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Magnetic excitations in SRuO, 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-
dimensionald,, and dy, bands. The shape of the incommensurate signal agrees well with random phase
approximation calculations. At the incommensur@tpositions the energy spectrum considerably softens upon
cooling, pointing to a close magnetic instability:,8uO, does not exhibit quantum criticality but is very close
to it. /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 somehow less quality even order ferromagneticillyA
highly enhanced susceptibility pointing to a ferromagnetic
Sr,RuQ, is still the only superconducting layered perov- instability is also observed in the phase diagram of
skite besides the cupratégjowever, in contrast to the cu- Ca,_,Sr,Ru0,,*>but for a rather high Ca concentration,
prate high-temperature superconductéf$SC's), supercon-  Ca, :Sr, :RuO,.* In these nearly ordered layered ruthen-
ductivity in Sr,RuO, develops in a well-defined Fermi- ates, the susceptibility is about two orders of magnitude
liquid state’? Nevertheless, the superconducting state anqﬁigher than that in SIRuO, and strongly temperature
the pairing mechanism in $RuO, are highly unconven- dependent.
tional. The present interest in this compound goes far beyond gome doubt about the unique role of ferromagnetism in

a smp{je comparison with the cuprate high-temperature sug, r\,0, arose from the strong-moment antiferromagnetic
perconductors. _.__order observed in the Ca analfywhich inspired Mazin and

o " r‘Singh to perform a calculation of the generalized susceptibil-
temperature on nonmagnetic impurities suggests a non:

. 7 _
phonon mechanisrhlt is further established that supercon- |fty b::\jse: onhthedeleptron|c bandlstruc.tarsufrpnsmgly ‘h?y
ductivity in Sr,RuO, is made of spin-triplet Cooper pairs oun that the .omma.\tmg part is neither erromagneUc nor
and breaks time-reversal symmetfyThe strongest experi- antlferrom_agnetlc but |r_1c0mmensurate. Th_e Fermi surface in
mental argument for that can be found in the uniform susS"2RUOs is well studied both by experimefit and by
ceptibility measured either by the NMR Knight shift or po- theory! W|th_ sausfactory. agreement. Three banQS contribute
larized neutron experiments and in the appearance of to the Fermi surface which may be roughly attnbutgd to the
spontaneous fields in the superconducting state reported Bjreetyq levels, thed,,, dy,, andd,, orbitals, occupied by
muon spin resonanceuSR). A spin-triplet p-wave order the four 4 electrons of Rti*. The dyy orbitals hybridize in
parameter had been proposed before these experifhants, the xy plane and, therefore, form a band with two-
the idea that superconductivity arrises from a dominant indimensional character, thg-band. In contrast, the,, and
teraction with ferromagnetic fluctuations in analogy to superd,, orbitals may hybridize only along theandy directions,

fluid 3He. Rice and Sigrist stressed the comparison with th@espectively, and form quasi-one-dimensional bands,athe
perovskites SrRuQand CaRu@ which order ferromagneti- andg bands, with flat sheets in the Fermi surface, ¢hand

cally or are nearly ferromagnetic, respectivelvidence for 3 sheets. The latter give rise to strong nesting and enhanced
ferromagnetic fluctuations in $RuO, was inferred from susceptibility forq=(0.33q,,0) or g=(04,0.33,0)" Along
NMR experiments: Imagt al.found that 1T, T of the O and the diagonal both effects strengthen each other, yielding a
Ru NMR exhibit a similar temperature dependence and inpronounced peak in the susceptibility ag;_q
terpreted that this could be only due to ferromagnetic=(0.33,0.33,0). Using inelastic neutron scatter{igS) we
fluctuationst® have perfectly confirmed this nesting scenafiolhe dy-

The macroscopic susceptibility in §RuO, is enhanced namic susceptibility at moderate energies is indeed domi-
when compared with the band structure calculation but onlynated by the incommensurate fluctuations occurring very
weakly; in particular, its temperature dependence remainslose to the calculated position@t=(0.30,0.30,0). Further-
flat>'! There exist also layered ruthenates which are verynore, we found a pronounced temperature dependence
close to ferromagnetic order at low temperatures: the puresthich can explain the temperature dependence of both Ru
Sr;Ru,0; samples show metamagnetism and samples witland O 1T, T NMR.10
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In the meanwhile, several groups have worked on theoriethe superconducting gap. Therefore, such an experiment is
where superconductivity is related to the incommensuratbetter placed on a cold triple-axis spectrometer even though
fluctuations’~2*These theories, however, do not yet give anthis implies a sensitive reduction in the flux. We have made
explanation for the fine structure of the order parameter. Spgreliminary studies using the cold spectrometers 4F at the
cific heat data on the highest-quality samples clearly indicat©rphes reactor and a more extensive investigation on the
the presence of line nodes in the superconducting &tate.spectrometer IN14 at the ILL. These instruments possess PG
Ultrasonié® and thermal conductivi®y results would dis- monochromatorgdouble at 4F and focusing at INL4nd
agree with vertical line nodes, which leaves horizontal linefocusing analyzers. The final neutron energy was fixed at
nodes as the only possible ones. Zhitomirsky and Rias- E;=5 meV on both cold source spectrometers where a Be
sume that superconductivity is transferred fromfhgand to  filter has been employed to cut down higher-order wave-
the @ and B bands by a proximity effect and get a conclusive length neutrons. Cooling was achieved by use of a dilution
explanation for the horizontal line nodes. In this model su-and a Hé insert at 4F and IN14, respectively.
perconductivity should be mainly related to excitations asso-
ciated with the activey band, which so far have not been
characterized. Therefore, it appears still interesting to further ] ) o
deepen the study of the magnetic fluctuations igRIO, . _The magnetic neutron cross section per form_ula unit is

In this paper we report on additional INS studies invyrltten in .terms of the Fourier transform of the spin correla-
Sr,RuO, in the normal as well as in the superconductingtion function S,45(Q,®) (labels «,8 correspond tax,y,z)
phase. We present a more quantitative analysis of the inconit
mensurate fluctuations related to theand B sheets and

discuss the possible contributions due to the two-dimensional ~ d?o kg 22 S [ 6, Q.Qp s
v band. dOdw k; o (Q)a,,B a,B |Q|2 aﬁ(Qyw),

B. Theoretical background for magnetic neutron scattering

()

wherek; andk; are the incident and final neutron wave vec-
tors,r§=0.292 b, and~(Q) is the magnetic form factor. The
Single crystals of RuO, were grown by a floating scattering vecto® can be split intadQ=q+ G, whereq lies
zone method in an image furnace; they exhibit the supercorin the first Brillouin zone ands is a zone center. All recip-
ducting transition aff¢=0.7, 1.35, and 1.43 K and have rocal space coordinate®(,Q,,Q,) are given in reduced
volumes of about 450 mfreach. Since most of the measure- lattice units of 27/a or 2x/c.
ments were performed in the normal phase, where the differ- According to the fluctuation-dissipation theorem, the spin
ences inT. should not affect the magnetic excitation spec-correlation function is related to the imaginary part of the
trum, we aligned the three crystals together in order to gainlynamical magnetic susceptibility times the by one enhanced
counting statistics in the INS experiments. Count rates in th®ose factor:
ruthenates experiments are relatively small already due to the

II. EXPERIMENT

A. Experimental setup

steeper decrease of the Ru magnetic form factor with in- 1 ¥ A(Qw)
creasing scattering vector. For the measurements below and Sup(Q,w) = 21 af 7ok 2
across the superconducting transition we mounted only the m(gue)? 1~ XN —frwlkeT)

two crystals with relatively higiT,. together. The mounting . o .

of the two or three crystals was achieved with individual!? ¢aS€ of weak anisotropy, which is usually observed in a

goniometers, yielding a total mosaic spread below 0.5°. Paramagnetic statey,(Q,») reduces tox"(Q,®)da 5.
We used the thermal triple-axis spectrometer 1T installed\'c’te that for itinerant ma}gnetg, anlsot'ropy of the susceptibil-

at the Orphe reactor(Saclay, Francein order to further 'ty can occur due to spin-orbit coupling.(Q) can be de-

characterize the scattering in the normal state. The instruscribed by the RU magnetic form factor in a first approxi- -

ment was operated with a double-focusing pyrolithic graphmation. Once determined, the magnetic response is

ite (PG) monochromator and analyzer; in addition, PG filtersconverted to the dynamical susceptibility and calibrated in

in front of the analyzer were used to suppress higher-ordefPsolute units by comparison with acoustic phonons, using a

contamination, the final neutron energy being fixed at 14.7tandard procedure depicted in Ref. 20.

meV. All diaphragms determining the beam paths were

opened more widely than usual in order to relax @heeso- IIl. RESULTS AND DISCUSSION

lution, since the magnetic signals are not shar ispace. In

most experiments, the scattering plane was defined Joy0

and(0,1,0 directions in order to span any directions within At low temperature S$fRuO, exhibits well-defined

the (ab) plane. An additional experiment has been made~ermi-liquid properties; therefore, it seems appropriate to as-

with the (1,1,0 and(0,0,) directions oriented in the plane to sess its magnetic excitations within a random phase approxi-

follow the spin fluctuations along the* axis. mation (RPA) approach based on the band structure. Density
Studies aiming at a response in the magnetic excitatiofunctional calculations in local density approximatidDA )

spectrum on the opening of the superconducting gap requireere performed by several groups and yield good agreement

an energy resolution better than the expected value for twicwith the Fermi surface determined in de Haas—van Alphen

A. RPA analysis of the magnetic excitations
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experiments. The bare noninteracting susceptibijfi(q) A )
can be obtained by summing the matrix elements for an elec L 2N ® O
tron hole excitatiorf® L
. 9/\ A o
f(ersq) —Flewi)
0 _ a.j i @ o O o O
W)= M. . —, (3 ; .
X (d,w) I(EH kl’k+q]8k+q,j_8k,i_ﬁw+|€ ©) = Y
wheree—0, f is the Fermi distribution function, ang is (0.3.0.30 + d,’q ® e o
the quasiparticle dispersion relation. This was first calculated ; (100{", v .
by Mazin and Singh under the assumption that only exci- ©o0 X
tations within the same orbital character are relevdné L o O o o o o

matrix elementsM; . are equal to 1 or 0 Mazin and
Singh predicted the existence of peaks in the real part of the o o o e o o o
bare susceptibility ai»=0 due to the pronounced nesting of
the « and B bands. These peaks were calculated at
(0.33,0.33,pand experimentally confirmed very close to this ® O ® O
position atq;=(0.3,0.3,0); see Fig. 1. In addition to the
peaks atg;, this study finds ridges of high susceptibility
at (0.3, q,,0) for 0.3<q,<0.5 and some shoulder for
0<qy<0.3.

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

)

units

(9.0,0) (9,9,0) (0.5,q,0)

x°(q)
1-1(@x%q)’

with the g-dependent interactionq). For the nesting posi-
tions Mazin and Singh get(q) x°(q) =1.02, which already
implies a diverging susceptibility and a magnetic instability. ]
In Fig. 1 we show a scheme of thbK0) plane in recip- 0.5.0,0) 0.0.0) 0.5.0.5.0) 0.5.0,0)
rocal space. Due to the body centering in space groug
[4/mmmany (hkl) Bragg points have to fulfill the condition
(h+k+1) even;(100), for instance, is not a zone center but  FIG. 1. Upper part: scheme of thék0) plane in reciprocal
aZ point. The boundaries of the Brillouin zones are includedspace. Thin lines show the boundaries of the Brillouin zones and
in the figure. Large solid circles indicate the position of thesmall solid and open circles the zone centers Zmubints of the
incommensurate peaks as predicted by the band structure ahddy-centered lattice. Large solid circles indicate the position of the
as observed in our previous work. The thick lines connectingncommensurate peaks, and the thick lines connecting four of them
four of them correspond to the ridges of enhanced susceptéorrespond to the walls of enhanced susceptibility also suggested in
bility also suggested in Ref. 17. Ref. 17. The dashed double arrows show the paths of the constant
In the meanwhile several groups have performed similagnergy scans frequently used in this work: along[0%0] direction,
calculations which all agree on the dominant incommensuy Scan; transverse to ti@@vector,r scan; and along the diagonals in
rate ﬂuctuationg?vzg_gzHowever' there are serious discrep_ the [110] direction,d scans. Lower part: imaginary part of the gen-
ancies concerning the detailed structure of the spin suscepfralized susceptibility calculated by the RPA along the three paths
bility away fromg; . These discrepancies mainly rely on the indicated in the upper part as dotted lines.
parameters used to describe the electronic band structure, on
the choice ofl (g), and on the inclusion of more subtle ef- they calculate the separate contribution of ghband which
fects such as spin-orbit or Hund couplings. does not show a particular enhancement in the ferromagnetic
In order to compare directly to the INS experimefgse g range but is little structured. Eremat al3! calculated the
Egs.(1) and(2)], it is necessary to perform the RPA analysis susceptibility, taking into account strong hybridization, and
by taking into account both real and imaginary parts of theobtained results somehow different from the other groups.
susceptibility. Morret al? report such calculations obtained They find a strong signal &, ; in addition, there is some
by fitting the band structure to the angle-resolved photoemisenhancement of the susceptibility related to the van Hove
sion spectroscopyARPES results®® They find in addition  singularity of they band. This contribution occurs quite
to the peak atg, a quite strong intensity neaP; close to the zone center g§y=(0.15,0,0).
=(0.3,0.5,0)(the middle of the walls; see Fig),lwhich is We have performed the full RPA analysis basing on the
even comparable to that gt in the bare susceptibility. Simi- LDA band structure reported in Refs. 17 and 19 in order to
lar results were obtained in Refs. 23 and 29. Ng and S#rist accompany our experimental investigations. We first calcu-
find much less spectral weight in the ridges(@B, q,) for  late the bare electron hole susceptibilj§} from the usual
0.3<qy<0.5 but stronger shoulders<,<0.3. In addition, ~ expression, Eq(3). For the band energies(k, k, ,k,) we

x(q)= (4)

=6meV) (arb.

Im x(qw

wave-vector (red. lattice units)

064522-3



M. BRADEN et al. PHYSICAL REVIEW B 66, 064522 (2002

use the expressions of Mazin and Silgfor the three mu- 900 ———T——T——T——T—
tually nonhybridizing tight-binding bands in the vicinity of
the Fermi level:
€xy(Ky Ky k) =400 meV[ — 1—2[cogk,)+cogk,)] o O [
—1.2 cosk,)cogk,)}, (5) s
g
€Ky Ky k) =400 me\[ —0.75+1.25 cosk,) i 500
— 0.5 cogk,/2)cog k,/2)cogk,/2)], (6) z
€y2(ky Ky ky) =400 me\ —0.75+ 1.25 cosk,) 3001
We also used the crude approximation that matrix elements 100 e o4 —03 0.2 010
for transitions between bands of the same character are equal ) (1'+q c; 0) ’(r | Ui
to 1 and others 0. Thg-dependent “ferromagnetic” interac- h “h -
tion (Stoner factor I( q) is taken to be equal tdfollowing FIG. 2. d scans across the incommensurate p€sk (0.7,

Ref. 17 1(q)=(320 meV)/(1+0.08). With this choice of  _(.3,0) at low and high temperatures: the data at 295 K were
1(g) the calculated static susceptibility(q=0,0=0) is  scaled by 0.35. The disappearance of the signal upon heating gets
slightly lower than the measured onel(d) is chosen larger, partially compensated by the gain through the Bose factor.

an instability appears at the incommensurate wave vector.

Our results for the imaginary part of the generalized SUSt aen 2 and 5 in (0.3,08,); see Fig. 3. This 2D character

ceptibility at an energy transfer of 6 meV are given in theis actually surprising since the dispersion relation of the qua-

lower part of Fig. 1. Besides the dominating nesting peak”. "~ . . ; " :
near g; there is a further contribution ned0.15,0.15,0 siparticles Involved in the computation gf'(q,) is not

which is related to they sheet. In contrast we find a small purely 2D:" One may therefore expect weak spin correlation

o . along thec* direction.
zusceptlblhty neal; and for (0,,0,0) with small values of Recently, it has been shown that these fluctuations freeze
X

. . . N out into a spin-density-wavéSDW) ordering by a minor
Since theq position of the magnetic excitations was replacementpof Ru byyﬁ?’ In this ordering a?/ergllshort cor-
fc_>und not to depend on energy, it is easiest to observe th|eelation length along the direction nicely reflects the 2D
S|gnal Iln cliNc? .byFs'carir.unhg at constanlt energy. The scan pk?thcsi'laracter of the incommensurate inelastic signal. The SDW
ﬁ‘lii '?Csléaﬁ_ zli?onlg{ 1’08] ?j)i/r:léﬁo?]u;esigr?gs;ﬁgsﬁ]z (;?: _'ngpropagation vector finally favored in the static ordering cor-
ona’l directi(')nd s?:ans ' ’ 9 responds to the.oqt-of—phase coupllng between neighboring
' ; layers. This static interlayer coupling might be even due to

The observed signal is rather broad and, therefore, th?he CDW always coupled to a SDW, which, however, has not
scans performed are extremely wide, covering complete cu@ ’ ' I

through the Brillouin zone. This further implies that the o?(;e?i?]en i(::scl(_)vezgtrtl saI(\)“cf)ar. ?Vr;]?cr:naé/iﬁﬁg t?rzz\)tmthethztrlpe
backgroundBG) may be nonconstant, at least sloping. Also, g 8.67°00.33%1%a,

the signals are relatively weak compared to typical triple-

axis spectrometry problems; this implies that sample- 150
independent BG contributions which usually are negligible
play a role. Figure 2 presents the resultslafcans at differ-

ent temperatures, clearly demonstrating the gain in statistics
compared to the previous wofR.The magnetic intensity
shown in Fig. 2 disappears upon heating but this effect gets
partially compensated for by the gain through the Bose
factor.

100 |

50

X"(Q,6.1meV) (arb. units)

B. Shape of the incommensurate signal

The fact that the incommensurate signal around a zone 9 3 4 5
center and around Z point, (001), are equivalent already Q (rlu)
indicates that the coupling between Ru@lanes is negli- A
gible, i.e., that in-phase and out-of-phase couplings are indis- |G, 3. Height of the magnetic signal at the incommensurate
tinguishable. The two-dimensioné2D) character has been position as function ofQ,; the dashed line shows the depen-
directly documented by Servaet al®* who found nog,  dence expected from the Ruform factor and the solid line that
dependence at (0.3,00) for g, between—0.5 and 0.5. We assuming the spin-density distribution observed recently in
find the same result by varyin@, in a broader range be- Ca, sSryRuO,(Ref. 39; see text.
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Sr,Ru,_,Ti,O,4 case in many aspects, but nevertheless may 400 03130 1000
be considered as a mixed SDW-CDW ordering, occurs at the s (0.3 0.7 0)
same propagation vectdft. = w=4.1mev | | E=4ImeV =
The widerQ, dependence of the incommensurate signal € 390 | 1800 &
shown in Fig. 3 can give information about the anisotropy of g =3
the excitation, since INS measures only the spin componené’f o0 | 600 S
perpendicular tdQ. We consider the diagonal susceptibility £ &z
Xap With tetragonal symmetryy.. := xi,= Xyy# X7, The " e .
measured intensity is then given by 100 L . Jd L . 400
-0.50 -0.25 0 0 0.25 0.50
d2o o . le vl 1y le , 6 500 (g, 1.3 0) (rlu.) (g, 0.7 0) (r.lu.) 1200
oC —_——_— —_— T T T T T T
d0de " (@ |Q|2 Xaz |Q|? x| ® (0.3 07 0)
E=6.1meV
which implies that the observations at high favor the in- = 4001 F T=10K 1000 5

plane component of the susceptibility. For a detailed analy- 5 ¢
sis, one has to compare with the form factor. In the figure we€ 300
show theQ, dependence assuming that the spin density is™
localized at the Ru site and may be modeled by the formE 200 f;

factor of Ru".>” The Ru form factor dependence underesti- g;%g,ﬁg, OT)=10K

mates the signal at high€), values; however, the Ruform 100 L . ) ' ~ 400
factor is certainly a too crude approximation. Measurements —iLad —0.235 o 4 E23 050

of the spin-density distribution induced by an external field (4 0.7 0) (rlu.) (a5 0.7 0) (rlu)

have not been very precise due to the small magnetic suscep-

g ags . . 38

tibility and_ the resulting sma_ll mom_em in FRUO,. . mensurate position along tfi200] direction. Solid lines denote fits
However, in Ca sSrosRuO, which exhibits ferromagnetic i Gaussians and dashed lines the calculated imaginary part of
ordering belw 1 K and whose low-temperature susceptibil- the generalized susceptibility at the energy of 4.1 niehfted in

ity is about two orders of magnitude higher than that inthey axis). Arrows indicate the position of the shoulder seen in the
Sr,RuO,, %t has been possible to study the field-inducedrpa calculations.

spin-density distribution. These experiments revealed an ex-

tremely high amount of spin density at the oxygen positionthe energy transfer of the scan and describes the observed
about one-third of the total momefitand an orbital contri-  signal perfectly besides a minor offset in the position of the
bution at the Ru site. By use of the €zBroRUO, spin-  incommensurate signal. In contrast, neither the experiment
density distribution one obtains a good description of thenor our full RPA analysis yields significant intensity in the
Q, dependence given in Fig. 3. However, the form factor inridges, i.e., the rangeg(,0.3,0) with 0.3<q,<0.5; see Figs.
Sr,RuQ, should be even more complex. Since the main conq and 4. In particular an intensity & only 3 times weaker
tribution Originates from the flalxy OrbitaIS,Sl there must be than that afg; would have been eas“y detected experimen_
an anisotropy in the effective form factor which indeed wastg|ly. The nesting peak appears to be isolated with two shoul-

observed in CasSrosRuO,.*° Qualitatively, the anisotropy ders along 100] and[010] to the lower absolute, , sides.
in the form factor has to be compensated for by some wealthese shoulders are connected to thsheet.

anisotropy in the spin susceptibility, i.e., by an enhanced out-

of-plane component. Such a susceptibility anisotropy corre-

sponds to the orientation of the spins in the SDW ordering

phase in SyRu; _,Ti 04,2 where the spins are aligned par-  In none of the band structure calculations one finds evi-

allel to thec direction, and also to the conclusion deduceddence for a strong and sharp enhancement of any suscepti-

by Ng and Sigrist from the influence of spin-orbit coupling bility exactly at the zone center pointing to a ferromagnetic

in Sr,RU0,.%° instability}”?°-3However, several of these calculations find
Shoulder of the incommensurate pebakorder to exam- some large susceptibility near the zone center which can be

ine the shape of the incommensurate peak and to verify thassociated with the van Hove singularity of the band

existence of the ridges of additional nesting intensity or theclosely above the Fermi level. Erema al 3! report this sig-

additional peakP;, reported in different band structure nal atq=(0.1-0.2,0,0); other groups find a small peak along

analyzes,?*~32we have scanned acrogs along the[100]  the diagonal ¢,q,0)>%°3° Our own analysis also yields

or [010] directions,y scans; see Fig. 1. The results are showrsuch a signal which is found to be strongest@if5,0.15,0

in Fig. 4. One can recognize that the incommensurate peak and which levels out along thel00] and [010] directions;

not symmetric but exhibits always a shoulder to the logger see Fig. 1.

side in absolute units. The shoulder is seen in many scans in In order to address this problem we have mapped out the

reversed focusing conditions of the spectrometer configurantensity for Q,,Q,,0) with —0.5<Q,<—0.0 and 0.6

tion excluding an experimental artifact. Our full RPA calcu- <Q,<1.5; these scans are shown in Fig. 5 after subtraction

lation nicely agrees with such shoulder; the thin line in Fig. 4of the scattering-angle-dependent background. It is obvious

shows the calculated imaginary part of the susceptibility athat the incommensurate peak is by far the strongest signal.

FIG. 4. Results from constant energy scans across the incom-

C. Possible additional magnetic excitations
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0

1200 r

™ 60

. T ' S 250K 4mev |

‘(I")—=140:< meV a) . 8& gme¥ b)

i [= me! b
(0.3 0.7 0) T 0K 12mev =

900 | (-0.3 0.7 0)

40

30
600
20

intensity (arb. units)
(shun “quo) Aysuejur payojno|pd

100 200 [

A 5

&(-0.3 1.3 0)
(0.3 1.3 0)

L L L L M BT
06 -0.3 O 03 06 O 01 02 03 0.4 05
(a, 1£q, 0) (r.lu) (a, a4 0) (rlu.)

0.1

3200 [~ T d)' 1600

5 ' 11400
_' S 2500 | 1200 &
£ 1000 =
S =
FIG. 5. (Color Mapping of the INS intensity by constant energy = 800 &
scans with fixedQ, at 4.1 meV energy transfer. The color plot was § 1800 600 =
obtained by adding symmetrical data after subtraction of the = * 103mev | 400 =~

scattering-angle-dependent background.

1100

6 O:1 0:2 0:3 O:4 O:5 O 0:1 0:2 013 0:4 0:5 20

At low temperature one may roughly estimate any additional (@, @, 0) (rlu.) (ay g, 0) (rlu)

signal to be at least a factor of 6 smaller than the nesting .

peak. The analysis of such weak contributions is quite deli- F'C- 6 (@ Scans across the four incommensurate spots sur-

cate and demands a reliable subtraction of the backgroun&oundingQ:(0’1’0) in the diagonal directiof) Calculated inten-
Sity (corresponding to the imaginary part of the susceptibility mul-

l\:evert?eltehss, the Scarj[s |nHF|g. ° Int(:]l_cate Stork?et Scatte”rt%lied by the thermal factorat different temperatures and energies.
closer 1o the zone center. However, this contribution IS no c) Sum of the four scans shown in pa# for different tempera-

sharply peaked at thé point but forms a broad_square Or'& tyres aw=4.1 meV.(d) Sum of the four scans shown in péaj at
circle. Th_e signal roug_hly agrees with the prediction that the ) _ 1 3 meV(at 295 K not all four scans have been perforied
v band yields magnetic excitations near the zone center.

Since the sloping background is a major obstacle to ana- ) ) _ )
lyze the additional contributions, we tried to compensate foffon study would be highly desirable. This scattering further
these effects by scanning fro@=(010) along the four di- might be. relevgnt for a guantitative e>.<planat|on of the NMR
agonals, which are illustrated in Fig. 1, and by summing thedata;%*°in particular its temperature-independent part.
four scans. The results are given in Fig. 6. In the four single Sr.RuO, is not close to ferromagnetic order but substitu-
scang[Fig. 6(a)], one recognizes the nesting signal with its tion of Sr through Ca yields such order for the concentration
intensity being determined by the form factor and the slopin§a1_58r0,5Ru04.15 This doping effect was explained in a
background. The summed scdisee Fig. &)] should have band structure calculatiéhas arising from a downshift in
constant background and the low-temperature summed scamergy of they band pushing the van Hove singularity closer
once more documents that the nesting signal is by far theo the Fermi level. In such samples theband magnetic
strongest one. However, upon heating additional scatteringcattering should therefore become strongly enhanced. In-
contributions seem to become enhanced in intensity in paideed first INS studies on these compounds reveal broad sig-
ticular compared to the nesting signal which decreases; nofgals similar to the additional scattering described above, but

that the Bose factor will already strengthen any signal by &nych strongef! This strongly supports a magnetic interpre-
factor of 3 in the data in Fig.(6). Also, at higher energy the  (4tion of the scattering in Figs. 5 and 6.

additional scattering seems to be stronger as seen in y. 6
(the background is strongly sloping even in the sum due to a
smaller scattering angleThe energy and temperature depen-
dence of the additional contribution corresponds to that pre-
dicted by the full RPA analysis for the-band magnetic con- .
tribution shown in Fig. @). The spectral weight aQ The energy and temperature dependence has been studied
=(0.15,0.15,0) relative to that of the nesting feature in-in more detail by performing scans across the incommen-
creases upon increasing temperature or energy as is expecgifate position, since in this mode the background is almost
for a signal directly related to the van Hove singularity. Dueflat. However, due to phonon contributions, we could not
to the agreement between the INS results and the RPA caéxtend the measurements to energies higher than 12 meV,
culations, we suggest to interpret the additional broad scathich is slightly below the lowest phonon frequency ob-
tering as being magnetic in origin; however, a polarized neuserved af; .*? In particular the large scans required to cover

D. Combined temperature and energy dependence
of the incommensurate signal
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200 y y T wherel is the characteristic energy and(q;,0) the ampli-
tude which corresponds to the real part of the generalized
susceptibility atw =0 according to the Kramers-Kronig rela-
tion. TheQ dependence of the signal may be described by a
Lorentzian distribution with half width at half maximum,

but due to experimental broadening the constant energy
scans are equally well described by Gaussians. At low tem-
perature the spectrum clearly exhibits a characteristic energy
as seen in the maximum of the energy dependence, but this
maximum is shifted to higher values upon heating. Figures
7(c) and 7d) report the results of the least-squares fits with
the single relaxor. Although the statistics is still limited, the
tendencies can be obtained unambiguously. The height of the
spectral functionsy’(q;,0) rapidly decreases upon heating,
which overcompensates the broadening of the signdD in
space.

Our finding that the characteristic energy in the range 6—-9
meV is well defined only at low temperatures can be related
with the far-infraredc-axis reflectance study by Hildebrand
] ] et al.* since the optical spectrum shows a feature in this

©)o 1/¢(g0) ¥ § energy range at low temperatures. In Ref. 20_ we have com-

: - 10 N pared the temperature dependence of the incommensurate
y — 25 signal with that of the spin-lattice relaxation rafe mea-

°f % 120 5 sured by both*’O and *’Ru NMR experiment$® These

{155 NMR techniques probe the low-energy spin fluctuations (

j10S —0 with respect to INS measurementfurthermore, they

5 integrate the fluctuations i space. (11, T) is related to the

0 T"(’l((’) 200 generalized susceptibility and the INS resulté*by

d)

. (10

w—0

2
FIG. 7. Observed imaginary part of the generalized susceptibil- _ Ke Yn
_ _ e ed suscep (1T,T) > 2 |A@)
ity as function of energy and temperature; lines are fits with a single we)®
relaxor (a). Temperature dependence of the averaged full width at | . )
half maximum(FWHM) corrected for the experimental resolution With |A(0)| the hyperfine fields. (T,T) corresponds hence
and temperature dependence of the square of the FuiiMrem- 10 the slope of the spectral function in Fig(ay times the
perature dependence of the amplitude and its invsand of the ~ €xtension of the signal iQ space. The new data perfectly
characteristic energgd) in the relaxor behavior fitted to pata).  agree with the former result; the loss of the incommensurate
Lines in (b)—(d) are guides to the eye. signal upon heating may explain almost entirely the
temperature-dependent contribution toT(;I¥).°
the broad magnetic signal prevent any analysis within the The temperature dependence of the magnetic excitation
phonon band frequency range on a nonpolarized thermalpectrum at the incommensurate position may be analyzed
triple-axis spectrometer. within the results of the self-consistent renormalization
The results of the scans are given in Fig. 7. At low tem-theory described in Ref. 43. In a weakly antiferromagnetic
perature we find an_energy spectrum in good agreement t@etal the transition is governed by a single parameter related
that published earliéf’ In the range up to 12 meV we ob- tg the Stoner enhancement at the ordering wave veeétor,

serve at all temperatures an energy-independent peak width. 1 — | (q;) x°(q;). The characteristic entities of the magnetic
which, however, increases upon increase of temperature. Fkcitations are then given by

temperatures much higher than 160 K the background con-

,X'(0,0)
w

siderably increasesee Fig. 2and prevents a detailed analy- K2 8, (11
sis within reasonable beam time. In Figh¥we show the
temperature dependence of the peak width averaged over the Feco, (12
different energies which agrees well with the results obtained
from the single scans with less statistics reported in Ref. 20. 1
Even at the lowest temperature the width of the signal re- W‘X(S- (13
mains finite. X (G

The spectral functions have been fitted by a single-relaxor

When the system approaches the phase transition, the
unique paramete$ diminishes, which behavior should be
observable in all three parameters. Equatigtis—(13) im-
Y'(gi,0)=x"(q;,0) ——, (9) ply a sharpening of the magnetic responseg gpace as well
w?+I'? as in energy and a divergence of the susceptibility at the

behavior*®
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104 : 104 temperature range abolé& the magnetic excitations should
5 b T SOt . exhibit the relatedy/T scaling. Our data clearly show that
@ s, . e such scaling can be fitted to the data only for the three higher
_.:) 2 1 Fermi-liquid i . . . . .
= e temperatures studied. The description with the scaling con-
. 10%F z cept seems to be slightly better for the exponert0.75.
"g 3 g The temperature-dependent data suggest a crossover near 30
: > =3 K. This crossover agrees very well with that seen in elec-
Z 2l [ tronic transport properties, where well-defined Fermi-liquid
e 10 = L
- o behavior is only observed below about 25"K.
i 2
o! L L . ot E. Magnetic scattering in the superconducting phase
0.01 0.1 1 0.01 0.1 1 .
o/T (maV/K) o/T (maV/K As emphasized by Joynt and Ritethe wave-vector- and

o . . energy-dependent spin susceptibility in superconductors re-
FIG. 8. x"(0j,@,T) multiplied by »® as a function ofw/T in  flects directly the vector structure of the superconducting
logarithmic axes; the left and right parts correspondte0.75 and  (SC) gap function, allowing a complete identification of the
1, respectively. The inset gives a schematic representation of 8¢ order parameter symmetry. Inelastic neutron scattering
phase diagram close to a quantum critical point. Solid and opeRyhariments have the potential, in principle, to determine the
circles correspond to the data shown in Fig. 7 and the stars to that %fuperconducting order parameter. In highsuperconduct-
our previous workRef. 20. ors, the spin-singlet-wave symmetry SC gap induces a
. . o . - striking modification of the spin susceptibility in the super-
ordering vector. Fig. 7 qualltat|vel_y confirms thls picture. All conducting state. As a consequence, the so-called “magnetic
the relevant parametefsee the right scales in Fig) de- resonance peak” has been observed in the superconducting
crease towards IOV\.’ temperature. Therefore, Oné May COlkiate of various copper oxide superconductors by RS,
clude that SERUQ“ is approaching th_e SDW transition re- Therefore, a similar experiment in §RuO, would certainly
lated to the nesting effects upon cooling. However, all thes%e instructive about the SC gap symmetry.
parameters do not vanish completely but remain finite even The enhanced spin susceptibility has been calculated in
at the lowest temperatures, in agreement with the wellges 32, 54 and 55, considering a spin-trigdevave super-
!(nown fact Fhat S§RuQ, does not exh|b|_t magnetic order- conductiviting state withd(k)=z(k,*ik,). Note that in
Ing. In. partlcular_the _magnetlc scatterlng remains rE.lthersuch a case, the superconducting gap is isotropic due to the
broad ing space, |mply|ng a short correlation length of just rticular shape of the Fermi surface in,BuQ,. For the
three to four lattice spacings. The temperature dependence ave vectorg,, Keeet al® and Morret al¥? predicted that
the magnetic excitations corroborates our recent finding thaﬁelowT spelétral Weigﬁt is shifted frorﬁ below twice the
1T ] H _ C
ggiycaorsé?;lrl,;?oum of Ti'is sufficient to induce SDW mag superconducting gap into a resonancelike feature close to
IS' SI R .O is ol i t itical point. it i 2A. Morr et al. find the resonance in thez channel yielding
INCE SHRUL), 1S close 10 a quantum critical point, 1L1S o anpancement of the magnetic excitation intensity by a

tempting to analyze whether the excitation specirum is YOVzactor of 9 in the superconducting state as compared to the

e_rned by somew/T scaling, as has been claimed for the normal staté? The difference between the in-plane and out-

high-temperature superconductorL3Sr,CuO,(Refs. 46— of-plane susceptibility in the superconducting state arises

48) and for.C'e.Cgl_gAulo_l (Ref. 49. One would expect that from the coherence factor.

the susceptibility is given by Similar theoretical framework is currently used to de-
scribe the spin excitation spectrum in spin-singlet HTSC cu-

_ (14) prate superconductor8. Theoretical works show that the
opening of ad-wave order gap together with the exchange
interaction leads to the appearence of a similar resonant fea-

In Fig. 8 we plot thew*x"(q; ,w) data of Fig. 7 and those ture below 2\ at the antiferronagnetic wave vector. These
obtained previously as a function of temperatfiragainst  theories successfully account for the observation by INS of

/T for «a=0.75 and 1.0. Only the data at higher tempera-the magnetic resonance peak in the superconducting state.

tures agree with the scaling concept, demonstrating that Using unpolarized INS, one measures the superposition of

Sr,RuQ, is not a quantum critical point. The schematic insetthe out-of-plane and in-plane components of the susceptibil-

may illustrate the phase diagram, where the magnetic transity [see Eq.(8)] and both components are equally weighted,

tion is determined by some parametgexternal pressure or when performing the measuremer@@=0. Thus, the pre-
composition. At the critical transition one would observe dicted resonance feature should be observable, at the value of
guantum criticality in the entire temperature range, whereas-2A, if one obtains an experimental arrangement which al-
for r values where the transition is suppressed quantum crititows one to study the inelastic magnetic signal in this energy
cality is observed only at higher temperatures. One then magange. Due to the almost linear decreaseyxbfq; ,w) to-
expect a crossover temperaturé where the system trans- wards low energiegsee Fig. 7 and due to the higher re-
forms from an unconventional metal at high temperaturegjuired resolution which implies less neutron flux, these ex-
towards a Fermi liquid at low temperatur@sOnly in the  periments are extremely time demanding. We have analyzed

” - @
X (qi,w,T)OCT ag ?
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450 - - - 70 There is actually little known about the value of the su-
Q=(0.7,0.3,0) % 4meV perconducting gap in SRuQ,. Laubeet al®” have reported
400 g an Andreev reflection study where the opening of the gap is
=] :40 clearly visible in an astonishingly large energy range. The
: 350 g gquantitative analysis of the spectra is quite involved; assum-
g 3 ing a p-wave order parameter Laubet al. obtain 2A
8 1ol =2.2 meV which may be compared to the value expected
8 0 o 0% o4 within BCS theory, A=3.5%gT.=4.97 K=0.43 meV.
3 . Our data show that there is no change in the excitation spec-
250 ¥ trum for energies well below the reported value df,2out it
___________________ = has not been possible to investigate the lowest energies due
200 L L . . g to the strong elastic incoherent signal. With further increased
0 04 08 12 16 20 g resolution k;=1.3 A™!) we have scanned the energy range
energy (meV) N : 0.3-0.7 meV at 0.80 K again without evidence of a resonant
. 700 - ' 07 o# om o  feature. Furthermore, the comparison of two scans at con-
] 600 stant Q=(1,0,0) did not yield any difference below and
- incoherent X aboveT., meaning no ferromagnetic spin susceptibility en-
| =00 M hancement.
8 400 F o 17K ; The theory presented by Moat al3? should be consid-
i) % e below T, @ ered as being quite reliable in the case offr0,, since the
g 00t : RPA approach to the magnetic excitations is so successful in
10 0 ) e el the normal state and since RuO, exhibits well-defined

0 1 2 3 4 5

Fermi-liquid properties at temperatures below 25 K. There-
energy (meV)

fore, the data in Fig. 9 give strong evidence against a simple

FIG. 9. Results of the experiments performed across the supeP;Wave order parameter in SRuO, with a maximum value
conducting transition; solid and open symbols correspond to datgf the gap of the order of the reported vgﬁ]éﬂowever, in
taken below and abovE,, respectively. The left part shows scans the meanwhlle there are several |nd|cat|ons_ 'that the order
with constantQ=(0.7,0.3,0) (in the lower part the two low- Parameter is more complex. The recent specific heat data on
temperature scans were adyleand the right part shows constant the highest-quality single crystafspoint to the existence of
energy scans. The horizontal dashed line indicates the backgrountine nodes in the gap function which were then shown to be

aligned parallel to thea,b plane (horizontal line nodes

the magnetic excitations in the superconducting phase on th[sﬁUCh line nodes were explained by Zhitomirsky and Rice
cold triple-axis spectrometer IN14 at the ILL using a two- rough a proximity effect between the actiyéand and the

i more passive one-dimensional baRfg modulation of the
crystal assembly; the results are shown in Fig. 9. gap function along the direction will wipe out the reso-
The right part of Fig. 9 shows a scan across the inCOMpance predicted for the nonmodulageavave gap, since for
mensurate peak ai= 4 meV, i.e., the range already studied the  position analyzed(0.7 0.3 0], the electron hole exci-
with thermal neutrons. This signal can be determined withation involves parts of the Fermi surface which are fully,
little beam time. Performing the same scan at 1.6 and 0.8artially, or not gapped at all. In this sense the absence of any
meV requires considerably more time but still exhibits atemperature dependence in the magnetic excitation spectrum
well-defined signal which seems not to experience anys consistent with the presently most accepted shape of the
change in the superconducting stateTat0.35 K. The re- gap function. Further theoretical as well as experimental
sults of constan@ scans aQ=(0.7,0.3,0) are shown in the studies are required to clarify the possibility of a resonant
left part of Fig. 9. As there is no visible difference betweenfeature at other positions i), w) space.
the results obtained at 0.35 and 0.8Q46th in the SC staje
we have added the two scans bel®win the lower left part
of Fig. 9. Importantly and despite efforts to get rather high
statistics, there is no change visible in the energy spectra Using assemblies of several crystals ofBuO, we have
above and below the superconducting transition in the energgnalyzed the magnetic excitations by INS. The incommensu-
range of the superconducting gap. The spin susceptibility isate signal arising from the nesting between the one-
not modified appreciably across the superconducting transdimensional bands shows an asymmetry which is well ex-
tion; our data even do not show any opening of a gap. Onelained by the full RPA analysis as a contribution mainly
can describe the energy dependence presented in Fig. 9 wiftom the y band.
the single relaxor using the same fitted parameters as the The energy dependence of the incommensurate signal var-
low-temperature data in Fig.(&. However, the detailed ies with temperature and exhibits a general softening of the
shape of the spin susceptibilityFig. 9 does not exactly spectrum upon cooling. This behavior indicates thaR86,
match such a simple linear behavior but rather seems to ins approaching the corresponding SDW instability at low
dicate some anomaly near 2 meV which requires further extemperature even though this compound is not at a quantum
perimental work. critical composition. This interpretation is confirmed by the

IV. CONCLUSIONS
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fact that the generalized susceptibility exhibits som&  system towards ferromagnetism, but only for rather high Ca
scaling only above~30 K, i.e., in the temperature range concentration.
where also the transport properties indicate non-Fermi-liquid Upon cooling through the superconducting transition we
behavior. do not observe any change in the magnetic excitation spec-
The analysis of magnetic excitations besides the nestingra, which—combined with recent calculatiGhs-indicates
ones shows only minor contributions. There is some evithat the order parameter in SRuO, does not possess simple
dence for additional magnetic scattering closer to the zonp-wave symmetry. These experimental findings are still in
center but still not peaking at the zone center. This interpreagreement with g-wave order parameter modulated by hori-
tation gets support from the fact that similar scattering iszontal line nodes.
observed in nearly ferromagnetic CiSrosRuO, (Ref. 41
and from various RPA calculations which find excitations
mainly related to they band in thisq range.
The magnetic excitations in RuO, may be compared We would like to thank O. Friedt, H.Y. Kee, D. Morr, and
to the distinct types of magnetic order which have been inR. Werner for stimulating discussions and P. Boutrouille
duced by substitution. The dominant excitations reflect théLLB) and S. Pujol(ILL) for technical assistance. Work at
SDW reported to occur in $SRu; _,Ti,O, at small Ti con- Cologne University was supported by the Deutsche For-
centrations. The less strong excitations situated more closelschungsgemeinschaft through the Sonderforschungsbereich
to the zone center and most likely related to theband  608. Work at Kyoto was supported by a grant from CREST,
become enhanced through Ca substitution which drives thdapan Science and Technology Corporation.
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