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We report inelastic neutron scattering measurements in the normal state of Sr,RuO, that
reveal the existence of significant incommensurate magnetic spin fluctuations located at q¢ =
(#0.677/a, +0.67r/a,0). This finding confirms recent band-structure calculations that have predicted
incommensurate magnetic responses related to dynamical nesting properties of its Fermi surface and
points towards the possibility of a competition between p-wave spin triplet and d-wave spin singlet

superconductivity in Sr,RuQ.

We present a comparison between low energy spin fluctuations,

converted in absolute units, from inelastic neutron scattering measurements and previous nuclear

magnetic resonance studies.

PACS numbers: 78.70.Nx, 74.70.—b, 75.40.Gb

Being the only example of a noncuprate layered perov-
skite superconductor [1], Sr,RuO, has attracted consider-
able attention despite its rather low critical temperature,
T. ~ 1 K [1-3]. Indeed, superconductivity in Sr,RuO,
is referred to as unconventional: (i) Cooper pairs are in
atriplet spin state [4,5] and (ii) an anisotropic pairing is
realized [6]. These unambiguous experimental evidences
corroborate earlier theoretical predictions that supercon-
ductivity in Sr,RuQO4 should possess p-wave symmetry
(triplet pairing), mediated by strong ferromagnetic (FM)
fluctuations that disfavor both s- and d-wave spin sin-
glet superconductivity [7-9]. The fact that the three-
dimensiona parent compound SrRuO; is ferromagnetic,
in addition to microscopic calculations of magnetic prop-
erties of ruthenates seem to support the idea of the pre-
dominant role of FM fluctuationsin Sr,RuQ,4 [7,10]. The
observation of asimilar temperature dependence for 1°'Ru
1/T,T and for 170 1/T,T in the NMR experiments by
Ishida et al. [11] points towards the same conclusion.

The determination of the antiferromagnetic order in the
closely related compound Ca, RuQ, [12,13] has suggested
that the picture of a nearby FM instability in Sr,RuO,
is too simple. Furthermore, recent calculations which
take into account the particular topology of the Fermi
surface have predicted a sizable magnetic response at
the incommensurate wave vector 27 /3a, 27 /3a,0) [14],
i.e, far away from the zone center. The enhanced
susceptibility arises from pronounced nesting properties
of the almost one-dimensiona d..,. bands. Mazin and
Singh discuss the possibility of a competition between p-
wave and d-wave superconductivity in Sr,RuO, [14].

In this Letter, we report first inelastic neutron scatter-
ing (INS) measurements performed on single crystals of
Sr,RuQO, in the normal state. Our data reveal dominant
magnetic scattering at the incommensurate wave vectors
qo = (£0.677/a, =0.67/a,0), i.e., very close to the po-
sitions predicted by the band-structure calculations. The
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relevance of these findings for the mechanism of super-
conductivity in Sr,RuO, will be discussed.

Most of the INS measurements presented here have
been carried out on a single crystal of cylindrical shape
(4 mm in diameter and 35 mm long) grown by a float-
ing zone method. The sample exhibits the superconduct-
ing transition a 7. ~ 0.62 K. The single crystal was
mounted in an aluminum can and attached to the cold
finger of a closed cycle helium refrigerator. The INS ex-
periments were performed on the triple axis spectrometers
2T (thermal beam) and 4F2 (cold beam) at the Laboratoire
Léon Brillouin, Saclay, France. These spectrometers use
neutron optics that focus the beam to the sample, with a
resulting gain of neutron flux that proved to be crucial
for these experiments. The experimental setup incorpo-
rates PG002 monochromator and analyzer and 14.7 meV
fixed fina energy. A pyrolytic graphite filter was in-
serted into the scattered beam in order to remove higher
order contaminations. Data were taken within the scat-
tering plane spanned by (1,0,0) and (0, 1,0) directions.
Some additional measurements were performed using sev-
eral smaller single crystals with higher transition tempera-
tures, 7. = 1.4-1.5 K; these experiments have reveded
similar signals. Throughout this article, the wave vec-
tor Q = (H,K,L) is indexed in units of the reciprocal
tetragonal lattice vectors 277 /a = 27 /b = 1.63 A~! and
2ar/c = 0.49 A~ (14/mmm space group) [1].

Figure 1 shows representative constant-w scans taken
in the (H,K,0) plane: a iw = 6.2 meV and around
Qo = (1.3,0.3,0) aong the (0, 1,0) direction. The scan
a 10.4 K shows a sharp maximum of intensity peaked
at Qo = (1.3,0.3,0) on top of a smooth background. At
room temperature, this sharp peak has almost disappeared.
The horizontal bar indicates the spectrometer resolution.

At 104 K, severa constant-w scans, with 6.2 meV
energy transfer and performed along different directions
[(1,0,0), (0,1,0), (1,1,0), (1,—1,0)] have revealed the
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FIG. 1. Constant-w scans performed a fiw = 6.2 meV
around Q = (1.3,0.3,0) aong the (0,1,0) direction:
T =104 K (o), T = 295 K (o).

existence of comparable peaks at Qo = qo + G, where
qo = (£0.3,+0.3,0) = (+0.67/a, £0.677/a,0) and G
is a zone center or a Z point (001) in the (HK0) plane.
The best fit of the data to a Gaussian profile [15] incorpo-
rating experimental resolution function demonstrates that
the peak intensity is isotropic with an intrinsic ¢ width
(FWHM), Ag = 0.13 + 0.06 A~1.

The interpretation of the scattering at q¢ as magnetic
in origin is supported by the large number of points in
reciprocal space where it has been observed. Further, the
lowest phonon frequencies a qq are above 12 meV [16].
In addition, in contrast to a phonon-related scattering that
increases at large |Q| or with temperature, the scattering
at q decreases both at large wave vector (Fig. 2) and at
high temperature (Fig. 1). These different points establish
the magnetic origin of the scattering observed around qp.
In contrast, in spite of several attempts, no sizable FM
spin fluctuations have been observed.

In a paramagnetic state, the magnetic neutron cross
section per formula unit can be written in terms of
the imaginary part of the dynamical spin susceptibility,
x"(Q, w), as[17,18]

do ki, 2PQ) _ x"Q.0) .
d0do k' 7(gus)? | — exp(—hw/kgT)’ @)
where k; and k; are the incident and final neutron wave
vectors, r§ = 0.292 barn, F(Q) is the magnetic form fac-
tor, and g = 2 is the Landé factor. The intensity of
the scattering can be reasonably well described by the
squared magnetic form factor of the Ru™ ion [19] (note
that the magnetic form factor of Ru** is not available)
after correction for geometrical factors related to the un-
favorable shape of the sample; see Fig. 2. According to
our measurements, the ¢ dependence of y” can be pa
rametrized by x"(Q, w) = x"(qo, @) exp[—4In(2) (Q —
Qo)?/Aq?].

The Fermi surface in Sr,RuQ, isformed by three sheets
[14]: one, related to the 4d,, orbitalsis quasi-2D, whereas

[é)]
o
o

- AT
C + 2 S Q
400 Ru" 558 ¢ & ]
N =N T
c ) g .§
C N Lo
|- o Mt -
300 S e
C : i

O lllllllll‘ll‘llll.lll‘I.|I;|

0051152253354
QI (A")

FIG. 2. Magnetic intensity, measured a 7 = 104 K and
hw = 6.2 meV as a function of |Q|. For each point, the
corresponding wave vector, (H,K,L), is aso reported. The
full line corresponds to the square of the Ru™ magnetic form
factor.
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the two others, related to 4d,,,. orbitals, are quasi-1D.
The 1D sheets can be schematically described by parallel
planes separated by § = *27 /3a, running both in the x
and in the y directions. These peculiarities give rise to
dynamical nesting effects at the wave vectors k = (g, k),
k = (k.,q), and, in particular, at ¢ = (g,g). The nesting
effects become dominant when calculating the bare spin
susceptibility of a noninteracting metal [14], given by the
Lindhard function [17]
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Xo(g, w) = 2
where € — 0, f; is the Fermi distribution function, and
g the quasiparticle dispersion relation. Our INS data are
in very close agreement with the predicted four spots of
magnetic scattering situated at q = (=27 /3a, =27 /3a)
[14]. In the experiment the incommensurate magnetic
responses are actually observed slightly away, at qo =
(0.6 /a, =0.6ar/a), which is most likely related to
details of the band structure [14].

Let us now consider the energy dependence and mag-
nitude of y"(go, w). At T = 10.4 K, constant-w Scans
have been measured at Q = (1.3,0.3, 0) along the (0, 1,0)
direction for different transferred energies between 2.4
and 12 meV. The magnetic response aways displays
a Gaussian profile, located at gy with an energy in-
dependent ¢ width, on top of a constant background.
In addition, two energy scans have been performed at
Q = (1.3,0.3,0) and at Q = (1.3,0.46,0), the latter pro-
viding a background reference. These measurements
alow us to determine the energy dependence of the mag-
netic response at qo from 1.5 to 12 meV. The analysis
could not be extended to higher and lower energies due
to the contaminations by phonon [16] and elastic inco-
herent scattering, respectively. Using Eg. (1), the mag-
netic intensity has been converted to the dynamical spin
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susceptibility '’ after correction by the detailed balance
factor and the squared magnetic form factor reported in
Fig. 2. We have then calibrated y' in absolute units
against acoustic phonons, according to a standard proce-
dure [20]. x"(w, Qo), whose energy dependence is re-
ported in absolute units in Fig. 3, dightly increases up
to 7 meV and then almost saturates. This energy de-
pendence can be parametrized following linear response
theory,

lNo
x"(qo, @) = x'(40,0) pEanETE ©)

where I' is a damping energy of 9 meV and x'(go,0) =
180u% eV ! corresponds to the static spin susceptibility
a qo (solid line in Fig. 3). It is worth emphasizing that
x'(go,0) is 6 times larger than that at Q = 0, i.e., the uni-
form susceptibility ¥ = x/(0 = 0,0) = 30u3 V™! (=
1073 emu/mole) [1-3]. Asacomparison, in the high-7.
cuprate system, La; g6Sro.14CuQy, the spin susceptibility
at the incommensurate wave vectors exhibits almost the
same magnitude and asimilar w-dependence [21]. Thisis
surprising as in cuprates, in contrast to Sr,RuQ,, conven-
tional band theory fails to account for the unusua normal
state properties. Interestingly, spin fluctuations in both
systems are strong and could eventually play akey rolein
the mechanism of superconductivity.

In Sr,RuQy, electronic correlations are incorporated in
RPA calculations: the spin susceptibility y(q, @) becomes
enhanced through the Stoner factor 1(g) [9,14]:

XO(C], (L))
[~ 0@ 2w e P

The g-dependence of the Stoner factor, for an individ-
ua RuO, plane, reflects the fact that FM interactions are
favored over antiferromagnetic interactions in Sr,RUO,:
in our units, 7(g) = 0.43/[1 + 0.08(a/m)*q*] eV (g in
A=119,14]. INS results point towards a strong enhance-

x(q, w) =

ment of the spin susceptibility by the Stoner factor [see
Eq. (4)], such that the system should be close to a mag-
netic instability at qo. With x'(go,0) = 180u% eV !,
one deduces from Eq. (4) that % x0(q0,0) = 0.97, in-
stead of being larger than 1 for a magnetic instability.
Incommensurate spin fluctuations are stronger than FM
fluctuations in Sr,RuQy, as suggested in Ref. [14].

The temperature dependence of both y"(Qo, 6.2 meV)
and the intrinsic g width are reported in Fig. 4, as deduced
from constant-w scans performed at 6.2 meV around
Q = (1.3,0.3,0) aong the (0, 1,0) direction at different
temperatures. x'(qo, 6.2 meV) exhibits a sharp decrease
upon temperature increase and simultaneously the mag-
netic response weakly broadens (the width of the signal
can be reliably determined up to only 200 K). In spite
of the fact that the system is close to a magnetic insta-
bility a qg, the dynamical magnetic susceptibility does
not diverge and the correlation length remains finite down
to the lowest temperature. The T-dependence of y” aob-
served in INS measurements may be described by the
outsmearing of the Fermi surface due to therma hopping
of electrons into unoccupied states [see the numerator in
Eqg. (2)], yielding a lowering of the dynamical susceptibil-
ity at q and its broadening in ¢ space. The T-dependence
of the magnetic response at q¢ can indeed be qualitatively
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FIG. 3. Energy dependence of the imaginary part of the dy-
namical magnetic susceptibility at Qo = (1.3,0.3,0) as ob-
tained from energy scans (o) and constant energy scans around
Q, aong the (0, 1, 0) direction (e) (see text).
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FIG. 4. Results from fits to a Gaussian profile of 6.2 meV
constant-w scans a Qo = (1.3,0.3,0) aong the (0,1,0):
temperature dependences of (a) x"(Qq, 6.2 meV ) and (b) the
intrinsic g width of the magnetic signa, Aqg (FWHM).
(c) Comparison between '7(1/T,T) observed by '"O NMR
by Ima etal. [4] (O) and the incommensurate contribution
calculated from our INS measurements (o). Assuming A =
33 kOe/up [25], the two scales in this figure are identical.
Solid lines are guides to the eye only.
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reproduced [22] using Egs. (2)—(4) and a description of
the local density approximation band structure by three
mutually nonhybridizing tight-binding bands [9].

INS measurements point out the existence of strong
magnetic response at q, but do not reveal any sizable FM
fluctuations. In contrast, the uniform spin susceptibility
[1-3] and the Knight shift measurements [4,23] provide
evidence of strong FM correlation in Sr,RuO,. However,
the delicate balance between FM and incommensurate
spin fluctuations should become visible in the spin-
lattice relaxation rate 7; measured by both 7O and
10TRU NMR experiments [4,23]. These NMR techniques
probe the low energy spin fluctuations (w — 0 with
respect to INS measurements); furthermore, they integrate
the fluctuations in ¢ space. Since the INS studies
have determined the incommensurate fluctuations on an
absolute scale we may estimate their contribution to
(1/1,T), ™WS(1/T,T). In general, (1/T,T) probes the
g summation of the imaginary part of the susceptibility
divided by the frgguency in the limit w — 0 (i.e, its
initial slope), >, & (Z’“’) | w—0; its temperature dependency
is shown in Fig. 4(c) (left scale).

What renders the quantitative comparison between the
INS and NMR results more difficult is the estimate of
the hyperfine field whose ¢-dependent Fourier transform,
A(q), weights the susceptibility in NMR studies. Consid-
ering that INS magnetic fluctuations are sharply peaked

around qo, one may approximate A(g) = A(go) and get

[24]

Noa/m = o ”';2 ne )|2ZX "(g.) ©
w—0

with |A(go)|> = A*{1 + 1/2[cos(270.3) + cos(270.3)]}
(A =33kOe/up [25]) for 'O and A(gy) =
—299 kOe/up [4,11] for ''Ru. Using these values,
we directly compare "™S(1/T,T) with the measured 7O
(1/T,T) inFig. 4c (right scale). Clearly, the spin fluctua-
tions at qo significantly contribute to '7(1/7,T), and can
explain a large part of the reported T-dependence [4,23].
Similar calculation for the '°'Ru (1/7,T) (not shown)
yields even a stronger contribution. The remaining parts
in 171911 /7, T), likely associated with FM excitations,
should exhibit aless pronounced T-dependence similar to
that of the uniform static spin susceptibility. Furthermore,
assuming a weak g-dependence for these FM excitations
[22], the comparison of NMR and INS measurements
allows us to estimate the ferromagnetic characteristic
energy to be of the order of 50 meV. This rather elevated
value actualy provides a satisfactory explanation for the
absence of FM fluctuations in INS data.

To conclude, our INS measurements demonstrate the
existence of incommensurate spin fluctuations related
to dynamical nesting properties of the Sr,RuO, Fermi
surface. Our data suggest that the system is close to a
magnetic instability at qo = (+0.67/a, =0.67/a). The
comparison of INS and '7(1/T,T) measurements suggests
that the FM fluctuations are transferred to higher energy
with respect to the spin fluctuations at qq. All these
results cast some doubt on the exclusive role of FM
spin fluctuations in the mechanism of superconductivity
in SrHRUOy.
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