solid curve! and in-plane~dashed
curve! components of the RPA spin susceptibility. In the inset
show the corresponding frequency dependence of
ImxRPA(Qi ,v) at the IAF wave vectorQi5(2p/3,2p/3). The re-
sults for the out-of-plane component~solid curve! are in a quanti-
tative agreement with INS experiments~Ref. 6!.
2-3
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17O ion in the RuO2 plane for different external magneti
field orientation (i 5a, b, andc)

F 1

T1TG
i

5
2kBgn

2

~ge\!2 (
q

uAq
pu2

xp9~q,vs f!

vs f
~9!

whereAq
p is theq-dependent hyperfine-coupling constant a

xp9 is the imaginary part of the corresponding spin susce
bility, respectively,perpendicularto the i direction. Similar
to experiment13 we use an isotropic hyperfine coupling co
stant (17Aq;22 kOe/mB).

In Fig. 4 we show the calculated temperature depende
of the spin-lattice relaxation for an external magnetic fie
within and perpendicular to the RuO2 plane together with
experimental data. AtT5250 K the spin-lattice relaxation

FIG. 4. Calculated normal-state temperature dependence o
nuclear spin-lattice relaxation rateT1

21 of 17O in the RuO2 plane for
the external magnetic field applied alongc axis ~dashed curve! and
along thea-b plane ~solid curve!. Down and up triangles are ex
perimental points taken from Ref. 13 for the correspond
magnetic-field direction.
T

T
y

,

hy
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rate is almost isotropic. Due to the anisotropy in the s
susceptibilities arising from spin-orbit coupling the rela
ation rates become different with decreasing temperat
The largest anisotropy occurs close to the superconduc
transition temperature in good agreement with experime
data.13

To summarize, our results clearly demonstrate the es
tial significance of spin-orbit coupling for the spin dynami
already in the normal state of the triplet superconduc
Sr2RuO4. We find that the magnetic response becom
strongly anisotropic even within a RuO2 plane: while the
in-plane response is mainly ferromagnetic, the out-of-pla
response if antiferromagneticlike.

Let us also remark on the implication of our results for t
triplet superconductivity in Sr2RuO4. In a previous study,11

neglecting spin-orbit coupling but including the hybridiz
tion betweenxy, xz, andyz bands, we have found ferromag
netic and IAF fluctuations within thea-b plane. This would
lead to nodes within the RuO2 plane. However, due to the
magnetic anisotropy induced by spin-orbit coupling, a no
lessp-wave pairing is possible in the RuO2 plane as experi-
mentally observed. Our results provide further evidence
the importance of spin fluctuations for triplet supercondu
tivity in Sr2RuO4. Regarding the possibility ofp-wave pair-
ing within RuO2 plane studied previously,20–22 note that the
anisotropy considered in this paper might be significant
determining the position of the node in the RuO2 plane or
between two RuO2 planes.

We are thankful to B.L. Gyorffy, Y. Maeno, K. Ishida, D
Fay, and M. Eremin for stimulating discussions and M.Y
Ovchinnikova for a critical reading of the manuscript. We a
grateful to INTAS ~Work Program 654!, SFB 290, and the
German-French Foundation~PROCOPE! for financial sup-
port. The work of I. E. was supported by the ‘‘Alexander vo
Humboldt Foundation’’ and CRDF Grant No. REC. 007.

he
olid

.

.
Y.
1Y. Maenoet al., Nature~London! 372, 532 ~1994!.
2K. Ishidaet al., Phys. Rev. B56, R505~1997!.
3J.A. Duffy et al., Phys. Rev. Lett.85, 5412~2000!.
4M.A. Tanatar, M. Suzuki, S. Nagai, Z.Q. Mao, Y. Maeno, and

Ishiguro, Phys. Rev. Lett.86, 2649~2001!.
5K. Izawa, H. Takahashi, H. Yamaguchi, Y. Matsuda, M. Suzuki,

Sasaki, T. Fukase, Y. Yoshida, R. Settai, and Y. Onuki, Ph
Rev. Lett.86, 2653~2001!.

6Y. Sidis et al., Phys. Rev. Lett.83, 3320~1999!.
7H. Mukudaet al., J. Phys. Soc. Jpn.67, 3945~1998!.
8I.I. Mazin and D.J. Singh, Phys. Rev. Lett.82, 4324~1999!.
9M.E. Zhitomirsky and T.M. Rice, Phys. Rev. Lett.87, 057001

~2001!.
10J.F. Annett, G. Litak, B.L. Gyorffy, and K.I. Wysokinsi

cond-mat/0109023~unpublished!.
11I. Eremin, D. Manske, C. Joas, and K. H. Bennemann, Europ

Lett. ~to be published!.
.

.
s.

s.

12F. Servant, S. Raymond, B. Fak, P. Lejay, and J. Flouquet, S
State Commun.116, 489 ~2000!.

13K. Ishida, H. Mukuda, Y. Minami, Y. Kitaoka, Z.Q. Mao, H
Fukazawa, and Y. Maeno, Phys. Rev. B64, 100501~R! ~2001!.

14K.K. Ng and M. Sigrist, Europhys. Lett.49, 473 ~2000!.
15A. Liebsch and A. Lichtenstein, Phys. Rev. Lett.84, 1591~2000!.
16D.K. Morr, P.F. Trautman, and M.J. Graf, Phys. Rev. Lett.86,

5978 ~2001!.
17T. Mizokawa, L.H. Tjeng, G.A. Sawatzky, G. Ghiringhelli, O

Tjernberg, N.B. Brookes, H. Fukazawa, S. Nakatsuji, and
Maeno, Phys. Rev. Lett.87, 077202~2001!.

18A. Damascelliet al., Phys. Rev. Lett.85, 5194~2000!.
19K.K. Ng and M. Sigrist, J. Phys. Soc. Jpn.69, 3764~2000!.
20M. Sato and M. Kohmoto, J. Phys. Soc. Jpn.69, 3505~2000!.
21T. Kuwabara and M. Ogata, Phys. Rev. Lett.85, 4586~2000!.
22K. Kuroki, M. Ogata, R. Arita, and H. Aoki, Phys. Rev. B63,

060506~2001!.
2-4


