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Manganese is deposited at high temperature on (001) oriented ferroelectric lead zirco-titanate prepared in two
diﬀerent ways: sputter-annealed or just simply annealed in ultrahigh vacuum. Room temperature ferromagnetism (FM) is obtained for Mn deposited on sputter-annealed substrates, while for the other sample preparation a paramagnetic behaviour is obtained. Also, for the ﬁrst case a clear inwards component of the polarization P(−) is observed by X-ray photoelectron spectroscopy and piezoresponse force microscopy.
Composition analysis evidenced formation of Pb vacancies in the case of FM – P(−) sample, consistent with hole
formation near the surface, needed both to stabilize the inwards polarization state and to intermediate ferromagnetism between Mn2+ ions. The indirect exchange ferromagnetism mediated by holes is stronger, most
probably because the interaction energy is proportional with the carrier eﬀective mass. Also, whereas in the case
of unsputtered substrate a stable surface Mn oxide is formed, defect formation by sputtering seems to favor Mn
migration inside the sample. This also induces the formation of a thin ﬁlm where ferromagnetism and the
orientation of ferroelectric polarization might have the same origin, i. e. holes accumulated near the outer
surface.

1. Introduction
A natural wish of the overwhelming part of materials scientists is to
link diﬀerent kind of long range order or correlations between the
elementary constituents of matter. In the recent years, the scientiﬁc
community has witnessed a growing interest in combining ferroelectricity and ferromagnetism due to the potential of engineering new
functionalities with applications in microelectronics [1]. ‘Multiferroics’
exhibiting mutually interdependent ferromagnetism and ferroelectricity
constitute an exciting area for both fundamental and applied research.
Ferromagnetism and ferroelectricity are partially incompatible, since
the ﬁrst materials require partially ﬁlled valence orbitals, while the
second require high ionic states of the transition metal (displacive) ion.
Moreover, d electrons tend to reduce oﬀ-center atomic displacements,
which are responsible for permanent dipole moments of unit cells [2].
The only ‘natural’ multiferroic material, BiFeO3 is in fact a G-type antiferromagnet with quite weak ferromagnetism, if any [3]. Thus, most
proposed ‘multiferroic heterostructures’ couple mechanically two
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interpenetrating ferroelectric and ferromagnetic phases within diﬀerent
topologies (nanoparticles of phase 1 embedded in phase 2, nanocolumns of phase 1 embedded in phase 2, alternate ﬁlms of phase 1 and
2) and use the interplay of both ferroelectricity and ferromagnetism
with strain (piezoelectricity and magnetostriction, respectively) [3,4].
Several studies of magnetic dopants inside ferroelectric materials
were carried out during the last one and a half decade, especially based
on BaTiO3 (BTO). A natural scenario to assess the possible occurrence of
ferromagnetism is via indirect exchange, using the mean-ﬁeld Zener
[5,6], the oscillating Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [7–9] or bound magnetic polarons (BMP) [10–12]. One of the main
diﬀerence between RKKY or Zener models discussed so far and BMP
mechanism stems in the nature of charge carriers intermediating the
double exchange: in the RKKY or Zener models mainly heavy holes are
considered, since the indirect exchange interaction integral is proportional to the eﬀective mass (or, equivalently, to the density states) of
the charge carriers [13,14]. In the BMP model, electrons orbiting on
large Bohr radius states intermediate coupling between otherwise
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accumulated near surfaces of ferroelectrics to compensate the depolarization ﬁeld, to intermediate by indirect exchange the magnetic ordering between separated magnetic ions. This is formally the same
mechanism as in diluted magnetic semiconductors, only in this case the
processes in question takes place near the surface. From the above
analysis of indirect exchange ferromagnetism, we concluded that the
presence of ferromagnetic long range order is clearly dependent on the
sign of the charge carriers and of their character (bound, free), and
these characteristics may occur as a consequence of ferroelectricity. The
presence of excess carriers is expected to inﬂuence both the magnetic
coupling between individual magnetic ions and the polarization orientation, yielding then a new type of surface multiferroicity.
Clearly, there will be an interplay between the native defects in the
ferroelectric (oxygen vacancies) yielding to a suﬃcient amount of
charge carriers to compensate the depolarization ﬁeld [29] and the
charges possibly generated by the embedded magnetic ions themselves.
Some previous theoretical [20] and experimental [30] investigations on
including Mn into PbTiO3 and PbZrO3 stated that Mn2+/Mn3+ substitute Zr4+ or Ti4+ ions at the B site of ABO3 perovskite structure as
acceptors (although Ref. 20 did not take into consideration spin interactions between Mn atoms) whilst in Ref. 31 the authors claim that
below 0.5 mol% concentration of Mn, it is preferentially incorporated in
the Pb sites as Mn2+/Mn3+, thus it might have a slight donor character.
For larger Mn concentration, Mn3+ is incorporated as acceptor on the B
site, as determined by electron paramagnetic resonance (EPR). Thus, in
most cases, Mn embedded in PbTiO3, PbZrO3 or Pb(Zr,Ti)O3(001) (PZT)
will more likely act as an acceptor, while oxygen vacancies are donors.
Thus, conditions are fulﬁlled to compensate any kind of polarization
near surface (electrons are needed to compensate the outwards polarization, holes are needed to compensate inwards polarization
[23,24,29], see also Fig. 1) by using Mn together with variable stoichiometry perovskites ABO3–δ. Moreover, a clear interplay was recently
reported between the polarization state (and the associated self-doping)
and the interfacial (conduction, work function) properties of the substrate [32,33]; the surface ferroic properties are expected to be inﬂuenced also by the bottom interface, and then an additional way of
controlling these properties is expected.
The aim of this paper is to discuss the ﬁrst experimental evidence of
such a phenomenon. Manganese was deposited on thin ﬁlms of lead
zirco-titanate (PZT) thin ﬁlms which were proven to exhibit out-ofplane polarization by piezoresponsive force microscopy (PFM) and Xray photoelectron spectroscopy (XPS; see below). To enhance manganese diﬀusion inside the perovskite, the deposition took place at high
temperature (400 °C), as in the case of Fe [34] or Mn [35,36] deposited
in Ge(001) whose lattice constant is quite close to that of PZT. The
PZT(001) thin ﬁlm was prepared just by annealing in ultrahigh vacuum
(UHV), this procedure being known to produce oxygen vacancies
[29,37] or was Ar+ pre-sputtered before annealing, in order to increase
the number of defects, possibly cations, near surface. Oxygen vacancies
behave as donors, freeing electrons which may be used by the ferroelectric thin ﬁlm to compensate the ﬁxed charges and set its single
domain polarization state [29], while cation vacancies will act as acceptors [24]. X-ray photoelectron spectroscopy is used to quantify: (i)
the composition of the substrate; (ii) its polarization, via the band
bending exhibited by core levels near surface [27,29,37–45]; (iii) the
quantity and chemical state of manganese deposited, together with
possible changes in the polarization of the substrate. PFM is used to
conﬁrm the XPS data and to help in the interpretation of the diﬀerent
XPS components. Moreover, XPS is extremely surface sensitive and is
commonly used to quantify ad-layers at the monolayer level [45].
Ferromagnetism at room temperature is analyzed by magneto-optical
Kerr eﬀect (MOKE). It will be shown that the occurrence of room
temperature ferromagnetism is strongly dependent on the initial polarization state and hence on the preparation procedure.

insulated magnetic ions found in this spatial region. Nonetheless, all
magnetic ion doped BTO results reported so far did not show a clear
interplay between ferroelectricity and ferromagnetism [15–19]. Moreover, theoretical studies proposed that, although Cr or Fe are ferromagnetic when diluted into BTO, to render Mn ferromagnetic one needs
additional p-type doping [15] while in Ref. 18 the coupling between
ferroelectricity and ferromagnetism was reported as weak, and in Ref.
19 the growth conditions (oxygen atmosphere) for obtaining ferroelectric or ferromagnetic Mn-doped BTO are mutually exclusive (elevated O2 pressure: ferroelectric; reduced O2 pressure: ferromagnetic).
This also could be related to the type of (p, n) doping derived theoretically for synthesis in oxygen (−rich, −poor) conditions [20]. We
shall then keep in mind from this short analysis that, irrespective to the
doping due to the magnetic impurities themselves, and no matter which
is the model used, indirect exchange mediated ferromagnetism is
strongly sensitive to the nature of charge carriers in the material.
As for ferroelectricity of thin ﬁlms which show uniform out-of-plane
polarization, it was proven that the stabilization of the single domain
ferroelectric state requires compensating charges whose sign clearly
depends on the orientation of the polarization [21,22]. These compensation charges may be intrinsic (inside the ﬁlm) or extrinsic, due to
contaminants or ad-layers [23–25], or to metal contacts [26–28]. Pure
ferroelectric ultrathin ﬁlms undergo a sizeable ‘self-doping’ phenomenon to provide these intrinsic compensation charges [29]. It follows
that near the surface of a ferroelectric thin ﬁlm a considerable charge
carrier density is stabilized, whose sign depends on the polarization
orientation, according to Fig. 1.
A solution not yet investigated is to use these charge carriers,

Fig. 1. Electric and magnetic structure of a ferroelectric thin ﬁlms, for which
magnetic ions are placed near each interface. The aligned dipoles produce the
polarization P, while their ﬁxed charges at extremities generate the electric
depolarization ﬁeld Edep.. Charge carriers from the ﬁlm are transported by this
ﬁeld near the interfaces such as to form charge sheets able to compensate the
depolarization ﬁeld, such that the electron potential energy inside the ﬁlm is
ﬂat and only at surfaces band bending occurs due to the combined inﬂuence of
mobile charge sheets and ﬁxed charges. When magnetic ions are diluted with
low concentration such as to exclude nearest-neighbor interaction near the
surface in a region where mobile charges are accumulated, one expects the
onset of magnetic ordering by indirect exchange intermediated by these mobile
carriers. It is expected that electron- and hole-mediated ferromagnetism will not
yied the same exchange integral. Since the sheet of mobile carriers may be
varied by an applied electric ﬁeld, eventually reversing the polarization, an
easy electric control of magnetic properties is expected to manifest.
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Fig. 2. X-ray photoelectron spectra
from the substrate core levels: (a) Pb
4 f; (b) Zr 3d; (c) Ti 2p; (d) O 1 s. (A),
red symbols: a PZT(001) ﬁlm as introduced, after annealing to remove
contaminants, and after the equivalent of 20 nm Mn deposited at 400 °C;
(B) another PZT(001) ﬁlm as introduced, annealed, then sputtered
with Ar+ ions (1 μA, 20 min), then
again annealed and with the same
quantity of Mn deposited. The spectra
are simulated with doublets constituted by Voigt lines separated by
the spin-orbit splitting and with intensity ratios deﬁned by the
branching ratio, together with associated inelastic backgrounds. The relative separation between components is kept constant amongst all
four core levels, with the exception of
the additional, low binding energy
component for Pb 4 f. (For interpretation of the references to colour
in this ﬁgure legend, the reader is
referred to the web version of this
article.)
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are then transferred into a surface science cluster (manufactured by
Specs), which comprises a molecular beam epitaxy (MBE) for sample
preparation and a chamber for analysis by photoelectron spectroscopy.
Contaminants on these ﬁlms are typically removed by annealing in
UHV at a base pressure into the 10−10 hPa range, and at a temperature
of 400 °C, during three hours. This results in oxygen vacancies and the
setup of a single domain polarization state, oriented outwards. Oxygen
vacancies produce electrons to screen the depolarization ﬁeld at the
outer surface, according to Fig. 1 [18]. Moreover, recently such ﬁlms
with thicknesses up to 100 nm showed clear 1 × 1 low energy electron
diﬀraction (LEED) patterns, when annealed in oxygen, together with
the setting of a single domain polarization state oriented inwards [45].
In this case, the positive charge sheet needed for compensation may
equally be formed by holes produced by cation vacancies or by positively ionized donors (oxygen vacancies). However, for the ﬁlms analyzed in the follwing we preferred to choose another method to control
the polarization state, by pre-sputtering the ﬁlms before Mn deposition.
As will be demonstrated below, this has also the advantage to enhance
Mn diﬀusion inside the ferroelectric PZT. Thus, one series of experiments was conducted on just annealed PZT(001), while a second series
of experiments dealed with a PZT(001) annealed, then Ar+ sputtered
6 min in a base pressure of 10−7 hPa, 1 kV acceleration voltage, ~4 μA
ion current, using a diﬀerentially-pumped Specs IQE 12/38 ion gun.
Manganese was deposited in a base pressure of 1× 10−9 hPa, by using
a custom made Knudsen cell with direct heating through the walls of
the oven, made of thin Ta tubes. The quantity of Mn deposited is the
equivalent of a 20 nm thick pure Mn ﬁlm, as calibrated by a quartz
thickness monitor. This quantity of Mn was chosen such as to promote
in average about 7.5% atomic density of manganese when related to the
thickness of the PZT ﬁlm (note that the atomic densities in bulk Mn and
PZT are similar up to a diﬀerence of a few percents). This atomic
density range within the limits for ferromagnetism occurence in Mnbased diluted magnetic semiconductors.
XPS measurements were performed in ultra high vacuum (UHV),
using a monochromatized Al Kα source (1486.74 eV). For achieving
sample neutralization during XPS measurement, a ﬂood gun operating
at 1 eV acceleration energy and 0.1 mA electron current were used.
More details about the system were discussed in Ref. [37]. XPS data are
analyzed by ‚deconvolution’ using Voigt proﬁles [47–49], separate inelastic backgrounds associated to each component in order to discriminate between the bulk and surface components [50]. The latter
Ref. also gives the formulas used for ﬁtting. For the Ti 2p spectra, different Lorentz linewidths are used for 2p3/2 and 2p1/2 to account for
Coster-Kronig processes [51], together with a broad singlet to account
for a superposing Pb Auger line [26,40].
The magnetic properties of these samples were investigated at room
temperature by longitudinal magneto-optical Kerr eﬀect (MOKE) in an
AMACC Anderberg and Modeer Accelerator AB system with a diode
laser (λ = 632 nm), at a maximum applied ﬁeld of 0.25 T. Surface
morphology and ferroelectric properties are also investigated by atomic
force microscopy (AFM) and piezoresponse force microscopy (PFM) by
using a MFP-3D Asylum Research setup. The polarization of the ﬁlm is
determined by pre-poling some area of the surface with inwards and
outwards polarization according to a pre-deﬁned pattern and by comparing the phase of the oscillating voltage applied to the tip on areas of
unknown polarization with that obtained from the poled areas.

Fig. 3. Mn 2p X-ray photoelectron spectra for Mn/PZT(001) deposited at high
temperature on (a) unsputtered and (b) sputtered substrates. Spectra are deconvoluted by using spin-orbit split doublets with associated inelastic background, plus one singlet to account for Pb 4p3/2 core level, which is found in
this energy range. The 2p3/2 binding energies for each component are speciﬁed
by using similar colors as the corresponding curves.

2. Experimental aspects
150 nm thick PZT(001) ﬁlms are grown on 20 nm SrRuO3 deposited
on SrTiO3(001) by pulsed laser deposition (PLD, manufactured by
Surface) according to the procedure described in more details in Refs.
[24, 27, 29, 40]. This thickness was chosen such as to be in the range of
the attenuation length of the red laser light used for MOKE measurements (absorption coeﬃcient of about 6 × 106 m−1 [46]), assuming
that the whole PZT would eventually become magnetic, in order to
maximize any possible magnetic signal detected in this ﬁrst experiment.
Performing similar experiments with various PZT thicknesses is the
subject of further investigations planned for the future. The PZT ﬁlms
showed good crystallinity and epitaxial quality, as checked by X-ray
diﬀraction and high resolution transmission electron microscopy
(HRTEM), and their polarization state was investigated by piezoresponse force microscopy and by ferroelectric hysteresis cycles. Refs.
[26, 29, 32, 44] present more details of such investigations. These ﬁlms

3. Results
XPS spectra of Pb 4 f, Zr 3d, Ti 2p and O 1 s are presented in
Fig. 2(a–d), in this order. For all these ﬁgures, region (A) with data
presented as blue symbols presents spectra obtained for a unsputtered
ﬁlm: the as-introduced ﬁlm, the ﬁlm after annealing for 3 h at 400 °C
and for the ﬁlm after Mn deposition with the substrate held at 400 °C.
The region (B), red symbols, for all four ﬁgures, contains ﬁve spectra:
as-introduced, after a ﬁrst annealing (3 h, 400 °C) in UHV, after
443

Thin Solid Films 669 (2019) 440–449

I.C. Bucur et al.

Fig. 4. Scanning probe microscopy results for the sample (b), i. e. the one which was subject to sputtering prior to Mn deposition: (a) topography (atomic force
microscopy) on a PZT(001) area without Mn deposited; (b) Phase signal from piezoresponse force microscopy (PFM) between areas with and without Mn deposition
(the latter one was shadowed by the sample ﬁxation clamps); (c) PFM amplitude and (d) PFM phase signal from a PZT(001) area without Mn deposited, after poling
the ﬁlm following the map represented in both ﬁgures. The region of the sample from (c, d) is the same as for (a).

ferroelectric thin ﬁlms [24,26,29,33,38–45], areas with diﬀerent polarizations are expected to manifest in XPS as rigid surface band
bendings. For clean samples (i. e. no outer layers which may stabilize
compensating charges), in order of increasing binding energy, the respective components are: inwards polarization P(−), no out-of-plane
polarization P(0), and outwards polarization P(+), with a separation of
0.6–1.1 eV between adjacent polarization states [24,33,40–42,45].
Thus, one novelty for the ﬁtting procedure presented in this paper is
that all four core levels are ﬁt simultaneously, by using the same relative
binding energies between components ascribed to diﬀerent polarization
states and observing the amplitude ratio to not show too many diﬀerences from one core level to another. Some diﬀerences between amplitude ratios are, however, acceptable owing to diﬀerent photoelectron
inelastic mean free paths (IMFP) and to photoelectron diﬀraction eﬀects
[55]. Nonetheless, for some Pb 4 f spectra this procedure did not result
in good ﬁts; thus, one additional, low binding energy (LBE) component
was needed for the sputtered sample after sputtering, annealing and Mn
deposition and also for the unsputtered sample after Mn deposition. We
may from the beginning anticipate that this component might be related to P(−) polarization; more comments on it will be provided in the
next Section. Also, the O 1 s spectra for as introduced samples were
supplemented with two high binding energy components 530.9 and
532.7 eV to account for C]O and OeC]O contaminants [56]. These
components were not considered in the atomic composition ratios listed
in Table 1.
Surface compositions are derived after ‘deconvolution’ by using

sputtering (1 kV, ~4 μA, 6 min), again after annealing and after Mn
deposition on heated substrate at 400 °C. Mn 2p spectra are represented
in Fig. 3 and one may notice that the Pb 4p3/2 line is mixed with the Mn
2p doublet, thus the analysis by ‚deconvolution’ was mandatory to separate this contribution. The main Mn 2p components which will be
used for composition analysis are as follows: the most intense component yields at 2p3/2 binding energies of ~ 640.7 eV for the unsputtered
sample and at ~ 641.3 eV for the sputtered sample, represented by the
green curve in Fig. 4. This corresponds most likely to Mn2+ [52–54],
and the fact that it is shifted towards higher binding energies in the
sputtered sample might be related either to a diﬀerent chemical environment, or to some polarization eﬀects. It may also happen that this
main line in the sputtered sample corresponds to Mn3+ (641.9 eV
[52,54]), red shifted by polarization eﬀects. The component at a higher
binding energy ~ 642.1 eV in the unsputtered sample and ~ 642.6 eV
in the sputtered sample corresponds to Mn4+ (642.2 eV according to
Ref. [52] and 642.6 eV according to Ref. [54]) and this is maybe
slightly red shifted in the unsputtered sample by polarization eﬀects.
The peak at lowest binding energy, whose relative intensity is considerably increased in the sputtered sample, agrees well with metal Mn
(639.2 eV according to Ref. [53]), but it might also be ascribed to Mn2+
present on areas with strong inwards polarization. Owing to the high
oxidation potential of manganese, formation of metal Mn when deposited on an oxide is rather unlikely. Note that the typical uncertainty
in binding energy derivation by deconvolution is about 0.01 eV.
According to the surface band bending considerations for
444
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Table 1
Composition analysis from the analysis of XPS spectra represented in Figs. 2 and 3. Total integral intensities are used, with the exception of the O 1 s components with
binding energy larger than 531 eV, which are due to contaminants. Also, for Mn 2p analysis, only the ﬁrst three components in order of increasing binding energy are
used, i. e. the Pb 4p3/2 line and the Mn 2p satellites are excluded. The integral intensities are normalized by the Wagner empirical atomic sensitivity factors [57].
Composition error bar: typically ± 2%.
Sample

State

Pb 4 f (LBE)/total

Pb/(Zr + Ti)

O/(Zr + Ti)

Zr/(Zr + Ti)

Mn/(Zr + Ti)

(A)

As introduced
Annealed
Mn deposited
As introduced
Annealed
Sputtered
Annealed
Mn deposited

–
–
0.285

1.08
1.11
0.81
1.19
0.93
0.33
0.28
0.15

3.44
3.67
8.77
3.20
3.29
2.21
2.66
2.93

0.29
0.42
0.29
0.23
0.21
0.22
0.24
0.24

–
–
5.73
–
–
–
–
0.85

(B)

0.532
0.054
0.568

These may be approximated, in monolayers, as 0.41 aE (eV) , where a is
the interplanar spacing corresponding to one monolayer and E is the
electron kinetic energy [58]. With a ≈ 2 Å, IMFPs of 10.7 and 13.9 Å
are obtained for Mn 2p and Mn 3p excited with Al Kα. If the Mn concentration is constant, the ratio between the integral intensities, corrected by the atomic sensitivity factors, should yield I(3p)/I(2p) ≈ 1.3.
From the actual photoemission data, from the survey scans, we insulated the Mn 2p and Mn 3p levels, extracted double Shirley backgrounds, then computed their integrals and the net result was I(3p)/I
(2p) ≈ 1.23 for the sputtered sample and ≈ 1.09 for the unsputtered
sample. The next step was to simulate a linear Mn concentration decrease from the surface towards the bulk of PZT, such as n
(z) = n0(1 − c ∙ z), z being the coordinate along the [001] direction. The
intensity ratio between two core levels with diﬀerent IMFPs λ1 and λ2
may be expressed as:

integrated amplitudes together with atomic sensitivity factors [57].
Some results for atomic ratios are represented in Table 1, by taking into
account all three components for all substrate core level spectra, plus
the LBE for Pb 4 f. For Mn 2p, only the ﬁrst three components in order
of increasing binding energy were used for atomic composition ratios,
without the Pb 4p3/2 line and the high binding energy shake-up satellites. It seems that annealed samples are almost stoichiometric, with
a slight oxygen enrichment, but this can also be due to some mixing
with components corresponding to some contamination in the range of
529–530 eV binding energy (e. g. adsorbed hydroxyls [54,56]). The
surface contamination level, estimated by quantifying the C:O(PZT)
ratio between the C 1 s XPS intensity (not shown) and the intensity of
the main component in O 1 s spectra (see Fig. 2(d)), is of about one C
atom for 30 Å2 for the unsputtered sample after annealing and Mn deposition, and about one C atom for 40 Å2 for the sputtered sample after
sputtering, annealing and Mn deposition. This is estimated by starting
with the oxygen ‚eﬀective’ density of about 9 atoms for a surface unit
cell of about 15 Å2. (The 9 oxygen atoms are about 3 for each unit cell,
and one takes into account that the equivalent investigated depth for O
1 s electrons with about 960 eV kinetic energy is about 3 unit cells, the
equivalent of ~ 12 Å, the IMFP for these electrons [40].) Thus, in the
following we shall rule out the doping eﬀect of these contaminants,
since their quantity is far lower than that of oxygen or cation vacancies,
or of Mn atoms.
After Mn deposition on the unsputtered sample, the sample composition changes drastically in the sense that the ratio between the
oxygen signal and any cationic signal from the substrate increases
drastically. The only way to interpret this phenomenon is the formation
of a surface Mn oxide. Indeed, ruling out IMFP eﬀects, the surface
composition may be written approximately as Pb0.8Zr0.3Ti0.7O3 + 5.7
MnO. In fact, one may assume that MnO is formed on the PZT surface
and estimate its thickness θ(MnO), by assuming in a simpliﬁed model
that all IMFP are similar (λ ≈ 1.6 nm) such as θ(MnO) ≈ λ ln {1 + I
(MnO)/I(PZT)} ≈ 3 nm. The remaining part of Mn probably diﬀuses
deeper inside the PZT ﬁlm. These Mn donors, probably together with Pb
vacancies (~ 0.2 per formula unit in the outer layer) create holes necessary to stabilize on some areas the P(−) polarization state, visible
from the LBE component of Pb 4 f.
For the sputtered sample, immediately after sputtering, the Pb
content decreases drastically near surface. This happens together with
the installation of a strong LBE component, thus Pb vacancies produce
holes which stabilize on some areas the inwards polarization state P(−).
After annealing, the relative weight of the LBE component decreases,
nevertheless, it is still preset together with a low content of Pb per
formula unit near surface. Mn deposition reinforces again the Pb LBE
component, to a much stronger extent than in the case of the unsputtered sample.
Another hint about the Mn diﬀusion may be traced by looking to
two diﬀerent Mn core levels, Mn 2p and Mn 3p, producing photoelectrons with diﬀerent kinetic energies (about 845 eV and 1438 eV, respectively, from the survey scans) and hence with diﬀerent IMFPs.

∞

( )
( )
z

∫0 n (z ) exp − λ1 dz λ 1 − c∙λ
I1
1
=
= 1∙
∞
I2
∫0 n (z ) exp − λz dz λ2 1 − c∙λ2
2

(1)

Knowing the IMFPs and the intensity ratios, the above equation may
be reversed to yield the decay coeﬃcient c ≈ 1.5 × 10−2 Å−1 for the
sputtered sample and 3.3 × 10−2 Å−1 for the unsputtered sample.
These estimates, of course, are valid only within a few IMFPs near
surface (3–4 nm) and within this oversimpliﬁed model. However, immediately near surface the decrease in Mn concentration is rather slow,
especially for the sputtered samples, where the decay is about 15% for
1 nm depth. The question of Mn distribution inside the PZT ﬁlm is
highly important and this will be tackled by analytical high resolution
transmission electron microscopy in the near future.
Fig. 4 presents PFM data obtained for the sputtered sample, after Mn
deposition and extraction to ambient atmosphere. PFM data for the
fresh unsputtered sample are already published in Ref. [28], since the
sample used for this study and for the actual one resulted from cutting
the same PZT/SRO/STO(001) crystal. This investigation yielded the coexistence of both P(−) and P(+) orientation was prior to Pt deposition
(in Ref. [28]) or Mn deposition (in the actual study). After poling
with ± 10 V (i. e. ± 6.7 × 108 Vm−1 applied ﬁeld) according to a predeﬁned pattern, both poled areas remained stable. Back to the sputtered
sample, one observes the prevalence of the P(+) polarization on areas
without sputtering and Mn deposition (areas masked by the ﬁxation
clamps). The PLD preparation conditions for this sample were the same
as from the sample discussed in Ref. [28]; thus, one may aﬃrm that
both samples are similar, with the exception of a slightly diﬀerent Zr
content, according to Table 1. Thus, annealing the actual sample
yielded a stable P(+) state over the whole surface, while areas with P(−)
poling are unstable within a few minutes, as can be seen from Fig. 4(c,
d). But the most important ﬁnding is obtained on areas representing
transition from the just annealed surface and the surface which was
subject to sputtering and Mn deposition. It is clear that the polarization
state on these two areas represented in Fig. 4(b) is diﬀerent and by
445
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Fig. 5. Magneto-optical Kerr eﬀect measurements on (a) the equivalent of 20 nm Mn deposited at high temperature on a PZT(001) ﬁlm, previously sputtered and
annealed; (b) the same amount of Mn deposited at the same temperature on a PZT(001) ﬁlm subject just to annealing in ultrahigh vacuum. The corresponding XPS
spectra are represented in Figs. 2–6. In (b), also a minor hysteresis cycle was represented.

4. Discussion

comparing with the other phase signals one may infer that the area
which was subject to sputtering + Mn deposition presents inwards
(P(−)) polarization.
Fig. 5 presents MOKE data obtained at room temperature. It is
straightforward that the unsputtered sample behaves as a paramagnet,
whereas a ferromagnetic hysteresis cycle is recorded for the sample
with sputtering and annealing prior to Mn deposition. For estimating
the magnitude of the Mn magnetic moment, one uses a calibration such
as 2.5 ± 0.5 mdeg corresponds to 1 nm of bulk Fe with 2.2 Bohr
magnetons per atom, or a magnetization of 1.7 × 107 Am−1 [59–61].
In the actual case, the saturation magnetization is about ten times
lower. The Mn atomic density, as derived by XPS (Table 1) is about
0.85/64 Å3 ≈ 1.3 × 1028 m−3, while the atomic density of bulk Fe is
about 2/(2.87 Å)3 ≈ 8.5 × 1028 m−3. Thus, the average Mn atomic
moment is 2.2 × (8.5/1.3)/10 ≈ 1.4 Bohr magnetons. This is in the
upper range of values listed by Coey in Ref. 10, also this corresponds to
0.85/5 = 17 at. % and is obtained at room temperature. This value is
higher than the Fe magnetic moment embedded in Ge(001) [34] and
the saturation magnetization is about one half from the Mn ferromagnetic signal also embedded in Ge(001) [35,36], however with Mn
concentration of about 0.27–0.36 at. % [35]; at the end, the Mn atomic
magnetic moment is similar in the actual study and in Refs. 35, 36. Also,
these values are higher than the lowest temperature (4.2 K) ones recorded for Mn diﬀused into InAs(001), which was about 0.7 Bohr
magnetons [62]. Hence, the result from Fig. 5(b) is remarkable from the
point of view of magnetism only, not to speak also about its possible
interplay with ferroelectric properties. We shall see in the next Section
that even higher values of the Mn magnetic moment may be supposed,
if the thickness of the ferromagnetic layer is supposed lower.
One needs, however, to be careful with such data obtained on novel
systems, since it was proven that nanostructuring, interface (e. g. coreshell) eﬀects or oxygen vacancies (i. e. partial reduction of components
from the initially nonmagnetic insulating sample) may induce ferromagnetic ordering [63,64]. However, the order of magnitude of the
magnetization of these samples is in the range of 200–300 Am−1, about
three orders of magnitude lower than the actual values derived from the
present MOKE data. Bare PZT samples were checked by MOKE and did
not yield a measurable ferromagnetic signal at room temperature. The
sputter-annealed PZT samples were not checked by MOKE, but the lack
of reduced components (e. g. Ti3+, Zr3+) in XPS pushes us to consider
that the strong observed ferromagnetic signal is due to manganese, in
line with the assumptions of Ref. 19.
In the following Section we will detail more about the possible
origins of the observed ferromagnetism and on its interplay with sample
preparation procedure and ferroelectricity.

It seems fairly clear that the occurrence of ferromagnetism might be
related to the stabilization of inwards polarized state P(−), as revealed
by PFM. A ﬁngerprint of the inwards polarization is the LBE XPS
component for Pb 4 f, whose 4 f7/2 binding energy (137.05 ± 0.10 eV)
is quite similar to the certiﬁed P(−) polarization reported in Refs. 24
(137.25 eV) and 45 (137.29 ± 0.04 eV amongst all three sample
thicknesses analyzed). However, the rigid band bending should manifest also in the other core level positions, especially in cases where the
δh parameter (distance from the surface to the center of the distribution
of the accumulated holes, see Fig. 1) is in the range of a few nanometers
[22], higher or at least comparable with the IMFP. In Ref. 45 it was also
found that this parameter should be considerably lower than the value
derived more than one decade ago from electrical measurements [22];
it might be in the range of half of the unit cell, about 2 Å, at least for for
P(−) states. In this case, assuming that samples are PbO terminated,
only the outer layer should experience the band bending due to polarization. But, in this case also the O 1 s should exhibit a low binding
energy component, whereas such a component was not visible in XPS
spectra. Note that in both Refs. 24 and 45 the O 1 s component for P(−)
states yields at 528.74 ± 0.06 eV, while from the actual data the
lowest binding energy component of O 1 s yields at 529.91 ± 0.17 eV,
i. e. larger by > 1 eV. The fact that no O 1 s LBE component is visible by
XPS in these samples (A after Mn deposition; B after sputtering, annealing and Mn deposition) pushes us to ﬁnd an explanation, while still
assuming that the LBE Pb 4 f signal belongs to the P(−) polarization
state. There should be a mechanism which compensate the expected red
shifting of O 1 s due to the surface polarization. The most likely mechanism should be related to the fact that all these samples exhibited Pb
deﬁcit in the outer layers, according to Table 1. Thus, in average the O
atoms will be less negatively charged and therefore are expected to shift
at higher binding energies; this shift could compensate the shift due to
the surface band bending. To quantify these eﬀects, we took into consideration the relative O 1 s shift from similar compounds with diﬀerent
cationic states. Performing a statistical analysis of all O 1 s data from
the NIST database [54] for titanium oxides, O 1 s in TiO2 yields at
529.95 ± 0.25 eV, and in Ti2O3 at 530.45 ± 0.85 eV if one takes into
account both listed data by NIST, or 531.3 eV if one takes into account
only the most recent paper on this subject [65]. Consequently, about
1 eV shift towards higher binding energies is likely to occur owing to
cation vacancies in these surface layers. This might be an explanation
for the absence of the LBE component of O 1 s related to the surface
band bending. Note also that in Refs. 24 and 45, the sample surfaces
were nearly stoichiometric, thus this blue shifting eﬀect on O 1 s signal
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is not expected to occur.
To preclude other than polarization-related origin of the Pb 4 f LBE
component one has to compare it with metal Pb disrupted from the PZT
surface occurring at ~ 136 eV in Ref. 38 or ~ 136.5 eV in Ref. 43 (the
4 f7/2 line). In Refs. 43 and 44 it was found that metal Pb may be ejected
from the PZT ﬁlm only by intense soft X-ray irradiation with extremely
focused synchrotron radiation. On the other hand, vigorous substrate
disruption was reported following transition metal deposition in Fe/
GaAs [66–68] and in Fe/InAs [47,48,68]. Also, metal Pb is ejected from
the PZT thin ﬁlm when Cu or Au are deposited by RF magnetron
sputtering, while Ag deposition by using an eﬀusion cell yielded a lower
substrate disruption [38]. If we assume that the Pb 4 f LBE component is
due to the ejection of metal Pb induced by Mn deposition, still one
needs to explain why its binding energy is higher by at least 1 eV. One
may assume, for example, that this metal Pb is formed on areas with
outwards (P(+)) polarization. Thus, these Mn-containing samples and
also the sputtered surfaces may be described as being PZT with outwards polarization with some metal Pb on top. On one hand, the PbeO
bond is about 1.8–1.9 times stronger than the AseGa or AseIn bonds
[69]. On the other hand, no such surface disruption was reported when
Cu [26,32,42], Au [26,32,40,41] or Pt [28] are deposited on PZT in our
setup, by using eﬀusion cells. Finally, the PFM data clearly shows that
the surfaces obtained after sputtering, annealing and Mn deposition
exhibit inwards polarization. Thus, this second scenario of substrate
disruption and formation of metal Pb onto outwards polarized surfaces
will be discarded in favor of the ﬁrst scenario, consisting in (i) formation of areas with inwards polarization, (ii) abrupt band bending such
that it manifests only for the outer atomic layer, which in turn shows
(iii) Pb deﬁcit and hence the O 1 s core level from this outer layer experiences, in addition to the LBE shift due to band bending, also a blue
shift due to less cationic coordination.
Before connecting deﬁnitively, the occurrence of ferromagnetism to
the inwards polarized state of the ﬁlm, one needs to take into consideration also possible (hetero)structural eﬀects. In the previous
Section, from the composition analysis it was inferred that the unsputtered sample might be regarded as being formed by a relatively
thick (~ 3 nm) MnO ﬁlm deposited on PZT. This outer ﬁlm is not ferromagnetic, and also from the bulk one cannot detect any ferromagnetism, knowing that the probing depth of the MOKE method is
about 15–20 nm [59,60].
Hence, the observed ferromagnetism is likely to be connected to the
P(−) polarization, and thus the charge carriers responsible for this ferromagnetism are holes. The ferromagnetic sample exhibit a noticeable
Pb deﬁcit (Table 1) and an important Mn concentration, in total its
concentration near surface being ~ Mn0.85Pb0.15Zr0.24Ti0.76O2.93. The
donor or acceptor character of Mn2+ on Pb sites is diﬃcult to be ascribed, but nevertheless Mn2+ on (Zr,Ti) sites is clearly an acceptor; on
the other hand, Pb vacancies are acceptors with impurity levels close to
the maximum of the valence band [70]. Thus, one may consider, as a
ﬁrst approximation, that in absence of the surface band bending, the
Fermi level is pinned to the Pbvac. impurity level, close to the maximum
of the valence band. Therefore, a band bending near surface such that
represented in Fig. 1 will induce a hole accumulation with a maximum
density, in the free particle approximation:

pmax. =

1 ⎛ 2m∗Δε ⎞3/2
3π2 ⎝ ℏ2 ⎠

J12 (R12) = −

|Δ|2 m∗
{2kF R12 cos (2kF R12) − sin (2kF R12)}
8πh2R12 4

(3)

where kF is the Fermi wavevector, kF = (3π2p)1/3 in the free particle
approximation, R12 is the distance between the two spins, approximated as {3/(4πni)}1/3, where ni is the density of magnetic impurities,
and |Δ| is the matrix element of the exchange interaction by using
impurity core ϕ0 and delocalized Bloch function at the maximum kinetic energy ϕkF:

Δ=

∫ d3rd3r ′

e 2ϕ0∗ (r ′) ϕkF ∗ (r ) ϕ0 (r ) ϕkF (r ′)
4π ϵ 0 |r − r′|

(4)

Note that the wavefunctions are not normalized to unity, but to the
square root of the crystal volume, in the original treatment of Ref. [7].
Thus, the parameter Δ is measured in units of energy × volume. The
interaction energy between both spins is – J12S1S2, thus positive J's
correspond to parallel ordering of spins S1, S2. This exchange integral
may be written in terms of the hole and impurity densities:
1/3
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Ferromagnetism, i. e. positive values of J12 are achieved for p/
ni < 1.605 and the maximum value of the exchange integral is obtained for p/ni ≈ 0.548. We took into consideration only the ﬁrst oscillating cycle of the function in Eq. (5), since the subsequent oscillations are expected to be damped by a decorrelation term accounting for
inelastic scattering of charge carriers. Alternatively, Eq. (5) may also be
integrated by considering all interactions of a spin S1 with all spins S2
distributed into the solid with a density ni. The integral should be
performed from a lower distance between impurities R0 ≈ {3/(4πni)}1/
3
. Starting with J12(r) given by Eq. (3), one obtains:
1/3

Jtot. = ni

∫ d3rJ12 (r ) = ⎛⎝ π6 ⎞⎠

1/3

|Δ|2 m∗ni 4/3
⎡ 18πp ⎞
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h2
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⎜

⎟

⎤
⎥
⎦

(6)

In this case, ferromagnetism is obtained for p/ni < π2/18 ≈ 0.548,
and the maximum value of the exchange integral is given by p/ni < π2/
144 ≈ 0.069. Note also that a more sophisticated Monte-Carlo simulation, including damping, yielded p/ni > 0.1 or even 0.25 [71].
In the actual case, near surface the Mn density is about ni ≈ 0.85/
(64 Å3) ≈ 1.3 × 1028 m−3, the carrier density pmax. ≈ 4.5 × 1027 m−3
or pavg. = 2.3 × 1027 m−3, thus p/ni ≈ 0.34 or 0.17. It seems that these
ratios, irrespective if we take the maximum or the average hole density,
satisfy both that derived from Eq. (5) or from Ref. [69]. Thus, there are
also semi-quantitative arguments that may be raised in favor of ferromagnetism intermediated by holes stabilized by the inwards polarization state in the sputtered sample. Once again, sputtering not only
served to the creation of Pb vacancies able to generate holes in the
material, but also induce defects.
Note also that for perfect compensation of depolarization eﬀects
P ≈ epavg.δh (see Fig. 1). Taking a robust polarization of PZT of this
range of thicknesses (1 Cm−2 [29]), one obtains δh ≈ 2.8 nm, in good
agreement with previous estimations [22]. This value exceeds the IMFP
of the photoelectrons, thus it conﬁrms a posteriori the validity of this
method to assess the surface band bending. One further comment
concerns the fact that in a recent estimate of P(−) polarized PZT ﬁlms, a
value of about 2 Å was obtained for this parameter [45], i.e. about one
order of magnitude lower. But in this case strong oxygen deﬁcit was
found by XPS analysis near the sample surface (the ratio between
oxygen and all cations was about 0.9 instead of 1.5) and most probably
the established charge sheet for compensation is formed by ionized
donors, with a larger charge density conﬁned in a lower thickness than
holes treated in the free particle approximation, supposed by eq. (2).

(2)

where Δε is on the order of the total band bending. An average density
which may be computed by using the density of states g ~ ε1/2, yielding
pavg. = pmax./2. With a band bending Δε ≈ 1 eV and a hole eﬀective
mass m⁎ equal to the free electron mass, pmax. ≈ 4.5 × 1027 m−3, pavg.
≈ 2.3 × 1027 m−3. This is a high carrier density, the semiconductor is
degenerated and one may then use the RKKY formalism. The RKKY
exchange integral between two spins S1 and S2 may be written as
[7,14]:
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Also, the obtained value for δh in the range of 3 nm may give us an
estimate of the thickness of the ferromagnetic layer. In fact, by using the
MOKE penetration depth of 3λ ≈ 15–20 nm (λ being the parameter of
the exponential decay of the magnetic signal originating from a deeper
layer) and assuming that only the outer 3 nm are ferromagnetic, the
observed Mn magnetic moment has to be recalibrated by dividing it to 1
– exp.(−δh/λ). Introducing here the ‘observed’ value of 1.4 Bohr
magnetons and λ = 5–6.7 nm, one obtains Mn atomic moments in the
range of 3.1–3.9 Bohr magnetons, which is amongst the highest values
ever reported for Mn in a diluted ferromagnetic system. Nevertheless,
this estimate is based on the hypothesis that only the surface layer
where holes are present is responsible for the whole ferromagnetic
signal.
One last evaluation concerns the order of magnitude of the RKKY
exchange interaction. The main diﬃculty is to estimate the Δ matrix
elements. A reasonable estimate of its order of magnitude is of a few
Hartree × 4π(Bohr radius)3/3. Using the above values of ni and the free
electron mass, the pre-factor of Eq. (5) yields about 2.4 meV × |Δ|2 in
the above units. Next, the Curie temperature in the Weiss model is given
by kBTC = (2/3) S(S + 1) Jtot. [72], where Jtot. is the total exchange
interaction energy (exchange interaction energy multiplied by the
number of nearest neighbors for usual ferromagnetism). For S = 5/2
(Mn2+), one obtains a Curie temperature near the room temperature (~
250 K) for |Δ| = 1 Hartree × volume of a sphere with the Bohr radius.
It is clear that both the pre-factor in Eq. (5) and the oscillating function
inﬂuences drastically the establishment of ferromagnetism in such
systems. Therefore, theoretical estimates predict correctly the occurrence of ferromagnetism intermediated by holes near the P(−) polarized
surface.
There are several next steps of this study to be foreseen. Firstly, one
has to certify that indeed there are clear correlations between ferroelectricity ↔ charge accumulation near surface ↔ ferromagnetism induced by indirect exchange. One way to investigate further this phenomenon is to compare temperature dependences of magnetization M
(T) and ferroelectric polarization P(T). Indeed, Ref. [18] detected
completely diﬀerent Curie temperatures for ferromagnetism and ferroelectricity for Fe-doped BTO (TC(FM) > TC(FE)), with no feature in M
(T) at the ferroelectric transition temperature. Such experiments are to
be foreseen in the future, but one has to supplement this investigation
with composition and depth proﬁling, since it is clear that at 400 °C
manganese already has a remarkable mobility into the PZT layer.
Another way to continue this study is to try to P(+) polarize the
sample obtained by sputtering, which exhibit ferromagnetism, and
check if the ferromagnetism is still there after the polarization change.
This implies the deposition of a thin nonmagnetic electrode, such as to
use it for poling, but to be able to investigate by MOKE the underlying
Mn-doped PZT layer.
Finally, measurements of M(T) and P(T) at lower temperatures
could also help in establishing a clear connection between ferromagnetism and ferroelectricity, together with correlated PFM and
magnetic force microscopy (MFM), investigations of samples with a
wider range of Mn content, etc.

oxygen from the substrate, contributing to the creation of oxygen vacancies, which are donors and produce charge carriers to stabilize the
outwards polarization orientation.
Some theoretical semi-quantitative estimates based on RKKY theory
conﬁrmed that at least concerning the orders of magnitude, the ratio
between hole density and the impurity concentration is in the range
where one might expect ferromagnetism induced by double exchange.
The total exchange interaction itself may reach vigorous values to
provide a Curie temperature above the room temperature. Though not
deﬁnitive, all the indications provided by XPS, MOKE, PFM and theoretical estimate converge to an interplay between ferromagnetism and
ferroelectricity, where the hole accumulated near surface to compensate the depolarization ﬁeld play a central role.
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