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Resonant soft x-ray absorption measurements at the O K edge on a StMnQO3s/LaMnOg superlattice
show a shoulder at the energy of doped holes, which corresponds to the main peak of resonant
scattering from the modulation in the doped hole density. Scattering line shape at the Mn L3
edges has a strong variation below the ferromagnetic transition temperature. This variation has a
period equal to half the superlattice superperiod and follows the development of the ferromagnetic
moment, pointing to a ferromagnetic phase developing at the interfaces. It occurs at the resonant
energies for Mn3" and Mn?" valences. A model for these observations is presented, which includes
a double-exchange two-site orbital and the variation with temperature of the hopping frequency ¢;;

between the two sites.

PACS numbers:

I. INTRODUCTION

Doped Laj_xSrxyMnOjz (LSMO) has multiple FM,
AFM and canted magnetic orders as a function of dop-
ing and temperature! 3 from superexchange® and double-
exchange®® interactions, which favor an antiferromag-
netic (AFM) insulating phase and a ferromagnetic (FM)
metallic phase, respectively. The FM phase at low tem-
peratures is near the x = 0.33 doping, at which the
closely related manganite Laj;_xCa,MnQOs shows very
large (“colossal”) magnetoresistance (CMR)”.

The wave vectors of AFM and orbital orders in bulk
manganites can be accessed with soft x-ray scattering
at the Mn L3 edges. For instance, studies were made
for Pr;_xCayMnOj3; (Ref. 8), Lag_xSryMnO, (Refs. 9-
11) and Lag_2Sr142xMn2O7 (Ref. 12) manganites. More
recent measurements showed that magnetic and orbital
scattering are similar in amplitude!?, studied the dop-
ing dependence!®, confirmed the separation in energy
of Ref. 13 between the magnetic and orbital scattering
resonances,'® and studied their evolution after photoex-
citation'®. The broader features of the measurements
are obtained in calculations of line shapes at the Mn
L3> edges with atomic multiplet models of magnetic'?
and orbital'® scattering, and more recently, with a finite-
difference method!®. However, the investigation of the
bulk FM phase near the x = 0.33 doping is not possible
with soft x-ray scattering at the Mn L edges, due to lack
of contrast for this order.

The FM phase can be studied with soft x-ray scat-
tering in (SMO),, /(LMO),,, superlattices (SL), in which
the Sr and La atoms are ordered in SrMnO3 (SMO) and
LaMnOg3 (LMO) layers. External magnetic fields are not
necessary, in contrast to x-ray magnetic dichroism ex-
periments, where a reversible external magnetic field is
applied to separate magnetic from charge x-ray scatter-
ing. The SL growth sequence can be used to define the
period of a reflection along the c-axis and the symmetry
of the structure. This was demonstrated for a n =4 SL,
in which the scattering wave vector was decreased to a

range accessible at the O K edge resonance and inter-
face scattering accessed with the high symmetry of the
structure.2°

In this work, we have applied these ideas to SL reflec-
tions at the O K and Mn L3> edges and studied the
development of the FM moment in a shorter superpe-
riod n = 2 SL with soft x-ray absorption and scatter-
ing. Measurements at the O K edge showed modulated
hole doping at oxygen sites. We have observed scatter-
ing at the Mn L edges from the SL interfaces at SL re-
flection L = 2, following the temperature dependence
of the FM moment. The symmetry of the SL reflec-
tion allowed us to probe all Mn valences in the inter-
face layers. In addition to Mn3T valence resonances of
bulk AFM order measurements® 16, a peak in the reso-
nant line shape, which has not been observed before, is
aligned with the fluorescence yield edge for the Mn** va-
lence. We present a model of the x-ray scattering from
the SL interfaces, which includes the temperature depen-
dence of the double-exchange hopping frequency ¢;; and
the change in the configurations of the Mn ions in the
FM state.

II. EXPERIMENTS

A. Structure

The n = 2 SL was grown with molecular beam epi-
taxy on the (001) surface of SrTiO3 (STO) at Argonne
National Laboratory at 700 °C in a 2 x 10~¢ Torr ozone
pressure, followed by cooling to 100 °C and pump down.
The structure was {r x [2(SMO)+4(LMO)]+SMO} with
r = 13 [Fig. 1(a)]. SMO (asmo = 3.805 A, Ref. 21)
and LMO (apyo = 3.99 A, Ref. 22) layers on the STO
substrate (as = 3.905 A) are under +2.6 % tensile and
—2.2 % compressive strain. The surface RMS rough-
ness, measured with an atomic force microscope, was
os = 2.85 A. From hard and soft x-ray reflectivity mea-
surements, the SL superperiod was c¢gr, = 22.5 + 0.5 A
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FIG. 1: (Color online) (a) Sketch of a 6 ML superperiod of
the (SMO)2/(LMO)4 superlattice with LaO (L) and SrO (.5)
planes, layer form factors f, Mn valences in the MnO3 planes
estimated from the neighboring L or S planes, a magnetic
order in the FM state and periods of the L =1 and L =2 SL
reflections. SQUID hysteresis measurements with magnetic
fields applied parallel and perpendicular to the SL surface
showed that the magnetization easy axis is in-plane (data not
shown). This confirms that the manganite layers were grown
with the c-axis oriented along the normal to the surface and
FM layers parallel to the surface. The spin direction in the
SL surface plane was not known. (b) Scattering geometry for
azimuth ¢ = 0°, where ¢ is the angle made by the a-axis with
the horizontal plane. The plot shows the calculated azimuthal
dependence of magnetic scattering for angles 6 and 04t = 20,
corresponding to the L = 1 and L = 2 reflections at the Mn
L edge, where 7 = ¢ + n and 7 is the average magnetization
angle with the tetragonal a-axis. (c) SL momentum scans at
the Mn L3, O K edges and with hard x-rays (8048 eV).

and the average c-axis parameter for 1 ML (a coverage
of one formula unit of SMO or LMO over a as X by area)
was 3.86 & 0.05 A.

B. X-ray absorption

X-ray absorption spectroscopy (XAS) measurements
in fluorescence (FY) and electron yield (EY) modes were
made at undulator beamline X1B at the National Syn-
chrotron Light Source. The incident light was w-polarized
and the incidence and detector angles were § = 80° and
B4t = 110° [Fig. 1(b)]. The calculated energy resolution
was 0.39 eV and 0.59 eV at O K (520 eV) and Mn L;
(640 eV) edges, respectively.

SL FY and EY measurements at the O K edge show
doped holes on the oxygen sites (Fig. 2). Because the
probing depth exceeds the total SL thickness, FY has
contributions from both the SL and the substrate. In
contrast, because of the short electron escape depth, EY
measurements are from the SL top layers only. The shoul-
der in FY measurements at 530.3 eV is aligned with the
first peak in EY and is not present in FY measurements
of the bare STO substrate. This shoulder corresponds to
doped holes in LSMO (Ref. 24) and to the L = 1 scatter-
ing peak at 529.6 eV. The peak at 531.8 €V is from the
STO substrate. The SL FY and EY measurements at the
O K edge show no discernible variation with temperature
between 300 K and 255 K.

SL FY and EY measurements at the Mn L3, edges
are compared to FY measurements on bulk samples with
different Mn valences (Refs. 25-27) in Fig. 3. We re-
moved the Mn?* valence from further consideration be-
cause of the absence in the measured SL FY of the sharp
peak at lower energies characteristic of Mn2?T FY (Fig.
3) and the expected Mn valences of a SMO/LMO su-
perlattice (Mn** and Mn3* for SMO and LMO layers,
respectively). The SL FY measurement was aligned in
energy with the average of bulk FY for the Mn3* and
Mn** valences, according to the number of SMO (Mn*+
valence) and LMO (Mn3* valence) layers in one super-
period. No discernible variation was observed in FY or
EY between 300 K and 255 K.

XAS measurements probe the average valence of O and
Mn atoms in the SL. To discern a variation with tem-
perature in different SL layers it is necessary to turn to
scattering.

C. Resonant soft x-ray scattering

Resonant soft x-ray scattering (RSXS) measurements
were made at the same beamline with an ultra-high vac-
uum diffractometer. For other RSXS experiments on
bulk and SL at this endstation see Refs. 20,23,28-31.
The incident beam was w-polarized and the measure-
ment integrated both m and o scattering channels. The



scattering momentum @ = (0,0,27L/csy) in the reflec-
tivity geometry with 64.; = 26 is indexed with respect
to the SL superperiod csz. The energy resolution was
0.20 eV and 0.34 eV at O K (520 eV) and Mn L3 (640
eV) edges, respectively. The different energy resolutions
of XAS and RSXS measurements originate from different
slit settings which, in order to protect the channeltron
detector, were more closed in the specular RSXS scatter-
ing geometry. The relative alignment of XAS and RSXS
spectra at the resonant edges was determined from two
measurements with the corresponding slit settings and
scattering geometries, taken a few minutes apart. The
sample was cooled in zero magnetic field and scattering
measurements for L = 1 at the O K edge and for L = 1,2
at the Mn Ls o edges [Fig. 1(c)] were made at different
temperatures (Figs. 2 and 4).

FM order in metallic films has been studied with x-
ray resonant magnetic scattering of linearly3? and circu-
larly®? polarized light at the Fe and Co L edges, with an
external magnetic field applied to separate the magnetic
from charge scattering. The FM order in a Ag/Ni SL has
been investigated with circularly polarized light3*. How-
ever, unlike previous studies, the SL. FM order is accessed
here at SL reflections with no applied magnetic fields and
with linearly polarized light.

1. O K edge line shape

The spatial modulation in the density of holes doped
on the oxygen sites can be observed with RSXS. Specifi-
cally, the O K edge line shape for L = 1 scattering shows
a peak close to the energy of the shoulder in F'Y measure-
ments (Fig. 2).

Since the order of levels in the RSXS line shape at the
O K edge follows that of the ground state, the RSXS
line shape can be analyzed using the hybridization be-
tween O p and Mn e, levels in the ground state. Fig.
2 (inset) shows the unoccupied ey 4+, tag | and eq | levels
in SMO. XAS experiments and calculations at the Mn L
edge (Ref. 35) give a crystal field splitting 10Dq between
the ey and to4 levels of 2.4 eV for bulk SMO and 1.5 eV
for LMO. The scattering line shape at the O edge is de-
scribed well by O p states hybrids with the Mn e, levels
in the SMO and LMO layers, shown with arrows in Fig.
2, followed at higher energy by hybrids with La and Sr
states. Two e4 | levels (3.5 eV and 5 eV above e, 1) are
present in LMO and only one for SMO (3.5 eV above e 1)
(Ref. 36) because the electron in the e, 4 level in LMO
splits the unoccupied ey | levels by Coulomb interaction,
even in the absence of any Jahn-Teller distortion.

However, no variation across the FM transition is ob-
served within the error bars. To access T-dependent in-
terface states (Sec. IIT A), it is necessary to reach the
L = 2 reflection, for which the O K edge energy is too
low. In contrast, L = 2 is accessible at the Mn L3 » edges.
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FIG. 2: (Color online) Top: FY at the O K edge for the
SL on STO at different temperatures and the bare STO
substrate (black line), compared to EY measurements. FY
measurements were aligned with the linear transformation
FYpiotted = aFYmeasurea + b, where a and b are constants.
Bottom: Temperature dependence of resonant scattering at
L = 1. The scans have been normalized to the pre-edge values
and shifted vertically for clarity. The inset shows the order of
the energy levels for SMO in the ground state, with the Jahn-
Teller splitting neglected. LMO has an additional electron in
the e4,4 level and a split upper level ey | .

2. Mn L3> edge valences

There is no discernible variation in the line shape at
L =1 at the Mn L3 edges across the FM transition
temperature (Fig. 4). However, a pronounced variation
is visible for L = 2. From under the relatively broad
XAS at the Mn L edge, T-dependent RSXS at L = 2
selects those states that are sensitive to the temperature
variation. Specifically, an increased intensity of the A,
B and C peaks at lower T, and a decreased intensity of
the o peak is observed at the L3 edge (Fig. 4). Parallel
variations occur at the Lo edge for peaks FE, F and f.
Two-dimensional maps of the scattering intensity in L
and E variables are shown in Fig. 5, to place the cuts
in L in Fig. 1(c) and F in Fig. 4 in the context of the
overall measurement. The temperature dependence of
height and width of peak C are shown in Fig. 6.

The magnetic scattering dependence on the unknown
in-plane spin orientation raises the question of variations
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FIG. 3: (Color online) SL EY and FY (lower curves) and
RSXS (top) at L = 2 at the Mn L3 edges compared to
FY measurements for different Mn valences (middle, all from
Ref. 26). All three Mn valences were measured in each of
Refs. 25-27. For clarity, only the measurements from Ref. 26
are shown.

in the line shape with the azimuthal angle ¢ between
the a-axis and the horizontal plane. We calculated the
dependence of the magnetic scattering intensity on 7 =
¢ + n, where 7 is the unknown average magnetization
angle with the tetragonal a-axis, for incident angles 6
corresponding to the L = 1 and L = 2 reflections at
the Mn L edge and detection integrating over both 7
and o final state polarizations. The intensity variation
in arbitrary units is between ~0.6 and 0.8 for L = 1
(0 ~ 25°) and between ~0.3 and 0.8 for L = 2 (6 ~
60°) [Fig. 1(b)]. A complete cancelation of the magnetic
scattering intensity can be ruled out. This is confirmed
by temperature-dependent measurements for azimuthal
angles along the tetragonal (¢ = 0°) and orthorhombic
(¢ = 45°) directions at L = 1 (only ¢ = 0° data shown
in Fig. 4) and L = 2 (Figs. 4 and 5 for ¢ = 0° and
¢ = 45°, respectively). The line shape at L = 2 showed
the same peaks (A to F, a and ) for both azimuthal
angles ¢, consistent with the azimuthal dependence of
magnetic scattering.

Coulomb and exchange interactions for ground and
RSXS excited states are different at the Mn L3> edges.
An analysis of the RSXS line shapes based on ground
state calculations, similar to that at the O K edge, can-

not be made. However, both FY and RSXS measure-
ments probe excited states and FY measurements on bulk
samples for different Mn valences (Fig. 3, middle) will
be used to identify the valence of scatterers for differ-
ent resonances in the RSXS line shapes. This approach
is supported by the relatively small difference in energy
between RSXS resonances for scatterers of the same va-
lence and different specific scattering contrasts (< 1 eV
between magnetic and orbital scattering for bulk mea-
surements'!?) compared to the ~ 2 eV separation in
energy between the main FY features for different va-
lences.

In general, the energy alignment between FY (from the
imaginary part) and RSXS (from both real and imagi-
nary parts) resonances of a scattering state is expected
to be correct up to a difference on the order of the intrin-
sic linewidth. In our particular case, the main features
in FY at the Mn L3 edge for the three different Mn va-
lences are fortuitously separated by ~ 2 eV (Fig. 3),
which is larger than the measured linewidth [~ 1 eV in
Fig. 6(b)] and the intrinsic linewidth. Specifically, peak
C' in scattering at L = 2 (blue line in Fig. 3) is close
in energy to the main peak of the Mn** valence (the
small difference may be attributed to the mentioned lim-
its of FY and RSXS peak alignment) and coincidentally
far (> 2 eV) from the main features in FY of the Mn3*
or Mn?* valences.

In addition, the correspondence of peak C to scattering
from Mn** ions explains the absence of this peak in all
RSXS measurements on bulk manganites. Specifically,
measurements on bulk 113 (Ref. 8), 214 (Ref. 9-11) and
327 (Ref. 12) manganites in the AFM state observe two
main resonances at the Mn L3 edge, at A and B only.
The in-plane distribution of the Mn** ions has a spatial
periodicity of 2 u.c. (Refs. 8,9). Therefore, scattering
from Mn** ions is not allowed at the in-plane 4 u.c. re-
flection wave vector along the tetragonal axes.

FY measurements in Sec. II B showed that the Mn?*
valence is absent in the SL. The A and B resonances in
the RSXS line shape for L = 2 correspond to the Mn3*
valence since they are observed in measurements on bulk
manganites, while resonance C' lines up at the energy of
FY edge for the Mn** valence. More T-dependent mea-
surements on SL with different superperiods are needed
before a discussion of peak «. It is clear that a more de-
tailed model is needed to quantitatively model the entire
line shape at the Mn L3 edge. We limit our discussion in
Sec. III B to peak C.

III. DISCUSSION

The model of Sec. IIT A relates the absence of variation
with temperature in the scattering contrast for L = 1 and
the variation for L = 2 to changes in the form factor § f;
of interface layers and interface ferromagnetism.

The line shape variation with the transition from the
PM to the FM state for specific interface magnetic and



orbital x-ray scattering models is discussed in Sec. III B.

A. Interface ferromagnetism

The scattering intensity I o ‘S +45 ‘2 follows the evo-
lution with temperature of the FM moment [Fig. 6(a)].
The line shape and structure factor at the Mn edge at
L =2 (Fig. 4) are made of two parts. The T-independent
structure factor S(Q) = Y, fie'®? is given by the SL
structure, to which a T-dependent contribution §S is
added with the transition to the FM state.

The absence of a variation with temperature in the
scattering intensity at L = 1 [0S(L = 1) = 0] and the
variation at L = 2 [6S(L = 2) # 0] strongly suggests
that the unit cell of the T-dependent contribution to the
structure factor 4.5 is half the SL superperiod or 3 ML
(higher momenta L are not accessible at the Mn L edges).
The middle of the SMO and LMO layers (separated by
3 ML) are the most dissimilar parts of the SL structure,
while the SMO/LMO and LMO/SMO interfaces (with
two interfaces every superperiod, also separated by 3 ML)
are similar. In the following, we consider a scattering
component 0.5 that develops at the SL interfaces.

These conditions are contrary to those expected for
scattering contrast from crystal field effects or structural
differences in a SL, from either differences in the c-axis
lattice constants or Jahn-Teller distortions, which do not
have a 3 ML unit cell. In addition, no discernible vari-
ation was observed for scattering at the La M5 4 edges
for L =1 or L = 2 between 300 K and 225 K (data
not shown). This shows that the change 45 is due to a
variation with temperature in the resonant form factors
of the SL layers (df;), not of structural factors (§z;).

The possibility that the transition to the FM state
gives exclusively non-magnetic scattering contrast is not
supported by an analysis of the line shape variation with
temperature (Sec. III B). The T-dependent scattering J.5
is, at least partially, magnetic in origin and, for simplic-
ity, we discuss only x-ray resonant magnetic scattering in
this section. Orbital contributions to 4.5 are addressed
in Sec. 111 B.

The scattering form factors (f)™" and (6 f)™" are ten-
sors, which are multiplied with the final (¢¢) and initial
(&) light polarization vectors. This gives an overall fac-
tor which, for charge (S) and magnetic (§.5) scattering,
is

S x En()Men o (Eé) fw) (1)

55 o & (0f) e o (€5 x &)3] 6f(w)  (2)

where z; is the direction of the local moment at site {
(Refs. 32,34). The sum over the in-plane sites [ for each

layer is proportional to the magnetization ]\—4> of the layer.
f(w) and  f(w) are scalar functions.

The scattering contrast of the RSXS peaks that persist
above the FM transition temperature, held constant by
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FIG. 4: (Color online) Temperature dependence of RSXS at
the Mn L3 edges at L = 1 and L = 2 for azimuthal angle
¢ =0°.

the internal field between Sr?>* and La3t ions arranged
in the SL layers, is defined by the SL structure. With
the form factors shown Fig. 1(a) for “interface” (f;),
“near-interface” (fy;), “middle SMO” (fs) and “middle
LMO” (fr) layers, and neglecting inter-diffusion rough-
ness and structural differences between SMO/LMO and
LMO/SMO interfaces, the T-independent structure fac-
tors S at L = 1,2 are

S(L=1)=—fr+ fs+ fi — fui (3)
S(L=2)=fr+fs—fi— fui (4)

The origin has been chosen so that an arbitrary phase
factor between S(L = 1) and S(L = 2) is zero.

The 3 ML unit cell of T-dependent scattering sets
more stringent constraints on the variation of § f; in the
SL, beyond the experimental observation 65(L = 1) =
—0fr +6fs+6fi —dfn; = 0. To obtain a 3 ML unit cell,
the variation in the interface and near-interface layers
must be equal, 0 f; = 0 f;. Similarly, the measurements
imply that two regions within a superperiod scatter dif-



ferently from the FM ¢ and ni layers and that the T-
dependent scattering in these two regions is the same.
With one the middle of the SMO layers the other must
be the middle of the LMO layers, or § fs = d fL.

FM order in the ¢ and ni layers with (0fi)mag =
(0 fni)mag is consistent with estimates of the average Mn
valence in a MnO3 plane based on the type (L or S) of
neighboring planes [Fig. 1(a)]. Specifically, a compari-
son to magnetic orders of equivalent bulk LSMO doping
shows that Mn3* and Mn3-5% valences are near the FM
dome for bulk LSMO. The magnitude of the FM mo-
ment depends on the Mn valence and implicitly on the
SL interface roughness, with structural imperfections in
a (SMO)4.4/(LMO)11.8 SL correlating with the average
interface FM moment.3® However, the FM moment dis-
tribution is more symmetrical in the smaller superperiod
n = 3 SL (Ref. 39), consistent with the symmetric FM
moment distribution in Fig. 1(a).

Since (0fs)mag = (0fL)mag, the fg and fr layers
have either the same magnetization ]\_4> or no magneti-
zation at low temperatures. The different hole doping
of these layers does not support the possibility of an
equal magnetization. The remaining possibility is that,
as the SL is cooled and becomes FM in zero applied
field, there is no magnetization in both these layers, or
(0fs)mag = (0fL)mag = 0. Therefore, the FM phase is
localized at the SL interfaces.

A model of the FM state for a SL superperiod is shown
in Fig. 1(a), where I and IT represent magnetic phases of
the fs and fr layers, with an average zero magnetization
in no applied fields (in contrast, the polarized neutron
reflectivity measurements in Refs. 38,41 were made in
applied fields). There are several different possible I and
IT phases with no net magnetization: a PM phase, an
ordered AFM phase (for instance, a C-type or a G-type
near the Mn*t doping of bulk LSMO and fs layers),
or an irregular phase with canted moments*! pointing
in different directions in the sample regions with slight
variations in local doping® (near the the Mn®* doping of
fr layers).

PM I or 11 phases, at least for the higher temperature
range, below the SL FM transition temperature of 305 K
[Fig. 6(a)], are suggested by the valences of the fg and
fr layers, which are close to Mn** and Mn3*. These
correspond to G-type and A-type AFM magnetic orders
in bulk SMO and LMO, with transition temperatures
of TN)SMO = 235 K (Ref. 21) and TN)LMO = 135 K
(Ref. 37), respectively. However, the SL saturation FM
moment of ~ 2.5 up at 5 K (Ref. 40) gives an extent along
the c-axis of the FM region in high fields of > (2.5/3.22) x
6 ML ~ 4.65 ML for each superperiod, where ~ 3.22 up
is the maximum FM moment of the x = 0.33 alloy3”.
This value is too high for both fg and fr, layers to remain
PM at the lowest temperatures. Therefore, at least one
other magnetic transition occurs in the fg or fr layers
from a PM phase at higher temperatures to a different
phase at lower temperatures. However, in contrast to the
FM transition in the i and ni layers, the magnetic RSXS
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FIG. 5: (Color online) Two-dimensional resonance profiles at
the Mn L3 2 edges at 255 K and 300 K for azimuth ¢ = 45°.

intensity would not vary at these transitions if there is
no average layer magnetization in the low temperature
phases.

With the constraints on ¢ f;, the change in the structure
factor 69(Q) = >, 0£e'?* for the FM transition and
L =1,2 from Egs. (3)-(4) is

5S(L=1)=0 (5)
5S(L = 2) = —26f; (6)

where 0f; = firm — fipm = 0fni- Eq. (6) relates the
changes with temperature in the line shape at L = 2
to variations in the form factor of interface and near-
interface layers with the transition to the FM state.

The 6S(L = 2) reflection is allowed in this n = 2 SL for
all Mn sites in the FM layers. However, scattering from
a Mn?* valence was not observed at L = 3 for a n = 4
SL (Ref. 20) [it was observed at L = 3 for an = 3 SL
(data not shown)]. The symmetry that very effectively
forbids reflections from the Mn** ions at L = 3 for an =
4 SL is not known and surprising, given inherent small
imperfections of a SL structure. More measurements are
needed on different SL to answer this question.



B. Interface x-ray scattering

We now discuss the temperature variation of the RSXS
line shape at L = 2 and Mn L3 5 edges.

The width of resonance C, corresponding to scattering
from Mn** ions in the interface and near-interface layers,
has a sharp increase at the FM transition temperature
[Fig. 6(b)]. The increase in the scattering intensity in
the FM state is also taking place ~ 0.2 eV below the x-
ray charge scattering resonance [from diagonal terms of
the scattering factor f in Eq. (1)], that corresponds to
the Mn** valence in the PM state (at 644.65 eV in Fig.
4).

In general, the line shape of resonant magnetic scatter-
ing is related to variations in the occupation of orbitals
induced by a magnetic field*? near the absorption edges
for Mn ions of different (Mn3* and Mn?*) valences. How-
ever, the magnetic scattering is slightly shifted to lower
energies compared to orbital scattering for AFM bulk
orders.'31% We cannot resolve two peaks at C' in the SL
line shapes at low T, but this suggests that, with the
increase of the FM moment at lower T, a T-dependent
magnetic scattering contribution is added ~ 0.2 eV below
the charge scattering resonance. This addition to f; of
a temperature dependent (4 f;)mag explains the observed
variation in line shape at L = 2. The charge scatter-
ing resonance might also increase at lower T, concomi-
tantly with magnetic scattering and variations in orbital
scattering with T are discussed briefly at the end of this
Section.

A more gradual increase in width is observed at lower
T [Fig. 6(b)]. For x-ray scattering in the FM phase, it is
necessary to consider a double-exchange two-site orbital,
which suggests that this width increase is related to the T
dependence of the double-exchange frequency ¢;; between
the two Mn sites. Both resonant magnetic and orbital
scattering are ultimately scattering off orbitals, and the
consideration of two-site orbitals in the FM state applies
to both cases.

The double-exchange process involves two coordinated
jumps from the Mn to the O atoms [Fig. 6(b), inset].
It is useful to consider the simpler process of one jump
first, which is sometimes included in XAS calculations of
complex oxides. In this case, inter-site charge transfer
between d-states of a transition metal and a neighboring
(ligand, L) O ion*® and consideration of multiple con-
figurations (for instance, d® and d°L for Cu'™ and Cu?*
valences) change the scattering form factor f at the tran-
sition metal edge. In particular, satellite peaks develop
in XAS (and, implicitly, in RSXS) at additional Cu va-
lences. 4

In the double-exchange process, specific to FM com-
plex oxides, charge transfer takes place between transi-
tion metal sites, beyond the neighboring O atoms. Specif-
ically, the |11) and |t2) configurations are coupled in a
two-site ground state wave function [Fig. 6(b), inset],
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FIG. 6: (Color online) (a) Temperature dependence of res-
onance C height for ¢ = 0° compared to the SL FM mo-
ment measured with SQUID for ZFC and in-plane FC=200
Oe (Ref. 40). The SL has a 305+ 5 K FM transition tempera-
ture, which is lower than the ~ 355 K transition temperature
of the z = 0.33 LSMO alloy (Ref. 39). SL resistivity becomes
metallic-like at low T (Ref. 40). (b) Temperature dependence
of resonance C' width. The line is a guide to the eye. Inset
shows a sketch of the double-exchange configurations |11) and
|12) for Mn sites ¢ and j (Ref. 5).

which for this FM manganite is
1
) = E(Wﬁ + [t2))
[¥1) = [Mn**, 0%~ Mn*¥)
[¢2) = [Mn"*, 07, Mn*¥)

with Mn valences in FM layers in a superposition of
Mn?* and Mn**. In the ground state (without an x-
ray photon absorbed), the charge transfer splits the two
levels |1+) by the exchange energy 2t;; (Ref. 5), where
the double-exchange hopping between sites ¢ and j is
t;; = tprcos|[(6; —6;)/2], with tpg a constant and 6; ; the
tag,+ spins orientations on the two sites (Ref. 6). More
precisely, the bandwidth of e, electrons in the ground
state depends on the hopping frequency between the 4
and j sites as3”

W  cos[(6; — 6;)/2]cos¢ x t;jcosp ()

where (7 — ¢) is the angle between the Mn-O-Mn bonds.



To account for the double-exchange process in x-ray
scattering, the orbitals |1 ) are replaced with the two-
site orbitals [1)1). Similar to the case of satellite peaks
for ligand holes on oxygen atoms, the charge transfer be-
tween Mn sites beyond the neighboring O atoms changes
the scattering factor f at peaks in RSXS, which corre-
spond to the Mn3+ and Mn** valences. In addition, the
splitting by 2¢;; of the |¢)1) states or the bandwidth W
of e4 electrons in the ground state are transferred to an
increased measured RSXS line width.

The hopping frequency t;; increases with increased FM
order of spins 6; ; at lower T, and broadens the scatter-
ing form factors f and the line width. In this model,
the XAS and therefore, the RSXS peaks, should become
broader at lower temperatures. The width increase at
lower temperatures of peak C [Fig. 6(b)] is consistent
with this model and tpang ~ 0.2 — 0.5 eV for each of the
eg states, 2tpr ~ 2Tcurie ~ 0.05 eV and contributions
from experimental resolution (0.34 eV at the Mn L edge)
and core-hole width (wpwum ~ 0.3 — 0.5 eV, Ref. 8).

In addition to the double-exchange processes in the FM
state, lattice distortions are also relevant to the CMR
transition®6. In bulk manganites, they may depend on
T, changing the bond alignment angle ¢ and bandwidth
W [Eq. (8)]. However, the average angle between the
Mn-O-Mn bonds for SL samples is fixed by the substrate.

Orbital scattering at the Mn L edges has a compa-
rable amplitude to magnetic scattering for bulk AFM
orders.'®15 It can come from occupation contrast or po-
larization contrast from different atomic orbital orien-
tations in the anomalous scattering tensor. The anal-
ogous occupation contrast in S FM is a T-dependent
charge transfer across SL interfaces (which includes the
electronic reconstruction of Ref. 20), in addition to the
T-independent part defined by the SL structure. The T-
dependent polarization contrast in the SL may also be
substantial; for instance, on closely related SL (Ref. 47),
in-plane e,4(2? — y?) occupation and FM near LMO in-
terfaces and out-of-plane e, (32% — r2) orbital occupation
and AFM in the middle of LMO layers was inferred from
XMLD and XMCD measurements. Polarization-resolved
scattering measurements in a magnetic field with 7 and
o incident light and scattered beam polarization analysis
are necessary to separate different magnetic and orbital
contributions to scattering at the Mn L3 5 edges.

We discuss the O K edge briefly. The measurements at
L =1 at the O K edge show that the middle of the SMO
(fs) and LMO (fr) layers have different doping levels.
Oxygen doping is consistent with our observations (Fig.
2), other measurements?* and certain models'4. The case
of the doped holes in the interface f; and near-interface
fni layers is different. The interface FM state of this n =
2 SL is the metallic state observed in an = 4 SL (Ref. 20).
Interface T-dependent states are accessed with scattering
at specific momenta L, as determined by the symmetry
of the SL structure. The reflection at L = 1 (Fig. 2) is
not sensitive to T-dependent scattering because, as for
the Mn L edges, §S(L = 1) = 0. The interface states of

the n = 2 SL of this work are accessed with scattering
at L = 2 [Eq. (6)], which corresponds to scattering at
the L = 3 reflection for the n = 4 SL in Ref. 20. To
determine whether T-dependent scattering occurs at the
O K edge in this SL, it would be necessary to measure
at L = 2. However, the x-ray momentum is insufficient
to reach L = 2 at the O K edge. Without data at L = 2
at the O K edge in support, we did not discuss interface
oxygen states.

IV. CONCLUSION

X-ray absorption measurements at the O K edge in a
SrMnO3/LaMnOj superlattice showed a shoulder, corre-
sponding to holes doped on oxygen sites. The shoulder is
aligned with the main resonant peak of soft x-ray scatter-
ing from the spatial modulation in the density of doped
holes.

A large variation in the Mn L3 o line shapes at L = 2,
but not at L = 1, was observed across the FM transi-
tion, pointing to scattering from ferromagnetic interfaces.
Comparison to fluorescence yield edge energies for differ-
ent Mn valences showed the presence of scattering con-
trast at both Mn3* and Mn*" valences. An x-ray scat-
tering model, which includes double-exchange orbitals in
the FM state, explains the observed line broadening at
lower temperatures.

Having to rely on measurements of the Mn3" reso-
nances only, different methods to determine the charge
disproportionation for bulk AFM orders are controver-
sial, with both small and large charge disproportionation
obtained. Our RSXS line shapes, for a SL structure with
a large intrinsic charge disproportionation, add an exper-
imental constraint on these competing models.

The development of the SL FM order was accessed
with x-ray resonant magnetic scattering and no applied
magnetic fields. An open question is the trace [FC or
ZFC in Fig. 6(a)] that the height of resonance C' would
follow on further cooling.

We would like to contrast our measurements to polar-
ized neutron reflectivity (PNR) data on SMO/LMO su-
perlattices (Refs. 38,41), where a magnetic modulation
was measured with a period equal to the SL superpe-
riod (magnetization strongly suppressed in SMO, high in
LMO). In contrast, the RSXS measurements presented
here show an ordering of magnetic moments with a period
equal to half the SL superperiod. Several factors may be
at the origin of this difference. First, the experimental
conditions of the PNR and RSXS measurements were
different. Specifically, PNR measurements were made in
relatively high fields (0.55 T and 0.82 T in Ref. 38 and 41,
respectively), while the RSXS measurements were made
with no applied fields. Second, the samples measured in
this work have a lower SL superperiod (n = 2) compared
to the samples of PNR measurements (n = 3 and n = 5).
Thus, a complete mapping of the magnetic structure of
SMO/LMO superlattices as a function of deposition se-



quence, magnetic field and temperature requires more
measurements.
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