Probing Ferroelectricity in PbZr;,Ti; 303 with Polarized Soft X-rays
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The reduction in symmetry associated with the onset of ferroelectric order in PbZrg.2Tio.sO3
(PZT) thin films leads to a pronounced difference at the Ti L3 2 absorption edges between spectra
measured with the x-ray linear polarization perpendicular and parallel to the ferroelectric polar-
ization. We introduce a general method to analyze the observed difference spectra using atomic

multiplet calculations.

Moreover, we find experimental evidence for structural changes in PZT

induced by the reversal of the ferroelectric polarization.

PACS numbers: 77.80.-e, 78.70.Dm, 78.20.Bh

Ferroelectric oxides exhibit a spontaneous, stable and
switchable electric polarization that is due to atomic dis-
placements of positive metallic ions and negative oxygen
ions in opposite directions, which reduces the symme-
try of the crystal lattice.[1] In thin films—especially im-
portant for applications such as non-volatile memories
[2]—interface and surface effects can dominate over the
bulk like behavior of the film interior [3]. For example
strain induced by the lattice mismatch between substrate
and film lead to enhanced ferroelectric polarization and
transition temperature in BaTiO3 on (110) GdScO3 and
(110) DyScOg substrates [4]. Experiments and calcula-
tions have shown that ferroelectric surfaces with oppo-
site polarity have different characteristics for adsorbing
molecules and catalytic activity [5-7]. Conversely, the
chemical environment can control the polarization of a
ferroelectric film by determining the ionic compensation
at its surface [8].

To shed light on the impact of ferroelectric order on the
electronic and atomic structure in the surface near region
of ferroelectric PbZrg 2Tip gO3 (PZT) films deposited on
SrRuOj3 (SRO) and Lag 7Srg 3sMnO3 (LSMO) electrodes,
we employed soft x ray absorption (XA) spectroscopy.
We show that the reduction in symmetry around the Ti**
ions has a pronounced impact on the Ti L3 o absorption
edges which can be explained using atomic multiplet cal-
culations. Moreover, we find experimental evidence for
changes in the PZT structure induced by the reversal of
the ferroelectric polarization.

(100)-oriented SrTiOs substrates were etched by
buffered HF acid and annealed in flowing oxygen at
1000°C for 3h. Bottom electrodes, 30nm pseudomor-
phic layers of SRO and LSMO, were grown by pulsed
laser deposition (PLD) at 700°C with oxygen pres-
sure of 100mTorr and 200mTorr, respectively. 70 to
200-nm-thick PZT films were deposited on the elec-
trodes at 630°C in 100mTorr of oxygen. Piezo-force mi-
croscopy (PFM) confirmed that the ferroelectric polar-

ization in the PZT/SRO points away from the bottom
electrode while it points towards the bottom electrode
in PZT/LSMO [9]. XA experiments were performed on
beamline 4.0.2 at the Advanced Light Source by record-
ing the sample drain current as a function of photon en-
ergy [10]. Photoemission electron microscopy (PEEM)
experiments were carried out on the SIM beamline at
the Swiss Light Source [11]. All spectra were acquired at
ambient temperature at pressures < 5-107% Torr with
100% linearly polarized x-rays impinging at an angle of
16° to the sample surface probing the topmost 5-8nm.

Figure 1(a) shows XA spectra obtained from
PZT/SRO. The Ti L3go spectrum exhibits the charac-
teristic structure of a Ti**td" configuration [12] due to
electric-dipole transitions to 2p®3d' final states. The 2p
spin-orbit interaction splits the spectrum into 2pz/5 (L3)
and 2p; /o (L2) structures with energy separation of ~5.5
eV, which are further split by crystal-field interaction,
i.e., the electrostatic potential, V', due to the neighboring
lattice sites acting on the 3d orbitals. In octahedral (O)
site symmetry the e orbitals of Ti point towards the oxy-
gen ligands, while the t5 orbitals point in between them,
resulting in a lower energy for the latter. With increas-
ing photon energy the four main peaks can therefore be
labeled according to their main character as 2ps,23d(t2),
2p3/23d(e), 2p1/23d(t2), and 2p; /23d(e), c.f., Fig. 1. None
of these states is pure due to mixing by 2p-3d electro-
static interactions. Distortion of the Ti site from octa-
hedral symmetry results in a non-symmetric broadening
of especially the 3d(e) peaks [13]. Lowering to tetrago-
nal symmetry splits the ¢2(O) states into by = d(zy) and
e = d(xz,yz) and the e(O) states into b; = d(z?—y?) and
a; = d(z?). This gives a difference between XA spectra
taken with polarization along the z- and x,y-directions,
i.e., parallel and perpendicular to the surface normal. We
observe a +20% difference in the photon energy range of
the 2p3/23d(tz2) peak [c.f., Fig. 1(a)]. Smaller but still
easily detectable intensity differences are found at higher



-
o

XA
(arb. units)
o
a

9o ¢
(=)

0.0¢

difference
(arb. units)

-0.2
1.0

BTl
il

(b) . PZTISRO?
g2 2 § reversed

XA

=(c) _PZT/LSMOS
- #% as grown |

XA

difference
(arb. units) (arb. units) (arb. units)

difference
(arb. units)

455 460 465 470
photon energy (eV)

FIG. 1: (Color online) Experimental Ti L3> XA and dif-
ference spectra of (a) PZT as grown on SRO, (b) PZT on
SRO with reversed ferroelectric polarization, and (c¢) PZT as
grown on LSMO. The ferroelectric polarization is indicated
by a dark grey arrow in the insets, the incident x-ray beam
by a grey (yellow) arrow and the x-ray polarization by (red)
up-down and (blue) left-right arrows. Open (red) symbols
indicate data obtained with the x-ray polarization aligned in
the surface plane while the spectrum resulting with the x-
ray polarization pointing out of the surface plane is shown by
solid (blue) symbols.

photon energies.

Figure 1(b) displays local XA spectra and their dif-
ference obtained by PEEM in a 30pumx30um area of
the PZT/SRO sample where the ferroelectric polariza-
tion was reversed using PFM to point towards the bottom
electrode. The XA spectra show the same main features
as the as grown sample but we note that the low energy
side of the 2p3/53d(e) features is enhanced. The differ-
ence spectrum is identical in shape and magnitude to the
data obtained from the as grown sample.

In Fig. 1(c) the XA spectra and their difference ob-
tained from PZT/LSMO are plotted. The ferroelectric
polarization in the as grown state of this system points
towards the bottom electrode. The main features of the
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FIG. 2: (Color online) Polarization averaged Ti Lz 2 XA and
difference spectra of PZT. Solid (blue) symbols indicate data
obtained with the ferroelectric polarization pointing away
from the bottom electrode while the spectra resulting with the
polarization pointing towards the electrode is shown by open
(red) symbols for (a) SRO and (b) LSMO bottom electrodes.
(c) Spectra for PZT/SRO with ¢=0.414nm (solid [blue] sym-
bols) and ¢=0.416nm (open [red] symbols). The ferroelectric
polarization is pointing away from the bottom electrode. Dif-
ference spectra are shown as black solid symbols. Insets depict
experimental geometries described in Fig. 1.

Ti L3 2 XA spectra as well as the difference spectrum are
the same as for the PZT/SRO system. An enhancement
of the 2p3/93d(e) low energy features is observed as in
the case of PZT/SRO with the ferroelectric polarization
pointing towards the bottom electrode.

To emphasize the difference in XA induced by the re-
versal of the ferroelectric polarization, Fig. 2(a) and (b)
show a comparison of the XA results of PZT/SRO and
PZT/LSMO, respectively, obtained from sample areas
with opposite ferroelectric polarization. The data are
the average of XA spectra obtained with the x-ray polar-
ization aligned in the surface plane and perpendicular to
it. We can rule out that a change in surface composition
by the PFM tip is responsible for the difference spectra
since XA spectra obtained from as grown and twice re-



versed areas of the sample resulting in same orientation
of the ferroelectric polarization are identical. Moreover,
PEEM images taken at the C and O K edges do not show
any significant differences between the as grown and re-
versed areas of the sample. The difference spectra in
Fig. 2(a) and 2(b) have the same spectral shape, which
shows unambiguously that they are caused the reversal
of the ferroelectric polarization.

To understand the origin of the changes in XA spec-
tral shape we performed atomic multiplet calculations, a
powerful tool to obtain symmetry- and site-specific in-
formation of compounds with localized 3d™ electronic
configurations. Calculations for the Ti XA spectrum,
obtained using Cowan’s code [12, 14, 15], are shown in
comparison with the experiments in Fig. 3. Although
for Ti*t compounds a good theoretical description of
experiments is obtained for near cubic SrTiO3 and ru-
tile (Dgp symmetry) [13], calculating the detailed line
shape of the 2p3/;3d(e) peak remains in general an ar-
duous task. Compared to other 3d™ configurations, a
complication for 3d° arises from the large distortion of
the metal site due to the absence of d orbital bonding in
the ground state; the same effect that is at the very ori-
gin of the ferroelectricity in Ti compounds. We therefore
also performed cluster calculations [16] allowing a frac-
tional d-electron count on the Ti site but this showed no
significantly improved agreement. We therefore do not
aim here to precisely reproduce all details within each
peak. Instead, we present a general approach, relating
the signature and sign of the difference spectrum to the
character of the d state, which will allow us to obtain
useful information about the local electronic structure.

It is at first sight rather surprising that the PZT mea-
surements reveal two distinct difference spectra, i.e., a
first difference spectrum between XA spectra obtained
with the x-ray polarization parallel and perpendicular to
the ferroelectric polarization (Fig. 1) and a distinct sec-
ond difference spectrum between XA spectra with the fer-
roelectric polarization pointing towards the bottom elec-
trode and away from it (Fig. 2). Since in tetragonal sym-
metry there can be only one linear dichroism spectrum,
structural differences must be involved.

Taking the z-axis along the tetragonal axis, we de-
fine the difference spectrum as I, — I, where I, (I,)
is the XA intensity obtained with the polarization vector
along the z-(x-) direction. In this difference spectrum
the states with predominantly (zz,yz) and z? character
of the created d electron show up as positive signals, while
those with predominantly zy and 2 —y? character show
up as negative signals. The ts-e energy separation ob-
served in the XA spectrum enables us to estimate the
value of the cubic crystal-field parameter as 10Dq ~ 1.5
eV. Tetragonal distortion leads to two additional crys-
tal field parameters, Ds and Dt, which allows us to de-
compose I, — I, into two independent difference spectra.
For small distortions the I, — I, spectrum, which van-
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FIG. 3: (Color online) Comparison of experimental (symbols)
and theoretical ([red] lines) results obtained at the Ti Ls 2
edges of PZT for (a) the XA spectrum, (b) the difference
spectrum of XA spectra measured with the x-ray polariza-
tion perpendicular and parallel to the ferroelectric polariza-
tion, (c) the difference spectrum of XA spectra measured with
the x-ray polarization collinear to the ferroelectric polariza-
tion pointing towards the sample surface and the bottom elec-
trode. (b) and (c) show the calculated t2- and e-split differ-
ence spectrum, respectively (defined as I. — I, for V, > V, in
tetragonal symmetry).

ishes in cubic symmetry, is linear in both Ds and Dt.
Any linear combination of Ds and Dt can be used to
parameterize the difference spectrum, however, we will
take—as what seems an arbitrary choice—those combi-
nations that give an energy splitting in either the cubic
to or e state, i.e., AE(t2) = E(e) — E(by) = 5Dt — 3Ds
and AE(e) = E(a1) — E(b1) = —5Dt — 4Ds. Thus,
the to-split difference spectrum is obtained by introduc-
ing an energy splitting between the e = d(zz,yz) and
by = d(zy) levels, while AE(e) = 0. This represents the
case that the plane normal to the z-axis is distinct from
the planes parallel to the z axis. The e-split difference
spectrum is obtained by introducing an energy splitting
between the a; = d(2?) and by = d(2? — y?) levels, while
AE(ty) = 0. This means the z-axis is distinct from the x
and y axes, i.e., the electrostatic energy is different along
z- and x-axes (V, # V,.), corresponding to contraction or
elongation of the z-axis. Figure 3(b) and 3(c) show these
two difference spectra, I, — I, calculated in tetragonal
symmetry for V, > V,,, which means d(zy) is the lowest
level. For V, <V, where d(zz, yz) is the lowest level, the
difference spectra keep the same shape but have opposite



sign. It is seen that all four main peaks in both difference
spectra have a —/+ signature for V, >V, (and +/— for
V, < V), which due to the relative energy differences be-
tween the levels. The spectra also nicely show the extent
to which the t2 and e(O) states are intermixed: Opening
an energy gap in one of these states gives apart from a
dispersive structure in the associated peaks also smaller
features in the other peaks.

Returning to the experimental results in Fig. 1,
PZT shows a strong polarization dependence in the
2p3/23d(t2) peak, related to a splitting between d(xy)
and d(xz,yz) levels. In the XA spectra the in-plane po-
larized peak has the lowest energy, so that d(zy) has
the lowest energy. The spectral shape of the measured
dichroism is in remarkably good agreement with the cal-
culated to-split difference spectrum [Fig. 3(b)]. This is
not a trivial result because, as mentioned above, the pa-
rameter choice in the calculation is an apparent arbitrary
one. It demonstrates however that the linear dichroism
originates primarily from a to splitting, despite that the
main bonding in the excited state is by e(O) orbitals.
This may be related to the fact that the Ti bond direc-
tions point out of the xy plane.

A strong point of the analysis using the difference
spectra is the transferability of the method, as it does
not depend on structural variations, such as between
PZT/LSMO and PZT/SRO and it is also oblivious to
variations in domain structures, as long as these are ori-
ented mainly along one direction as in the present system.
Such effects influence the XA spectra but not the generic
shape of the difference spectrum.

Regarding the second difference spectrum (Fig. 2), the
experimental XA shows a clear difference in PZT/SRO
and PZT/LSMO between the x-ray polarization aver-
aged spectra obtained with the ferroelectric polarization
pointing towards the bottom electrode and away from it,
notably in the 2ps/93d(e) peak. To explain these differ-
ences in XA we have to assume that not only the elec-
tric polarization is reversed but that also the structure of
the PZT has slightly changed. The observed difference
spectrum agrees very well with the calculated e-split dif-
ference spectrum, I, — I, for V, > V,. It can be seen
from Fig. 2 that the d(2? — y?) has lower energy than
the d(2?) level for the polarization pointing towards the
bottom electrode than away from it for both systems,
PZT/SRO and PZT/LSMO. This is equivalent to an
increase in the electrostatic potential along the z-axis,
such as caused by contraction along the z-direction, in
areas with the polarization pointing away from the bot-
tom electrode compared to areas with the polarization
pointing towards the bottom electrode. The fact that we
use the difference spectrum again means that the results
are rather insensitive to any structural or domain vari-
ations. We directly observe the difference between the
average ensembles, while variations would not vanish in
the individual spectra.

To confirm the presence of the structural changes,
we compare the polarization averaged XA spectra of
PZT/SRO systems with varying PZT layer thickness
resulting in lattice constants ¢=0.414 and 0.416nm as
determined by x-ray diffraction. The samples are in
the as grown state—i.e., the ferroelectric polarization
points away from the bottom electrode. The results
are shown in Fig. 2(c). We observe that the sample
with ¢=0.416nm—i.e., the sample with elongated c axis—
shows the anticipated changes in the intensity of the
2p3/93d(e) feature. This clearly confirms our finding of
the structural changes associated with the reversal of the
ferroelectric polarization in PZT.

In conclusion, the ferroelectric order in PZT thin films
leads to pronounced differences in the Ti** Lj 5 absorp-
tion between spectra measured with the x-ray polariza-
tion perpendicular and parallel to the ferroelectric polar-
ization. We have introduced a general method to ana-
lyze the difference spectra, independent of the tetragonal
crystal-field parameter values, by relating the 3d orbital
character in the final state to the signature and sign of
the difference spectra. This pronounced linear polariza-
tion dependence is a general phenomenon that we expect
to find in any ferroelectric and multiferroic system. It
will allow the study of ferroelecticity using soft x ray
spectroscopy and microscopy techniques with nanometer
spatial resolution and on ultra fast times scales in an
element-, valence and even site-resolved way. The avail-
ability of these tools will be crucial for the development
of new ferroelectric and multiferroic materials for appli-
cations.
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