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It shows a compelling picture: The copper-apical-oxygen distance
cA in the bottom metallic UCs of M þ I bilayers is equal (within
the experimental error) to those in single-phase M and S films,
while the apical-oxygen displacement occurs only in the I layers of
bilayer samples. This result suggests that the anomalous behavior
is associated with the M − I interface. It has been argued already
(10 and 17) that, in particular in insulating cuprates, the Coulomb
interaction along the c-axis direction is strong, poorly screened,
and long ranged; the origin of anomalous expansion of the
copper-apical-oxygen bond in M − I bilayers must likewise be
in the long-range Madelung energy contributions.

According to (15), cA ¼ 2.7 Å should correspond to a Tc of
∼80 K at optimum doping. However, from (31) we know that
hole density drops sharply on the I side of the interface and
the screening length is equal to 6# 2 Å. This consideration im-
plies that on the I side and next to theM − I interface only one or
two CuO2 layers are doped via carrier accumulation while the
others remain insulating. Thus, unfortunately, we have a mis-
match: In the La2CuO4 layer optimally doped by charge transfer,
cA is close to its standard (bulk) value, while it is greatly elongated
only in insulating layers. It is tempting to speculate that one could
synthesizeM − I bilayers with Tc much higher than 36 K, perhaps
as high as 80–90 K, if only one could achieve the maximal cA elon-
gation and optimal doping in the same La2CuO4 layer. An
obvious avenue for further research is to try making I layers even
thinner, thus bringing the interface superconductivity closer to
the film surface. Another is to try engineering more sophisticated
hetero-structures and superlattices combining La2CuO4 with
other metallic oxides (nickelates, zincates, etc.).

Conclusions
In summary, we have used a unique atomic layer-by-layer
molecular beam epitaxy system to synthesize precise ultrathin bi-
layers using metallic but nonsuperconducting La1.55Sr0.45CuO4

and insulating La2CuO4 blocks, and observed interface supercon-
ductivity with Tc ¼ 34–36 K. We have used synchrotron x-ray dif-
fraction and the combined COBRA/Difference-Map phase-
retrieval method to determine accurately the atomic structure
and found the UC size to be constant despite dramatic atomic
displacements within the cell. In particular, the Cu-apical-O dis-
tance, known to strongly affect Tc, increases by as much as 0.45 Å
from the metal-insulator interface of the bilayer towards the sur-
face. In contrast, within our experimental accuracy this distance
remains constant in single-phase metallic and superconducting
films. We conclude that in cuprates the crystal structure can be
modified in near-surface layers, and in such a way that supercon-
ductivity properties can be dramatically altered; subtle lattice
contributions apparently can play an important role. This finding
underlines the importance of detailed surface-structure determi-
nation in conjunction with surface-sensitive probes of electronic
states such as scanning tunneling microscopy or angle-resolved
photoemission spectroscopy.

Fig. 5. Two-dimensional ED profiles along (100) and (110) atomic planes of
the M − I bilayer system. The EDs were determined from the experimentally
measured diffraction intensities using the COBRA technique. Cold colors re-
present low EDwhilewarmer colors represent higher ED. Schematic cross-sec-
tions of the complete tetragonal UC along each atomic plane are illustrated
near the sides. Left: in (100) plane, the white lines highlight the projected
shapes of the CuO6 octahedra, in particular the elongation near the surface;
Right: in (110) plane, the white lines highlight the projected profiles of the
La-apical-O planes, in particular the corrugation near the surface.

Fig. 6. Variation of the interatomic distances in single-phase metallic films.
(A) The measured Cu(Al)—apical-O distance, cA, varies as a function of the
nominal position of Cu(Al) atoms inside the refined structure. The data from
four single-phase metallic films and the average over the four are presented.
The lower and upper arrows represent the bulk values of cA for the LSAO
substrate and for La2CuO4 insulator (I), respectively. (B) The comparison of
cA, c1, and c2, averaged for each UC, as a function of Z position from metallic
single-phase samples. Inset: the lattice constant c0 as a function of Z. The
dotted line represents the bulk substrate value. The horizontal dashed line
is the average value of c0 in bilayers extracted from the electron density, as
described in the text. In both (A), (B) and the inset, the vertical dashed lines
represent the nominal substrate/metal interface.

Fig. 7. The comparison of the averaged cA over measured single-phase
metallic (M) and superconducting (S) films, and M þ I bilayers. The lower
and upper arrows represent the bulk values of cA for the substrate and
for the insulator, respectively. The vertical dashed lines and the dotted line
represent the nominal substrate/metal interface and metal/insulator
interface, respectively.

8106 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0914702107 Zhou et al.

H. Zhou et al., PNAS 107, 8103 (2010).

surface roughness or reconstructions, expected in this
highly polar surface, do not affect the 2DEG, which must
then reside in the subsurface layers—in agreement with our
previous conclusions on fractured (111) surfaces of KTaO3

[19]. Figure 2(b) shows the dispersion along the kh001i
direction, giving rise to the longest of the two ellipsoidal
Fermi surfaces in Fig. 2(a). The band forming the shortest
ellipsoid is eclipsed by photoemission selection rules along
this direction (see the SupplementalMaterial [22]). The band
bottom and Fermi momenta are about −40 meV and
0.3 Å−1, respectively.
From the data above, we model the Fermi surface of

the 2DEG at the SrTiO3ð110Þ surface as two orthogonal
ellipses, one along h001i with semiaxes of 0.3 and
0.1 Å−1, the other along h11̄0i with semiaxes 0.25 and
0.13 Å−1. From the area AF enclosed by the Fermi
surfaces, we obtain a carrier density nð110Þ2D ¼ AF=2π2≈
1 × 1014 cm−2. The electronic states associated with such a
high charge carrier density must be confined to the region
near the surface—otherwise the bulk would be highly
conductive, in contradiction with the insulating nature of
the samples studied. Similarly, from the band bottom and
Fermi momenta, using a parabolic approximation, we
obtain the effective band masses along h001i and h1̄ 1̄ 0i
(and equivalent directions), listed in the third row of
Table I. These effective masses are similar to the ones
determined in the aforementioned study [24] of the 2DEG
at the SrTiO3ð110Þ surface. In our study, the band bottom
of the heavy band, cf. Fig. 2(b), and the carrier density of
the 2DEG are slightly lower, probably due to the different
surface preparation techniques.
Henceforth, we focus on new experimental results at

the (111) surface of SrTiO3, which, as we will see, presents
the hexagonal symmetry of the unreconstructed surface,
and could thus be an interesting platform for the quest of

new electronic states and macroscopic properties at oxide
surfaces.
Figure 3(a) shows the Fermi surface measured at the

SrTiO3ð111Þ surface prepared in situ, as described in the
Supplemental Material [22]. It consists of three ellipses
forming a six-pointed star, thus strongly differing from the
Fermi surface at the SrTiO3ð110Þ surface, shown in
Fig. 2(a), or the one at the SrTiO3ð001Þ surface, discussed
inpreviousworks [14–16].Additional experiments show that
for surfaces prepared in situ with either ð1 × 1Þ or ð3 × 3Þ
reconstructions, the band structure and periodicity of the
confined states are identical, and correspond to the one
expected from an unreconstructed surface [22]. This indi-
cates that the2DEGat theSrTiO3ð111Þ surface is also located
in the subsurface layers, and is at best weakly affected by the
surface reconstructions at the polar (111) surface.

FIG. 2. (a) ARPES Fermi surface map (second derivative) at
hν ¼ 91 eV in the (110) plane of a fractured insulating SrTiO3

sample. The map is a superposition of intensities measured in the
bulk Γ130 and Γ131 Brillouin zones [22]. The red lines indicate the
edges of the unreconstructed (110) Brillouin zones. (b) Energy-
momentum intensity map at a Γ point along the kh001i direction.

FIG. 3. (a) Fermi surface map measured at hν ¼ 110 eV on a
SrTiO3ð111Þ surface prepared in situ. The black lines indicate the
edges of the unreconstructed (111) Brillouin zones around Γ222.
(b) Fermi surface map (second derivative of ARPES intensity,
negative values) in the kh111i-kh1̄ 1̄ 2i, or ð11̄0Þ plane, acquired by
measuring at normal emission while varying the photon energy
in 1 eV steps between hν1 ¼ 67 eV and hν2 ¼ 120 eV. The
experimental Fermi momenta, represented by the black and red
circles, are obtained by fitting the momentum distribution curves
(MDCs) integrated over EF $ 5 meV. The red rectangle is the
bulk Brillouin zone in the ð11̄0Þ plane. (c) Energy-momentum
map across the Γ point along the h1̄ 1̄ 2i direction. The dis-
persions of a heavy band and light bands are visible. (d) Raw
energy distribution curves of the dispersions are shown in panel
(c). In panels (a) and (c), the blue lines are simultaneous TB fits to
the Fermi surface and dispersions.

ORIENTATIONAL TUNING OF THE FERMI SEA OF … PHYS. REV. APPLIED 1, 051002 (2014)

051002-3

LETTER

T.C. Rödel et al., Phys. Rev. Appl. 1, 051002 (2014).
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in situ oxide MBE
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atomic structure
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FIG. 2. Actually, we do see buckling at the DL surface. Seems like our result for buckling is similar to Heifets with no reconstruction.Do we
want to put boxes around the three samples and label them a), b) c) with top left, top right and bottom or leave as is?

achieve TiO2 termination. After the in situ X-ray scatter-
ing experiments described below, ARPES measurements were
conducted at 10 K in vacuo without exposure of the sample to
air [23]. As shown in Figure 2A, an electron pocket appears
at the center of the Brillouin zone, with bands from the 2DEG
crossing the Fermi level, EF [24]. While subbands are not
resolvable within experimental resolution, Figure 2A shows
that the 2D Fermi surface for the band is similar to those pre-
viously reported (Figure S1) as well as to the ideal Fermi sur-
face deduced from a tight-binding model [25]. We also ob-
serve a diffuse, broad band centered at �1.2 eV, as shown in
Figure 2A and Figure 3A. This delocalized band is associated
with oxygen vacancies at the SrTiO3 surface [26–31], which
is consistent with the increase of pre-edge intensity seen in the
O K-edge absorption spectrum (Figure S2). Additional evi-
dence that the surface is oxygen deficient can be found in the
Ti 2p region of the XPS spectrum. Figure 3B shows the pres-
ence of both Ti4+ and Ti3+ oxidation states. The spectrum
is dominated by Ti4+ with the Ti 2p3/2 and 2p1/2 peaks ly-
ing at 462.6 eV and 468.7 eV, respectively, due to spin-orbital
splitting. The Ti3+ signal appears as a low energy shoulder to
these peaks. In addition, we observe charge transfer satellites
caused by strong Ti-O hybridization.

While the 2DEG result shown in Figure 2A is similar to
those in Refs. [14, 15], it stems from a surface terminated
by two consecutive layers of TiO2 (Figure 4). Here, CO-
BRA.... These results appear to be independent of the spe-
cific preparation technique as they are in good agreement with
those in Refs. [19–22, 32, 33], where different SrTiO3 prepa-
ration methods were employed. Resonant scattering was used
in Ref. [33] to determine the Sr/Ti ratio at the surface as well
as the surface coverage. We show a reciprocal space map in
Figure 2B for the specular rod and the region adjacent to it.
The lack of diffuse scatter confirms that the TiO2 double layer
surface is atomically smooth and free of islands.

Now something about our finding – double layer – no one
else has seen with 2DEG.

Ti3+

Ti4+

CT satellite

A B

FIG. 3. modify so that the B-site cations are on top (4 planes). Does
the (b) schematic work with TiO2 double layer structure if A is not
100%? Can I draw a possible eg / t2g for the surface case? I think
that you want to show the band gap in the orbital diagram, also since
we discuss that there is hybridization of the O2p with the Ti3d you
might want to include that

The unique strength of oxide MBE is that it allows the
growth of a single monolayer at a time. To achieve a surface
with the SrTiO3 stoichiometry, we deposited a single layer
of SrO atop the TiO2 double layer [34]. Subsequent ARPES
measurements show that the 2DEG vanishes; specifically, ....
(Figure S3). While this is not entirely unexpected, the scat-
tering results show that the perovskite stacking sequence is
maintained and that the surface remains TiO2-terminated: the
deposited SrO is driven below the topmost TiO2 atomic plane,
leaving widely separated islands (Figure S4). The results are
similar to those in Ref. [33], where a monolayer of LaO was
deposited on the TiO2 double layer, leaving TiO2 surface ter-
mination and well-defined satellites in the diffuse scatter.

To attain SrO-terminated SrTiO3, we grew two consecutive
monolayers layers of SrO on the SrTiO3 surface. Figure 2C
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want to put boxes around the three samples and label them a), b) c) with top left, top right and bottom or leave as is?

achieve TiO2 termination. After the in situ X-ray scatter-
ing experiments described below, ARPES measurements were
conducted at 10 K in vacuo without exposure of the sample to
air [23]. As shown in Figure 2A, an electron pocket appears
at the center of the Brillouin zone, with bands from the 2DEG
crossing the Fermi level, EF [24]. While subbands are not
resolvable within experimental resolution, Figure 2A shows
that the 2D Fermi surface for the band is similar to those pre-
viously reported (Figure S1) as well as to the ideal Fermi sur-
face deduced from a tight-binding model [25]. We also ob-
serve a diffuse, broad band centered at �1.2 eV, as shown in
Figure 2A and Figure 3A. This delocalized band is associated
with oxygen vacancies at the SrTiO3 surface [26–31], which
is consistent with the increase of pre-edge intensity seen in the
O K-edge absorption spectrum (Figure S2). Additional evi-
dence that the surface is oxygen deficient can be found in the
Ti 2p region of the XPS spectrum. Figure 3B shows the pres-
ence of both Ti4+ and Ti3+ oxidation states. The spectrum
is dominated by Ti4+ with the Ti 2p3/2 and 2p1/2 peaks ly-
ing at 462.6 eV and 468.7 eV, respectively, due to spin-orbital
splitting. The Ti3+ signal appears as a low energy shoulder to
these peaks. In addition, we observe charge transfer satellites
caused by strong Ti-O hybridization.

While the 2DEG result shown in Figure 2A is similar to
those in Refs. [14, 15], it stems from a surface terminated
by two consecutive layers of TiO2 (Figure 4). Here, CO-
BRA.... These results appear to be independent of the spe-
cific preparation technique as they are in good agreement with
those in Refs. [19–22, 32, 33], where different SrTiO3 prepa-
ration methods were employed. Resonant scattering was used
in Ref. [33] to determine the Sr/Ti ratio at the surface as well
as the surface coverage. We show a reciprocal space map in
Figure 2B for the specular rod and the region adjacent to it.
The lack of diffuse scatter confirms that the TiO2 double layer
surface is atomically smooth and free of islands.

Now something about our finding – double layer – no one
else has seen with 2DEG.

Ti3+

Ti4+

CT satellite

A B

FIG. 3. modify so that the B-site cations are on top (4 planes). Does
the (b) schematic work with TiO2 double layer structure if A is not
100%? Can I draw a possible eg / t2g for the surface case? I think
that you want to show the band gap in the orbital diagram, also since
we discuss that there is hybridization of the O2p with the Ti3d you
might want to include that

The unique strength of oxide MBE is that it allows the
growth of a single monolayer at a time. To achieve a surface
with the SrTiO3 stoichiometry, we deposited a single layer
of SrO atop the TiO2 double layer [34]. Subsequent ARPES
measurements show that the 2DEG vanishes; specifically, ....
(Figure S3). While this is not entirely unexpected, the scat-
tering results show that the perovskite stacking sequence is
maintained and that the surface remains TiO2-terminated: the
deposited SrO is driven below the topmost TiO2 atomic plane,
leaving widely separated islands (Figure S4). The results are
similar to those in Ref. [33], where a monolayer of LaO was
deposited on the TiO2 double layer, leaving TiO2 surface ter-
mination and well-defined satellites in the diffuse scatter.

To attain SrO-terminated SrTiO3, we grew two consecutive
monolayers layers of SrO on the SrTiO3 surface. Figure 2C

electronic structure

X. Yan et al. Adv. Mater. 34, 2200866 (2022)
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• can look at 3D atomic resolution structure (like TEM)
• but can look at non-destructively
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SrTiO3 PbTiO3

PbSr Ti
O(1) O(2)

a

b

 
 
 
 
FIG. 2:  Electron density maps. (a) (110) plane through the Sr, Pb, Ti and O(1) atoms.  (b)  
(100) plane through the Ti, O(1) and O(2) atoms. Insets: magnified regions in substrate 
(left) and film (right).  

D. D. Fong et al. Phys. Rev. B 71, 144112 (2005)

growth
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I. Surface X-ray Diffraction (SXRD)
• Modeling F(Q)

- Structure factor for a crystal
- Structure for a film / substrate

- Effect of roughness
- Fitting examples

• Why model? Can understand what SXRD is good for
• I will assume you are all working on epitaxial heterostructures...

II. Direct methods

III. Example results

IV. Practicalities

V. X-ray photon correlation spectroscopy (XPCS)
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real space reciprocal space
origin of 

reciprocal space

specular rod
off-specular rod

T. T. Fister & D. D. Fong in Thin Film Metal-Oxides, Springer (2010)

I often work with (001) crystals
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Figure 5 Model used to derive the scattering factor for a single column of N unit
cells of PbTiO3 on SrTiO3(001). The interlayer distances are described in the text.

For N unit cells of PbTiO3 grown on SrTiO3 (001), the scattering factor for a
single column of unit cells along z is calculated by summing the product of the
appropriate unit cell structure factor and its phase factor for every nth layer along
the z-direction (Figure 5):

Fcolumn(q) =
∞∑

n=0

Funit cell
n (q)e−n(iqzdn+dn/ζn ), 4.

where dn is the interlayer spacing. This leads to

Fcolumn(q) = Funit cell
PbTiO3

(q)
(

1 − e−i Nqzce−Nc/ζPbTiO3

1 − e−iqzce−c/ζPbTiO3

)

+ e−iqz ((N−1)c+ξ )e−((N−1)c+ξ )/ζPbTiO3 Funit cell
SrTiO3

(q)
1

1 − e−iqzae−a/ζSrTiO3
,

5.

where c, a, and ξ are interlayer spacings for the film, substrate, and interface and
absorption is accounted for using ζn = λqz/4πµn . Here λ is the X-ray wavelength
and µn is the linear absorption coefficient for nth layer (35); corrections to ζn are
required when α approaches αc (44, 48). Similar summations can be carried out
along the x and y directions. For a crystal uniform in x and y, however, this only
scales the result such that the total scattering factor along a CTR is

FCTR(q) = N1 N2 Fcolumn(q), 6.

where N1 and N2 are the total number of unit cells along the x and y directions and
assumed ≫1. The scattered intensity is proportional to the magnitude squared,
|FCTR(q)|2. Surface roughness and thickness gradients can also be accounted for
with various models (56, 60, 61).

FCTR(Q) = N1N2Fcolumn(Q)

N�1

Â
n=0

arn = a
✓

1� rN

1� r

◆

Example geom series: {1, 1/2, 1/4, 1/8, 1/16, 1/32, …}
What is the sum over the first 6 terms?
a = 1 (first term)
r = 1/2 (common ratio)
N = 6 terms

= 1.96875

•

Â
n=0

arn = a
✓

1
1� r

◆

for |r| < 1: series converges very quickly

= 2
We will use both of these expressions for film and substrate

= geometric series: a + ar + ar2 + ar3 + ...

<latexit sha1_base64="ifNHqRlzrqFYVlk7IvWCy5foRR0="></latexit>

Fcolumn(Q) =
•

Â
n=0

Funit cell
n (Q)e�n(iQzdn)

Useful formulas for CTRs:
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where c, a, and ξ are interlayer spacings for the film, substrate, and interface and
absorption is accounted for using ζn = λqz/4πµn . Here λ is the X-ray wavelength
and µn is the linear absorption coefficient for nth layer (35); corrections to ζn are
required when α approaches αc (44, 48). Similar summations can be carried out
along the x and y directions. For a crystal uniform in x and y, however, this only
scales the result such that the total scattering factor along a CTR is

FCTR(q) = N1 N2 Fcolumn(q), 6.

where N1 and N2 are the total number of unit cells along the x and y directions and
assumed ≫1. The scattered intensity is proportional to the magnitude squared,
|FCTR(q)|2. Surface roughness and thickness gradients can also be accounted for
with various models (56, 60, 61).

FCTR(Q) = N1N2Fcolumn(Q)

= geometric series: a + ar + ar2 + ar3 + ...
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r = e�iQzc

<latexit sha1_base64="mbo1tlE0SpCMR0CWsnMl9eo1wp0=">AAACKXicbVDLSgMxFM34tr6qLt0EiyAuyoz42giiG1eiYFuhU0omvdMGk8yQ3BHL0H/wP9y71V9wp27d+Blmahe+DgQO59xXTpRKYdH3X72x8YnJqemZ2dLc/MLiUnl5pW6TzHCo8UQm5ipiFqTQUEOBEq5SA0xFEhrR9UnhN27AWJHoS+yn0FKsq0UsOEMntctbZ/SQhophz6hcZyoCE9IkDmkspApppgWGlIOUdtAuV/yqPwT9S4IRqZARztvlj7CT8EyBRi6Ztc3AT7GVM4OCSxiUwsxCyvg160LTUc0U2FY+/NOAbjilQ+PEuKeRDtXvHTlT1vZV5CqL6+1vrxD/85oZxgetXOg0Q9D8a1GcSYoJLQKiHWGAo+w7wrgR7lbKe8wwji7GH1uK2Smq20HJRRP8DuIvqW9Xg73q7sVO5eh4FNIMWSPrZJMEZJ8ckVNyTmqEkzvyQB7Jk3fvPXsv3ttX6Zg36lklP+C9fwIpLqc4</latexit>

N = number of film unit cells

<latexit sha1_base64="GgU+sasoySH1UR09x+HUNJQetJc=">AAACKnicbVDLSgMxFM3Ud32NunQTLIIglBnxtRFEQVxWsFZoa8mkGRuaZIbkjliG+Qj/w71b/QV3xa0LP8NMHUSrBwIn59ybe3OCWHADnjd0ShOTU9Mzs3Pl+YXFpWV3ZfXKRImmrE4jEenrgBgmuGJ14CDYdawZkYFgjaB/mvuNO6YNj9QlDGLWluRW8ZBTAlbquNsEH+GzTtqSBHpapiEXMstuvu+J4tDClAmRZR234lW9EfBf4hekggrUOu5HqxvRRDIFVBBjmr4XQzslGjgVLCu3EsNiQvvkljUtVUQy005Hn8rwplW6OIy0PQrwSP3ZkRJpzEAGtjLf1Yx7ufif10wgPGynXMUJMEW/BoWJwBDhPCHc5ZpREANLCNXc7oppj2hCweb4a0r+dgzyPivbaPzxIP6Sq52qv1/du9itHJ8UIc2idbSBtpCPDtAxOkc1VEcUPaAn9IxenEfn1Rk6b1+lJafoWUO/4Lx/AgmCqOA=</latexit>

a = Funit cell
filmfilm

<latexit sha1_base64="dJQQ4e43gq0oyi56F9AFMhRlLac=">AAACKXicbVDLSgMxFM3UV62vUZdugkUQF2VGfG2EoiAuK1gVOmPJpKkNTTJDckcsw/yD/+Herf6CO3Xrxs8wU4v4OhA4Oefe3JsTJYIb8LwXpzQ2PjE5VZ6uzMzOzS+4i0tnJk41ZU0ai1hfRMQwwRVrAgfBLhLNiIwEO4/6h4V/fs204bE6hUHCQkmuFO9ySsBKbXeD4H181M4CSaCnZWbSKM8vv66p4hBgyoTI87Zb9WreEPgv8UekikZotN33oBPTVDIFVBBjWr6XQJgRDZwKlleC1LCE0D65Yi1LFZHMhNnwTzles0oHd2NtjwI8VL93ZEQaM5CRrSx2Nb+9QvzPa6XQ3QszrpIUmKKfg7qpwBDjIiDc4ZpREANLCNXc7oppj2hCwcb4Y0rxdgLyJq/YaPzfQfwlZ5s1f6e2fbJVrR+MQiqjFbSK1pGPdlEdHaMGaiKKbtE9ekCPzp3z5Dw7r5+lJWfUs4x+wHn7AD45qHg=</latexit>

a = Funit cell
sub

<latexit sha1_base64="LjI6uiRe2OzrB2LY5EBhVGDNzg0=">AAACEXicbVDLSsNAFJ34rPUV69LNYBHcWBLxtRGKbly2YB/QxjCZTtqhM0mYmUhryFe4d6u/4E7c+gX+gZ/hpM3Cth64cDjnvjhexKhUlvVtLC2vrK6tFzaKm1vbO7vmXqkpw1hg0sAhC0XbQ5IwGpCGooqRdiQI4h4jLW94m/mtRyIkDYN7NY6Iw1E/oD7FSGnJNUsCXkPykJxQWHeTpxSi1DXLVsWaAC4SOydlkKPmmj/dXohjTgKFGZKyY1uRchIkFMWMpMVuLEmE8BD1SUfTAHEinWTyewqPtNKDfih0BQpO1L8TCeJSjrmnOzlSAznvZeJ/XidW/pWT0CCKFQnw9JAfM6hCmAUBe1QQrNhYE4QF1b9CPEACYaXjmrmS7Y4UH6VFHY09H8QiaZ5W7IvKef2sXL3JQyqAA3AIjoENLkEV3IEaaAAMRuAFvII349l4Nz6Mz2nrkpHP7IMZGF+/ityc2g==</latexit>

r = e�iQza

<latexit sha1_base64="NkRvdYSv5ouFpzlurpqgNF4oLrk=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRLxtRGKblxJBfvANpTJdNIOnUzCzI0YQj/AvVv9BXfi1s/wD/wMJ20Wtnpg4HDOfc3xIsE12PaXVVhYXFpeKa6W1tY3NrfK2ztNHcaKsgYNRajaHtFMcMkawEGwdqQYCTzBWt7oKvNbD0xpHso7SCLmBmQguc8pASPd3+AL3OXSh6RXrthVewL8lzg5qaAc9V75u9sPaRwwCVQQrTuOHYGbEgWcCjYudWPNIkJHZMA6hkoSMO2mk4vH+MAofeyHyjwJeKL+7khJoHUSeKYyIDDU814m/ud1YvDP3ZTLKAYm6XSRHwsMIc6+j/tcMQoiMYRQxc2tmA6JIhRMSDNbstkRBI/jkonGmQ/iL2keVZ3T6sntcaV2mYdURHtoHx0iB52hGrpGddRAFEn0jF7Qq/VkvVnv1se0tGDlPbtoBtbnD3M7mac=</latexit>

N = •

substrate

<latexit sha1_base64="ifNHqRlzrqFYVlk7IvWCy5foRR0="></latexit>

Fcolumn(Q) =
•

Â
n=0

Funit cell
n (Q)e�n(iQzdn)
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Figure 5 Model used to derive the scattering factor for a single column of N unit
cells of PbTiO3 on SrTiO3(001). The interlayer distances are described in the text.

For N unit cells of PbTiO3 grown on SrTiO3 (001), the scattering factor for a
single column of unit cells along z is calculated by summing the product of the
appropriate unit cell structure factor and its phase factor for every nth layer along
the z-direction (Figure 5):

Fcolumn(q) =
∞∑

n=0

Funit cell
n (q)e−n(iqzdn+dn/ζn ), 4.

where dn is the interlayer spacing. This leads to

Fcolumn(q) = Funit cell
PbTiO3

(q)
(

1 − e−i Nqzce−Nc/ζPbTiO3

1 − e−iqzce−c/ζPbTiO3

)

+ e−iqz ((N−1)c+ξ )e−((N−1)c+ξ )/ζPbTiO3 Funit cell
SrTiO3

(q)
1

1 − e−iqzae−a/ζSrTiO3
,

5.

where c, a, and ξ are interlayer spacings for the film, substrate, and interface and
absorption is accounted for using ζn = λqz/4πµn . Here λ is the X-ray wavelength
and µn is the linear absorption coefficient for nth layer (35); corrections to ζn are
required when α approaches αc (44, 48). Similar summations can be carried out
along the x and y directions. For a crystal uniform in x and y, however, this only
scales the result such that the total scattering factor along a CTR is

FCTR(q) = N1 N2 Fcolumn(q), 6.

where N1 and N2 are the total number of unit cells along the x and y directions and
assumed ≫1. The scattered intensity is proportional to the magnitude squared,
|FCTR(q)|2. Surface roughness and thickness gradients can also be accounted for
with various models (56, 60, 61).

FCTR(Q) = N1N2Fcolumn(Q)

Fcolumn(Q) = Funit cell

PbTiO3
(Q)

✓
1� e�iNQzc

1� e�iQzc

◆

+ e�iQz((N�1)c+x )Funit cell

SrTiO3
(Q)

1

1� e�iQza

<latexit sha1_base64="ifNHqRlzrqFYVlk7IvWCy5foRR0="></latexit>

Fcolumn(Q) =
•

Â
n=0

Funit cell
n (Q)e�n(iQzdn)

interface phase factor

= geometric series: a + ar + ar2 + ar3 + ...
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cells of PbTiO3 on SrTiO3(001). The interlayer distances are described in the text.

For N unit cells of PbTiO3 grown on SrTiO3 (001), the scattering factor for a
single column of unit cells along z is calculated by summing the product of the
appropriate unit cell structure factor and its phase factor for every nth layer along
the z-direction (Figure 5):

Fcolumn(q) =
∞∑

n=0

Funit cell
n (q)e−n(iqzdn+dn/ζn ), 4.

where dn is the interlayer spacing. This leads to

Fcolumn(q) = Funit cell
PbTiO3

(q)
(

1 − e−i Nqzce−Nc/ζPbTiO3

1 − e−iqzce−c/ζPbTiO3

)

+ e−iqz ((N−1)c+ξ )e−((N−1)c+ξ )/ζPbTiO3 Funit cell
SrTiO3

(q)
1

1 − e−iqzae−a/ζSrTiO3
,

5.

where c, a, and ξ are interlayer spacings for the film, substrate, and interface and
absorption is accounted for using ζn = λqz/4πµn . Here λ is the X-ray wavelength
and µn is the linear absorption coefficient for nth layer (35); corrections to ζn are
required when α approaches αc (44, 48). Similar summations can be carried out
along the x and y directions. For a crystal uniform in x and y, however, this only
scales the result such that the total scattering factor along a CTR is

FCTR(q) = N1 N2 Fcolumn(q), 6.

where N1 and N2 are the total number of unit cells along the x and y directions and
assumed ≫1. The scattered intensity is proportional to the magnitude squared,
|FCTR(q)|2. Surface roughness and thickness gradients can also be accounted for
with various models (56, 60, 61).

FCTR(Q) = N1N2Fcolumn(Q)

Fcolumn(Q) = Funit cell

PbTiO3
(Q)

 
1� e�iNQzce�Nc/zPbTiO3

1� e�iQzce�c/zPbTiO3

!

+ e�iQz((N�1)c+x )e�((N�1)c+x )/zPbTiO3 Funit cell

SrTiO3
(Q)

1

1� e�iQzae�a/zSrTiO3

Fcolumn(Q) =
•

Â
n=0

Funit cell
n (Q)e�n(iQzdn+dn/zn)

D. D. Fong and C. Thompson, Annu. Rev. Mater. Res. 36, 431 (2006)

absorption

where
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Don’t forget the interface phase factor
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with phase factor with ξ = c
without phase factor
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Modeling F(Q) for a CTR + temperature effects + X-ray energy effects 

Unit cell structure factor:

16

see f0_WaasKirf.dat
- based on Waasmaier-Kirfel model: 

D. Waasmaier & A. Kirfel, Acta Cryst. A51, 
416-413 (1995).

see http://henke.lbl.gov/optical_constants/sf/sf.tar.gz, from D.T. Cromer & D. Liberman, Acta Cryst. A37, 267 (1981)
or http://www.tagen.tohoku.ac.jp/general/building/iamp/database/scm/AXS/ from Y. Waseda, Novel Application of Anomalous 
(Resonance) X-ray Scattering for Structural Characterization of Disordered Materials. New York. Springer. 1984
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Funit cell

PbTiO3
(Q) =

Nuc

Â
j=1

f j(Q)e�B j(Q/4p)2

eiQ·R j

= fO(1)(Q)e�BO(1)(Q/4p)2

+ fO(2)(Q)e�BO(2)(Q/4p)2

eiQya/2eiQz(±d zO(2)�c/2)

+ fO(2)(Q)e�BO(2)(Q/4p)2

eiQxa/2eiQya/2eiQz(±d zO(2)�c/2)

+ fTi(Q)e�BTi(Q/4p)2

eiQz(±d zTi�c/2)

+ fPb(Q)e�BPb(Q/4p)2

eiQxa/2eiQya/2eiQz(±d zPb)

f (Q,E) = f0(Q)+ f 0(E)+ i f 00(E)

DW factor

http://henke.lbl.gov/optical_constants/
http://www.tagen.tohoku.ac.jp/general/building/iamp/database/scm/AXS/
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Modeling F(Q) for a CTR + temperature effects

Debye-Waller factors
• need to look up in the literature

- e.g., isotropic Debye Waller factors
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Lattice dynamics of strontium titanate 2727 

zones of the reciprocal lattice to obtain the x ray scattering intensity for both the (0,0,1) 
and (T,l,O) planes of reciprocal space. 

Numerical results for the models used indicate ridges of intensity along principal 
symmetry directions. A two dimensional smoothed computer plot of the calculated 
intensity (plotted vertically) for model 5 shows these features clearly (figure 8). Recipro- 
cal lattice points out to (4,4,4) are shown as the peaks where the intensity was interpolated 
arbitrarily. Figure 9 gives an enlarged portion of this diagram. The region of the recipro- 
cal lattice plane ( i , l , O )  about the point (1,1,2) is shown with the points marked on direc- 
tions [O,O,[] and [ [ , [ ,O] at which the calculation was performed. 

A well defined ridge is seen in the latter direction while a less definite increase is 
indicated for direction [O,O,[] .  All three models used as a basis for these calculations 
produced similar results. 

'Streaks' of intensity have been observed in the isomorphous perovskite materials 
BaTiO,, KNbO, (Comes et a1 1968) and KTa,Nb,-xO, (Zaccai 1972). The present 
calculations are consistent with (1,0,0) planes of intensity even though in 9 3  it was shown 
that the anisotropy in the dispersion curves for SrTiO, is relatively small. Similar calcula- 
tions have recently been published for KMnF, (Gesi et a1 1972), based on an approximate 
form of the dynamical matrix around the R point. These authors come to the similar 
conclusion that the anisotropy in diffuse x ray scattering can arise from the particular 
form of the dispersion surface. It is intended to attempt these calculations for BaTiO, 
and other perovskites, but there is at present insufficient neutron scattering data to 
produce realistic models of the crystal dynamics. 

4.3 .  The Debye-Waller factor 

The coefficient B(K) of the Debye-Waller factor exp (-B(rc) sin2 8/A2}may be expressed 
(Dolling et a1 1965) as 

Table 5. Calculated temperature factors B(K), A*, for models 4, 5 and 6 compared with 
experimentally determined values for BaTiO,. 
- 
Temperature Model B ( W  B(Ti) B(O,) B ( O J  
(K) 

100 4 (90) 0.199 0.135 0,194 0,402 
5 (90) 0.208 0,155 0.185 0,397 
6 (90) 0228 0.194 0,195 0.399 

300 4 (297) 0,492 0.25 1 0,278 0807 
5 (297) 0.511 0.303 0.258 0.790 
6 (297) 0.526 0,352 0.275 0.783 

BaTiO, B(Ba) B(Ti) B(O 1) B(OJ 
experiment 

300 Evans (4) 0.27 0.42 0.43 0.49 
Evans ( 5 )  0.27 0.4 1 0.57 0.90 
Harada (D) 0.47 0.29 0.55 0.49 

2128 W G Stirling 

This coefficient has been calculated for models 4, 5 and 6, summing over the 56 q 
vectors, suitably weighted, described in $4.2. Preliminary calculations indicated that 
only a small error was introduced by ignoring the three q = 0 uniform translations of the 
crystal. In table 5 are shown the results, at two temperatures, for the Sr, Ti and the two 
nonequivalent oxygen ions in the unit cell. For comparison, values obtained from models 
4 and 5 of Evans (1961) based on x ray diffraction measurements and model D of Harada 
et a1 (1970), using neutron diffraction techniques, are included in the table. Both these 

I I 
0 IO0 200 300 400 500 

Temperature ( K )  

Figure 10. Calculated temperature factors of SrTiO,, B(K) ,  as a function of temperature 
for model 5 (297 K). 

structure determinations are for tetragonal BaTiO, and the comparison with cubic 
SrTiO, is made by taking (2B,,  + B33)/3 for Ba and Ti, (2B , , (02 )  + B33(01) ) /3  for 
0, and ( B 2 2 ( 0 2 )  + B,,(O,) + B,l(01)) /3  for 0,. In this way a direct comparison is 
possible and the calculated results for SrTiO, are seen to be similar to those of the quoted 
models for BaTiO,. It is interesting to note the large difference in B(K) between the two 
oxygens, 0, which corresponds to motion in the T i 4  plane and O2 in the S r 4  plane. 
The average amplitude of the latter motion is by far the greater; this may be understood 
qualitatively when one considers the perovskite structure, as an oxygen motion in the 
Ti-0 plane must, of necessity, be more constrained than a motion in the Sr-0 plane. 
Further, the models indicate that the Ti-0 forces are considerably larger than those 
between stronLhm and oxygen. Figure 10 displays the calculated temperature depend- 
ence of B(K) for model 5. Above about 200K, all four coefficients vary approximately 
linearly with temperature. 

4.4.  Two-phonon Raman spectrum 

Above the 105 K structural phase transition, the Raman spectrum of SrTiO, is wholly 
second order. Nielsen and Skinner (1968) have recorded the spectrum measured in the  
X( Y Y ) Z  configuration at various temperatures; recently these measurements have been 
repeated at room temperature (Arthur 1972 private communication). The second order 
Raman spectrum for this configuration has been calculated using the model developed 
for ionic crystals by Bruce and Cowley (1972). I am grateful to Mr A Bruce for assistance 
with this calculation. The frequencies and eigenvectors, for both translational and radial 
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Table 1. Refinement ofPbTiO 3 at room temperature 

Z' s  denote the z coordinates  of  the atoms. Figures in brackets  denote the corresponding s tandard deviations. 

Trial model 
assumptions 

Refined values of isotropic Number of 
Starting values of Refined values of temperature factors (A 2) R factors (%) parameters 

Zrl Zo. ~ Zo~2~ Zrl Zo. ~ Zo~2~ B(Pb) B(Ti) B[O(I)] B[O(2)I Rnu ~ R~o¢ R~ R~x ~ refined 

(+++) Bo.~ = Bot2~ 0.51 0.08 0.60 0.539 0.114 0.617 0 - 6 9 1  0.032 0 . 4 4 1  0.441 4.38 10.21 12 .85  2-96 15 
(0.002) (0-002) (0.002) (0-086) (0.166) (0.064) (0-064) 

(+++) Bo~l~ ~ Bo~2~ 0.51 0.08 0.60 0.539 0 - 1 1 4  0.617 0.706 0.061 0.352 0-477 4-35 10.19 12.83 2.96 16 
(0-002) (0.002) (0.002) (0.089) (0-170) (0.117) (0.075) 

(+4-+) Bott) = Boo2) 0.56 0.14 0.64 0-539 0.114 0.617 0.690 0.029 0 . 4 4 1  0.441 4.37 10-21 12 .85  2"96 15 
(0-002) (0-002) (0-002) (0.086) (0"166) (0.064) (0-064) 

(++4-) Bot,~--#Bo~2~ 0"56 0.14 0"64 0"539  0.114 0.617 0.706 0 " 0 6 0  0 - 3 5 1  0.477 4.35 10.19 12"83 2"96 16 
(0.002) (0.002) (0.002) (0.089) (0.170) (0.117) (0.075) 

(++0) Bo~,~ ~ Bot2) 0-54 0.09 - -  0-550 0-129 - -  1.753 0.643 --0-724 0.383 9-74 14.21 17 .10  2.96 15 
(0.003) (0.002) (0.118) (0.242) (0.101) (0.091) 

(+--0) Bo. ~ ~ Bo~2~ 0.54 -0.09 - -  0.451 --0.129 - -  1-744 0.688 --0.738 0.405 9.58 14.23 17-15 2.96 15 
(0.003) (0.002) (0.121) (0.254) (0.102) (0.097) 

(+_ +) Bo. ~ :~ Bo~2~ 0.54 -0.09 0.60 0.462 -0.112 0.553 0.890 0.268 -0.040 0-534 6-31 11.35 13 .47  2.96 16 
(0.002) (0.002) (0-002) (0.110) (0.196) (0-119) (0.083) 

(++--) Bo. ~ :~ Bo~2~ 0 .551  0.09 0.40 0.538 0.112 0 - 4 6 7  0.885 0.263 0.035 0.534 6-29 11.34 13 .47  2.96 16 
(0-002) (0.002) (0.002) (0.110) (0.196) (0-120) (0.083) 

( + - - )  Bo( D ~e Bot2~ 0-551 -0.09 0-40 0.461 -0.114 0.383 0.701 0.065 0 - 3 4 7  0-476 4.36 10.20 12 .84  2.96 16 
(0.002) (0.002) (0.002) (0.088) (0-170) (0.117) (0.075) 

(0+-) Bo. j -* Bo~2~ - -  0.11 0.45 - -  0.103 0 . 4 6 1  0.403 1 . 3 7 2  0.233 1-001 7.91 13.22 15 .74  2.96 15 
(0.002) (0.002) (0.104) (0.246) (0.171) (0.113) 

(000) Bo.) :~ Bo~2~ . . . . . . .  0.211 1 . 2 0 9  3 - 3 3 9  4.228 29.80 32.73 36.64 2-96 13 
(0.118) (0.512) (0.423) (0.336) 

Rigid-octahedron 0.60 0.10 0.60 0.539 0.116 0.616 0.691 0 . 0 7 1  0.440 0.440 4.65 10.23 12 .89  2.96 14 
model (0.002) (0.002) (0.002) (0-086) (0.166) (0.064) (0.064) 

Literature results 0.540 0. ! i 2 0.612 Overall B = 0.30 

Table 2. Summary of  parameters refined at all temperatures (Pb at origin) 

- 1 8 3  °C - 1 1 5  °C 25 °C 5 5 0 ° C  
Isotropic tempera ture  factor  refinement 
~ZTI(/~) 0" 167 0" 171 0" 162 0 
6Zo(~)(/k ) 0"492 0"479 0"473 0 
620(21(/k) 0" 505 0" 504 0-486 0 
B(Pb)  0"378 (100) 0"757 (84) 0"706 (89) 2"711 (167) 
B(Ti) 0"284 (215) 0 ' 364  (187) 0"060 (170) 0"694 (225) 
B[O(I ) ]  0-670 (140) 0 .713 (123) 0"351 (117) 1"549 (102) 
B[O(2)] 0-498 (98) 0"862 (85) 0-477 (75) B[O(1)] 
Rn.¢ 5.22 5"90 4 .35 3" 10 
Rprof 12.47 12.21 10.19 12.07 
R w 15.20 15.87 12.83 16.57 

Anisotropic temperature  factor refinement 
B, , (Pb)~  0 .072  (216) 0 .751 (151) 0 .554  (144) 2 .710  (165) 
B33(Pb ) 0 .256 (253) 0 .805 (200) 0 .864  (187) B , , (Pb )  
B,I (Ti  ) 0 . 1 8 9  (537) 0 .092  (283) - -0 .128 (228) 0 .715 (229) 
B33(Ti ) - 0 . 0 8 4  (913) 0 .700  (657) 0 .710  (595) B, , (Ti )  
B, t [O(1) l  0 .375 (324) 0 .832  (204) 0 .786  (235) 0 .881 (316) 
B33[O(1)1 1.626 (444) 1.126 (288) 0 .412  (248) 2 .992 (795) 
B,~[O(2)I 0-963 (285) 0 .669 (226) 0 .623 (271) B~,[O(1)] 
B22[O(2)1 0.511 (316) 0 .304  (269) - 0 . 3 3 1  (294) B33[O(1)) 
B33[O(2)1 1.138 (445) 1.312 (238) 0 .922  (209) B, , [O(1)I  
Rnu ¢ 4 .86  6.08 4 .53 2 .88 
Rprof 11.81 12.18 10.01 11.90 
R w 14.78 15.84 12.61 16.43 

a(A) 3.895 3.899 3.905 3.970 
e(A) 4.171 4 .167 4 .156 

I" Refinement of  anisotropic temperature  factors did not alter appreciably the values o f  atomic displacements. B ~  = 4fl~ J ( a * )  2, 
B22 = 4f122/(b*) 2 and B3a = 4flaa/(e*) 2, where the temperature  factor is given by exp[-(f l l~h 2 + fl22 k2 + fl33/2 + 2fl~2hk + 2f123kl + 2fl3flh)]. 

for SrTiO3: W. G. Stirling, J. Phys. C 5, 2711 (1972)

for PbTiO3: A. M. Glazer & S. A. Mabud, Acta Cryst. B 34, 1065 (1978)
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3. Experimental details

We have studied pulsed laser deposition (PLD) growth
of La0.7Sr0.3MnO3 on ⟨001⟩ SrTiO3 using in situ x-ray
scattering at the Cornell High Energy Synchrotron Source.
La0.7Sr0.3MnO3 is interesting due to a high degree of spin
polarization at the Fermi level, making it a strong candidate
for spin based devices [23–27]. At room temperature, bulk
La0.7Sr0.3MnO3 has R3̄c symmetry with a0 = 5.5060 Å, and
c0 = 13.3564 Å [28]. In a pseudocubic setting, the lattice
parameter is 3.88 Å, resulting in a 0.64% tensile in-plane lattice
strain for pseudomorphic films on ⟨001⟩ SrTiO3.

The SrTiO3 substrate is an almost ideal foundation for
in situ studies of epitaxial film growth. The surface lattice
is square, yielding isotropic in-plane strain and diffusion
rates. The high quality of commercially available substrates
makes them ideal for subsequent electron microscopy studies.
⟨001⟩ SrTiO3 can be treated with a buffered HF etch in order
to yield TiO2 terminated surfaces [29], and it has been reported
that SrO terminated surfaces are also be possible [30].

Films were grown from commercially prepared polycrys-
talline targets using a 248 nm KrF excimer laser with 30 ns
pulse duration operating at 1–2 Hz, focused to a 3 mm2 beam
spot, and 3 J cm−2 energy density. The target and substrate
were in an on-axis geometry with 6 cm separation. Deposi-
tion proceeded in either 1 mT or 300 mT O2, after reaching
a base pressure of 10−7 Torr. Substrate temperatures varied
between samples over the range of 600–1000 ◦C, as measured
with a thermocouple and confirmed with a Modline 3 700 Se-
ries pyrometer with a T2 lens. The emissivity of SrTiO3 over
the 4.8–5.3 µm range of the pyrometer’s operating wavelength
was assumed to be 0.8.

During deposition, 10 keV x-rays generated by the Cornell
High Energy Synchrotron Source (CHESS) 49 pole wiggler,
and monochromated with a set of 1% bandpass multilayers,
were directed at the single crystal substrate. The incident
x-ray flux at the sample was 1011–1012 photons s−1. The
growth chamber is an integral part of the diffractometer used to
position the sample with respect to the x-ray beam. x-rays were
detected using a Bicron NaI(Tl) scintillation point detector
located behind a set of guard slits and detector slits. Detector
slits were generally 30–50% larger than the cross section of
the incident beam. Reflected intensity was measured in the
SrTiO3⟨00 1

2 ⟩ (anti-Bragg) scattering geometry for maximum
sensitivity to discrete roughness with 3.905 Å step height.
Microstructure was inspected after deposition using a Digital
Instruments Dimension 3100 SPM/AFM, using AFM tips with
≈10 nm radius.

4. Results

The evolution of surface roughness was monitored using in situ
x-ray scattering in the specular ⟨00 1

2 ⟩ anti-Bragg geometry,
and interpreted using the model developed herein. The in situ
x-ray scattering experiment yields intensity as a function of
time. The time axis is transformed into a film thickness,
an important parameter for fitting the data. The periodic
roughness oscillations arising from imperfect layer-by-layer

Figure 4. ⟨00 1
2 ⟩ intensity oscillations arising from the growth of

La0.7Sr0.3MnO3 on ⟨001⟩ oriented SrTiO3. (a) Simulated RMS
roughness. (b) Diffracted intensity from step-flow heteroepitaxial
growth, and homoepitaxial growth with evolving roughness as
depicted in a. (c) The two effects in plot b are multiplied to give the
total heteroepitaxial growth result, which is compared with
experiment. The fit indicates that the first half layer deposits
smoothly, and three times as fast as subsequent layers.

growth have some phase relationship with the film thickness,
which we have modeled with the first Fourier component
of a triangle waveform [14]. The total roughness as a
function of film thickness is illustrated in figure 4(a). We
observe two contributions to the overall roughness. The
first is a non-periodic continuous roughness term with power-

law relationship to the film thickness σc =
√

σ 2
0 + (αtβ)2,

where t is the thickness in Å, α = 0.38, β = 0.5,
and σ0 is the continuous roughness associated with an ideal
miscut. The second contribution to the roughness is a
periodic discrete roughness term σd = c0

√
p(1 − p), modeled

using the binomial distribution, arising from the roughness
associated with the nucleation, growth and coalescence
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c0 = 13.3564 Å [28]. In a pseudocubic setting, the lattice
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crystal surfaces from the analysis of the X-ray CTR 
scattering and this is one of the aims of the present 
study. Here, in paper I of the study, we discuss firstly 
the effect of surface roughness on the intensity along 
the CTR scattering on the basis of a kinematical 
theory of diffraction. In paper II we present an 
efficient new technique, using imaging plates, to esti- 
mate the surface roughness of any crystal from the 
analysis of the X-ray CTR scattering on the basis of 
the formula presented in this paper. 

Formulation of CTR scattering 
For simplicity we will consider a semi-infinite crystal 
of orthogonal lattice with lattice parameters a, b and 
c along the orthogonal x, y and z axes, respectively. 
Only one atom is assumed to be in the unit cell. 
Fig. l (a)  shows a section of such a lattice with the 
extended surface, in which some irregularity exists 
due to steps and holes on the surface. In general, a 
lattice relaxation may also exist, accompanying the 
abrupt change in atomic density at the surface. 
However, at the beginning we consider the case where 
no lattice relaxation occurs on the surface. The vector 
representing a lattice site is labeled by three integers 
m, n, p: 

rm,p = m a +  nb+pc ,  (1) 

(a) 

(b) 

m 

p : 0 ~  
1 
2 
3 

4 

j "  

P=-O 

'--------~ rl 

I 

- _  

P = 3  

Fig. 1. (a) A part of an orthogonal lattice, the surface of which 
has several kinds of steps, where a, b and c are the lattice 
parameters and p,,, is the step height at the (m, n)th lattice 
point. (b) Two-dimensional lattice with phase modulation 
(shaded), reduced from the three-dimensional lattice with steps 
on the surface of (a). 

where m and n take values from -oo to +oo but p 
takes values from -oo to 0. The scattering amplitude 
from this crystal lattice is given by simply summing 
up all the phase factors as 

F(Kx, Ky, Kz) 
=EEZf(K)exp[i(Kxma+Kynb+K~pc)], (2) 

m n p 

where Kx, Ky and Kz are the components of the 
scattering vector K relative to the orthogonal axes x, 
y, z [IKI = 47r(sin 0)/A, 20 being the scattering angle 
and A the wavelength] and f ( K )  is the atomic scatter- 
ing factor. It will be abbreviated as f according to 
circumstances. 

In the derivation of a general formula for the 
intensity distribution of CTR scattering, it is con- 
venient to sum first phase factors along the direction 
normal to the surface and then to take the summation 
over the lateral directions. That is, the summation of 
(2) is made with respect to p first by keeping m and 
n constant. We will refer to such a summation as a 
'column summation'. The scattering amplitude for 
the (m, n) column along the z axis is given by 

- - c o  

~m, = E f ( K )  exp (iKzpc) 
p'~--pm I 

= qb 0 exp (-iKzpm,,C), (3) 

with 
• o=f(K)/[1-exp (iKzc)], (4) 

where Pro, is an integer representing the step height 
from the top lattice point of the (m, n) column to the 
p = 0 level as shown in Fig. l (a) .  The scattering am- 
plitude, qbm,, for the (m, n) column is, therefore, 
expressed as the product of the 'column form factor', 
~o, and the 'column phase factor', exp (-  iKzpm,c ). 

With the use of (/),l, the scattering amplitude from 
all the lattice points can be reduced to a two- 
dimensional lattice sum, 

F(Kx, Ky, Kz) 
=•• ~mnexp[i(Kxma+Kynb)]. (5) 

m n 

The intensity is proportional to the square of the 
scattering amplitude, so that we have 

I(Kx, Ky, Kz) 
= F(Kx, Ky, Kz)F*(Kx, Ky, Kz) 
= E E  Nmn(qgdP*,,)exp[i(Kxma + Kynb)], (6) 

m ?1 

where the symbol (q~q~*.) indicates the average of 
all the pair correlations between the two columns that 
are separated by r,nn(=rm+m,.n+.,--rm,.,) over the 
whole crystal and N,,,n is the number of such possible 
pairs of columns. It should be noted that (6) is in the 
form of the scattering from a two-dimensional lattice 

mean square deviation of step heights in units of the lattice spacing
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obtained if F(q) is known from experiment, 
qmax 

yp = 2 I r (q )  exp (27ripq) dq. (24) 
0 

This result expresses the probability of finding 
columns with step height p in terms of the Fourier 
integral of F(q) as a function of q. Although one may 
expect to encounter some experimental difficulties in 
obtaining F(q) and IF(q)l 2 for the real crystals from 
the analysis of the CTR scattering, this is a very 
interesting subject to explore by experiment. 

(ii) Debye- WalIer-like factor 
If an average step height (p) is introduced, the step 

height Pmn at column (m, n) is given by the sum of 
(p) and the deviation Ap,,,, from it, 

p,. =(p)+ap,,.. (25) 
The average (p) should be taken over the whole 
two-dimensional pseudolattice. Thus, as illustrated 
in Fig. 5, (p) and its deviation ap,,, are no longer 
integers and, furthermore, ap,, ,  can be positive or 
negative depending on the lattice point (m, n). If we 
substitute (25) into (13) and take its average, we have 

F(q)  = (exp (-2¢riAp,,,,q)), (26) 

where a simple phase factor exp (-2~ri(p)q) is omit- 
ted, as it does not come into the intensity expression. 
Only the second term of (25) is significant. In the 
small-q region, it is possible to use the well known 
relation for taking the average, 

(exp ( -  ia)} = exp ( -  ½(c~2)), (27) 

which is exact when a is normally distributed about 
a = 0. We have a similar expression to the Debye- 
Waller factor for thermal vibration for F(q), 

F(q)2 = exp {-4¢rZ(Ap2,)q2}, (28) 

where (ap2, )  is written as (Ap2). It should be noted 
that this exponential factor works as a damping factor 
for the CTR scattering due to surface roughness. This 
is the same formula as that derived by Andrews & 
Cowley (1985) by assuming the surface roughness is 
given by a Gaussian form. The representation (28) is 
only valid for small q or for the case where the surface 
roughness is well approximated by a Gaussian distri- 
bution. 

Ap>01 
. . . . . .  ~. ~.~-~-.  i Ap < 0 V / - / F / ,  ~ W/" / q 
~,. " .," , ' , "  / / /  K.,,~ v ,  , " ,  

• . . , - •  , . . •  ..... • . • • • • • • f " •  , - e = ~ - e  • • . . ,  , , "  ,., ', , ! / V , . . ' - / ~ - -  

Fig. 5. A schematic illustration of (p) and Ap. 

In practical applications of CTR scattering, 
however, it is a very useful result that the surface 
roughness can be obtained as the mean-square devi- 
ation of step height (Ap 2) on an atomic level from 
the analysis of the CTR scattering for small q (Gibbs, 
Ocko, Zehner & Mochrie, 1988; Harada, Shimura, 
Takata, Yakushiji & Hoshi, 1990). The analysis pro- 
ceeds in an analogous way to the determination of 
the thermal parameter from the Debye-Waller factor 
in ordinary crystal-structure analysis. 

(iii) Model calculation 
We see from (14) that the CTR intensity along the 

rod direction normal to the crystal surface decreases 
as 1/q 2 for small q for an ideally flat surface and 
decreases more rapidly for a rough surface. Thus, the 
reduction of the observed intensity of CTR scattering 
from that calculated for an ideally fiat surface at a 
certain q value enables us to estimate the mean-square 
deviation of step height, (zap2). We may see how 
sensitive the CTR scattering is to the surface rough- 
ness by the model calculations based on (28), which 
are shown in Fig. 6, where the CTR scattering for 
several values of (Ap 2) are compared. We see that the 
effect is especially pronounced for large values of q. 
The CTR scattering intensity for rough surfaces at 
q = 0.2 compared to that for the ideal surface is 72, 
53 and 38% for ( A p  2)  = 0.2, 0.4 and 0.6, respectively. 
These intensity reductions are readily observable with 
sufficient accuracy. 

Once we have obtained the average value (Ap 2) by 
the above method, we still have to answer the ques- 
tion: what lateral extent of the surface does the 
average represent? It does not depend obviously on 
the size of the incident X-ray beam but rather on the 
spatial coherency of the X-rays used in the experi- 
ment, if the crystal is perfect. However, it would be 
limited by the average size of the mosaic blocks of 

:0 -1 
-0.30 -0.20 -0.10 

, (e )  1 / q2 \\--% 

i re) 
0.00 0.10 0.20 Cl 

Fig. 6. Intensity change of the CTR scattering along the rod for 
several different degrees of surface roughness. (a) Ideal flat 
surface; (b), (c) and (d) rough surfaces with (Ap 2) = 0.2, 0.4 and 
0.6 in Debye-Waller-like factor, respectively; (e) the 1/q 2 rela- 
tion, showing its deviation from the exact calculation (a) for 
the ideally fiat surface. 
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Probability of getting exactly k layers to grow at unit cell position x after n pulses, 
with each pulse resulting in a coverage of p (i.e., binomial distribution)

k=1

k=2

k=3

x

Discrete roughness - more general
• can account for non-Gaussian thickness non-uniformity (e.g., bimodal distribution)

- e.g., in PLD, for n pulses of (random) growth 

P(X = k) =
✓

n
k

◆
pk(1� p)(n�k)

✓
n
k

◆
=

n!
k!(n� k)!where

in our language
p = coverage, θ
n = σd2 / (c2 θ(1-θ)) D. Dale et al., Phys. Rev. B 74, 085419 (2006)

R2 =
⇥
1�4q(1�q)sin2(pL)

⇤ s2
d

c2q(1�q)
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3. Experimental details

We have studied pulsed laser deposition (PLD) growth
of La0.7Sr0.3MnO3 on ⟨001⟩ SrTiO3 using in situ x-ray
scattering at the Cornell High Energy Synchrotron Source.
La0.7Sr0.3MnO3 is interesting due to a high degree of spin
polarization at the Fermi level, making it a strong candidate
for spin based devices [23–27]. At room temperature, bulk
La0.7Sr0.3MnO3 has R3̄c symmetry with a0 = 5.5060 Å, and
c0 = 13.3564 Å [28]. In a pseudocubic setting, the lattice
parameter is 3.88 Å, resulting in a 0.64% tensile in-plane lattice
strain for pseudomorphic films on ⟨001⟩ SrTiO3.

The SrTiO3 substrate is an almost ideal foundation for
in situ studies of epitaxial film growth. The surface lattice
is square, yielding isotropic in-plane strain and diffusion
rates. The high quality of commercially available substrates
makes them ideal for subsequent electron microscopy studies.
⟨001⟩ SrTiO3 can be treated with a buffered HF etch in order
to yield TiO2 terminated surfaces [29], and it has been reported
that SrO terminated surfaces are also be possible [30].

Films were grown from commercially prepared polycrys-
talline targets using a 248 nm KrF excimer laser with 30 ns
pulse duration operating at 1–2 Hz, focused to a 3 mm2 beam
spot, and 3 J cm−2 energy density. The target and substrate
were in an on-axis geometry with 6 cm separation. Deposi-
tion proceeded in either 1 mT or 300 mT O2, after reaching
a base pressure of 10−7 Torr. Substrate temperatures varied
between samples over the range of 600–1000 ◦C, as measured
with a thermocouple and confirmed with a Modline 3 700 Se-
ries pyrometer with a T2 lens. The emissivity of SrTiO3 over
the 4.8–5.3 µm range of the pyrometer’s operating wavelength
was assumed to be 0.8.

During deposition, 10 keV x-rays generated by the Cornell
High Energy Synchrotron Source (CHESS) 49 pole wiggler,
and monochromated with a set of 1% bandpass multilayers,
were directed at the single crystal substrate. The incident
x-ray flux at the sample was 1011–1012 photons s−1. The
growth chamber is an integral part of the diffractometer used to
position the sample with respect to the x-ray beam. x-rays were
detected using a Bicron NaI(Tl) scintillation point detector
located behind a set of guard slits and detector slits. Detector
slits were generally 30–50% larger than the cross section of
the incident beam. Reflected intensity was measured in the
SrTiO3⟨00 1

2 ⟩ (anti-Bragg) scattering geometry for maximum
sensitivity to discrete roughness with 3.905 Å step height.
Microstructure was inspected after deposition using a Digital
Instruments Dimension 3100 SPM/AFM, using AFM tips with
≈10 nm radius.

4. Results

The evolution of surface roughness was monitored using in situ
x-ray scattering in the specular ⟨00 1

2 ⟩ anti-Bragg geometry,
and interpreted using the model developed herein. The in situ
x-ray scattering experiment yields intensity as a function of
time. The time axis is transformed into a film thickness,
an important parameter for fitting the data. The periodic
roughness oscillations arising from imperfect layer-by-layer

Figure 4. ⟨00 1
2 ⟩ intensity oscillations arising from the growth of

La0.7Sr0.3MnO3 on ⟨001⟩ oriented SrTiO3. (a) Simulated RMS
roughness. (b) Diffracted intensity from step-flow heteroepitaxial
growth, and homoepitaxial growth with evolving roughness as
depicted in a. (c) The two effects in plot b are multiplied to give the
total heteroepitaxial growth result, which is compared with
experiment. The fit indicates that the first half layer deposits
smoothly, and three times as fast as subsequent layers.

growth have some phase relationship with the film thickness,
which we have modeled with the first Fourier component
of a triangle waveform [14]. The total roughness as a
function of film thickness is illustrated in figure 4(a). We
observe two contributions to the overall roughness. The
first is a non-periodic continuous roughness term with power-

law relationship to the film thickness σc =
√

σ 2
0 + (αtβ)2,

where t is the thickness in Å, α = 0.38, β = 0.5,
and σ0 is the continuous roughness associated with an ideal
miscut. The second contribution to the roughness is a
periodic discrete roughness term σd = c0

√
p(1 − p), modeled

using the binomial distribution, arising from the roughness
associated with the nucleation, growth and coalescence
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c0 = 13.3564 Å [28]. In a pseudocubic setting, the lattice
parameter is 3.88 Å, resulting in a 0.64% tensile in-plane lattice
strain for pseudomorphic films on ⟨001⟩ SrTiO3.

The SrTiO3 substrate is an almost ideal foundation for
in situ studies of epitaxial film growth. The surface lattice
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rates. The high quality of commercially available substrates
makes them ideal for subsequent electron microscopy studies.
⟨001⟩ SrTiO3 can be treated with a buffered HF etch in order
to yield TiO2 terminated surfaces [29], and it has been reported
that SrO terminated surfaces are also be possible [30].
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pulse duration operating at 1–2 Hz, focused to a 3 mm2 beam
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tion proceeded in either 1 mT or 300 mT O2, after reaching
a base pressure of 10−7 Torr. Substrate temperatures varied
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with a thermocouple and confirmed with a Modline 3 700 Se-
ries pyrometer with a T2 lens. The emissivity of SrTiO3 over
the 4.8–5.3 µm range of the pyrometer’s operating wavelength
was assumed to be 0.8.

During deposition, 10 keV x-rays generated by the Cornell
High Energy Synchrotron Source (CHESS) 49 pole wiggler,
and monochromated with a set of 1% bandpass multilayers,
were directed at the single crystal substrate. The incident
x-ray flux at the sample was 1011–1012 photons s−1. The
growth chamber is an integral part of the diffractometer used to
position the sample with respect to the x-ray beam. x-rays were
detected using a Bicron NaI(Tl) scintillation point detector
located behind a set of guard slits and detector slits. Detector
slits were generally 30–50% larger than the cross section of
the incident beam. Reflected intensity was measured in the
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2 ⟩ (anti-Bragg) scattering geometry for maximum
sensitivity to discrete roughness with 3.905 Å step height.
Microstructure was inspected after deposition using a Digital
Instruments Dimension 3100 SPM/AFM, using AFM tips with
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La0.7Sr0.3MnO3 on ⟨001⟩ oriented SrTiO3. (a) Simulated RMS
roughness. (b) Diffracted intensity from step-flow heteroepitaxial
growth, and homoepitaxial growth with evolving roughness as
depicted in a. (c) The two effects in plot b are multiplied to give the
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growth have some phase relationship with the film thickness,
which we have modeled with the first Fourier component
of a triangle waveform [14]. The total roughness as a
function of film thickness is illustrated in figure 4(a). We
observe two contributions to the overall roughness. The
first is a non-periodic continuous roughness term with power-

law relationship to the film thickness σc =
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where t is the thickness in Å, α = 0.38, β = 0.5,
and σ0 is the continuous roughness associated with an ideal
miscut. The second contribution to the roughness is a
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rates. The high quality of commercially available substrates
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to yield TiO2 terminated surfaces [29], and it has been reported
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with a thermocouple and confirmed with a Modline 3 700 Se-
ries pyrometer with a T2 lens. The emissivity of SrTiO3 over
the 4.8–5.3 µm range of the pyrometer’s operating wavelength
was assumed to be 0.8.

During deposition, 10 keV x-rays generated by the Cornell
High Energy Synchrotron Source (CHESS) 49 pole wiggler,
and monochromated with a set of 1% bandpass multilayers,
were directed at the single crystal substrate. The incident
x-ray flux at the sample was 1011–1012 photons s−1. The
growth chamber is an integral part of the diffractometer used to
position the sample with respect to the x-ray beam. x-rays were
detected using a Bicron NaI(Tl) scintillation point detector
located behind a set of guard slits and detector slits. Detector
slits were generally 30–50% larger than the cross section of
the incident beam. Reflected intensity was measured in the
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which we have modeled with the first Fourier component
of a triangle waveform [14]. The total roughness as a
function of film thickness is illustrated in figure 4(a). We
observe two contributions to the overall roughness. The
first is a non-periodic continuous roughness term with power-
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The SrTiO3 substrate is an almost ideal foundation for
in situ studies of epitaxial film growth. The surface lattice
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rates. The high quality of commercially available substrates
makes them ideal for subsequent electron microscopy studies.
⟨001⟩ SrTiO3 can be treated with a buffered HF etch in order
to yield TiO2 terminated surfaces [29], and it has been reported
that SrO terminated surfaces are also be possible [30].

Films were grown from commercially prepared polycrys-
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pulse duration operating at 1–2 Hz, focused to a 3 mm2 beam
spot, and 3 J cm−2 energy density. The target and substrate
were in an on-axis geometry with 6 cm separation. Deposi-
tion proceeded in either 1 mT or 300 mT O2, after reaching
a base pressure of 10−7 Torr. Substrate temperatures varied
between samples over the range of 600–1000 ◦C, as measured
with a thermocouple and confirmed with a Modline 3 700 Se-
ries pyrometer with a T2 lens. The emissivity of SrTiO3 over
the 4.8–5.3 µm range of the pyrometer’s operating wavelength
was assumed to be 0.8.

During deposition, 10 keV x-rays generated by the Cornell
High Energy Synchrotron Source (CHESS) 49 pole wiggler,
and monochromated with a set of 1% bandpass multilayers,
were directed at the single crystal substrate. The incident
x-ray flux at the sample was 1011–1012 photons s−1. The
growth chamber is an integral part of the diffractometer used to
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Microstructure was inspected after deposition using a Digital
Instruments Dimension 3100 SPM/AFM, using AFM tips with
≈10 nm radius.

4. Results

The evolution of surface roughness was monitored using in situ
x-ray scattering in the specular ⟨00 1

2 ⟩ anti-Bragg geometry,
and interpreted using the model developed herein. The in situ
x-ray scattering experiment yields intensity as a function of
time. The time axis is transformed into a film thickness,
an important parameter for fitting the data. The periodic
roughness oscillations arising from imperfect layer-by-layer

Figure 4. ⟨00 1
2 ⟩ intensity oscillations arising from the growth of

La0.7Sr0.3MnO3 on ⟨001⟩ oriented SrTiO3. (a) Simulated RMS
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growth, and homoepitaxial growth with evolving roughness as
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which we have modeled with the first Fourier component
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!solid black lines" are compared with experimental data in
Fig. 1 for a set of SrTiO3 films that showed good overlap
between film and substrate peaks. In all cases, excellent
agreement could be obtained using a model for a stoichio-
metric film with cf =cs and Ff =Fs by simply varying the film
thickness N and interface offset !. The calculated fringe pat-
tern did not match the experiments if the interface offset was
set to zero for any physically reasonable values of film lattice
parameter, thickness, and site occupancy. While fringes can
be obtained for films with !=0 and cf =cs by introducing
nonunity site occupations in Ff, a large change is required to
produce even a small fringe contrast !e.g., 20% contrast for
Ff /Fs=0.90". Such a large nonstoichiometry would cause a
significant change in the lattice parameter.6 On the other
hand, an interface offset ! of only 3 pm produces fringes
with 20% contrast at the 002 peak #Fig. 1!b"$. The interfacial
offset also introduces an asymmetry in the region of the
Bragg peak. The sign of the offset !positive in these cases,
corresponding to an expansion at the interface" can be ob-
tained from the asymmetry.

The good agreement with the calculation demonstrates
that the lattice parameter of all films shown in Fig. 1 is the
same as that of the substrate, despite the different TTIP/Sr

flux ratios used during growth. This is because the hybrid
MBE growth method yields a “MBE growth window,” in
which the film stoichiometry is self-regulating.5 The inter-
face offsets obtained from the fits do not show a correlation
with the TTIP/Sr ratio used during growth. However, films
grown at substrate temperatures higher than those shown in
Fig. 1 !e.g., 870 °C" never exhibited thickness fringes, con-
sistent with zero offset.

For samples grown using flux ratios outside of the
growth window, the best fits of the diffraction patterns were
obtained with film lattice parameters cf larger than that of the
substrate, indicating cation nonstoichiometry. To obtain good
fits to the fringe pattern, positive interface offsets were also
required in these cases. An example is shown in Fig. 2 for a
slightly nonstoichiometric film !cf %0.39097 nm". As can be
seen, a calculated curve with zero interface offset !dotted
blue line" decays more rapidly away from the main peak than
the experimental data. Including even relatively large differ-
ences between Ff and Fs without an interface offset does not
match the data. Calculations with an offset of 23 pm !6% of
a unit cell" achieve good agreement, particularly in matching
the observed fringe depth far from the Bragg peak. The
agreement between experiment and calculation for nonsto-
ichiometric films is slightly less good than for stoichiometric
films; this is likely due to defects in the films caused by
nonstoichiometry that are not incorporated in Eq. !1", such as
point or extended defects11,12 and surface islands,13 all of
which are known to occur in nonstoichiometric SrTiO3.

None of the films in this study showed thickness fringes
in low-angle x-ray reflectivity, as would be expected if the
nonstoichiometry caused significant changes in the electron
density.14 For example, Fig. 3 shows x-ray reflectivity from a

FIG. 1. !Color online" Experimental !red symbols" and calculated !black
lines" XRD intensities as a function of qz=4" sin # /$ for radial scans
through the 002 reflections of homoepitaxial SrTiO3 films and substrates.
All calculations are for stoichiometric films !cf =cs" and include offsets of
different magnitude !see labels". The SrTiO3 film growth conditions are also
given in the figure !substrate temperature, ratios of cation beam equivalent
pressures, and oxygen beam equivalent pressure". For clarity, only every
third of the experimental data points are shown.

FIG. 2. !Color online" Experimental !red symbols" and calculated XRD
intensities vs qz for radial scans through the 002 reflection for a slightly
nonstoichiometric homoepitaxial SrTiO3 film. The calculations are with
!solid black line" and without !dotted blue line" an offset at the interface. For
clarity, only every third of the experimental data points are shown.

FIG. 3. !Color online" X-ray reflectivity measurements from the samples
shown in Fig. 1!d" !stoichiometric" and Fig. 2 !nonstoichiometric",
respectively.
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!solid black lines" are compared with experimental data in
Fig. 1 for a set of SrTiO3 films that showed good overlap
between film and substrate peaks. In all cases, excellent
agreement could be obtained using a model for a stoichio-
metric film with cf =cs and Ff =Fs by simply varying the film
thickness N and interface offset !. The calculated fringe pat-
tern did not match the experiments if the interface offset was
set to zero for any physically reasonable values of film lattice
parameter, thickness, and site occupancy. While fringes can
be obtained for films with !=0 and cf =cs by introducing
nonunity site occupations in Ff, a large change is required to
produce even a small fringe contrast !e.g., 20% contrast for
Ff /Fs=0.90". Such a large nonstoichiometry would cause a
significant change in the lattice parameter.6 On the other
hand, an interface offset ! of only 3 pm produces fringes
with 20% contrast at the 002 peak #Fig. 1!b"$. The interfacial
offset also introduces an asymmetry in the region of the
Bragg peak. The sign of the offset !positive in these cases,
corresponding to an expansion at the interface" can be ob-
tained from the asymmetry.

The good agreement with the calculation demonstrates
that the lattice parameter of all films shown in Fig. 1 is the
same as that of the substrate, despite the different TTIP/Sr

flux ratios used during growth. This is because the hybrid
MBE growth method yields a “MBE growth window,” in
which the film stoichiometry is self-regulating.5 The inter-
face offsets obtained from the fits do not show a correlation
with the TTIP/Sr ratio used during growth. However, films
grown at substrate temperatures higher than those shown in
Fig. 1 !e.g., 870 °C" never exhibited thickness fringes, con-
sistent with zero offset.

For samples grown using flux ratios outside of the
growth window, the best fits of the diffraction patterns were
obtained with film lattice parameters cf larger than that of the
substrate, indicating cation nonstoichiometry. To obtain good
fits to the fringe pattern, positive interface offsets were also
required in these cases. An example is shown in Fig. 2 for a
slightly nonstoichiometric film !cf %0.39097 nm". As can be
seen, a calculated curve with zero interface offset !dotted
blue line" decays more rapidly away from the main peak than
the experimental data. Including even relatively large differ-
ences between Ff and Fs without an interface offset does not
match the data. Calculations with an offset of 23 pm !6% of
a unit cell" achieve good agreement, particularly in matching
the observed fringe depth far from the Bragg peak. The
agreement between experiment and calculation for nonsto-
ichiometric films is slightly less good than for stoichiometric
films; this is likely due to defects in the films caused by
nonstoichiometry that are not incorporated in Eq. !1", such as
point or extended defects11,12 and surface islands,13 all of
which are known to occur in nonstoichiometric SrTiO3.

None of the films in this study showed thickness fringes
in low-angle x-ray reflectivity, as would be expected if the
nonstoichiometry caused significant changes in the electron
density.14 For example, Fig. 3 shows x-ray reflectivity from a

FIG. 1. !Color online" Experimental !red symbols" and calculated !black
lines" XRD intensities as a function of qz=4" sin # /$ for radial scans
through the 002 reflections of homoepitaxial SrTiO3 films and substrates.
All calculations are for stoichiometric films !cf =cs" and include offsets of
different magnitude !see labels". The SrTiO3 film growth conditions are also
given in the figure !substrate temperature, ratios of cation beam equivalent
pressures, and oxygen beam equivalent pressure". For clarity, only every
third of the experimental data points are shown.

FIG. 2. !Color online" Experimental !red symbols" and calculated XRD
intensities vs qz for radial scans through the 002 reflection for a slightly
nonstoichiometric homoepitaxial SrTiO3 film. The calculations are with
!solid black line" and without !dotted blue line" an offset at the interface. For
clarity, only every third of the experimental data points are shown.

FIG. 3. !Color online" X-ray reflectivity measurements from the samples
shown in Fig. 1!d" !stoichiometric" and Fig. 2 !nonstoichiometric",
respectively.

142905-2 LeBeau et al. Appl. Phys. Lett. 95, 142905 !2009"

Downloaded 13 Oct 2009 to 130.202.98.238. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

purposefully non-stoichiometric STO

reflectivity is ~ insensitive to the stoichiometry
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Fig. 1 for a set of SrTiO3 films that showed good overlap
between film and substrate peaks. In all cases, excellent
agreement could be obtained using a model for a stoichio-
metric film with cf =cs and Ff =Fs by simply varying the film
thickness N and interface offset !. The calculated fringe pat-
tern did not match the experiments if the interface offset was
set to zero for any physically reasonable values of film lattice
parameter, thickness, and site occupancy. While fringes can
be obtained for films with !=0 and cf =cs by introducing
nonunity site occupations in Ff, a large change is required to
produce even a small fringe contrast !e.g., 20% contrast for
Ff /Fs=0.90". Such a large nonstoichiometry would cause a
significant change in the lattice parameter.6 On the other
hand, an interface offset ! of only 3 pm produces fringes
with 20% contrast at the 002 peak #Fig. 1!b"$. The interfacial
offset also introduces an asymmetry in the region of the
Bragg peak. The sign of the offset !positive in these cases,
corresponding to an expansion at the interface" can be ob-
tained from the asymmetry.

The good agreement with the calculation demonstrates
that the lattice parameter of all films shown in Fig. 1 is the
same as that of the substrate, despite the different TTIP/Sr

flux ratios used during growth. This is because the hybrid
MBE growth method yields a “MBE growth window,” in
which the film stoichiometry is self-regulating.5 The inter-
face offsets obtained from the fits do not show a correlation
with the TTIP/Sr ratio used during growth. However, films
grown at substrate temperatures higher than those shown in
Fig. 1 !e.g., 870 °C" never exhibited thickness fringes, con-
sistent with zero offset.

For samples grown using flux ratios outside of the
growth window, the best fits of the diffraction patterns were
obtained with film lattice parameters cf larger than that of the
substrate, indicating cation nonstoichiometry. To obtain good
fits to the fringe pattern, positive interface offsets were also
required in these cases. An example is shown in Fig. 2 for a
slightly nonstoichiometric film !cf %0.39097 nm". As can be
seen, a calculated curve with zero interface offset !dotted
blue line" decays more rapidly away from the main peak than
the experimental data. Including even relatively large differ-
ences between Ff and Fs without an interface offset does not
match the data. Calculations with an offset of 23 pm !6% of
a unit cell" achieve good agreement, particularly in matching
the observed fringe depth far from the Bragg peak. The
agreement between experiment and calculation for nonsto-
ichiometric films is slightly less good than for stoichiometric
films; this is likely due to defects in the films caused by
nonstoichiometry that are not incorporated in Eq. !1", such as
point or extended defects11,12 and surface islands,13 all of
which are known to occur in nonstoichiometric SrTiO3.

None of the films in this study showed thickness fringes
in low-angle x-ray reflectivity, as would be expected if the
nonstoichiometry caused significant changes in the electron
density.14 For example, Fig. 3 shows x-ray reflectivity from a

FIG. 1. !Color online" Experimental !red symbols" and calculated !black
lines" XRD intensities as a function of qz=4" sin # /$ for radial scans
through the 002 reflections of homoepitaxial SrTiO3 films and substrates.
All calculations are for stoichiometric films !cf =cs" and include offsets of
different magnitude !see labels". The SrTiO3 film growth conditions are also
given in the figure !substrate temperature, ratios of cation beam equivalent
pressures, and oxygen beam equivalent pressure". For clarity, only every
third of the experimental data points are shown.

FIG. 2. !Color online" Experimental !red symbols" and calculated XRD
intensities vs qz for radial scans through the 002 reflection for a slightly
nonstoichiometric homoepitaxial SrTiO3 film. The calculations are with
!solid black line" and without !dotted blue line" an offset at the interface. For
clarity, only every third of the experimental data points are shown.

FIG. 3. !Color online" X-ray reflectivity measurements from the samples
shown in Fig. 1!d" !stoichiometric" and Fig. 2 !nonstoichiometric",
respectively.
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M. Toney and S. Brennan, Phys. Rev. B. 39, 7963 (1989)

n = 1 - δ + iβ
where δ related to mass density and f '(Q)

β related to absorption and f ''(Q)

critical angle for total external reflection: αc = (2δ)1/2

76 Refraction and reflection from interfaces

 z

Fig. 3.3 A plane wave at normal incidence to a plate with absorption length 1/µ. The absorption is formally equivalent to an
imaginary part of the refractive index.

and

β =
µ

2 k
(3.9)

An alternative approach is to write the atomic scattering length f (Q) as a complex number by
including the dispersion corrections (see Chapter 8). The atomic scattering length is then f (Q)= f 0(Q)+
f ′ + i f ′′, and the refractive index becomes

n ≡ 1 −
2π ρat r0

k2

{

f 0(0) + f ′ + i f ′′
}

with

−
(

2π ρat r0

k2

)

f ′′ = β

Using Eq. (1.18) and Eq. (3.9) this can be rearranged by writing

f ′′ = −
(

k2

2πρatr0

)

β = −
(

k2

2πρatr0

)

µ

2k

to read

f ′′ = −
(

k
4π r0

)

σa (3.10)

~ typically a few tenths of a degree
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(L ~ 0.05: also near αc but exiting the sample)



Dillon Fong  Subsection

Review of SXRD: CTRs and SRs Subsection

Growth of Pb(Zr, Ti)O3 films on SrTiO3 (001)

31

Sector 12, APS

X-rays

MOCVD mounted on Z-axis diffractometer
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2. Experimental

The PZT films were grown on high-quality, low-miscut
SrTiO3 (001) in an oxidizing environment, using the precursors
tetraethyl lead (TEL), titanium tert-butoxide (TTB), and
zirconium tert-butoxide (ZTB), carried by N2 gas. The chamber
pressure was maintained at 13.3 mbar for growth with an
oxygen partial pressure of 3.1 mbar. The SrTiO3 substrates were
prepared with a TiO2 terminated surface by buffered HF etching
(pH=5.2). [4] Because of the volatility of PbO at the growth
temperature (736 °C), the films were grown with an excess
supply of TEL and oxygen. Measurements were performed at
beamline 12-ID-D of the Advanced Photon Source, using a
vertical-flow deposition chamber mounted on a z-axis surface
diffractometer [5]. An X-ray energy of 24 to 30 keV was used to
penetrate the quartz walls of the growth chamber. The
penetration depth is ∼25 Å for incidence angle at 0.04 degree
below the critical angle of PbTiO3, as used in the current
experimental set-up. The reciprocal lattice units used in the plots
are for room-temperature cubic SrTiO3 (a=3.905 Å).

3. Results and discussion

3.1. Surface sensitivity: total external reflection X-ray scatter-
ing and fluorescence

Fig. 1 shows the crystal truncation rod (CTR) intensity at the
4 0 ½ reciprocal lattice position from a SrTiO3 substrate as a
function of incidence angle. The enhancement in CTR intensity
at the critical angle for total external reflection, αC, is pro-
portional to the electric field intensity at the surface, |E|2, which
is quadrupled compared to that at high incidence angles due to
the interference of the incoming and outgoing beams [6]. The
sharp peak at the critical angle in Fig. 1 indicates that the
substrate has a flat surface, providing a well-defined incidence
angle, and allows us to calibrate the incidence angle of the
beam.

Fig. 1 also shows the angular dependence of the PbLα

fluorescence measured after the SrTiO3 substrate was exposed
to PbO vapor at 736 °C at a PbO pressure below the bulk
condensation boundary [5]. An enhancement similar to that of
the CTR is observed in the Pb signal at the critical angle. The
fluorescence intensity is proportional to the integral over depth
of the electric field intensity multiplied by the Pb density profile
[7]. Since the profile of PbLα fluorescence is similar to the
scattering intensity of the SrTiO3 CTR, the Pb atoms must be
located at the surface, forming the first monolayer of PbTiO3

[8]. This demonstrates that grazing incidence X-ray fluores-
cence exhibits excellent sensitivity to a single monolayer.

3.2. Strain relaxation

Fig. 2 (A) and (B) shows strain relaxation during growth
under two different vapor conditions at a similar average growth
rate of∼0.4 Å/sec. The incidence angle was maintained at 0.04°
below the critical angle to obtain surface sensitivity. Strain
relaxation was monitored by performing repeated in-plane scans
(H scans) at a fixed out-of-plane (L) position across a PZT
Bragg peak position (402). Before growth starts, only the crystal

Fig. 1. Incidence-angle dependences of the PbLα fluorescence intensity and the
crystal truncation rod (CTR) intensity for an SrTiO3 substrate exposed to PbO
vapor prior to growth.

Fig. 2. Evolution of intensity profiles of in-plane scans as a function of time
during relaxation process at average growth rate ∼0.4 Å/sec (A) lower Zr vapor
composition: 8.6% (B) higher Zr vapor composition: 15.9%. Dash lines indicate
the growth start.

5594 R.-V. Wang et al. / Thin Solid Films 515 (2007) 5593–5596

R.-V. Wang et al., Thin Solid Films 515, 5593 (2007)

8.6% Zr in PZT

α=0.04°
at 402 peak

15.9% Zr in PZT

L = 2
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Figure 8 In-plane X-ray scattering showing the c(2 × 2) reconstruction
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ing curve.

Heteroepitaxial Growth

On the basis of the homoepitaxial growth results, optimal deposition conditions
could be chosen for the heteroepitaxial growth of PbTiO3 or PZT on SrTiO3(001),
both of which grow in biaxial compression. The films are typically deposited at
temperatures near 700◦C. Figure 11 shows the growth of a nine-unit-cell-thick
PbTiO3 film on SrTiO3. The vertical dashed lines indicate the opening and closing
of the valve allowing TIP into the chamber. Prior to TIP exposure, an equilib-
rium amount of PbO vapor is injected, producing the 3

2
1
2 0 peak representative of a

PbO-terminated surface. Because the underlying plane is TiO2, this surface corre-
sponds to the presence of one unit cell of PbTiO3 before TIP injection. The X rays
now scatter from the film-substrate interface so the nature of the heteroepitaxial
growth oscillations is different from that for homoepitaxy, and each oscillation in
Figure 11 corresponds to the growth of two unit cells rather than one. This stems
from the rise and fall of the thickness fringe intensity at the anti–Bragg positions,
as illustrated in Figure 12. Several 30L scans for PbTiO3 films ranging from one
to five unit cells thick are shown. Near the anti–Bragg positions (here qzaref = 7π

rather than qzaref = π ), the intensity of the thickness fringes reaches a maximum
with every odd integer unit of film thickness. This level of sensitivity when moni-
toring heteroepitaxial growth enables the study of films with nearly exact integer
thicknesses.

H

K

β

A. Munkholm et al., Phys. Rev. Lett. 88, 016101 (2001)

This is actually the layer under the PbO surfaceVOLUME 88, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 7 JANUARY 2002

FIG. 2. Structure factors for the c!2 3 2" reconstruction, plot-
ted vs surface Miller indices h and k for the primitive !

p
2 3p

2 "R45± unit cell (related to bulk indices H , K by h ! H 1 K;
k ! K 2 H). Areas of filled and open half circles are propor-
tional to observed and calculated structure factors.

structure must be at least that of plane group p2gg, with
glide planes perpendicular to both axes [16]. This re-
quires identical motifs in at least four in-plane positions
per primitive unit cell, at positions !1x, 1y", !2x, 2y",
! 1

2 1 x, 1
2 2 y", and !1

2 2 x, 1
2 1 y" in fractional coordi-

nates. Out-of-plane studies of the reconstruction peaks
showed that their integrated intensities decreased by less
than 50% as L increased to 2.5 Å21, indicating that the
reconstruction consists of a single layer of atoms. We first
considered structures with nominally neutral combinations
of cations and anions in the layer, which are considered to
be energetically most favorable [3]. Structures based on a
PbO layer are ruled out because there is not enough space
in the !

p
2 3

p
2 "R45± surface unit cell (a 5.6 Å square)

to accommodate four Pb21 and four O22 ions (ionic radii
1.49 and 1.40 Å [17], respectively). The only such struc-
ture that fits within the unit cell is a TiO2 layer with four
O22 ions at the p2gg general positions, and two Ti41 ions
at the 1 3 1 positions !0, 1

2 " and !1
2 , 0". Figure 3 shows a

diagram of this structure, which gives the best fit to the
data of all models tested. It can be described as a BO2
perovskite layer with O cages rotated about the B ions in
an alternating fashion. This cage rotation forms the AFD
structure associated with a soft R25 phonon mode occur-
ring in many bulk ABO3 perovskites [2].

Following standard procedures [18], we refined the
structure of the AFD layer model by fitting using four
parameters: x̄ # !x 1 y"$2, Dx # !x 2 y"$2, u, and C.
Here u is the rms vibrational amplitude of the oxygen
ions, and C is a scale factor in jFcalcj to account for
uncertainty in the absolute normalization of jFexpj. Since
this four-parameter fit yielded Dx ! 0.011 6 0.026,

FIG. 3. Schematic of the TiO2 layer in the antiferrodistortive
model for the c!2 3 2" PbTiO3 (001) reconstruction, showing
counter-rotated O cages. The square grid at 45± shows the
underlying bulk PbTiO3 unit cells. Expanded view: the !

p
2 3p

2 "R45± primitive surface unit cell.

consistent with a symmetric displacement !x ! y", we
also performed a three-parameter fit with Dx fixed at
zero. The latter was statistically preferable, with a crys-
tallographic residual R ! 0.012 indicating a very good
fit, yielding x̄ ! 0.206 6 0.004, u ! 0.19 6 0.03 Å,
and C ! 0.61 6 0.08. The structure factors from this
fit are shown in Fig. 2. The value of x̄ corresponds to a
rotation of the oxygen cages by 10± 6 1±. The value of u
compares quite reasonably with 0.15 Å for bulk PbTiO3
at 905 K [19]. The value of C is consistent with unity,
within the uncertainty in the determination of the absolute
scale. This agreement uniquely supports the AFD layer
model for the c!2 3 2" reconstruction in which only
individual oxygen ions are located at each p2gg general
position, since all alternative models have contributions
from heavier ions which produce much larger structure
factors than observed.

Since the reconstruction peaks are insensitive to the
nature of the ions occupying the 1 3 1 positions, we
also considered the possibility that they could be Pb41

rather than Ti41 ions. The observed cage rotation increases
the space between the oxygens by 5%, which could be
interpreted as partial accommodation of the 30% larger
Pb41 ions. To test this hypothesis, we made in situ mea-
surements at 1005 K of the intensities of the 11L, 20L,
and 21L crystal truncation rods as a function of L, which
are sensitive to the type of ions in the 1 3 1 positions
[20]. These results are more consistent with Ti41 than with
Pb41 ions. In addition, we made ex situ room-temperature
Mg Ka x-ray photoemission spectroscopy measurements
of the Pb 4f peaks, which show no evidence for multiple
valence states of Pb in the top %20 Å of the sample. Thus,
we believe the B sites are occupied by Ti41 ions in the re-
constructed layer.

Although the x-ray data show that the c!2 3 2" re-
construction consists of a single TiO2 layer with rotated
oxygen cages, neither the reconstruction peaks nor the
crystal truncation rods are sensitive to whether this layer

016101-3 016101-3
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PbTiO3: PbO-induced reconstruction 750°C
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Grazing incidence
at and below αc, 
• penetration depth ~ 30 Å (“perfect” reflection below αc )

- can work at αc for in-plane diffraction studies [you get a relative intensity enhancement]
- e.g., H 0 0 scan [grazing incidence + grazing exit] - often for studies of in-plane reconstruction peaks
- can also do CTR-scans on ultrathin films (e.g., 1-5 unit cells) - but out-of-plane scans are shifted in L
- can improve signal from intensity boost at αc from total external reflection + large footprint

• but you don’t need to vary penetration depth to get depth dependent info 
- from single crystals: modeling or solving phase problem also does it

35

SURFACE DIFFRACTION 371

a-GeSe2 at 11 keY
4 .....-. 7000
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Figure3 The total reflectivity of a GeSez surface is shown here and is typical of any smooth
surface. The three curves shown are (a) the reflectivity of the surface, (b) the relative electric
field intensity at the surface, and (c) the 1/e penetration depth of the X-rays. These curves
scale simply from material to material, being simply dependent on the X-ray wavelength,
the electron density of the material, and the X-ray absorption coefficient.

sharply is known as the critical angle for total reflection and, in the absence
of strong absorption, is given by

q~c ~ ,~/~o 12.

For grazing angles smaller than ~b~, there is no energy flow into the sample,
and only evanescent fields, which decay over tens of angstroms, are present.
This evanescent field can be mathematically represented by

e’ = A’ei(v’’-’°t) 13.

where A’ is the amplitude of the transmitted field at the surface, co is the
photon wavenumber and k’ is given by

k’ = k cos (a2- ik(~- =)’/~ 14.

where k = 2n/2. Note that the k; te~ results in an exponentially decaying
field in the ~ direction (nodal to the surface) with 1/e depth ~ given 

1¢ - ~(4g_4=),/= for ~ > 15.
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Figure 1: Model used to derive the scattering factor for a single column of N unit cells
of PbTiO3 on SrTiO3(001). The interlayer distances are described in the text.

unit cell structure factor and its phase factor for every nth layer along the z-direction
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where c, a, and x are interlayer spacings for the film, substrate, and interface, and
absorption is accounted for using the scattering depth [5–7]
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(Note that zn is also called the information depth since it considers both the incoming
and outgoing scattered x-rays, while Li is called the penetration depth for incoming
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and Dosch agree in their scattering intensity expressions; they just differ in how they
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Review of SXRD: CTRs and SRs Subsection

Grazing incidence: effects of refraction

In-plane diffraction (L ~ 0): no problem
But if you stay at αc to run up a CTR or SR:

• diffracted beam appears at altered L-position due to refraction

Angular shift in out-of-plane direction:

So in general, we like to keep α ~ 1°

36

αc

α ~ 1°

M. F.  Toney and S. Brennan, Phys. Rev. B 39, 7963 (1989)

L
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Direct Methods
• Trying to avoid fitting
• Assumes coherent scattering (e.g., single 

crystal)
• if large single crystal -- doesn't need APS-U
• if small single crystal -- needs APS-U
• direct methods will become routine

37
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Review of SXRD: CTRs and SRs

38

SXRD CDI

crystal truncation rods (CTRs)
superstructure rods (SRs)

D. D. Fong et al. MRS Bulletin 35, 504 (2010)

1D Fourier transform 3D Fourier transform

Note: APS-U will make 3D Fourier transform easier
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Example: 4-unit-cell PbTiO3 / SrTiO3 (001)
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D. D. Fong, Y. Yacoby, et al., Phys. Rev. B, 71, 144112 (2005)

at 700 °C. Suitable PbO vapor over-pressure to maintain
stoichiometry28 was supplied while the sample was at high
temperature. The PbTiO3 films remained coherently strained
to the substrates and replicated their high crystalline quality
!0.01° typical mosaic". Real-time x-ray monitoring of the
Bragg rod intensity during growth allowed control of film
thickness to single-unit-cell accuracy.
Three samples were grown and studied. Samples 1, 2, and

3 had nominal thicknesses of 4, 9, and 9 unit cells, respec-
tively. In order to obtain films without 180° stripe domains,
samples 1 and 2 were both cooled slowly to room tempera-
ture, over a period of 24 hours. They were then taken out of
the growth chamber for ex situ measurements. Sample 3 was
cooled to 181 °C in roughly 5 hours to produce a 180° stripe
domain structure. It was studied in situ in the growth cham-
ber.

III. BRAGG ROD INTENSITY MEASUREMENTS AND
RESULTS

The room temperature x-ray studies of samples 1 and 2
were performed at the MHATT beamline at sector 7 and the
PNC beamline at sector 20 of the APS. The experimental
setup has been described in Ref. 18. Measurements were
made at an x-ray energy of 10 keV on Bragg rods with H and
K from 0 to 3, over an L range that varied from rod to rod
!typically 0.5 to 3.1", where H, K, and L are Miller indices
given in the reciprocal lattice units of cubic SrTiO3 !lattice
parameter 3.905 Å". Nine of the 10 symmetry-independent
Bragg rods within this range were measured, the exception
being the 33L.
Sample 3 was studied at 181 °C in the MOCVD chamber

at APS sector 12 described above. A moderately high energy
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FIG. 2:  Electron density maps. (a) (110) plane through the Sr, Pb, Ti and O(1) atoms.  (b)  
(100) plane through the Ti, O(1) and O(2) atoms. Insets: magnified regions in substrate 
(left) and film (right).  
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strated in Fig. 4(b). The sum of the
lanthanum and strontium occupancies per A
site was fixed to be one. A Gaussian rough-
ness distribution with the root mean square
!r = 1.5 Å was applied to all structures. Note
that the effect of this roughness factor on the
electron-density profiles is not shown in
Fig. 4(b).

In the following, we discuss the effects of
the different models on the simulated CTRs
and RAXR spectra (Figs. 4a and 5, respec-
tively). Specular CTRs at a non-resonant
energy are shown in Fig. 4(a). Circles indi-
cate the positions at which RAXR spectra
were computed (L0 with an interval of !L =
0.05). The normalized spectra were calculated according to
equation (15) in Appendix B for all three electron-density

profiles and are shown in Fig. 5. Large intensity oscillations as
a function of energy are observed in the dips and at the
shoulders of the simulated Kiessig fringes (Fig. 4a), as indi-
cated in Fig. 5(c). The different RAXR magnitudes and shapes
for the three models as a function of scattering vector reflect
the phasing arising from each strontium distribution. The
enriched sensitive phasing suggests that sufficient sampling of
RAXR data in both energy and q space is necessary to capture
the element-specific distribution fully.

3.2. Simultaneous fitting of simulated CTRs and RAXR data

The following factors can influence the accuracy of the total
and element-specific electron-distribution profiles determined
by model-dependent fitting procedures:

(a) The sampling interval along L, !L = c/d, limits the size d
of the imaged electron-density profile.

(b) The measured q range determines the spatial resolution,
which is the ability to resolve distinct objects, and is estimated
by !d = "/(qmax ! qmin) = c/[2(Lmax ! Lmin)] (Park & Fenter,
2007).

(c) Missing data points in L as a result of a large background
or a weak signal could lead to incorrect total electron-density
profiles.

(d) Data sampling in energy affects the retrieved element-
specific distribution profiles.

(e) The experimental noise affects the goodness of fit.
The impact of the above factors on the retrieved element-

specific distribution profiles was investigated systematically by
performing four different fits, numbered (I)–(IV), of the
simulated data (model B, Fig. 4b), using #2 as defined in
Appendix C. Details regarding the fitting procedures and the
#2 values are summarized in Table 2. Fig. 6(a) shows the non-
resonant CTRs, where fitted Li positions are indicated by
circles. Fig. 6(b) shows the simulated and determined number
of strontium electrons for all fitting procedures (I)–(IV).
Individual fitting results are discussed in more detail below.

3.2.1. Fit (I): RAXR spectra and sampling interval along L.
The initial values for our model correspond to the structural
parameters of the electron-density profile without strontium
segregation (model A). Note that these structural parameters
differ only in the A-site occupancy from those in model B, but

research papers

80 Edith Perret et al. " Resonant X-ray scattering studies J. Appl. Cryst. (2013). 46, 76–87

Figure 4
(a) Simulated intensity and (b) the corresponding electron-density
profiles for a 3.5 nm-thick LSCF film on NGO at 973 K. The circles in (a)
indicate the L0 positions where RAXR spectra were computed (Fig. 5).
Model A: constant strontium distribution. Model B: strontium segrega-
tions towards the interface and surface, leading to a larger electron
density in the center because of a larger amount of lanthanum. Model C:
strontium segregation in the center of the film. The electron-density
profile of NGO(110) is situated below zero (z = 0 at the NGO bulk
surface). Note that no interfacial region is simulated. The AO-plane
electron-density peaks are connected by a dashed line to visualize the
effect of strontium segregation (low-density regions). Curves are offset
for clarity.

Table 2
Fitting conditions for the simulated models.

Fitted parameters are for all fits (total number p = 75).  is a scaling factor, !r the roughness factor,
c0 the film lattice parameter, "m,n the film and interface occupancies, and !zm the atomic
displacements in the film. Lmax = 2, and !E = 5 eVacross the absorption edge and 10 eV further out.
The occupancies of oxygen were kept fixed to bulk values and the occupancies of cobalt were set
equal to 1 ! "Fe to reduce the number of fitting parameters. NE is the number of energies, NL the
number of data points along L, Nd the total number of data points and " the systematic error in %.
See Appendix C for #2 calculations.

Fits Simulated model Initial parameters Fitted data NE NL Nd " #2
sim #2

sim;I#

(I) B Parameters of model A RAXR, |Fsim|2 41 60 2460 0 0 0
(II) B Parameters of model A RAXR, |Fsim|2 41 46 1886 0 0 0.19
(III) B Parameters of model A RAXR, j ~FFsimj2 41 46 1886 0.1 0.86 28.57
(IV) B Parameters of model A CTRs, j ~FFsimj2 2 46 92 0.1 2.52 59.22

electronic reprint
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Oversampling

How much data do you need to take to reconstruct 𝞺el?

Need to sample by at least ΔQ = 1/(2a) in reciprocal space, but this assumes 
we can access the complex structure factor (amplitude and phase)
• since we can only sample the structure factor amplitude, we need to sample 

by ΔQ = 1/(4a)
• for a thin film, this is ΔQ = 1/(2t), so for a 2 unit cell film, we need to sample 

at a spacing of ΔL~0.25
• Not a problem for CTRs (continuous): we typically sample at least twice this 

(~ 7 points per thickness fringe) - oversampling (can only be done along L 
for thin films)

• We can do this for multiple CTRs

45

film thickness in real space
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D. Sayre, Struct. Chem. 13, 81 (2002)
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was measured via two-coil mutual inductance technique and
revealed sharp superconducting transitions at Tc ¼ 34 K in the
(2, 3), and Tc ¼ 36 K in the (2.5, 2.5) bilayer, which is remarkable
given that the films studied here are only 5 UC thick. This transi-
tion temperature was also confirmed by measuring the electric
resistance (see Fig. 1B) after the x-ray scattering experiments
were completed.

The atomic structure of the cuprate ultrathin films was inves-
tigated at beamline ID-33 of the Advanced Photon Source by
measuring the diffraction intensities along the substrate-defined
Bragg rods. The sample and a pixel array area detector (Dectris
PILATUS 100 K model, see ref. 27) were mounted on a six-circle
goniometer in the Kappa geometry. The experimental proce-
dures are described in previous publications (23 and 24). Ten
symmetry-inequivalent Bragg rods were recorded with the max-
imum value for the vertical reciprocal space coordinate Lmax ¼
10.5 r:l:u: (reciprocal lattice units) and the sampling density of
50 points per r.l.u. The x-ray flux was 3 × 1012 photons∕ sec at
the wavelength λ ¼ 0.8266 Å. The x-ray beam was focused to
0.1 mm ðverticalÞ × 0.2 mm ðhorizontalÞ at the fixed incidence
angle of 3.5º. The background and diffuse x-ray scattering con-
tributions were removed accurately using the area detector
images. The final results were normalized by taking into account
the beam polarization and Lorentz factors and then analyzed
using the COBRA method (22–24). In general, COBRA uses
the measured diffraction intensities and the fact that the complex
structure factors (CSFs) vary continuously along the substrate-de-
fined Bragg rods to determine the diffraction phases and the
CSFs. The CSFs are then Fourier transformed into real space
to obtain the three-dimensional electron density of the film
and of the substrate with sub-Ångstrom resolution.

Results and Discussions
The experimental data of representative Bragg rods of a metal-
insulator (M þ I) bilayer sample are shown in Fig. 2. Notice that
the diffraction intensity along the rods (excluding the Bragg
peaks) varies by more than four orders of magnitude with excel-
lent signal-to-noise ratio. The reference structures chosen as the
starting point for the COBRA analysis were the bulk LSAO sub-
strate structure and the tetragonalM þ I bilayer with the nominal
(bulk) atomic positions. In our numerical simulations, the top-
most four unit cells of the substrate were allowed to deform, how-
ever the resulting deformations turned out to be very small. The
COBRA method uses the approximation that at two adjacent
points along the Bragg rod the change in the complex structure
factors (CSFs) contributed by the unknown part of electron den-
sity is negligible compared to the change in CSFs contributed
from the reference structure (23). The use of this approximation
allows COBRA to converge very quickly to approximately the
right solution but not to the exact one. To overcome this limita-

tion we further refined the CSFs using the Difference-Map algo-
rithm introduced by Elser (28) and recently applied to thin films
(29). Using the COBRA solution as the starting point for the Dif-
ference-Map algorithm and using a proper filter program that
takes advantage of the fact that the CSFs vary continuously along
the Bragg rods, the Difference-Map algorithm converges after
about 20 iterations - an acceleration in convergence by about
two orders of magnitude. As seen in Fig. 2, the final calculated
and measured intensities are in very good agreement. Similar
agreement was found for all other Bragg rods and the overall
x-ray reliability factor is R ¼ ∑ jjF0 j−jFcjj

∑ jF0j
¼ 0.02; here, jF0j and

jFcj are the observed and the calculated diffraction amplitudes,
respectively. To the best of our knowledge, so far there has been
only one published determination of the structure of an ultrathin
film using the Difference-Map method (29). In that study, over
2,000 iterations were needed to achieve convergence. The pre-
sent study shows that the combined COBRA/Difference-Map
method unites the best features of both methods and ensures
rapid convergence to the correct solution.

The CSFs were Fourier transformed into real space yielding
the three-dimensional electron density (ED). As an example, we
show in Fig. 3 the ED of a (2, 3) bilayer sample along the (0, 0, Z)
and (0.5, 0.5, Z) lines that go through the La(Sr), O, and Cu(Al)
atoms. As seen, the ED has almost no negative parts. Together
with the excellent agreement between the calculated and mea-
sured diffraction intensities, this suggests that the ED is very close
to the correct one. All the atoms including oxygen can be clearly
identified and their positions determined with sub-Ångstrom re-
solution. The small ED intensity fluctuation below -53 Å provides
a measure of the inaccuracy in the ED and it is small even com-
pared to the oxygen ED. The occupancy of the last half UC is
significantly reduced; this may be due to growth-induced terraces
and island structures as observed also by atomic force micro-
scopy, but also possibly due to some surface reconstruction or
chemical modification due to exposure to atmosphere, with con-
comitant loss of epitaxial registry in that particular layer. The oc-
cupancy of the next-to-last half UC is also reduced but to a lesser
extent, so that the atomic positions in this half UC are still well
defined and are therefore included in our analysis.

Fig. 1. (A) A simplified structure model (one-half the crystallographic UC) of
La2CuO4. At room temperature, the structure is tetragonal and the space
group is I4∕mmm.Note that the La(Sr) apical-O layers are strongly corrugated,
exaggerated in this sketch for clarity. (B) The electric resistance of the (2.5, 2.5)
bilayer, measured by the four-point-contact technique, as a function of
temperature. Inset: a schematic of the bilayer on a LSAO substrate.

Fig. 2. Representative Bragg rods of the (2, 3) M þ I bilayer system (solid
dots) and calculated diffraction intensity obtained from the COBRA-deter-
mined electron density (solid line).

8104 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0914702107 Zhou et al.
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It shows a compelling picture: The copper-apical-oxygen distance
cA in the bottom metallic UCs of M þ I bilayers is equal (within
the experimental error) to those in single-phase M and S films,
while the apical-oxygen displacement occurs only in the I layers of
bilayer samples. This result suggests that the anomalous behavior
is associated with the M − I interface. It has been argued already
(10 and 17) that, in particular in insulating cuprates, the Coulomb
interaction along the c-axis direction is strong, poorly screened,
and long ranged; the origin of anomalous expansion of the
copper-apical-oxygen bond in M − I bilayers must likewise be
in the long-range Madelung energy contributions.

According to (15), cA ¼ 2.7 Å should correspond to a Tc of
∼80 K at optimum doping. However, from (31) we know that
hole density drops sharply on the I side of the interface and
the screening length is equal to 6# 2 Å. This consideration im-
plies that on the I side and next to theM − I interface only one or
two CuO2 layers are doped via carrier accumulation while the
others remain insulating. Thus, unfortunately, we have a mis-
match: In the La2CuO4 layer optimally doped by charge transfer,
cA is close to its standard (bulk) value, while it is greatly elongated
only in insulating layers. It is tempting to speculate that one could
synthesizeM − I bilayers with Tc much higher than 36 K, perhaps
as high as 80–90 K, if only one could achieve the maximal cA elon-
gation and optimal doping in the same La2CuO4 layer. An
obvious avenue for further research is to try making I layers even
thinner, thus bringing the interface superconductivity closer to
the film surface. Another is to try engineering more sophisticated
hetero-structures and superlattices combining La2CuO4 with
other metallic oxides (nickelates, zincates, etc.).

Conclusions
In summary, we have used a unique atomic layer-by-layer
molecular beam epitaxy system to synthesize precise ultrathin bi-
layers using metallic but nonsuperconducting La1.55Sr0.45CuO4

and insulating La2CuO4 blocks, and observed interface supercon-
ductivity with Tc ¼ 34–36 K. We have used synchrotron x-ray dif-
fraction and the combined COBRA/Difference-Map phase-
retrieval method to determine accurately the atomic structure
and found the UC size to be constant despite dramatic atomic
displacements within the cell. In particular, the Cu-apical-O dis-
tance, known to strongly affect Tc, increases by as much as 0.45 Å
from the metal-insulator interface of the bilayer towards the sur-
face. In contrast, within our experimental accuracy this distance
remains constant in single-phase metallic and superconducting
films. We conclude that in cuprates the crystal structure can be
modified in near-surface layers, and in such a way that supercon-
ductivity properties can be dramatically altered; subtle lattice
contributions apparently can play an important role. This finding
underlines the importance of detailed surface-structure determi-
nation in conjunction with surface-sensitive probes of electronic
states such as scanning tunneling microscopy or angle-resolved
photoemission spectroscopy.

Fig. 5. Two-dimensional ED profiles along (100) and (110) atomic planes of
the M − I bilayer system. The EDs were determined from the experimentally
measured diffraction intensities using the COBRA technique. Cold colors re-
present low EDwhilewarmer colors represent higher ED. Schematic cross-sec-
tions of the complete tetragonal UC along each atomic plane are illustrated
near the sides. Left: in (100) plane, the white lines highlight the projected
shapes of the CuO6 octahedra, in particular the elongation near the surface;
Right: in (110) plane, the white lines highlight the projected profiles of the
La-apical-O planes, in particular the corrugation near the surface.

Fig. 6. Variation of the interatomic distances in single-phase metallic films.
(A) The measured Cu(Al)—apical-O distance, cA, varies as a function of the
nominal position of Cu(Al) atoms inside the refined structure. The data from
four single-phase metallic films and the average over the four are presented.
The lower and upper arrows represent the bulk values of cA for the LSAO
substrate and for La2CuO4 insulator (I), respectively. (B) The comparison of
cA, c1, and c2, averaged for each UC, as a function of Z position from metallic
single-phase samples. Inset: the lattice constant c0 as a function of Z. The
dotted line represents the bulk substrate value. The horizontal dashed line
is the average value of c0 in bilayers extracted from the electron density, as
described in the text. In both (A), (B) and the inset, the vertical dashed lines
represent the nominal substrate/metal interface.

Fig. 7. The comparison of the averaged cA over measured single-phase
metallic (M) and superconducting (S) films, and M þ I bilayers. The lower
and upper arrows represent the bulk values of cA for the substrate and
for the insulator, respectively. The vertical dashed lines and the dotted line
represent the nominal substrate/metal interface and metal/insulator
interface, respectively.

8106 ∣ www.pnas.org/cgi/doi/10.1073/pnas.0914702107 Zhou et al.
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H. Zhou et al., PNAS10, 8103 (2010)
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To account for disorder, defects, and non-equilibrium processes,
we combine insights from theory and experiment into one fitting procedure

R2 = χ 2 + χ res
2 +
1
2
κ
kT

(ζ I − ZI )
2

I
∑

• Experimental chi-squared χ2 constrains predicted structure factor |F(ζ,σ,θ)|2 to     
measured structure factor |Fexp|2.
• Resonant (χ2res) and non-resonant (χ2) data may both be included in residual.
• Penalty function prevents atomic positions {ζI} from varying significantly from the 
DFT predicted positions {ZI}.
• κ/kT determines weight of the penalty function compared to χ2 with effective spring 
constant κ and temperature dependent energy scale kT.

• measures deviation from DFT structure.

Fit residual R2 for non-linear least squares fitting 
of atomic positions {ζI}, Debye-Waller factors 
{σI}, and occupancies {θI} of each atom.

Experiment DFT

M. Plaza, K. Letchworth-Weaver, et al, JACS 138 (25), 7816-7819 (2016)
∑ −=
I

II
I

rms Z
N

z 2)(1
ξ



Dillon Fong  Subsection

Section Subsection

Another way: DFT + fitting: here the SrTiO3 (001) surface

49

Chief advantage -- you get DFT-based information as well
- S. Y. Cook et al., Sci. Adv.5, eaav0764 (2019)

NR and R spectra, particularly near the 001 reflection: The R spectrum
exhibits a local minimum below the 001 reflection, while the NR spec-
trum exhibits a local minimum above the 001 reflection. This difference
originates from the TiO2DL, and fitting permits a quantitativemeasure
of its coverage. The fits indicate that the TiO2 adlayer has a coverage of
~80%, as modeled by a 3:1 mixture of two different (local) reconstruc-
tions: ð

ffiffiffiffiffi
13

p
"

ffiffiffiffiffi
13

p
ÞR33.7° (RT13) (29) and ð

ffiffiffi
2

p
"

ffiffiffi
2

p
ÞR45.0° (RT2)

(37).We note here that RT13 and RT2 represent the lowest-energy sur-
face structures in terms of a convex hull construction for STO (001)
(29). They are composed of different recurrent structural motifs found
in other TiO2 DL STO (001) reconstructions (32) and appropriately
model the STO surface as a glass (section S2).

We subsequently deposited one unit cell of LaTiO3 atop theTiO2DL
STO by oxide MBE. As noted above, this is an oxide system that has

garnered considerable attention: Although both are insulators, the
interface between them has demonstrated both metallic (9, 10) and
superconducting (38, 39) behaviors, sparking widespread interest in
understanding interfacial properties in the complex oxide community
(19, 40–42). Individual monolayers (MLs) of LaO and TiO2 were
deposited on STO substrates via two distinct layer sequences. On sub-
strate STO #1, 1ML of TiO2 was deposited atop 1ML of LaO2 (T/L); on
substrate STO #2, 1ML of LaOwas deposited atop 1ML of TiO2 (L/T).
In Fig. 3 (A and B), we present the specular rods measured in situ at
700°C in 1× 10−7 torrO2 following the deposition of eachMLunder the
T/L and L/T deposition sequences, respectively. As expected, the initial
deposition of either LaO or TiO2 on the TiO2 DL STO (001) surfaces
results in different specular reflectivity curves (lowerNR andR curves in
Fig. 3). The subsequent deposition of TiO2 or LaO results in nearly

Fig. 1. Depiction of the STO surface and its behavior during epitaxial growth. (A) Bare STO (001) surface after following the standard etch-and-anneal procedure,
exhibiting ~0.4-nm-high steps with both ð

ffiffiffiffiffi
13

p
"

ffiffiffiffiffi
13

p
ÞR33.7° (RT13) and ð

ffiffiffi
2

p
"

ffiffiffi
2

p
ÞR45.0° (RT2) surface reconstructions. (B) Schematic of LaTiO3 growth by oxide MBE

following either the TiO2/LaO (T/L) or LaO/TiO2 (L/T) growth sequence at 700°C in a background of 1 × 10−7 torr O2.

Fig. 2. The atomic structures of STO surfaces. Fitted specular reflectivity curves (top) for the bare (001) STO substrates modeled using mixtures of the ð
ffiffiffiffiffi
13

p
"

ffiffiffiffiffi
13

p
ÞR33.7°

(RT13) (29) and ð
ffiffiffi
2

p
"

ffiffiffi
2

p
ÞR45.0° (RT2) (37) reconstructions (below). DFT-constrained fit results (dashed lines) for the bare STO #1 (A) and STO #2 (B) substrates. The intensity is

given by the square of absolute x-ray structure factor (|F|2). Points near the Bragg peaks were excluded from the fits.
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identical reflectivity curves, regardless of x-ray energy (upper NR and
R curves in Fig. 3).

To determine the final structures after both LaO and TiO2 deposi-
tion, we first calculated the specular reflectivity curves directly from
DFT-determined surface structures. Using the nomenclature in which
the layers progress from surface to bulk (SrO-terminated STO), these
would be LaO/TiO2/TiO2/TiO2(/SrO) or LTTT and, similarly, TLTT,
TTLT, LTT, TLT, and TTL. These structures and the corresponding
calculated specular reflectivity curves are presented in fig. S4.

We proceeded to fit the four upper curves in Fig. 3 (A and B)
following the sameDFT-constrained fitting procedure used for the bare
STO (001) surfaces. A linear combination of the TTLT and TLTmodel

structures provides the best agreement with the specular reflectivity
data, with the results shown in Fig. 4. Similar to the case of the bare
substrate, the NR and R specular rods are highly distinctive and sensi-
tive to the exact compositional arrangement at the surface owing to the
high phase contrast between the different layers near an absorption
edge. The final structures were characterized by 72% TTLT/28% TLT
and 85% TTLT/15% TLT for the T/L and L/T deposition sequences,
respectively. The overall TiO2 adlayer coverages in these final structures
(0.72 ± 0.05 ML for T/L and 0.85 ± 0.05 ML for L/T) are in reasonable
agreement with the TiO2 adlayer coverages found before deposition,
suggesting that the TiO adlayers on the STO substrates have diffused
to the surface over the course of the thin-film growth process.

Fig. 3. Specular reflectivity curves after deposition of LaO and TiO2 MLs for different deposition sequences. The results for T/L/STO #1 and L/T/STO #2 are shown
in (A) and (B), respectively. Measurements were performed with x-ray energies of 15.0 keV (red) and 16.1 keV (blue) for scattering under NR and R conditions at the Sr K-edge,
respectively. Note the nearly identical reflectivity curves following the two different deposition sequences, which indicate the rearrangement of atomic layers.

Fig. 4. Fitted specular reflectivity curves (top) for the final structures after the T/L/STO #1 and L/T/STO #2 depositions modeled as mixtures of the TTLT and
TLT surface structures (bottom). Fit results are presented as dashed lines for the T/L/STO #1 (A) and L/T/STO #2 (B) final structures. Points near the Bragg peaks were
excluded from the fits.
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Review of SXRD: CTRs and SRs Subsection

SXRD geometry
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real space reciprocal space

origin of 
reciprocal space

specular rod
off-specular rod

T. T. Fister & D. D. Fong in Thin Film Metal-Oxides, Springer (2010)
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Practicalities

SXRD geometry + a lot of equipment

52

Surface structure changes: what and when? 

Our!plan!is!to!conduct!in<operando!type!measurements!using!high!energy!x<rays!
during!the!catalysis!measurements!(next!week).!
!

MRS!Fall!MeeMng!2012!

11!

Advanced#Photon#Source#(12IDQD):#Surface#diffractometer#customized#for#inQsitu#measurements.##

in situ oxide MBE

in situ catalysis

in situ oxide PLD

- Can do a lot by combining SXRD + in situ
- Need to have the proper geometry

in situ oxide sputtering
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Practicalities

Six-circle geometry (4S+2D)

Note the laboratory coordinate system (x,y,z)
Q is defined by
• θ = ω = Bragg angle of Q (=4πsin(θ)/λ) (longitudinal angle from xz-plane toward y) 
• ν = qaz = azimuthal angle for Q (from z-axis) 
• n (sample reference vector - often assumed equal to the sample normal)
• α = incident angle (longitudinal angle from xz-plane toward y) 
• φ = naz = azimuthal angle for n (from z-axis)
• typically, n = sample normal
• naz = 0: sample normal along z
• naz = 90°: sample normal along x 
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Sphere of radius Q

Ck is the intersec4ng circle

H. You, J. Appl. Cryst. 32, 614 (1999)

T. T. Fister et al., J. Appl. Cryst. 46 (2013)
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Practicalities

Six-circle geometry

First, relate h (i.e., Q) to (x, y, z) [4S]
Next, relate kf to (x, y, z) [2D]
Next, by definition: at diffraction 

condition: h = kf - ki
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Dillon Fong  Surface and Interface Scattering

Practicalities

Six-circle geometry

Put everything into software
• spec -- http://www.certif.com
• modes for six-circle, four-circle, etc.
• then you can type (effectively) “go to 202; scan along 20L”

Why do you need a six-circle?
• you can keep a constant x-ray footprint on the sample
• nice for L ~ 0 work
• nice for easier geometrical corrections
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Dillon Fong  Surface and Interface Scattering

Practicalities

Geometrical corrections

Integrated intensity often came from a ϕ-scan+point detector
• Corrected integrated intensity

• With 2D detectors (like Pilatus), it is easier, since we don’t rock sample
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),-fixed mode, s-fixed mode or even 'four-circle' mode 
(ct and )' fixed). For 7 = 0 the six-circle diffractometer 
equals the five-circle diffractometer discussed by Vlieg 
et al., (1987). In the following, the only assumption 
made is that the surface normal is horizontal (i.e. lies in 
the yz  plane of Fig. 1), and the discussion is therefore 
valid for all operation modes except the four-circle one. 
Once all correction factors are known, it is straight- 
forward to extract from the integrated intensity the 
structure factor, which is the quantity of interest in a 
crystallography experiment. 

The resolution corrections that play a role in surface 
X-ray diffraction have been discussed for two types of 
z-axis machines by Schamper, Meyerheim & Moritz 
(1993), while Toney & Wiesler (1993) gave a compre- 
hensive account for a four-circle diffractometer. 

2. Rocking scans 

2.1. Differential scattering cross section 

In order to calculate the integrated intensity in a 
rocking scan we start with the differential scattering 
cross section. This can be written as (Cowley, 1975; 
Vlieg & Robinson, 1992): 

da/df2 = (~/A2u)IFh~I2pS2(Q), (1) 

where r e is the classical electron radius, A u is the area of 
the surface unit cell, Fhk t is the structure factor for a 
reflection with Miller indices hkl, P is the polarization 
factor, S(Q) is the Fourier transform of the crystal shape 
function and Q is the momentum transfer. The con- 
vention we will use is that h and k are the in-plane Miller 
indices, while l is along the out-of-plane direction. 
Anticipating the integration over h and k we note that: 

J J  S 2 ( Q ) d h d k  = Au A, (2) 

where A is the active surface area. The line shape of a 
diffraction peak is usually not given by S(Q), but is 
more often determined by the correlation length on the 
surface, the mosaic spread etc. (see, for example, Vlieg, 
Van der Veen, Gurman, Norris & Macdonald, 1989). 
We therefore write 

S2(Q) - AuAu(Q ), (3) 

where u(Q) is a function that describes the line shape 
(e.g. Lorentzian, Gaussian) and is normalized such that 
the integral over h and k is unity. [In surface diffraction, 
u(Q) does not depend on l.] The differential scattering 
cross section can then be written as 

da/df2 = ~(A/Au)IFhktI2pu(Q). (4) 

In a diffraction experiment the integrated intensity is 
often measured by using a sufficiently wide detector 
acceptance and by rocking the sample over the entire 

width of the reflection. This is done by rotating the 
sample about the surface normal. In this way only the in- 
plane component QII of the momentum transfer is 
changed. We will call this a ~p scan, although in the 
z-axis mode the o9 circle will normally be used for this. 
The detector opening angles are za)' and za~, and when 
all angles are zero these are along the z and x directions 
of the diffractometer, respectively (see Fig. 2a). A)' 
determines (to first approximation), the amount of 
accepted momentum transfer along the out-of-plane 
direction, Q±. The integrated intensity of a (p scan is 

Iint# = ((Po/ogo) I (da/df2) d7 dg, drp, (5) 

- I  where 4) 0 is the incident flux (photons s 
o90 is the rotation speed. 

nT1T1-2) and 

detector 

A ~ a p e r t u r e  

diffracted 

Y am 

~ X _ r a y  b e a m ' ~ . .  

(a) 

(b) 
Fig. 2. A schematic picture of a rocking scan. (a) The situation in real 

space. The detector has opening angles Ay and zl~k. The surface 
normal ~ lies in the yz plane and makes an angle fli, with the z axis of 
the laboratory frame. A rocking scan is performed by a tp rotation 
about ~. (b) The integration volume shown in reciprocal space. 
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+s3/l 3. Thus, depending on the real-space position on 
the sample, there is a difference in the angular interval 
over which the diffraction peak is integrated. In our 
derivation of Cde t we assumed that the same angular 
range applied everywhere, but this is not completely 
t r ue .  

The effect of this coupling can be made very small by 
making sure that 13 >> l 2. This assures that the illumi- 
nated sample area is almost entirely given by s 2. Then it 
is possible to set s 3 to a sufficiently large value (which 
could be much larger than s2) to accept the entire dif- 
fraction profile. 

2.8. Total correction factors 

Collecting the results from the previous sections we 
may now write for the integrated intensity in a tp scan 

/int,~p = ( ~ 0 ~ ' 4 0 ) [ 2  AT/OgoA2) lFhkt l2 f to t ,  (42) 

where 

Cto t = PL~pCrodCareaCdetCbeam . (43) 

In an experiment one wants to determine IFhu I and 
therefore needs to multiply the measured integrated 
intensity by 1/Cto t and take the square root (the term to 
the left of [Fhu I is usually constant for one experiment 
and is therefore often not taken into account). We may 
write this multiplication factor as 

qtot "-- 1 /Cto t  = ?]geo/CdetCbeam, (44) 

with 

r/geo = 1/PL~oCrodCarea . (45) 

r/geo contains all the correction factors due to the 
experimental geometry, i.e. the correction factors that 
depend on the diffractometer settings only. The two 
additional correction factors, Cde t and Cb~am, depend on 
the slit settings of the detector, the sample size and the 

1.2 

z -axis mode 

0.8 

0 . 6  

0.4 

0.2 O'~ =0.5mm ~ \ 

0.0 a , , , 

0 I 2 3 4 5 
Miller index l 

Fig. 9. The correction C b ~  due to a finite beam size (of Gaussian 
shape) on the integrated intensity demonstrated for the (1.5,0)-rod of  
Ge(100) and small flout and for horizontal widths tr x of  0.5 and 2 mm. 

beam size. Experimentally, one can keep Cde t close to 
unity by having sufficiently wide slits. Cb~am can also be 
kept close to unity by employing a geometry with a 
small angle of incidence. Under these circumstances the 
total correction necessary is given by r/geo. For the 
general case, r/geo is a lengthy expression, but for the 
z-axis mode the correction factors take their simplest 
form, and one obtains 

tlgeo,z_axi s = sin 2 6 cos flin/P. (46) 

Fig. 10 shows r/geo for the (1.5,0)-rod of Ge(100) for 
three different modes of operation. It is clear that the 
total effect of the correction factors is very large and 
strongly dependent on the operation mode. Particularly 
at high l values, the variation of r/geo is strong. All 
operation modes give, as expected, the same correction 
factor for small perpendicular momentum transfer. 

3. Stationary geometry 
3.1. Non-specular diffraction rods 

In the previous sections we discussed the integrated 
intensity when performing a rocking scan. However, 
when the acceptance of the detector is large and the 
outgoing angle is large, one may integrate a rod profile 
at once. This method of obtaining the integrated inten- 
sity was discussed by Specht & W~ker (1993) for a 
four-circle diffractometer, and is illustrated in Fig. 11. 
The detector accepts the rod over the entire in-plane 
direction, albeit for a range of l values. Here we assume 
that over the probed l range the structure factor is 
approximately constant. In this stationary case the 
integrated intensity is 

Ira,,, = I (dc~/df2) dy d~,, (47) 

where T is the counting time. The Lorentz factor in this 
case deals with the transformation from an area inte- 
gration element in angular space, dy d~k, to one inreci- 
procal space, dhdk. The integration area in angular 
space is given by the vector product of the in-plane 
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5.3. The beam footprint

If the incident beam spills over the edges of the sample
surface, rotating the sample around its surface normal will
change the footprint unless the sample surface is circular and
the rotation axis is exactly coincident with the surface centre.
In contrast to experiments that use point detectors and narrow
detector slits, which define the fraction of the footprint seen by
the detector, the change of the shape and size of the footprint
must be corrected for when using an area detector that records
the whole diffracted signal. This correction factor therefore
takes into account the change in the beam footprint area with
rotation angle (here !). This must be considered, for example,
when recording nonspecular CTRs.

This relative change in the footprint size is determined by
monitoring the specularly reflected beam intensity Cf ð!Þ as a
function of rotation of the sample about its surface normal, as
shown schematically in Fig. 7(a). An example of the obtained
curve is given for a rectangular sample surface of 8 # 10 mm2

in Fig. 7(b). The signal is convolved with the beam profile in
the vertical direction, which can be closely approximated as a
Gaussian with a full width at half-maximum (FWHM) of
0.94 mm. The theoretical curve, including this convolution, is
also shown. The data are corrected for the change in the size of
the footprint by dividing by Cf.

5.4. Polarization factor

The polarization of the MS beamline is about ph ¼ 98%
horizontal at 12 keV. The polarization correction factor CP is

CP ¼ phð1% cos2 ! sin2 "Þ þ ð1% phÞð1% sin2 !Þ: ð7Þ

5.5. Intercept of the scattered beam with the Ewald sphere

Depending on which source one reads, this correction is
either treated separately from the ‘Lorentz factor’ (see below)
or as part of it. Here we describe it separately. As mentioned
above, we do not perform a rocking-curve scan when using a
pixel detector – in our ‘large detector slit stationary mode’, the
diffractometer simply moves to the calculated angles for the
desired ðhklÞ, an image is captured and the background
subtracted. Consider Fig. 8. It has been previously shown
(Specht & Walker, 1993; Vlieg, 1997; Torrelles & Rius, 2004)
that the range of l involved in the intercept of the CTR with
the shell of the Ewald sphere is proportional to 1= sin !, where
! is the angle subtended by the scattered beam and its
projection on the sample plane (see Fig. 1). This means that a
larger range of l is sampled close to the foot of the CTR than
at higher l. The integrated signal recorded by the pixel
detector must therefore be multiplied by

Acta Cryst. (2005). A61, 418–425 C. M. Schlepütz et al. ' Surface diffraction using a pixel detector 423
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Figure 8
Schematic k-space diagram showing the dependence on the portion of the
CTR sampled as a function of !.

Figure 9
Six representative CTRs and FORs, including fits, taken from a set of 27 CTRs recorded of the surface of SrTiO3(100).
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SrCoO2.5 and perovskite-structured (P-SCO) SrCoO3 corre-
spond to n = 2 and∞, respectively. Within this defect structure
series, controlling growth parameters leads to a range of
attainable Co oxidation states increasing from Co3+ to Co4+

accompanied by a decrease in the in-plane (pseudocubic)
lattice parameter, a||, with increasingly oxidizing conditions.20

Both oxygen activity and epitaxial strain play key roles in phase
determination, and it was previously demonstrated that one can
even select a particular n and intermediate oxygen stoichiome-
tries by applying epitaxial strain using different single-crystal
substrates.3 The degree of oxygen vacancy ordering can be
easily measured through X-ray diffraction, with the correspond-
ing (00L) specular rod intensities for the structures in Figure
1a−d shown in Figure 1e−h, respectively. Previous strontium
cobalt oxide films were grown by pulsed laser deposition
(PLD), which takes place in a dense plasma environment with
particle impingement energies ranging from 5 eV to over 50
eV; the films were therefore grown in conditions very far from
thermal equilibrium.3,10,12,19,22,25,26 In contrast, the impinge-
ment energies for molecular beam epitaxy (MBE) are on the
order of 0.1 eV,27 and the growth rates are much slower than
those of PLD, allowing for much greater control over the
construction of each individual atomic layer, including its defect
content.28 Since one of the goals of this study was to
understand the structure of films at the individual atomic
monolayer level the flexibility and control afforded by MBE led
to its choice as the method of synthesis.
However, the growth conditions for stabilizing different

members of the SrCoO(3n−1)/n series and their related defect-
ordered structures are not well-known for MBE synthesis.
These conditions must be identified to reliably grow materials

that take advantage of the tunable properties available in the
strontium cobalt oxide system to facilitate their integration into
functional devices. Here, we report a systematic investigation
into the growth of strontium cobalt oxide (SCO) thin films by
oxide MBE. We exploit a unique instrument that permits both
in situ X-ray scattering and absorption spectroscopy during
growth, allowing detailed observations of the atomic-scale
processes that take place during reactive deposition and the
evolution of oxygen defects and defect ordering within the
growing film.29 We determine the optimal MBE conditions for
stabilization of different SCO phases and compare our results
with calculated thermodynamic equilibria and kinetically
limited thermodynamic processes such as solute trapping.30−33

Applying these approaches allows the effects of growth
conditions to be understood from a theoretical viewpoint. This
in turn enables prediction of the conditions necessary for
growth of defect-engineered films via MBE.

■ EXPERIMENTAL SECTION
Thin Film Deposition. The SCO films were grown on low miscut

(<0.1°) single-crystal 10 mm × 10 mm × 1 mm SrTiO3 (0 0 1)
substrates (CrysTec GmbH) chemically prepared to exhibit TiO2
surface termination.34 The crystals were first sonicated in deionized
water for 10 min at room temperature and agitated in a buffered
hydrofluoride solution (NH4F:HF = 3:1) of pH 5−5.5 for 30 s before
being rinsed in deionized water. The etched substrates were then
annealed at 1323 K for 2 h in flowing oxygen, resulting in terraced
surfaces that exhibited unit-cell height steps. All films were grown by
reactive molecular beam epitaxy using the custom-built chamber
shown schematically in Figure 2. Pure oxygen or oxygen mixtures with
ozone collected from a commercial distiller (DCA Instruments) was
introduced into the chamber using a leak valve and controlled at total

Figure 1. Structures of the stable members of the SrCoO(3n−1)/n homologous series for n = 2 (a), 4 (b), 8 (c), and ∞ (d) on SrTiO3 (001) and (e−
h) their corresponding (calculated) X-ray scattered intensities along the (00L) specular rod assuming films are coherently strained, respectively. The
n = 4 and 8 members (b and c) have two possible orientations, shown separated by the dotted line, the (00L) in panels f and g are an average of
these two. The polyhedra corresponding to CoO4, CoO5, and CoO6 are shown in cyan, blue, and violet, respectively. Strontium atoms and oxygen
atoms are green and red, respectively. The defect structures are expected to evolve from left to right when moving from reducing to more oxidizing
conditions.
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Time-dependent speckle reveals dynamics
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Figure 3. a) The in situ coherent X-ray scattering geometry for the BM-SCO/PV-SCO bilayer during reduction/oxidation. b) Scattered intensity across
the 00 1

2
peak. The arrows indicate the L values corresponding to regions of interest for XPCS, with the 2D area detector images shown in the upper left.

regions of interest are similar, their origins in terms of scattering
differ substantially. The correlation functions determined from
these different regions allow one to distinguish between the dy-
namics of the BM-SCO crystal (00 1

2
) versus the dynamics of the

interfaces (thickness fringe).
The bilayer was heated under either flowing N2 or O2 for the

conditions shown at the bottom of Figure 4a and allowed to
reach the target temperature and stabilize for at least 10 min
before X-ray measurements; the annealing times were chosen
to provide statistically significant decorrelation times based on
the scattered intensities. We employ the autocorrelation function
g2(q, dt), which correlates the individual pixels with themselves
as a function of time:

g2(q, dt) =
⟨I(q, t)I(q, t + dt)⟩

⟨I(q, t)⟩2
(1)

here the scattering vector q is related to L by q = 2𝜋L/aSTO. The
numerator corresponds to the correlation component, and the
denominator normalizes the function such that g2 decays to unity

over long time scales. The g2(q, dt) measured while in N2 or O2
environments were fit to the equation

g2(t) = g2(∞) + 𝛽 exp
(−2t

𝜏

)
(2)

where g2(∞) is the baseline (fixed at or close to 1), 𝛽 is the contrast
(fixed to a few percent for a specific data set), t is time, and 𝜏
is the characteristic decorrelation time;[28 ] the fits, are shown in
Figures S5 and S6 (Supporting Information).

The decorrelation times determined during reduction and ox-
idation, are shown in Figure 4a for both the 00 1

2
(red squares)

and thickness fringe (blue circles). The time dependence of g2
for the 00 1

2
and thickness fringe are depicted in Figures 4b and

4c, respectively, for the conditions listed in their respective insets.
Under N2 flow at 250 °C, the time extracted is over 10 000 s, cor-
responding to slow but not static dynamics, where the “static” dy-
namics were determined from a reference sample giving a decor-
relation time of over 75 000 s (Figure S7, Supporting Informa-
tion). As heating continues under N2 flow, 𝜏 does not decrease,
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FIG. 2. Two-time correlation C2 measured from the 00 1
2 peak of the SrCoO2.5 film on LSAT substrate at (a) 593 K, (b) 603 K and (c) 613 K.

The C2 measured from the same peak but with the SrCoO2.5 film grown on STO substrate is shown in (d). The color scales correspond to the
values of normalized correlation coefficient.

then returns to a high value at t1 = 750 s with t2 = ?. The lat-
ter implies that the spatial organization of defects at 600 s and
650 is very different while that at 600 s and 750 s is similar.
On average, the oxygen vacancy structure appears to decor-
relate and recorrelate every ⇠ 100 s (see auto-correlation of
C2), although the behavior is non-periodic. The implication
is that although the BM phase is thermodynamically stable,
the oxygen vacancy structure in the BM phase is highly dy-
namic. In the figure, we also show a similar two-time correla-
tion map for SrCoOx/STO at XX temperature in N2. We find
that for any given temperature, the structure for SCO/STO is
not nearly as dynamic due to the strain preferring BM. From
the Arrhenius plot, we find that the activation energy for the
fluctuations is 0.85±0.2 eV or 82 kJ/mol.

DDF: I would use this paragraph to discuss the tempera-
ture dependent C2 behavior in N2. These experiments raise
the possibility of strain-control of equilibrium fluctuations
of BM-domains in a non-stoichiometric film (i.e. SrCoOx).

While the macroscopic, strain-dependent energetics are un-
derstood, It is not clear what is the atomistic nature of the
microstates fluctuating about the average structure. It is also
not clear, why this strain-control of the fluctuations arise –
i.e. what is the energy-surface that describes the fluctuation
of these microstates and how is it affected across the tem-
perature (temperature affects kinetics, affects increased sta-
bility of disordered vacancies vs ordered-phase and also af-
fects overall stoichiometry)? Based on the free-energy esti-
mation, the relative stability of the BM-phase with-respect to
the PV-phase is drastically reduced when temperature is low-
ered – i.e., high-temperature samples are closer to a 100%
BM-phase than the low-temperature samples Is this true?. So
at high-temperatures, fluctuations between differently ordered
BM-domains will occur via changes in domain-wall orienta-
tions I don’t understand what this means OR due to fluctu-
ations in the ’size’ of these domains, while at low temper-
atures, fluctuations will also include PV-BM interface fluc-
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The C2 measured from the same peak but with the SrCoO2.5 film grown on STO substrate is shown in (d). The color scales correspond to the
values of normalized correlation coefficient.

then returns to a high value at t1 = 750 s with t2 = ?. The lat-
ter implies that the spatial organization of defects at 600 s and
650 is very different while that at 600 s and 750 s is similar.
On average, the oxygen vacancy structure appears to decor-
relate and recorrelate every ⇠ 100 s (see auto-correlation of
C2), although the behavior is non-periodic. The implication
is that although the BM phase is thermodynamically stable,
the oxygen vacancy structure in the BM phase is highly dy-
namic. In the figure, we also show a similar two-time correla-
tion map for SrCoOx/STO at XX temperature in N2. We find
that for any given temperature, the structure for SCO/STO is
not nearly as dynamic due to the strain preferring BM. From
the Arrhenius plot, we find that the activation energy for the
fluctuations is 0.85±0.2 eV or 82 kJ/mol.

DDF: I would use this paragraph to discuss the tempera-
ture dependent C2 behavior in N2. These experiments raise
the possibility of strain-control of equilibrium fluctuations
of BM-domains in a non-stoichiometric film (i.e. SrCoOx).

While the macroscopic, strain-dependent energetics are un-
derstood, It is not clear what is the atomistic nature of the
microstates fluctuating about the average structure. It is also
not clear, why this strain-control of the fluctuations arise –
i.e. what is the energy-surface that describes the fluctuation
of these microstates and how is it affected across the tem-
perature (temperature affects kinetics, affects increased sta-
bility of disordered vacancies vs ordered-phase and also af-
fects overall stoichiometry)? Based on the free-energy esti-
mation, the relative stability of the BM-phase with-respect to
the PV-phase is drastically reduced when temperature is low-
ered – i.e., high-temperature samples are closer to a 100%
BM-phase than the low-temperature samples Is this true?. So
at high-temperatures, fluctuations between differently ordered
BM-domains will occur via changes in domain-wall orienta-
tions I don’t understand what this means OR due to fluctu-
ations in the ’size’ of these domains, while at low temper-
atures, fluctuations will also include PV-BM interface fluc-
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2 peak of the SrCoO2.5 film on LSAT substrate at (a) 593 K, (b) 603 K and (c) 613 K.

The C2 measured from the same peak but with the SrCoO2.5 film grown on STO substrate is shown in (d). The color scales correspond to the
values of normalized correlation coefficient.

then returns to a high value at t1 = 750 s with t2 = ?. The lat-
ter implies that the spatial organization of defects at 600 s and
650 is very different while that at 600 s and 750 s is similar.
On average, the oxygen vacancy structure appears to decor-
relate and recorrelate every ⇠ 100 s (see auto-correlation of
C2), although the behavior is non-periodic. The implication
is that although the BM phase is thermodynamically stable,
the oxygen vacancy structure in the BM phase is highly dy-
namic. In the figure, we also show a similar two-time correla-
tion map for SrCoOx/STO at XX temperature in N2. We find
that for any given temperature, the structure for SCO/STO is
not nearly as dynamic due to the strain preferring BM. From
the Arrhenius plot, we find that the activation energy for the
fluctuations is 0.85±0.2 eV or 82 kJ/mol.

DDF: I would use this paragraph to discuss the tempera-
ture dependent C2 behavior in N2. These experiments raise
the possibility of strain-control of equilibrium fluctuations
of BM-domains in a non-stoichiometric film (i.e. SrCoOx).

While the macroscopic, strain-dependent energetics are un-
derstood, It is not clear what is the atomistic nature of the
microstates fluctuating about the average structure. It is also
not clear, why this strain-control of the fluctuations arise –
i.e. what is the energy-surface that describes the fluctuation
of these microstates and how is it affected across the tem-
perature (temperature affects kinetics, affects increased sta-
bility of disordered vacancies vs ordered-phase and also af-
fects overall stoichiometry)? Based on the free-energy esti-
mation, the relative stability of the BM-phase with-respect to
the PV-phase is drastically reduced when temperature is low-
ered – i.e., high-temperature samples are closer to a 100%
BM-phase than the low-temperature samples Is this true?. So
at high-temperatures, fluctuations between differently ordered
BM-domains will occur via changes in domain-wall orienta-
tions I don’t understand what this means OR due to fluctu-
ations in the ’size’ of these domains, while at low temper-
atures, fluctuations will also include PV-BM interface fluc-

Dynamics and time correlations (at Q)

can express a set of measured intensity fluctuations at
different times as an n-tuple:

ÎIðQ; tÞ ¼ I0; I1; . . . ; Ii$1; Ii; Iiþ1; . . . ; IN

! "
; ð7Þ

where the terms Ij are the intensity fluctuations measured at
times j ¼ 0; 1; . . . ;N and are real numbers. A generic sample
function is displayed in Fig. 1. The autocorrelation function is
defined, in discrete form, by

gð2Þð!Þ ¼ 1

ðN þ 1Þ $ !
XN$!

i¼0

Iiþ!
i ; ð8Þ

where Iiþ!
i ¼ IiIiþ!. The terms of equation (8) corresponding

to the different delay times (!) are shown in Table 1. There are
ðN þ 1Þ $ ! terms for a given delay time. For ! ¼ 0, (N + 1)
terms are averaged, for ! ¼ 1, N terms and so on.

2.2. Two-time correlation function

If the process is not stationary, the statistical properties of
the fluctuations will evolve over time. Thus, the summation
and averaging that is done over the measurement time in
equation (8) is not appropriate. A more general expression,
namely a two-time correlation function (2-TCF), is obtained if
the average in equation (8) is not performed. The 2-TCF is
very useful to analyse the dynamics of non-equilibrium
systems (Sutton et al., 2003). The temporal fluctuations and the
variance of the 2-TCF are also used to investigate dynamical

heterogeneities in glassy systems through the analysis of
higher-order correlations and multi-point dynamic suscept-
ibilities [see Orsi et al. (2012) and Conrad et al. (2015) for
recent XPCS work and references therein for details on the
use of higher-order correlations to study dynamical hetero-
geneities].

The 2-TCF CðQ; t1; t2Þ is obtained by calculating the Car-
tesian product of ÎIðtÞ [equation (7)] with itself (see also
Appendix A for the calculation of the 2-TCF using the
terminology of metric spaces) and ensemble averaging over
equivalent Q momentum transfer vectors or pixels, when using
a two-dimensional detector (Lumma et al., 2000):

CðQ; t1; t2Þ ¼ ÎI & ÎI ¼

I0
N ' ' ' ' ' ' ' ' ' IN

N

..

.
. . . ..

.

I0
i Ii

i IN
i

..

.
. . . ..

.

I0
0 ' ' ' ' ' ' ' ' ' IN

0

0

BBBBBB@

1

CCCCCCA
: ð9Þ

The 2-TCF is a symmetric matrix by construction.4 That is, the
2-TCF is symmetric upon index swapping, i.e. 8 i; j: Ij

i ¼ Ii
j , or,

equivalently, Cðt1; t2Þ ¼ Cðt2; t1Þ ¼ Cðt1; t2Þ
T, where T denotes

the transpose operation. The time difference between two
elements of the 2-TCF matrix is obtained using an L1-metric
(also known as Manhattan, city-block or taxicab metric; Deza
& Deza, 2014); the temporal distance (in units of scaled time)
between two points I

j1
i1

and I
j2
i2

is obtained from the sum of the
absolute value of the differences between their row and
column indexes:

!T ¼ ji2 $ i1jþ jj2 $ j1j: ð10Þ

The elements with equal row and column indexes (terms of the
form Ii

i ) are ‘equal-time’ terms. For a generic equal-time term
Ii

i , if the start of the experiment is taken as t ¼ 0 for i ¼ 0, the
time elapsed from the start of the experiment is tobs ¼ i. We
shall call this elapsed time the observation time tobs. The
temporal distances !T [equation (10)] can be converted into
absolute time differences by multiplying them by the time step
"t. The autocorrelation function equation (8) is obtained by
averaging the terms along lines parallel to the t1 ¼ t2 diagonal.

3. Analysis of two-time correlation functions using
different time coordinate systems

The evolution of the correlation functions is often quantified
by selecting slices of the 2-TCFs at different observation times.
These slices can be taken in different ways, using different
coordinate systems. We discuss here the two most common
procedures in the literature. Before proceeding, we should
note, however, that other time variables such as t1, t2 could also
be used to define an ‘observation time’.
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Figure 1
Generic sample function of a random process ÎIðtÞ fluctuating in time
around its average value hÎIi. The time axis is divided into discrete time
intervals.

Table 1
Terms at different delay times ! that are averaged when calculating the
autocorrelation function [equation (8)].

! Terms Number of terms

0 I0
0 ; I1

1 . . . Ii
i . . . IN

N (N + 1)
1 I1

0 ; I2
1 . . . Iiþ1

i . . . IN
N$1 ðN þ 1Þ $ 1

2 I2
0 ; I3

1 . . . Iiþ2
i . . . IN

N$2 ðN þ 1Þ $ 2
3 I2

0 ; I3
1 . . . Iiþ3

i . . . IN
N$3 ðN þ 1Þ $ 3

! I!0 ; I1þ!
1 . . . Iiþ!

i . . . IN
N$! ðN þ 1Þ $ !

N IN
0 1

4 In the usual matrix representation, the lowest row and column term is at the
top left corner. Here, we represent the matrix setting the term with the lowest
row and column index at the bottom left corner as the 2-TCF in XPCS is
generally represented graphically in this manner.
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FIG. 2. Two-time correlation C2 measured from the 00 1
2 peak of the SrCoO2.5 film on LSAT substrate at (a) 593 K, (b) 603 K and (c) 613 K.

The C2 measured from the same peak but with the SrCoO2.5 film grown on STO substrate is shown in (d). The color scales correspond to the
values of normalized correlation coefficient.

then returns to a high value at t1 = 750 s with t2 = ?. The lat-
ter implies that the spatial organization of defects at 600 s and
650 is very different while that at 600 s and 750 s is similar.
On average, the oxygen vacancy structure appears to decor-
relate and recorrelate every ⇠ 100 s (see auto-correlation of
C2), although the behavior is non-periodic. The implication
is that although the BM phase is thermodynamically stable,
the oxygen vacancy structure in the BM phase is highly dy-
namic. In the figure, we also show a similar two-time correla-
tion map for SrCoOx/STO at XX temperature in N2. We find
that for any given temperature, the structure for SCO/STO is
not nearly as dynamic due to the strain preferring BM. From
the Arrhenius plot, we find that the activation energy for the
fluctuations is 0.85±0.2 eV or 82 kJ/mol.

DDF: I would use this paragraph to discuss the tempera-
ture dependent C2 behavior in N2. These experiments raise
the possibility of strain-control of equilibrium fluctuations
of BM-domains in a non-stoichiometric film (i.e. SrCoOx).

While the macroscopic, strain-dependent energetics are un-
derstood, It is not clear what is the atomistic nature of the
microstates fluctuating about the average structure. It is also
not clear, why this strain-control of the fluctuations arise –
i.e. what is the energy-surface that describes the fluctuation
of these microstates and how is it affected across the tem-
perature (temperature affects kinetics, affects increased sta-
bility of disordered vacancies vs ordered-phase and also af-
fects overall stoichiometry)? Based on the free-energy esti-
mation, the relative stability of the BM-phase with-respect to
the PV-phase is drastically reduced when temperature is low-
ered – i.e., high-temperature samples are closer to a 100%
BM-phase than the low-temperature samples Is this true?. So
at high-temperatures, fluctuations between differently ordered
BM-domains will occur via changes in domain-wall orienta-
tions I don’t understand what this means OR due to fluctu-
ations in the ’size’ of these domains, while at low temper-
atures, fluctuations will also include PV-BM interface fluc-
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in the scattering pattern by computing the correlation
function of scattering patterns acquired at a series of times.
Here we report the observation of thermal fluctuations of

serpentine-striped nanodomains in a ferroelectric-dielectric
superlattice via x-ray photon correlation spectroscopy.
Ferroelectric-dielectric superlattices offer the opportunity
to gain precise control over the energy landscape by
changing the thickness of the repeating unit of the super-
lattice rather than by modifying the chemical composition
[13]. The scattering of coherent x rays from the nano-
domains produces a speckle pattern in which spontaneous
motion of nanodomains as a function of time leads
to a redistribution of the intensity among the speckles.
Temporal decorrelation of the speckle pattern provides
insight into the domain energetics in thermal equilibrium.
Speckle patterns at all temperatures probed here exhibit a
continuous decrease in the correlation coefficient as a
function of elapsed time τ in a manner that can be described
using a compressed exponential function exp½−ðτ=τ0Þp$
with p ¼ 1.32& 0.04. The characteristic decorrelation
time τ0 decreases with increase of temperature and is
consistent with our hypothesis that the equilibrium dynam-
ics of the nanodomains is thermally activated.
Coherent x-ray scattering experiments were performed in

a Bragg-diffraction geometry at beam line 8-ID-E of
Advanced Photon Source using the experimental arrange-
ment illustrated in Fig. 1(a). A series of nanodomain
coherent diffuse scattering patterns were collected as a
function of time at different temperatures using a charge-
coupled device x-ray detector. The sample was mounted in
a custom-designed furnace for enhanced thermal stability.
Vertical and horizontal slits near the sample position served
as an aperture to limit the illumination to a few transverse
coherence areas. The incident x-ray beam had a photon
energy of 7.4 keV and was focused to 4 μm in the vertical
direction using a one-dimensional compound refractive
lens, producing a total flux of 3.7 × 109 photons=s. The
horizontal beam size is set by the size of the horizontal slit
and is 10 μm. The beam footprint on the sample was
10 × 10 μm2 due to the Bragg reflection geometry. Details
regarding the beam coherence and the speckle width can be
found in the Supplemental Material [14].
The ferroelectric-dielectric PbTiO3=SrTiO3 superlattice

thin film was grown using off-axis radiofrequency sput-
tering with a repeating unit consisting of six unit cells of
ferroelectric PbTiO3 and six unit cells of dielectric SrTiO3.
We chose a 6PbTiO3=6SrTiO3 superlattice because it has
the highest tetragonality and therefore the strongest domain
scattering intensity among superlattices with TC below
673 K [13], a constraint imposed by the temperature range
available with the furnace. The total thickness of the
superlattice was 100 nm. Within this thickness, the
PbTiO3 layers are epitaxially clamped by the SrTiO3

substrate and the polarization of the domains is parallel
or antiparallel to the surface-normal direction and is labeled

‘‘up’’ or ‘‘down,’’ respectively, in Fig. 1(a). A 20 nm-thick
SrRuO3 bottom electrode was grown between the super-
lattice and the SrTiO3 substrate and was electrically
grounded using high-temperature silver epoxy to alleviate
charging effects from the x-ray radiation. All measurements
were performed in air at ambient pressure.
Nanodomain x-ray scattering patterns were collected in

the region of reciprocal space near the (002) Bragg
reflection of the average superlattice lattice constant.
Figures 1(a) and 1(b) show the scattering geometry in real
and reciprocal space, respectively. Because of the random
orientation of the domain walls, the reciprocal-space
average of the coherent scattering patterns illustrated in
Fig. 1(b) consists of a ring of intensity around superlattice
Bragg reflections. This average diffraction pattern is
effectively what is observed with illumination by an
incoherent incident x-ray beam. The mean period of the
domain pattern and its in-plane coherence length (the
average distance over which the orientation and period
of the domains is constant) are 2π=Q' and 2π=ΔQ', where
Q' and ΔQ' are the reciprocal-space radius and full-width-
at-half-maximum of the domain scattering ring, respec-
tively. In x-ray measurements, each detector frame provides
the distribution of intensity at the intersection of the Ewald
sphere with the ring of domain diffuse scattering intensity,
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FIG. 1. (a) The geometry of the experiment in real space. kin
and kout represent the directions of the incident and scattered
x-ray beams, respectively. The red and blue stripes in the
serpentine pattern represent unit cells with up and down polari-
zation in the PbTiO3=SrTiO3 superlattice. (b) The reciprocal-
space scattering geometry. The sample and detector are arranged
so that the Ewald sphere [translucent red (spherical) surface]
intersects the ring of domain diffuse scattering (green ring), but
does not pass through the 002 superlattice Bragg reflection (red
sphere). (c) Representative coherent scattering speckle pattern
from the superlattice sample. (d) Ensemble-averaged scattering
pattern obtained from Fig. 1(c) via digital smoothing and used as
an approximation of the incoherent scattering pattern.
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Dynamics and time correlations (at any Q)

60

PV phase are considered to be spatially ordered [6]. The visible-light counterpart of XPCS is 

Dynamic Light Scattering (DLS, also called Photon Correlation Spectroscopy or PCS), where a 

laser shines on a colloidal suspension, and the stochastic motion of nanoparticles is characterized 

by the temporal decorrelation of scattered beam. While light scattering can be used to study the 

Brownian motion of small particles in solution, the wavelength of X-rays allows the exploration 

of fluctuations of crystalline phases -- in this case, the long-range order of the brownmillerite 

phase. 

 

The Bragg-angle XPCS measurements were performed at beamline station 8-ID-E of Advanced 

Photon Source, Argonne National Laboratory. The beamline setup and the sample conditions were 

the same as the ones used for the in situ Bragg-angle microdiffraction. The two-time correlation 

analysis in XPCS evaluates the mesoscopic structural dynamics of PV and BM phase domains by 

calculating the similarity between detector frames collected sequentially over time using the 

following equation [2]: 

𝐶𝐶(𝑡𝑡1, 𝑡𝑡2) = 〈�𝐼𝐼𝑚𝑚,𝑛𝑛(𝑡𝑡1)−𝐼𝐼𝑚𝑚,𝑛𝑛
𝑖𝑖𝑛𝑛𝑖𝑖

𝐼𝐼𝑚𝑚,𝑛𝑛
𝑖𝑖𝑛𝑛𝑖𝑖 � �𝐼𝐼𝑚𝑚,𝑛𝑛(𝑡𝑡2)−𝐼𝐼𝑚𝑚,𝑛𝑛

𝑖𝑖𝑛𝑛𝑖𝑖

𝐼𝐼𝑚𝑚,𝑛𝑛
𝑖𝑖𝑛𝑛𝑖𝑖 �〉𝑞𝑞    (Eq. 2) 

Here, t1 and t2 correspond to experiment times when frames 1 and 2 are acquired, m and n represent 

the pixel index on the detector, and 𝐼𝐼𝑚𝑚,𝑛𝑛𝑖𝑖𝑛𝑛𝑖𝑖  is the incoherent scattering background calculated by 

passing the time-average of the speckle intensities over the entire acquisition sequence through a 

high-frequency digital filter (Savitzky–Golay filter). The average over Q is performed over the 

entire diffuse scattering peak shown in Figs. S1(b) and S1(c) to improve the statistics. The 

maximum value of the correlation (~ 0.24 in this case) was set by the coherence condition of the 

beamline. Correlations of this value indicate that the boundaries between the PV and BM phase 

remain relatively unchanged, and the minimum value of the correlation (~ 0) indicates that the 

phase boundaries have become completely spatially decorrelated. Further information regarding 

the algorithmic details of two-time correlation function can be found in the references [7,8]. 

 

1.6 Density Functional Theory and Quantum Monte Carlo Calculations 

The DFT calculations was performed on supercomputer clusters at Oak Ridge National 

Laboratory. Density functional theory (DFT) calculations were performed using the Vienna ab 

initio simulation package (VASP). Electron exchange-correlation was represented by the Perdew-

Cm,n(t1,	t2)



Dillon Fong  Subsection

Section Subsection

state of material varies from A to B to C to D

Dynamics and time correlations (at any Q)

61



Dillon Fong  Subsection

Section Subsection

LSAT

BMPV

SrCoOx/LSAT (001) phase equilibrium

SrCoO2.5 and perovskite-structured (P-SCO) SrCoO3 corre-
spond to n = 2 and∞, respectively. Within this defect structure
series, controlling growth parameters leads to a range of
attainable Co oxidation states increasing from Co3+ to Co4+

accompanied by a decrease in the in-plane (pseudocubic)
lattice parameter, a||, with increasingly oxidizing conditions.20

Both oxygen activity and epitaxial strain play key roles in phase
determination, and it was previously demonstrated that one can
even select a particular n and intermediate oxygen stoichiome-
tries by applying epitaxial strain using different single-crystal
substrates.3 The degree of oxygen vacancy ordering can be
easily measured through X-ray diffraction, with the correspond-
ing (00L) specular rod intensities for the structures in Figure
1a−d shown in Figure 1e−h, respectively. Previous strontium
cobalt oxide films were grown by pulsed laser deposition
(PLD), which takes place in a dense plasma environment with
particle impingement energies ranging from 5 eV to over 50
eV; the films were therefore grown in conditions very far from
thermal equilibrium.3,10,12,19,22,25,26 In contrast, the impinge-
ment energies for molecular beam epitaxy (MBE) are on the
order of 0.1 eV,27 and the growth rates are much slower than
those of PLD, allowing for much greater control over the
construction of each individual atomic layer, including its defect
content.28 Since one of the goals of this study was to
understand the structure of films at the individual atomic
monolayer level the flexibility and control afforded by MBE led
to its choice as the method of synthesis.
However, the growth conditions for stabilizing different

members of the SrCoO(3n−1)/n series and their related defect-
ordered structures are not well-known for MBE synthesis.
These conditions must be identified to reliably grow materials

that take advantage of the tunable properties available in the
strontium cobalt oxide system to facilitate their integration into
functional devices. Here, we report a systematic investigation
into the growth of strontium cobalt oxide (SCO) thin films by
oxide MBE. We exploit a unique instrument that permits both
in situ X-ray scattering and absorption spectroscopy during
growth, allowing detailed observations of the atomic-scale
processes that take place during reactive deposition and the
evolution of oxygen defects and defect ordering within the
growing film.29 We determine the optimal MBE conditions for
stabilization of different SCO phases and compare our results
with calculated thermodynamic equilibria and kinetically
limited thermodynamic processes such as solute trapping.30−33

Applying these approaches allows the effects of growth
conditions to be understood from a theoretical viewpoint. This
in turn enables prediction of the conditions necessary for
growth of defect-engineered films via MBE.

■ EXPERIMENTAL SECTION
Thin Film Deposition. The SCO films were grown on low miscut

(<0.1°) single-crystal 10 mm × 10 mm × 1 mm SrTiO3 (0 0 1)
substrates (CrysTec GmbH) chemically prepared to exhibit TiO2
surface termination.34 The crystals were first sonicated in deionized
water for 10 min at room temperature and agitated in a buffered
hydrofluoride solution (NH4F:HF = 3:1) of pH 5−5.5 for 30 s before
being rinsed in deionized water. The etched substrates were then
annealed at 1323 K for 2 h in flowing oxygen, resulting in terraced
surfaces that exhibited unit-cell height steps. All films were grown by
reactive molecular beam epitaxy using the custom-built chamber
shown schematically in Figure 2. Pure oxygen or oxygen mixtures with
ozone collected from a commercial distiller (DCA Instruments) was
introduced into the chamber using a leak valve and controlled at total

Figure 1. Structures of the stable members of the SrCoO(3n−1)/n homologous series for n = 2 (a), 4 (b), 8 (c), and ∞ (d) on SrTiO3 (001) and (e−
h) their corresponding (calculated) X-ray scattered intensities along the (00L) specular rod assuming films are coherently strained, respectively. The
n = 4 and 8 members (b and c) have two possible orientations, shown separated by the dotted line, the (00L) in panels f and g are an average of
these two. The polyhedra corresponding to CoO4, CoO5, and CoO6 are shown in cyan, blue, and violet, respectively. Strontium atoms and oxygen
atoms are green and red, respectively. The defect structures are expected to evolve from left to right when moving from reducing to more oxidizing
conditions.
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in situ X-ray scattering and absorption spectroscopy during
growth, allowing detailed observations of the atomic-scale
processes that take place during reactive deposition and the
evolution of oxygen defects and defect ordering within the
growing film.29 We determine the optimal MBE conditions for
stabilization of different SCO phases and compare our results
with calculated thermodynamic equilibria and kinetically
limited thermodynamic processes such as solute trapping.30−33

Applying these approaches allows the effects of growth
conditions to be understood from a theoretical viewpoint. This
in turn enables prediction of the conditions necessary for
growth of defect-engineered films via MBE.
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Thin Film Deposition. The SCO films were grown on low miscut

(<0.1°) single-crystal 10 mm × 10 mm × 1 mm SrTiO3 (0 0 1)
substrates (CrysTec GmbH) chemically prepared to exhibit TiO2
surface termination.34 The crystals were first sonicated in deionized
water for 10 min at room temperature and agitated in a buffered
hydrofluoride solution (NH4F:HF = 3:1) of pH 5−5.5 for 30 s before
being rinsed in deionized water. The etched substrates were then
annealed at 1323 K for 2 h in flowing oxygen, resulting in terraced
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ozone collected from a commercial distiller (DCA Instruments) was
introduced into the chamber using a leak valve and controlled at total

Figure 1. Structures of the stable members of the SrCoO(3n−1)/n homologous series for n = 2 (a), 4 (b), 8 (c), and ∞ (d) on SrTiO3 (001) and (e−
h) their corresponding (calculated) X-ray scattered intensities along the (00L) specular rod assuming films are coherently strained, respectively. The
n = 4 and 8 members (b and c) have two possible orientations, shown separated by the dotted line, the (00L) in panels f and g are an average of
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Real space: vacancy fluctuations at 350°C

t=t1

t=t2

✓

✓

partially correlated in time

65



Dillon Fong  Subsection

Section Subsection

Temperature dependence
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