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Abstract: Artificial multiferroic structures are of great interest as they combine twwoe functionalities
together. One example of these structures are magnetostrictive films growsp of piezoelectric
substrates; allowing the magnetisation hysteresis loop of the magnetostiiictitcetfe manipulated using
an electric field across the structure rather than a magnetic field. Inajs, pve have studied the
multiferroic structure NiFe/FeCo/Ti/Pb(MgNb.3)-PbTiO; (PMN-PT) as a function of the electric and
magnetic field. Soft magnetostrictive bilayer films (NiFe/FeCo) are studied, asapiidioations require
soft magnetic properties (small coercive and anisotropy fields) combinedangér magnetostrictive
constants. Unfortunately, FeCo films can have coercive fields that ar&arge, while NiFefilms’
magnetostriction constants are almost zero; umabining the two together should produce the “ideal”
soft magnetostrictive film. It was found that the addition of a thiReNilm onto the FeCo film reduced
the coercive field and remnant magnetisation on the application of an applied vottaggarison to just
the FeCo film. It was also determined that for the NiFe/FeCo bilayer the madoetaitchability was
~100% on the application of 8kV/cm, which was higher than the mondtay@w films at the same applied
field, demonstrating improvement of the multiferroic behaviour by tfe magnetic/magnetostrictive
bilayer.

1. Introduction

Artificial multiferroic heterostructures have drawn great attention ida$tefew years, for the ability
to manipulate the magnetic properties of magnetic thin films using an eleetdcrdither than a
magnetic field1-7]. The concept is based on the multiferroic idea where more than one feopmctpr
(magnetic, electric, elastic) are linked such #wathproperty can be manipulated by a different ferroic
field i.e. using magnetic or electric or stress fields. This meata tample’s magnetisation can be
altered by using either an electric or stress field, or charge polarisation canngecchy using a
magnetic field. This opens up a wide range of possibilities and therefore app$icathich include
magnetoelectric random access memory [&r@l magnetoelectric sensors [10, 11].

Although in nature there are few homogenous materials which display multiferroicdaehantificial
multiferroics which combine two or more materials together to achieve the gatcome are more
common. One of these artificial multiferroics are heterostructures consitinuezoelectric substrate
such as Pb(MgNb,3)-PbTiO; (PMN-PT) or BaTiQ@ with a thin magnetic film grown on top. The
structures are designed so that strain mediated magnetoelectric (ME) coupling Toeursagnetic
film is usually a magnetostrictive material, as these materials have the faeggeetic response on the
application of a strain. The basic concept is that an electric field is appless #oe piezoelectric which



causes a strain at the surface, thus the magnetic film on the piezoelectric siglib&atstrained, which
changes the magnetic behaviour, normally by changing the magnetisation hysteradiscingian

easy or a hard axis. This has been shown by many groups, for example Zhang edtadidd]the
magnetostrictive material Fe-Ga on PMN-PT and found a strong converse magnetoelecirig obupl

up to 4.55 x 10 sm*. They also observed a change in the remnant magnetisation of 34% and an increase
in the coercive field of 30%. The switchablility (defined as the different¢lkemormalised remnant
magnetisation between OkV/cm and the max applied electric field) of the stsietas limited by the

large coercive field (~ 6.4kA/jn Other investigators, Yang et al. [6] studied how the magnetic
anisotropy and damping constant of FeCo films changed when grown on PMN-PT and manipulated by
the voltage controlled substrate strain. They found that the magnetic anisotropy was enHhaileced, w
the damping constant was decreased. Our previous work [12, 13] investigated Wi toepling
between FeCo films and PMN-PT changed with the introduction of thin magnetic amdagoetic

layers between the film and the substrate. It was found that wheMéhtgtas (FeSiB) layers were

used, that two different magnetisation hysteresis states were achieved giptied electric field,
depending on whether a large positive or negative electric field was applied ¢t 3}ltra-thin Ti
sandwich layers, these layers change the texture within the FeCo films, which incilemsed t
switchability of the magnetisation of the FeCo film from ~70% for no Ti layet9&0 for 8nm Ti

layer [12], thus showing that the morphology of the magnetostrictive layenpsriant in these
structures.

Phuoc et al. [5] studied FeCo/NiFe bilayers on different orientations of PMg-83ehow substrate
orientation influences the electrical tuning of the magnetisation. TheiliRes case was used as an
underlayer of thickness 5nm for a 100nm FeCo film. They found that poling theaseibsade a
difference to the magnetic hysteresis loop measured and whether anisotropy was obserted. Befo
poling, for all substrate crystal directions, the magnetic films were isofragiile after poling
anisotropy was observed in the films. The dynamic permeability also strongly dependedrgstéhe c
direction and the applied voltage. Other methods to investigate the magnetoelectiitgdochlde
anisotropic magnetoresistance (AMR), which was used by Gao et al. [2] to stud\NiIPafiims on
PMN-PT, using the voltage across the structure to control the AMR. They determineeé tyaplibd
voltage via the induced strains reduced the free energy barrier in the KiBgviihich changed the
AMR response.

One disadvantage of using FeCo as the magnetostrictive layer is its largeectielgiiz>10kA/m),
which means that 100% switching is not achievable. NiFe is a known soft magagtital, with a
very small coercive field (<2kA/m), but also a very small magnetostnictonstant (<2ppm), thus its
response to the strain applied by a piezoelectric substrate will be sredlénahof FeCo. In an attempt
to achieve a large change in magnetisation from the magnetoelectric couplingerbdtvee
magnetostrictive film and the piezoelectric substrate, but with aesroadércive field, magnetostrictive
bilayers of NiFe/FeCo are investigated in this work. The FeCo is grown orettaefsctric substrate
so should still have the large ME coupling and thus response to the applied strain, wKifeetise
grown on top of the FeCo to investigate whether the magnitude of the cdiicivean be reduced in
response to the applied strain, to hence achieve a large switching in magnetisation.

2. Experimental Procedure

To study whether a thin NiFe layer improved the magnetic response of a magise/giezoelectric
heterostructure, the dependence of the magnetic properties on the NiFe thicknesstwardiéd with
the NiFe/FeCo bilayers grown on silicon. Once these films had been chaeaf;tére magnetostrictive
bilayers were grown on PMN-PT substrates (FigThe PMN-PT substrates were bought from CTG
Advanced Materials, with crystal orientation (011) and-d1200 ~ -1800, with Au electrodes on either
side. The bottom Au electrode was left on the substrate, while the top elecasgm®highed off to



leave a smooth PMN-PT surface for the magnetic films to be grown on. A@him Ti layer was
evaporated onto the PMN-PT substrate, as this had been shown from previous work tamiera
texture orientation within the FeCo film, which increases the magnetmstriminstant [12]. Before
growth the silicon substrates were cleaned using acetone followed by isopropanol alcohol (IPA).

For the magnetostrictive bilayer for both film sets, a 50nggdes; (FeCo) film was grown at power
of 75 W and chamber pressure 5SmTorr. ThaMfdis (NiFe) film wasgrown on top at power of 75W
and chamber pressure of 4.8mTorr for a range of thicknesses (10 to 50nm). rolag¢kgpgrameters
were chosen as they gave good control of the films’ thickness and uniformity, with the Ar pressure
being the lowest to give a stable plasma, which is important for NiFe film growth [14].

laser

detector

Figure 1. Schematic drawing (not to scale) of the experimental set-up. The electric fielied appl
across the structure, with the magnetic field applied in the plane of the magnetic films.

The magnetisation hysteresis loops were measured on a magneto-optic Kerr(MEGE)
magnetometer. First for both film sets, the magnetisation loops were measured with no bgmplied e
field, but as a function of angle between the magnetic field and the sampld¢oedgtermine the
anisotropy, coercive and anisotropy fields. The magnetostriction of the NiFefsiE@ers was
measured using an established technique based on the Villari Effect [14]o Ehes tature of the
measurement, only the bilayers grown on the silicon were measured. For ¢théc dield
measurements, a specially designed high voltage holder was used, which fitiedtived MOKE
magnetometer, to allow for the magnetisation hysteresis loops to be measuredcisia 6f applied
electric field. A schematic of the set-up is given in Figure 1. Ttaradield was applied across the
whole magnetic/piezoelectric structure for both positive and negative voltages.

The structure of the magnetic/piezoelectric samples were determined using boths&ianssiectron
microscopy (TEM) and x-ray diffraction (XRD). A cross-section transmisslentron microscopy
(TEM) sample was prepared using the focused ion beam (FIB) lift-etioah from the coating surface.
The nanolayers’ magnetic field was too strong for TEM elemental mapping to be carried out, but the
layers were identified by nanobeam electron dispersive spectroscopy (EDS) andidddgimdges
taken in parallel beam TEM mode. The XRD was measured PANanlytical X Pert> Powder
instrument, the scanning parameter used were step size=0.02; time per step=5.00es saad t



speed=0.00%s. The wavelength of Kai, 1= 1.540598 A, the voltage and the current of X-ray source
were 45 kV and 40mV, respectively.

3. Resultsand Discussion

The first set of films were NiFe/50nm FeCo grown on silicon to deterrow the thickness of the
NiFe changed the bilayer magnetisation response, and whether the two filmedkkewne single
magnetic film via exchange coupling or two separate films. This behavia@tesmined from the
magnetocrystalline exchange length of the different layers [15]. The magrstddlarg exchange
length of NiFe and FeCo can be calculated fram-L/A/K1, where Aiis the exchange stiffness and K
is the anisotropy constant. For NiFe, the values A = 13pJ/m ardO6kJ/m are taken to givexl-
161nm and for FeCo A= 63pJ/m and¥17.5 kJ/m to give &~ 60 nm. Thus both exchange lengths
are larger than the magnetic layers being investigated, so the bilayers shoudsehasingle layer.
From Fig. 2 for all the bilayer films studied, a single layer behaviour wasvelolsd his means that the
magnetic properties will be a combination of the two different layers. MO&ghetometry measures
the top ~20nm of thin magnetic films, due to the laser attenuatiomwtité film. This penetration
distance is known as the skin depth and is dependent on the laser frequency4Bzxa0d the film
resistivity, which for thin NiFe films is known to change as a functiohiokhess [16]. From previous
work [14], a double step was observed in hysteresis loops for similar soft mdglagter films with
25nm top layer thickness, due to the two magnetic layers not being exchanged coupledoédeno
step is observed in the Fig. 2, for similar top layer thicknesses, exchange coupling csumierias
although for the thicker films (>30nm), it is likely that only the top NiFe layer is be@sgured.

From Fig. 2 itis also observed that as the thickness of NiFe increases thedoornia#tes the magnetic
properties of the bilayer film. The 50nm FeCo filgrisotropic (Fig. 2a), while the 25nm NiFe/50nm

FeCo has weak uniaxial anisotropy (Fig. 2b) and the 50nm NiFe/50nm FeCo fistrdrag uniaxial
anisotropy (Fig. 2c). The normalised remnant magnetisation was measured as a function of angle (Fig.
2d) and fitted with the following equation [6]:

R — Dlcos(0— 6,)| + C (1)

Where D is related to the strength of the uniaxial anisotropy, C is the minimum me%?uﬂeds the

angle between the easy axis and the field @&nd the angle between the easy axis and the side of the
film. For the 50nm NiFe/50nm FeCo film D ~ 1, as it has strong uniaxial anisotvbdg,for the 25nm
NiFe/50nm FeCo film D ~ 0.16, as it has weak uniaxial anisotropy. For the 50nm FeCasfilinis
isotropic 8 =6, and D = 0 so no variation indfMs is observed. As there is a change in the anisotropy
with NiFe thickness, there is also a change in the anisotropy and coercive fielde(gigd f). It is
observed that both fields decrease as the NiFe thickness increases.
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Figure 2.The easy (blue circles) and hard (black triangles) axis magnetisation hysteresis loops of
NiFe/50nm FeCo bilayers on silicon, for (a) Onm NiFe, (b) 25nm NiFe and (c) 50nm NiFe. (d) The
remnant magnetisation as a function of magnetic field angle for the different thickiredayé¢rs on

50nm FeCo on silicon. The lines are a fit to the data. (e) Anisotropy fields and (f) coeiciseaf a
function of NiFe thickness on 50nm FeCo on different substrates. The solid shapes are the hard axis
and the open shapes for the easy axis.

This is expected, as NiFe is a soft magnetic film, so has smaller anisotropy ancedosdds\compared
to FeCo. Thus as the NiFe thickness increases, so will the interactibiibeniteCo layer. Additionally,
the change in anisotropy may also be correlated to the physical structoogis NiFe and FeCo which
are known to adopt the FCC structure and the BCC structure, respectivelyth@seé&eCo films on
Si possesses <110> texture perpendicular to the plane (Figure 3a), and the sretlaegn the kinetic



coefficient (which is related to the interfacial and kinetic propertitiseo$urface) of the (110) BCC Fe

and the (100) FCC Fe [17]) suggests that the NiFe surface will possess a (100) texture. From Figure 3,
it is observed that the 50nm FeCo film does only have <110> texture, whB@rihe NiFe film has

both <111> and <200> texture. For the 50nm FeCo/50nm NiFe film, as the FeCo <11{26peak
44.84) and the NiFe <111> pedR0 = 44.27P) coincide at B ~ 44, this is the larger peak. The NiFe
<200> is still observed aB2-51°. The XRD peaks were fitted using fityk8], and it was found that

for the 50nm NiFe film the ratio of <111> to <200> is 5.5:1, while for the 58iffa/50nm FeCo film,

the ratio of NiFe <111> to <200> is 3.4:1. Thus there is an increase in <200> texture in the NiFe film,
due to the preference of the NiFe <100> kinetic coefficient at the interface. Ehessthand hard axis
directions for the FCC structure (<11%¥s. <100> respectively) are antitheses of thothe BCC
structure (<100»s.<111> respectively)lhis means that the NiFe magnetisation is “pulling” the FeCo
magnetisation around, so that the switching occurs at a lower field. Frane B, the structure of the
10nm NiFe/50nm FeCo/10nm Ti/PMN-PT sample is observed. The deposited layers were found wit
spot EDS spectra (Fig. 4b) to confirm their compositions for identificaible TEM image is a
negative of a bright field image, so vacuum (right of image) appears dark.1Lisyidne Ti buffer layer,

layer 2 is the FeCo film and appears to be made of crystals ~25 nmtlin Majekr 3 is the NiFe film,

layer 4 (pale in TEM image) is the onset of Pt deposition into the titbye dfiFe layer, and the top layer

is protective Pt deposited during FIB sample preparation. These resuits agreement with the
deposition of the thin film layers.
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Figure 4a. TEM image of the 10nm NiFe/50nm FeCo/10nm Ti/PMN-PT structure. 4b. EDS spectra for
each of the layers in Fig. 4a.

The magnetostriction constants were determined from the NiFe/FeCo bilayers ar silicon, as a
function of NiFe thickness. It was found that the magnetostriction constadiowesated by the FeCo
layer. For single layer films, the 50nm FeCo magnetostriction constant wad#8n and the 50nm

NiFe magnetostriction constant was ~1ppm. For the 50nm NiFe/50nm FeCo bilayer the
magnetostriction constant was 55 + 4ppm, which is the same order of magnitude as bulksFeCo
66ppm) and larger than the monolayer 50nm FeCo film. Previous work has found that theeinterfac
between FeCo and silicon plays a role in the magnitude of the FeCo magnetostriction ¢agistant



with it strongly depending on the fabrication method and the film thicka8%sreaching bulk value
at thicknesses over a 100ntthe Szymczak model, based on the Neel’s model of anisotropy in thin
films, describes the change in magnetostriction constant as a function of thickness, givgn by [20

As = Ao+ 2L @)

wherel, is the volume magnetostriction constant (66ppm for FeCo)\anid the surface/interface
magnetostriction constant. Previous work on FeCo/NiFe bilayers found that thera stesng
surface/interface magnetostriction constant for FeCo/NiFe [20]. Fitting equég2pnto the
magnetostriction constants as a function of NiFe thickness, Give$4 ppm and.s; = -440 ppm/m,
which is in good agreement with previous data, which measufied-402 ppm/m [18]. This means
that the FeCo-NiFe interface strongly influences the overall magnetostragtthe bilayers. Hence
the NiFe top layer helped to reduce the anisotropy and coercive fields, aabetite magnetostriction
constant towards the bulk values.
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Figure 5. Magnetisation hysteresis loops for (a) 50nm FeCo/10nm Ti/PMN-PT and (b) 10nm
NiFe/50nm FeCo/10nm Ti/PMIRT. The blue circles are the “easy” axis and the black triangles are
the “hard axis”.

For the bilayers grown on 10nm Ti/PMRNF, it is observed that again the thin NiFe film changes the
overall magnetic behaviour of the films. For the 50nm FeCo structure weakalir@aisotropy is
observed as different loop shapes are measured as a function of field angb@)Hige “hard axis”
loop is different from the easy axis loop, but due to the large coercivehfesttifference in normalised
remnant magnetisation is 0.3. From Fig. 2e and f, it is observed that growing F&@uoiii reduces
the anisotropy field and the coercive field in comparison to the films grown corsillhis is likely to

be due to the Ti helping to promote random grain orientation within the FeCo filmagLhprmally
FeCo films grown using this deposition system on silicoretaa<110> texture perpendicular to the
plane (Figure 3). The addition of the 10nm NiFe film increases the uniaxial anisotntipythey
difference between the easy axis and hard axis remnant magnetisation being 0.44 (Fig.|8b}oSimi
the NiFe/FeCo films grown on silicon, the anisotropy field and coercive field areduhtbed with the
addition of the NiFe film on to the FeCo. Although an increase in the NiFe thickiteaot decrease
the anisotropy and coercive fields further.
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The change in the magnetisation hysteresis loops for the 50nm FeCo film and the 1@Bnrand
NiFe/50nm FeCo bilayers grown on 10nm Ti/PMN-PT as a function of the appliedcdietdracross

the structure are shown in Fig. 6. For the 50nm FeCo film the hysteresis loop changesdemy axis

loop to a hard axis loop as the electric field increases, with the diffenemeennant magnetisation
between 0OkV/cm and 8kV/cm being ~0.55. The coercive field also strongly changesegitit field,

with an initial decrease at 4kV/cm followed by a gradual increase with electric field. Thisdaehavi

not ideal for applications. From the hysteresis loops, it is observed that fok\them and 4kV/cm
loops, the switching is continuous with a single gradient, while for the loops for highexdagleictric
fields, there are two different gradients, which suggest that the domairwithitsthe FeCo film are
being pinned possible due to the strain created by the PWat-the interface. This has been observed
in thin FeCo films before [7]. For the NiFe/FeCo bilayers, there was veeyditference in the loop
shape at zero applied field. From Fig. 6 and 7, it is observed as the electric field is increased, again the
hysteresis loop changes from an easy axis loop to a hard axis loop, witerenddf in the remnant
magnetisation between OkV/cm and 8kV/cm being ~0.95. Thus there is a larger chahge in t
switchability in the hysteresis loops with the addition of the thin NiFedbdmpared to just the FeCo
film. Also the coercive field linearly decreases with increasing eledttit, 5o the issue with domain
wall pinning observed in the FeCo film has been overcome by the addition of théliiF&s the



NiFe/FeCo bilayers behave as a single magnetic film, this decrease is likely to tmeluhib the
thickness of the film increasing and the NiFe layer reducing the oveeatiice field of the structure.
The results seem to be independent of the thickness of the NiFe film, ahddtbnm and 25nm
NiFe/50nm FeCo coercive fields and remnant magnetisations as a function of positiegatide
electric field are similar. The thicker 25nm NiFe film coercivedfighd remnant magnetisatiorvba
more linear dependence on the applied electric field. This linear dependémetewiric field for both
positive and negative electric field, is important for MERAM devices, wherd-lauéll non-voltage
states are required as a function of electric field [9]. Thus if the madpetaviour is linear with electric
field, this will make the operation of the devices simpler.

From the remnant magnetisation data the converse magnetoelectric coupling cofisteam, be
determined. It is calculated from [7]:

0AM

a=teth Q
WhereAMr is the change in remnant magnetisation at an applied electric field, E and zeiofedétt
The ME coupling constants were calculated for each of the different structureg@an8tds the 50nm
FeCo filmaF = 1.51x 10%sm?, while for the 10nm NiFe/50nm FeCo filaf = 2.2x1®sm? and for
the 25nm NiFe/50nm FeCo filoF = 2x10°sm*. Thus the ME coupling increased with the addition of
the NiFe layer, due to the increasedir, dominating the coupling. The calculated values are in good
agreement with our previous work, where for a 65nm FeCo/PMN-PT structure2.5x1Fsn* at
9kV/cm [7].

The disadvantage of the FeCo/PNPN-structure was that the coercive field was 5kA/m at 9kV/cm,
which is an order of magnitude larger than the NiFe/FeCo/Ti/PMN-PT structures coerdseTals
the addition of the NiFe layer has maintained the high ME coupling constant, whilengedhoei
coercive fields. As the ME coupling of the NiFe/FeCo bilayers on PMN-PT is thessdmtier than
the FeCo films, this means that the high magnetostriction constant measured férettie®o films

on silicon is maintained when grown on PMN-PT.

The magneto-electric coupling co-efficient, is defined as either direct or converse [21], depending
on whether a magnetic field or an electric field is applied to the devicesIpahér, the measurements
were taken using the remanence magnetisation technique [20], which provideke aaing of the
electrically induced ME co-efficient® also known as the converse ME co-efficient. Other methods
used to determine the magneto-electric coupling include magnetically induced measurement
piezoelectric measurement and using scanning probe microscopy [22]. For the magneticedd i
ME measurements, the induced voltage across the structure is measured as aofusctamplied ac
magnetic field and a dc bias magnetic field, to give the ME voltage couplifigwhich is related to

a by the relative permittivityeos,, and is also known as the direct MB-efficient [21]. For the
magnetically induced measurements, the ME voltage coupling strongly depends on the frefjinency
ac magnetic field and the dc bias field magnitude, thus non-linear values are obtaiagd feor
example, for multilayers of 10-40 um CoZpBegPZT, the ME voltage coupling at 500 Oe is
~250mV/cm.Oe, while at 2000 Oey," ~50 mV/cm.Oe [23]. This method is generally used for thick
magnetostrictive/piezoelectric bilayers and laminates. Some of the highBsmeasured for
magnetostrictive/piezoelectric bilayer and laminates inciude= 22 V/cm.Oe for 25 um FeSiBC/100
um PZT [24] andw! = 4.9 V/cm.Oe for Terfenol-D/PZT/Terfenol-D trilayers [25].

The method used in this paper hides the complex non-linear behaviour of the ME voltage coapling. T
compare the different ME coupling values, tfedetermined in this paper is converted into VV/cm.Oe,
which is the measured units @f". Thus for the 10nm NiFe/50nm FeCo structufes 2.2x10Psnt?,

which givesay" ~ 126 V/cm.Oe. This is an order of magnitude higher than those measured using the
magnetic induced measurement [24, 25]. The reasons for this difference, could be ttee



magnetostrictive films in our structures being at least an order of magtinder than the other
examples magnetostrictive layers, plus our magnetostrictive films are groeatedi onto the
piezoelectric substrates, while for the other structures the magrattostayers are epoxied onto the
piezoelectric layer. Thus the ME coupling in these structures will also depend on the egloxng
its thickness, which is likely to reduce the coupling.

4, Conclusons

By combining a soft magnetic layer (NiFe) with a magnetostrictive layeC@), an artificial
multiferroic structure with a large ME coupling and small coerdild fvas produced. The addition of

the thin NiFe layer to the FeCo/Ti/PMN-PT structure changed the anisotropy of the magnetic bilayers,
while maintaining the high magnetostriction constant, thus improving the respotise mfgnetic

layers to the applied electric field. This improvement in the switchabilitiyeomagnetic films at lowe
electric fields means that the overall working power will be lower compared to just@oTHPMN-

PT structure. This is important for devices such as MERAM, which aim to haveleweltnon-volatile

states achieved at low power to be commercially attractive [9].
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