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Magnetic excitations in the normal and superconducting states of SRuO,
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Inelastic-neutron-scattering measurements have been performed on single crystals of the spin-triplet super-
conductor SYRuGQ,. Incommensurate spin fluctuations were observed in both the normal and superconducting
phases with the same intensity below and ab®ye Measurements of the wave-vector dependence of the
magnetic scattering along thleaxis suggest an itinerant character of the Ru form factor and an isotropic
susceptibility.
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I. INTRODUCTION The knowledge of the dynamical spin susceptibility
x"(q,w) and its evolution in the superconducting state is an
The discovery of superconductivity in SRuQ, has led  essential microscopic information for the understanding of
to intensive efforts to establish the precise nature of the suthe nature of the pairing in §RuQ,. Sidis et al** showed
perconducting state. Most known superconductors are chafbat the main contribution tg”(q, ), measured by inelastic
acterized by a spin-singlet state where the electrons in a Coeutron scatteringINS) on single crystals, corresponds to
per pair have opposite spins. This is the case foincommensuratglC) fluctuations appearing fof <200 K
conventional  superconductors  wittswave symmetry With a characteristic wave vector gj=(0.3,0.3,0), indexed
(1=0) and some higf-, cuprates withd-wave symmetry " reciprocal lattice unitgr.l.u.). This wave vector corre-

(1=2). SLRUQ, on the other hand, is characterized by spin-SPONds approximately to the nesting wave vedigrpre-
triplet state Cooper pairing with-wave symmetry [(=1). dicted by band-structure calculatiolfsThese fluctuations

Spin-triplet pairing is also observed in superfldide and in are quasielastic and well described by a Lorentzian shape

the heavy-fermion superconductor YPwhich, however with a relaxation rate of the order df=11 meV. Theq
. ) ' ' dependence is Gaussian with an energy-independent width
has a more complicated Fermi surface.

full width at half i f0.12(1) r.l.u. [
The precise nature of the pairing state inF&rQ, is still (full width at half maximum of 0.12(1) rl.u., corresponding

) ; ) to a correlation length within thea-b plane of &,
under debate. The temperature-independédtKnight shift =10.4 A. Servantet al. confirmed this picture on single-

was the persuasive evidence of its spin-triplet paifirig. crystal samples grown in Grenoble and clearly demonstrated
analogy to superfluidHe, a nodelesp-wave superconduc- the two-dimensional nature of the correlatiogs+0). 12

tivity has been '”fe(fea’sugg“-_ﬁ'”g that SRUQ, is either In this paper, we present inelastic-neutron-scattering mea-
near a ferromagnetic instability or characterized by strong; rements of the magnetic fluctuations in single crystalline
ferromagnetlcé spin  fluctuations. ~ However, — recentg, p,0, The details of the crystal growth, sample charac-
experiment™® on high purity SfRuQ, single crystals Show tarization, and the neutron-scattering experiments are given
a low-temperature behavior consistent with the presence Gf, gec |1, Section 11l presents the evolution of the incom-
nodes in the superconducting order parameter, very similar tensyrate spin fluctuations in the superconducting and nor-
the observation ofl-wave superconductivity in the highe 5| states. The wave-vector dependence of the magnetic
cuprates. Most recently, a possitileave symmetry of the  gcattering, which gives information on the magnetic anisot-
order parameter has been investigated theoreu?:élly. ropy and the form factor, is presented in Sec. IV. The discus-
~ The electronic structure of fRuQ, at the Fermi surface  jo jn Sec. V relates the neutron-scattering results to NMR
is determined by thedhorbitals of the Ru ions in the Ru0  measurements and to the superconducting properties of
planes. The four electrons of Ruare in the '[hreelezg orbit- SLRUO,.

als dy,, dy,, andd,,). The detailed shape of the metallic

Fermi surface has been determined by quantum-oscillation Il EXPERIMENTAL DETAILS
measurementsnd the deduced band structure has three me-
tallic bands with two electronliked andy) and one holelike Our INS measurements were performed on single crystals

B Fermi surfaces. Thes band is two dimensional whereas grown by the floating-zone method using a light furnace
the @ and B sheets are quasi-one-dimensional and can bequipped with double-elliptical mirrors, starting from sin-
visualized as a set of parallel planes running in bothkthe tered rods of off-stoichiometric FRuQy. A 7-cm long 4-mm
andk, directions responsible for a sizable nesting effect adiameter cylindrical single crystal of total weight of 4.1 g
ko= (27/3a,27/3a,0). The simple features of the Fermi sur- was grown along th&100 direction. Figure 1 shows the
face could nevertheless lead to complex multiband phenontresults of the ac-susceptibility measurements on the whole of
ena, which may also be relevant to the superconducfi¥ity. this crystal. A diamagnetic signal appears beld§"®
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FIG. 1. Temperature dependence of the magnetic ac susceptibil- 2 O 200p

ity of single-crystalline SfRuG,. The dashed line is a guide to the -
eyes. Inset: temperature dependence of the specific heat divided by 600
temperature for two crystals with different superconducting transi-
tion temperatures. 500 -

400 |

=850 mK and the width of the transition AT, 300 |

=150 mK. Specific-heat measurements using an adiabatic

method were performed on a 64-mg piece cut from this crys- W 03 a5
tal. The results, shown in the inset of Fig. 1, reveal a bump in |

the specific heat associated with the superconducting transi- QH (r-lu)

tion atT2"**=850 mK. This shows that the superconductiv- FIG. 2. Scans along the* direction atO—(Qy 1.3.0) for dif-

!ty of our sample has a bulk character. _However, the SpeCIﬁﬁ‘:erent energies as shown. The dashed and golid lines are fits to
jump AC/C does not exceed 11% while for a small PUrer Gaussian functions &t=70 mK and 1.2 K, respectively.

crystal (T.=1.29 K), it reaches at least 52% and is quite

comparable with published dataee inset of Fig. )1 X-ray-  the (100) and (010 axes in the horizontal-scattering plane
powder-diffraction measurements performed on small partgnd thermalized by a copper sheet attached to the mixing
cut from the crystal used for the INS measurements do Noghamber of a®He-*He dilution refrigerator. Measurements
reveal any traces of parasitic phases and the patterns weggng thec axis were performed in a standard helium-flow
indexed with the body-centered tetragonal symmeéspace  cryostat with the(001) and(110) axes in the scattering plane
group I4/mmn) and lattice parameters @=3.871 andc  of the spectrometer. The assembly of the three crystals has a

:12745 A The.CTyStal was cut in three pal’ts to allow formosaicity of 0.6° as measured on a rocking curve on the
different orientations to be measured in the neutron{200) Bragg reflection.

scattering experiments.

_The !NS measurements were performed on the IN22 Il INCOMMENSURATE SPIN FLUCTUATIONS
trlple—aX|s spectrometer installed on a thermal supermirror IN THE SUPERCONDUCTING STATE
guide at the Institut Laue-Langevin, Grenoble, France, and
operated by the CEA Grenoble. TK@02) reflection of py- In order to investigate the spin fluctuations in the super-

rolytic graphite(PG) crystals was used as vertically focusing conducting state, measurements were made at the base tem-
monochromator and as horizontally focusing analyzer. Mosperature of 70 mK and abové., at T=1.2 K. Figure 2
measurements used a fixed final energyEef14.7 meV  shows the result of scans along tl& direction at Q
and natural collimations. The corresponding energy resolu=(Qy,1.3,0) performed at different energy transfersaof
tion of the incoherent signal was 1.2 meV full width at half =3, 6, and 11 meV at these two temperatui@milar data
maximum (FWHM). A PG filter was placed between the obtained at 4 and 8 meV are not showat all energies and
sample and the analyzer in order to reduce higher-order cotemperatures, the excitation spectrum is localized around the
tamination and the data were normalized by the incidenincommensurate wave vecto®y=(0.3,1.3,0), which is
beam monitor. A monitor count of 7000 corresponds approxiequivalent to the nesting vectdt,=(0.3,0.3,0) for two-
mately to 12 min counting time. The neutron-scattering in-dimensional fluctuations. The corresponding peaks have a
tensity I (Q,w) is proportional to the imaginary part of the Gaussian profile with an intrinsic widttFWHM) in Q of
dynamic magnetic susceptibility viz. 2k,5=0.12(1) r.l.u., after correction for the instrument@l
resolution along the* direction estimated from thé00)
Bragg peak. The corresponding correlation length of the

Q) = exp(—fw/KgT) X'(Q ), @) magnetic fluctuations isé,,=al(2mk,,)=10.3 (8) A.
Within the error bars, the peak intensities and widths are the
wherekg is Boltzmann’s constant. same above and beloW,. Samples that do not exhibit

For the measurements of the correlations ingHeplane,  superconductivit}? have also the same correlation length
the three crystals were mounted together and aligned witlg,,,.
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FIG. 3. Energy response of the magnetic signal Qg FIG. 4. Temperature dependence of the magnetic sign@,at
=(0.3,1.3,0) after subtraction of the background measure@;at =(0.3,1.3,0) for energy transfers of 3 and 8 meV.
=(0.1,1.3,0). The dashed and solid lines are fits of a quasielastic

Lorentzian[Eg. (2)] for the superconducting and normal phase, IV. MAGNETIC ANISOTROPY AND FORM FACTOR

respectively. In Sec. Ill, we focused on the dynamical spin susceptibil-
ity insidea chosen Brillouin zone. This quantity reflects the
For completeness, the spectral response @  correlations between spins and, for a Bravais lattice, it de-

=(0.3,1.3,0) was measured as a function of neutron energends only on the reduced wave veater Q— 7, wherer is
transfer below and abovE, (see Fig. 3. Given the strong @ reciprocal lattice vector an@ is the total wave-vector

phonon contribution, the spectrum is obtained by subtractin
a background reference obtainedyt=(0.1,1.3,0) from the
magnetic signal measured &1,=(0.3,1.3,0). As already
shown in previous studies, the imaginary part of the dynami
cal spin susceptibility corresponding to the measured sign

4l

%ansfer. In this section, we report detailed measurements of
e total wave-vector transfer dependence of the neutron in-
tensity over several Brillouin zones. This gives information
on the anisotropy of the spin susceptibilities and the mag-

etic form factor of the Ru ion. The neutron intensity can be
written as

is well described by a Lorentzian line shape

|(Q,w)“fz(Q,9)[(1+Sin29))(§,b(q,w)+COSZ@XZ(q,w)g,)
3

wheref(Q, 8)=f(Q) is the magnetic form factor ané the
angle betweerQ and thea-b plane. The in-plane and out-
of-plane susceptibilities are denoted , and x;, respec-
tively. To investigate the@, #) dependence of the magnetic

rate of the fluctuations. The solid line shown in Fig. 3 is a fitScattering in SL'RUO“’ we measurec_i the neutron intensity of
the IC fluctuations along the axis in several Brillouin

to Egs.(1),(2) convoluted in one dimension with the resolu-
tion function. No significant changes between the data 0bZONES:
' Figure 5 shows constanb scans performed along the

tained atT, =1.2 K (>T,) andT,=70 mK (<Tc) are ob- 1 5 giraction aroundQ=(0.3,0.3Q,) for different fixed
served: the result of the fit to Eq&l),(2) g|vesFT1=7.6(9) Q. values atT=1.5 K and 6 meV energy transfer. The in-

andI'r,=7.2 (9) meV. These values are smaller than thattensity clearly decreases with increasigas expected from

reported in Ref. 13, where the measurements were extended
to higher energies, but are the same as that reported in Ref.

ol

0?+T?’

X"(Qqg,w)=x"(Qo) (2

wherey’ is the static spin susceptibility addthe relaxation

11. The difficulty to extract the relaxation rafewith preci- a0 Sr,Ru0, }rﬁ ; QLfl'S
sion is due to phonon contamination. Temperature sweeps at g S Q=Q,0,Q) / \ Q=
Qo and energies of 3 and 8 meV were performed in a search e 00t (v Y b c s
for anomalous behavior in the vicinity of the superconduct- £ 5 T=15K Voo
ing transition. No such effects were observed, as shown in § E 00l é' g i\
Fig. 4. £3 A g N

As noted, our neutron-scattering data obtained on both P A ol I N Dt o
sides of the superconducting transition in,u0, indicate 200/ == T
no change in the dynamical spin susceptibility of the IC fluc- T 0 035 05 035 g
tuations, which dominate the magnetic excitation spectrum. Q. (r.lu)
There is no observation of a gap or of a transfer of spectral H
weight in the superconducting phase. The search for ferro- giG, 5. Scans along the[110] direction around Q

magnetic fluctuations in both the normal and superconduct=(0.3,0.3Q,) for different fixed values of), as shown at an en-
ing states was performed over a wide range of reciprocaérgy transfer of 6 meV. The lines are fits to Gaussian functions. The
space and energfup to 34 meV, but no sizable magnetic data atQ, =3 are shifted up by 25 counts and that@t=5 are
signal was observed. shifted down by 50 counts.
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35 netic form factor was known with better precision, e.g., from
30 SrRuO, (03, 0.3, Qj polarized-neutron-scattering measurements, it would be sim-
pler to determine the anisotropy of the susceptibility, as the
intensity along only one rod would need to be measured.

In summary, our measurements of the two-dimensional
correlations along the magnetic rods in,BuO, suggest a
substantially more delocalized magnetization density than
expected from the Ru ion. In addition, the spin susceptibili-
ties appear to be isotropic, in contrast to NMR measure-
ments, as discussed in Sec. V A.
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FIG. 6. Q dependence of the integrated magnetic intensity from V. DISCUSSION
scans along thgl10] direction performed for differen®, values
on the two rodsQ,;=(0.3,0.3Q,) and Q,,=(0.7,0.7Q,) at T
=1.5 K and an energy transfer of 6 meV. The solid line represents The energy scale of the spin fluctuation relaxation rate
the Ru" magnetic form factor. I'~=10 meV, is two orders of magnitude larger than that of

the superconducting transitiokgTc~0.1 meV. It was

the mqgnetic form factor. In order to get more insight on thispointed out by Monthou that the more relevant spin fluc-
behavior, such scans were performed for diffei@ptvalues ¢ ~tions for superconductivity have a rafidksTe of the

on the two rodsQ;;=(0.3,0.3Q,) and Q;2=(0.7,0.7Q.)  rder of 10 ford-wave pairing and 100 fqu wave. The latter

up to Q =5 r.l.u. For each scan, the integrated intensity of a4 corresponds to the one observed here. Several
the Gaussian line shape was extracted. This method is eff&jroupés‘” even predict resonance effects in the dynamical
cient in minimizing background effects and phonon contami-spin susceptibility that can be observed by INS igR&IO,.
nation. Figure 6 shows the variation of these integrated inThase effects. well known for the highs compounds, give
tensities as a function of the magnitude of the wave Vectolse 14 enhanced scattering because of the coherence factor in
The decrease of the signal is faster than expected from @ o neytron-scattering cross section and they depend on the
simple form factor of the Rl ion as shown in Fig. 6. This gymmetry of the superconducting order parameter and the
effect would probably be gvendTore pronouced when coMeg i gyrface topology. For SRuQ;, the calculated reso-
pared with the 4 orbitals in RG™, which are likely to be  ance thresholdi is two times smaller than the lowest energy
more contracted than in Rult is worthwhile to note that the accessible in the present experiment. This theory uses the
anisotropy of the magnetic form facto® (dependenceis gap energyA,=1 meV obtained from a strong-coupling

negli_giblc_a and not relevant for this studthe calculation is analysis of Andreev-reflection measureméfitsn such a
detailed in the Appendix , scenario, a resonance would be observed in INS data, most
The fact that the data obtained @f; andQ (full and  jikely as a change of spectral weight between high and low

empty circles in Fig. Bfall on a same curve suggests an gnergy. Such small changes are observed indthave su-
isotropic nature of the spin susceptibility. If the spin SUSCEPperconductor LagsSt, 14 CU0,,° where the magnetic re-
tibility were anisotropic, different intensities would be mea- gnonse is suppréssed be|OV\; 7 meV and enhanced above on
sured on the two rods, because they correspond to differep oling throughT.=35 K. Our INS measurements were ex-

. . . Cc "
values ofé for a given value ofQ. Since neutron-scattering ionded to lower energies by another group, but still no

probes only magnetic fluctuations perpendicular to the totathanges were observed in the dynamical spin susceptibility
wave-vector transfe@, the intensity observed near=0is cooling throughr, .2°
, .

proportional tox; ,+ x¢ and nearg=90° to 2y; , [see Eq. The IC spin fluctuations correspond to transitions between
(3)]. As a consequence, for; ,# x¢, two different curves the o and 8 bands. In the extensively studied multiband
are expected as a function Qf For example, in our case, the superconductivity modef®?! the « and 8 bands are the
two wave vector€)=(0.3,0.3,3) and=(0.7,0.7,0.5) have so-called passive bands while superconductivity is driven by
the same moduluQ~1.63 A™*, but different6 angles, 65°  the activey band(the superconductivity of SRuO, has the

and 9°, respectively. The susceptibilities probed are thugharacter of this main band as probedHy, and flux-line
1.82,,+0.18¢; and 1.0%,,+0.97;, respectively. lattice measurements?®> The relevance of spin fluctuations
Within the error bars, the measured intensity is the same ah the passive band for superconductivity is an open ques-
these points, implying thaty ,~ x. . Since large portions of tion. This depends among other factors on the couplityg
reciprocal space were investigated in the present experimertiridization between the bands. The absence of evidence for
we checked carefully that resolution and absorption effectéwo distinct superconducting phase transitions in high-
do not influence the measured integrated intensities. Resolguality single crystals, corresponding to the two types of
tion corrections are negligible since the IC fluctuations arébands, is a sign that superconductivity occurs as a global
broad inq and w. Finally, we stress the importance of mea- phenomena in this multiband system. The precise feedback
suring at least two rods to address the anisotropy of the susaechanism between the IC fluctuations and the superconduc-
ceptibility. This allows a separation of the form factor andtivity is unknown in this context and is certainly not as
magnetic anisotropy contributions to the magnetic cross sesimple as in a single-band picture. The effect of impurities
tion when measuring at different values @f . If the mag- could also help to distinguish between several theoretical

A. Excitations in the superconducting phase
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scenarios. Thex and 8 bands, which are believed to be perconducting transition. By using the fact that these fluctua-
responsible for the nodes in the order parameter, are motiéons are uncorrelated along the axis (i.e., two
sensitive to the suppression of the superconductivity due tdimensional, we also establish an isotropic nature of the
impurities than they band, which is compatible with node- incommensurate excitations together with a magnetic form
less superconductivif. However, there is no change of the factor that is more itinerant than the one expected for any
IC spin fluctuations across the superconducting transitionknown ruthenium ionic configuration. These new features
neither in our present measurements nor in those performagday help to understand the relevance of the incommensurate
on crystals with higheT.*° The y band, on the other hand, spin fluctuations for the Cooper pairing, as investigated in
give r2|3se to q-mdependent fluctuations as ewdencgd bYseveral theoretical models. An unresolved issue is the multi-
NMR.™ These fluctuations have not been observed in INS,5q hature of the superconductivity and its relation with the
studies, which can be understood if the spectral weight iy f;ctuations observed in a passive band, which may nev-

tslféggg S)Otjat\r:r?n(('j?rg;ngg;t t:ritshoenrilgtt\l/://::aynpl(\alaMklgdalr%ﬂILII\ICé ertheless induce the pairing. Detailed form-factor measure-
; P ments using a conventional polarized neutron method is

1,25 H :
results’** suggests that thespindependent fluctuations are highly desirable in order to confirm the itinerant character of

present in a wide temperature rangg® to 500 K and have N o
a relaxation rate of about 50 meV. the magnetization density in G, .

B. Anisotropy and form factor ACKNOWLEDGMENTS
Since the form factor represents the Fourier transform of
the spatial extent of the wave function, the rapid drop off We would like to thank K. Ishida for useful discussions
implies a more extended, and therefore itinerant nature of thehat motivated us to undertake the present measurements. We
Ru wave function. Including an orbital contributibrwould  gratefully acknowledge J. Balay, A. Hadj-Azzem, and J.M.

make the character even more itinerant, since the shape ®fartinod for technical assistance with sample preparation
the theoretical ionic form factor would be even more local-5,q characterization.

ized (in direct spacgwith this extra contribution. Up to now,
no precise determination of the magnetic form factor of
SKLRUQ, is available?* In a previous INS study the form
factor was estimated only in the basal plane with a limited
accuracy? _ _ _

The p-wave state of SRuQ, is associated to an order Here we briefly outlm_e the calculation of. the fu@l de-
parameted(k) describing the spin state and the wave-vectoPe€ndence of the magnetic form factor of Ru ipRuG,. The
dependence of the superconducting gap. A state eviiar- Q dependence of the magnetic form factor of the"Ran
allel to thec axis and the spin in the basal plane is oftenWas used because that of ‘Ruhas not been calculated theo-
assumed. This is supported by the NMR Knight skiigy ~ retically. 28 Within the precision of our measurements, we
measurements, which find no change Kf on cooling  could not distinguish between the Ru and‘Rierm factors,
throughT. for H in the basal plané Nevertheless, the ques- and Rd™ is not expected to be very different from those.
tion of the orientation ofl is no completely settled by these The magnetic form factor has two contributions coming from
measurements due to the fact that no data could be obtainglde two 4d electrons present near the Fermi level. In a te-
for H along thec axis (H; is too small in this direction  tragonal environment, theddlevels involves one single,,
Several models deal with the possibility of having the pairingand two doubletsdy,,dy,) and @dy,-y»,d;,). In the ground
mechanism mediated by anisotropic IC fluctuatiGt&:*"It - state, thad,, and (dy,.d,) orbitals are occupied. We assume
is then expected that the orientation of tthesector would  that the orbital moment is quencheld= 0) so that the form

reflect the anisotropy of the IC spin fluctuations. The NMRtactor corresponds to pure spin contributions. The total form
measurements by Ishitfasuggest an anisotropic nature of factor can then be written

the IC fluctuations withyt/ xa~3. This is not confirmed by

the present neutron-scattering study, where an isotropic be-

havior is found in a model-free analysis of the data. It is _ — /i

important to stress that the NMR results by IsRidare FQ=F(Q.0.4)=21o(Q)) +[Ax($,0) + Aayel ,0)]

based on the assumption that the hyperfine couplings are X(j2(Q))+[Byy(,0) + By, yA#,0) (ja(Q)),

isotropic. Our results do not show links between the most

commonly assumed spin-state of the superconducting order

parameter and the IC spin fluctuations. where(j,(Q)) are spherical Bessel functiorfS.The angular

dependence of the coefficiersand B for d electrons are

given in Ref. 29. In our measurements, the azimuthal angle is

¢=45°. Numerical evaluation of these formula shows that
Our inelastic-neutron-scattering measurements performetfie anisotropy ¢ dependendeof the form factor is very

on single crystals of SRuQ, reveal no changes in the in- small. Consequently, the line shown in Fig. 6 is calculated

commensurate spin fluctuations on cooling through the sufor #=0.

APPENDIX: Ru FORM FACTOR

VI. CONCLUSION
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