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We investigate the thickness effects on charge and magnetic orderings in Fe perovskite oxide
La;/38r;,3Fe03/SrTiO; thin films by hard x-ray and resonant soft x-ray scattering (RSXS) with changing
thin-film thickness systematically. We found that the correlation lengths of the magnetic ordering along the
in-plane and out-of-plane directions are comparable and proportional to the thickness, and show stronger thickness
dependence than those of charge ordering. The magnetic ordered states disappear when the correlation length of
magnetic ordering decreases to that of charge ordering through the intrinsic thickness effects. Surface-sensitive
grazing-incident RSXS revealed that the orderings exist even in the surface region, which indicates that the
observed orderings are not affected by surface effects like oxygen vacancies. Critical thickness is in 5-15 nm,
which corresponds to 4—11 antiferromagnetic ordering period. This critical value seems to be common to other

ferromagnetic oxide thin films.
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I. INTRODUCTION

Charge, spin, and orbital orderings in 3d transition-metal
perovskite oxides closely relate to the origin of remarkable
physics phenomena such as metal-insulator transition, super-
conductivity, and giant magnetoresistance [1,2]. For instance,
stripe structures of spin and charge ordering in superconducting
cuprates were reported [3,4] and the charge density wave was
found to compete with superconducting states [5—7].

One such 3d transition-metal oxide, La;;3Sry/3FeOs,
attracts much attention due to its unusual high valence state and
charge disproportionation. Mdssbauer spectroscopy showed
charge disproportionation of 3Fe3%’* — 2Fe’t 4 Fe’*
accompanied by an antiferromagnetic ordering at critical
temperature Tcp ~ 190K [8,9]. Electronic conductivity shows
a transition associated with the charge disproportionation
transition at Tcp [8]. Neutron scattering study revealed
that charge and magnetic orderings exist along the
[111] direction and Fe layers stack in the sequence of
Fe3t4 — Fedt4 — Fe3t4 —Fe3t| — Fedt| — Fe3t) as
shown in Fig. 1(a) [10]. Electron diffraction demonstrated
structural distortion along the [111] direction [11]. This
stacking layer structure is also supported by the exchange
interaction determined by inelastic neutron scattering [12] and
Hartree-Fock calculation [13]. As for the electronic structure,
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x-ray absorption spectroscopy of Fe 2p — 3d and O 1s —
2p suggests that holes induced by Sr doping exhibits O 2p
hole character [14]. The unusually high valence states Fe**
and Fe’t are expressed rather as 3d°L and 3d°L?, where L
represents an O 2p hole [1,14,15].

The electronic states of thin films are sometimes different
from those of the bulk. Especially, the thinnest limit of the
ordered states, critical thickness, is an important parameter
to understand the dimensionality effects. We focused on the
relationship of critical thickness and ordered structure for
antiferromagnetic La, /3Sr,,3FeO3. The charge ordering exists
even in La;/3Sr,3FeO; thin films [16-20]. This is consid-
ered to be due to the small lattice distortion accompanied
by the charge disproportionation in contrast to the case of
Fe** oxide CaFeO; [21] or Mn perovskite oxides such as
Pr;_,Ca,MnO; and Nd;_,Sr,MnOj [22]. For this reason,
Laj3Sry/3FeO; thin film is a suitable material for extracting
intrinsic effects of thickness and dimensionality on electronic
states without the influence of lattice distortion. However, there
have been no studies of thickness effect except for resistivity
measurements [23,24]. Minohara et al. studied the precise
thickness dependence of resistivity in La; ;35r2,3FeO3 /SrTiO3
thin films and found that the ordered states were suppressed
with thickness ¢ below 14 nm as shown by p — T curves
in Fig. 1(b) [23]. Resistivity becomes too high to determine
the resistivity jump with decreasing thickness due to the
insulating SrTiO; substrates and resistivity is not a direct
evidence for the orderings. Therefore, x-ray is the most
suitable experimental technique for directly observing ordered
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FIG. 1. Charge disproportionation in La;;3S8r;,3FeO;. (a)
Schematic drawing of charge and spin ordered structure of
La;/3Sr;/3FeOs determined by neutron [10] and electron diffraction
[11]. (b) Temperature dependence of electric resistivity of
La;/3Sr;,3FeO5/SrTiO;  thin films reproduced from Minohara
et al. [23].

states of superstructure peaks and for determining the critical
thickness.

Okamoto et al. performed hard x-ray scattering for charge
ordering and resonant soft x-ray scattering (RSXS) for mag-
netic ordering at the Fe 2p3;,, — 3d absorption [17]. They
evaluated correlation lengths especially around Tcp and dis-
cussed the magnetic ordered states. Correlation length is a
physical quantity which characterizes ordered states, and we
evaluated correlation lengths of both charge and magnetic
ordering with thin films of various thickness in wide range
of temperature including well below 7¢p. One cannot observe
the magnetic ordering peak (ééé) by hard x-ray [17] due to
the small cross section of magnetic scattering [25]. RSXS is a
suitable technique to study magnetic orderings in thin films and
small crystals [5-7,17,25-31]. We obtained a strong sensitivity
of magnetic scattering at the Fe 2p — 3d absorption edge
due to strong spin-orbit coupling of Fe 2p core levels. We
measured correlation lengths of charge orderings by hard
x-ray scattering and magnetic ordering by RSXS, respectively,
with varying thickness systematically. In addition to reflec-
tion geometry RSXS, we performed grazing-incident RSXS
(GI-RSXS). When the incident angle is below the total re-
flection angle, the probing depth of x-ray becomes small and
one can access surface-sensitive information. This technique
was used to study surface states of ordering and revealed that
surface melting in Lag 5Sr; sMnOy4 [32,33] and surface orbital
ordering in LaCoQj thin films [31].

II. EXPERIMENT

The La;/3S5r,,3FeOj3 thin films were grown on SrTiO3(111)
and (110) substrates by pulsed laser deposition method. The de-
tails of the sample fabrication were described elsewhere [23].
The thickness of the thin films was determined from the Laue
fringes around the (111) Bragg peaks (not shown). We per-
formed hard x-ray scattering experiments for La,3Sr;/3FeO3
(t =5,15,17,and 78 nm)/SrTiO5(111) thin films at BL-4C of
Photon Factory, KEK. We measured the charge ordering peak
(%%‘3—‘) with hard x-ray. The experimental geometry is shown
in Fig. 2(a). The incident photon energy of x-ray was 12.4
keV. Incident x-ray was o-polarized and scattered x-ray was
detected without polarization analysis and hence includes o'~
and 7’-polarized photons. We performed RSXS experiments
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FIG. 2. Observation of charge ordering by hard x-ray diffraction.
(a) Experimental setup. 7, v/, and o’ indicate the directions of polar-
izations of x-rays. (b) Charge ordering peaks (% % %) observed along
the out-of-plane and in-plane directions at 130 K. (c¢) Temperature
dependence of area intensity of the charge ordering peak. The lines
are guides to the eye. (d) Charge ordering peak intensity normalized
by the lattice Bragg peak (111) intensity plotted as a function of

thickness.

for Lal/3Sr2/3FeO3 (l = 5, 17, 37, and 78 nm)/SrTiO3(1 1 1)
thin films at the BL-19B of Photon Factory. We observed
the magnetic ordering scattering peak (é%é) by RSXS. The
incident photon energy was 707 eV at the Fe 2p3;,, — 3d
absorption edge. Incident x-ray was -polarized and scattered
photon was detected by an energy-resolved silicon drift
detector without polarization analysis. We removed O K,
fluorescence emission by tuning energy windows to the Fe
L edge. The geometry is shown in Fig. 3(a). The sample
was Laj 35r;/3Fe03(40 nm)/SrTiO3(110), which has in-plane
modulation vectors. To investigate the surface states, we
performed GI-RSXS in the geometry shown in Fig. 4(a) using
the sample La;;3Sr;,3Fe03(40 nm)/SrTiO3(110), which has
in-plane modulation vectors.
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FIG. 3. Observation of magnetic ordering by RSXS. (a) Experi-
mental setup. 7, 7/, and ¢’ indicate the directions of polarizations of
x-rays. (b) Magnetic ordering peaks (% £ 1) observed along the out-of-
plane and in-plane directions at 130 K. (c) Temperature dependence
of area intensity of the magnetic ordering peak. The lines are guides

to the eye.

III. RESULTS AND DISCUSSION

Figure 2(b) shows the charge ordering peak (%;—‘%) along
the out-of-plane [111] direction and along the in-plane [110]
direction. The charge orderings exist in = 15 nm, and dis-
appears in ¢t = 5 nm. The peak width shows little dependence
on thickness. Figure 2(c) shows the temperature dependence of
the peak intensity. The critical temperature 7¢p was determined
from this dependence. Figure 2(d) shows that the charge
ordering peak intensity drops sharply when the thickness is
reduced to 15 nm. This drop suggests that critical thickness .
exists and the value is #, ~ 10 nm, which is in good agreement
with the previous electric resistivity study [23]. Figure 3(b)
shows the magnetic ordering peak ( % é é) along both directions.
The peak width increases when thickness becomes thinner
and the peak disappears at t+ = 5 nm. This disappearance is
also consistent with the charge ordering behavior shown in
Figs. 2(b) and 2(d). The correlation length is given as the
reciprocal of the full width at the half maximum, namely,
27 /Agq, which is the same definition as previous reports
[19,30,34]. This peak width tendency of the magnetic ordering
indicates that correlation length decreases when thickness
becomes thinner. The critical temperature was also determined

i La1/3Sr2/3Fe03(40 nm)/

SrTiO5(110)

T T T T 771

 In-plane |/ < T

i ' o i

2 | M [ Tk | B <4 } -

S r "| —180K+4 © £ s = :

: | —190K | 5 220+ -

2 W200K| O} _

S r ’ n 0 I_

= ' 98 i
v | : A = c 1

S WP £ 3 :

= : £ € .

rAY; ! 1= -

ML e Lo 11 &g

0.160 0.170 0.180 80 120 160 200

h(r. 1. u) Temperature (K)

FIG. 4. Observation of the magnetic ordering peak by GI-RSXS.
(a) Experimental setup. 7, 7/, and o’ indicate the directions of
polarizations of x-rays. (b) Magnetic ordering peaks (ééé). (©)
Correlation length and peak area intensity plotted as a function of

temperature.

by the temperature dependence of the peak intensity as shown
in Fig. 3(c). The correlation length and the critical temperature
of the charge and magnetic ordered states are summarized in
Fig. 5 and will be discussed later.

It may be the case that surface states differ from bulk
states by possible oxygen vacancies due to the high va-
lence state of Fe*®’*. Effects of oxygen vacancy affects
the orderings [19,20] and probing surface state is important
for studying the thickness dependence. We performed GI-
RSXS study to investigate the surface states. We studied
La;/38r5,3Fe03(40 nm)/SrTiO3(110) thin films with the in-
plane modulation vector and measured the magnetic orderings
peak (é % é). Its probing depth was determined to be approxi-
mately 2 nm by calculation from x-ray absorption spectroscopy
and the incident angle. Figure 4(b) shows the result of GI-
RSXS and Fig. 4(c) shows the correlation length and the transi-
tion temperature. Tcp and the peak position of surface states are
the same as those of bulk states shown in Fig. 5 and correlation
length is in the same order of the results of the bulk state. These
results indicate that the surface states of La;3Srp,3FeOs thin
films are the same as the bulk state and the measured thickness
dependence is not due to the surface effects but due to in-
trinsic dimensionality effects. These results are also consistent
with small dependence on thin film coordinates measured by
electronic resistivity study [23].We remark that scattering peak
width along the out-of-plane direction is broadened due to the
limited probing depth and only the in-plane GI-RSXS measure-
ment results are shown. As for the interfaces between sample
and substrate, Minohara et al. showed the chemically abrupt
interfaces from the results of electron microscopy image along
the out-of-plane direction in the same type of system [23].

The obtained correlation length is plotted as a function of
thickness in Fig. 5(a) at 130 K. The experimental resolution
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FIG. 5. Thickness dependence in La;;3Sr,/3FeOsthin films re-
vealed by x-ray scattering. (a) Correlation length of magnetic and
charge ordering for various thickness thin films. These values were
determined by hard and soft x-ray scattering results. Dotted line
& =t is also plotted. (b) Phase diagrams estimated from the temper-
ature dependence of charge and magnetic ordering peak intensities
in La,;35r;,3Fe03/SrTiO3(111) thin films. #. indicates the critical
thickness of the charge disproportionation. (c) Schematic illustration
of the thickness dependent change of ordered states.

is presented in the Appendix. Both out-of-plane and in-plane
correlation lengths of magnetic orderings matches thickness, as
shown by the line & = ¢ in Fig. 5(a). Geometrical limitation of
thickness explains this behavior of the out-of-plane correlation
length. However, the in-plane correlation length also decreases
when the thickness of the thin film becomes thinner. This
behavior suggests that magnetic orderings have an isotropic
correlation. Comparing with correlation length of magnetic
ordering &mge = 27/ Aq(é%é), the thickness dependence of
the correlation length of charge orderings & = 27/Aq(533%)
is much weaker than that of magnetic orderings. When
the thickness is sufficiently large (~78 nm), the correlation
length of magnetic ordering is in the same order of thickness
(&ch < &mag ~ 1). When the thickness and &, reach &g, at
the thickness of approximately 15 nm (§cp ~ &mag ~ 1), the
orderings disappear. This indicates that a minimal value of
domain size of ~15nm exists, and thickness limitation makes
the correlation length of magnetic ordering below the minimal
value and suppresses the orderings. We obtained the critical
temperature Tcp from temperature dependence of scattering
peak area intensity and it is plotted as a function of thickness
as shown in Fig. 5(b). Tcp slightly decreased when thin films
became thinner, and T¢p of charge and magnetic orderings

were almost the same. This slight decrease is consistent with
other magnetic ordered compounds and matches the result
of resistivity study [23]. These behaviors are schematically
shown in Fig. 5(c). The mechanism which explains why &,
is longer than &, is uncertain. It may be related to the previous
results of neutron scattering experiment [12], which suggests
the charge ordering is stabilized by magnetic ordering. The
obtained critical thickness of 5-15 nm corresponds to 4—11
units with the antiferromagnetic ordering period of 6 u.c. as
a unit. This critical number of units seems to be common
to other ferromagnetic perovskite oxide La;_,Sr,MnOs (x =
0.3—0.4) (3-8 units [35,36]).

IV. CONCLUSION

In summary, we performed hard x-ray scattering and
RSXS experiments for the charge and magnetic orderings in
La;/3S8r5,3Fe03/SrTiOs3 thin films with changing the thickness
systematically. We also performed GI-RSXS experiments to
investigate surface states of Laj;3Srp,3FeOs thin films with
the unusually high valence state. Magnetic ordering is stable
even in the surface region in spite of its high valence states,
and this suggests that the thickness dependence comes from
the intrinsic geometrical effects. The correlation length of the
magnetic ordering &g is comparable and proportional to the
thickness. Reduced thickness suppresses the ordered states at
the critical temperature #c through this relationship between ¢
and &pye. It will be interesting to study, systematically, thick-
ness dependences of charge, magnetic, or orbital orderings with
x-ray scattering for various thin films and elucidate behaviors
especially around critical thicknesses.
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APPENDIX: COMPARISON OF RESOLUTION
AND DIFFRACTION PEAK

In this appendix, we show that resolution of this diffraction
experiment has small effects on the discussion and conclusion.
We evaluated the resolution of hard x-ray diffraction with
assuming that the structural diffraction peak of the substrate is
sufficiently sharp and the width of this peak mainly reflects the
instrumental resolution. Figure 6 shows the charge ordering
peak and structural diffraction peak of substrate, which is
equivalent to the resolution. The resolution is 0.033nm ™! and
this value is approximately 6 times higher than the super lattice
peak. As for the soft x-ray diffraction, wavelength is approx-
imately 10 times longer than that of hard x-ray and therefore
the resolution has a smaller effect than the hard x-ray case.
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