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Abstract
Electric field controlled ion transport and interface formation of iron thinfilms on aBaTiO3 substrate
have been investigated by in situnuclear resonance scattering and x-ray reflectometry techniques. At
early stage of deposition, an iron-II oxide interface layer was observed. The hyperfine parameters of
the interface layer were found insensitive to the evaporated layer thickness.When an electricfieldwas
applied during growth, a 10 Å increase of the nonmagnetic/magnetic thickness threshold and an
extendedmagnetic transition regionwasmeasured compared to the casewhere nofieldwas applied.
The interface layer was found stable under this thresholdwhen further evaporation occurred, contrary
to themagnetic layer where themagnitude and orientation of the hyperfinemagnetic field vary
continuously. The obtained results of the growthmechanism and of the electric field effect of the Fe/
BTO systemwill allow the design of novel applications by creating customoxide/metallic
nanopatterns using laterally inhomogeneous electric fields during sample preparation.

Introduction

The development ofmore advanced devices which can reflect upon the challenges of our world requires the
exploration of novelmaterial properties. Special systemswhich combinemagnetic and electronic properties into
amultifunctionalmaterial are excellent subject of this demand.

Inmultiferroicmaterials (in shortmultiferroics) the coexistence and coupling of ferroelectric [1] and
magnetic order enables thefine control andmodulation of electric polarization bymagnetic field (direct
magnetoelectric effect,ME) or themagnetic field by electric polarization (conversemagnetoelectric effect) [2]. The
electric field control ofmagnetic spinwill lead to significantly lower energy consumption in actuators,
information storage and spintronics devices, a key issue for sustainable development [3–5]. Not only the
reduction of energy consumption but also the production of energy from ambient sources such as vibrations,
sound, radiofrequencywaves, light, temperature gradients and also novelmedical applications give new
perspectives formultiferroicmaterials [6–13].

Although several compounds have been reported to exhibit (anti)ferromagnetism and ferroelectricity
simultaneously (single-phasemultiferroics) [14–20], it is apparent, that the customization of these systems is
limited.

As an alternative, it is possible to create heterogeneous or compositemultiferroic systems by combining
ferromagnetic (FM) and ferroelectric (FE) thin films or by evaporating an FM layer on a FE substrate [21]. In the
case of the strain-inducedmagnetoelectric (ME) effect [22], amechanical coupling through the interface is
required. If amagnetic field is applied to themagnetostrictive phase, it induces strain in the epitaxially
evaporated ferroelectric thin film.Due to the piezoelectric effect, this strain alters the electric polarization of the
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thinfilm, realizing the directmagnetoelastic coupling [23]. In the converseME effect, themagnetic field is
altered by electric polarization.

The Fe/BTO system, as a great example of strongME coupling [24, 25] is an excellent system to investigate
this phenomenon. Several works reported aswell that an applied electric field can alter the properties of this
system: Brivio and coworkers foundmajormodifications ofmagnetic anisotropies and change inmagnetic
coercively induced by the application of electric field [26]. Couet et al [27] reported that, if an electricfield is
applied to a Fe/BTO sample (above a certain threshold), the thickness of the iron oxide layer at the interface
increased.

All these exciting effects were observed ex situ, but the presence of electric field during the sample growth
(in situ) has never been investigated.

In the present work, we have performed an in situ comprehensive research on iron growth onBTO substrate
with the application of electric field by using time resolved nuclear forward scattering (NFS) technique [28–30].

Experiment

The experiment was carried out at the nuclear resonance beamline ID18 [31] at the European Synchrotron
Radiation Facility (ESRF), using the nuclear resonant chamber of the in beamultrahigh-vacuum system [32].
Iron-57was evaporated froma rodmounted in a 4-pocket electron-beam evaporator (OxfordApplied
Research) to a 5 mm×5 mm×0.5 mmBaTiO3 substrate with (001) orientation (purchased fromAlineason
Materials TechnologyGmbH). The base pressure was in the order of 10−11 mbar and increased to the
10−10 mbar regime during evaporation and the sample temperature increased to 80 °C.

During deposition in situNFS and x-ray reflectivity curveswere recorded by using a four unit, avalanche
photo diode detector systemwith nanosecond time resolution. The experiment was performed at 14.412 keV,
the energy corresponding to the 1/2–3/2 nuclear transition of iron-57with a beamof 0.5 meV resolution and
focused by aKirkpatrick-Baezmirror systemboth horizontally and vertically to 20 μmand 8.7 μm, respectively.
The deposition rate was set extremely low to (0.02 Åmin−1) in order to have enough time tomeasure reflectivity
curves and time spectra at a given iron thickness range. Themeasurement layout is shown infigure 1. Two series
of samples weremeasured, onewithout and the other with electric field created by a 1 kVpotential difference
between the top and bottom electrode.

The electric fieldwas applied to the sample using a special sample holder; see figure 2. The lower gold
electrodewas sputtered on a 12 mm×12 mm×1.5 mmAl2O3 ceramic plate. The BTO substrate was pressed
against this electrode by four 1 mmdiameter ZrO2 glass rods. The iron-57 atoms reached the surface through a
3.5 mm×1 mmslotmilled in the 1 mm thickCu top electrodewhichwas 0.5 mmabove the top of the
substrate. Through the experiment negative voltage was applied to the lower electrode while the upper contact
was grounded.

Figure 1.The experiment layout in theUHV system at ID18 at European SynchrotronRadiation Facility.
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Although the top surface of the sample was not directly connected to the top electrode during the deposition,
the conduction of the x-ray produced photoelectrons ensured that the potential difference between the top of
the sample, and the top electrode vanished in a few seconds. The charging current pulsewas registered from the
picoamperemeter (about 4 nApeak), when the x-ray shutter was opened, and the total charge was found to be
commensurable with the product of the applied voltage and the capacity calculated from the geometrical
parameters and the relative permittivity of the substrate.

The evaluation ofNFS datawas done by using the free programFitSuite [33].

Results

From the evaluation of theNFS data the variation of iron hyperfine parameters were determined for a given
evaporated thickness. Infigure 3, the in situ recorded time spectra are shown as a function of the deposited iron
thickness in case of 0 V and 1 kV applied voltage, respectively. Below the 2D intensity plot, selectedNFS spectra
corresponding to a given thickness are shown. Isomer shifts (IS)were determined relative to themetallic iron
layer when it appeared and the same values were used for lower thicknesses withoutmetallic iron. In case of no
applied electric field and below 25.1(2) Å thickness, the spectra could befitted by two doublets, with a relatively
large isomer shift (both IS=1.0(1)mm s−1) andwith quadrupole splittingQS=0.69–0.72 mm s−1 and
QS=1.1–1.4 mm s−1. These values can be associated to iron(II) oxide [34, 35] in case of bulk and for iron(II)
atoms in the vicinity of vacancies and defect clusters, respectively. Initially, the lowerQS site contributed 82% to
the spectrum and increased up to 94% (within the oxide components) by the thickest layer. Thefirstmagnetic
oscillation appeared in the spectrum at 26.9(4) Ådeposited layer thickness with a highly reduced and highly
distributed hyperfine (HF)magnetic field (HMF) of 19 T (median value ofHMFdistribution) aligned 58(2)°
relative to the sample surface normal. On theway to 60 Å, thewidth of theHMFdistribution decreased and the
HMF slowly converges to the bulk value of iron, reaching 31.8 T by the thickest layer. In case, when 1 kV voltage
was applied during layer growth, the nonmagnetic regime (below 35.7(3) Å) could befitted by the same two
doublets, as it was for the 0 V sample. Also the inset ofmagnetization shows similar behavior to the 0 V sample.
The observation of high frequency oscillations at 35.7(3) Å is due to 19 Thyperfinemagnetic fieldwith the
orientation of 67(2)° to the surface normal.With the growth of iron, themagneticmoments turned in plane and
a continuous increase in theHMF could be observed. As opposed to the previous example, the slope ofHMF
augmentation remained approximately constant up to the highest 60.8(5) Å,where themedian hyperfine
magnetic fieldwas found to be 29.6 T. It can be seen that the electric field has great effect on iron oxidation
during deposition.

Discussion

Figure 4 summarize the properties of two samples at various steps of the deposition process. The extracted
median value and orientation (relative to the sample surface) of the hyperfinemagneticfields are shown as a
function of evaporated iron thickness. At lower thicknesses, the interface layer reveals iron-II oxidewith no

Figure 2.The design of the sample holder for applying elelctric field during deposition.
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ferromagnetic ordering, where the necessary oxygen injectionwas provided by the BTO substrate. According to
the theory of Cambrera andMott [36, 37], the electron can freely pass through the oxide layer from themetal
side via tunneling or thermionic emission causing equilibration of the Fermi levels in themetal and the oxidizer
layer. As a consequence, a uniform electric field arises—created by the positive Fe/FeO and negative FeO/BTO
interface—and supports slow ionic transport across the interface.Without the presence of this electric field, the
chance for an ion to go over the potential barrierU, would be νexp(−U/kT), with ν being the atomic frequency
of vibration k the Boltzmann constant andT the temperature. Following the derivation of Camberra andMott, If
electric field arises, it lowers the potential barrier in the direction of thefield by 0.5qaE, increasing the probability
ofmovement to νexp(−(U− 0.5qaE)/kT), with a being the interatomic distance, q the charge of the ion andE
the electricfield. In the other direction, however, the samefield decreases the chance ofmovement by the same
amount, resulting an ionic drift through the interface. Therefore, applying external electric field to the sample in
the right direction is expected to enhance the formation of the interface layer.

The oxidation state of the deposited layer was found to be independent on the thickness of the evaporated
layer. On the other hand, as discussed above, we observed a change in the atio of theQS components. This
reveals the reduction of vacancies and defect clusters in the growing interface.

Furthermore, we found that, for both 1 kV and 0 V samples, the position of the boundary between the
nonmagnetic andmagnetic layers does notmovewith the increasing of the thickness of themagnetic layer. This
suggests that once themetallic iron appears, the oxygen diffusion through the interface is hindered, and no
further oxidation occurs. Thus, the additional iron deposition has no influence on themost properties and the
thickness of the non-magnetic interface layer.

For the Fe/BTO system, several thicknesses of the interface have been reported: Zenkevich et al 20 Å [38],
Couet et al 6.5 Å [27], Brivio et al 30 Å [26]. In our case, it was found to be 26.9(3) Å for the 0 V sample. These
differencesmay stem from the specific growth conditions, including growth rate, sample temperature and
vacuum in the chamber.

Figure 3.Nuclear forward scattering spectra as a function of deposited iron-57 on BaTiO3 substrate in case of 0 V and 1 keV applied
voltage. Below to the 2Dplots, selected timespectra (black) and the corresponding simulation (red) are shown. The inset shows the
hyperfinemagnetic field distribution at a given iron thickness.
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When an external electricfieldwas applied during deposition, we found∼10 Å increase of the interface layer
compared to the 0 V sample. A possible reason for this is the alteration of equilibrium conditions between the
two opposite effects, which govern oxidation, namely: the uniform electric field in the interface (support slow
oxygen transport) and the diffusion barrier which blocks oxygen transport.With the additional electric field an
extra driving force was introduced, which is responsible for the elevated interface thickness.

Contrary tomost of the properties of the non-magnetic interface, those of themagnetic layer change during
deposition continuously (figure 4).With the appearance of ferromagnetic ordering, amixing between oxide and
metallic iron layer can be suggested, where small iron islands are separated by oxide, which explains the
diminishedHMFby superparamagnetic relaxation and the out of planemagnetic components by the low shape
anisotropy.With further iron deposition the size of the islands increase, they coalesce, resulting an enhancement
in theHMF.Where no external fieldwas applied, this procedure affects the relatively narrow regime of 27–35 Å,
and endswith a jump ofHMF at∼35 Å.With 1 kV applied voltage, this transition region starts at larger
thickness (∼36 Å), and a smoother increase ofHMFoccurs in the thickness range of 36 Å–55 Å (figure 4).

Thus, the in situ study of the growing interface reveals important details of the growth process. Such an
understanding of interface formation and the electric field effect has great potential in novel applications. By
applying inhomogeneous electric field during sample growth, the interface thickness can be tailored according
to the demands and even, artificial lateral nanostructures can be built.

Figure 4.The extractedmean value of hyperfinemagnetic field (black dots) in case of no voltage applied (top) and in case of 1 kV
applied voltage (bottom). The gray areas show theHMFdistribution. In the inset the orientation of themagneticmoments are shown
relative to the surface normal.
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Summary

In situ experiments have been performed, in order to investigate the ion transport during iron growth on a
ferroelectric BaTiO3 substrate, with andwithout applied external electric field. In a specially designed sample
holder, 0 V and 1 kVwas applied to the samplemeanwhile NFS spectra and x-ray reflectivity curves were
recorded. Below a certain thickness threshold, iron-II oxide interface layer was observed, and the hyperfine
parameters in this layer were found to be insensitive to the evaporated layer thickness.We have observed that the
magnetic component appeared at about 10 Å thicker layer in case of an external electric field due to the
supported ion transfer through the interface and also and extendedmagnetic transition regionwasmeasured.
Furthermore, we claim that neither the nonmagnetic/magnetic interface position alters with further deposition
nor the properties of the non-magnetic interface layer are affected, contrary to themagnetic layer where the
magnitude and orientation of hyperfinemagnetic field vary continuously with increasing thickness. The
comprehensive understanding of the growthmechanism, as well as the effect of the electric field on the Fe/BTO
system can lead to novel applications by the application of laterally controlled electric field. This way, custom
oxide/metallic nanopatterns can be designedwhich are of great importance of spintronics and nanotechnology.

Acknowledgments

The European Synchrotron Radiation Facility is acknowledged for beamtime provision at theNuclear
Resonance Beamline ID18. DB acknowledges financial support from the Industrial Partnership Program (IPP-
I28) of Foundation for Fundamental Research onMatter (FOM) (TheNetherlands) andBASFNewBusiness.

ORCID iDs

DGMerkel https://orcid.org/0000-0001-9644-2521
Sz Sajti https://orcid.org/0000-0002-8748-8242

References

[1] NurajeN and SuK 2013Nanoscale 5 8752
[2] WangY,Hu J, Lin Y andNanC-W2010NPGAsiaMater. 2 61–8
[3] Moodera J,MiaoG-X and Santos T 2010Phys. Today 63 46
[4] Ming LC 2010 J. Appl. Phys. 107 09D918
[5] VopsaroiuM,CainMG, SreenivasuluG, SrinivasanG andBalbashovAM2012Mater. Lett. 66 282
[6] PalneediH, AnnapureddyV, Priya S andRyu J 2016Actuators 5 9
[7] Patil DR, ZhouY, Kang J-E, SharpesN, JeongD-Y, KimY-D, KimK.H., Priya S. andRyu J. 2014APLMater. 2 046102
[8] Ryu J, Kang J-E, ZhouY,Choi S-Y, YoonW-H, ParkD-S, Choi J-J, Hahn B-D, AhnC-WandKim J-W2015 Energy Environ. Sci. 8 2402
[9] Hockel J L, Bur A,WuT,Wetzlar K P andCarmanGP 2012Appl. Phys. Lett. 100 022401
[10] PaluszekM, AvirovikD, ZhouY,Kundu S, Chopra A,Montague R and Priya S 2015Magnetoelectric composites formedical

applicationCompositeMagnetoelectrics edG Srinivasan et al (Cambridge, UK:Woodhead Publishing) pp 297–327
[11] GuduruR, Liang P, Runowicz C,NairM, Atluri V andKhizroev S 2013 Sci. Rep. 3 2953
[12] Kargol A,Malkinski L andCaruntuG2012 Biomedical applications ofmultiferroic nanoparticlesAdvancedMagneticMaterials ed

LMalkinski (Rijeka, Croatia: InTech) pp 89–118
[13] ShirolkarMM,HaoC,DongX,GuoT, Zhang L, LiM andWangH2014Nanoscale 6 4735
[14] Neaton J B, Ederer C,WaghmareUV, SpaldinNA andRabeKM2005Phys. Rev.B 71 014113
[15] KumarA andVarshneyD 2012Ceram. Inter. 38 3935
[16] Katsufuji T,Mori S,MasakiM,MoritomoY, YamamotoN andTakagiH 2001Phys. Rev.B 64 104419
[17] EfremovDV, van den Brink J andKhomskii D I 2004Nat.Mater. 3 853
[18] Cheong SWandMostovoyM2007Nat.Mater. 6 13
[19] Seshadri RR andHill NA 2001Chem.Mater. 13 2892
[20] KuoC-Y et al 2016Nat. Commun. 7 12712
[21] SrinivasanG, Rasmussen ET, Levin B J andHayes R 2002Phys. Rev.B 65 134402
[22] EerensteinW,WioraM, Prieto J L, Scott J F andMathurND2007Nat.Mater. 6 348
[23] Scott J F 2007Nat.Mater. 6 256
[24] Radaelli G et al 2014Nat. Commun. 5 3404
[25] Garcia V et al 2010 Science 327 1106
[26] Brivio S, Petti D, Bertacco R andCezar J C 2011Appl. Phys. Lett. 98 092505
[27] Couet S, BishtM, TrekelsM,MenghiniM, PetermannC, VanBaelM J, Locquet J-P, Rüffer R, VantommeAandTemst K 2014Adv.

Funct.Mater. 24 71
[28] MerkelDG, BessasD, Zolnai Z, Rüffer R, ChumakovA I, PaddubrouskayaH,VanHaesendonckC,Nagy bN, TóthA L andDeákA

2015Nanoscale 7 12878
[29] ErbD, SchlageK, Bocklage L,Hübner R,Merkel DG, Rüffer R,WilleH-C andRöhlsberger R 2017 Phys. Rev.Mater. 1 023001
[30] SchlageK,Dzemiantsova L, Bocklage L,WilleH-C, PuesM,Meier G andRöhlsberger R 2017 Phys. Rev. Lett. 118 237204
[31] Rüffer R andChumakovA I 1996Hyperfine Interact. 97 589
[32] Stankov S, Rüffer R, SladecekM,RennhoferM, Sepiol B, Vogl G, Spiridis N,Ślęzak T andKorecki J 2008Rev. Sci. Instrum. 79 045108

6

Mater. Res. Express 5 (2018) 016405 DGMerkel et al

https://orcid.org/0000-0001-9644-2521
https://orcid.org/0000-0001-9644-2521
https://orcid.org/0000-0001-9644-2521
https://orcid.org/0000-0001-9644-2521
https://orcid.org/0000-0002-8748-8242
https://orcid.org/0000-0002-8748-8242
https://orcid.org/0000-0002-8748-8242
https://orcid.org/0000-0002-8748-8242
https://doi.org/10.1039/c3nr02543h
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1063/1.3397043
https://doi.org/10.1063/1.3360349
https://doi.org/10.1016/j.matlet.2011.08.094
https://doi.org/10.3390/act5010009
https://doi.org/10.1063/1.4870116
https://doi.org/10.1039/C5EE00414D
https://doi.org/10.1063/1.3675458
https://doi.org/10.1038/srep02953
https://doi.org/10.1039/C3NR05973A
https://doi.org/10.1103/PhysRevB.71.014113
https://doi.org/10.1016/j.ceramint.2012.01.046
https://doi.org/10.1103/PhysRevB.64.104419
https://doi.org/10.1038/nmat1236
https://doi.org/10.1038/nmat1804
https://doi.org/10.1021/cm010090m
https://doi.org/10.1038/ncomms12712
https://doi.org/10.1103/PhysRevB.65.134402
https://doi.org/10.1038/nmat1886
https://doi.org/10.1038/nmat1868
https://doi.org/10.1038/ncomms4404
https://doi.org/10.1126/science.1184028
https://doi.org/10.1063/1.3554432
https://doi.org/10.1002/adfm.201301160
https://doi.org/10.1039/C5NR02928G
https://doi.org/10.1103/PhysRevMaterials.1.023001
https://doi.org/10.1103/PhysRevLett.118.237204
https://doi.org/10.1007/BF02150199
https://doi.org/10.1063/1.2906321


[33] Sajti S, Deák L andBottyán L 2009 http://fs.kfki.hu (arXiv: 0907.2805)
[34] WilkinsonC, CheethamAK, LongG J, Battle PD andHopeDAO1984 Inorg. Chem. 23 3136
[35] Kozioł-RachwałA,ŚlęzakT,Nozaki T, Yuasa S andKorecki J 2016Appl. Phys. Lett. 108 041606
[36] CabreraN andMottN F 1949Rep. Prog. Phys. 12 163
[37] AtkinsonA 1985Rev.Mod. Phys. 57 2
[38] Zenkevich A,Mantovan R, FanciulliM,MinnekaevM,Matveyev Y, Lebedinskii Y, Thiess S andDrubeW2010Appl. Phys. Lett. 96

162110

7

Mater. Res. Express 5 (2018) 016405 DGMerkel et al

http://fs.kfki.hu
http://arxiv.org/abs/http://0907.2805
https://doi.org/10.1021/ic00188a023
https://doi.org/10.1063/1.4940890
https://doi.org/10.1088/0034-4885/12/1/308
https://doi.org/10.1103/RevModPhys.57.437
https://doi.org/10.1063/1.3405757
https://doi.org/10.1063/1.3405757

	Introduction
	Experiment
	Results
	Discussion
	Summary
	Acknowledgments
	References



