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In-Plane and Out-of-Plane Optical Spectra ofSr;RuOy4
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In-plane @b-plane) and out-of-plane:{axis) optical spectra were investigated at various temperatures
for SLRUQ, which is isostructural with the cuprate superconductos_L8r,CuO, and becomes
superconducting below K. The ratio of the in-plane to out-of-plane low-energy spectral weight of
this compound is approximately)?, an anisotropy comparable to that of the cuprate. The temperature
dependence of the-axis spectrum suggests coherent motion of conduction carriers with strongly
renormalized mass and scattering rate alongcthais at low temperatures.

PACS numbers: 74.25.Gz, 74.70.Ad, 78.30.Er

One of the characteristic properties in the high- tal are reported at various temperatures together with their
cuprate superconductors is anisotropic charge dynamics amalysis. The result indicates that the electronic structure
the normal state [1]. In-plane resistivifp,;,) and inter-  of SLRUQ, is comparably anisotropic to that of cuprates,
plane resistivity(p.) show different temperature depen- but the interplane charge dynamics is qualitatively differ-
dence abové. in the lightly doped region;p,, decreases ent between SRuQ, and cuprates: In the former com-
with lowering temperature whereas increases such as pound thec-axis transport is governed by the coherent
in semiconductors. The temperature dependencp.of motion of charge carriers with strongly renormalized mass
is sensitive to the doping level, adgh . /dT turns positive and scattering rate in contrast to the incoherent nature of
in the heavily doped region. Several optical studies abouthe c-axis transport in the normal state of the cuprates.
the interplane charge dynamics [2—6] have also been The single crystal investigated in this study was grown
carried out and revealed thataxis optical conductivity by the floating-zone method. SrGGnd RuQ@ in the
spectrum in the normal state shows no sharp Drude peak atolar ratio2:1.1 were prereacted in air, pressed into a
o ~ 0 but a gradual decrease (or a nearly constant valugpd, and then loaded in a floating-zone furnace. A sin-
in intensity with an increase @b, which is reminiscent of gle crystal was melt grown from this rod in air with a
a dirty metal. On the other hand, in the superconductindgeeding speed df0 mm/h. The grown crystal was easily
state the low-energy<0.02 eV) spectral weight is con- cleaved along the growth direction with tk@1) surface
densed tdiw ~ 0 eV, which yields a sharp plasma edge (as determined by the x-ray Laue diffraction), and a typi-
in the c-axis far-infrared reflectivity spectrum. cal size of the specimen &mm X 6 mm X 2 mm. We

Recently, SfRuQ, with K;NiF, structure was found to cut it perpendicularly to th€001) surface, and prepared
become superconducting belewl K[7]. Since thiscom- the(101) plane which was polished to the optical flatness.
pound is nearly isostructural with La,Sr,CuQ, (apart Reflectivity measurements at room temperature were car-
from the orthorhombic distortion of the cuprate), a com-ried out on thg101) surface betwee6.008 eV and40 eV
parison of the interplane charge dynamics in the normalor E L ¢ (in plane) ancE || ¢ (interplane) polarizations,
state between SRuQ, and the cuprates will be helpful to using a Fourier-transform interferomet@.008—-0.8 eV)
comprehend the anisotropic charge dynamics in stronglgnd grating spectromete@6—-40 eV) with the use of ap-
correlated metals as well as to distinguish characteristipropriate polarizers. Synchrotron radiation at INS-SOR,
properties in the cuprates. According to resistivity mea-University of Tokyo, was utilized for the measurements
surements on $RuQ; single crystals [7—9]p,, decreases betweert and36 eV. Measurements at low temperatures
with a decrease of temperature, whergasis nearly were carried out using a temperature-variable cryostat be-
temperature independent above 130 K and shows a raptdieen 0.008 and 0.08 eV for E || ¢ and betweer).06
decrease with a decrease of temperature békwK. The and3 eV for E L ¢. [However, we could not make the
magnetic susceptibility abovE. is nearly temperature in- measurement of the superconducting state owing to the
dependent [7], which is characteristic of a typical paramaglow T, (~0.9 K).] Optical response functions were ob-
netic metal. However, the effect of electron correlation istained by Kramers-Kronig analysis of the reflectivity data
likely to play an important role in the low-energy electronic at each temperature that was extrapolated with the room-
structure and charge dynamics inBuQy, as evidenced, temperature data for the higher energy region.
for example, by experimental observations of an enhanced Figure 1 shows spectra of (a) reflectivi®fw) and (b)
electronic specific-heat coefficient and Pauli paramagnetioptical conductivityo(w) for both polarizations. Spec-
susceptibility [7] and a narrowed dispersion of the conducira for E L ¢ polarization (in plane) a290 and 9 K
tion band [10]. In this Letter, in-plan@b-plane) and out- are Drude-like; namelyR(w) sharply increases towards
of-plane ¢-axis) optical spectra of a §RuQ;, single crys- R = 1 below ~1.7 eV, ando(w) shows the maximum
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(e.g., atx = 0.30) [6]. According to the local density
approximation band calculation 8t,RuQ, [11], N4 and

N are 1.4 and 0.011, respectively [12]. The absolute
values of N4} andN¢; estimated by the band calculation
are approximately twice as large as the experimental ones,
respectively, indicating that the effective mass (optical
mass) of the conduction carriers of this compound is about
twice the calculated one. Nevertheless, the anisotropy of
the low-energy electronic structuré§ 22 /N) is rather
correctly evaluated by the LDA calculation.

The spectrum foE || ¢ shows a conspicuous change
with temperature in the far-infrared region. Figure 2
shows spectra of (aR(w) and (b) o(w) for E || ¢
at various temperatures belo05 eV. The spectrum
at 130 K is nearly the same as that ap0 K, except
for the sharpening of three phonon structures at 0.025,
0.045, and 0.06 eV (the last one is not seen in Fig. 2.
Below 130 K, R(w) in between0.01 and 0.02 eV de-
creases whereas that below01 eV increases, form-
ing a Drude-like spectrum. The dashed lines in the
R(w) spectra represent the extrapolation by the sim-

FIG. 1. (a) Reflectivity R(w) and (b) optical conductivity
o(w) spectra belows eV for E 1 ¢ at 290 K (dashed line)
and9 K (solid line), and forE || ¢ at290 K.

€.

atfiow = 0 eV. R(w) is higher at9 K than at290 K for
hw < 1.5 eV, ando(w) is higher at9 K than at290 K

ple Drude form,R(w) = |[\/e(w) — 1]/[Ve(w) + 1]I7,
wheree(w) = €x — @} /w(w + i/7). Inthis functional
form, there are three variable parametess;, 7, and
We fixed thee. value at 10 [13], and chose,
and 7 so that both the calculated absolute value and the
derivative of the Drude-model spectrum become identi-

at hw ~ 0 eV, which is consistent with the temperature cal to those of the experimental spectrum0a07 eV.
dependence of dc resistivity [7—9]. On the other handThe ¢ (w) spectra shown in Fig. 2(b) are obtained by

the spectrum foiE || ¢ (out of plane) at290 K is quite
different from the in-plane spectrak(w) does not show
a Drude-like feature in the low energy region, antw)
shows nearlyi w-independent spectra beldws eV (apart
from the sharp phonon structures beléa eV) whose
magnitude is much smaller than that fir L ¢. Such a
c-axis spectrum is similar to those of cuprate superconduc-
tors, e.g., YBaCy0,_5 [2—4] and La—, Sr.CuQ; [5,6],

in the normal state.

To estimate the Drude weight, we calculated
the effective number of electrons, Ne(w) =
(2mg/me*N) [ o(w')dw', wherem is the free electron
mass andV the number of Ru atoms per unit volume. In
the simple Drude modeld(w) = ne’r/m(1 + w?7?),
where n, m, and = are the number of carriers per unit
volume, the carrier mass, and the relaxation time of car-
riers, respectively]Negr(w — ) is (n/N)/(m/mp). In
the case where the spectrum for an interband transition is
superposed, however, the upper limit of théw) integral
should be taken below the onset energy of the interband
transition, but sufficiently higher tham~! (inversed
relaxation time) to extract only the Drude part. We thus
examined the value &¥.¢(w) athio = 1.5 eVforE 1L ¢
and0.5 eV for E || ¢, and found that the in-plane effec-
tive number of electrons for conduction carrigg’?)
is ~0.53, and the interplane ongVg;) is ~0.007. The
anisotropic ratioN2 /NS is ~80, which is comparably
large to that of La_, Sr,CuQ, in the heavily doped region

FIG. 2.
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() Reflectivity R(w) and (b) optical conductivity
o(w) spectra belowd.05 eV for E || ¢ at 130, 60, and15 K.
Dashed lines are the extrapolation by the Drude function (see
text).

The inset of (b) shows a comparison of the optically

deducedc-axis resistivity (p. = [o(w = 0 eV)]"") with that
measured by the conventional four-probe technique, which is
multiplied by 2/3.
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the Kramers-Kronig transformations of extrapolated rethe extended Drude analysis; (w)/m andr(w) are ob-
flectivity spectra. Dashed-line partsw < 0.007 eV) in  tained by theo(w) and €;(w) (not shown) spectra from
Fig. 2 are thus rather qualitative, yet the temperature dewhich phonon structures are subtracted. Figure 3 shows
pendence ofo(w = 0 €eV) is in good agreement with the w dependence of the-axis mass and scattering rate;
the dc conductivity obtained by the conventional four-(a) m’(w)/m. and (b)/i/7.(w). The » dependence of
probe technique as indicated in the inset of Fig. 2(b). Wen and//7. is rather small at 30 K. Since the magni-
also made other types of low-energy extrapolation, i.e.tude of7i/7. (~0.25 eV) is comparably large to that ef;,
Hagen-Ruben$éR = 1 — cw'/?) and constant extrapola- (= 0.32 eV), SLbRUQ, may be viewed as a dirty metal at
tion for Zw < 0.007 eV, and confirmed that variation in (and above)30 K. Below 130 K, m for ie < 0.02 eV
o(w) above0.007 eV with the three different types of is enhanced and reaches about 30 times the unrenormal-
extrapolation is< 5%. As can be seen in Fig. 2(b), the ized c-axis massn, for iw < 0.01 eV at15 K. (Note
spectral weight ofo(w) between0.005 and 0.03 eV is  thatm, itself is readily about 0> as large as theb-plane
diminished and is condensed faw ~ 0 eV with a de- massm,,.) On the other handj/r. is suppressed for
crease of temperature beloi80 K, which corresponds /iw < 0.012 eV whereas it increases faw > 0.012 eV
to the rapid decrease of dc resistivity in this temperaturavith the decrease of temperature. Such features can be
range. It is noteworthy that the effective number of elec-interpreted in terms of the onset of the coherent motion
trons[Negr(w)] is nearly conserved dw ~ 0.03 eV un-  of the carriers along the axis whose interplane effective
der variation of temperature. mass is highly enhanced through the low-energy renormal-
In the case of hight, cuprate superconductors, the tem-ization. It should be noted that temperature dependence of
perature dependence of the optical spectr&fdirc varies  m. (w)/m and/i/r.(w) of Sr,RUO, below 130 K is sim-
with doping: For the compound located in the lightly ilar to that of a heavy fermion compound URSi, below
doped region, e.g., YB&u;O¢ 7 [3], the low-energy spec- 70 K [15]. In URu,Si,, resistivity reaches the maximum
tral weight (< 0.03 eV) is diminished with a decrease at 70 K and shows rapid decrease below this temperature
of temperature abov&,. However, this missing spec- (in the coherent regime), which is analogous to ¢hexis
tral weight is not condensed tbw ~ 0 eV but redis- transport of SfRuQ, [16].
tributed over the higher energy region, which is consistent For comparison, we also applied the extended Drude
with the insulating behavior of the-axis conduction, i.e., analysis to the spectra f& L ¢ (in-plane spectra). As
dp/dT < 0. Onthe other hand, for the compound locatedseen in Fig. 4,m,,(w)/m is nearly independent ofw
in the heavily doped region YB&wO; [4], for exam- and temperaturél’), though a small mass enhancement
ple), o(w = 0 eV) increases with a decrease of temperais observed in a temperature-dependent manner below
ture (i.e.dp/dT > 0), which is qualitatively similartothe 0.3 eV with the decrease of’. On the other hand,
case of SfRuQ, below 130 K. For the cuprate, however, /7., shows a nearlyw-independent decrease with the
o(w) increases rather uniformly fdtw < 0.1 eV with a
decrease of temperature [4], and this makes a sharp contrast i T ' ' ' T
to the case of SRuQ,, whereo(w) betweenw = 0.005 40'_ (@) SroRuOy4
and0.03 eV decreases, whereas that bel@w05 eV in-
creases, conserving the total spectral weight bélgveV.
Such a condensation of the spectral weightodiv) to
hw ~ 0 eV is observed only for the cuprates beldw[3—
5], where the conduction carrier can move coherently as
the Cooper pairs along theaxis. |
To interpret thec-axis optical spectra shown in Fig. 2 . L . | . |
in a more quantitative manner, we made the extended : :
Drude analysis [14], in which optical response function is - T : T - T
expressed as -
P o} (@) Lo
olw) = — , ,
47 1 + [m*(w)/mPw?r(w)?
s Dw@)mir@?
P1 + [m*(w)/mPow?r(w)?’ ozl

Here m*(w) and 7(w) are the energy-dependent mass N
and relaxation time of the conduction carriers, the . i . . ‘ .
unrenormalized mass, aag, (unrenormalized plasma fre- 0 0.01 0.02 0.03
qguency)= +/4mne?/m, wheren is the density of carri- nw (eV)

ers. We determined the-axis plasma freque.ncy); to FIG. 3. (a) Energy-dependent effective mass divided by the
be 0.32 eV, which corresponds to the magnitude of theynrenormalized maspn’(w)/m.] and (b) the scattering rate
c-axis effective number of electron®/'ss = 0.007). In  [f/7.(w)] for E || ¢ at 130, 60, and15 K.
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2T T T T T T T T T T 0.03 eV begins to be condensed k@ ~ 0 eV when the

I T temperature is lowered belows0 K, which is different

9K ] from the behavior of cuprates in the normal state. The
[ 200K Elc ] extended Drude analysis of theaxis spectrum suggests
1k i the onset of the coherent motion of carriers with strongly
1 renormalized mass and scattering rate along dhexis
1 below 130 K. Such an anisotropic renormalization effect
@) | in the charge dynamics may be considered as a generic
| feature of the quasi-two-dimensional metal with strong
0 0.5 1 electron correlation, but is obviously distinct from the case
T of the cuprate superconductors.
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