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S1. Enlarged atomic-scale STM images

Fig. S1 shows enlarged versions of the atomicscale STM images
of Fig. 2 of themain text for better visibility of the details.

S2. Mn doses in monolayers (ML)
This Section addresses how the horizontal axes of Fig. 2 and
Fig. 5(b and c) of the main text, i.e., the relative compositions
of the surface structures in terms of Mn cations, have been es
tablished. In a nutshell, we have (i) evaluated the number of
laser pulses shot on the MnO target required for the transition
between adjacent reconstructions, accounting for sticking/re
evaporation effects that affect the effective amount of mate
rial deposited; (ii) evaluated the growth rate of Mn atoms in
monolayers [ML, where 1 ML is the number of Mn sites — or,
equivalently, A sites — in an (AMnO)2 plane of LSMO(110), i.e.,
4.64 × 1014 cm−2] by means of a specially designed QCM;1 (iii)
translated the effective number of pulses shot on theMnO target
(i) intomonolayers of Mn, by using the growth rate from (ii).

Evaluating the number of laser pulses needed to switch between
reconstructions

During the first step, i.e., the evaluation of the number of laser
pulses needed to switch between adjacent reconstructions, pro
nounced differences in surface sticking/reevaporation of the
deposited species were observed among the different surface
phases, which must be taken into account to determine the ef
fective amount of material needed to switch between the recon
structions. Fig. S2(a) shows the Mn 2p/La 4d XPS intensity ra
tios corresponding towelldefinedLSMO(110) surfaces thatwere
produced by depositing incremental amounts ofMn at 0.2mbar
O2 at room temperature (RT) followed byO2 annealing at 700 °C,
starting from the (1 × 1) surface of Fig. 2(a) and Fig. S1(a). The
intensity ratios are plotted as a function of the number of laser
pulses shot on the MnO target. The intensities increase linearly

Institute of Applied Physics, TU Wien, Wiedner Hauptstraße 810/E134, 1040 Wien,
Austria. Email: riva@iap.tuwien.ac.at

2
0
1
8
1
2
2
1
 n

o.
 3

7

1 nm

1.9 V, 0.05 nA

2.6 V, 0.2 nA

2
0
1
8
0
7
1
0
 n

o.
 1

1

2
0
1
8
0
6
1
4
 n

o.
 2

5
2
0
1
9
0
2
1
3
 n

o.
 3

5

2
0
1
9
0
3
0
4
 n

o.
0
7

a

b

afb

bfb

2b 3a

+

+

1.9 V, 0.04 nA

(a)

a

b

(1 × 1) , “fishbone”))4    5
∓1    2

∓

(c)

(2 × 1)(n × 2)

2.2 V, 0.05 nA 1.8 V, 0.04 nA

(b) (d)

Fig. S1 Enlarged atomic-scale STM images of LSMO(110) (for more
information, refer to the phase diagram of Fig. 2 in the main text).

for small amounts deposited, in agreement with the expected
enrichment in Mn of the surface, but above a critical Mn en
richment (dashed line) their slope with the deposited pulses
decreases drastically. The critical point corresponds to a surface
with a structure between those shown in Figs. 3(b) and 3(c),
i.e., slightly Mn richer than the fishbone reconstruction. Corre
spondingly, after overcoming this critical composition, a larger
number of pulses is required to detect appreciable changes in
the surface structure in STM. XPSmeasurements reveal that the
observed change in slope is obtained after the postannealing
step: Right after RT deposition, the Mn/La signal increases lin
early, as expected (not shown); the signal then decreases after
annealing at 0.2mbar O2 and 700 °C for 1 h.

S1 | J. Mater. Chem. A, 2020, DOI: 10.1039/d0ta07032g This journal is © The Royal Society of Chemistry 2020

View Article Online
View Journal | View IssuePAPER

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2020

https://doi.org/10.1039/d0ta07032g
https://doi.org/10.1039/d0ta07032g
https://orcid.org/0000-0003-3525-5399
https://orcid.org/0000-0003-3373-9357
https://orcid.org/0000-0003-0319-5256
https://orcid.org/0000-0001-8303-7383
https://doi.org/10.1039/d0ta07032g
https://doi.org/10.1039/d0ta07032g
https://doi.org/10.1039/d0ta07032g
mailto:riva@iap.tuwien.ac.at
https://doi.org/10.1039/d0ta07032g
https://doi.org/10.1039/d0ta07032g
https://doi.org/10.1039/d0ta07032g
https://doi.org/10.1039/d0ta07032g
https://pubs.rsc.org/en/journals/journalissues/ta


Electronic Supplementary Information

View Article Online

Journal of Materials Chemistry A

(a)

1.2

1.4

1.6

1.8

2.0

0 100 200 300
No. laser pulses on MnO target

0.50

0.55

0.60

0.65

0.70 

No. laser pulses on La2O3 target
0 40 10020 60 80 120

(b)

(1 × 1)
(2 × 1)

Fig. 2c

(1 × 1)

(n × 2)

(1 × 1) +

(n × 2)

Mn/La La/Mn 

X
PS

 i
n
te

n
si

ty
 r

at
io

s

fishbone

(n × 2)

0.75 

Effective No. laser pulses on MnO target 

1.2

1.4

1.6

1.8

(c)

(1 × 1)
(2 × 1)

fishbone

Mn/La 

(n × 2)

0

X
PS

 i
n
te

n
si

ty
 r

at
io

s 2.0

50 100 150 200

Mn dose (ML)
0 1 2 3 4

Fig. S2 Surface-dependent re-evaporation of Mn and La species and Mn dose calibration. (a) Mn 2p/La 4d and (b) La 4d/Mn 2p XPS peak
intensity ratios as a function of the number of laser pulses shot on the MnO and La2O3 targets, to enrich well-defined LSMO(110) surfaces
in Mn and La, respectively. (Deposition at RT and 0.2 mbar O2 plus anneal 1 h, 0.2 mbar O2, 700 °C.) The XPS intensities are not linear with
the number of pulses shot on the targets: Mn (La) species are incorporated less on Mn- (La-)rich surfaces. (c) Mn 2p/La 4d intensity ratios
as a function of the “effective” number of laser pulses shot on the MnO target, derived from the data in panel (a) by correcting for the slope
differences in the two regimes. The horizontal error bars on the last four points in (c) are due to this correction.

A similar behavior is observed also during the deposition of
La. Fig. S2(b) shows the La 4d/Mn 2p XPS intensity ratios as a
function of the number of laser pulses shot on the La2O3 tar
get (again, deposition at RT in 0.2 mbar O2, and 700 °C post
annealing in 0.2 mbar O2). For this set of experiments, the start
ing point was the Mnrich structure of Fig. 3(c). The surface
becomes increasingly La richer the more La is deposited. As
in the case of Mn deposition, the initially linear trend suddenly
changes slope after a critical stoichiometry is reached (dashed
line). This corresponds to a surface structure between the (n×2)
and the (1× 1).

Thedata inFig. S2(a, b) show that, onwelldefinedLSMO(110)
surfaces, Mn (La) species tend to be incorporated less easily in
surfaces that are richer in Mn (La), as if there was a large barrier
to incorporate additional cationic specieswhen the composition
of the surface is brought towards the extremes of the surface
phase diagram. Similar trends have been observed previously on
SrTiO3(110), where it was shown they occur because of surface
dependent sticking.2 One can exclude that the changes in the
XPS slopes are associated with the formation of 3D structures,
as judged from largearea STM images (not shown). One can
also rule out that the change of slope is due to the development
of a second layer, as this occurs at Mn doses well above 1 ML.
The XPS data acquired right after RT deposition and after post
annealing again suggest that cation reevaporationuponanneal
ing at 700 °C is the dominantmechanism driving this effect.

The “effective” number of pulses needed to switch between
adjacent reconstructions (accounting for the reevaporated ma
terial during the annealing step) has been derived by scaling the
number of laser pulseswith the slopes of the XPS intensity ratios
(obtained from linear fits to the data). The outcome is shown in
Fig. S2(c), which displays the structures and Mn/La ratios as a
function of the effective number of laser pulses shot on theMnO
target (bottom axis) and in terms ofmonolayers of Mn (top).

Deriving the growth rate of Mn

The translation to monolayers of Mn has been performed by
using the amount of Mn deposited per pulse derived with a
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Fig. S3 Shift of the QCM resonance frequency as a function of the
amount of MnO2 deposited (number of laser pulses shot on the MnO
target).

QCM mounted on a homedesigned holder suited for transfer
ring the QCM across the vacuum system.1 Controlled amounts
of material were incrementally deposited on the QCM at the
same conditions used for deposition on the LSMO surface (i.e.,
RT, 0.2 mbar O2, 1.8 J cm−2), and thereafter the corresponding
frequency shifts of the QCMweremeasured in an adjacent UHV
chamber at room temperature (see Fig. S3). From a linear fit of
the data in Fig. S3, one derives a rate of change of the resonance
frequency of −0.1062 ± 0.0007 Hz per pulse. This corresponds
to amass growth rate Δm/A = 1.32± 0.02 ng cm−2 per pulse.1

Since manganese oxide can exhibit a variety of oxygen sto
ichiometries (MnO, Mn2O3, Mn3O4, or MnO2) depending on
the growth conditions, the composition of the films grown
on the movable QCM at our conditions was determined by
XPS. As shown below, the composition is MnO2. By account
ing for the 1 : 2 Mn : O stoichiometry and the known atomic
masses of O and Mn, one can then derive a deposition
rate of Mn of (9.16± 0.15)× 1012 Mn at. cm−2 per pulse, or
(1.97± 0.03)× 10−2 ML ofMn per pulse, where 1ML is defined
as the number of Mn sites in an (AMnO)2 plane of LSMO(110),
i.e., 4.64× 1014 cm−2.
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Fig. S4 XPS spectra acquired on a fishbone-reconstructed surface of LSMO(110) (non-monochromatic Al Kα source, normal emission, 10 eV
pass energy). The shape of these peaks on the other reconstructions appears identical upon appropriate rescaling.

Table S1 Selected XPS data for different manganese oxides. The
Mn 3s splitting, binding energy differences between Mn 2p3/2 and
O 1s, and Mn(2p3/2, L3M23M45) Auger parameters of several man-
ganese oxide compounds extracted from the literature are compared
with values from films grown at room temperature in 0.2 mbar O2
in the present work on the QCM (rightmost column). Values are
expressed in electronvolts. Part of the values are taken from the NIST
XPS database;3 for these, the original references are reported.

MnO Mn3O4 Mn2O3 MnO2 This exp. (QCM)

Mn 3s
splitting

5.44 4.45 4.55± 0.22
4.66

4.77

5.88 5.38 5.28 4.78

6.19 5.59 4.59

5.910 4.610 5.210 4.510

5.611 5.611 5.411 4.511

6.112 5.312 5.412 4.512

6.0513 5.513 4.5813

Eb(Mn2p3/2)
−Eb(O 1s)

111.84 112.85 112.25± 0.05
112.56

111.88 111.88 112.68

110.911 111.111 111.411 112.411

111.3414 111.9314 112.3614

111.615 112.215

Auger
parameter
Mn(2p3/2,
L3M23M45)

1226.914 1227.215 1227.24± 0.08
1228.16

1223.811 1224.411 1224.611 1225.511

1225.615 1224.815 1226.615 1227.315

Establishing the composition of the manganese oxide film de
posited on the QCM

The abundant XPS literature on manganese oxides4–15 was used
to determine the composition of the manganese oxide film de
posited on the QCM at our growth conditions. This shows that
the shape and the relative positions of few relevant peaks are
uniquely associated to a specific compound. MnO ismost easily
distinguishable, since it displays a characteristic shakeup peak
in itsMn2pspectrum.12,14Since this satellite isnotpresent inour
spectra (not shown), one canexcludeMnOas thedominant com
positionof thefilm. DistinguishingbetweenMn2O3,Mn3O4, and
MnO2 based on the shape of their peaks is less straightforward,
as it hinges on a very accurate fitting of the data, ideally acquired
with a monochromatic source.14 For this reason, the difference
of binding energies ofMn2p3/2 andO1s, the finalstate splitting

of Mn 3s, and the Mn(2p3/2, L3M23M45) Auger parameter11 were
chosen as indicators. Table S1 summarizes the values extracted
from several literature sources. Comparison with our XPS data
(rightmost column in Table S1) suggests that the composition of
the film deposited on the QCM is largely MnO2.

S3. XPS spectra
Fig. S4 shows representative XPS spectra for the main corelevel
peaks of the LSMO(110) surfaces. The spectra in Fig. S4 were
measured on a fishbonereconstructed surface [Fig. 2(c) of the
main text and Fig. S2(c)].
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