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17O NMR Evidence for Orbital Dependent Ferromagnetic Correlations inSr2RuO4
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We probed spin correlations in Ru4dxy and4dyz,zx orbitalsseparatelyin the unconventional metallic
state of Sr2RuO4 by 17O NMR. We establish that spin correlations are orbital dependent, and only the
Ru 4dxy spin susceptibilityxxy increases significantly with decreasing temperature prior to the crossover
to the canonical Fermi liquid state atTFL ­ 25 K. The temperature dependence of17O and 101Ru
nuclear spin-lattice relaxation rates17,1011yT1 uncovers interplay between the growth of ferromagnetic
spin fluctuations and anomalous charge transport properties. [S0031-9007(98)07281-0]

PACS numbers: 76.60.–k, 74.20.Mn
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Sr2RuO4 [1] has the identical layered perovskite struc
ture as the prototype highTc superconductorsLa, Bad2-
CuO4. The discovery of superconductivity near 1 K [2
enhanced interest in the physical properties of the Ru2
square lattice [2–9]. The resistivityrab along theab
plane (RuO2 plane) andrc along thec axis are highly en-
hanced due to electron-electron correlations.rc shows a
crossover from metallic to semiconducting behavior abo
Tp ; 80 K [2]. Both rab andrc are proportional toT2

belowTFL ; 25 K, indicating that a crossover to a canon
cal Fermi-liquid state takes place below 25 K prior to th
superconducting transition [2]. The nature of the Ferm
liquid state and the crossover to it has been a focus of
tensive experimental and theoretical [10–14] investigati
to clarify the mechanism of superconductivity.

On the other hand, the magnetic properties of RuO2
planes and their interplay with charge transport prope
ties have been almost entirely unknown. A major sour
of complications is that there are four electrons in thre
nearly degenerate Rut2g orbitals (i.e., 4dxy, 4dyz , and
4dzx). In addition, the crystal field, the spin-orbit interac
tion, and Hund’s coupling compete with each other. Th
only consensus is that the total spin susceptibility at t
low temperature limit is enhanced by a factor of 4 to
[2,7,9,10] over the LDA (local density approximation) ca
culations [11], again pointing towards correlation effect
Since the cubic perovskite SrRuO3 is an itinerant ferro-
magnet with Curie temperature 150 K and spinS ­ 1 due
to the strong Hund’s coupling [15], a popularassumption
is that Sr2RuO4 has spinS ­ 1 with predominantly ferro-
magnetic spin correlations. However, the presence of
van Hove singularity similar to that in highTc cuprates
[16] gives rise to a possibility that antiferromagnetic sp
fluctuations are also enhanced for finite wave vectorq near
sp , pd [17]. In fact, if the Sr21 ions are replaced with
Ca21 ions, Ca2RuO4 forms an insulating antiferromagne
[18], suggesting a subtle competition between ferro- a
antiferromagnetic spin correlations.

Based on the scenario of ferromagnetic correlatio
with S ­ 1, Rice and Sigrist proposed that the mode
ferromagnetic enhancement in the Fermi liquid state
0031-9007y98y81(14)y3006(4)$15.00
-

]
O

ve

i-
e
i

in-
on

r-
ce
e

-
e

he
8
l-
s.

the

in

t
nd

ns
st
of

Sr2RuO4 favors ap-wave superconductivity similar to tha
realized in liquid 3He [10]. More recently, Agterberg,
Rice, and Sigrist [12] emphasized the necessity of dist
guishing the properties of the Ru4dxy and4dyz,zx orbitals
in order to account for thep-wave-like superconducting
properties [5,9,19].

In principle, NMR should be able to cast light from
a microscopic viewpoint on the orbital dependent sp
correlations and their interplay with anomalous char
transport properties, in addition to the superconduct
pairing state probed by Ishidaet al. in their 101Ru NMR
experiments conducted below 4.2 K [9]. Unfortunatel
the intensity of 101Ru NMR is miserably weak above
4.2 K, limiting the earlier NMR study to the vicinity ofTc

deep inside the canonical Fermi liquid state. Moreov
since Ru NMR probes only an average of the magne
behavior of four electrons in threet2g orbitals, a different
approach is necessary to probeseparatelythe magnetic
properties of4dxy and4dyz,zx orbitals.

In this Letter, we report the first17O NMR in 17O
isotope-enriched aligned single crystals of Sr2RuO4 be-
tween 4.2 and 500 K [20]. We also succeeded in detect
101Ru NMR up to 300 K despite the extremely weak sign
intensity above 4.2 K. Our NMR measurements provi
the first experimental evidence fororbital and tempera-
ture dependentspin susceptibility. We demonstrate tha
only the spin susceptibilityxxy from the electrons in the
Ru4dxy orbital shows significant temperature dependen
Moreover, we present the first experimental evidence t
the spin correlations are predominantlyferromagneticin
origin, and low frequency ferromagnetic spin fluctuatio
grow with decreasing temperature down toTFL. Our NMR
observation of magnetic crossovers atTFL andTp calls for
further theoretical investigation into the interplay betwe
ferromagnetic spin correlations, anomalous charge tra
port properties, and the mechanism of superconductivi

We conducted all the17O and101Ru NMR between 7.4
and 9 T for aligned single crystals grown by the floatin
zone technique. We enriched the crystals with17O isotope
by annealing in17O2 gas at 900±C. We observed two sets
of quadrupole-split17O NMR signals. We identified the
© 1998 The American Physical Society
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signals with the nuclear quadrupole interaction tens
axially symmetric around thec axis as the apical O(2) site.
Our results of the101Ru Knight shift101K and the nuclear
spin-lattice relaxation rate1011yT1 at 4.2 K agreed with
those reported by Ishidaet al. [9].

In Fig. 1(b), we present the temperature dependence
the 17O NMR Knight shifts17Ks1, 2d for the planar O(1)
and apical O(2) site. In general, Knight shifts have sp
and orbital contributions,Kspin and Korb [21,22]. Kspin
is proportional to uniform spin susceptibilityxspin, while
Korb originates from orbital currents and is temperatur

FIG. 1. (a) Top view (left panel) and side view (right panel
of the local geometry of the RuO2 plane (Ru4d and O 2pp
orbitals). (b) 17O NMR shift 17Ks1, 2d at the planar O(1)
and apical O(2) sites. 17Ks1dc [m], 17Ks1dk [j], 17Ks1d'

[d], 17Ks2dc [n], and 17Ks2dab [e]. (c) The uniform spin
susceptibility xxy of 4dxy orbital [s] and xyz,zx of 4dyz,zx

orbital [h], deduced from17Ks1d based on Eqs. (1a)–(1c)
with C ­ D ­ 34 kOeymB. Also plotted are the average
xay ; sxxy 1 2xyz,zxdy3 [solid line], and 101Ru Knight shift
101Kc [3]. Notice that we invert the scale of101Kc to account
for the negative hyperfine coupling, and offset the origin b
1.08% [9] to account for101Korb .
or

of

in

e

)

y

independent. In what follows, we ignore the small cont
bution of 17Korb (typically 17Korb & 0.03% [23]). If we
plot 17Ks1d measured for one direction versus another
implicit functions of temperature, we do not obtain linea
relations (not shown). We also found that17Ks1d and Ru
Knight shift along thec axis, 101Kc, do not show a linear
relation either. Without any further analysis, these findin
imply the existence of more than one separate compon
of spin susceptibility.

Recalling that there are four4d electrons in three
orbitals, we need to separate the temperature depende
of xxy andxyz,zx of the Ru4dxy and4dyz,zx orbitals in the
total spin susceptibility,xspin ­ xxy 1 2xyz,zx. (Notice
that4dyz and4dzx orbitals are equivalent in the tetragona
symmetry.) On general grounds [22] we write17K as

17Ks1dc ­
1

NAmB
s2Cxxy 1 2Dxzx 1 sx2sd , (1a)

17Ks1dk ­
1

NAmB
s2Cxxy 2 Dxzx 1 sx2sd , (1b)

17Ks1d' ­
1

NAmB
s2Cxxy 2 Dxzx 1 sx2sd , (1c)

whereNA is Avogadro’s number, and the subscriptsc, k,
and' indicate the direction of the applied magnetic fie
H, as defined in Fig. 1(a). Because of the covalency ofp

bonds, spin polarization in the Ru4dxy and4dzx orbitals is
transferred to the O2py and2pz orbital, respectively. We
represent the dipole hyperfine fields [21] from these2p
orbitals to the17O nuclear spin asC andD, respectively,
as shown in Fig. 1(a). The dipole field takes the maximu
value along the lobe of the2p orbital, and21y2 of the
maximum value along the two orthogonal directions [21
We note that other spin transfer processes are prohib
by the orthogonality between Ru4d and O2p orbitals.
The third termsx2s in Eqs. (1a)–(1c) is added to accoun
for a nearly temperature independent isotropic compon
of 17K [24]. We tested the validity of Eqs. (1a)–(1c
by taking rotational spectra withH in the RuO2 plane,
and confirmed the sinusoidal modulation due to the ax
symmetry of the dipole fields.

By subtracting Eq. (1b) from Eqs. (1a) and (1c), w
can separatexxy ­ NAmBf17Ks1d' 2 17Ks1dkgy3C and
xyz,zx ­ NAmBf17Ks1dc 2 17Ks1dkgy3D. We plot the re-
sults in Fig. 1(c) by setting the magnitude of the vertic
axis as described in the next paragraph. Surprisingly, u
form spin susceptibilityxxy increases monotonically with
decreasing temperature down to,40 K, turns over, and
then tends to level belowTFL in the canonical Fermi liq-
uid state, indicating a clear connection to the crossover
charge transport measurements. On the other hand,
temperature dependence ofxyz,zx is much weaker. Physi-
cally, orbital dependent behavior of Ru4d spin susceptibil-
ity indicates that the Hund’s coupling is not strong enou
to bind all four electron spins, and the spin degrees
3007
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freedom in the4dxy and 4dyz,zx orbitals behave more or
less independently at least down toTFL.

Next, we will discuss the quantitative aspect ofxxy and
xyz,zx . Since we have found thatxyz,zx shows little tem-
perature dependence, we can match the observed incr
of the bulk susceptibility dataxbulk [7,18,25] below 300 K
to the increase ofxxy in Fig. 1(c). Thus we obtainxxy ,
3.6 3 1024 emuymol at 4.2 K, andC ø 34 kOeymB. By
subtracting xxy , the orbital contributionxorb , 1.5 3

1024 [9], and the core diamagnetic contributionxdia ,
20.96 3 1024 emuymol from the observed bulk suscep
tibility, xbulk , 9 3 1024 emuymol [7], we obtainxyz ­
xzx , 2.4 3 1024 emuymol at 4.2 K, which also implies
D ø 34 kOeymB. Our results indicate thatxxy accounts
for ,40% of the total spin susceptibility in the canonica
Fermi liquid state belowTFL, andxyz andxzx contribute
,30% each. We note that relatively large uncertainties
bulk susceptibility data [7,18,25] leave corresponding u
certainties (,30%) in our estimate of themagnitudeof C,
D, xxy , andxyz,zx , but none of the fundamental conclu
sions of this Letter depend on the numerical details d
cussed in this paragraph.

To test the preceding analysis, in Fig. 1(c) we compa
the average spin susceptibility of all threet2g orbitals,
xay ­ sxxy 1 2xyz,zxdy3, and the 101Ru Knight shift
101Kc. Since the filling of4dxy, 4dyz , and 4dzx orbitals
is nearly even, i.e., 1.28, 1.36, and 1.36 electrons, resp
tively [3,11],xay represents the average spin susceptibil
of four electrons in threet2g orbitals. On the other hand
101Kc also probes an average of the spin susceptibility
four electrons through the isotropic hyperfine fields arisi
from the inner core polarization by all threet2g orbitals
[22]. Accordingly, we expect that101Kc ~ xay. The
agreement with this proportionality in Fig. 1(c) confirm
the consistency of our analysis.

Finally, we turn our attention to the spin dynamic
In general, the nuclear spin-lattice relaxation rate1yT1
satisfies the following formula [22]:

1
T1T

­
g2

n

mBh̄

X
j,q

fjAjsqdaj2 1 jAjsqdbj2g
x

00
j sq, vnd

vn
,

(2)

where the subscriptj represents thejth orbital, and
x

00
j sq, vnd is the imaginary part of the dynamical electro

spin susceptibility at wave vectorq and NMR frequency
vn. The quantization axis of1yT1 measurements is thec
axis. The hyperfine form factorjAjsqda,bj2 is q indepen-
dent for1011yT1 at the Ru site [26], and is proportional to
cos2sqx,yy2d with a proportionality constant that is a func
tion of C andD for 171yT1s1d at the O(1) site [22]. This
means that in principle1011yT1T can sense both ferromag
netic and antiferromagnetic spin fluctuations. On the oth
hand, the form factor for the planar O(1) site is zero
the staggered wave vectorq ­ sp , pd due to geometrical
cancellation of the antiferromagnetic component of tran
ferred hyperfine fields. Accordingly, antiferromagnet
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spin fluctuations do not contribute to171yT1s1dT [23].
Therefore, one can test whether the spin correlations
ferromagnetic or antiferromagnetic in origin by comparin
171yT1s1dT and1011yT1T .

In Figs. 2(a) and 2(b), we compare the temperature
pendence of1yT1 and 1yT1T , respectively. Evidently,
O(1) and Ru sites show identical temperature depende
To the best of our knowledge, this is the first experimen
demonstration that the spin correlations in the RuO2 plane
are predominantlyferromagneticin origin. Furthermore,
we found that both171yT1s1dT and 1011yT1T increase
monotonically down toTFL, and almost saturate in th
canonical Fermi liquid state [27]. Besides the crosso
at TFL, both 171yT1s1d and1011yT1 show a kink atTp, as
indicated in Fig. 2(a). This means that the growth of ferr
magnetic spin fluctuations as measured by1yT1T begins
to saturate atTp, where thec-axis resistivityrc crosses
over from semiconducting to metallic behavior upon co
ing [2,8]. In passing, the smaller values of17Ks2d and
171yT1s2d imply weaker spin polarization at the apical O(2
site transferred from the RuO2 planes, reflecting the quas
two-dimensional nature of the electronic states.

Combining the results in Figs. 1 and 2, we can dra
the following physical picture for the magnetic properti
of Sr2RuO4. Unlike the case of the cubic analog SrRuO3
(S ­ 1), Hund’s coupling between the four electrons
the Rut2g orbitals does not align all four electron spins
form a simpleS ­ 1 state in Sr2RuO4. The spin degrees

FIG. 2. (a) Nuclear spin-lattice relaxation rate171yT1s1d of
the planar O(1) site [d], 171yT1s2d at the apical O(2) site [3],
and1011yT1 at the Ru site [h]. (b) 171yT1s1dT [d], 171yT1s2dT
[3], and 1011yT1T [h].



VOLUME 81, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 5 OCTOBER 1998

.
e

-

of freedom in the Ru4dxy orbital and the4dyz,zx orbitals
behave more or less independently at least down toTFL.
The enhancement of ferromagnetic spin correlations beg
to saturate belowTp, when the charge transport alon
the c axis gains coherence. The entire electronic syste
crosses over into a modestly mass-enhanced canon
Fermi liquid state belowTFL only after the ferromagnetic
enhancement observed forxxy and1yT1T saturates. Our
observation of magnetic crossovers atTFL and Tp is
evidence that the anomalous charge transport proper
of the RuO2 planes [2,4,6,8] are coupled to the growt
of ferromagnetic spin fluctuations. Within the scenario
p-wave superconductivity induced by ferromagnetic sp
fluctuations, stronger temperature dependence observed
xxy thanxyz,zx seems to favor the opening of the primar
superconducting energy gap in the4dxy orbital [28]. Much
weaker but qualitatively similar temperature dependen
of xyz,zx suggests a weak but finite coupling betwee
4dxy and4dyz,zx orbitals, as required by some theoretica
models [12].

To conclude, we succeeded in detecting17O and101Ru
NMR signals in a broad temperature range of the anom
lous metallic state of Sr2RuO4. We established that spin
correlations are predominantly ferromagnetic in origin, an
orbital dependent. We also presented evidence that
growth of low frequency ferromagnetic spin fluctuation
has close connections to the anomalous charge trans
properties of RuO2 planes. Whether various theoretica
models can reproduce our new results remains to be se
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