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Magnetic excitations in the normal and superconducting states of Sr2RuO4
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Inelastic-neutron-scattering measurements have been performed on single crystals of the spin-triplet super-
conductor Sr2RuO4. Incommensurate spin fluctuations were observed in both the normal and superconducting
phases with the same intensity below and aboveTc . Measurements of the wave-vector dependence of the
magnetic scattering along thec axis suggest an itinerant character of the Ru form factor and an isotropic
susceptibility.
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I. INTRODUCTION

The discovery1 of superconductivity in Sr2RuO4 has led
to intensive efforts to establish the precise nature of the
perconducting state. Most known superconductors are c
acterized by a spin-singlet state where the electrons in a C
per pair have opposite spins. This is the case
conventional superconductors withs-wave symmetry
( l 50) and some high-Tc cuprates withd-wave symmetry
( l 52). Sr2RuO4, on the other hand, is characterized by sp
triplet state Cooper pairing withp-wave symmetry (l 51).
Spin-triplet pairing is also observed in superfluid3He and in
the heavy-fermion superconductor UPt3, which, however,
has a more complicated Fermi surface.

The precise nature of the pairing state in Sr2RuO4 is still
under debate. The temperature-independent17O Knight shift
was the persuasive evidence of its spin-triplet pairing.2 In
analogy to superfluid3He, a nodelessp-wave superconduc
tivity has been inferred,3 suggesting that Sr2RuO4 is either
near a ferromagnetic instability or characterized by stro
ferromagnetic spin fluctuations. However, rece
experiments4–6 on high purity Sr2RuO4 single crystals show
a low-temperature behavior consistent with the presenc
nodes in the superconducting order parameter, very simila
the observation ofd-wave superconductivity in the high-Tc
cuprates. Most recently, a possiblef-wave symmetry of the
order parameter has been investigated theoretically.7,8

The electronic structure of Sr2RuO4 at the Fermi surface
is determined by the 4d orbitals of the Ru ions in the Ru-O2
planes. The four electrons of Ru41 are in the threet2g

orbit-

als (dyz , dxz , anddxy). The detailed shape of the metall
Fermi surface has been determined by quantum-oscilla
measurements9 and the deduced band structure has three
tallic bands with two electronlike (a andg) and one holelike
b Fermi surfaces. Theg band is two dimensional wherea
the a and b sheets are quasi-one-dimensional and can
visualized as a set of parallel planes running in both thekx
and ky directions responsible for a sizable nesting effect
k05(2p/3a,2p/3a,0). The simple features of the Fermi su
face could nevertheless lead to complex multiband phen
ena, which may also be relevant to the superconductivity10
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The knowledge of the dynamical spin susceptibil
x9(q,v) and its evolution in the superconducting state is
essential microscopic information for the understanding
the nature of the pairing in Sr2RuO4. Sidis et al.11 showed
that the main contribution tox9(q,v), measured by inelastic
neutron scattering~INS! on single crystals, corresponds
incommensurate~IC! fluctuations appearing forT,200 K
with a characteristic wave vector ofq05(0.3,0.3,0), indexed
in reciprocal lattice units~r.l.u.!. This wave vector corre-
sponds approximately to the nesting wave vectork0 pre-
dicted by band-structure calculations.12 These fluctuations
are quasielastic and well described by a Lorentzian sh
with a relaxation rate of the order ofG511 meV. Theq
dependence is Gaussian with an energy-independent w
~full width at half maximum! of 0.12~1! r.l.u., corresponding
to a correlation length within thea-b plane of jab
510.4 Å. Servantet al. confirmed this picture on single
crystal samples grown in Grenoble and clearly demonstra
the two-dimensional nature of the correlations (jc50). 13

In this paper, we present inelastic-neutron-scattering m
surements of the magnetic fluctuations in single crystall
Sr2RuO4. The details of the crystal growth, sample chara
terization, and the neutron-scattering experiments are g
in Sec. II. Section III presents the evolution of the incom
mensurate spin fluctuations in the superconducting and
mal states. The wave-vector dependence of the magn
scattering, which gives information on the magnetic anis
ropy and the form factor, is presented in Sec. IV. The disc
sion in Sec. V relates the neutron-scattering results to N
measurements and to the superconducting properties
Sr2RuO4.

II. EXPERIMENTAL DETAILS

Our INS measurements were performed on single crys
grown by the floating-zone method using a light furna
equipped with double-elliptical mirrors, starting from sin
tered rods of off-stoichiometric Sr2RuO4. A 7-cm long 4-mm
diameter cylindrical single crystal of total weight of 4.1
was grown along the~100! direction. Figure 1 shows the
results of the ac-susceptibility measurements on the whol
this crystal. A diamagnetic signal appears belowTc

onset
©2002 The American Physical Society11-1
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5850 mK and the width of the transition isDTc
5150 mK. Specific-heat measurements using an adiab
method were performed on a 64-mg piece cut from this cr
tal. The results, shown in the inset of Fig. 1, reveal a bump
the specific heat associated with the superconducting tra
tion atTc

onset5850 mK. This shows that the superconduct
ity of our sample has a bulk character. However, the spec
jump DC/C does not exceed 11% while for a small pur
crystal (Tc51.29 K), it reaches at least 52% and is qu
comparable with published data~see inset of Fig. 1!. X-ray-
powder-diffraction measurements performed on small p
cut from the crystal used for the INS measurements do
reveal any traces of parasitic phases and the patterns
indexed with the body-centered tetragonal symmetry~space
group I4/mmm) and lattice parameters ofa53.871 andc
512.745 Å. The crystal was cut in three parts to allow
different orientations to be measured in the neutr
scattering experiments.

The INS measurements were performed on the IN
triple-axis spectrometer installed on a thermal supermi
guide at the Institut Laue-Langevin, Grenoble, France,
operated by the CEA Grenoble. The~002! reflection of py-
rolytic graphite~PG! crystals was used as vertically focusin
monochromator and as horizontally focusing analyzer. M
measurements used a fixed final energy ofEf514.7 meV
and natural collimations. The corresponding energy res
tion of the incoherent signal was 1.2 meV full width at ha
maximum ~FWHM!. A PG filter was placed between th
sample and the analyzer in order to reduce higher-order
tamination and the data were normalized by the incid
beam monitor. A monitor count of 7000 corresponds appro
mately to 12 min counting time. The neutron-scattering
tensity I (Q,v) is proportional to the imaginary part of th
dynamic magnetic susceptibility viz.

I ~Q,v!}
1

12exp~2\v/kBT!
x9~Q,v!, ~1!

wherekB is Boltzmann’s constant.
For the measurements of the correlations in thea-b plane,

the three crystals were mounted together and aligned

FIG. 1. Temperature dependence of the magnetic ac suscep
ity of single-crystalline Sr2RuO4. The dashed line is a guide to th
eyes. Inset: temperature dependence of the specific heat divide
temperature for two crystals with different superconducting tran
tion temperatures.
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the ~100! and ~010! axes in the horizontal-scattering plan
and thermalized by a copper sheet attached to the mix
chamber of a3He-4He dilution refrigerator. Measurement
along thec axis were performed in a standard helium-flo
cryostat with the~001! and~110! axes in the scattering plan
of the spectrometer. The assembly of the three crystals h
mosaicity of 0.6° as measured on a rocking curve on
~200! Bragg reflection.

III. INCOMMENSURATE SPIN FLUCTUATIONS
IN THE SUPERCONDUCTING STATE

In order to investigate the spin fluctuations in the sup
conducting state, measurements were made at the base
perature of 70 mK and aboveTc , at T51.2 K. Figure 2
shows the result of scans along thea* direction at Q
5(QH ,1.3,0) performed at different energy transfers ofv
53, 6, and 11 meV at these two temperatures~similar data
obtained at 4 and 8 meV are not shown!. At all energies and
temperatures, the excitation spectrum is localized around
incommensurate wave vectorQ05(0.3,1.3,0), which is
equivalent to the nesting vectork05(0.3,0.3,0) for two-
dimensional fluctuations. The corresponding peaks hav
Gaussian profile with an intrinsic width~FWHM! in QH of
2kab50.12 ~1! r.l.u., after correction for the instrumentalQ
resolution along thea* direction estimated from the~200!
Bragg peak. The corresponding correlation length of
magnetic fluctuations isjab5a/(2pkab)510.3 ~8! Å.
Within the error bars, the peak intensities and widths are
same above and belowTc . Samples that do not exhibi
superconductivity13 have also the same correlation leng
jab .

il-

by
i-

FIG. 2. Scans along thea* direction atQ5(QH ,1.3,0) for dif-
ferent energies as shown. The dashed and solid lines are fi
Gaussian functions atT570 mK and 1.2 K, respectively.
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For completeness, the spectral response atQ0

5(0.3,1.3,0) was measured as a function of neutron ene
transfer below and aboveTc ~see Fig. 3!. Given the strong
phonon contribution, the spectrum is obtained by subtrac
a background reference obtained atQ15(0.1,1.3,0) from the
magnetic signal measured atQ05(0.3,1.3,0). As already
shown in previous studies, the imaginary part of the dyna
cal spin susceptibility corresponding to the measured sig
is well described by a Lorentzian line shape

x9~Q0 ,v!5x8~Q0!
vG

v21G2
, ~2!

wherex8 is the static spin susceptibility andG the relaxation
rate of the fluctuations. The solid line shown in Fig. 3 is a
to Eqs.~1!,~2! convoluted in one dimension with the resol
tion function. No significant changes between the data
tained atT151.2 K (.Tc) andT2570 mK (,Tc) are ob-
served: the result of the fit to Eqs.~1!,~2! givesGT1

57.6 ~9!

and GT2
57.2 ~9! meV. These values are smaller than th

reported in Ref. 13, where the measurements were exte
to higher energies, but are the same as that reported in
11. The difficulty to extract the relaxation rateG with preci-
sion is due to phonon contamination. Temperature sweep
Q0 and energies of 3 and 8 meV were performed in a sea
for anomalous behavior in the vicinity of the supercondu
ing transition. No such effects were observed, as show
Fig. 4.

As noted, our neutron-scattering data obtained on b
sides of the superconducting transition in Sr2RuO4 indicate
no change in the dynamical spin susceptibility of the IC flu
tuations, which dominate the magnetic excitation spectr
There is no observation of a gap or of a transfer of spec
weight in the superconducting phase. The search for fe
magnetic fluctuations in both the normal and supercond
ing states was performed over a wide range of recipro
space and energy~up to 34 meV!, but no sizable magnetic
signal was observed.

FIG. 3. Energy response of the magnetic signal atQ0

5(0.3,1.3,0) after subtraction of the background measured atQ1

5(0.1,1.3,0). The dashed and solid lines are fits of a quasiela
Lorentzian @Eq. ~2!# for the superconducting and normal phas
respectively.
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IV. MAGNETIC ANISOTROPY AND FORM FACTOR

In Sec. III, we focused on the dynamical spin susceptib
ity insidea chosen Brillouin zone. This quantity reflects th
correlations between spins and, for a Bravais lattice, it
pends only on the reduced wave vectorq5Q2t, wheret is
a reciprocal lattice vector andQ is the total wave-vector
transfer. In this section, we report detailed measurement
the total wave-vector transfer dependence of the neutron
tensity over several Brillouin zones. This gives informati
on the anisotropy of the spin susceptibilities and the m
netic form factor of the Ru ion. The neutron intensity can
written as

I ~Q,v!} f 2~Q,u!@~11sin2u!xa,b9 ~q,v!1cos2uxc9~q,v!#,
~3!

where f (Q,u)5 f (Q) is the magnetic form factor andu the
angle betweenQ and thea-b plane. The in-plane and out
of-plane susceptibilities are denotedxa,b9 and xc9 , respec-
tively. To investigate the (Q,u) dependence of the magnet
scattering in Sr2RuO4, we measured the neutron intensity
the IC fluctuations along thec axis in several Brillouin
zones.

Figure 5 shows constantv scans performed along th
@1,1,0# direction aroundQ5(0.3,0.3,QL) for different fixed
QL values atT51.5 K and 6 meV energy transfer. The in
tensity clearly decreases with increasingQ, as expected from

tic
,

FIG. 4. Temperature dependence of the magnetic signal aQ0

5(0.3,1.3,0) for energy transfers of 3 and 8 meV.

FIG. 5. Scans along the@110# direction around Q
5(0.3,0.3,QL) for different fixed values ofQL as shown at an en
ergy transfer of 6 meV. The lines are fits to Gaussian functions.
data atQL53 are shifted up by 25 counts and that atQL55 are
shifted down by 50 counts.
1-3
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the magnetic form factor. In order to get more insight on t
behavior, such scans were performed for differentQL values
on the two rodsQr15(0.3,0.3,QL) and Qr25(0.7,0.7,QL)
up to QL55 r.l.u. For each scan, the integrated intensity
the Gaussian line shape was extracted. This method is
cient in minimizing background effects and phonon conta
nation. Figure 6 shows the variation of these integrated
tensities as a function of the magnitude of the wave vec
The decrease of the signal is faster than expected fro
simple form factor of the Ru1 ion as shown in Fig. 6. This
effect would probably be even more pronouced when co
pared with the 4d orbitals in Ru41, which are likely to be
more contracted than in Ru1. It is worthwhile to note that the
anisotropy of the magnetic form factor (u dependence! is
negligible and not relevant for this study~the calculation is
detailed in the Appendix!.

The fact that the data obtained atQr1 and Qr2 ~full and
empty circles in Fig. 6! fall on a same curve suggests a
isotropic nature of the spin susceptibility. If the spin susc
tibility were anisotropic, different intensities would be me
sured on the two rods, because they correspond to diffe
values ofu for a given value ofQ. Since neutron-scatterin
probes only magnetic fluctuations perpendicular to the t
wave-vector transferQ, the intensity observed nearu50 is
proportional toxa,b9 1xc9 and nearu590° to 2xa,b9 @see Eq.
~3!#. As a consequence, forxa,b9 Þxc9 , two different curves
are expected as a function ofQ. For example, in our case, th
two wave vectorsQ5(0.3,0.3,3) andQ5(0.7,0.7,0.5) have
the same modulus,Q'1.63 Å21, but differentu angles, 65°
and 9°, respectively. The susceptibilities probed are t
1.82xa,b9 10.18xc9 and 1.02xa,b9 10.97xc9 , respectively.
Within the error bars, the measured intensity is the sam
these points, implying thatxa,b9 'xc9 . Since large portions o
reciprocal space were investigated in the present experim
we checked carefully that resolution and absorption effe
do not influence the measured integrated intensities. Res
tion corrections are negligible since the IC fluctuations
broad inq andv. Finally, we stress the importance of me
suring at least two rods to address the anisotropy of the
ceptibility. This allows a separation of the form factor a
magnetic anisotropy contributions to the magnetic cross
tion when measuring at different values ofQL . If the mag-

FIG. 6. Q dependence of the integrated magnetic intensity fr
scans along the@110# direction performed for differentQL values
on the two rodsQr15(0.3,0.3,QL) and Qr25(0.7,0.7,QL) at T
51.5 K and an energy transfer of 6 meV. The solid line represe
the Ru1 magnetic form factor.
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netic form factor was known with better precision, e.g., fro
polarized-neutron-scattering measurements, it would be s
pler to determine the anisotropy of the susceptibility, as
intensity along only one rod would need to be measured

In summary, our measurements of the two-dimensio
correlations along the magnetic rods in Sr2RuO4 suggest a
substantially more delocalized magnetization density th
expected from the Ru ion. In addition, the spin susceptib
ties appear to be isotropic, in contrast to NMR measu
ments, as discussed in Sec. V A.

V. DISCUSSION

A. Excitations in the superconducting phase

The energy scale of the spin fluctuation relaxation r
G'10 meV, is two orders of magnitude larger than that
the superconducting transitionkBTC'0.1 meV. It was
pointed out by Monthoux14 that the more relevant spin fluc
tuations for superconductivity have a ratioG/kBTC of the
order of 10 ford-wave pairing and 100 forp wave. The latter
ratio corresponds to the one observed here. Sev
groups15–17 even predict resonance effects in the dynami
spin susceptibility that can be observed by INS in Sr2RuO4.
These effects, well known for the high-Tc compounds, give
rise to enhanced scattering because of the coherence fac
the neutron-scattering cross section and they depend on
symmetry of the superconducting order parameter and
Fermi surface topology. For Sr2RuO4, the calculated reso
nance threshold15 is two times smaller than the lowest energ
accessible in the present experiment. This theory uses
gap energyD051 meV obtained from a strong-couplin
analysis of Andreev-reflection measurements.18 In such a
scenario, a resonance would be observed in INS data, m
likely as a change of spectral weight between high and
energy. Such small changes are observed in thed-wave su-
perconductor La1.86Sr0.14CuO4,19 where the magnetic re
sponse is suppressed below 7 meV and enhanced abov
cooling throughTc535 K. Our INS measurements were e
tended to lower energies by another group, but still
changes were observed in the dynamical spin susceptib
on cooling throughTc .20

The IC spin fluctuations correspond to transitions betwe
the a and b bands. In the extensively studied multiban
superconductivity models,10,21 the a and b bands are the
so-called passive bands while superconductivity is driven
the activeg band~the superconductivity of Sr2RuO4 has the
character of this main band as probed byHc2 and flux-line
lattice measurements!. 22 The relevance of spin fluctuation
in the passive band for superconductivity is an open qu
tion. This depends among other factors on the coupling~hy-
bridization! between the bands. The absence of evidence
two distinct superconducting phase transitions in hig
quality single crystals, corresponding to the two types
bands, is a sign that superconductivity occurs as a glo
phenomena in this multiband system. The precise feedb
mechanism between the IC fluctuations and the supercon
tivity is unknown in this context and is certainly not a
simple as in a single-band picture. The effect of impurit
could also help to distinguish between several theoret

ts
1-4
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MAGNETIC EXCITATIONS IN THE NORMAL AND . . . PHYSICAL REVIEW B 65 184511
scenarios. Thea and b bands, which are believed to b
responsible for the nodes in the order parameter, are m
sensitive to the suppression of the superconductivity du
impurities than theg band, which is compatible with node
less superconductivity.21 However, there is no change of th
IC spin fluctuations across the superconducting transit
neither in our present measurements nor in those perfor
on crystals with higherTc .20 Theg band, on the other hand
give rise to q-independent fluctuations as evidenced
NMR.23 These fluctuations have not been observed in I
studies, which can be understood if the spectral weigh
spread out inq ~in contrast to the relatively peaked IC fluc
tuations!. An indirect comparison between NMR and IN
results11,25 suggests that theseq-independent fluctuations ar
present in a wide temperature range~up to 500 K! and have
a relaxation rate of about 50 meV.

B. Anisotropy and form factor

Since the form factor represents the Fourier transform
the spatial extent of the wave function, the rapid drop
implies a more extended, and therefore itinerant nature of
Ru wave function. Including an orbital contributionL would
make the character even more itinerant, since the shap
the theoretical ionic form factor would be even more loc
ized ~in direct space! with this extra contribution. Up to now
no precise determination of the magnetic form factor
Sr2RuO4 is available.24 In a previous INS study the form
factor was estimated only in the basal plane with a limi
accuracy.11

The p-wave state of Sr2RuO4 is associated to an orde
parameterd(k) describing the spin state and the wave-vec
dependence of the superconducting gap. A state withd par-
allel to the c axis and the spin in the basal plane is oft
assumed. This is supported by the NMR Knight shift~K!
measurements, which find no change ofK on cooling
throughTc for H in the basal plane.2 Nevertheless, the ques
tion of the orientation ofd is no completely settled by thes
measurements due to the fact that no data could be obta
for H along thec axis (Hc2 is too small in this direction!.
Several models deal with the possibility of having the pair
mechanism mediated by anisotropic IC fluctuations.15,26,27It
is then expected that the orientation of thed vector would
reflect the anisotropy of the IC spin fluctuations. The NM
measurements by Ishida25 suggest an anisotropic nature
the IC fluctuations withxc9/xa9'3. This is not confirmed by
the present neutron-scattering study, where an isotropic
havior is found in a model-free analysis of the data. It
important to stress that the NMR results by Ishida25 are
based on the assumption that the hyperfine couplings
isotropic. Our results do not show links between the m
commonly assumed spin-state of the superconducting o
parameter and the IC spin fluctuations.

VI. CONCLUSION

Our inelastic-neutron-scattering measurements perfor
on single crystals of Sr2RuO4 reveal no changes in the in
commensurate spin fluctuations on cooling through the
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perconducting transition. By using the fact that these fluct
tions are uncorrelated along thec axis ~i.e., two
dimensional!, we also establish an isotropic nature of t
incommensurate excitations together with a magnetic fo
factor that is more itinerant than the one expected for a
known ruthenium ionic configuration. These new featu
may help to understand the relevance of the incommensu
spin fluctuations for the Cooper pairing, as investigated
several theoretical models. An unresolved issue is the m
band nature of the superconductivity and its relation with
spin fluctuations observed in a passive band, which may n
ertheless induce the pairing. Detailed form-factor measu
ments using a conventional polarized neutron method
highly desirable in order to confirm the itinerant character
the magnetization density in Sr2RuO4 .
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APPENDIX: Ru FORM FACTOR

Here we briefly outline the calculation of the fullQ de-
pendence of the magnetic form factor of Ru in Sr2RuO4. The
Q dependence of the magnetic form factor of the Ru1 ion
was used because that of Ru41 has not been calculated theo
retically. 28 Within the precision of our measurements, w
could not distinguish between the Ru and Ru1 form factors,
and Ru41 is not expected to be very different from thos
The magnetic form factor has two contributions coming fro
the two 4d electrons present near the Fermi level. In a
tragonal environment, the 4d levels involves one singletdxy

and two doublets (dxz ,dyz) and (dx22y2 ,dz2). In the ground
state, thedxy and (dxz ,dyz) orbitals are occupied. We assum
that the orbital moment is quenched (L50) so that the form
factor corresponds to pure spin contributions. The total fo
factor can then be written

F~Q!5F~Q,u,f!52^ j 0~Q!&1@Axy~f,u!1Axz,yz~f,u!#

3^ j 2~Q!&1@Bxy~f,u!1Bxz,yz~f,u!#^ j 4~Q!&,

where^ j n(Q)& are spherical Bessel functions.28 The angular
dependence of the coefficientsA and B for d electrons are
given in Ref. 29. In our measurements, the azimuthal ang
f545°. Numerical evaluation of these formula shows th
the anisotropy (u dependence! of the form factor is very
small. Consequently, the line shown in Fig. 6 is calcula
for u50.
1-5
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