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Ca,_,Sr,RuO, single crystals with 0.1 = x = 2.0 have been studied systematically using scanning
tunneling microscopy (STM) and spectroscopy, low-energy electron diffraction, and angle resolved
photoelectron spectroscopy (ARPES). In contrast with the well-ordered lattice structure, the local density
of states at the surface clearly shows a strong doping dependent nanoscale electronic inhomogeneity,
regardless of the fact of isovalent substitution. Remarkably, the surface electronic roughness measured by
STM and the inverse spectral weight of quasiparticle states determined by ARPES are found to vary with x
in the same manner as the bulk in-plane residual resistivity, following the Nordheim rule. For the first
time, the surface measurements—especially those with STM—are shown to be in good agreement with
the bulk transport results, all clearly indicating a doping-induced electronic disorder in the system.
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Chemically doping a material has been an effective way
to explore new emergent phenomena. Striking examples
include high-T, superconductivity in cuprates, ‘“‘colossal’
magnetoresistance in manganites, and ferromagnetism in
diluted magnetic semiconductors. However, many recent
studies have overwhelmingly demonstrated that doping
also triggers spatial electronic inhomogeneities in a wide
variety of complex electronic materials, even in high-
quality single crystals [1]. Nanoscale electronic inhomo-
geneity occurs between antiferromagnetic insulating and
superconducting or metallic states in cuprates [2].
Microscopic to mesoscopic phase separation arises from
ferromagnetic metallic and antiferromagnetic insulating
phases in manganites [3]. In heavy-fermion compounds
[4], inhomogeneous ground states are described as “‘elec-
tronic Griffiths phases.” Even in organic crystals such as
k-(BEDT-TTF)?X [5], electronic phase separation consist-
ing of the metallic and insulating domains appears near the
first-order Mott transition. Unraveling the origin and role
of inherent inhomogeneity has been a crucial issue toward
the understanding of the emergent phenomena in corre-
lated electron materials.

It is generally believed that the coexistence of compet-
ing nearly degenerate states in a correlated electron sys-
tem is conspired by several simultaneously active degrees
of freedom: charge, lattice, orbital, and spin. Varying the
doping level or composition is expected to influence the
balance of these competing states, and thus the inhomoge-
neity. At present, there is no systematic study of the
evolution of inhomogeneous states with doping in a proto-
type system. In both cuprates [2,6—9] and manganites
[3,10,11], chemical dopants play the dual roles: one pro-
viding charge carriers and the other introducing local
crystalline disorder. While many believe that the doped
charges play an important role in the formation of inho-
mogeneities, emerging evidence indicates that doping-
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induced random disorder may be crucial as well
[12,13]. Whether the inhomogeneity is caused by doped
charge carriers or by doping-induced disorder is yet to be
resolved.

To gain insight into these unsolved issues, we have used
a combination of complementary techniques (LEED,
STM, and ARPES) to systematically explore the doping
dependence of local electronic inhomogeneity in a proto-
type transition-metal oxide: Ca,_, Sr,RuQO,. There are
three main reasons to choose Ca,_ ,Sr,RuQ,. First, it is a
layered perovskite system thus amenable to obtain an
ideal surface by cleaving a single crystal without changing
the composition. Second, the isovalent substitution be-
tween Ca’" and Sr’* introduces only the cation random
disorder to the system, thus avoiding charge carrier dop-
ing [14]. Last but not least, it is the only-known copper-
free transition-metal oxide where the evolution from anti-
ferromagnetism to superconductivity has been explored
[14-16]. The phase diagram of Ca,_,Sr,RuO, contains
rich and exotic behavior attributable to numerous and
nearly degenerate structural, electronic, and magnetic
instabilities.

STM and ARPES have played a momentous role in the
understanding of microscopic electronic properties in
many correlated electron systems [6—11,17-25]. In par-
ticular, both topographic and spectroscopic images on local
density of states (LDOS) with STM have uncovered re-
markable electronic inhomogeneities and their possible
correlation with local impurity or dopant atom distribu-
tions in cuprates [6—9] and manganites [10,11]. However,
one vital unsettled issue remains: As a surface-sensitive
technique similar to ARPES, can STM probe bulk intrinsic
properties by measuring at a surface? In this Letter, we
demonstrate that, for the first time, the results measured by
these techniques are in good agreement with the bulk
transport properties.
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High-quality Ca,_,Sr,RuQ, single crystals used in this
study were grown by the floating-zone technique [26] and
their bulk properties were well characterized. Both LEED
and STM experiments were performed in an ultrahigh
vacuum (UHV) system equipped with Omicron LEED
optics and a variable temperature STM. While the
ARPES measurements were carried out in a separate
chamber also equipped LEED optics for confirming the
surface quality. Ca,_,Sr,RuQ, crystals were mounted on
the sample plates with conducting silver epoxy and a small
metal post was glued on top. The crystal was cleaved by
knocking off the post in UHV, producing a flat, shiny (001)
surface that yielded a sharp LEED pattern. The surfaces of
Ca,_,Sr,RuQ, for both LEED and STM measurements
were acquired by cleaving in sifu at room temperature
(RT) and in a vacuum with the pressure of 1 X
10719 Torr. Samples for ARPES experiments were cleaved
in situ and measured at T = 40 K in a vacuum better than
8 X 10~ Torr. We did not observe any obvious differ-
ence in surface structure cleaved at different temperatures.
All the STM images and spectra were obtained with tung-
sten tips. Each of the images contains 512 X 512 pixels
and each of local tunneling spectra, i.e., the tunneling
current as a function of bias voltage I(V) at a fixed position,
have 200 data points. ARPES experiments were performed
at the Synchrotron Radiation Center, Wisconsin, using the
undulator beam lines (Ul NIM and PGM) at different
photon energies (10 to 32 eV). A Scienta analyzer capable
of multiangle detection is used with energy resolution of
15 meV, and momentum resolution of 0.02 A~!. The
photon energies used were either 22 eV for the samples
with x = 0.3, 1.0, 1.5, and 1.9 or 32 eV for samples with
x = 0.5 and 2.0. Samples for all measurements are stable
and show no sign of degradation during a typical measure-
ment period of 12 hours after cleaving.

Figure 1 presents characteristic LEED images of a
freshly RT cleaved Ca,_,Sr,RuO, with x =0.1 (a),
0.5 (b), and 2.0 (c). The sharpness of these images clearly
indicates that the surfaces of these samples have a well-
ordered lattice structure. Along with the integer spots
associated with undistorted bulk cubic perovskite structure
[15], faint spots appearing in the middle of four bright
integer spots are also observed from all samples. These

FIG. 1 (color online). LEED patterns from the freshly cleaved
(001) surfaces of Ca,_,Sr,RuO, at the Sr-doping level (x from
left to right) of 0.1, 0.5, and 2.0, taken at the beam energy of 139,
129, and 137 eV, respectively. The arrows mark the faint frac-
tional spots, and the solid lines on which the fractional spots are
extinct indicate the surface projections of the glide planes [27].

faint diffraction spots are the result of the in-plane rota-
tional distortion of RuOg octahedra [27], For the samples
with x = 0.1 and 0.5, the LEED patterns show that the
surface has a (1 X 1) structure as compared with the bulk,
indicating that the rotational distortion occurs both at the
surface and in the bulk. In the case of Sr,RuO, (x = 2.0),
the appearance of faint spots is due to a surface reconstruc-
tion [27]. Bulk Sr,RuQ, has a tetragonal structure without
the rotational distortion [15].

To obtain information about the local structural
and electronic properties, we have performed in situ
STM measurements at the same cleaved surfaces of
Ca,_,Sr,RuO, as those used for the LEED experiment.
Large scale STM images from all cleaved surfaces
show very large terraces up to um size with step heights
of integral multiples of the half-unit cell of Ca,_,Sr,RuQO,
(~6.4 A), corroborating that the crystals cleave between
RuOg4 layers and the surface is terminated with the
Ca/Sr-O layer for this system. However, high-resolution
images clearly demonstrate a strong doping dependence of
surface corrugation, in sharp contrast to the LEED images.
Figure 2 shows typical atomically resolved images of
Ca,_,Sr,RuQ, with x = 0.1 (a), 1.0 (b), and 2.0 (c). For
undoped Sr,RuO, (x = 2.0), the STM image shown in
Fig. 2(c) exhibits a homogeneous surface structure with
regular square atomic lattices. However, superimposed on
the ordered lattice matrix, random nanoscale corrugations
apparent with the bright (high) and dark (low) regions are
seen in the STM images of Ca; ¢St ;RuO, and CaSrRuO,
as shown in Figs. 2(a)—2(c). We have examined many sur-
face areas with different image sizes for samples with dif-
ferent doping concentrations. We found that such disor-
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FIG. 2 (color online). 10 nm X 10 nm STM topography im-
ages of the (001) surfaces of Ca,_,Sr,RuQ, with x = (a) 0.1,
(b) 1.0, and (c) 2.0, as well as (d) a 3D view and (e) the averaged
STS I(V) curves taken at the two contrast areas on the surface of
CaSrRuO, [marked as “1” for bright area and ““2”’ for dark area
in (d) and (e)]. The data were taken at RT, a sample bias V, =
1.6 V, a tunneling current /, = 0.5 nA, and in constant-current
mode.
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dered nanoscale corrugations are evidently associated
with the Ca/Sr-cation random mixing in the system and
reaches a maximum in CaSrRuQy,. To ensure that changes
in the local density of states causes the random corruga-
tions, we have simultaneously performed tunneling spec-
troscopy and topography measurements. Corresponding to
the drastic corrugation image at the surface of x = 1.0
sample [Fig. 2(d)], the averaged I(V) curve [shown in
Fig. 2(e)] taken in the “bright” area is different from that
in the “dark™ area, indicating an inherent electronic
inhomogeneity.

In order to assess the correlation between the local
electronic roughness and the dopant-induced random dis-
order, we have carried out a surface corrugation analysis of
the topographic images of Ca,_ Sr,RuQ, taken in the
same tunneling condition. Figure 3(a) shows the result of
the doping dependence of root-mean-square (rms) corru-
gation which is defined as

where z; is the image height at the jth position on the
surface, and N is the total acquired data points or pixels in
an image (N = 512 X 512). Remarkably, the doping (x)
dependence of the electronic roughness coincides with that
of the in-plane residual resistivity p,;,(0) [14]. Both obey
the Nordheim rule [28,29]: (rms) and p;,(0) « x(2 — x) as
represented by the solid curve in Fig. 3(a). This implies
that the randomness, intrinsic to the cation substitution, is
responsible for the observed electronic inhomogeneity and
the finite residual resistivity. While the imaged electronic
inhomogeneity by STM reflects the different electronic
densities of states at nanoscale, the residual resistivity
measures the carrier scattering by the random potentials
raised by the local inhomogeneous electronic states. The
similar doping dependence of surface electronic roughness
and bulk residual resistivity demonstrates, for the first time,
the surface properties measured with STM do reflect the
bulk properties in these layered compounds.
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FIG. 3 (color online).
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The existence of a nanoscale inhomogeneity will have
important consequences on low-energy single-electron ex-
citations such as the quasiparticle (QP) spectral weight
(Zgp) [30,31] that are accessible by macroscopic measure-
ments such as ARPES. ARPES can be used to determine
the strength of the coherent excitations as a function of
momentum and energy. By studying the doping depen-
dence of QP excitations in Ca,_,Sr,RuO, with ARPES,
we find that the spectral line shape (including spectral
weight and linewidth) changes drastically as x varies.
Figure 4 displays the energy distribution curves (EDCs)
taken in the vicinity of the Fermi surface (FS) along the
I'-M and I'-X directions, respectively. The observed fea-
ture at the Fermi energy (Er) shown in Fig. 4 is the QP
excitations from one of the three 7,, bands with d,./d,,
orbital character, giving rise to the electronlike B8 FS
centered at the I' point [32,33]. It appears as a sharp
coherent peak in both directions in Sr,RuQ, (x = 2.0)
but significantly reduces its spectral weight (reduced in-
tensity and increased linewidth) as x decreases down to 1.0.
For smaller x (for example, x = (.5), the coherent peak at
Er regains some spectral strength. It is clear that the
coherent peak exhibits its minimum intensity at the middle
of the doping range (x = 1.0). As has been reported re-
cently [33], no major electron transfer among the three 7,,
bands has been observed in this system. Therefore, an
obvious mechanism for the reduction of coherent QP spec-
tral weight is the incoherent scattering due to the doping-
induced random disorder.

If the disorder-driven mechanism is responsible for the
change of the QP spectra weight, one would expect a
further increase of the QP intensity when x << 0.5. Surpris-
ingly, the spectral weight of Ca;;Sry3RuO, (x = 0.3)
decreases compared with that for x = 0.5 (see Fig. 4). To
understand this unexpected change, one must realize that
Ca; ;Sry3RuO, (x = 0.3) is in the vicinity of the Mott
insulator (x < 0.2) and quantum critical point (x, = 0.5).
Its QP spectral weight must thus be affected by strong
magnetic fluctuations and Mott-driven localization [14],
in addition to the disorder effect. The decrease of its QP
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(a) The surface electronic corrugation (rms)(roughness) of Ca,_,Sr,RuO, at RT measured by STM

topography images as a function of doping (x), as compared with the in-plane residual resistivity p,;(0) from Ref. [14]. The solid
curve represents a fit of (rms) to the Nordheim rule; (b) The inverse ratio of the ARPES QP to total excitation spectral weight
(Za/Zgp) of Cap_,Sr,RuOy (x = x,) taken at the k of the B FS along both the I'-X and I'-M directions (see Fig. 4).
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FIG. 4 (color online). ARPES EDCs of Ca,_,Sr,Ru0O, with
x =0.3,05, 1.0, 1.5, 1.9, and 2.0, taken at the sample tempera-
ture of 20—40 K and the kr of the 8 FS along (a) I'-M and
(b) I'-X directions shown in the inset where the solid lines are the
calculated FS of Sr,RuO, [34]. The QP spectral weight is
represented in the shadow area for different doping levels.

spectral weight observed indicates that the effect of Mott
localization instead of disorder is dominant. For x < 0.2,
the system becomes an antiferromagnetic Mott insulator,
whose QP spectral weight at Er completely diminishes
(not shown).

To quantify the doping dependence of the QP line
shape from the ARPES spectra for x = x., we extract the
QP spectral weight (Zgp) by fitting an ARPES spectrum
with a broad incoherent background and a sharp coherent
peak, and then modified by the Fermi function [30,31]. The
value of Zgp is obtained through normalized energy inte-
gral from the coherent peak. The fitting results along both
the I'-M and I'-X directions are presented in Fig. 3(b). For
better comparison with other results shown in Fig. 3(a), we
plot the inverse ratio of Zp to the total spectral weight Z,,
i, Zy/Zop. Again, Z,/Zgp also follow the Nordheim
rule, indicating that the doping-induced random disorder
directly accounts for the evolution of the QP spectral
weight through the influence on the low-energy electron
excitations.

In summary, we have studied the doping dependence of
the local electronic properties of Ca,_,Sr,RuO, using
LEED, STM, and ARPES. We found that, regardless of
the fact of a well-ordered lattice structure, a local surface
electronic inhomogeneity exists in the doped system as
reflected by the nanoscale electronic corrugation. The
doping dependence of such an electronic inhomogeneity,

which follows the Nordheim rule in the same manner as
that of the bulk in-plane residual resistivity, can be ex-
plained as a consequence of doping-induced random dis-
order. The intensity of the QP coherence peak in ARPES as
a function of doping draws the same conclusion. These
demonstrate that, for the first time, the doping-induced
electronic inhomogeneity observed at the surface reflects
the bulk property.
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