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Abstract

In this work we propose a device design for efficient voltage control of magnetism.

The magnetization of a ferrimagnetic double perovskite may be manipulated by

an exchange coupled layer of multiferroic BiFeO3. Bilayers of Barium doped

BiFeO3 and ferrimagnetic double perovskite Sr2FeMoO6 have been prepared by

pulsed laser deposition motivated by the possibility of strong interlayer exchange

coupling. While single layers of each material show high quality we observe that

in both stacking orders the first layer decomposes during the deposition of the

second layer. The reason for the decomposition are strongly differing growth

conditions for BiFeO3 and Sr2FeMoO6. This means that the generation of

artificial multiferroic stacks requires careful choice of the constituent materials

to ensure the bilayer stability.

Keywords: BiFeO3, Perovskite, Double Perovskite, Sr2FeMoO6, Exchange

Bias, Exchange coupling

1. Introduction

One approach to realize a new generation of data storage device is to use an

array of magnetic tunnel junction (MTJ) as bits. To efficiently manipulate the
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state of the MTJ, one ferromagnetic (FM) layer is exchange coupled to a mul-

tiferroic (MF) antiferromagnet (AF). It has been shown that the magnetization5

manipulation of CoFe deposited on BiFeO3 (BFO) is possible upon application

of voltage at the BFO layer [1]. However, due to oxidization of the CoFe layer at

the BFO interface the realization of a reliable device was not possible. Moving

to an oxide FM layer the coupling to BFO was previously only observed up

to a temperature of around 50 K [2]. We propose to use a ferrimagnetic elec-10

trode on top of the MF layer to achieve large coupling strength. Heteroepitaxy

Figure 1: Crystal structures of BFO (bottom) and SFMO (top) demonstrating the structural

(left) and magnetic (right) similarity. Spin directions and ionic sizes are not to scale.

offers the unique opportunity to have a perfect matching of spins of different

layers. Perovskite heteroepitaxial multilayers have been fabricated in numerous

publications. When combining the multiferroic BFO with the ferrimagnetic per-

ovskite Sr2FeMoO6 (SFMO), we expect exchange coupling via the Fe - O - Mo15

and Fe - O - Fe bonds connecting the oxygen octahedra in the different layers.

This is depicted in figure 1. All right pointing spins from Fe3+ of the G-type

antiferromagnet BFO are expected to show an antiferromagnetic superexchange

coupling to the Fe3+ ions of the SFMO. The left pointing spins from Fe3+ of

BFO have only the negligible magnetic moment at the Mo5+ ions as superex-20

change partner. This leaves us with the overall magnetization being strongly

coupled to the Néel vector of the BFO. In such a bilayer structure the rotation
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of the BFO Néel vector by 180◦ may lead to the reversal of the SFMO magne-

tization due to the strong interlayer coupling. The antiferromagnetic interlayer

coupling has already been observed in other magnetic oxide multilayers [3]. We25

choose the double perovskite Sr2FeMoO6 (SFMO) as conducting ferrimagnetic

material because of it’s high Curie temperature (Tc > 410 K [4]) and a good

lattice matching to SrTiO3 (STO) substrate (a = 3.905 Å). The lattice con-

stants of bulk SFMO are a = b = 5.568 Å and c = 7.897 Å [5]. There is an

in-plane lattice mismatch of 0.8% comparing the pseudocubic lattice constants30

(STO: 2a = 7.81 Å, SFMO: apc = a ·
√

2 = 7.87). We choose Barium doped

BiFeO3 (BBFO) as MF layer. BBFO profits of less impurity phases than pure

BFO and reduction of leakage current in polycrystalline bulk samples [6]. The

lattice constant of bulk BBFO around is 3.98 Å and the symmetry of the unit

cell changes from R3c (pure BFO) to cubic [6]. The resulting lattice mismatch35

to STO is +1.9%. The exchange bias of a BFO/SFMO/STO stack system has

been reported in [7]. Here we want to see if the exchange bias field can be

increased by the choice of BBFO and the in-situ deposition of both layers. We

also investigate the influence of the stacking order of the two layers.

2. Methods40

Ba substituted BiFeO3 samples with a Ba content of 15%, which corresponds

to Bi0.85Ba0.15FeO3 (BBFO), have been prepared by pulsed laser deposition

from a target with 20% Bismuth excess to compensate loss during deposition

[8, 9]. SFMO samples have been deposited from a stoichiometric target. The

deposition chamber has a base pressure of 4 · 10−8 mbar. The laser aperture of45

a Compex Pro 205 KrF excimer laser is projected on a 0.1 cm2 area creating a

homogeneous energy distribution of around 640 mJ/cm2. As substrates, com-

mercially available (001) oriented SrTiO3 (STO) single crystals have been used

after standard buffered HF treatment [10]. The substrate to target distance

was fixed at 5.5 cm. Further growth conditions optimized for the respective50

materials are summarized in table 1. The samples have been analyzed concern-
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Material BBFO SFMO

Background gas O2 Ar

Background pressure 0.1 mbar 0.1 mbar

Substrate temperature 475◦C 750◦C

Growth rate 1.0 Å/s 1.8 Å/s

Annealing - 800◦C

1 h

1.4 · 10−5 mbar O2

Table 1: Deposition parameters for BBFO and SFMO single layers on STO substrates

ing their structural properties by X-ray diffraction in a Bruker D8 four circle

diffractometer. X-ray diffraction patterns were also simulated using CADEM

software package [11]. The thickness of each sample is determined by X-ray

reflectivity. Magnetic properties have been investigated using a Quantum De-55

sign SQUID magnetometer. For atomic force microscopy (AFM) as well as

piezoresponse force microscopy (PFM) a Digital Instruments 3100 Dimensions

equipped with a NanoScope IV controller has been utilized. In AFM mode the

topology of the samples has been measured using Bruker SNL-10 probes. In

PFM mode ferroelectric domains have been manipulated and measured using60

Bruker SCM-PIT probes. To further analyze the topography of the samples

a scanning electron microscope, a FEI Helios NanoLab 600i, was used. It is

equipped with a dispersive X-ray spectrometer (EDX) to allow the measure-

ment of the sample composition. For these measurements an operating voltage

of 20 kV and a current of 5.5 nA was selected. The probing depth of the EDX is65

around 1µm. Since we analyze only thin films of a few nanometer thickness no

quantitative interpretation of the data is allowed but for qualitative comparison

of different areas of the same sample it is suited.
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3. Results and discussion

The 2Θ/ω scan of a BBFO(35 nm)/STO sample is shown in figure 2 a). We70

zoom in the range of interest around the (001) film and substrate peak since in

the accessible range no other than the (00n) peaks of STO and BBFO are visible

and to make the Laue oscillations of the film peak visible. From the film peak

position we calculate an out-of-plane lattice constant of 4.2 Å. Reciprocal space

maps around the (103) STO substrate peak (not shown) indicate that BBFO75

grows fully strained box-on-box on STO in a tetragonal phase with a c : a ratio of

1.07 which coincides with the results from Mix et al. [9] for pure BiFeO3 (BFO)

on STO. In red is a CADEM simulation [11] of a XRD measurement of a sample

Figure 2: a) blue: 2Θ/ω scan of a 35 nm BBFO/STO sample grown at the conditions given

in table 1. The left peak corresponds to the BBFO (001) reflex, the right peak to the (001)

STO reflex. In red is a simulation of a XRD measurement at 84 unit cells of BBFO [11]. The

curves are shifted for better visibility. The inset shows the rocking curve of the (001) BBFO

peak. b) AFM scan of a BBFO/STO sample of similar thickness.

of 84 unit cells of BBFO with the corresponding out-of-plane lattice parameter.

The simulation agrees well with the calculated data. The measured asymmetry80

of the first order Laue satellites can be well reproduced in the simulations with

a gradual strain relaxation away from the interface with a decay length of 7 nm.

The absence of other peaks and the occurrence of Laue oscillations indicate

that BBFO grows smooth and single-phase. Omega scans of the (001) BBFO
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reflex (inset) reveal a narrow rocking curve of ω = 0.03◦ FWHM indicating well85

oriented unit cells. The crystallinity of the BBFO samples is better than of

the BFO samples that have been grown in our group before [2]. In addition,

the surface roughness is very low as seen in figure 2 b). From the AFM image

one can see that BBFO grows in a step-flow-like growth so that the steps of

the STO substrate are reproduced by the thin film. The RMS roughness is90

below 1 nm. Also other groups report a reduction of impurity phases in the

BFO single crystals when doping with Ba [12]. These advantages led us to use

BBFO over BFO to achieve a smooth interface towards the SFMO. To show

that the Ba substitution does not affect the ferroelectric properties of BFO

the ferroelectric domain structure has been probed using piezoresponse force95

microscopy (PFM). For this purpose a stack of SrRuO3 (SRO) bottom layer

(20 nm) and BBFO top layer (50 nm) has been grown on STO substrate. Figure

3 shows the topography image as well as the phase- and amplitude image after

applying +10 V between the AFM probe and the SRO bottom electrode while

scanning a 1µm square and -10 V in a 0.5µm square (procedure known as PFM100

lithography). The frequency of the applied voltage during the succeeding PFM

scan was kept constant at 356 kHz close to the contact resonance frequency. We

observe no significant changes in the surface topography, but a prominent change

in the phase- and amplitude measurement in the area of applied voltage. This

indicates the switching of ferroelectric domains. The reversible manipulation of105

the FE domains indicate ferroelectric properties of BBFO.

Figure 3: Measurement of topography (left), PFM phase (middle) and PFM amplitude (right)

at the same time after PFM lithography at a sample BBFO (50 nm)/SRO (20 nm)/STO.

A 2Θ/ω scan of a SFMO(61 nm)/STO sample is shown in figure 4. No
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other peaks than the film- and substrate reflexes are visible over a large scan

range. The film peak is split into a double peak which indicates that SFMO

grows partly in a strained and partly in a relaxed phase. Since there is a clear110

separation of the two peaks we assume that the we have a strained phase of

the SFMO and a relaxed phase. The transition from strained to relaxed phase

happens abruptly. A double Gaussian has been fitted to the double peak. The

corresponding lattice constants are cS = 8.04 and cR = 7.95 Å. The bulk value

given in literature is c = 7.89 Å. We calculate the lattice parameter according115

to Poisson’s ratio under the assumption of heteroepitaxial strain to understand

the lattice parameters. In case of perfect heteroepitaxy the in-plane lattice

constants shrink to fit the substrate lattice and the out-of-plane lattice constant

increases according to Poisson’s ratio. In literature we find a Poisson’s ratio for

SFMO of ν = 0.36 [13]. With this we calculate an expected lattice parameter120

of c = 8.067 Å. This value deviates from cS by 0.3%. This deviation may

stem from the in-plane lattice parameter of SFMO not exactly matching the

STO or from off-stoichiometry. In figure 5 (a) we show a simulation of the

XRD pattern using CADEM software [11]. We have a good agreement with the

experimental data when we simulate 23 unit cells of strained and 25 unit cells125

of relaxed SFMO, corresponding to 18.5 nm and 19.9 nm, respectively. This is

in good agreement with the experiment if we apply the Scherrer formula to the

individual peaks (22 nm for strained, 18 nm for relaxed), which lends one to the

conclusion that the assumption of two distinct phases is valid. As there exist

additional effects leading to peak broadening the values calculated above are130

lower bounds for the actual size of the coherently scattering volume. Figure

5 (b) shows an atomic force microscopy (AFM) picture of the surface of the

same SFMO sample indicating island-like growth. SFMO grows under epitaxial

strain close to the surface. On top we expect relaxed SFMO that builds up to

islands.135

For the aim of growing a strongly exchange coupled bilayer it is essential to

have large domains of SFMO with a well ordered B-site sublattice. We measure

the B-site ordering of our sample by XRD. The intensity of the (111) reflex of
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Figure 4: 2Θ/ω scan of a 61 nm SFMO/STO sample grown at the conditions given in table 1.

The double peak on the left corresponds to SFMO (004) reflexes, the right peak to the (002)

STO reflex. The SFMO is grown in two phases, a strained and a relaxed one.

SFMO depends on the B-site order of the material, in contrast to the (022)

reflex, which is independent of the B-site ordering. The expected relative inten-140

sity of the (111) reflex for a perfectly ordered sample is I(022)/I(111) = 26.25.

For completely disordered samples, this ratio would approach infinity. These

relative intensity values are calculated with the help of PowderCell software,

which simulates X-ray diffraction spectra for powder samples. The program

is configured to use Bragg-Brentano geometry correction. For crystalline sam-145

ples, we have to take into account the multiplicity of the individual peaks. For

powder samples there are eight possibilities to have a crystallite oriented in the

(111) direction and 12 possibilities for a grain oriented in the (022) direction.

Since for crystalline samples we only see one crystal orientation at a time, we

divide the relative peak intensity by the corresponding multiplicity to calculate150

the ratio for crystallite samples. We calculate a ratio of I(022)/I(111) = 17.50

for an ideal crystal. We take the area under the rocking curve as a measure for

the relative peak intensity and determine a ratio of 28.67 for this sample. We

achieve a similar value if we introduce a B-site disorder of 11% in our simulation.
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Figure 5: (a) Zoom of the 2Θ/ω scan around the (002) SFMO reflex (blue). In red the CADEM

simulation of a sample of incoherent layers with two distinct lattice parameters. The curves

are shifted for better visibility. (b) AFM picture of the same 61 nm SFMO/STO sample as in

figure 5. To make islands as well as the morphology of the areas in between visible we choose

a multicolor scaling.

A sample grown at the same conditions has been measured in a SQUID155

magnetometer. The Curie temperature has been determined by heating the

sample in an applied field of 50 mT (39.79 kA/m). By linear interpolation we

find a Curie temperature of around 360 K. The saturation magnetization has

been determined at a temperature of 5 K. The hysteresis loop is shown in fig-

ure 6. After subtracting the diamagnetic contribution of the STO substrate we160

calculate a saturation magnetization of 2.8µB/f.u. (212 kA/m), which differs

from the theoretical value of 4µB/f.u. [14] (303 kA/m). The coercivity is as

large as 41 mT (3.87 kA/m)). In literature, we find similar values for the satura-

tion magnetization and B-site disorder [15]. Sanchez-Soria [16] created samples

with a saturation magnetization of around 3µB/f.u. (227 kA/m) after extensive165

growth optimization.

Bilayers of SFMO and BBFO have been deposited in both possible stacking

orders on STO substrates. The thickness of each SFMO layer is supposed to

be 18 nm, the one of each BBFO layer is around 45 nm. We choose thin SFMO

to increase the fraction of the strained phase and to increase the exchange bias170

field (HE ∝ 1
tSFMO

). Large range 2Θ/ω scans of BBFO/SFMO/STO (BSS) and
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Figure 6: Hysteresis at a SFMO sample measured at 5 K. The saturation magnetization is

2.8µB/f.u (212 kA/m), the coercive field is 41 mT (3.87 kA/m)).

SFMO/BBFO/STO (SBS) are shown in figure 7 a) and b).

In the BSS XRD scan one sees a broad peak to the left of both the (001)

and (002) STO substrate peak. We do not observe the high crystalline quality

of the BBFO layer as found for the BBFO/STO samples shown above (figure175

2). There is no separation of the film reflexes. Therefore the determination of

B-site disorder for the SFMO cannot be performed. Additional peaks around

2Θ = 30◦ can be observed, indicating foreign phases. An absolute determina-

tion of these foreign phases from XRD only is not possible. We simulate an

XRD measurement for SrMoO4 (SMO) with the data from [17] since SMO is180

the most common impurity phase in SFMO. The peak with largest intensity

of SMO is the (112), which should occur at 2Θ = 29.4◦ for our measurement

setup. The impurity peaks of the BSS sample are found at 2Θ = 28.0◦, 31.7◦

and 32.5◦. Actually, we do not expect an exact matching since the stoichiom-

etry of the impurity SMO may be SrMoO4−δ, altering the lattice parameter.185

Presence of SMO and FexOy phases in PLD-grown SFMO samples have already

been reported [16, 18, 19]. The ex-situ decomposition at atmospheric conditions
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Figure 7: Large angle 2Θ/ω scan of a BFO/SFMO/STO sample (BSS) (a) and a

SFMO/BFO/STO sample (SBS) (b), each including the (001) and (002) substrate peak.

is shown in [20]. The oxygen background pressure along with the high temper-

ature during the BBFO deposition accelerate the aging process of the SFMO.

So even in a foreign phase free layer strange phases grow inside the layer after190

the growth. In the SQUID magnetometer we observe the decreasing of satura-

tion magnetization of SFMO down to 1.59µB/f.u. (120 kA/m). This reduction

Figure 8: EB field measured by field cooling experiment. 1 T was applied while cooling from

390 K to 5 K (left) and 100 K (right), respectively.

compared to the single layer value may be attributed to the decomposition of

the SFMO film. We measure an exchange bias field (HEB) after cooling the

sample under an applied field of 1 T as a measure for the interlayer coupling195

strength [2]. At 5 K we measure HEB = 1.8 mT (3 kA/m). This is lower than
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than reported values for BFO/LSMO [2] and BFO/SFMO [7]. At 100 K we

calculate HEB = 0.6 mT (1 kA/m). The formation of SMO decreases the satu-

ration magnetization of the layer and may lead to defects at the SFMO/BBFO

interface. Because of the decomposition of the SFMO layer we do achieve the200

multiferroic/antiferromagnetic interface that we aim for. We do not end up with

tetragonal distorted BBFO layer like reported in [7] for BFO/SFMO bilayers.

A possible explanation is that BBFO is deposited at higher oxygen partial pres-

sure. The further decomposition of the SFMO layer compared to the samples

reported in [7] leads in comparison to a lower exchange bias field. Also the205

ex-situ hydrogen annealing, that was performed in [7] may have an impact on

the stability of the SFMO layer.

To avoid the decomposition of SFMO the contact with oxygen needs to be

prevented. A capping layer is no opportunity since we aim for a interlayer

exchange coupling. The other solution is depositing the BBFO layer at very low210

oxygen partial pressure. However, we observe a strong reduction of the BBFO

crystallographic quality when deposited at lower oxygen background pressure.

In a second sample the order of layers are reversed so that BBFO is deposited

first. In these samples of SBS stack order we do not see a peak at the (001)

and (002) BBFO and SFMO peak positions. We observe a small signal at the215

shoulder of the STO substrate peak. The peak position at the (002) STO peak

is 46.2◦. Looking at the sample by eye, we observe an inhomogeneous material

distribution. This lends itself to the interpretation that at the high deposition

temperature of SFMO the previously deposited BBFO melted up into islands

destroying the high quality BBFO layer. A scanning electron microscopy image220

is shown in figure 9. It shows such an island with magnification of 200x. In larger

magnification one observes an increased roughness in the area of the island. We

utilized EDX to compare the stoichiometry of the two different areas of the

sample. This measurement is not suited for quantitative analysis of the sample

because of it’s thickness of only a few tens of nanometers compared to the225

information depth of around 1µm of the measurement setup. A qualitative

analysis is still allowed when comparing the results of the different areas of
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the sample. The result is that the inhomogeneities do not stem from substrate

contamination since no other elements but the deposited ones are observed. At

the border of the island we observe a drastic change in the Fe:Bi ratio. The230

island seems to be Bi deficient and Fe rich, which indicates not only the melting

but a phase separation of the BBFO layer. We conclude that the structure of

the BBFO layer is completely destroyed and we do not perform measurements

for determining the exchange bias field.

Figure 9: Microscopic image of a SBS sample surface taken by SEM. Black spots are carbon

contaminations. The big circle is visible by eye and might be an island consisting of decom-

posed and molten BBFO. The arrow indicates the EDX scan area. The right image shows the

EDX measurement at 15 measurement points along the arrow.

To avoid the decomposition of the BBFO layer one would need to protect it235

against high temperature. This can only be achieved by the deposition of the

second layer at lower temperatures. Also the low oxygen pressure at elevated

temperatures leads to the decomposition of BFO and the occurrence of BiOx

secondary phases [21]. This is also expected for BBFO. For SFMO, on the other

hand, it is not possible to grow it under low temperature and elevated oxygen240

pressure. We conclude that the SBS stacking order is difficult to realized with

the presented materials. For the BSS stacking order it has been shown that a

bilayer grown with pure BFO is possible [7]. In the cited work the SFMO layer is

ex-situ annealed after being deposited first and the pure BFO layer is grown at

lower oxygen background pressure. For BBFO the high oxygen partial pressure245
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during the deposition seems to make the bilayer fabrication more difficult.

Since BFO has the unique property of being a single crystal room tempera-

ture multiferroic material with magnetoelectric coupling it seems to be harder to

replace than the double perovskite at first sight. There exist over 720 different

double perovskites with the generalized formula A2BB
′O6 and a divalent A-site250

cation [22]. We want to evaluate the possibility of finding a ferrimagnetic per-

ovskite that can be grown at lower temperature and higher oxygen pressure that

SFMO. To find this material it is crucial to understand where the instability of

the SFMO originates. In a simple picture Iron builds a Fe3+ ion forcing Molyb-

denum to create Mo5+ ion to generate a charge neutral unit cell. However,255

Mo5+ is a rather unusual oxidation state, since Mo6+ is more stable. This can

be seen by the existence of Molybdenum oxides. Other than MoO3 the existence

of Mo2O5 is not reported. This shows that indeed the 5+ oxidation state is very

unlikely. Therefore the probability for the creation of a SMO strange phase is

very high at elevated oxygen background pressure due to the formation of Mo6+260

ions. However, the origin of the ferrimagnetic coupling in SFMO is the double

exchange interaction between Fe and Mo, originating in the near degeneracy of

the two valence states Fe3+−Mo5+ and Fe2+−Mo6+ in the double perovskite

structure [23, 24]. So one may check if there are elements that have both 5+

and 6+ stable oxidation states. Among the 4d and 5d elements there is actu-265

ally no element fulfilling this condition. There seems to be a tradeoff between

ferrimagnetic coupling and stability of the double perovskite. The most studied

conducting ferrimagnetic double perovskites with TC over room temperature be-

sides SFMO are Sr2FeReO6, Sr2CrWO6 [15]. Both materials seem to suffer from

the same instability mechanism like SFMO. A clear indicator is that Sr2CrWO6270

thin films are deposited in pure Argon atmosphere [25] and for Sr2FeReO6, of

which thin films have not been prepared to our knowledge, powder samples build

foreign phases of Sr5Re2O12 at the grain surfaces [26]. Going to Sr2CrReO6 [27]

or Sr2CrOsO6 [28] the double perovskite become insulating while keeping it’s

ferrimagnetic ordering above room temperature. In these compounds the hy-275

bridization effect becomes weak and superexchange coupling has to be taken
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into account. The growth of Sr2CrReO6 is done by PLD under a low oxygen

partial pressure of around 3.6 · 10−5 mbar and Sr2CrOsO6 polycrystalline sam-

ples are heated under an oxygen flow after fabrication. This may indicate that

the stability against oxidation is higher compared to the hybridization-based280

perovskites. Moving to an insulating ferrimagnet our device concept presented

in the introduction would need to be modified. So far we have only discussed the

influence of the B- and B′-cation, but also the A-site cation has an influence

on the properties of the double perovskite that might be taken into account.

Not only that the geometric stability of the unit cell is influenced (Goldschmidt285

tolerance factor), but also the valence of the B- and B′-ion [29]. Summariz-

ing one can say that although the number of double perovskites is huge, the

number of those suited for the presented device concept is limited. Conducting

ferrimagnets seem to be lacking of stability against oxidation while insulating

ones are not useful for the application we aimed for. One may combine the290

best properties of both kinds of compounds by doping. This field still requires

research especially concerning the stability of the compounds. The postulated

half-metallicity of doped Sr2CrOsO6 [30] gives hope in finding a suited material

for voltage controlled magnetic tunneling junctions.

4. Conclusion295

We determined the conditions for optimal deposition of BBFO and SFMO

layers. Both BBFO and SFMO single layers deposited on SrTiO3 (STO) sub-

strates show high crystalline quality. BBFO layers have smooth surfaces and

exhibit ferroelectric properties in piezoresponse force microscopy measurements.

SFMO grows fully epitaxial on STO up to a thickness of around 20 to 25 nm.300

The B-site disorder is calculated from the intensity of X-ray reflexes. We achieve

a disorder as low as around 11%. We point out the challenge in the realization

of such a material stack due to the different growth conditions. Depositing

SFMO as a first layer in pure argon background pressure, the layer decomposes

due to the formation of a SrMoO4 phase during the deposition of BBFO in305
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pure oxygen atmosphere, which results in a poor interlayer coupling. When

depositing BBFO as a first layer we observe melting of the BBFO layer at the

high deposition temperature of SFMO. We conclude that the particular mate-

rial combination is not well suited for bilayer fabrication. To achieve exchange

coupled bilayers one has to take into account the stability of each layer.310
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