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We report the observation of quantum oscillations in the electrical resistivity of a high-quality thin film of
the itinerant ferromagnet SrRYOOur study demonstrates the existence of long-lived fermion quasiparticles at
low temperatures, and strongly suggests that the ground state of SiRa®ermi liquid, even though ac and
dc conductivity measurements at higher temperatures show anomalous metallic behavior. The implications of
these results are discuss¢80163-182008)52344-2

Strongly correlated narrow-band oxides have been theorrelations* and critical behavior of the resistivity near
subject of intense study in recent years. Diverse phenomertae Curie temperature has been interpreted as evidence for
such as high-temperature superconductivity, metallic and instrong magnetic scatterind. Recent infrared conductivity
sulating magnetism, and colossal magnetoresistance arise fimeasurements have found unusual frequency dependences to
these materials, often accompanied by unusual hightemperatures as low as 40 ‘Kyhile the room-temperature
temperature metallic states, in which broad spectral featura®sistivity is high(230 {2 cm), and continues to rise steadily
are observed in frequency-dependent properties such as o 1000 K# This combination of observations has led to
tical conductivity and photoemission. Another commonly doubts about whether the metallic state can be described in
observed feature is “bad metallic” transport, whose signaterms of Fermi-liquid theory.
ture is the existence of high-temperature conductivities that A closely related ruthenate metal, the layered perovskite
are so low that conventional analysis in terms of quasipartiS,RuQ,, has been studied extensively in recent years. Pro-
cles cannot be madeln many of the materials, there is a duction of high-quality single crystals has revealed a
strong suspicion that the metallic state cannot be described iisorder-sensitive superconducting state below 1.8°K,
terms of Fermi-liquid theory, but the formation of nonmetal- which can be suppressed by modest magnetic fields. Quan-
lic low-temperature states restricts the number of compoundsim oscillation studies at high fields and low temperatures
in which this issue can be investigated in detail. Anotherprove the existence of fermion quasiparticteand measure-
complicating feature is the necessity to introduce fairly highments of a number of bulk transport and thermodynamic
levels of disorder to many oxide metals in order to introduceproperties give a consistent picture of a strongly anisotropic
the charge carriers. For these reasons, narrow-band oxid&ermi-liquid low-temperature metallic statkin spite of bad
containing low levels of disorder whose metallic state can benetallic behavior at high temperaturés.
studied at low temperature are of great interest. Establishing The question of whether SrRyQs also a Fermi liquid
the nature of the ground state in these materials will aidnotivated us to search for quantum oscillations in its electri-
understanding of how the strange high-temperature statesal resistivity (the Shubnikhov—de Haas effgcThe quan-
evolve, and should also give new perspectives about whichum oscillatory signal results from Landau quantization of
if any, of the metallic properties of materials such as thethe quasiparticles’ cyclotron orbits in applied magnetic
high-temperature superconductors signal the breakdown dfelds, but it is unobservable in most materials as it is heavily
Fermi-liquid theory. damped by impurity scattering. Although difficult, observa-

Ruthenate metals give an ideal opportunity to address thison and analysis of the Shubnikhov—de Haas effect is a
issue. The subject of the present study, SrRu®a metallic  powerful way to establish the existence of long-lived fer-
ferromagne{(T.~ 150 K for thin filmg with an orthorhomb-  mion quasiparticles, because Fermi-liquid theory makes clear
ically distorted cubic perovskite structufelts saturation predictions about the field and temperature dependences of
magnetic moment is thought to be approximatelydg the  the oscillations® We report the observation of oscillation
largest of any 4 ferromagnef Mass enhancements indi- frequencies of up to 3.5 kilotesla showing the Fermi-liquid
cated by specific heat studies reveal strong electronitemperature dependence, giving strong evidence that conven-
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FIG. 1. The resistivity of the high-quality SrRyd@im used in -15 10 5 0 5 10 15
this study. The inset shows that there i %ascattering rate below Magnetic field (tesla)

approximately 10 K.
FIG. 2. The magnetoresistance of SrRufieasured as the mag-

tional quasiparticles do indeed form at low temperatures imetic field is swept from 14 te-14 tesla, at a temperature of 35
this three-dimensional oxide metal. mK. The peak at-0.2 tesla is a hysteretic feature associated with

High-quality SrRuQ films were grown using an electron the coercive field of this itinerant ferromagnet. The inset shows
beam coevaporation technique on 2° miscut SgT#Db- oscillatory behavior between 5 and 15 tesla. The oscillations are
strates described previouglyn general, resistance ratios of periodic in reciprocal field, with a frequency of 34 tesla.
35 are achieved; the film used in this study was the best

grown to date, with a ratio of 60 between the resistivity at3 and 4. High precision data taken during slow field sweeps
300 K and that a§ — 0. Resistance measurements were perpetween 11 and 16 tesla show the existence of quantum os-
formed using standard ac techniques with the specimegjllations with much higher frequencies; an example is
mounted on a dilution refrigeratofOxford Instruments gshown in Fig. 3. As seen in Fig. 4, two frequency compo-
Kelvinox 25). Thermal contact to the mixing chamber was nents at 1.5 and 3.5 kilotesla have been resolved. The oscil-
ensured by thermal anchoring of the leads to the sample, andtory amplitude is extremely small, corresponding to a re-
excessive heating at the current contacts was avoided by USistivity of less than 1 @ cm or approximately 1 part in £0
ing relatively low currents that generated power of less thamyt the total resistivity shown in Fig. 2. The frequencies of
10 nW at the sample. The films are orthorhombichoth orbits have very weak angular dependence; only a few
(@=5.53A, b=557A, c=7.85A), with the (110 direc-  percent over the angles for which they are observable. The
tion perpendicular to the surface. In these experiments, mag-5 kilotesla orbit has a strong angular dependence of its
netic fields of up to 16 tesla were applied. Rotations-G0° amplitude, and can be resolved only withir3° of (110),
about the (10) direction were performed, with current al- while the angular dependence of the amplitude of the 3.5 kilo
ways flowing along (10). Steps of 0.85° were used up to tesla orbit is much weakéf.
9°, and then increased to 1.7° for higher angles. Unless oth- The temperature dependence of the amplitudes of each
erwise stated, all data shown are for the orientation with thérequency component are shown in the insets to Fig. 4. In a
field along(110). noninteracting system, the electron occupation is the well-
In Fig. 1 we show the resistivity of the as-grown film, known Fermi function. In this case, the temperature depen-
measured in zero magnetic field. The ferromagnetic transidence of quantum oscillations should have the functional
tion at 150 K results in a pronounced feature in the resistivform of the Fourier transform of the energy derivative of the
ity, as reported previoush. Below approximately 10 K, the
T2 scattering rate expected in a Fermi liquid is observed
(insed. Figure 2 shows the basic features of the low- 410"
temperature magnetoresistance, measured at 35 mK as the
field is swept from 14 to—14 tesla. The sharp peak at ap-
proximately —0.2 tesla is a reproducible hysteretic feature
associated with the coercive field in this ferromagnetic ma-
terial. Reversing the direction of the field sweep reverses the
sign of the field at which it is observeghot shown. The
other features on the curve are reversible and symmetric in 410" - 1 ' .
field. There is a point of inflection at2 tesla, and another 28 13 132 134136 138
one at~5 tesla followed at higher fields by a quasilinear Field (tesla)
field dependence with some structure. Subtracting a smooth F|G. 3. High-frequency Shubnikov—de Haas oscillations of very
background from the data between 5 and 14 tesla gives thénall amplitudeapproximately 1 part in 0of the total resistivity
oscillatory signal shown in the inset to Fig!2The main  can be observed at high fields. To remove the strongly field-
component is periodic in reciprocal field, and has a very lowdependent background seen in Fig. 2, a filtering procedure that
frequency of 34 tesla. strongly attenuates any frequencies below 750 tesla has been used.
The central findings of our study are summarized in FigsThe measurement temperature was 35 mK.
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710" . — . the two main orbits reported here. In quantum oscillation
§ ane 1.5 kilotesla orbit experiments, the signal from large orbits is damped more
610" - £ 7 strongly by impurity scattering than that from smaller orbits,
— B It so it is not unusual for large orbits to be unobserved. In
g ST 2 i SrRuQ;, however, the orthorhombic distortion leads to a
G 410" L 2 57 03 0% 08 4 small Brillouin zone, and the high-frequency orbits that we
z - TK) observe are comparable to the largest predicted by the band-
& 310" b B PN, 3S5kiloteslaorbie] - structure calculation&, making it harder to account for the
a £ “missing orbits.” It seems that more experimental and the-
& 210"} 3 1 oretical work is desirable to establish the extent to which
» B . quantum oscillation measurements and band-structure calcu-
1107 F W T lations are in detailed agreement in SrRu@ is important
0 W 1) that attempts are made to do this, as precise knowledge of

0 5 10 15 20 the low-temperature electronic structure is likely to be a nec-
Frequency (kilotesla) essary precursor to understanding the crossover to unusual
high-temperature behavi6t:?*
FIG. 4. The square root of the power spectrum of the data “\ye now return to the much stronger signal that we have
shown in Fig. 3. Two main peaks are clearly resolved, at 1.5- andypserveqd at a frequency of 34 tesla. If the basic oscillation
3.5 kilotesla, respectively. The insets show the temperature depen- hose frequency is again only weakly dependent on angle

dences of the two main components. The standard Fermi-liqui : . .
predictions(solid lineg fit the data well, confirming the existence of s analyzed as a standard Fermi surface pocket, it has a tiny

conventional fermion quasiparticles. volumg(_less than 0.1_% of that of the .Iargest pogk&y 15
tesla, it is quantized into fewer than five Landau levels. The

_ _ ) ) signal is weakly temperature dependent; measurements at 35
Fermi 2funct|on at tempera:u_ré’, L.e., X/sinhX, where 45 K and 10 K yield an estimated cyclotron mass of
XZZZ keT/hwe, w.=eB/m* is the cyclotron frequency (5 glectron masses. It is fairly unusual for such a small
andm* is the cyclotron effective masé The same holds for pocket to coexist with large Fermi surface pockets, and the

a Fermi liquid because the quasiparticle occupation also folgpseryation is worthy of further theoretical attention. For ex-
lows the Fermi distribution at low temperature, and the quazmple, the additional structure seen at fields above 10 tesla is
siparticles decay sufficiently slowliguadratically in energy o1 accounted for in the simple interpretation given here.
away from the Fermi surfacd) As can be seen in the insets In summary, we have observed quantum oscillations in
to Fig. 4, the data agree with the_F_ermi-quu_id prediction of o resistivity of the itinerant ferromagnet SrRyuCThe
the temperature dependence to within experimental accuraciijghest-frequency oscillations correspond to extremal Fermi
giving strong evidence for the existence of long-lived fer-grtace areas that are comparable with the largest predicted
mion quasiparticles in SrRuQat low temperatures. The p electronic energy band-structure calculations, and their
measured cyclotron masses are 4.5 and 6.1 electron massgfnerature dependences follow the standard Fermi-liquid
for the 1.5 and 3.5 kilotesla orbits, respectively. form.2* These observations, combined with a quadratic tem-
From the above observations, it is reasonable to concludgeratyre dependence of the electrical resistivity below 10 K,
that the low-temperature metallic state of SrRU@n be  |aaq ys to conclude that the low-temperature behavior of
understood in terms of Fermi-liquid theory, in spite of QOOdSrRuQ can be understood in terms of Fermi-liquid theory,

evidenC(_a for unusual metallic behavior at temperatures of 4¢), spite of the range of bad metallic properties that are seen
Kand higher. The present work suggests that the crossovef medium and high temperatures. It is thus an ideal material

between the two regimes occurs at approximately XhBet i, \yhich to study the temperature-dependent crossover be-

to Fig. 1), and SrRu@ thus gives an ideal opportunity 10 yeen the two regimes in three dimensions. In addition, sev-

investigate the relationship between the two regimes in &rp| details of our data motivate further theoretical and ex-
three-dimensional material. perimental investigation.

The details of the observations present further interesting
challenges to our understanding. Electronic band-structure We thank I. I. Mazin and D. J. Singh for explaining the
calculations for SrRu@ have been performed by several details of unpublished band-structure calculations, and G. G.
groups**®~2lincluding a full potential local spin density cal- Lonzarich and A. J. Millis for helpful discussions. L. M. G.
culation by Singh? The Fermi surface is predicted to be thanks Oxford Instruments for support, and A.P.M. grate-
very complicated, with up to nine banéthree majority spin  fully acknowledges the support of the UK EPSRC and the
and six minority spifcrossing the Fermi level, in contrast to Royal Society.
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