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High-temperature resistivity of Sr2RuO4: Bad metallic transport in a good metal
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We report the results of a study of the in-plane and out-of-plane resistivity of the layered perovskite
superconductor Sr2RuO4 at temperatures between 4 and 1300 K. Although the material is a very good metal at
low temperatures, with in-plane mean free paths~l! of thousands of lattice spacings,l falls smoothly to less
than 1 Å at1300 K with no sign of resistivity saturation at the Mott-Ioffe-Regel limit. Measurements of the
incoherent out-of-plane resistivity over the same range of temperature are also discussed.
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Understanding electrical transport in metals with ve
high scattering rates has long been an important goa
condensed-matter physics. The commonly used framew
of semiclassical particles moving subject to the constraint
the periodic potential, and scattering in the relaxation-ti
approximation, is really only applicable in the limit fo
which the mean free path~l! is much greater than the lattic
spacing~a!, because particles can only be identified on t
rather long length scale. The question of what happen
materials which are so disordered thatl becomes comparabl
to a was addressed by several authors,1,2 leading to the con-
cept of the Mott-Ioffe-Regel limit~MIRL ! for metallic con-
ductivity, which states that the metallic state cannot exist
an arbitrarily high scattering rate. The precise numeri
definition of the limit is not universally agreed upon; criter
ranging fromkFl;1 (kF is the Fermi wave vector! through
l;a to kFl;2p have all been suggested. Experiments
very disordered materials also show a range of values,
there is little doubt that the concept of a minimum meta
conductivity is correct in this class of system.

The arguments for disordered materials were develo
for elastic scattering at low temperatures. The issue
whether a very high scattering rate caused by strong inela
scattering at high temperatures should have a similar effe
more controversial. Experimental observation of the app
priate limit requires the study of materials in which the sc
tering rate becomes high enough before high-tempera
structural changes or melting occur. In practice, this me
chemically stable narrow-band metals for which the Fe
velocity is sufficiently low thatl;a at temperatures of 100
K or less. Some of the first materials in which this regim
was studied extensively were the ‘‘A15’’ superconductors,
such as Nb3Sn, in which superconductivity atT;20 K is
thought to be due to very strong electron-phonon coupling
number of experiments3–5 showed the high-temperature r
sistivity becoming only very weakly temperature depende
appearing to limit to values that were consistent with
MIRL as estimated from calculations of the electronic stru
ture and the value of the MIRL measured at low temper
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tures in heavily irradiated samples of the same materi
Similar observations were made in a number of narrow-b
transition-metal elements,6 and the concept of high
temperature resistivity saturation at the MIRL was wide
assumed to be a general property of metals, although it
difficult to justify theoretically.5,7,8

More recently, a series of metals have been discove
which show no sign of resistivity saturation at high tempe
tures. These include alkali-doped C60, some organic com-
pounds, and the high-temperature superconducting cupr
which all have superconducting ground states. These ob
vations motivated Emery and Kivelson9 to introduce the term
‘‘bad metals,’’ and to argue that the high-temperature co
duction mechanism in these materials must be unconv
tional. They also made the intriguing suggestion that sin
there was no evidence of a transition or even a crosso
between the high- and low-temperature regimes, the unc
ventional conduction mechanism might also apply at all te
peratures down to the superconducting transition, e
though estimates suggest thatl@a in that temperature range
Since then, other bad metals with interesting magne
ground states have also been studied,10 but it has not been
possible to answer the interesting question of whether
metallic behavior at high temperatures can occur in mater
which are proven to be very good metals at low tempe
tures.

The layered perovskite metal Sr2RuO4 provides an ideal
opportunity to investigate this issue. At low temperatures
is clearly a very good metal indeed, with a superconduct
transition below 1.5 K.11 The observation of quantum osci
lations has provided a detailed understanding of the Fe
surface~FS! topography and the average Fermi velocity
each FS sheet, resulting in the successful calculation o
number of independently measured low-temperature tra
port and thermodynamic properties.12,13 Analysis of resistiv-
ity data from a series of samples shows that the lo
temperature values ofkFl can be as high as 5000, droppin
to approximately 6 at room temperature. Since the mate
has a very high melting point of approximately 2000 °
R10 107 © 1998 The American Physical Society
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there was a good prospect of obtaining successful h
temperature resistivity data. This provided our main moti
tion to study the in-plane resistivity to temperatures as h
as 1300 K. We also decided to investigate the behavior of
out-of-plane resistivity, since this would give us an oppor
nity to study incoherent high-temperature transport in
metal with a similar crystal structure and anisotropy to
cuprates.

The high-quality single crystals used for this study we
grown in an image furnace, using methods describ
previously.11 Measurements of the resistivity at temperatu
between 4 and 320 K were performed using a standard f
terminal ac method in a4He cryostat. Errors in the absolut
value ofr due to uncertain electrical contact geometry we
reduced to a few percent by averaging results taken f
many samples. For work above room temperature, we c
structed a special probe~length approximately 30 cm! de-
signed to fit into a small tube furnace. Platinum wires e
closed in fine silica tubes were used for the electrical sign
~in this case the resistivity was measured using a fo
terminal dc method!, and a platinum 10% rhodium/platinum
thermocouple was used to measure the temperature. The
contacts to the single-crystal samples were gold wires to c
tact pads made by applying a colloidal suspension of
trafine gold particles~Vacuum Metallurgical Co., Ltd., To-
kyo! which melt to a solid gold pad during a short initi
firing at only 300 °C.14 Once melted, these pads gave cont
resistances of less than 1V at room temperature, and re
mained strong and stable all the way to the melting temp
ture of bulk gold at approximately 1300 K. The referen
junction for the thermocouple was in a copper block at
room-temperature end of the probe. A second thermom
was used to monitor this block as the furnace tempera
was changed, and a correction was made for changes
few degrees in its temperature. The probe fitted into a si
furnace tube with a glass-glass conical seal, so that the
periments could be carried out in flowing gases. In a typi
run, data were taken by repeatedly ramping the tempera
to a set point and then cooling to near room temperat
increasing the set point by approximately 100 K each tim
The repeatability of the results through this cycling demo
strated that no measurable irreversible changes were ta
place. By repeating this procedure in flowing oxygen a
argon, we also ruled out the possibility that reversib
changes of the oxygen content were having a measur
effect on the resistivity. In comparison to the cuprat
Sr2RuO4 is remarkably stable at these elevated temperatu

As shown in Fig. 1, the in-plane resistivity of Sr2RuO4
rises smoothly to a large value in excess of 1 mV cm at 1300
K.15 The size of the resistivity is particularly significan
when it is converted into an estimate of the mean free pal.
Standard Boltzmann transport theory for a quasi-tw
dimensional multiband material gives

s5
e2

hd (
i

kF
i ~nFt! i , ~1!

where d is the interplane distance~6.37 Å at 300 K in
Sr2RuO4), kF is the Fermi wave vector,vF is the Fermi
velocity, t is the relaxation time, andi denotes the band
index. At low temperatures, where the mean free path
h-
-
h
e

-
a
e

d
s
r-

e
m
n-

-
ls
r-

nal
n-
l-

t

a-

e
er
re
f a
a
x-
l
re
e,
.
-
ing
d

le
,
s.

-

e-

comes approximately equal for each Fermi surface sheet,
gives a simple expression forl5vFt in terms ofr:

l5
2p\d

re2(
i

kF
i

. ~2!

At high temperatures, it is a better approximation to co
sider t to be independent of the FS sheet, so difference
vF for each sheet should, in principle, be taken into accou
In Sr2RuO4, the Fermi surface parameters are known fro
quantum oscillation measurements,12 and vF is sufficiently
similar for the three sheets that Eq.~2! gives an estimate for
the average value ofl that is accurate to within'20%. The
main point is that any estimate based on the standard th
gives a high-temperature mean free path of less than 1 Å
a factor of 5 less than the in-plane lattice spacing of Sr2RuO4
~3.87 Å at 300 K!. This version of the MIRL is marked on
Fig. 1, along withkFl52p andkFl51; there is no sign of
saturation near any of the criteria. Violation of the MIRL fo
in-plane transport in Sr2RuO4 is one of the central results o
this study.

The out-of-plane resistivity of Sr2RuO4 is also of consid-
erable interest, particularly in relation to the cuprate hig
temperature superconductors. At 300 K it has a nega
temperature derivative, as seen in some cuprates, but the
a maximum at around 130 K, denoting a crossover to me
lic behavior at low temperatures. Below approximately 20
the resistivity has a quadratic temperature dependence i
directions, and Sr2RuO4 is a highly anisotropic Ferm
liquid.16 The temperature-independent anisotropy that is s
at low temperatures in Sr2RuO4 is not observed in any cu
prate material.17 The temperature at which it disappea
seems to correlate with the temperature at which the in-pl
scattering rate destroys coherent band formation in thc
direction.12 Although the nature of the apparently metall
out-of-plane conduction between 20 and 130 K is not
well understood, there is little doubt that the mechanism
incoherent at room temperature. By working at much hig
temperatures, we hoped to gain some insight into the me
nisms of highly incoherent conduction.

FIG. 1. The in-plane resistivity of Sr2RuO4 from 4 to 1300 K.
Three criteria for the Mott-Ioffe-Regel limit are marked on th
graph, and there is no sign of resistivity saturation, so Sr2RuO4 is a
‘‘bad metal’’ at high temperatures, even though it is known to b
very good metal at low temperatures.
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The out-of-plane measurements were made using a qu
Montgomery method in which equivalent isotropic dime
sions for a sample with an anisotropic resistivity are fi
calculated, following van der Pauw:18

Lc
i

Lab
i 5

Lc

Lab
A rc

rab
. ~3!

Here,L is an average sample dimension, subscriptsab andc
refer to directions perpendicular and parallel to thec axis, the
superscripti refers to the equivalent isotropic sample, andr
is the resistivity. Instead of mounting corner contacts fo
full Montgomery analysis,19 a simple four-terminal measure
ment with current and voltage contacts on each face o
platelike crystal gives negligible error as long asLc

i @Lab
i .

Initial studies on Sr2RuO4 showed, however, that the resi
tive anisotropy is strongly temperature dependent at h
temperatures, which means that platelets which are th
enough for negligible error below room temperature are
longer adequate. Instead of trying to perform a se
consistent calculation of the high-temperature out-of-pla
resistivity in these platelets, we took an empirical approa
of studying a series of samples of increasing thickness u
the resulting resistivity became independent of the thickn
of the sample. The results are shown in Fig. 2. For
sample with the lowest apparent resistivity at 1300
Lc

i /Lab
i ,5 at all temperatures above 50 K, while for th

thickest samplesLc
i /Lab

i .5 even at 1300 K.
The intrinsic out-of-plane resistivity in Sr2RuO4 is shown

in Fig. 3. By 1300 K, the resistive anisotropy is only a fact
of 20, compared with approximately 1400 in these samp
below 20 K.17 A surprising feature of the results, shown
more detail in the inset to Fig. 3, is the rise in the out-
plane resistivity between 700 and 1300 K. A point of deb
in the cuprates has been the widespread observation of
metalliclike temperature dependences in materials in wh

FIG. 2. The apparent out-of-plane resistivity of five samples
Sr2RuO4 of varying thickness, measured by a quasi-Montgom
method and normalized at 130 K. The large variation at high te
peratures arises because the anisotropy falls rapidly with increa
temperature, so that crystals which are thick enough for the qu
Montgomery method to give good results at low temperatures
no longer thick enough at high temperatures. As the thickness o
crystals is increased, however, the data converge to the co
value over the whole temperature range. The data from the
thickest crystals are almost indistinguishable in the top trace, d
onstrating that this convergence has been achieved.
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estimates of the in-plane scattering rate and anisotr
strongly suggest that there is no coherent band forma
perpendicular to the planes. Incoherent conductivity, ho
ever, is expected to increase with increasing temperat
because of thermally assisted hopping processes. The
creasing conductivity seen in some cuprates has led to
gestions that there must, somehow, be coherent band fo
tion. In the present work, ‘‘metallic’’ conduction has bee
observed in a regime in which there seems to be no poss
ity of arguing for coherent band formation. It seems like
that the observations are related to effects seen
La22xSrxCuO4.

20 In that material, the out-of-plane conduc
tivity was shown to be strongly pressure dependent, and
very sensitive to the value of the lattice parameter. By co
bining the pressure measurements with knowledge of
thermal expansion of the lattice parameter, Nakamuraet al.
showed that the expansion correction to the measured
perature dependence of the out-of-plane resistivity can
large.20 In Sr2RuO4, no data for the pressure dependence
the resistivity in the temperature range of interest are av
able, but it certainly seems plausible that our observati
have a similar origin. In any case, the work presented h
highlights the difficulty of relying on the observed temper
ture dependence of the out-of-plane resistivity when draw
conclusions about coherent band formation.

The overall picture of Sr2RuO4 that emerges from thes
measurements is that of a well-understood, highly ani
tropic metal at low temperatures, making an apparen
smooth crossover to a much more isotropic material w
very poorly understood metallic conduction at high tempe
tures. Conventional energy bands exist in all directions
low 20–30 K,12 but even in-plane, these must be destroy
by 1000 K. It is also interesting to see that pronounced f
tures in the out-of-plane resistivity, notably the maximu
near 130 K, seem to have little or no effect on the in-pla
resistivity at the same temperature.21 The only point at which
behavior in all directions has an obvious correlation is wh
the T2 scattering rate is lost at 20–30 K. The nonquadra
scattering rates that appear in all directions are different
the temperature-independent anisotropy that is often take
be an important feature of an anisotropic three-dimensio
metal is also lost with this characteristic temperature. T
point seems worthy of further investigation.

f
y
-
ng
si-
re
he
ct
o
-

FIG. 3. The intrinsic out-of-plane resistivity of Sr2RuO4 from 4
to 1300 K. Although the high-temperature value is nearly
mV cm, the temperature derivative is positive between 700
1300 K, as shown in the inset.
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The smooth increase of the in-plane resistivity through
Mott-Ioffe-Regel limit is particularly interesting. The fac
that this kind of behavior can be observed in a mate
which is known to be a very good metal at low temperatu
emphasizes that our current understanding of hi
temperature conduction processes is very poor indeed. O
‘‘bad metals’’ have ground states which are either superc
ducting with relatively high critical fields~e.g., the cuprates
and alkali-doped C60) or relatively poor metals with interest
ing magnetic behavior~e.g., manganites at some dopings
SrRuO3). It has not been possible so far to confirm a co
ventional low-temperature metallic state by the observa
of quantum oscillations in any of these materials, so the c
rent observations on Sr2RuO4 clarify the problem that need
to be understood. There is now at least one example
material in which a very smooth crossover from standard
highly nonstandard conduction processes is confirmed to
ist.
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While writing this manuscript we saw the results of a
independent study of the resistivity of Sr2RuO4 to 1000 K by
Berger et al.,22 in which they report significantly differen
temperature dependences to those presented here. How
as emphasized by the authors of Ref. 22, their flux-gro
crystals have high levels of disorder, and show neithe
Fermi-liquid-like T2 scattering rate nor a superconductin
transition at low temperatures. We are confident that
present data accurately reflect the transport behavior of p
tine stoichiometric Sr2RuO4.
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ery, Z. Fisk, L. Forro, S. R. Julian, S. Kivelson, A. J. Millis
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making all the silica parts for the high-temperature probe
designing the probe, we benefited from earlier work by
Carrington and J. R. Cooper. We gratefully acknowledge
support of the Royal Society and EPSRC~UK! and CREST-
JST ~Japan!.
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