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We study the coexistence of strain- and charge-mediated magnetoelectric coupling in a cobalt
(0−7 nm) wedge on ferroelectric [Pb(Mg1/3/Nb2/3)O3]0.68-[PbTiO3]0.32 (011) using surface-sensitive
x-ray magnetic circular dichroism spectroscopy at the Co L3,2 edges. Three distinct electric field
driven remanent magnetization states can be set in the Co film at room temperature. Ab-initio
density functional theory calculations unravel the relative contributions of both strain and charge
to the observed magnetic anisotropy changes illustrating magnetoelectro-elastic coupling at artificial
multiferroic interfaces.

Interface engineering is widely used to enhance or cre-12

ate new functionalities not present in the constituent13

materials, ranging from two dimensional electron gases14

at insulating oxide interfaces1 to exchange bias2. This15

approach is also employed to create and/or enhance16

the magneto-electric (ME) coupling in designed/artificial17

multilayered multiferroics. The possibility of controlling18

magnetism by an electric field is technologically very at-19

tractive and it highlights intriguing physical phenomena20

underlying the interfacial coupling mechanisms. Starting21

with the electric field effect at the interface between ferro-22

magnets and dielectrics3–5 to induce changes of magnetic23

anisotropy, the advent of multiferroics by design brought24

the possibility of imprinting changes in the ferromagnet25

in a non-volatile way6. Coupling schemes include the26

strain transfer from a piezoelectric to a ferromagnetic27

thin film which allows manipulating magnetic properties28

throughout the film thickness7–14. More spatially limited29

effects include charge doping of a complex oxide which30

creates a significant magnetic reconstruction within the31

screening length of the interface15–17 or a change in ex-32

change coupling at the interface for different ferroelec-33

tric polarizations18,19. Other effects as the control of ex-34

change bias20,21 or the tuning of domain wall motion22 by35

ME coupling were also employed. Multiferroic junctions36

with four logic states illustrate the high degree of tunabil-37

ity of transport across ME interfaces23–26. The origin of38

the change in tunnel resistance with electric polarization39

lies in the ferromagnetic/ferroelectric (FM/FE) interface.40

The coexistence of strain and charge effects have sel-41

dom been reported27–30 and so far been explained in a42

phenomenological framework. Such coexistence of cou-43

pling mechanisms opens up new possibilities for enhance-44

ment of the ME coupling. In this work, we have studied45

the room-temperature ME coupling at the interface be-46

tween a ferromagnetic Co wedge film and the ferroelectric47

[Pb(Mg1/3Nb2/3)O3]0.68 -[PbTiO3]0.32 (011) (from here48

on PMN-PT) using x-ray magnetic circular dichroism49

(XMCD) to disentangle interface and bulk effects in a50

single system. We demonstrate how the co-existence of51

multiple mechanisms can be used to enhance the ME cou-52

pling as well as manipulate magnetic spin textures solely53

through the application of electric fields in a non-volatile54

and reversible manner at room temperature. DFT cal-55

culations for different strain and charge states suggests56

a magnetoelectro-elastic effect that induces a magnetic57

spiral through the Co film thickness.58

Relaxor FE PMN(1−x)-PTx (011), with a composition59

of x = 0.32 located in the morphotropic phase boundary60

region31, (Atom Optics Co., LTD., Shanghai, China) is61

used as a substrate due to its strong piezoelectric proper-62

ties. Its crystal structure is monoclinic with lattice con-63

stants a=4.02 Å , b=4.01 Å and c=4.03 Å31. A cobalt64

wedge with linearly increasing thickness from 0 to 7 nm is65

grown on PMN-PT (011) via thermal evaporation, with66

the substrate kept at room temperature. A 2 nm thick Cr67

capping layer was thermally evaporated to avoid oxida-68

tion of Co when exposed to air. A 30 nm Au film serves69

as bottom electrode. XMCD characterization shows that70

the Co film exhibits no magnetization at room tempera-71

ture for nominal thicknesses below approximately 1.5 nm.72

This fact indicates a likely 3D Volmer-Weber growth73

mode, which can take place for depositions at room tem-74

perature due to limited surface diffusion of ad-atoms. X-75

ray diffraction measurements on the Co/PMN-PT bilayer76

showed that the Co thin film grows face centered cubic77

(fcc) textured with [111] for the OOP direction. The78

only observable peak using the Cu K line as source was79

at 44.35◦ corresponding to the 100% intensity peak of fcc80

Co, nominally at 44.2◦. Other peaks, such as the 45%81

intensity (200) fcc peak at 51.58◦ or the 100% intensity82

(101) peak for hexagonal close packed cobalt at 47.46◦83

were absent.84

Figure 1 (a) shows the sample design and measurement85

geometry. Depending on the electric field applied across86

PMN-PT (011), three distinct remanent FE polarization87
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states can be set. The FE polarization is poled positively88

or negatively out-of-plane (OOP+ or OOP-) by applying89

an electric field of ±0.36 MV/m at the bottom electrode90

while the top electrode is connected to ground. When91

comparing OOP+ and OOP- poled FE no lattice param-92

eter change in PMN-PT is expected and the Co top layer93

encounters identical strain conditions. However, FE po-94

larization switching alters the interfacial charge that has95

to be screened by the adjacent cobalt layer through accu-96

mulation or depletion of electrons. Sweeping between op-97

posite OOP FE polarization directions, PMN-PT (011)98

exhibits a remanent in-plane (IP) poled state at the co-99

ercive electric field (±0.14 MV/m). The switching from100

an OOP to an IP poled configuration and vice versa is101

accompanied by structural changes of the PMN-PT14,32
102

as indicated in Fig. 1 (b) and (c) that act on the Co top103

layer. OOP↔IP switching alters both the strained state104

of cobalt and the interfacial charge seen by the Co film.105

Note that both OOP poled states as well as the IP poled106

configuration are stable at remanence. The FE polar-107

ization of PMN-PT (011) at 298 K was measured to be108

2 · PPMN-PT =60µC/cm2.109

XMCD measurements at the Co L3,2 edges were car-110

ried out at the X-Treme beamline33 at the Swiss Light111

Source, Paul Scherrer Institut, Switzerland and at beam-112

line 6.3.134 at the Advanced Light Source, Lawrence113

Berkeley National Laboratory, California, USA. In114

XMCD, the absorption intensity difference between op-115

posite light helicities is an element sensitive probe of116

magnetization along the photon propagation direction35.117

Spectra were recorded at room temperature with an in-118

cidence angle of 60◦(angle between surface normal and119

x-rays incident direction), measuring the projected mag-120

netization along the (011) crystal direction of the PMN-121

PT. The external magnetic field was applied along the122

x-ray beam direction.123

Co XMCD hysteresis loops along the (011) direction,124

taken in total electron yield (TEY) mode for oppositely125

OOP poled states as well as the IP poled configuration126

at distinct thicknesses of the wedge, highlight two differ-127

ent ME coupling mechanisms at play. Electrical switch-128

ing from an OOP poled to an IP poled state induces an129

anisotropy change with higher remanent magnetization130

as seen in Fig. 1 (d) for a nominal Co thickness of 3.5 nm.131

The same behavior is observed probing a thicker part of132

the wedge at a nominal Co thickness of 6.3 nm in Fig. 1133

(e). Additionally we observe a more subtle anisotropy134

change comparing hysteresis curves taken for oppositely135

OOP poled FE in Fig. 1 (f). This anisotropy change is136

not observed in the thicker part of the wedge, as seen by137

the nearly identical hysteresis loops of Fig. 1 (g). TEY is138

a surface-sensitive detection mode where the probability139

of electron escape from the Co/PMN-PT interface de-140

cays exponentially with increasing Co top layer thickness141

(the electron sampling depth for Co is about 2.5 nm36).142

Therefore, the observed difference in magnetic anisotropy143

in Fig. 1 (f) and its absence in Fig. 1 (g) hints that its144

origin lies at the interface between Co and PMN-PT. As145
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FIG. 1. (a) Measurement geometry. (b,c) Lattice parame-
ter changes in OOP/IP poled PMN-PT, respectively. green
(red) arrows indicate compressive (tensile) strain in Co. (d-g)
XMCD hysteresis curves probing the Co magnetization pro-
jection along the (011) PMN-PT crystal direction for the three
distinct FE polarization states. (d,e) Switching the FE po-
larization from an OOP (blue curve) to an IP poled state
(red curve) probing a nominal Co thickness of 3.5 nm (d) and
6.3 nm (e), induces an anisotropy change with higher rema-
nent magnetization. (f) For 3.5 nm Co thickness, OOP poled
polarization directions exhibit also different anisotropies. (g)
For 6.3 nm Co thickness the anisotropy change for oppositely
OOP poled FE is now absent.

pointed out above, this effect cannot be attributed to146

a piezoelectric-magnetostrictive coupling since the strain147

transfer from the PMN-PT in the two states is equiva-148

lent. Hence, this anisotropy change due to the substrates’149

opposite OOP polarities suggests a charge driven mag-150

netoelectric coupling. The anisotropy change shown in151

Fig. 1 (d) and Fig. 1 (e) at both the thinner and the152

thicker part of the wedge can be understood in terms of153

the magnetostriction of cobalt in response to the lattice154

parameter changes of PMN-PT14. Since strain is a ‘bulk’155

effect, its influence persists throughout the whole Co film156

thickness. For a quantitative analysis, a series of XMCD157

spectra was taken as a function of applied electric field158

on the thin part of the wedge at 3.5 nm Co thickness at159

magnetic remanence after saturation in 2 T in total fluo-160

rescence yield (TFY). Sum rule analysis37,38 was used to161

extract the magnetic moment mtot = ms,eff + morb pro-162

jected along the (011) direction (for details, see appendix163

A). The resulting dependence on the electric field is given164

in Fig. 2, where the gray curve links successive measure-165

ments. mtot is strongest at the coercive electric field,166
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FIG. 2. Total magnetic moment (mtot) along the (011) di-
rection at remanence obtained from sum rule analysis as a
function of applied electric field. The gray curve is a guide
for the eye to link subsequent measurements. The arrow in-
dicates the sweeping direction. Black squares (open circles)
indicate measurements coming from OOP- (OOP+) poling.
The dashed red branches highlight the dependence of mtot

on the FE OOP substrate polarity when switching between
OOP+ and OOP-.

where the FE polarization is rotated in-plane. Compar-167

ing measurements of oppositely poled FE, OOP- poled168

PMN-PT results in a smaller Co mtot than OOP+ poled169

PMN-PT. Here, mtot depends solely on the FE polariza-170

tion state that the PMN-PT has been set in, irrespective171

of an actively applied bias voltage. Note that in 2 T172

applied field no dependence of the saturation magneti-173

zation on the FE polarization can be observed. At 2 T174

field applied along the easy (100) direction, the effective175

spin moment ms,eff = 1.64±0.16 µB and orbital moment176

morb = 0.131 ± 0.002 µB compare well with literature177

values39,40.178

The impact of the FE order of PMN-PT on the elec-179

tronic and atomic structure of a Co top layer is twofold.180

We observe a hysteretic behavior of remanent mtot for181

OOP+ and OOP- poled FE suggesting a charge-driven182

magnetoelectric coupling contribution due to accumula-183

tion and depletion of electrons at the FM/FE interface.184

The contribution of charge to the change in total mag-185

netic moment is highlighted by the dashed red branches186

in Fig. 2. Deviations occur only at the coercive electric187

field, where strain dominates while no net surface charge188

should be present. As the total moment at 2 T does189

not appreciably change with FE polarization but there190

is a significant change to mtot at magnetic remanence,191

we attribute these changes in magnetization to changes192

in effective magnetic anisotropy energy (MAE) of the Co193

film. To investigate the separate influences of strain and194

screening charge on the MAE we perform first-principles195

DFT calculations of bulk fcc cobalt with each perturba-196

tion applied separately.197

For Co films thicker than 1.5 nm41–43, the shape198

anisotropy dominates the MAE and dictates an isotropic199

in-plane magnetization. This isotropy within the film200

plane is subsequently lifted by other MAE contributions.201

The bulk magnetocrystalline anisotropy for fcc Co fa-202

vors an easy axis along the [111]- and equivalent cubic203

directions. However, for a (111) film the strong shape204

anisotropy disfavors the low energy crystalline directions.205

Moreover, the volume magnetocrystalline anisotropy is206

isotropic within the (111) film plane and thus creates no207

anisotropy even if its magnitude is altered.208

Another contribution to the MAE is magnetoelasticity,209

which exhibits lower order terms of the directional mag-210

netization expansion43 that are coupled to strain tensor211

elements (εij). For cubic symmetry its energy contribu-212

tion is213

Emag−el = B1(ε11α
2
1 + 2ε22α

2
2 + ε33α

2
3)

+2B2(ε23α2α3 + ε13α1α3 + ε12α1α2) ,

where Bi are the cubic magnetoelastic constants and α214

is the corresponding direction cosine of the magnetiza-215

tion. For the [111]-oriented fcc Co film we transform this216

expression43 (see appendix B) into hexagonal coordinates217

to yield, for the film plane magnetization:218

Emag−el,hex(φ) = −1

3
(B1+2B2)(ε′100−ε′011

) sin2(φ) (1)

where ε′i are the strain elements in the film-plane labeled219

with respect to the PMN-PT substrate and φ is the an-220

gle of the in-plane magnetization relative to the [100] di-221

rection. The magnetoelasticity creates an easy in-plane222

direction which is determined by an ‘effective’ magnetoe-223

lastic constant Beff = B1 + 2B2.224

By performing total energy calculations for a set of225

strained fcc-cobalt unit cells (see ‘Supplemental Mate-226

rial’) we compute B1 and B2 using DFT. We find both227

B1=−8.7 MJm−3 and B2=7.2 MJm−3 in reasonable228

agreement with experimental and theoretical literature229

values43–45. Moreover, the combination of these values230

gives a positive effective magnetoelastic constant, Beff.231

Consequently, we predict that a net strain (ε′100−ε′011
) >232

0 creates an easy axis along the [011] direction, whereas233

(ε′100 − ε′
011

) < 0 will produce an easy axis parallel to234

[100]. In PMN-PT, OOP→IP poling is accompanied by235

a strong positive ε′100 transferred to the Co film32 re-236

sulting in a positive net strain. Hence, our theoretical237

finding is in agreement with the experimentally observed238

anisotropy change along [011] upon IP poling.239

For both the OOP+ and the OOP- poled state, the Co240

film encounters a net strain (ε′100 − ε′011
) < 0 and the ex-241

perimentally observed magnetization shows a preferred242

orientation close to the [100] axis in agreement with our243

prediction. However, in the experiment there is a 15%244

higher magnetization projection along the [011] axis for245

the OOP+ state than for the OOP- state. Since the246

structure of PMN-PT in the two states is equivalent, the247

difference has to be attributed to a contribution stem-248

ming from the FE polarization direction.249

For example, the presence of interface charge σint may250

necessitate screening by the valence electrons of the adja-251

cent Co film. With 2 ·PPMN-PT=60µC/cm2, the amount252

of interface charge doping for fcc (111) Co can be esti-253

mated to be σint(0) = ±0.102 e−/unit cell area. This254
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charging will be largest at the interface and then de-255

cay exponentially corresponding to the Thomas-Fermi256

screening as σint(z) = σint(0)e−z/λCo , where z measures257

the distance from the interface and λCo is the Thomas-258

Fermi-screening length of Co (λCo =0.15 nm46).259

Next we examine the impact of this interface charge on260

the magnetoelastic constants (B1(σ), B2(σ)), as shown261

in Fig. 3(a), by repeating our computations with a var-262

ied total e− count within the DFT calculations. We find263

(Fig. 3(a)) a strong variation of B1 with charging whereas264

B2 remains nearly unchanged. Moreover, the different265

behavior of B1 and B2 as a function of charging leads to266

a sign change of Beff around σ =4µC/cm2, as depicted267

by a dashed green line in Fig. 3(a). For the same neg-268

ative net strain corresponding to OOP poled PMN-PT,269

the OOP+ and OOP- cases have different alignments of270

the magnetic easy axis at the interface, as sketched in271

Fig. 3 (b,d). For the OOP- case, the accumulation of272

holes in the Co film at the interface (σ < 0, Beff > 0)273

creates an easy axis along the [100] direction. On the274

other hand, in the OOP+ state the accumulation of elec-275

trons (σ > 0) reverses the sign of Beff and thus favors the276

orthogonal [011] direction as easy magnetization direc-277

tion. Consequently, we expect that switching of the elec-278

tric polarization in combination with an alternation of279

the magnetoelastic constants by interface charging leads280

to a 90◦change of the preferred magnetization direction.281

This magnetoelectro-elastic effect will be constrained to282

the interface region, where enough charge accumulation283

is present.284

The experimentally observed higher remanent magne-285

tization along the [011] direction for the OOP+ state286

compared to the OOP- state in Fig. 1 and 2 is in agree-287

ment with our calculated magnetoelectro-elastic effect.288

However, the detected signal contains contributions of289

both, the strain that extends throughout the entire film,290

as well as the charge — an interface effect. Consequently,291

the exponential decay of the charge screening away from292

the Co/PMN-PT interface suppresses the measurement293

of this charge-enhanced effect in thicker films when using294

surface-sensitive TEY detection mode (Fig. 1(g)).295

In conclusion, we investigated by a combined ex-296

perimental and theoretical effort the room-temperature297

magnetoelectric properties of the Co/PMN-PT interface.298

From our XMCD measurements we found that the mag-299

netic anisotropy behavior of the Co film depends on300

the three distinct polarization states (IP, OOP(+,-)) the301

PMN-PT can be set in. According to our theoreti-302

cal investigation, the combination of magnetoelasticity303

and interface charging leads to changes in Co magnetic304

anisotropy, opening up the possibility for enhanced mag-305

netoelectric coupling as well as tailoring of magnetic spin306

textures through the application of electric field pulses.307

Finally, we suggest that the found modulation of mag-308

netic anisotropy by the magnetoelectro-elastic effect al-309

lows the generation of a magnetic anisotropy gradient310

in thin films. If the gradient is strong enough, it gives311

rise to a spiral state in the thin film, which is reversible,312
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FIG. 3. (a) Variation of magnetoelastic constants as a func-
tion of charging of the unit cell σ. (b,c,d) Sketch of the three
switching states (OOP-, IP, OOP+) of the Co/PMN-PT in-
terface. The black/red arrows show the direction of elec-
tric/magnetic polarization and the blue arrows show the net
strain. (b) illustrates the OOP- case where strain and elec-
tron depletion in the Co film lead to a preference of the [100]
direction as the easy axis. (c) depicts the highly strained IP
state with no interface charging and an easy axis along [011].
In (d) the combination of strain and electron accumulation
creates an easy axis along [011] at the interface which decays
and turns towards [100] away from the interface.

non-volatile, and can be controlled by the ferroelectric313

substrate. Our results open new pathways for the explo-314

ration of new interface coupling mechanisms where dif-315

ferent effects can be combined with the aim of enhancing316

or tailoring new functionalities.317
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Appendix A: Experimental details on XMCD332

spectra and sum rule analysis333

Regarding the XMCD spectra taken in TEY mode, the334

detected electron current was influenced by the respec-335

tive bias voltage applied at the sample holder serving336

as bottom electrode (for the measurement geometry, see337

Fig. 1 (a)). A positive voltage on the sample holder at-338

tracts electrons that in turn leave the sample surface giv-339

ing rise to a detectable TEY signal; a negative bias volt-340

age on the sample holder prevents electrons from leav-341

ing the sample surface. To ensure a consistent electron342

yield background and intensity, we can apply electric field343

pulses to set a specific FE orientation and then measure344

TEY spectra with no bias voltage across the PMN-PT345

substrate. However, TEY spectra taken during appli-346

cation of large negative bias on the sample holder have347

vanishing intensity, making quantitative comparison dif-348

ficult between spectra for large negative sample holder349

bias.350

Thus, we evaluate the electric field dependence of the351

total magnetic moment shown in Fig. 2 of the main text352

through sum rule analysis for a set of XMCD spectra353

taken in total fluorescence yield, as unlike electrons, the354

fluorescent photons are not influenced by the polarity and355

the strength of the applied electric field. Two examples356

of the detected XMCD difference as a function of applied357

electric field are given in Fig. S4 (a), with each spectrum358

normalized to the XAS L3 edge jump.359

For example, we show sum rule analysis37–39 on TEY360

and TFY spectra in Fig. S4 (b,c) simultaneously mea-361

sured in grazing incidence geometry at 0 T after satura-362

tion in a magnetic field of 2 T and in an applied electric363

field of -0.14 MV/m (IP poled state) at a nominal Co364

thickness of 3.5 nm. In this figure the XAS is defined365

as the sum of x-ray absorption spectra measured with366

left and right circular polarization, while the XMCD is367

the difference between these spectra. For the analysis, an368

electron occupation number of 7.51 was used for cobalt39.369

Our DFT calculations show that the magnetic dipole370

term Tz is on the order of 〈Tz〉 = 1.4∗10−3 µB and there-371

fore negligible. Figure S4 (b) shows XAS spectra taken372

with TEY (blue) and TFY (red). The integration of each373

XAS spectrum (dashed curve) after subtraction of a two-374

step background function is also shown in the respective375

color. Figure S4 (c) shows the XMCD spectra and their376

integration resulting from TEY (blue) and TFY (red)377

measurements. The total magnetic moment extracted378

from the TEY spectrum sums up to mtot = 1.23 µB, mtot379

extracted from the TFY spectrum is mtot = 1.16 µB.380

Comparison of the TEY and TFY spectra shows that381

the sum rules analysis of the latter results in an about382

6% smaller total magnetic moment value. The error bar383

in the sum rule analysis among the set of TFY spectra384

as determined from the spectra quality is estimated to385

be 3.5%.386

For completeness, we give the orbital moments de-387

duced for cobalt on PMN-PT for the three distinct poling388

FIG. 4. (a) Example of Co XMCD difference spectra taken
with TFY as a function of applied electric field. (b.c) Example
of the sum rule analysis: (b) XAS spectra and their integra-
tion after subtraction of a two-step background resulting from
TEY (blue) and TFY (red) measurements. (c) Corresponding
XMCD spectra and their integration.

states. The orbital moment is very small compared to389

the effective spin moment, with morb = 0.065± 0.005 µB390

for OOP+ poled PMN-PT, morb = 0.045± 0.007 µB for391

OOP- poled PMN-PT and morb = 0.079 ± 0.013 µB for392

IP poling.393

The TEY hysteresis curves shown in Fig. 1 of the publi-394

cation were measured at the Advanced Light Source using395

a positively biased grid in front of the sample holder to396

minimize any influence due to an applied voltage across397

the PMN-PT substrate.398

Appendix B: Transformation of magnetoelastic399

energy400

The transformation of the magnetoelastic energy for401

the case of a [111] oriented film, has been performed by402

utilizing the transformation matrix43:403

a =

−
1√
2

1√
2

0

− 1√
6
− 1√

6

√
2
3

1√
3

1√
3

1√
3

 . (B1)

The strain tensor in the cubic coordinate system of PMN-404

PT substrate is405

ε′ =

ε′101 0 0
0 ε′

011
0

0 0 ε′011

 , (B2)

which transforms as:406

ε = aT ε′ a . (B3)
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Finally, we use ε in Eq. (4) to determine the easy axis407

within the film plane.408

Appendix C: Calculation of magnetoelastic409

coefficients410

To calculate the magnetoelastic constants we map the411

DFT total energy onto the phenomenological expression412

for the cubic magnetoelastic energy:413

EME(α, ε) = B1(ε11α
2
1 + 2ε22α

2
2 + ε33α

2
3) (C1)

+2B2(ε23α2α3 + ε13α1α3 + ε12α1α2) ,

where αi is the direction cosine, εij the transformed414

strain tensor components as described in the previous415

section and Bi the magnetoelastic constants. The two416

magnetoelastic coefficients are then computed by two sets417

of calculations. For B1 we apply a strain ε11 and compute418

the energies E[100] and E[001] for magnetizations along419

the [100] (α1 = 1, α2 = α3 = 0) and [001] (α1 = α2 = 0,420

α3 = 1) directions, respectively. B1 is then given by421

B1 =
E[100] − E[001]

ε11
. (C2)

The procedure for B2 is similar, where we strain the cell422

corresponding to ε23 6= 0 and calculate the energies E[011]423

and E[011] for magnetizations along [011] α2 = α3 = 1√
2

424

and [011] α2 = −α3 = 1√
2
, respectively. Again one finds:425

B2 =
E[011] − E[011]

2ε23
. (C3)

Both magnetoelastic constants are computed from total426

energy calculations performed within density-functional427

theory using the projector augmented wave PAW47
428

method as implemented in the Vienna ab-initio simu-429

lation package48. For the exchange-correlation poten-430

tial we utilized the generalized gradient approximation431

(PBE49), where our selected pseudo-potential for Co con-432

tains 17 valence electrons corresponding to the electronic433

configuration 3s23p63d74s2. For the selfconsistent calcu-434

lations we use 800 eV as the cutoff energy for the plane435

wave expansion and a 45×45×45 Monkhorst-Pack grid436

for sampling the Brillouin zone of the cubic fcc cell con-437

taining 4 atoms. Finally, we calculate the needed energy438

differences by performing non selfconsistent calculations439

for different magnetization directions with an increased440

sampling of 90x90x90 k-points. All numerical parameters441

have been thoroughly tested to give consistent results in442

the energy range of magnetoelastic energies (10−8 eV).443
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