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Inelastic neutron scattering study of magnetic excitations in Sr2RuO4
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Magnetic excitations in Sr2RuO4 have been studied by inelastic neutron scattering. The magnetic fluctua-
tions are dominated by incommensurate peaks related to the Fermi surface nesting of the quasi-one-
dimensionaldxz and dyz bands. The shape of the incommensurate signal agrees well with random phase
approximation calculations. At the incommensurateQ positions the energy spectrum considerably softens upon
cooling, pointing to a close magnetic instability: Sr2RuO4 does not exhibit quantum criticality but is very close
to it. v/T scaling may be fitted to the data for temperatures above 30 K. Below the superconducting transition,
the magnetic response at the nesting signal is not found to change in the energy range down to 0.4 meV.
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I. INTRODUCTION

Sr2RuO4 is still the only superconducting layered pero
skite besides the cuprates;1 however, in contrast to the cu
prate high-temperature superconductors~HTSC’s!, supercon-
ductivity in Sr2RuO4 develops in a well-defined Ferm
liquid state.1,2 Nevertheless, the superconducting state a
the pairing mechanism in Sr2RuO4 are highly unconven-
tional. The present interest in this compound goes far bey
a simple comparison with the cuprate high-temperature
perconductors.

The extreme sensitivity of the superconducting transit
temperature on nonmagnetic impurities suggests a n
phonon mechanism.3 It is further established that superco
ductivity in Sr2RuO4 is made of spin-triplet Cooper pair
and breaks time-reversal symmetry.2,4 The strongest experi
mental argument for that can be found in the uniform s
ceptibility measured either by the NMR Knight shift or p
larized neutron experiments5,6 and in the appearance o
spontaneous fields in the superconducting state reporte
muon spin resonance (mSR).7 A spin-triplet p-wave order
parameter had been proposed before these experiment8 in
the idea that superconductivity arrises from a dominant
teraction with ferromagnetic fluctuations in analogy to sup
fluid 3He. Rice and Sigrist stressed the comparison with
perovskites SrRuO3 and CaRuO3 which order ferromagneti-
cally or are nearly ferromagnetic, respectively.9 Evidence for
ferromagnetic fluctuations in Sr2RuO4 was inferred from
NMR experiments: Imaiet al. found that 1/T1T of the O and
Ru NMR exhibit a similar temperature dependence and
terpreted that this could be only due to ferromagne
fluctuations.10

The macroscopic susceptibility in Sr2RuO4 is enhanced
when compared with the band structure calculation but o
weakly; in particular, its temperature dependence rema
flat.2,11 There exist also layered ruthenates which are v
close to ferromagnetic order at low temperatures: the pu
Sr3Ru2O7 samples show metamagnetism and samples w
0163-1829/2002/66~6!/064522~11!/$20.00 66 0645
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somehow less quality even order ferromagnetically.12 A
highly enhanced susceptibility pointing to a ferromagne
instability is also observed in the phase diagram
Ca22xSrxRuO4,13,14 but for a rather high Ca concentration
Ca1.5Sr0.5RuO4.15 In these nearly ordered layered ruthe
ates, the susceptibility is about two orders of magnitu
higher than that in Sr2RuO4 and strongly temperature
dependent.

Some doubt about the unique role of ferromagnetism
Sr2RuO4 arose from the strong-moment antiferromagne
order observed in the Ca analog,16 which inspired Mazin and
Singh to perform a calculation of the generalized suscepti
ity based on the electronic band structure.17 Surprisingly they
found that the dominating part is neither ferromagnetic n
antiferromagnetic but incommensurate. The Fermi surfac
Sr2RuO4 is well studied both by experiment18 and by
theory19 with satisfactory agreement. Three bands contrib
to the Fermi surface which may be roughly attributed to
threet2g levels, thedxy , dyz , anddxz orbitals, occupied by
the four 4d electrons of Ru41. Thedxy orbitals hybridize in
the xy plane and, therefore, form a band with tw
dimensional character, theg-band. In contrast, thedxz and
dyz orbitals may hybridize only along thex andy directions,
respectively, and form quasi-one-dimensional bands, tha
andb bands, with flat sheets in the Fermi surface, thea and
b sheets. The latter give rise to strong nesting and enhan
susceptibility forq5(0.33,qy,0) or q5(qx,0.33,0).17 Along
the diagonal both effects strengthen each other, yieldin
pronounced peak in the susceptibility atqi 2cal
5(0.33,0.33,0). Using inelastic neutron scattering~INS! we
have perfectly confirmed this nesting scenario.20 The dy-
namic susceptibility at moderate energies is indeed do
nated by the incommensurate fluctuations occurring v
close to the calculated position atqi5(0.30,0.30,0). Further-
more, we found a pronounced temperature depende
which can explain the temperature dependence of both
and O 1/T1T NMR.10
©2002 The American Physical Society22-1
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In the meanwhile, several groups have worked on theo
where superconductivity is related to the incommensu
fluctuations.21–23These theories, however, do not yet give
explanation for the fine structure of the order parameter. S
cific heat data on the highest-quality samples clearly indic
the presence of line nodes in the superconducting sta24

Ultrasonic25 and thermal conductivity26 results would dis-
agree with vertical line nodes, which leaves horizontal l
nodes as the only possible ones. Zhitomirsky and Rice27 as-
sume that superconductivity is transferred from theg band to
thea andb bands by a proximity effect and get a conclusi
explanation for the horizontal line nodes. In this model s
perconductivity should be mainly related to excitations as
ciated with the activeg band, which so far have not bee
characterized. Therefore, it appears still interesting to furt
deepen the study of the magnetic fluctuations in Sr2RuO4 .

In this paper we report on additional INS studies
Sr2RuO4 in the normal as well as in the superconducti
phase. We present a more quantitative analysis of the inc
mensurate fluctuations related to thea and b sheets and
discuss the possible contributions due to the two-dimensio
g band.

II. EXPERIMENT

A. Experimental setup

Single crystals of Sr2RuO4 were grown by a floating
zone method in an image furnace; they exhibit the superc
ducting transition atTc50.7, 1.35, and 1.43 K and hav
volumes of about 450 mm3 each. Since most of the measur
ments were performed in the normal phase, where the di
ences inTc should not affect the magnetic excitation spe
trum, we aligned the three crystals together in order to g
counting statistics in the INS experiments. Count rates in
ruthenates experiments are relatively small already due to
steeper decrease of the Ru magnetic form factor with
creasing scattering vector. For the measurements below
across the superconducting transition we mounted only
two crystals with relatively highTc together. The mounting
of the two or three crystals was achieved with individu
goniometers, yielding a total mosaic spread below 0.5°.

We used the thermal triple-axis spectrometer 1T insta
at the Orphe´e reactor~Saclay, France! in order to further
characterize the scattering in the normal state. The ins
ment was operated with a double-focusing pyrolithic gra
ite ~PG! monochromator and analyzer; in addition, PG filte
in front of the analyzer were used to suppress higher-o
contamination, the final neutron energy being fixed at 1
meV. All diaphragms determining the beam paths w
opened more widely than usual in order to relax theQ reso-
lution, since the magnetic signals are not sharp inQ space. In
most experiments, the scattering plane was defined by~1,0,0!
and ~0,1,0! directions in order to span any directions with
the (ab) plane. An additional experiment has been ma
with the~1,1,0! and~0,0,1! directions oriented in the plane t
follow the spin fluctuations along thec* axis.

Studies aiming at a response in the magnetic excita
spectrum on the opening of the superconducting gap req
an energy resolution better than the expected value for tw
06452
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the superconducting gap. Therefore, such an experimen
better placed on a cold triple-axis spectrometer even tho
this implies a sensitive reduction in the flux. We have ma
preliminary studies using the cold spectrometers 4F at
Orphée reactor and a more extensive investigation on
spectrometer IN14 at the ILL. These instruments possess
monochromators~double at 4F and focusing at IN14! and
focusing analyzers. The final neutron energy was fixed
Ef55 meV on both cold source spectrometers where a
filter has been employed to cut down higher-order wa
length neutrons. Cooling was achieved by use of a dilut
and a He3 insert at 4F and IN14, respectively.

B. Theoretical background for magnetic neutron scattering

The magnetic neutron cross section per formula uni
written in terms of the Fourier transform of the spin corre
tion function Sab(Q,v) ~labels a,b correspond tox,y,z)
as28

d2s

dVdv
5

kf

ki
r 0

2F2~Q!(
a,b

S da,b2
QaQb

uQu2
D Sab~Q,v!,

~1!

whereki andkf are the incident and final neutron wave ve
tors,r 0

250.292 b, andF(Q) is the magnetic form factor. The
scattering vectorQ can be split intoQ5q1G, whereq lies
in the first Brillouin zone andG is a zone center. All recip-
rocal space coordinates (Qx ,Qy ,Qz) are given in reduced
lattice units of 2p/a or 2p/c.

According to the fluctuation-dissipation theorem, the sp
correlation function is related to the imaginary part of t
dynamical magnetic susceptibility times the by one enhan
Bose factor:

Sab~Q,v!5
1

p~gmB!2

xab9 ~Q,v!

12exp~2\v/kBT!
. ~2!

In case of weak anisotropy, which is usually observed in
paramagnetic state,xab9 (Q,v) reduces tox9(Q,v)da,b .
Note that for itinerant magnets, anisotropy of the suscepti
ity can occur due to spin-orbit coupling.F(Q) can be de-
scribed by the Ru1 magnetic form factor in a first approxi
mation. Once determined, the magnetic response
converted to the dynamical susceptibility and calibrated
absolute units by comparison with acoustic phonons, usin
standard procedure depicted in Ref. 20.

III. RESULTS AND DISCUSSION

A. RPA analysis of the magnetic excitations

At low temperature Sr2RuO4 exhibits well-defined
Fermi-liquid properties; therefore, it seems appropriate to
sess its magnetic excitations within a random phase appr
mation~RPA! approach based on the band structure. Den
functional calculations in local density approximation~LDA !
were performed by several groups and yield good agreem
with the Fermi surface determined in de Haas–van Alph
2-2
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INELASTIC NEUTRON SCATTERING STUDY OF . . . PHYSICAL REVIEW B 66, 064522 ~2002!
experiments. The bare noninteracting susceptibilityx0(q)
can be obtained by summing the matrix elements for an e
tron hole excitation:28

x0~q,v!52 (
k,i , j

M ki ,k1qj

f ~«k1q, j !2 f ~«k,i !

«k1q, j2«k,i2\v1 i e
, ~3!

wheree→0, f is the Fermi distribution function, and«k is
the quasiparticle dispersion relation. This was first calcula
by Mazin and Singh17 under the assumption that only exc
tations within the same orbital character are relevant~the
matrix elementsM ki ,k1qj are equal to 1 or 0!. Mazin and
Singh predicted the existence of peaks in the real part of
bare susceptibility atv50 due to the pronounced nesting
the a and b bands. These peaks were calculated
~0.33,0.33,0! and experimentally confirmed very close to th
position at qi5(0.3,0.3,0); see Fig. 1. In addition to th
peaks atqi , this study finds ridges of high susceptibilit
at ~0.3, qy,0) for 0.3,qy,0.5 and some shoulder fo
0,qy,0.3.

The susceptibility gets enhanced through the Stoner-
interaction which is treated in the RPA by

x~q!5
x0~q!

12I ~q!x0~q!
, ~4!

with the q-dependent interactionI (q). For the nesting posi-
tions Mazin and Singh getI (q)x0(q)51.02, which already
implies a diverging susceptibility and a magnetic instabili

In Fig. 1 we show a scheme of the (hk0) plane in recip-
rocal space. Due to the body centering in space gr
I4/mmmany (hkl) Bragg points have to fulfill the condition
(h1k1 l ) even;~100!, for instance, is not a zone center b
a Z point. The boundaries of the Brillouin zones are includ
in the figure. Large solid circles indicate the position of t
incommensurate peaks as predicted by the band structure
as observed in our previous work. The thick lines connect
four of them correspond to the ridges of enhanced susce
bility also suggested in Ref. 17.

In the meanwhile several groups have performed sim
calculations which all agree on the dominant incommen
rate fluctuations.23,29–32However, there are serious discre
ancies concerning the detailed structure of the spin susc
bility away from qi . These discrepancies mainly rely on th
parameters used to describe the electronic band structur
the choice ofI (q), and on the inclusion of more subtle e
fects such as spin-orbit or Hund couplings.

In order to compare directly to the INS experiments@see
Eqs.~1! and~2!#, it is necessary to perform the RPA analys
by taking into account both real and imaginary parts of
susceptibility. Morret al.32 report such calculations obtaine
by fitting the band structure to the angle-resolved photoem
sion spectroscopy~ARPES! results.33 They find in addition
to the peak at qi a quite strong intensity nearPi
5(0.3,0.5,0)~the middle of the walls; see Fig. 1!, which is
even comparable to that atqi in the bare susceptibility. Simi
lar results were obtained in Refs. 23 and 29. Ng and Sigri30

find much less spectral weight in the ridges at~0.3, qy) for
0.3,qy,0.5 but stronger shoulders 0,qy,0.3. In addition,
06452
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they calculate the separate contribution of theg band which
does not show a particular enhancement in the ferromagn
q range but is little structured. Ereminet al.31 calculated the
susceptibility, taking into account strong hybridization, a
obtained results somehow different from the other grou
They find a strong signal atPi ; in addition, there is some
enhancement of the susceptibility related to the van H
singularity of theg band. This contribution occurs quit
close to the zone center atqvH5(0.15,0,0).

We have performed the full RPA analysis basing on
LDA band structure reported in Refs. 17 and 19 in order
accompany our experimental investigations. We first cal
late the bare electron hole susceptibilityx0 from the usual
expression, Eq.~3!. For the band energiese(kx ,ky ,kz) we

FIG. 1. Upper part: scheme of the (hk0) plane in reciprocal
space. Thin lines show the boundaries of the Brillouin zones
small solid and open circles the zone centers andZ points of the
body-centered lattice. Large solid circles indicate the position of
incommensurate peaks, and the thick lines connecting four of th
correspond to the walls of enhanced susceptibility also suggeste
Ref. 17. The dashed double arrows show the paths of the con
energy scans frequently used in this work: along the@010# direction,
y scan; transverse to theQ vector,r scan; and along the diagonals
the @110# direction,d scans. Lower part: imaginary part of the ge
eralized susceptibility calculated by the RPA along the three pa
indicated in the upper part as dotted lines.
2-3



f

n
q

-

r.
us
he
a

ll

s
t

at
in
-

th
cu
e
o
le
le

ble

ti

e
s

on

di
n

-

r
ua-

on

eze

-

DW
or-
ring
to

not
ripe

ere
gets

ate
n-
t

in

M. BRADEN et al. PHYSICAL REVIEW B 66, 064522 ~2002!
use the expressions of Mazin and Singh19 for the three mu-
tually nonhybridizing tight-binding bands in the vicinity o
the Fermi level:

exy~kx ,ky ,kz!5400 meV$2122@cos~kx!1cos~ky!#

21.2 cos~kx!cos~ky!%, ~5!

exz~kx ,ky ,kz!5400 meV@20.7511.25 cos~kx!

20.5 cos~kx/2!cos~ky/2!cos~kz/2!#, ~6!

eyz~kx ,ky ,kz!5400 meV@20.7511.25 cos~ky!

20.5 cos~kx/2!cos~ky/2!cos~kz/2!#. ~7!

We also used the crude approximation that matrix eleme
for transitions between bands of the same character are e
to 1 and others 0. Theq-dependent ‘‘ferromagnetic’’ interac
tion ~Stoner factor! I~ q! is taken to be equal to~following
Ref. 17! I (q)5(320 meV)/(110.08q2). With this choice of
I (q) the calculated static susceptibilityx(q50,v50) is
slightly lower than the measured one. IfI~q! is chosen larger,
an instability appears at the incommensurate wave vecto

Our results for the imaginary part of the generalized s
ceptibility at an energy transfer of 6 meV are given in t
lower part of Fig. 1. Besides the dominating nesting pe
near qi there is a further contribution near~0.15,0.15,0!
which is related to theg sheet. In contrast we find a sma
susceptibility nearPi and for (qx,0,0) with small values of
qx .

Since theq position of the magnetic excitations wa
found not to depend on energy, it is easiest to observe
signal in INS by scanning at constant energy. The scan p
are included in Fig. 1; they are purely transverse or rock
like, r scan; along a@100# direction,x scans; and in a diag
onal direction,d scans.

The observed signal is rather broad and, therefore,
scans performed are extremely wide, covering complete
through the Brillouin zone. This further implies that th
background~BG! may be nonconstant, at least sloping. Als
the signals are relatively weak compared to typical trip
axis spectrometry problems; this implies that samp
independent BG contributions which usually are negligi
play a role. Figure 2 presents the results ofd scans at differ-
ent temperatures, clearly demonstrating the gain in statis
compared to the previous work.20 The magnetic intensity
shown in Fig. 2 disappears upon heating but this effect g
partially compensated for by the gain through the Bo
factor.

B. Shape of the incommensurate signal

The fact that the incommensurate signal around a z
center and around aZ point, ~001!, are equivalent already
indicates that the coupling between RuO2 planes is negli-
gible, i.e., that in-phase and out-of-phase couplings are in
tinguishable. The two-dimensional~2D! character has bee
directly documented by Servantet al.34 who found noql
dependence at (0.3,0.3,ql) for ql between20.5 and 0.5. We
find the same result by varyingQl in a broader range be
06452
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tween 2 and 5 in (0.3,0.3,Ql); see Fig. 3. This 2D characte
is actually surprising since the dispersion relation of the q
siparticles involved in the computation ofx9(q,v) is not
purely 2D.17 One may therefore expect weak spin correlati
along thec* direction.

Recently, it has been shown that these fluctuations fre
out into a spin-density-wave~SDW! ordering by a minor
replacement of Ru by Ti.35 In this ordering a very short cor
relation length along thec direction nicely reflects the 2D
character of the incommensurate inelastic signal. The S
propagation vector finally favored in the static ordering c
responds to the out-of-phase coupling between neighbo
layers. This static interlayer coupling might be even due
the CDW always coupled to a SDW, which, however, has
yet been discovered so far. One may add that the st
ordering in La1.67Sr0.33NiO4, which differs from the

FIG. 2. d scans across the incommensurate peakQ5(0.7,
20.3,0) at low and high temperatures; the data at 295 K w
scaled by 0.35. The disappearance of the signal upon heating
partially compensated by the gain through the Bose factor.

FIG. 3. Height of the magnetic signal at the incommensur
position as function ofQl ; the dashed line shows the depe
dence expected from the Ru1 form factor and the solid line tha
assuming the spin-density distribution observed recently
Ca1.5Sr0.5RuO4~Ref. 39!; see text.
2-4
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Sr2Ru12xTi xO4 case in many aspects, but nevertheless m
be considered as a mixed SDW-CDW ordering, occurs at
same propagation vector.36

The widerQl dependence of the incommensurate sig
shown in Fig. 3 can give information about the anisotropy
the excitation, since INS measures only the spin compon
perpendicular toQ. We consider the diagonal susceptibili
xab9 with tetragonal symmetryx6ªxxx9 5xyy9 Þxzz9 . The
measured intensity is then given by

d2s

dVdv
}F2~Q!F S 12

Ql
2

uQu2D xzz9 1S 11
Ql

2

uQu2
D x69 G , ~8!

which implies that the observations at highQl favor the in-
plane component of the susceptibility. For a detailed ana
sis, one has to compare with the form factor. In the figure
show theQl dependence assuming that the spin density
localized at the Ru site and may be modeled by the fo
factor of Ru1.37 The Ru form factor dependence underes
mates the signal at higherQl values; however, the Ru1 form
factor is certainly a too crude approximation. Measureme
of the spin-density distribution induced by an external fie
have not been very precise due to the small magnetic sus
tibility and the resulting small moment in Sr2RuO4.38

However, in Ca1.5Sr0.5RuO4 which exhibits ferromagnetic
ordering below 1 K and whose low-temperature susceptib
ity is about two orders of magnitude higher than that
Sr2RuO4,13–15it has been possible to study the field-induc
spin-density distribution. These experiments revealed an
tremely high amount of spin density at the oxygen positi
about one-third of the total moment,39 and an orbital contri-
bution at the Ru site. By use of the Ca1.5Sr0.5RuO4 spin-
density distribution one obtains a good description of
Ql dependence given in Fig. 3. However, the form factor
Sr2RuO4 should be even more complex. Since the main c
tribution originates from the flatdxy orbitals,31 there must be
an anisotropy in the effective form factor which indeed w
observed in Ca1.5Sr0.5RuO4.39 Qualitatively, the anisotropy
in the form factor has to be compensated for by some w
anisotropy in the spin susceptibility, i.e., by an enhanced o
of-plane component. Such a susceptibility anisotropy co
sponds to the orientation of the spins in the SDW order
phase in Sr2Ru12xTi xO4,35 where the spins are aligned pa
allel to thec direction, and also to the conclusion deduc
by Ng and Sigrist from the influence of spin-orbit couplin
in Sr2RuO4.30

Shoulder of the incommensurate peak. In order to exam-
ine the shape of the incommensurate peak and to verify
existence of the ridges of additional nesting intensity or
additional peakPi , reported in different band structur
analyzes,17,29–32we have scanned acrossqi along the@100#
or @010# directions,y scans; see Fig. 1. The results are sho
in Fig. 4. One can recognize that the incommensurate pea
not symmetric but exhibits always a shoulder to the lowerqx
side in absolute units. The shoulder is seen in many scan
reversed focusing conditions of the spectrometer config
tion excluding an experimental artifact. Our full RPA calc
lation nicely agrees with such shoulder; the thin line in Fig
shows the calculated imaginary part of the susceptibility
06452
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the energy transfer of the scan and describes the obse
signal perfectly besides a minor offset in the position of t
incommensurate signal. In contrast, neither the experim
nor our full RPA analysis yields significant intensity in th
ridges, i.e., the range (qx,0.3,0) with 0.3,qx,0.5; see Figs.
1 and 4. In particular an intensity atPi only 3 times weaker
than that atqi would have been easily detected experime
tally. The nesting peak appears to be isolated with two sho
ders along@100# and @010# to the lower absoluteqx,y sides.
These shoulders are connected to theg sheet.

C. Possible additional magnetic excitations

In none of the band structure calculations one finds e
dence for a strong and sharp enhancement of any susc
bility exactly at the zone center pointing to a ferromagne
instability.17,29–32However, several of these calculations fin
some large susceptibility near the zone center which can
associated with the van Hove singularity of theg band
closely above the Fermi level. Ereminet al.31 report this sig-
nal atq5(0.1–0.2,0,0); other groups find a small peak alo
the diagonal (q,q,0).23,29,30 Our own analysis also yields
such a signal which is found to be strongest at~0.15,0.15,0!
and which levels out along the@100# and @010# directions;
see Fig. 1.

In order to address this problem we have mapped out
intensity for (Qx ,Qy,0) with 20.5,Qx,20.0 and 0.6
,Qy,1.5; these scans are shown in Fig. 5 after subtrac
of the scattering-angle-dependent background. It is obvi
that the incommensurate peak is by far the strongest sig

FIG. 4. Results from constant energy scans across the inc
mensurate position along the@100# direction. Solid lines denote fits
with Gaussians and dashed lines the calculated imaginary pa
the generalized susceptibility at the energy of 4.1 meV~shifted in
they axis!. Arrows indicate the position of the shoulder seen in t
RPA calculations.
2-5
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At low temperature one may roughly estimate any additio
signal to be at least a factor of 6 smaller than the nes
peak. The analysis of such weak contributions is quite d
cate and demands a reliable subtraction of the backgro
Nevertheless, the scans in Fig. 5 indicate some scatte
closer to the zone center. However, this contribution is
sharply peaked at theG point but forms a broad square or
circle. The signal roughly agrees with the prediction that
g band yields magnetic excitations near the zone center

Since the sloping background is a major obstacle to a
lyze the additional contributions, we tried to compensate
these effects by scanning fromQ5(010) along the four di-
agonals, which are illustrated in Fig. 1, and by summing
four scans. The results are given in Fig. 6. In the four sin
scans@Fig. 6~a!#, one recognizes the nesting signal with
intensity being determined by the form factor and the slop
background. The summed scans@see Fig. 6~c!# should have
constant background and the low-temperature summed
once more documents that the nesting signal is by far
strongest one. However, upon heating additional scatte
contributions seem to become enhanced in intensity in
ticular compared to the nesting signal which decreases;
that the Bose factor will already strengthen any signal b
factor of 3 in the data in Fig. 6~c!. Also, at higher energy the
additional scattering seems to be stronger as seen in Fig.~d!
~the background is strongly sloping even in the sum due
smaller scattering angle!. The energy and temperature depe
dence of the additional contribution corresponds to that p
dicted by the full RPA analysis for theg-band magnetic con
tribution shown in Fig. 6~b!. The spectral weight atQ
5(0.15,0.15,0) relative to that of the nesting feature
creases upon increasing temperature or energy as is exp
for a signal directly related to the van Hove singularity. D
to the agreement between the INS results and the RPA
culations, we suggest to interpret the additional broad s
tering as being magnetic in origin; however, a polarized n

FIG. 5. ~Color! Mapping of the INS intensity by constant energ
scans with fixedQy at 4.1 meV energy transfer. The color plot w
obtained by adding symmetrical data after subtraction of
scattering-angle-dependent background.
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tron study would be highly desirable. This scattering furth
might be relevant for a quantitative explanation of the NM
data,10,20 in particular its temperature-independent part.

Sr2RuO4 is not close to ferromagnetic order but substit
tion of Sr through Ca yields such order for the concentrat
Ca1.5Sr0.5RuO4.15 This doping effect was explained in
band structure calculation40 as arising from a downshift in
energy of theg band pushing the van Hove singularity clos
to the Fermi level. In such samples theg-band magnetic
scattering should therefore become strongly enhanced.
deed first INS studies on these compounds reveal broad
nals similar to the additional scattering described above,
much stronger.41 This strongly supports a magnetic interpr
tation of the scattering in Figs. 5 and 6.

D. Combined temperature and energy dependence
of the incommensurate signal

The energy and temperature dependence has been st
in more detail by performingr scans across the incomme
surate position, since in this mode the background is alm
flat. However, due to phonon contributions, we could n
extend the measurements to energies higher than 12 m
which is slightly below the lowest phonon frequency o
served atqi .42 In particular the large scans required to cov

e

FIG. 6. ~a! Scans across the four incommensurate spots
roundingQ5(0,1,0) in the diagonal direction.~b! Calculated inten-
sity ~corresponding to the imaginary part of the susceptibility m
tiplied by the thermal factor! at different temperatures and energie
~c! Sum of the four scans shown in part~a! for different tempera-
tures atv54.1 meV.~d! Sum of the four scans shown in part~a! at
v510.3 meV~at 295 K not all four scans have been performed!.
2-6
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INELASTIC NEUTRON SCATTERING STUDY OF . . . PHYSICAL REVIEW B 66, 064522 ~2002!
the broad magnetic signal prevent any analysis within
phonon band frequency range on a nonpolarized ther
triple-axis spectrometer.

The results of the scans are given in Fig. 7. At low te
perature we find an energy spectrum in good agreemen
that published earlier.20 In the range up to 12 meV we ob
serve at all temperatures an energy-independent peak w
which, however, increases upon increase of temperature
temperatures much higher than 160 K the background c
siderably increases~see Fig. 2! and prevents a detailed anal
sis within reasonable beam time. In Fig. 7~b! we show the
temperature dependence of the peak width averaged ove
different energies which agrees well with the results obtai
from the single scans with less statistics reported in Ref.
Even at the lowest temperature the width of the signal
mains finite.

The spectral functions have been fitted by a single-rela
behavior:43

x9~qi ,v!5x8~qi ,0!
Gv

v21G2
, ~9!

FIG. 7. Observed imaginary part of the generalized suscept
ity as function of energy and temperature; lines are fits with a sin
relaxor ~a!. Temperature dependence of the averaged full width
half maximum~FWHM! corrected for the experimental resolutio
and temperature dependence of the square of the FWHM~b!. Tem-
perature dependence of the amplitude and its inverse~c! and of the
characteristic energy~d! in the relaxor behavior fitted to part~a!.
Lines in ~b!–~d! are guides to the eye.
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whereG is the characteristic energy andx8(qi ,0) the ampli-
tude which corresponds to the real part of the generali
susceptibility atv50 according to the Kramers-Kronig rela
tion. TheQ dependence of the signal may be described b
Lorentzian distribution with half width at half maximumk,
but due to experimental broadening the constant ene
scans are equally well described by Gaussians. At low te
perature the spectrum clearly exhibits a characteristic ene
as seen in the maximum of the energy dependence, but
maximum is shifted to higher values upon heating. Figu
7~c! and 7~d! report the results of the least-squares fits w
the single relaxor. Although the statistics is still limited, th
tendencies can be obtained unambiguously. The height o
spectral functionsx8(qi ,0) rapidly decreases upon heatin
which overcompensates the broadening of the signal inQ
space.

Our finding that the characteristic energy in the range 6
meV is well defined only at low temperatures can be rela
with the far-infraredc-axis reflectance study by Hildebran
et al.,44 since the optical spectrum shows a feature in t
energy range at low temperatures. In Ref. 20 we have c
pared the temperature dependence of the incommens
signal with that of the spin-lattice relaxation rateT1 mea-
sured by both17O and 101Ru NMR experiments.10 These
NMR techniques probe the low-energy spin fluctuationsv
→0 with respect to INS measurements!; furthermore, they
integrate the fluctuations inq space. (1/T1T) is related to the
generalized susceptibility and the INS results by45

~1/T1T!.
kBgn

2

~gmB!2 (
q

uA~q!U2
x9~q,v!

v U
v→0

, ~10!

with uA(q)u the hyperfine fields. (1/T1T) corresponds hence
to the slope of the spectral function in Fig. 7~a! times the
extension of the signal inQ space. The new data perfect
agree with the former result; the loss of the incommensu
signal upon heating may explain almost entirely t
temperature-dependent contribution to (1/T1T).10

The temperature dependence of the magnetic excita
spectrum at the incommensurate position may be analy
within the results of the self-consistent renormalizati
theory described in Ref. 43. In a weakly antiferromagne
metal the transition is governed by a single parameter rela
to the Stoner enhancement at the ordering wave vectod
512I (qi)x

0(qi). The characteristic entities of the magne
excitations are then given by

k2}d, ~11!

G}d, ~12!

1

x8~qi ,0!
}d. ~13!

When the system approaches the phase transition,
unique parameterd diminishes, which behavior should b
observable in all three parameters. Equations~11!–~13! im-
ply a sharpening of the magnetic response inq space as well
as in energy and a divergence of the susceptibility at
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ordering vector. Fig. 7 qualitatively confirms this picture. A
the relevant parameters~see the right scales in Fig. 7! de-
crease towards low temperature. Therefore, one may
clude that Sr2RuO4 is approaching the SDW transition re
lated to the nesting effects upon cooling. However, all th
parameters do not vanish completely but remain finite e
at the lowest temperatures, in agreement with the w
known fact that Sr2RuO4 does not exhibit magnetic orde
ing. In particular the magnetic scattering remains rat
broad inq space, implying a short correlation length of ju
three to four lattice spacings. The temperature dependen
the magnetic excitations corroborates our recent finding
only a small amount of Ti is sufficient to induce SDW ma
netic ordering.35

Since Sr2RuO4 is close to a quantum critical point, it i
tempting to analyze whether the excitation spectrum is g
erned by somev/T scaling, as has been claimed for th
high-temperature superconductor La22xSrxCuO4~Refs. 46–
48! and for CeCu5.9Au0.1 ~Ref. 49!. One would expect tha
the susceptibility is given by

x9~qi ,v,T!}T2agS v

T D . ~14!

In Fig. 8 we plot thevax9(qi ,v) data of Fig. 7 and those
obtained previously as a function of temperature20 against
v/T for a50.75 and 1.0. Only the data at higher tempe
tures agree with the scaling concept, demonstrating
Sr2RuO4 is not a quantum critical point. The schematic ins
may illustrate the phase diagram, where the magnetic tra
tion is determined by some parameterr ~external pressure o
composition!. At the critical transition one would observ
quantum criticality in the entire temperature range, wher
for r values where the transition is suppressed quantum c
cality is observed only at higher temperatures. One then m
expect a crossover temperatureT* where the system trans
forms from an unconventional metal at high temperatu
towards a Fermi liquid at low temperatures.50 Only in the

FIG. 8. x9(qi ,v,T) multiplied by va as a function ofv/T in
logarithmic axes; the left and right parts correspond toa50.75 and
1, respectively. The inset gives a schematic representation
phase diagram close to a quantum critical point. Solid and o
circles correspond to the data shown in Fig. 7 and the stars to th
our previous work~Ref. 20!.
06452
n-

e
n
l-

r

of
at

-

-
at
t
si-

s
ti-
ay

s

temperature range aboveT* the magnetic excitations shoul
exhibit the relatedv/T scaling. Our data clearly show tha
such scaling can be fitted to the data only for the three hig
temperatures studied. The description with the scaling c
cept seems to be slightly better for the exponenta50.75.
The temperature-dependent data suggest a crossover ne
K. This crossover agrees very well with that seen in el
tronic transport properties, where well-defined Fermi-liqu
behavior is only observed below about 25 K.1,2

E. Magnetic scattering in the superconducting phase

As emphasized by Joynt and Rice,51 the wave-vector- and
energy-dependent spin susceptibility in superconductors
flects directly the vector structure of the superconduct
~SC! gap function, allowing a complete identification of th
SC order parameter symmetry. Inelastic neutron scatte
experiments have the potential, in principle, to determine
superconducting order parameter. In high-Tc superconduct-
ors, the spin-singletd-wave symmetry SC gap induces
striking modification of the spin susceptibility in the supe
conducting state. As a consequence, the so-called ‘‘magn
resonance peak’’ has been observed in the supercondu
state of various copper oxide superconductors by INS.52,53

Therefore, a similar experiment in Sr2RuO4 would certainly
be instructive about the SC gap symmetry.

The enhanced spin susceptibility has been calculate
Refs. 32, 54 and 55, considering a spin-tripletp-wave super-
conductiviting state withd(k)5z(kx6 iky). Note that in
such a case, the superconducting gap is isotropic due to
particular shape of the Fermi surface in Sr2RuO4. For the
wave vectorqi , Keeet al.54 and Morret al.32 predicted that
below Tc spectral weight is shifted from below twice th
superconducting gapD into a resonancelike feature close
2D. Morr et al. find the resonance in thezz channel yielding
an enhancement of the magnetic excitation intensity b
factor of 9 in the superconducting state as compared to
normal state.32 The difference between the in-plane and o
of-plane susceptibility in the superconducting state ari
from the coherence factor.

Similar theoretical framework is currently used to d
scribe the spin excitation spectrum in spin-singlet HTSC
prate superconductors.56 Theoretical works show that th
opening of ad-wave order gap together with the exchan
interaction leads to the appearence of a similar resonant
ture below 2D at the antiferronagnetic wave vector. The
theories successfully account for the observation by INS
the magnetic resonance peak in the superconducting sta

Using unpolarized INS, one measures the superpositio
the out-of-plane and in-plane components of the suscept
ity @see Eq.~8!# and both components are equally weighte
when performing the measurementsQl50. Thus, the pre-
dicted resonance feature should be observable, at the val
;2D, if one obtains an experimental arrangement which
lows one to study the inelastic magnetic signal in this ene
range. Due to the almost linear decrease ofx9(qi ,v) to-
wards low energies~see Fig. 7! and due to the higher re
quired resolution which implies less neutron flux, these
periments are extremely time demanding. We have analy
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INELASTIC NEUTRON SCATTERING STUDY OF . . . PHYSICAL REVIEW B 66, 064522 ~2002!
the magnetic excitations in the superconducting phase on
cold triple-axis spectrometer IN14 at the ILL using a tw
crystal assembly; the results are shown in Fig. 9.

The right part of Fig. 9 shows a scan across the inco
mensurate peak atv5 4 meV, i.e., the range already studie
with thermal neutrons. This signal can be determined w
little beam time. Performing the same scan at 1.6 and
meV requires considerably more time but still exhibits
well-defined signal which seems not to experience a
change in the superconducting state atT50.35 K. The re-
sults of constantQ scans atQ5(0.7,0.3,0) are shown in th
left part of Fig. 9. As there is no visible difference betwe
the results obtained at 0.35 and 0.80 K~both in the SC state!,
we have added the two scans belowTc in the lower left part
of Fig. 9. Importantly and despite efforts to get rather hi
statistics, there is no change visible in the energy spe
above and below the superconducting transition in the ene
range of the superconducting gap. The spin susceptibilit
not modified appreciably across the superconducting tra
tion; our data even do not show any opening of a gap. O
can describe the energy dependence presented in Fig. 9
the single relaxor using the same fitted parameters as
low-temperature data in Fig. 5~a!. However, the detailed
shape of the spin susceptibility~Fig. 9! does not exactly
match such a simple linear behavior but rather seems to
dicate some anomaly near 2 meV which requires further
perimental work.

FIG. 9. Results of the experiments performed across the su
conducting transition; solid and open symbols correspond to
taken below and aboveTc , respectively. The left part shows sca
with constant Q5(0.7,0.3,0) ~in the lower part the two low-
temperature scans were added!, and the right part shows consta
energy scans. The horizontal dashed line indicates the backgro
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There is actually little known about the value of the s
perconducting gap in Sr2RuO4. Laubeet al.57 have reported
an Andreev reflection study where the opening of the ga
clearly visible in an astonishingly large energy range. T
quantitative analysis of the spectra is quite involved; assu
ing a p-wave order parameter Laubeet al. obtain 2D
52.2 meV which may be compared to the value expec
within BCS theory, 2D53.55kBTc54.97 K50.43 meV.
Our data show that there is no change in the excitation sp
trum for energies well below the reported value of 2D, but it
has not been possible to investigate the lowest energies
to the strong elastic incoherent signal. With further increa
resolution (kf51.3 Å21) we have scanned the energy ran
0.3–0.7 meV at 0.80 K again without evidence of a reson
feature. Furthermore, the comparison of two scans at c
stant Q5(1,0,0) did not yield any difference below an
aboveTc , meaning no ferromagnetic spin susceptibility e
hancement.

The theory presented by Morret al.32 should be consid-
ered as being quite reliable in the case of Sr2RuO4, since the
RPA approach to the magnetic excitations is so successfu
the normal state and since Sr2RuO4 exhibits well-defined
Fermi-liquid properties at temperatures below 25 K. The
fore, the data in Fig. 9 give strong evidence against a sim
p-wave order parameter in Sr2RuO4 with a maximum value
of the gap of the order of the reported value.57 However, in
the meanwhile there are several indications that the o
parameter is more complex. The recent specific heat dat
the highest-quality single crystals24 point to the existence o
line nodes in the gap function which were then shown to
aligned parallel to thea,b plane ~horizontal line nodes!.
Such line nodes were explained by Zhitomirsky and R
through a proximity effect between the activeg band and the
more passive one-dimensional bands.27 A modulation of the
gap function along thec direction will wipe out the reso-
nance predicted for the nonmodulatedp-wave gap, since for
the Q position analyzed@~0.7 0.3 0!#, the electron hole exci-
tation involves parts of the Fermi surface which are ful
partially, or not gapped at all. In this sense the absence of
temperature dependence in the magnetic excitation spec
is consistent with the presently most accepted shape of
gap function. Further theoretical as well as experimen
studies are required to clarify the possibility of a reson
feature at other positions in (Q,v) space.

IV. CONCLUSIONS

Using assemblies of several crystals of Sr2RuO4 we have
analyzed the magnetic excitations by INS. The incommen
rate signal arising from the nesting between the o
dimensional bands shows an asymmetry which is well
plained by the full RPA analysis as a contribution main
from theg band.

The energy dependence of the incommensurate signal
ies with temperature and exhibits a general softening of
spectrum upon cooling. This behavior indicates that Sr2RuO4
is approaching the corresponding SDW instability at lo
temperature even though this compound is not at a quan
critical composition. This interpretation is confirmed by th
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fact that the generalized susceptibility exhibits somev/T
scaling only above;30 K, i.e., in the temperature rang
where also the transport properties indicate non-Fermi-liq
behavior.

The analysis of magnetic excitations besides the nes
ones shows only minor contributions. There is some e
dence for additional magnetic scattering closer to the z
center but still not peaking at the zone center. This interp
tation gets support from the fact that similar scattering
observed in nearly ferromagnetic Ca1.5Sr0.5RuO4 ~Ref. 41!
and from various RPA calculations which find excitatio
mainly related to theg band in thisq range.

The magnetic excitations in Sr2RuO4 may be compared
to the distinct types of magnetic order which have been
duced by substitution. The dominant excitations reflect
SDW reported to occur in Sr2Ru12xTi xO4 at small Ti con-
centrations. The less strong excitations situated more clo
to the zone center and most likely related to theg band
become enhanced through Ca substitution which drives
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system towards ferromagnetism, but only for rather high
concentration.

Upon cooling through the superconducting transition
do not observe any change in the magnetic excitation s
tra, which—combined with recent calculations32—indicates
that the order parameter in Sr2RuO4 does not possess simp
p-wave symmetry. These experimental findings are stil
agreement with ap-wave order parameter modulated by ho
zontal line nodes.
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