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We report on the epitaxial growth and surface structure of infinite-layer cuprate Sr;_,Nd,CuO, films on
SrTiO5(001) substrates by combining ozone-assisted molecular beam epitaxy and in situ scanning tunneling
microscopy. Careful substrate temperature and flux control has been used to achieve single-phase, stoichiometric,
and c-axis oriented films. The surface of the films is usually characterized by a mixed CuO, surface and gridlike
superstructure. The superstructure exhibits a periodicity of 3.47 nm that corresponds to a coincidence lattice
between the overlayer peroxide SrO, and underlying CuO, plane, and gives rise to a conductance spectrum
that is distinct from the Mott-Hubbard band structure of CuQO,. At a higher Nd composition x > 0.1, a (2 x 2)
surface characteristic of the hole-doped CuO, emerges, which we ascribe to the intake of apical oxygens in the

intervening Sr planes.

DOI: 10.1103/PhysRevB.101.180508

Infinite-layer (IL) ACuO;, (A = Ca, Sr, Ba) compounds
exhibit the simplest crystal structure among cuprates, in which
the major superconducting CuQ; is alternatively separated by
alkaline-earth cations along the crystallographic ¢ axis [1].
Partial substitution of divalent A%+ ions by trivalent ions such
as La®* and Nd>* leads to electron-doped superconductivity
with a record transition temperature T; of 43 K [2—4]. More re-
markably, IL. compounds represent a rare category of cuprate
superconductors with a surface termination of the supercon-
ducting CuO, planes [5-7]. Given that most cuprates are
terminated with non-CuO, charge reservoir layers upon cleav-
ing, e.g., BiO for bismuth-based cuprates, this peculiar feature
provides an unprecedented opportunity to directly charac-
terize the superconducting CuO, planes by surface-sensitive
experiments [8], compared to previous studies [9-11]. A
systematic direct measurement of the major CuO, planes may
help to eventually understand the microscopic mechanism of
high-T; superconductivity [3,8,12—-16]. However, IL cuprates
with a tetragonal structure are thermodynamically unstable.
It is nearly impossible to synthesize single crystals by con-
ventional solid state methods, and only some powder form
of IL samples was obtained using high-pressure techniques
[17,18].

Epitaxial films of IL cuprates can be stabilized and pre-
pared on appropriate substrates by using pulsed laser depo-
sition (PLD) [19-21] or the reactive molecular beam epitaxy
(MBE) technique [22-25]. However, the as-grown thin films
are often characterized with several competing phases, such
as SroCuQs, Sri4Cu4Qy4;, and orthorhombic SrCuQ, [26],
as summarized in Table I. Furthermore, due to the limited
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solubility of trivalent ions in IL. compounds, oxygen-deficient
or -redundant superstructures with a relatively larger out-of-
plane lattice parameter, referred to as a long-c phase, occur
at elevated doping [8,19,20,22]. In this Rapid Communica-
tion, we combine ozone-assisted MBE and in sifu scanning
tunneling microscopy (STM) to solve these problems, aiming
to establish growth procedures for single-phase crystalline
Sr;_Nd,CuO, (SNCO, 0.08 < x < 0.12) thin films. We em-
phasize that, compared to the alternative shutter-controlled
deposition, our method for composition/phase control is self-
regulated, without the complicated calibration of the compo-
sition by shutter time.

The experiments were performed on a commercial ultra-
high vacuum (UHV) STM apparatus (Unisoku), connected to
an ozone-assisted MBE chamber for in situ film growth. Nb-
doped SrTiO3(001) substrates were first degassed at 600 °C,
and subsequently annealed at 1250 °C under UHV for 20 min
to get the clean surface. Prior to film epitaxy, fluxes of all
metal sources (Sr, Nd, and Cu) were precisely calibrated in
sequence by using a standard quartz crystal microbalance
(QCM, Inficon SQM160H). Epitaxial thin films were then
prepared by the codeposition of high-purity metal sources
from standard Knudsen cells under an ozone flux beam of
~1.1 x 107> Torr. The growth rate was 0.4 unit cells per
min, and the flux ratio between Nd and Cu sources was used
to calculate the nominal composition x. Polycrystalline Ptlr
tips were cleaned by electron-beam heating and calibrated
on MBE-grown Ag/Si(111) films. Tunneling spectra were
measured using a standard lock-in technique with a small
bias modulation of 10 mV at 937 Hz. After in situ STM
measurements at 78 K, the samples were taken out from
the UHV chamber for x-ray diffraction (XRD) measurements
using the monochromatic Cu K« 1 radiation with a wavelength
of 1.5406 A.
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TABLE I. Crystal structure and lattice parameters for Sr-Cu-O compounds in the thermodynamic proximity of IL cuprates.

Space group a(A) b(A) c(A) Reference
IL tetragonal SrCuO, P4 /mmm 3.9269 =a 3.4346 [1]
Orthorhombic SrCuO, Cmcm 3.5770 16.342 39182 [27]
Orthorhombic Sr,CuO; Immm 12.702 3911 3.4990 [28]
Orthorhombic Sri4Cu,404; Amma 11.488 13.414 27.428 [29]
Tetragonal SrO, 14 /mmm =a 6.55 [30]

The growth of IL SNCO epitaxial films demands for the
precise control of the substrate temperature Ty, and cation
stoichiometry. Similar to previous reports [31], we found that
tetragonal IL SNCO films start to crystallize at 500 °C and
change to the orthorhombic phase above 610 °C. Thus, Ty, =
550 °C was chosen for both good crystallinity and avoiding a
high-temperature orthorhombic phase. Figure 1(a) shows the
XRD patterns of as-grown films as a function of the nominal
flux ratio A = (Sr + Nd)/Cu, with a smaller Nd/Cu flux ratio
of x < 0.10. Apparently, the IL SNCO phase coexists with
the Sr-deficient spin ladder Srj4Cuy4O4; at a lower A of 7.3.
This is understandable because St has a higher vapor pressure
of 1.8 x 1072 Torr and is very volatile at Ty, = 550°C.
Meanwhile, Sr is easily oxidized in the ozone atmosphere,
which reduces its effective flux during the growth. The two
factors explain why a larger A > 9.4 is required to prepare
single-phase IL films, as demonstrated by the XRD spectra
in Fig. 1(a). Evidently, the cation stoichiometry of SNCO is
quasi-self-regulating, resembling, to some extent, the growth
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of GaAs and metal chalcogenides [32,33]. We note that the
self-regulation of stoichiometry is somewhat limited and the
IL SNCO phase forms only in a narrow window of A. A larger
A of 16.8 converts the epitaxial films to a more thermodynam-
ically stable Sr,CuOj; phase [see Fig. 1(a)].

Our STM characterization corroborates the flux-ratio-
dependent phase evolution. At A = 7.3, the chainlike sur-
face characteristic of spin ladder Sri4Cuy404;(010) occurs
[Fig. 1(b)], whereas single-phase Sr,CuO; overwhelms the
others under a Sr-rich condition [Figs. 1(c) and 1(d)]. A
fast Fourier transform (FFT) analysis inserted in Fig. 1(d)
indicates that the in-plane lattice constants are b =3.9 +
0.1A and ¢ = 3.5 4 0.1 A, consistent with the expected value
for the orthorhombic Sr,CuQO3(100) surface in Table 1. The
single-phase IL SNCO films are prepared at an intermediate
X and display atomically flat surfaces [Figs. 1(e)-1(g)], which
are separated by a gridlike superstructure. The gridlike feature
gradually becomes prominent with increasing A and covers the
whole surface at A ~ 10.5.

10 nm

FIG. 1. (a) Representative XRD patterns of epitaxial films grown with various flux ratios (Sr + Nd)/Cu as indicated. The color vertical
bars correspond to the indexation of the crystal structure database for the referred to different phases. (b) STM topography (100 nm x 100 nm,
V =—-5.5V, 1 =20 pA) of spin ladder Sr;4Cuy4O4; at a small A of 7.3. Inserted is a zoom-in STM image of the chainlike (010) surface
(20 nm x 20 nm, V = —4.0V, I = 20 pA). (c) Large-scale STM topography (200 nm x 200 nm, V = —4.0V, I = 20 pA) of Sr,CuO; at a
large X of 16.8. (d) Atomic-resolved STM image of Sr,CuO; (16 nm x 16 nm, V = —4.5V, I = 15 pA). The inset shows the corresponding
FFT image, with b* and c* denoting the two reciprocal lattice vectors. (e)—(g) Morphographies (100 nm x 100 nm, / = 20 pA) of IL SNCO
cuprate films with increasing A. The sample bias V for STM imaging is (e) 3.0 V, (f) —4.0V, and (g) —3.5 V. The Nd composition x is 0.08 in

(e) and (f) and 0.10 in (g).
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FIG. 2. (a) Atomically resolved topography (10 nm x 10 nm,
V =-20V, 1 =20 pA) across a step edge separating the
CuO, plane (left side) and gridlike superstructure (right side) in
Sro9Ndg ;CuO,. Orange and white squares denote the respective
in-plane unit cells. (b) Spatially averaged tunneling spectra on CuO,
and the gridlike superstructure. Inserted is the schematic band struc-
ture of pristine cuprates displaying the UHB (unfilled) and CTB
(green). The black and blue triangles mark the onsets of CTB and
UHB throughout. Set point: V = —2.0V, I = 100 pA. (c) A series
of dI/dV spectra acquired along the white arrow in (a). Set point:
V =—15V,I=20pA.

To identify the two apparently distinct surfaces of IL
SNCO films, we acquire atomically resolved STM images,

High

Low

2 nm

as illustrated in Fig. 2(a). The flat surface has a square
lattice with a periodicity of ~3.9 A, matching well the CuO,-
terminated IL SNCO [2,8]. This is indeed supported by
the site-dependent differential conductance d1/dV spectra in
Fig. 2(b). On the flat surface, the tunneling d7/dV spectrum
features a fundamental Mott-Hubbard band structure of the
cuprate CuO, planes, accompanied by metalliclike states
within the charge-transfer gap [8]. It is worth noting that the
Fermi level EF is closer to the upper Hubband (UHB) than the
charge-transfer band (CTB), in line with the electron doping
by the Nd** substitution for Sr>* ions.

In contrast, the gridlike superstructure is characterized
by a larger in-plane unit cell of ~5.0A (marked by the
white square), rotated by 45° relative to the CuO, unit
cell in Fig. 2(a). A possible surface reconstruction of
SNCO(001)-v/2 x +/2R45° could be safely excluded since
the measured periodicity of ~5.0A deviates substantially
from the +/2 times (~5.6 A) of the in-plane lattice constant
of SNCO. Moreover, the tunneling d//dV spectrum of the
gridlike superstructure shows an extremely large band gap
(~2.8eV) and is significantly different from that of CuO,
plane [Fig. 2(b)]. This is confirmed by the linecut dI/dV
spectra across one step edge between the gridlike superstruc-
ture and the CuO; surface in Fig. 2(c). These observations,
together with the populated gridlike superstructure at elevated
A [Figs. 1(e)-1(g)], strongly suggest that the superstructure
originates from a totally different compound, most probably
linking with strontium. Tetragonal strontium peroxide SrO,
has a lattice constant of 3.55 A in the a-b plane (Table I) [30],
coinciding with 1/+/2 of the measured unit cell periodicity of
5.0 A in Fig. 2(a). In other words, the gridlike surface might

FIG. 3. (a)—(d) Bias-dependent STM images (20 nm x 20 nm, I = 20 pA) of the coincidence lattice between the SrO, overlayer and CuO,
plane. The bias V is (a) —3.0V, (b) —2.0V, (c) 3.0 V, and (d) 4.0 V. Note that the surface structure alters from SrOz(OOI)-«/E x +/2R45°
(solid squares) to SrO,(001)-2 x 2 (dashed squares) as the bias polarity is reversed. (e), (f) Autocorrelation analysis of the STM images in
(a) and (c), respectively. The green squares represent the unit cells of the gridlike superstructure. (g) Simulated moiré pattern between SrO,
and CuO;. (h) Schematic sketch of the SrO, overlayer on CuO,-terminated SNCO films.
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FIG. 4. (a) XRD spectra of IL SNCO films with varying x. Blue
and black arrows denote the reflection peaks from n- and p-SNCO,
respectively. (b) STM topographies (7 nm x 7 nm, I = 20 pA) of
coexisting n-SNCO (left panel, V = —1.5V) and p-SNCO films
(right panel, V = —3.0V) at x = 0.12. The unit cells outlined by
colored squares become doubled in size for p-SNCO as compared
with n-SNCO. (c¢) Comparison between tunneling dI/dV spectra
on n-SNCO (V = —-2.0V, I =100 pA) and p-SNCO films (V =
—1.5V,1 =100 pA).

correspond to SrO, in nature, which exhibits an enlarged
surface structure, i.e., SrO, (001)-«/5 x ~/2R45°. Considering
that no excess phase other than IL SNCO is found in the
bulk-sensitive XRD spectra at intermediate A [Fig. 1(a)], the
SrO; ought to occur only at the topmost CuO, surface of
epitaxial SNCO films.

By acquiring bias-dependent STM images with an atomic-
scale resolution in Figs. 3(a)-3(d), we further confirm
this conclusion for the gridlike superstructure. Intrigu-
ingly, the SrO,(001)-v/2 x ~/2R45° surface switches to a
SrO,(001)-2 x 2 structure as the bias polarity is reversed
from negative to positive. This suggests that the emergent
surface structures, irrespective of \/Q X ﬁ and 2 x 2, may
most likely stem from charge ordering in SrO, [34,35]. The
surface structure switching should be due to a bias-dependent
lateral variation of the local density of states in SrO, [36],
which requires further theoretical investigations. Notwith-
standing, the gridlike superstructure remains unchanged in
both dimension and orientation. The measured periodicity is
34.7 4 1.4 A on average, which is approximately ten times the
Sr-Sr atom spacing (as;0, ~ 3.55 A) in SrO, according to the
autocorrelation analysis in Figs. 3(e) and 3(f). Additionally,
the possible 2 x 2 charge ordering of SrO, is apparently
visible (see the white dashes) in Fig. 3(f), which enables one
to deduce the zero angle of the intersection between the re-
spective lattices of SrO, and the gridlike superstructure. Note
that the latter periodicity of 34.7 + 1.4 A coincides nicely
with nine times of the lattice constant asnco of SNCO films
[2,37], a coincidence lattice between the SrO, overlayer and
CuO,-terminated SNCO films proposed to be responsible for
the gridlike superstructure [Figs. 3(g) and 3(h)]. Figure 3(g)
illustrates a simulated moiré pattern by reasonably assuming

asro, = 3.55 A and asnco = 3.94 A, which matches well our
results [Figs. 3(e) and 3(f)].

The coincidence lattice for the superstructure, rather than a
simple topographic moiré pattern between the SrO, overlayer
and underlying CuQO,, is based on two experimental findings.
One is the significant dependence of the apparent corrugation
of the gridlike superstructure on the applied sample voltage
in Figs. 3(a)-3(d). For example, the corrugation of the super-
structure is more apparent at negative biases. The other finding
relates to the local distortion in the gridlike superstructure
and the accompanying charge ordering, which is unexpected
for a moiré pattern. Instead, it can be the local structural
distortion in the coincidence lattice that yields the bias-
dependent corrugation, distorted superstructure, and charge
ordering.

Next, we explore the dependence of SNCO films on the
nominal composition x of Nd. Five XRD spectra of IL SNCO
films at various x are shown in Fig. 4(a). Analogous to La-
doped Sr;_,La,CuO, (SLCO) IL epitaxial films [8], a second
phase with a larger c-axis lattice constant emerges at x > 0.1,
which coexists and becomes dominant with increasing x. The
emergent new phase is characteristic of a CuO,(001)-2 x 2
surface structure [Fig. 4(b)] and exhibits a hole-doped behav-
ior with the Er closer to CTB [see the black curve in Fig. 4(c)],
which we refer to as p-SNCO. In contrast, the electron-
doped n-SNCO films always display a bare CuO,(001)-1 x 1
surface, even in the two-phase coexisting SNCO films for
x = 0.12 [Figs. 4(b) and 4(c)]. Without loss of generality,
we attribute the CuQO,(001)-2 x 2 surface reconstruction and
emergent p-type behavior in SNCO films as the considerable
incorporation of apical oxygens in the intervening Sr planes
[8], which overwhelms the electron doping by Nd** donors.
In any case, the observed tunneling dI/dV spectra are of
striking resemblance, except for an energy shift in Eg. This
echoes the self-modulation doping scheme [8], namely, dop-
ing the intervening Sr layers changes little the fundamental
Mott-Hubbard band structure of CuO,(001).

Finally, we comment on the implication from the observed
SrO, overlayers. Based on the step height in Fig. 2(a), we
readily estimate the thickness of the SrO, overlayer, to wit,
only half of a unit cell (~3.3A). Evidently, the top SrO,
layer is insulating and exhibits a large semiconducting gap
of ~2.8eV [Fig. 2(b)]. Notably, the surface stacking of
one SrO; layer on CuQ; is structurally similar to the BiO-
terminated Bi,Sr,CaCu,0g.45 [9,10,13], i.e., insulating Sr(Bi)
oxides on CuQ,. Here, the measured dI/dV spectra appear
sharply different between SrO, and CuO,, and thus how the
cuprate database from the vacuum-cleaved BiO planes rep-
resents the spectral properties of buried CuO, merits further
investigations.
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