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In-Plane and Out-of-Plane Optical Spectra ofSr2RuO4
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In-plane (ab-plane) and out-of-plane (c-axis) optical spectra were investigated at various temperatu
for Sr2RuO4 which is isostructural with the cuprate superconductor La22xSrxCuO4 and becomes
superconducting below1 K. The ratio of the in-plane to out-of-plane low-energy spectral weight
this compound is approximately102, an anisotropy comparable to that of the cuprate. The tempera
dependence of thec-axis spectrum suggests coherent motion of conduction carriers with stro
renormalized mass and scattering rate along thec axis at low temperatures.

PACS numbers: 74.25.Gz, 74.70.Ad, 78.30.Er
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One of the characteristic properties in the high-Tc

cuprate superconductors is anisotropic charge dynamic
the normal state [1]. In-plane resistivitysrabd and inter-
plane resistivitysrcd show different temperature depe
dence aboveTc in the lightly doped region:rab decreases
with lowering temperature whereasrc increases such a
in semiconductors. The temperature dependence orc

is sensitive to the doping level, anddrcydT turns positive
in the heavily doped region. Several optical studies ab
the interplane charge dynamics [2–6] have also b
carried out and revealed thatc-axis optical conductivity
spectrum in the normal state shows no sharp Drude pea
v , 0 but a gradual decrease (or a nearly constant va
in intensity with an increase ofv, which is reminiscent of
a dirty metal. On the other hand, in the superconduct
state the low-energys,0.02 eVd spectral weight is con-
densed toh̄v , 0 eV, which yields a sharp plasma edg
in thec-axis far-infrared reflectivity spectrum.

Recently, Sr2RuO4 with K2NiF4 structure was found to
become superconducting below,1 K [7]. Since this com-
pound is nearly isostructural with La22xSrxCuO4 (apart
from the orthorhombic distortion of the cuprate), a co
parison of the interplane charge dynamics in the norm
state between Sr2RuO4 and the cuprates will be helpful t
comprehend the anisotropic charge dynamics in stron
correlated metals as well as to distinguish characteri
properties in the cuprates. According to resistivity me
surements on Sr2RuO4 single crystals [7–9],rab decreases
with a decrease of temperature, whereasrc is nearly
temperature independent above 130 K and shows a r
decrease with a decrease of temperature below130 K. The
magnetic susceptibility aboveTc is nearly temperature in
dependent [7], which is characteristic of a typical param
netic metal. However, the effect of electron correlation
likely to play an important role in the low-energy electron
structure and charge dynamics in Sr2RuO4, as evidenced
for example, by experimental observations of an enhan
electronic specific-heat coefficient and Pauli paramagn
susceptibility [7] and a narrowed dispersion of the cond
tion band [10]. In this Letter, in-plane (ab-plane) and out-
of-plane (c-axis) optical spectra of a Sr2RuO4 single crys-
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tal are reported at various temperatures together with th
analysis. The result indicates that the electronic structu
of Sr2RuO4 is comparably anisotropic to that of cuprate
but the interplane charge dynamics is qualitatively diffe
ent between Sr2RuO4 and cuprates: In the former com
pound thec-axis transport is governed by the cohere
motion of charge carriers with strongly renormalized ma
and scattering rate in contrast to the incoherent nature
thec-axis transport in the normal state of the cuprates.

The single crystal investigated in this study was grow
by the floating-zone method. SrCO3 and RuO2 in the
molar ratio 2:1.1 were prereacted in air, pressed into
rod, and then loaded in a floating-zone furnace. A si
gle crystal was melt grown from this rod in air with a
feeding speed of20 mmyh. The grown crystal was easily
cleaved along the growth direction with thes001d surface
(as determined by the x-ray Laue diffraction), and a typ
cal size of the specimen is6 mm 3 6 mm 3 2 mm. We
cut it perpendicularly to thes001d surface, and prepared
the s101d plane which was polished to the optical flatnes
Reflectivity measurements at room temperature were c
ried out on thes101d surface between0.008 eV and40 eV
for E ' c (in plane) andE k c (interplane) polarizations,
using a Fourier-transform interferometers0.008 0.8 eVd
and grating spectrometerss0.6 40 eVd with the use of ap-
propriate polarizers. Synchrotron radiation at INS-SO
University of Tokyo, was utilized for the measuremen
between6 and36 eV. Measurements at low temperature
were carried out using a temperature-variable cryostat
tween 0.008 and 0.08 eV for E k c and between0.06
and3 eV for E ' c. [However, we could not make the
measurement of the superconducting state owing to
low Tc s,0.9 Kd.] Optical response functions were ob
tained by Kramers-Kronig analysis of the reflectivity dat
at each temperature that was extrapolated with the roo
temperature data for the higher energy region.

Figure 1 shows spectra of (a) reflectivityRsvd and (b)
optical conductivityssvd for both polarizations. Spec-
tra for E ' c polarization (in plane) at290 and 9 K
are Drude-like; namely,Rsvd sharply increases towards
R ­ 1 below ,1.7 eV, andssvd shows the maximum
© 1995 The American Physical Society
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FIG. 1. (a) Reflectivity Rsvd and (b) optical conductivity
ssvd spectra below5 eV for E ' c at 290 K (dashed line)
and9 K (solid line), and forE k c at 290 K.

at h̄v ­ 0 eV. Rsvd is higher at9 K than at290 K for
h̄v , 1.5 eV, andssvd is higher at9 K than at290 K
at h̄v , 0 eV, which is consistent with the temperatur
dependence of dc resistivity [7–9]. On the other han
the spectrum forE k c (out of plane) at290 K is quite
different from the in-plane spectra:Rsvd does not show
a Drude-like feature in the low energy region, andssvd
shows nearlȳhv-independent spectra below0.5 eV (apart
from the sharp phonon structures below0.1 eV) whose
magnitude is much smaller than that forE ' c. Such a
c-axis spectrum is similar to those of cuprate supercond
tors, e.g., YBaCu23O72d [2–4] and La22xSrxCuO4 [5,6],
in the normal state.

To estimate the Drude weight, we calculate
the effective number of electrons,Neffsvd ­
s2m0ype2Nd

Rv
0 ssv0ddv0, wherem0 is the free electron

mass andN the number of Ru atoms per unit volume. I
the simple Drude model [ssvd ­ ne2tyms1 1 v2t2d,
where n, m, and t are the number of carriers per un
volume, the carrier mass, and the relaxation time of c
riers, respectively],Neffsv ! `d is snyNdysmym0d. In
the case where the spectrum for an interband transition
superposed, however, the upper limit of thessvd integral
should be taken below the onset energy of the interba
transition, but sufficiently higher thant21 (inversed
relaxation time) to extract only the Drude part. We thu
examined the value ofNeffsvd at h̄v ­ 1.5 eV for E ' c
and 0.5 eV for E k c, and found that the in-plane effec
tive number of electrons for conduction carrierssNab

effd
is ,0.53, and the interplane onesNc

effd is ,0.007. The
anisotropic ratioNab

effyNc
eff is ,80, which is comparably

large to that of La22xSrxCuO4 in the heavily doped region
d,

c-

d
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s

(e.g., atx ­ 0.30) [6]. According to the local density
approximation band calculation ofSr2RuO4 [11], Nab

eff and
Nc

eff are 1.4 and 0.011, respectively [12]. The absolu
values ofNab

eff andNc
eff estimated by the band calculatio

are approximately twice as large as the experimental on
respectively, indicating that the effective mass (optic
mass) of the conduction carriers of this compound is ab
twice the calculated one. Nevertheless, the anisotropy
the low-energy electronic structuressNab

effyNc
effd is rather

correctly evaluated by the LDA calculation.
The spectrum forE k c shows a conspicuous chang

with temperature in the far-infrared region. Figure
shows spectra of (a)Rsvd and (b) ssvd for E k c
at various temperatures below0.05 eV. The spectrum
at 130 K is nearly the same as that at290 K, except
for the sharpening of three phonon structures at 0.0
0.045, and 0.06 eV (the last one is not seen in Fig.
Below 130 K, Rsvd in between0.01 and 0.02 eV de-
creases whereas that below0.01 eV increases, form-
ing a Drude-like spectrum. The dashed lines in th
Rsvd spectra represent the extrapolation by the si
ple Drude form,Rsvd ­ jf

p
esvd 2 1gyf

p
esvd 1 1gj2,

whereesvd ­ e` 2 v2
pyvsv 1 iytd. In this functional

form, there are three variable parameters:vp, t, and
e`. We fixed thee` value at 10 [13], and chosevp

and t so that both the calculated absolute value and
derivative of the Drude-model spectrum become iden
cal to those of the experimental spectrum at0.007 eV.
The ssvd spectra shown in Fig. 2(b) are obtained b

FIG. 2. (a) Reflectivity Rsvd and (b) optical conductivity
ssvd spectra below0.05 eV for E k c at 130, 60, and15 K.
Dashed lines are the extrapolation by the Drude function (s
text). The inset of (b) shows a comparison of the optica
deducedc-axis resistivity sssrc ­ fssv ­ 0 eVdg21ddd with that
measured by the conventional four-probe technique, which
multiplied by 2y3.
127
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the Kramers-Kronig transformations of extrapolated r
flectivity spectra. Dashed-line partssh̄v , 0.007 eVd in
Fig. 2 are thus rather qualitative, yet the temperature
pendence ofssv ­ 0 eVd is in good agreement with
the dc conductivity obtained by the conventional fou
probe technique as indicated in the inset of Fig. 2(b). W
also made other types of low-energy extrapolation, i.
Hagen-RubenssR ­ 1 2 cv1y2d and constant extrapola-
tion for h̄v , 0.007 eV, and confirmed that variation in
ssvd above0.007 eV with the three different types of
extrapolation is, 5%. As can be seen in Fig. 2(b), the
spectral weight ofssvd between0.005 and 0.03 eV is
diminished and is condensed tōhv , 0 eV with a de-
crease of temperature below130 K, which corresponds
to the rapid decrease of dc resistivity in this temperatu
range. It is noteworthy that the effective number of ele
tronsfNeffsvdg is nearly conserved at̄hv , 0.03 eV un-
der variation of temperature.

In the case of high-Tc cuprate superconductors, the tem
perature dependence of the optical spectra forE k c varies
with doping: For the compound located in the lightl
doped region, e.g., YBa2Cu3O6.7 [3], the low-energy spec-
tral weight s, 0.03 eVd is diminished with a decrease
of temperature aboveTc. However, this missing spec-
tral weight is not condensed tōhv , 0 eV but redis-
tributed over the higher energy region, which is consiste
with the insulating behavior of thec-axis conduction, i.e.,
drydT , 0. On the other hand, for the compound locate
in the heavily doped region YBa2Cu3O7 [4], for exam-
ple), ssv ­ 0 eVd increases with a decrease of temper
ture (i.e.,drydT . 0), which is qualitatively similar to the
case of Sr2RuO4 below130 K. For the cuprate, however,
ssvd increases rather uniformly for̄hv , 0.1 eV with a
decrease of temperature [4], and this makes a sharp con
to the case of Sr2RuO4, wheressvd betweenv ­ 0.005
and 0.03 eV decreases, whereas that below0.005 eV in-
creases, conserving the total spectral weight below0.3 eV.
Such a condensation of the spectral weight ofssvd to
h̄v , 0 eV is observed only for the cuprates belowTc [3–
5], where the conduction carrier can move coherently
the Cooper pairs along thec axis.

To interpret thec-axis optical spectra shown in Fig. 2
in a more quantitative manner, we made the extend
Drude analysis [14], in which optical response function
expressed as

ssvd ­
v2

p

4p

tsvd
1 1 fmpsvdymg2v2tsvd2

,

e1svd ­ e` 2 v2
p

fmpsvdymgtsvd2

1 1 fmpsvdymg2v2tsvd2
. (1)

Here mpsvd and tsvd are the energy-dependent mas
and relaxation time of the conduction carriers,m the
unrenormalized mass, andvp (unrenormalized plasma fre-
quency)­

p
4pne2ym, wheren is the density of carri-

ers. We determined thec-axis plasma frequencyvc
p to

be 0.32 eV, which corresponds to the magnitude of th
c-axis effective number of electronssNc

eff ­ 0.007d. In
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the extended Drude analysis,mpsvdym andtsvd are ob-
tained by thessvd and e1svd (not shown) spectra from
which phonon structures are subtracted. Figure 3 sho
the v dependence of thec-axis mass and scattering rate
(a) mp

csvdymc and (b) h̄ytcsvd. The v dependence of
mp

c and h̄ytc is rather small at130 K. Since the magni-
tude ofh̄ytc s,0.25 eVd is comparably large to that ofvc

p
s­ 0.32 eVd, Sr2RuO4 may be viewed as a dirty metal a
(and above)130 K. Below 130 K, mp

c for h̄v , 0.02 eV
is enhanced and reaches about 30 times the unrenor
ized c-axis massmc for h̄v , 0.01 eV at 15 K. (Note
thatmc itself is readily about102 as large as theab-plane
massmab.) On the other hand,̄hytc is suppressed for
h̄v , 0.012 eV whereas it increases for̄hv . 0.012 eV
with the decrease of temperature. Such features can
interpreted in terms of the onset of the coherent moti
of the carriers along thec axis whose interplane effective
mass is highly enhanced through the low-energy renorm
ization. It should be noted that temperature dependenc
mp

c svdym and h̄ytcsvd of Sr2RuO4 below 130 K is sim-
ilar to that of a heavy fermion compound URu2Si2 below
70 K [15]. In URu2Si2, resistivity reaches the maximum
at 70 K and shows rapid decrease below this tempera
(in the coherent regime), which is analogous to thec axis
transport of Sr2RuO4 [16].

For comparison, we also applied the extended Dru
analysis to the spectra forE ' c (in-plane spectra). As
seen in Fig. 4,mp

absvdym is nearly independent of̄hv

and temperaturesTd, though a small mass enhanceme
is observed in a temperature-dependent manner be
0.3 eV with the decrease ofT . On the other hand,
h̄ytab shows a nearlyv-independent decrease with th

FIG. 3. (a) Energy-dependent effective mass divided by
unrenormalized massfmp

csvdymcg and (b) the scattering rate
fh̄ytcsvdg for E k c at 130, 60, and15 K.
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FIG. 4. (a) Energy-dependent effective mass divided by t
unrenormalized massfmp

absvdymabg and (b) the scattering rate
fh̄ytabsvdg for E ' c at 290, 200, and9 K.

decrease ofT . In the simplest Fermi liquid theory [17],
mp is a constant value againstv and T , and 1yt is
given by1ytsv, T d ­ 1yt0 1 1ytsvd 1 1ytsT d, where
1yt0 is for the impurity scattering. Such a separatio
in the v and T dependence of1yt will lead to the
rigid shift of 1ytsvd under variation ofT , which is in
accord with the presently observed feature for theE ' c
spectra. It is also derived from the Fermi liquid theor
that 1ytsvd and 1ytsTd are proportional tov2 and T 2,
respectively, for sufficiently lowv and T , the latter of
which is responsible for theT 2 law of the resistivitysr ­
r0 1 AT2d. In this compoundrabsT d obeysT2 law at
least below100 K [7,9]. We estimated theT 2 coefficient
sAd from 1ytabsTd (magnitude of the shift of1ytabsvd
with T) and vab

p (plasma frequency derived byNab
eff)

with use of the relationrabsT d ­ 4pyfvab
p g2tabsT d, and

thus found that the estimated value ofA corresponds well
to that determined from the dc resistivity measureme
[9] within an error of factor two. Thus, the observe
h̄v and T dependence ofmp

ab and h̄ytab for E ' c
preserve the features of conventional Fermi liquid meta
Incidentally, v2 dependence of1ytab is not observable
in Fig. 3(b), and would show up only in the much lowe
energy region than the energy scale of room temperat
s,0.03 eVd.

In summary,ab-plane (in-plane) andc-axis (out-of-
plane) optical spectra of Sr2RuO4 were investigated at vari-
ous temperatures. Anisotropy of the low-energy spect
weight s,102d is comparably large to that of cuprates
The v and T dependence ofab-plane spectrasE ' cd
is consistent with that of normal metals. However, th
spectral weight ofssvd for E k c between0.005 and
e
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0.03 eV begins to be condensed toh̄v , 0 eV when the
temperature is lowered below130 K, which is different
from the behavior of cuprates in the normal state. T
extended Drude analysis of thec-axis spectrum suggests
the onset of the coherent motion of carriers with strong
renormalized mass and scattering rate along thec axis
below130 K. Such an anisotropic renormalization effec
in the charge dynamics may be considered as a gen
feature of the quasi-two-dimensional metal with stron
electron correlation, but is obviously distinct from the ca
of the cuprate superconductors.
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