VOLUME 76, NUMBER 20 PHYSICAL REVIEW LETTERS 13 My 1996

Quantum Oscillations in the Layered Perovskite Superconductor SsRuO4
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We report a comprehensive study of magneto-oscillatory phenomena in the normal stafeusd.Sr
the first layered perovskite superconductd@. = 1 K) not based on copper. The form of the
quasiparticle spectrum observed may be interpreted in terms of an almost two-dimensional Fermi liquid
model which is consistent with Luttinger's theorem and successfully predicts bulk thermodynamic and
transport properties at low temperatures. A study of the spectra and transport alernaxtberovides
insights into the different normal state and superconducting behavior &ufy and the cuprates.
[S0031-9007(96)00174-3]

PACS numbers: 71.18.+y, 71.27.+a, 74.25.Jb

A decade of intensive research on the cuprate supefinite conductivity is achieved only upon doping. For a
conductors and related systems has raised fundamentrresponding description of $RuQ,, it is convenient
challenges to our understanding of the metallic state. Ao begin with the isostructural and isoelectronic relative
surprising development is the realization that not onlySr,FeO, in which the four valence electrons that in
the superconducting but also the normal phases can eg- starting model occupy threé(xy, xz,yz)-p, orbitals
hibit properties which are difficult to reconcile with the undergo a Mott transition to an insulator with a high
standard (Fermi liquid) description. A number of mecha-spin. Finite conductivity might be achieved by the
nisms for the breakdown of at least some of the predicapplication of pressure which leads to the broadening
tions of the usual Fermi liquid model have been proposedf the d bands [4], or as in the present case via the
but their applicability to the cuprates remains controverfeplacement of Fe by Ru for which thé orbitals are
sial. Some of the proposals stress the unique chemistry ofiore extended. Stoichiometric JRuO,, which may
the planar Cu-O bond [1] while a common theme in manythus be viewed a conductor not far removed from a
of the others is the importance of reduced dimensionalMott insulating state, shares with the cuprates a strong
ity. The latter favors long range effective interactions be-anisotropy in the resistivityd./p., > 500 atlowT) and
tween the quasiparticles which can lead to an instabilithence provides us with an example in which the role of
of the standard Fermi liquid state or at least to temperfeduced dimensionality in a system of highly correlated
ature (T') dependences of physical properties at variancelectrons may be investigated without the complicating
with those normally associated with this state. Perhap&eatures of disorder found in randomly doped materials.
the most novel of these proposals is that of Anderson [2] The high purity of the samples which have been pro-
in which a singular quasiparticle pseudopotential arisesluced and its low upper critical field make,BuO, well
quite generally in a two-dimensional system at not toosuited for a first comprehensive investigation of quasi-
low a density due to the reduced phase space available fparticle excitations in the normal state of a layered per-
recoil in collisions, an effect which in higher dimensions ovskite conductor by means of quantum oscillations of
tends to stabilize the normal Fermi liquid. the resistivity (the Shubnikov—de Haas effect) or of the

Experimental constraints on these models come nanhagnetization (the de Haas—van Alphen effect) as a func-
only from studies of the cuprates, but also of other relatedion of magnetic fieldB. These oscillatory phenomena
layered perovskites which share with them a quasi-twoarise from the quantization of cyclotron motion of charge
dimensional structure, but differ in other details. Of par-carriers in planes normal tB and can provide us with
ticular interest is the recently discovered superconductoa detailed description of the Fermi surface together with
Sr,RuO, [3] which has a similar crystal structure to the the cyclotron masses of carriers on the individual Fermi
parent compound, L&uO,, of one of the best studied surface sheets. The oscillations are periodit/i8 with a
families of the cuprate superconductors,Lgsr,CuOy,  frequencyF which yields the ared of an extremal Fermi
but has four valence electrons (for R\ instead of one surface cross section normalBovia the Onsager relation
hole per formula unit. A = 2qeF /h. For our discussion it will be useful to de-

In stoichiometric LaCuQ, the holes in a starting half fine anaverageFermi wave vector agr = /A/7. The
filled d(x*> — y?)-p, band undergo a transition to a Mott amplitude is expected to be exponentially damped with
insulating state with spinl/2 per formula unit, and increasing values of = 272%kzT/hw. andr./I, where
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w. = eB/m is the cyclotron frequency;,. = hkr/eB is

an average cyclotron radius, ahd the carrier mean free

path on the Fermi surface sheet concerned. The predic-

tion of Fermi liquid theory for the form of this attenuation

factor, namely, ex-7r./1)X/ sinhX, has been found to

be in accord with experiments in a wide range of corre-

lated electron systems studied thus far in which the value

of m can be enhanced by 1 to 2 orders of magnitude over

that predicted by standard band theory. v
Investigations in these layered perovskites have been

hampered by strong attenuation of the amplitude due to NWJ

scattering (i.e., small) in the randomly doped systems, 0 5 10 15 20

and in the intrinsically doped materials (e.g., YBa;0- Frequency (kT)

or YBa,Cu,0q) t.)y the high critical magnetic fields ,WhICh FIG. 2. Fourier transform of the data of Fig. 1 revealing three
prevent accessing the normal (nonsuperconducting) stafgndamental components, 8, andy, plus a harmoniQa. A

at low 7' except with impulsive field methods based onsplitting expected from slight modulations of the Fermi surface
explosive flux concentration techniques, the developmergheets along the axis is clearly resolved fo3 and may be

of which is currently the subject of active research [5]. ?faerr]ré?dlz‘;o%?ﬂ‘:? (?atbaefz‘)tﬁg?té?ﬁ” Z?]eﬂ inéf%%lfr‘]"(’je%);vﬁiihwee”

SrRUO, Is the only layered perovskite system knqu is detected'only in the narrov?// field prar@Jlnge 17-18 T. Inset:
to us which does not suffer from these technical limi-temperature variation of the amplitude of tie component
tations. Conducting samples may be produced withougsymbols) and that predicted by Fermi liquid theory (solid line)
random doping and hence with low residual resistivitiesn which the only free parameter is (see text). Values ofz
(par = 1 nQ cm for our samples grown via the floating oPtained are shown in Table I.
zone technique [3,6]) and the low upper critical field
(below 0.05 T withB along thec axis) enables us to largely al/cog#) dependence, confirming that the three
access the normal state at very I@wwith a low noise branches correspond to three essentially cylindrical sheets
superconducting magnet system. We have measeygd of the Fermi surface. However, beats in the spectrum and
and the field derivativé>M /9B? of the magnetization  the detailed orientation dependence of all three branches
as a function of temperature and magnetic fiBldetween reveal tiny modulations in the cross sectional areas of the
20 mK and 1.2 K and up to 18 T. Shown in Fig. 1 arecylinders along the axis that can provide us with insights
typical results for the weak oscillatory components ofinto the out of plane properties.
a2>M /oB? in the range near 18 T at 20 mK. The Fourier It is interesting that the highest frequency detedted
transform ofg>M /9 B? as a function ofl /B, presented in is much larger than any observed thus far in other two-
Fig. 2, reveals the existence of three fundamental pealkdimensional metals. Since the amplitude is damped ex-
labeled «, B (a splitting of which is clearly resolved), ponentially with increasing frequency, components such
and vy, together with a harmoniQa. Measurements aspg andy in Sr,RuO, are normally very weak and ex-
of the variation of the frequencies as a function of thetremely difficult to detect in metallurgically complex sys-
angle ¢ betweenB and thec axis of the crystal find tems in which/ tends to be small (i.e., typically below
10% A). We also note that the three components 3,
and y are observed not only ia?M/aB?, but also, al-
beit with weaker signal to noise, ip,, (8 and vy, in
T T . 1 particular, are the highest frequency components thus far
‘ - detected via theesistivityin any metal).

Existence of magneto-oscillatory phenomena, in itself,
is not sufficient to provide unequivocal support for
- | . the validity of a Fermi liquid description. Quantum
N ‘ . oscillations are also expected to survive in a non-Fermi-
I 1 I 1 liquid state if, e.g., the field is high enough that charge
- 17 17.2 17.4 176 17.8 18 carriers, though not necessarily in stationary states, have a

finite probability of completing a cyclotron orbit without
decay. A more searching test of the applicability of
: . : ' ‘ Fermi liquid theory results from examining the detailed
15 15:5 16 16.5 17 175 18 dependence of the spectrum of the oscillationg"and B
Magnetic Field (Tesla) and by comparing parameters obtained from the spectrum

FIG. 1. de Haas—van Alphen oscillations &M /0B* de- and properties inferred by other techniques.

tected with the field modulation technique in the dc field range We begin with an examination of the temperature
15-18 T at 20 mK. dependence of the amplitude which, as shown in the
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inset of Fig. 2, does indeed follow closely the form ambiguity. A 72 variation of the resistivity, in particu-
given above for a Fermi liquid with well defined (i.e., lar, may arise even when the quasiparticle relaxation rate
T and B independent) cyclotron mass. Comparisonshas a highly anomalous energy and temperature depen-
with predictions of standard band calculations (Fig. 3)dence over most or all parts of the Fermi surface [2,13].
show, however, thatn is enhanced in all cases by Taken together, however, the thermodynamic, transport,
a factor of 3—4, indicating that electron correlationsand Fermi surface properties would seem to suggest that a
are important [7]. The simplicity of the Fermi surface Fermi liquid description of some sort provides a consistent
allows us to make further key tests of the internalaccount of SsRuQ, in the temperature and field ranges of
consistency of the Fermi liquid description. From thethe experiments described thus far. Quantum oscillatory
measured cyclotron masses (Table I) we deduce, in studies of the highly anisotropic organic BEDT and ET
two-dimensional model for the Fermi surface, a linearsalts have also been interpreted in terms of a Fermi liquid
coefficient of the heat capacityr(V4kzam/3h2, where  model [14], but an important difference betweenF8rO,
a is the lattice parameter of 3.86 A ang, is Avogadro’s  and the organics is that the carrier concentrations in the
number) of 5.0, 9.7, and 17.6 in units of AKP mol  organics are much smaller.
for @, B, and vy, respectively, and hence a total 32, This apparent simplicity is remarkable for highly cor-
in broad agreement with the range of values (30—40Jelated electrons not far removed from a Mott insulating
inferred from bulk heat capacity data on metallic samplestate and confined primarily in two dimensions. It is pos-
[5,8]. Also, if, guided by band theory ([9] and Fig. 3), sible that an anomalous conducting state may be induced
we associater with holesand 8 and y with electrons in Sr,RuQ, by “tuning” closer to the cross over between
having fractional volumes?a2 /44 in the Brillouin zone  the conducting and insulating states (provided the transi-
of 0.108, 0.457, and 0.667, respectively, the observetion is not too strongly first order) or by generating more
Fermi surface sheets correspond to four electrons in thstrictly two-dimensional conduction. In fact, an examina-
Brillouin zone to an accuracy of 1% [10]. This is in tion of transport in the third direction reveals an intriguing
keeping with the prediction of Luttinger’'s theorem that thedifference between SRuO, and the cuprates.
Fermi volume is conserved even in the presence of strong A plausible self-consistent criterion for a three-
electron interactions. The magnetic field dependencdimensional band description leading to an anisotropic
of the amplitude yields Dingle temperaturé%p) or  Fermi liquid is that the conventional mean free path along
mean free paths similar to those deduced from transpothe ¢ axis, . = v.7., wherev, is the rms group veloc-
measurements, although the presence of long-period beatg along thec direction on the Fermi surface and is
in the spectrum complicates the analysis [11]. the relaxation time, is greater than the interlayer spac-
Other properties consistent with a conventional deing. To estimatel. we consider an energy dispersion
scription include thel'?> dependence of botp,, andp.  for each band near the Fermi level of the elementary
observed below approximately 25 K [6], and the BCS-form &g, = h%kzSkr/m — 2t codk.jc/2), where t,
Gorkov form of the temperature variation of the upperk., and ¢ represent, respectively, a hopping matrix ele-
critical field H., [12]. We stress, however, that bulk ment, the wave vector, and the body centered tetragonal
properties may not identify a Fermi liquid state without lattice parameter (12.7 A) along theaxis, and; is an
integer which may be set to 2 for a minimal descrip-
tion of La,CuO,. In general,j =1 and 2 terms can
be important for electron surfaces such @sand vy in
Sr,RuQ,, but in the following we retain thg = 2 ap-
proximation for simplicity. Then: is defined by the
splittings in the branches via = h’kpAkp/4m, and
hence all of the parameters enterifig; (i.e., kr, m, and
t) may be inferred from our Fermi surface data (Table 1)
[15]. An elementary analysis now yields = /2 rc/h,
and conductivitieso,, = e?v(kzr/m)/mc and o. =
4e’cv{t’mr.)/wh*, where() denotes an average over
v bands.

) . . ~In the following we setr. = 7, which is physically
FIG. 3. Observed frequencies as a function of the orientatioRa55onable sincey = fikp/m = v,. Taking v = I,
of B are consistent with a Fermi surface (FS) composed of two th find 1. = 1 d1=hk -
large electron cylindersd and y) centered on thé' Z line and we_then 2'” c \/Pab_/zpcv and ¢ = _FT/m -
one narrow hole cylindefa) running along the corners of the /iv/mc/n /e*pay, wheren is the carrier density. From
body centered tetragonal Brillouin zone, as expected from banknown values ofp.;, p., andn for the cuprates (among
theory. A number of calculations based on the local densityyhich examples may be found whepe vs T has either
approximation (LDA) for the lattice potential all lead to similar positive or negative slopes at of) I, is in all cases less

models of the FS [9]. This shows a typical result for the . ;
three FS sheets. Values of the calculated FS parameters afd@n the interlayer spacing:/2), and hencethe above

compared with experiment in Table . consistency condition is violated.
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TABLE I. Measured and calculated Fermi surface parameterslescription, the applicability of which may be linked with
for Sr,RuO,. The uncertainties in the measured frequenciescoherent interplane transport at low temperatures.

and cyclotron masses are 1% and 5%, respectively. We thank D.G. Clarke, P.Coleman, J.R. Cooper,
a B ¥ N. E. Hussey, T. Oguchi, J. M. Wheatley, and K. Yoshida

FrequencyF” (KT) 305 127 185 for mformatlvg dlsc_ussmns and H. Fujii for the use qf

A ~1 the furnace in which the crystals were grown. This

verageky (A7) 0.302 0.621 0.750 !

Akp/kp (%) 021 1.3 <09 research is funded by the EPSRC of the U.K. and one of

Cyclotron masgm,) 3.4 6.6 12.0 us (A.P.M.) acknowledges support by the Royal Society.

Band calc.F (kT) 3.4 134 17.6

Band calc. Ak /kr (%) 13 11 0.34  [1] C.M. Varma, Phys. Rev. Let5, 898 (1995).

Band massm,) 11 2.0 2.9 [2] P.W. Anderson, Phys. Rev. Le@5, 2306 (1990).

[3] Y. Maenoet al., Nature (London)372 532 (1994).

For SrRuQ,, in which v = 3, a check on this con- [4] For example, P. Adlert al., Phys. Rev. B50, 11396
sistency condition may be made for each band individu- ~ (1994), and references therein. We use the term “Mott”
ally with the aid of our Fermi surface data. From the insulator in a general sense in which we do not make a
above analysis, we may rewrite = chkF/2\/§. At low distinction between this and a “charge transfer” insulator.
T, in the impurity scattering limit, it is a good approxi- [°) Discussions may be found in J.L. Smitet al.,
mation to takel to be independent of band and, for our J. Superconductivity?, 271 (1994); for other references

. o . ’ see A.l. Bykovet al., JETP Lett.61, 107 (1995).
sample withp,, ~ 1 wQ cm, it is approximately equal

. . [6] Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki,
to 10° A. Using values ofAkr from Table | we findl M. Nohara, T. Fujita, J. G. Bednorz, F. Lichtenberg, A.P.

to be of order 3 A, 36 A, anc=30 A for «, 8, andy, Mackenzie, and N. E. Hussey (to be published).
respectively. In this same model we obtain a high value [7] The Lifshitz-Kosevich formula which we use to produce
of =600 for p./pas (given by4(kr)/c*(krAkE)), which the fit shown in the inset of Fig. 2 is not expected to
is consistent with low temperature resistivity data [3,6]. be valid in the very high field limit, where the Landau

These results show that in contrast to the cupratesjs level separation becomes large compared with the overall
transport in SsRuQ, is dominated at low” by sheets g broadening of the levels. Estimates based on our data
andy) for which I, >> ¢/2 (=6.3 A). This condition is suggest that we are well below this limit.

i ofi ; ; ; [8] S.A. Carteret al., Phys. Rev. B61, 17184 (1995).
not satisfied for thex sheet which, although it plays little [9] T. Oguchi, Phys. Rev. Eb1. 1385 (1995): D.J. Singh.

role in transport, may nevertheless deserve closer study. Phys. Rev. B52, 1358 (1995); G.J. McMullan and M. P

Inte_restlngly.,lc be_co_mes of order/2 when p,, and p. Ray have performed calculations based on linear muffin
begin to deviate significantly fromz form above~25 K tin and full potentials with and without consideration of
[6]. At still higher T (>100 K) p., is approximately spin-orbit effects (unpublished).

linear andp, falls with increasingT, a behavior analo- [10] Also important is that given their volumes, the conclusion
gous to that observed in the cuprates. In most cuprates, B and y are electron pockets is the only one that
detailed lowT normal state measurements have not been is consistent with the observation of a negative low
performed due to the very high upper critical fields. An temperature Hall coefficient by N. Shirakawet al.
exception (and in many ways the cuprate that is most J- Phys. Soc. Jpré4, 1072 (1995); A.P. Mackenziet
similar to SpRUO,) is TI,Ba,CuQs:s, which has al., (unpublished). .

H.,(0) < 20 T. The criterionl, > ¢/2 is never satisfied, [11] g#c; ge}ftfoisot'm;te;ngff?é ;”p"e;sespp[g)g?itejy Dzi'vér’r'
however, and in sharp contra;t to the observatlon_s on Ph.D. thesis, University of Cambridge (unpublished). The
Sr,RuO, p.(T) has a strong linear component which

. values ofm/m, are given in Table 1.]
survives to low? (<1 K), and a very unusual non-BCS [12] k. Yoshidaet al. (unpublished).

form of H,(T) [16]. _ ~ [13] R. Hlubina and T. M. Rice, Phys. Rev.®, 9253 (1995).
It is striking that both in TiB&CuOs+s and in  [14] For example, J. Wosnitza, Int. J. Mod. Phys. B
Sr,RuQ;, at elevated temperatures a number of anomalous 2707 (1993); K. Oshimaet al., Phys. Rev. B 38,

properties appear to be correlated with/arsmaller than 938 (1988); J. Caulfieldet al., Synth. Met. 61, 63
the interlayer spacing. In SRuQ,, it is possible that (1993); N. Toyota, in Proceedings of Physical Phe-
the crossover from “coherent” to “incoherent-axis nomena at High Magnetic Fields Il (to be published);

J. S. Brookset al., Synth. Met.56, 1791 (1993), and ref-
erences contained in all these articles.

In conclusion, we have reported the observation 01{15] An improved model with;j =1 and 2 leads to a
’ p splitting of the frequency branches into triplets. In

quantum oscillatory phenomena in the layered perovskite our data doublet splitting dominates, and the orientation
oxide SERUQ,. All sheets of the Fermi surface, including dependence of the amplitudes (not shown) favprs 2

the large ones, have been observed, allowing us to corre- a5 a good approximation.

late a number of physical properties in a consistent manfi6] A.P. Mackenzieet al., Phys. Rev. Lett71, 1238 (1993);
ner. Our observations are compatible with a Fermi liquid A.P. Mackenzieet al., Phys. Rev. B563, 5848 (1996).
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transport can be tuned to highErby uniaxial stress or to
lower T via a suitable form of doping.



