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Study of magneto-electric coupling between ultra-thin Fe films and PMN-PT

using X-ray magnetic circular dichroism
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X-ray absorption spectra and magnetic circular dichroism were measured at the Fe L; ,-edges of
an iron wedge deposited on a ferroelectric substrate in the total electron yield mode. Upon
switching the ferroelectric polarization from Py, to Pyown, We observe a relative change in the total
magnetic moment of 20% for 1.5nm thin Fe. For 3 nm thin Fe, the relative change is within the
sum rule error bar. Taking the sampling depth of the measurement method into account, this
difference is compatible with a magnetic anisotropy change taking place in the first interfacial
layer in contact with the ferroelectric substrate. We attribute this interfacial coupling to a charge
accumulation or depletion at the interface. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5002530

I. INTRODUCTION

Artificial multiferroic materials are heterostructures
where ferromagnetic (FM) and ferroelectric (FE) materials
are magneto-electrically (ME) coupled.'? These systems are
of great interest for developing new functional devices.
Manipulating magnetism with the electric field is very
appealing for applications in low power consumption devi-
ces.® The study of the coupling mechanisms at the interface
is therefore of importance in order to achieve better multifer-
roics. The interfacial coupling can be grouped into three
main mechanisms, such as coupling through strain,*® cou-
pling through charge modulation,” and coupling by exchange
bias.® Recently, the co-existence of strain and charge mecha-
nisms in artificial multiferroic systems at room temperature
has been shown.””'? The magneto-electric coupling by
charge modulation, which we address in this work, can lead
to various effects in the system. In magneto-electrically cou-
pled Pb(Zr( > Tij g)O3/Lag gS1o,MnOs3, it has been shown that
charge modulation at the interface leads to a change of the
valence state of Mn."> More recently, it was shown that the
coercive field in CoFeB/BaTiO;3 can be modulated using the
FE polarization of BaTiO;."* Other observations are the
change of the magnetic properties of ultra-thin Fe films in
Fe/MgO tunnel junctions'® and change of the tunnel magne-
toresistance of Fe/BaTiO3/LaSrMnO;3 junctions.16

First principles calculations on Fe/BaTiO; predict the
characteristic features in X-ray magnetic circular dichroism
(XMCD) and change in the magnetic order with the increasing
Fe-film thickness from 1 to 3 monolayers (ML).”’18 XMCD
experiments agree with the theoretical calculations for 2 ML
of Fe grown on BaTiO; thin films.'® In this work, we study
the magneto-electric coupling between an ultra-thin Fe film
and ferroelectric substrate Pb[(Mg;,3Nb,/3)O5](1-x)-[PbTiOs],
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x=0.32 (PMN-PT). We have employed XMCD to quantita-
tively analyse the total magnetic moment of Fe. Upon switch-
ing the FE polarization, we observe a change of about 20% of
total magnetic moment of Fe for 1.5nm thin Fe films, while
the change for the 3nm thin Fe film is within the sum rule
error bar. Using an expression for the X-ray absorption spectra
(XAS) taking into account the probing depth,”® we can model
this thickness dependence. We show that our results agree
with a change in magnetic moment only in the first interfacial
layer of Fe in contact with the FE substrate. We attribute the
origin of the magneto-electric coupling observed to charge
modulation at the interface between Fe and PMN-PT.

Il. EXPERIMENTAL

Relaxor (001)-oriented PMN-PT (Atom Optics Co.
LTD) was chosen as the FE substrate,”’ due to strong FE
polarization. First, a bottom contact of a 30nm thick Au
layer was deposited on the back of the PMN-PT for the
switching of the FE polarization. Next, the substrate was
introduced in a UHV sample preparation chamber. Inside
this chamber, the substrate was heated to 110 °C for 30 min
to remove the water from the surface. A continuous wedge
of Fe with the thickness varying from 0.3nm to 3nm was
grown on PMN-PT using an electron-beam evaporator under
ultra-high vacuum (~10° mbar) conditions with the sub-
strate held at room temperature. A 3nm thick Cr film was
grown on top of Fe to provide a continuous conductive layer
acting as a top electrode. The FE polarization was switched
in the beamline’s sample preparation chamber by ramping
the electric field between +/— 2.2kV/cm, and the I-V curve
was recorded to confirm the switching. In this paper, we use
the terms Py, and Pyowy for the FE polarization direction as
shown in Fig. 1. The sample preparation chamber is con-
nected to the measuring chamber, and the sample is trans-
ferred under ultra-high vacuum conditions. The XAS and
XMCD experiments were carried out at the X-Treme
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Au
(50nm)

064103-2 Avula et al.
60°
\'J Rotation Axis
: Au
1 (50nm)
1
1
1
1
_ iz
S i Z
> 1
a )
1
=
10
10
1 [N
Iv
1
1
1
1
1
1
1

I»+PUP
4~ | P

down

FIG. 1. Schematic of the investigated sample with the marked direction of
the FE polarization vector. The X-rays impinge on the sample at grazing or
normal incidence.

beamline at the Swiss Light Source.”? The XAS and XMCD
spectra were acquired in the total electron yield (TEY) mode
and without the applied electric field to avoid unnecessary
noise. Due to the high electric susceptibility of PMN-PT, the
polarization remains unaffected throughout the measure-
ments. The measurements were performed at a base tempera-
ture of ~1.5K at the cold finger which corresponds to
2.0-3.0K at the sample. Data were taken at nominal Fe
thicknesses of 0.3nm, 1.5nm, and 3nm film which corre-
spond to 1 ML, 5 ML, and 10 ML,* respectively. The
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absorption spectra were recorded at Fe L;, -edges in two
geometries: with X-rays at an angle of 60° to the surface nor-
mal (i.e., 30° of grazing incidence) and parallel to the surface
normal (normal incidence) (see Fig. 1). The XMCD mea-
surements were first taken in an applied magnetic field of
6.8 T and then in remanence. The XAS spectra plotted are
the sum of the spectra measured with X-ray right (c+) and
left (c-) circular polarization of the X-rays and the XMCD is
defined as (¢+ - ¢-).

lll. RESULTS AND DISCUSSION

The magnetization direction of the Fe film was probed
by measuring the XMCD signal at grazing and normal inci-
dence at different Fe film thicknesses. As the saturation field
for 0.3 nm thin Fe was unknown, we applied the maximum
field available of 6.8 T. A field of 0.5 T was enough to satu-
rate the 1.5 nm thin Fe. The saturation field was determined
by measuring a hysteresis curve using XMCD on a test sam-
ple along grazing incidence at 3 K, consisting of 1.5 nm thin
Fe deposited on PMN-PT (011). No remanent magnetization
was detected for 0.3 nm thin Fe, while a clear in-plane mag-
netization was observed for 1.5nm Fe, shown in Fig. 2(b)
and for 3nm Fe (not shown). The small XMCD observed at
normal incidence of the film shown in Fig. 2(a) is attributed
to the small remanence of the superconducting magnet coils
of about 5 mT.*

In order to study the effect on the Fe magnetization
due to the PMN-PT FE polarization, XMCD measurements
were performed with FE polarization Py, and Pyow, (see
Fig. 1). The data are shown in Figs. 3(a)-3(c) for the
applied magnetic field and in Figs. 3(d)-3(f) in remanence,
for 0.3nm, 1.5nm, and 3nm thin Fe, respectively. No
change in XMCD is observed for measurements in the
applied magnetic field for the aforesaid thicknesses of Fe.
No remanence was observed for 0.3 nm thin Fe for both FE
polarizations as shown in Fig. 3(d). As we do not observe
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FIG. 3. XMCD measured at Fe L; ; edges for 0.3 nm (a), 1.5nm (b), and 3 nm (c) thin Fe in saturation at 6.8 T, and 0.3 nm (d), 1.5 nm (e), and 3 nm (f) in rem-
anence for both FE polarizations at 3 K. The measurements were performed at 60° to the surface normal.

any oxidation at the Fe L; , edges [see Fig. 4(a)], we
believe that the ultra-thin Fe film does not show remanence
because it grows in the form of nano-islands which will be
superparamagnetic at 3 K. This Fe nanoisland growth has
been observed by Radaelli er al.'® for Fe on BaTiO;. Their
TEM results show that Fe grows in the form of nanoislands
in the thickness range of 1-4 ML. A clear change for the
XMCD measured in remanence was observed for the
1.5nm thin Fe film. As shown in Fig. 3(e), for the 1.5nm
thin Fe film, the XMCD in remanence is nearly 14% of the
Fe L; XAS for P, polarization and decreases to 8% for
Pyown- For the 3nm thin Fe film, a much smaller change in
XMCD between Py, and Pyoyn, of about 1% of the Fe L;
XAS, is observed [see Fig. 3(f)].

Figures 4(a)—4(c) show the XAS for both FE polariza-
tions of PMN-PT measured for 0.3 nm, 1.5 nm, and 3 nm thin
Fe. For the whole thickness range along the wedge, the XAS
measured for Fe agrees with a metallic valence state.
Comparing different FE polarization directions, no change in

the XAS shape is observed. Our results are therefore differ-
ent from what was previously observed in the Fe/MgO/Fe
interface,24 where a clear oxidation of Fe is observed. At the
Fe/BTO interface," an additional peak in the Fe L;- edge is
observed and is attributed to the Fe-O hybridization.

The Fe spin and orbital magnetic moments obtained
from the XMCD sum rules®>**¢ are presented in Table 1. The
number of 3d electrons used for Fe was 6.61.>7 For the
0.3nm thin Fe, we find very small moments in the applied
magnetic field. Even for 1.5nm thin Fe, the total remanent
moment is much smaller than 2.06 up, which was previously
measured for thicker Fe films.>” We believe that this differ-
ence comes from the fact that Fe grows initially in islands
which are not connected for the smallest thicknesses. For
1.5nm thin Fe in remanence, the moment decreases from
0.90(8) up to 0.71(8) pp by switching FE polarization from
Pyp t0 Pyown. For the 3 nm thin Fe film, a small change is visi-
ble in the XMCD spectra [Fig. 3(f)]; however, the calculated
change in the magnetic moment from 1.90(5) pg to 1.85(8)
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FIG. 4. XAS measured at Fe L;, edges for 0.3nm (a), 1.5nm (b), and 3nm (c) for both FE polarizations at 3 K in remanence at grazing incidence of the X-

rays.
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TABLE I. The effective spin moment (M, .4), orbital moment (M), and total
magnetic moment (M,,, ), per atom of Fe for 0.3 nm, 1.5nm, and 3 nm thin
Fe in remanence and applied field for both FE polarizations along grazing
incidence and at 3 K.

Fe nominal Applied
thickness (nm) FE polarization field (T) M; (ug) Myep () Mo, (1t8)
0.3 Py, 6.8 0.03(3)  0.30(6) 0.33(6)
Paown 0.02(4) 0.28(4) 0.30(5)
1.5 Py, 0.0 0.06(5)  0.84(8) 0.90(8)
Paown 0.03(5)  0.68(7) 0.71(8)
Pyp 6.8 0.08(4)  1.80(6) 1.88(7)
Paown 0.07(5) 1.77(4) 1.84(6)
3 Py, 0.0 0.15(5) 1.75(3) 1.90(5)
Paown 0.14(5) 1.71(7) 1.85(8)
Py, 6.8 0.17(4)  1.93(2) 2.10(4)
Piown 0.15(6)  1.90(3) 2.05(6)

ug 1s within the error bar. The saturation moments for 1.5 nm
and 3 nm for both FE polarizations are also shown in Table I.

As observed from the sum rule results, there is a large
change in the Fe remanent magnetic moment for 1.5 nm thin
Fe with FE polarization switching, while only a minor
change is observed for 3 nm thin Fe. In the following discus-
sion, we would like to address this difference in total mag-
netic moment for 1.5nm and 3nm thin Fe. As mentioned
previously, we employed the TEY detection mode to mea-
sure the XMCD. This mode measures the drain current
which is created to replace the electrons leaving the sample
due to the X-ray absorption. Since the probability for an
electron to leave the sample decays with the distance from
the surface, top layers (TLs) contribute more to the total sig-
nal than deeper layers far from the surface.”® Therefore, the
probability for an electron to escape from the Fe/PMN-PT
interface decays exponentially with the increasing Fe top
layer thickness. The measured electron escape depth 4 is
1.75 nm for Fe.? Consequently, due to the higher sensitivity
to the top surface in the TEY detection mode, the interface
contribution to the total signal will be higher for the 1.5 nm
thin Fe compared to the 3 nm thin Fe. In the following, we
use the derivation from Regan er al.?° to test if the observed
difference in the sum rule results with FE polarization
switching fits to the probing depth of TEY.

By taking into account the limited probing depth, Regan
et al®® derived expressions for the total XAS signal
(N(E)™)) measured by TEY, where E is the photon
energy. We separate the total signal into the contribution of
the top layers (TLs), not affected by charge accumulation/
depletion and the interfacial layer where charge accumula-
tion/depletion may occur. Since the charge screening length
of Fe is 0.13 nm,30 we assume here that the interface layer
(IL) is 0.3 nm thin, which corresponds to 1 ML. So, the total
XAS signal is

Total

NE)™ = N(E)™ + N(E)™. (1)

The expression used to calculate the XAS signal from the
top layer is given by

J. Appl. Phys. 123, 064103 (2018)

NE)™ = 1, AGE)wE) (1 — e /%), 2)

Here, I, is the number of incident photons on the sample,
G(E) is the number of electrons produced per photon, and
tr is the thickness of the TL. In Eq. (2), we have used the
expression derived by Regan et al.*® for the unsaturated
TEY signal since 4 is much smaller than the X-ray penetra-
tion length given by 1/u(E), where u(E) is the absorption
coefficient and it varies between 0.5 um and 0.04 ym for the
Fe energy ranging from 690eV to 750eV. The following
expression was used to calculate the XAS signal from the
interfacial layer:

NE)™ = LG(E)u(E)m (1_2_;)6-m/4 )

In the above expression, fy;, is the thickness of the IL.
Equation (3) for the IL was obtained by expanding the expo-
nential term in Eq. (2) up to second order. This is justified
since #. is approximately 0.3 nm which is much smaller than
A=1.75nm. Moreover, the XAS signal from the IL is further
attenuated by a factor of e~/ representing the effect from
the TL. For 1.5 nm and 3 nm thicknesses of Fe, the TL thick-
ness is 1.2nm and 2.7 nm, respectively. Using these values
for t71 and 11, in the above expressions, we obtain that the
relative contribution of the IL signal to the total signal is
12% and 4% for 1.5 nm and 3 nm thin Fe, respectively.

The total magnetic moment can also be divided into a
contribution from the TL and the IL as

. Z 1
MTOtcll — Z+ 1 MTL _|_Z - ; MIL, (4)
TL
where z = Y(£) -

In expression (4), M™ and M'" are the magnetic moments
of the TL and the IL, respectively. The total observed change
in XMCD with the ferroelectric polarization from Py, to Pyoun
(AM™), ie., AMT = Mpo@-Mygs, |, can be written in
terms of change in the magnetic moment of the top layer
(AM™) and the interfacial layer (AM'™) with ferroelectric

polarization

AMTOtal — Z AMTL + 1 AMIL (5)
Z+1 Z+1 '

Our model assumes that the change in the total magnetic

moment comes from the IL only and not from the TL.

Therefore, AM" is zero and the expression above reduces to

1 IL
741 AM™. (6)
Using Eqgs. (2) and (3), we obtain Z ~7 for 1.5 nm and 24 for
3 nm. By using the measured AM ™% for 1.5nm and Z=7 in
Eq. (6), we obtain AM™ =1.52 pg. Since AM'" is indepen-
dent of the film thickness, we then obtain AMT™®? = (.06 UB
for the 3nm thin Fe film. This total change of moment for
3nm (0.06 ug) is comparable to the total change in magnetic
moment we obtain from the sum rules (0.05 ug). Therefore,
our initial hypothesis that the change in magnetic moment
measured occurs only at the IL in contact with the FE is in
agreement with these calculations. As the charge accumula-
tion and depletion is an interfacial effect due to the charge

A MTotal —
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screening length of Fe, this infers that the magnetoelectric
coupling observed is driven by charge modulation at the Fe/
PMN-PT interface.

IV. CONCLUSIONS

Fe/PMN-PT shows a magneto-electrical coupling. The
magnetic moment of Fe decreases by switching the ferro-
electric polarization of PMN-PT from P, to Pyown. Due to
the difference in the thickness of the Fe and the same prob-
ing depth of X-rays, the measured moment change is larger
for the thinner part of the wedge as compared to the thicker
part. Our analysis shows that the Fe interface layer to PMN-
PT is affected by the FE polarization and its moment
changes by 1.50 ug. No change in the saturation moment but
only in the remanent moment is observed, which is in agree-
ment with a change in magnetic anisotropy. As the change in
magnetic moment occurs at the interfacial layer, we attribute
this effect to charge accumulation and depletion at the Fe/
PMN-PT interface.
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