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We show that single-crystalline sRu,O; grown by a floating-zone technique is an isotropic paramagnet
and a quasi-two-dimensional metal, as spin-triplet superconductiyiRuSy is. The ground state is a Fermi
liquid with very low residual resistivity£3 Q) cm for in-plane currenjsand a nearly ferromagnetic metal
with the largest Wilson ratidr,,=10 among paramagnets so far. This contrasts with the ferromagnetic order
at T.= 104 K reported on single crystals grown by a flux methGdoet al, Phys. Rev. B55, R672(1997)].
However, we have found a dramatic changeover from paramagnetism to ferromagnetism under applied pres-
sure. This suggests the existence of a substantial ferromagnetic instability in the Fermi-liquid state.

The discovery of superconductivity in the single-layeredGPa in order to confirm whether the FM instability is sus-
perovskite SfRuQ, (Ref. 1) has motivated the search for ceptible to pressure. The results suggest that there is a
new superconductors and anomalous metallic materialshangeover from paramagnetism to ferromagnetism, indicat-
in Ruddlesden-Popper (R-P) type ruthenates ing a strong FM instability. Essential features of magnetism
(Sr,Ca). 1RU,05,4 1. The recent determination of the spin- for FZ crystal$? as well as polycrystals are inconsistent with
triplet pairing in its superconducting state suggests that ferthe appearance of a FM orderind £ 104 K) at ambient
romagnetic (FM) correlations are quite important in pressure for single crystals grown by a flux mettfagsing
SrL,RuUQ,,? and the existence of enhanced spin fluctuationsSrCl, flux and Pt crucibles. We will argue that FZ crystals
has been suggested by nuclear magnetic resoriaiddR).>*  reflect the intrinsic behavior of $Ru,O,.

On the other hand, the recent report has shown that enhanced Details of the FZ crystal growth are explained
magnetic excitations arourgp= 0 is not detected but sizeable elsewheré? The crystal structure of the samples at room
excitations have been seen around fimtén SL,RUQ, by  temperature was characterized by powder x-ray diffraction.
inelastic neutron scatteringThis has stimulated debate on Electrical resistivityp(T) was measured by a standard four
the mechanism of the spin-triplet superconductivity, whichterminal dc-technique from 4.2 K to 300 K and by an ac
had been naively believed to have a close relation to FMmethod from 0.3 K to 5 K. Specific he&p(T) was mea-
(g=0) spin excitations. Hence, it is desirable to investigatesured by a relaxation method from 1.8 K to 35(®&uantum

its related compounds as described below. Design, PPM$ The temperature dependence of magnetic

The simple perovskite (three-dimensional metallic  susceptibilityy(T)=M/H from 2 K to 320 K wasneasured
SrRuQG, (n=<) has been well known to order ferromagneti- using a commercial superconducting quantum interference
cally below 160 K with a magnetic momert1=0.8 device (SQUID) magnetometefQuantum Design, MPMS-
~1.0ug/Ru.b’ FM perovskite oxides are relatively rare ex- 55). For magnetization measurements of FZ crystals at am-
cept for metallic manganites. For pure thin film SrRuO bient pressure, we performed sample rotation around the
analyses of quantum oscillations in the resistivity have giverhorizontal axis, normal to the scan direction, using the rota-
good evidence for the Fermi-liquid behavfor. tor in MPMS-5S. We could align the crystal axes exactly

The double layered perovskite ;Ru,0; (n=2) is re- parallel to a field direction within 0.2° using this technique.
garded as having an intermediate dimensionality between theor high pressures, we measured magnetization using a long-
systems withn=1 andn=c0.° Investigations on polycrys- type hydrostatic pressure microcélvith the SQUID mag-
talline SgRu,0; showed a magnetic-susceptibility maxi- netometer. Loaded pressures amuh K were determined
mum around 15 K with Curie-Weiss-like behavior above 100from the shift of superconducting transition temperature of
K and a metallic temperature dependence of the electricabn in the microcelln a 5 mTfield.
resistivity 1911 The R-P type structure oh=2 for FZ crystals of

In the study presented here, we have succeeded in grovrRUu,0O; was confirmed by the powder x-ray diffraction
ing single crystals of SRu,0; by a floating-zone(FZ)  patterns with crushed crystals, which indicated no impurity
method. Those single crystalEZ crystal$ do not contain peaks. Recently, the crystal structure of polycrystalline
any impurity phasege.g., SrRu@) which was observed in SiERW,O; has been refined by neutron powder
polycrystalsl! We report herein that the FZ crystal of diffraction®” Although they have concluded that the sym-
SRW,0; is a nearly FM paramagnétnhanced paramagiet metry of the structure is orthorhombic owing to the rotation
and a quasi-two-dimensional metal with a strongly correlate@f the RuQ@ octahedron about the axis by about 7°, we
Fermi-liquid state. In addition, we have performed magneti-deduced lattice parameters at room temperature by assuming
zation measurements under hydrostatic pressures up to ltdtragonal I4/mmm symmetry asa=3.8872(4) A, and
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crystals of SfRu,0, above 2 K.Cp/T is plotted againsT?.

0 50 100 150 200 250 300 behavior iny(T) has been observed in (Ca,dRuO, (Ref.
T (K) 24) and MnSi?® which are recognized as examples of a criti-
cal behavior by spin fluctuations. Similar critical behavior,
FIG. 1. The magnetic susceptibility of FZ crystals o§Bu,0;  originating especially from FM spin fluctuations, is also ex-
under 0.3 T field above 2 K. The inset shows the Iow-temperaturepected in SyRu,O;. Nevertheless, we cannot rule out the
magnetic susceptibility against temperatiire possibility of AFM correlations as observed in,BuQy,

c=20.732(3) A. These values are in good agreement wit caused by the nesting of its Fermi surfaces with the vector

— 5

those of polycrystals obtained by neutron diffractfotl and =(+0.6n/a,%0.6m/a,0). . .
x-ray diffraction’? As shown in F|g._2, the specific heat coefficient of the FZ

The temperature dependence of the magnetic susceptibfySta! of SERU,07 is y=110 mJ/(¥ Ru mo) somewhat
ity x(T)=M/H in a field of 0.3 T is shown in Fig. 1. No larger compared to other R-P type ruthenatpy
hysteresis is observed between zero-field coolZlgC) and =80 mMJ/(K Ru mo) for CaRu@, 30 mJ/(K Ru mo) for
field cooling(FC) sequences, so we conclude that there is n¢>rRUQ; (Ref. 7) and 38 mJ/(K Ru mo) for SpRuQ, (Refs.
ferromagnetic ordering. Little magnetic anisotropy is ob-18 and 26]. This suggests that §Ru,0; is a strongly cor-
served in contrast to large anisotropy {0?) of flux-grown  related metallic oxide. For polycrystallinesRu,0;, we ob-
crystals'® The nearly isotropic susceptibility of §Ru,0, is  tained the valuey=63 mJ/(K Ru mo) using an adiabatic
qualitatively similar to that of the enhanced Pauli- method!!
paramagnetic susceptibility in $u0,.*® For an applied The temperature dependence of the electrical resistivity
field of 0.3 T, there is no in-plane anisotropy of the suscepp(T) is shown in Fig. 3 above 0.3 K. Boih,,(T) andp.(T)
tibility for the whole temperature range (R<T=<300 K),  are metallic p/dT>0) in the whole region. The ratio of
within the precision of our equipmeiil %). pclpap is about 300 at 0.3 K and 40 at 300 K. This aniso-

The susceptibility for botf||ab andH||c exhibits Curie-  tropic resistivity is consistent with the quasi-two-
Weiss behavior above 200 K. We have fitted the observedimensional Fermi-surface sheets obtained from the band-
x(T) from 200 to 320 K withy(T) = xo+ xcw(T), Wherey,  structure calculations. With lowering temperature below
is the temperature independent term apgy(T)=C/(T 100 K, a remarkable decrease mf(T) is observed around
— 0y is the Curie-Weiss term. The effective Bohr magne-
ton numbers.; deduced fronC are pg=2.52 (2.99 and
®=—39 K (—45K) for H||ab(H|c). The negative values
of ®y normally indicate antiferromagnetidFM) correla-
tions in the case of localized-spin systems. However, we can-
not conclude that AFM correlations play an important role 150
solely by the negative®,, in an metallic system like
SKRW,0;.1°

Around T,,,,=16 K, x(T) shows a maximum for both
H|jab andH|lc. The maximum has been also observed in the
polycrystals. The results of temperature dependence of spe-
cific heat, NMR?® and elastic neutron scatteritig’ for
polycrystals indicate that there is no evidence for any long-
range order with definite moments. The FZ crystal shows
nearly isotropicy(T) for all crystal axes below ,,,. Hence, 0
the maximum cannot be accredited to the long-range AFM
order. Therefore, we conclude;8u,0; to be aparamagnet 0 %0 100 .,1.5(?() 200 250 300
Concerningx(T) under higher fields,T,a IS suppressed
down to temperatures belo5 K above 6 T5' Such a FIG. 3. The electrical resistivity of FZ crystals of ;Ru,0,
maximum in(T) and a field dependerit,, are often ob- above 0.3 K. Bothp,, and p. are shown. The inset shows the
served in a nearly ferromagnetienhanced paramagnetic low-temperature electrical resistivity against the square of tempera-
metal like TiBe (Ref. 22 or Pd?® In addition, a similar ture T2
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50 K. This is probably due to the suppression of the thermal 0.10 T T , ,
scattering with decreasing temperature between quasiparti- Sr.Ru.0O S '
cles and phonons as observed inF8I0,.?482Thus, be- 0.081 g 1 Hie T=2K
low 50 K, interlayer hopping propagations of the quasiparti- FC 0207 1.0 GPa T
cle overcome the thermal scattering with phonons. This —_ %0.15— .
hopping picture forp(T) is \_/vell_c0n5|ster_1t with the large G« 0.0617F ZFC = 0,10./ 4o°°° 4
value ofp(T) and nearly cylindrical Fermi surfaces. On the ;_m : 0.0F ooooy’ |
other handp,,(T) shows a change of the slope around 20 K. < 004 : ‘ °4°o°° 0.1 MPa
Such a change ip,,(T) has also been reported for,RuQ, = PR O 4 &
under hydrostatic pressure=@ GPa. That might be possi- . 1.1 GPa HH(T)
bly due to the enhancement of ferromagnetic spin 0.021 -
fluctuations?® R 0.1MPa , H=0.1T/lc

As shown in the inset of Fig. 3, the resistivity yields a —_ . eons
quadratic temperature dependence Wwel6 K for both 0'000 50 100 1;2).“""2:627"”&
pan(T) and p(T), characteristic of a Fermi liquid as ob- T (K)
served in S5RuQ,.'® We fitted pop(T) by the formula
pan(T)=po+AT? below 6 K and obtainegpo=2.8 uQ cm FIG. 4. The pressure dependence of magnetizaltidfT) for

and A=0.075 uQ) cm/K2. Since the susceptibility is quite H]lc. Obvious ferromagnetic ordering appears at about 70 K under
isotropic and temperature independent below 6 K, the groundl GPa pressure. The inset shows the field dependence of magneti-
state of S§Ru,0; is ascribable as a Fermi liquid. We now zationM(H) under 0.1 MPa and 1 GPa pressures.
can estimate the Kadowaki-Woods ratdy?. Assuming
that electronic specific heay=110 mJ/(K¥ Ru mo) is  ance that the data from FZ crystals reflect the intrinsic nature
mainly due to theab-plane component, we obtaiA/7? of SKERW,O; better than those from flux-grown crystals.
~A,,/ v?*=0.6x10"° O cm/(mJ/K¥ Rumolf? close to In order to acquire the information of the magnetic insta-
that observed in heavy fermion compounds. bility in the FZ crystal of S§Ru,O,, we have measured mag-
Regardingy(T) again, it is important to note that even at netization under hydrostatic pressure up to 1.1 GPa. The
temperatures much lower thah,., x(T) remains quite temperature dependence of magnetizatM(T) is shown
large. It appears that the ground state maintains a highljor several pressures under a 0.1 T field alongdfeis in
enhanced value of 15610 2 emu/Ru mol, comparable to Fig. 4. Around 1 GPa, substantial increase is recognized be-
that obtained for typical heavy fermion compounds. Considlow around 70 K with a clear FM component indicated by
ering that the observeg is dominated by the renormalized the difference between ZFC and FC sequences. Although the
quasiparticles, we can estimate the Wilson ra®g=7.3 remanent momentt& K (M~0.08ug/Ru) is much smaller
X 10*X y(emu/mol)A{ mJI/(K2 mol)] in the ground state. If than that expected foB=1 of RuU**, its susceptibility is
we regard the observed valuesTat 2 K as that aff=0 K, quite large(0.4 emu/Ru mol We infer that this transition is
we haveR,,=10(18) usingy for single crystalgpolycrys- & FM ordering of itinerant Rt spins. In Fig. 4, we also
tals). Despite the difference in the value between polycrys- show the field dependence of magnetizatid(H|c) at 2 K
tals and single crystal®,, is much greater than unity. This for P=0.1 MPa andP=1 GPa. An obvious ferromagnetic
large value implies that FM correlations are strongly en-component appears at lower fields fér=1 GPa. Even at
hanced in this compound, especially when compared wittigher fields, an increase in magnetization by pressure is also
the values of 12 for TiBeand 6 for P Therefore, the present as at lower fields. This feature endorses the drastic
ground state of 3Ru,O; is characterized by strongly corre- changeover from paramagnetism to ferromagnetism induced
lated Fermi-liquid behavior with enhanced FM spin fluctua-by applied pressure. This is an example of the pressure-
tions, i.e., SfRW,O, is a strongly correlated nearly FM induced changeover from Fermi liquid to ferromagnetism.
metal. For the purpose of understanding the observed behavior,
Concerning these FM correlations, it should be noted thatwe should begin with the Stoner theory. In the metallic state
using single crystals grown by a chlorine flux method with Ptwith correlated electrons, the ferromagnetic order is driven
crucibles®® Cao et al. have investigated remarkable mag- by the Stoner criteriotd «N(Eg)=1, whereU is an ef-
netic and transport properties of R-P ruthengtpsior to our ~ fective Coulomb repulsion energy. The systematics of
crystal growth. The ground state of;8u,0; was concluded bandwidthW and the density of stateN(Eg) in the R-P
to be an itineranferromagnetwith T,=104 K and an or- ruthenates is summarized by Maeepal 3 In this system,
dered momenM = 1.2ug/Ru. The flux-grown crystals were increasingn from 1 to« causes enhancement N{Eg) as
reported to have a residual resistivitg,&=3 mQ cm) 10° well asW. This is opposite to the single band picture, i.e.,
times greater than that of FZ crystalpoE3 uQ cm) for  increasingN(Eg) naively means decreasiig. In the case of
in-plane transport. In addition, FZ crystals rev@asquare R-P ruthenates, the anomalous variation might be due to the
dependent resistivities at low temperatures as already showmodifications of the degeneracy of threg orbitals for Ru-
which was not observed in flux-grown crystals. In general4d electrons. According to the summaty ferromagnetic
the FZ method with great care can be impurity-free crystaSrRuQ; is characterized by the higheS{Eg) andW among
growth, while the flux method tends to contaminate crystalshem, satisfying the Stoner criterion. This implies that the
due to impurity elements from both the flux and the crucible.enlargement oN(Eg) andW reflects stronger three dimen-
This might be a main reason why the resistivity is muchsionality in the R-P ruthenates. Hence, applying pressure
higher for flux-grown crystals. Thus, we suppose with assurprobably makes SRw,O; closer to SrRu@, leading to FM
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order. For further investigations, it is required that structuralinduced changeover from Fermi liquid to ferromagnetism.
study, resistivity, and specific heat under pressures will b&his ferromagnetic ordering may guarantee the existence of
performed. the ferromagnetic spin fluctuations ins8u,0;.

In conclusion, by using the floating-zone method we have ) )
succeeded in growing single crystals ofBu,0, with very _The authors are very gratef_ul to A. P Mackenz_le for his
low residual resistivity in comparison with that of flux- fruitful adV|ce_ and cr|t|cal__read|ng of this manu_scrlpt. They
grown crystals reported previously. The results of magnetithank T. Ishiguro, T. Fuijita, and K. Matsushige for their
zation, resistivity, and specific heat measurements suggeBelpful support. They thank S. R. Julian, G. G. Lonzarich, G.
that SERu,0; is a strongly correlated Fermi liquid with a Mori, D. M. Forsythe, R. S. Perry, K. Yamada, Y. Taka-
nearly ferromagnetic ground state, consistent with the obsehashi, and M. Sigrist for their useful discussions and techni-
vation of ferromagnetic ordering below 70 K under appliedcal support. They also thank N. Shirakawa for his careful
pressure P~1 GPa. This is an example of a pressure- reading of this manuscript.
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