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Observation of two-dimensional spin fluctuations in the bilayer ruthenate SgRu,0O,
by inelastic neutron scattering
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We report an observation of two-dimensional incommensurate magnetic fluctuations in the layered metallic
perovskite SfRu,O;. The wave vectors where the magnetic fluctuations are strongest are different from those
observed in the superconducting single layer ruthengtRu£d, and appear to be determined by Fermi surface
nesting. No antiferromagnetic ordering is observed for temperatures down to 1.5 K. For tempeFatures
=20 K, the fluctuations become predominately ferromagnetic. Our inelastic neutron scattering measurements
provide concrete evidence of the coexistence of competing interactiongRu,8r, and of the low-energy
scale of the fluctuations.
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The nature of magnetic correlations in layered oxide peraround thec axis, by ~7°. This changes the unit cell from
ovskites such as cuprates, manganites, and ruthenates iSb@J‘dy-centered tetragonal to ¥2X /2 larger face-centered
the heart of theoretical and experimental challenges in corge|l which is orthorhombic but haa and b equal within
temporary solid state physics. In recent years, the discoveryxperimental errof® The rotation is expected to reduce the
of unconventional superconductivity in the single-layer rUth'in-pIane Ru-Ru hopping, and hence increase the density of
enate SRUG, (Ref. 1) has generated great interest in this states at the Fermi levéf,which may enhance the magnetic
and related ruthenates. The observation of low energy incomyctuations.
mensurate two-dimensional2D) spin fluctuations in Single crystals of SRu,0; were grown in a mirror fur-
SrzRUO4 (Refs. 2—4 has raised the question of the relevancenace, and were checked for homogeneity and punty by mag-
of spin fluctuations tg-wave pairing in this material. The netic, resistive, and crystallographic measurements. All crys-
closest relative of SRuQ,, the bilayer S§Ru,0;, is a para-  tals used in this study showed the characteristic peak in
magnet where ferromagnetic and antiferromagnetic 00”3|3susceptibility atT~ 17 K and no ferromagnetism. For the
tions may be in competition, and ferromagnetism can be ininelastic neutron scattering experiments, three crystals were
duced by pressure or impuritiés:® At low temperatures, mounted so that their axes coincided to form a mosaic
high-quality single crystals of §Ru,O; exhibit Fermi liquid  sample with total mass 0.9 g. This was mounted in a cryostat
behavior, such as &2 temperature dependence of the on the cold neutron three-axis spectrometer IN14 at the ILL.
resistivit’* and a linear electronic heat capacity with  For simplicity, we describe our results using the tetragonal
=110 mJ/(K¥ mol Ru)® However, a moderate magnetic cell of the compound, which has tlzeandb lattice param-
field (5.5—7.7 T, depending on field directipinduces a eters equal to the in-plane Ru-O-Ru distance 3.87 A. @he
metamagnetic transition, which is accompanied by a strikingaxis is perpendicular to the Ry@lanes and has the magni-
deviation from Fermi liquid behavidr'? SpRu,0; appears tude 20.7 A, which is twice the spacing of the Ruidlayers,
to be a strong candidate to exhibit a metamagnetic quantunieflecting the body-centred stacking of bilay&t&Jsing this
critical end-point, driven by the magnetic field and charac-unit cell, the main nuclear Bragg peaks of the 3D structure
terized by the absence of spontaneous symmetry bredking.occur at pointsf,k,|) in reciprocal space with integés, k,

In this paper we report observations in zero field of low-andl and (h+k+1) even. The less intense ones, arising from
energy spin fluctuations in §Ru,O; as measured by inelas- the rotations of the octahedra, occur at some of the points
tic neutron scattering. whereh andk are half-integral andl is an integer.

With respect to the conducting and magnetic properties of We performed extensive measurements withk(0) as
SrRW,0;, the fundamental building blocks of its crystal the scattering plane and further measurements in hk@|
structure are the Rufbilayers joined by an SrO layer. These plane. Unlike SfRuQ,, magnetic fluctuations at our base
slabs are separated along the crystdirection by two rock temperature of 1.5 K weraot observed to peak along the
salt-type layers of SrO which decouple the slabs electroni¢h,h,0) direction from a reciprocal lattice point; instead they
cally and magnetically. In contrast to the single layer com-were detected alonch(0,0). Figure 1 shows representative
pound SyRuQy,, the RuQ octahedra in SRu,0; are rotated  scans along major symmetry directions at a constant energy
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FIG. 2. | dependence of inelastic scattering at 2 meV &and
t =0.75, showing the effects of the bilayers. The solid line is the fit
[ (¢) 0oy ] described in the text, plus a constant background. These measure-
(o 0)' ments were performed at a constant incident energy of 14.67 meV,
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~hin(l-h.h, Q) vectors of the SRu,0;, Fermi surface. This is not yet
known experimentally, although it has been calculdfes.
The coupling between the two halves of a bilayer splits each
of the three sheets observed in,Bu0O,. This, and the rota-
tion of the octahedra cause hybridization between the bands.
It appears from the calculation$, that compared with
Wiz @ ¢ L34 : SrL,RuG,, much of the nesting at the Fermi level is removed,
® kin (0.75, k, 0) .
' i ' ' except between parts of the sheetgRu d,, andd,, orbit-
-04 -02 0 0.2 04 . Y
als). The calculated sheets have nesting vectors along the
FIG. 1. Inelastic neutron scattering at 1.5 K: intensity versus(tetragonal {1,0,0; directions with values which are compa-
wavevector along lines in then(k,0) plane, at a constant energy rable with(although not equal jahose we observe. It seems
transfer of 2 meV. Solid lines are a sum of Gaussians as a guide tteasonable to conclude that the differences of our results
the eye. The fwhn@ resolution, calculated for the relaxed collima- from those on single-layer §RuQ, (Refs. 3,4 arise from
tion of our setup, is comparable to the width of the symbols. Thethe effects of bilayers and octahedral rotation on the Fermi
inset to(d) indicates schematically th@ positions where peaks are surface in our system.
observed. All measurements in this Letter, except those in Fig. 2, Measurements as a functionlodillow us to determine the
were taken withgvarying incident energy and constant final energy,ndamental fluctuating unit in $RW,O, in this energy
of 4.97 meV, using PG002) monochromator and analyser and & range. Figure 2 shows the variation alasfgof the intensity
cooled perylllum filter before the analyser to remove higher orderof the signal atgs;. The experimental data are well repre-
contamination. sented byl = f (Q)“cog(2mlz/c), wheref(Q) is the Ru form
factor and 2=0.194& is the distance between the RuO
transfer(from neutrons to the samplef 2 meV. Figure 18)  planes in a bilayer. This function corresponds to the two
shows a double set of peaks along tle((0) direction at halves of a bilayer fluctuatinin phasewith each other, but
the positionsQ~(1+0.25,0,0) and (1*+0.09,0,0). The in- with no correlation between bilayers, so that the fluctuations
trinsic nature of such peaks was demonstrated by the obsease effectively two dimensional. A similar argum&ntvas
vation of a signal of similar intensity around the symmetry-used to demonstrate 2D fluctuations in YBCO, but with the
related(0,1,0 point and the presence of four peaks in thetwo halves of the bilayer imntiphase We point out an im-
“perpendicular” scan through(1,0,0 shown in Fig. 1b).  portant consequence of our results: since (1,850 recip-
The variation of intensity within each set of peaks is quanti-rocal lattice point of a Ru@® bilayer, the values of the
tatively consistent with the rapid falloff of the Ru magnetic vectors of excitations should be measured from this point,
form factor with the magnitude d®,*® providing strong evi-  rather thar(0,0,0 or (1,0,1), which are the closest reciprocal
dence for the magnetic nature of the excitations. Furtherkattice points of the 3D crystal structure.
more, as shown later, the intensity does not increase with We now consider the energy dependence of these excita-
temperature as would be expected if the scattering were du@ns. Figure 3 shows four representati@escans with en-
to lattice vibrations. The extent of the magnetic fluctuationsergy transfers of 1, 2, 3, and 4 meV &t 1.5 K. The peaks
in the (h,k,0) plane of reciprocal space was established byappear to disperse slightly, and merge at higher energies. We
the scans shown in Figs(d and Xd). These show that the have also performed@ scan over this region at zero energy
excitations give a broad peak centred on the0(0) axis. transfer, which showed no evidence for static magnetic or-
The results are summarized in the inset: the excitation interdering neaig, or g.. This result is in agreement with those
sity peaks at two incommensurate wave vectors of the fornof Refs. 18,19. We conclude that at finite temperature only
gs~{0.25,0,0 andq.~{0.09,0,0, distributed symmetrically finite frequency, short-range magnetic correlations exist.
about(1,0,0. It is natural to assume that these arise from Figure 4 shows the energy dependence of the sigregl.at
peaks in the wave vector—dependent susceptibility at nestinfo obtain a measure of the characteristic energy of these
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FIG. 5. Q dependence of scattering alorig,@,0) for an energy
transfer of 3.1 meV at three different temperatures, 1.5, 15, and 150

06 0.8 . 1 1.2 1.4 K. The peak neah=0.6 is believed to be spurious scattering.
hin (h, 0, 0)

60

. We also note that the susceptibility is large, translating to
FIG. 3. Energy andQ dependence of scattering at 1.5 K. ScansX,(Qg) of 1.6X10°2 emu/mol Ru. This indicates that

along (1,0,0) with energy transfers of 1, 2, 3, and 4 mev. We ;RW,O; is much closer to magnetic order than its sister
believe that the sharp features at the ends of the scan at 4 meV a %Smgéu;ld 9

due to optic phonons excited by second order contamination of thé&
incoming beam.

3 r
251 4 ,
excitations, we have fitted the response to a simple Lorentz- . 2} | g MH (10" emu/Rumole)
ian model for the susceptibility” (Q,w) = x'(Q) X wI'(Q)/ = 1'? " i
[T2(Q) + w?]. From the fit we obtain a value for the energy 05l i
width AI'=2.3+0.3 meV. This is much less than 9 meV 0 ; } } } ' '
obtained by similar methods in the single layer compound ~ 200} | ¢ ¥"(Q.0) at Q=(0.95, 0, 0) 1
SrL,Ru0,.® The presence of dispersion on an energy scale g 150 b
much smaller tharr and the small energy scale of the fluc- = 100 'Y .
tuations indicates the strong renormalising effects of electron =50
correlations in our compound. A rough estinfatbased on 0
our data indicates that the very large observed specificheat —~ 200
. . 3
may be understood in terms of the spin degrees of freedom. S 150
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FIG. 6. Temperature-dependence of magnetic response from
FIG. 4. Energy dependence of magnetic scatteringQat macroscopic and microscopic measureméatStatic susceptibility
=(0.75,0,0), minus backgrounds taken(&#8,0,0. The line rep-  from Ref. 6.(b) Susceptibility, x"(Q,w) (units: u3/eV/Ru) from
resents a Lorentzian as described in the text. The ordinate has beesautron scattering aQ=(0.95,0,0) and an energy transfer of 2
corrected by the Bose factpn(w) + 1] and the Ru form factor and meV, minus a background &0.55,0,0. (c) As for (b) at Qs

converted to absolute unifsvith an accuracy~20%) by normal- =(0.75,0,0). (d) Fractional magnetoresistande(2T)—p(0)]/
ization to the intensity of a transverse acoustic phonon, measured a{0) measured with current parallel to the magnetic field in the
3.1 meV around1,1,0 at 100 K. basal plandgRefs. 8,2]. The lines serve as guides to the eye.
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We have also followed the fluctuations as a function oflt is not clear what causes this dramatic change in magnetic
temperature at an energy transfer of 3.1 meV aro@d correlations, but it may be related to a losschaxis elec-
=(0.75,0,0) (Fig. 5. At base temperature, the two peaks tronic coherence, which reveals itself as a steep rise in the
associated with the incommensurate spin fluctuations are-axis resistivity in this temperature regibit is of interest
well defined and intense. However, as the temperature is irthat in the compound Ga,Sr,Ru0,,%??% doping with Sr
creased, the intensity of the incommensurate peaks falls offirives the system from an insulating antiferromagnetic state,
and is replaced by a broad peak of similar intensity aroundnrough a phase with a ferromagnetic instability to a metallic

the 2D reciproca_ll lattice poirtl,0,0. This position is nota  gyperconducting one. In contrast, iB6,0, the competing
Bragg peak of either the tetragonal or the orthorhombic cellineractions coexist in the same high-quality stoichiometric

so does not give rise to a low-energy acoustic phonon. Hencg, ;e |n manganite materials the nature of the magnetic

g:;?ﬁﬁ;;%,Oh?eleslsm?esrtnltlakrilsy grorgggtﬂ?tlir?ng?.rg? Qﬁs\ée fluctuations can also change with temperafiréowever,
' Y u IS sI9 the cause in this case is a structural/magnetic transition.

arises from fluctuations of a bilayer unit. Our findings point . .
. ; In conclusion, we have observed strong 2D spin fluctua-
to a crossover in the nature of the low-energy magnetic cor-,

relations in this material. At high temperatures, 2D ferromag-t'ons of the bilayers in %Ru207 N z€ro f|¢|d. At high tem- .
netic fluctuations dominate the correlations: as the tempera_peratures these fluctuations are predominantly ferromagnetic
ture is lowered, instead of converging to a long-livedn nature, and cross over to incommensurate ones at low
ferromagnetic state, the system is sidetracked to a differefgmperatures, with wavevectors close to those expected for
behavior with antiferromagnetic finite frequency 2D excita-nesting vectors of the Fermi surface. The characteristic en-
tions. ergy of these fluctuations is sm&lompared with the sister

In Fig. 6, we show that the change with temperature in the&ompound SiRuQ,), and their ambivalent nature suggests
nature of magnetic fluctuations is reflected in macroscopi¢hat they are implicated in and related to the metamagnetic
properties. At a temperature 20 K, there is a peak in the transition observed at low temperatures. We note that a
magnetic susceptibilitya), and also in the susceptibility strong temperature dependence of the electronic properties
close to a ferromagnetic position measured by neutron scagnd magnetic excitations is also observed in high-
tering (b). The antiferromagnetic fluctuatior(s) fall away superconductofs and heavy fermion system&Thus the be-
rapidly with increasing temperature and this is reflected irhavior of SERu,O; may ultimately be related to its proxim-
the change in sign of the longitudinal magnetoresistadcé ity to a quantum critical point?
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