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The electric field control of d-electron magnetism in multiferroic transition metal oxides is attracting
widespread interest for the underlying fundamental physics and for next generation spintronic devices. Here,
we report an extensive study of the 3d magnetism in magnetoelectric Ga0.6Fe1.4O3 (GFO) epitaxial films by
polarization-dependent x-ray absorption spectroscopy. We found a nonzero integral of the x-ray magnetic circular
dichroism (XMCD), with the sign depending upon the relative orientation between the external magnetic field
and the crystallographic axes. This finding translates into a sign reversal between the average Fe magnetic orbital
and spin moments. Large Fe displacements, among inequivalent octahedral sites, lower the symmetry of the
system producing anisotropic paths for the Fe-O bondings giving rise to a large orbital-lattice interaction akin
to a preferential crystallographic direction for the uncompensated, or averaged among different sites, magnetic
orbital moment. The latter may lead to a partial reorientation of the magnetic orbital moment under an external
magnetic field that, combined with the ferrimagnetic nature of the GFO, can qualitatively explain the observed
sign reversal of the XMCD integral. The results suggest that control over the local symmetry of the oxygen
octahedra in transition metal oxides can offer a suitable leverage over the manipulation of the effective orbital
and spin moments in magnetoelectric systems.
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The emergent functionalities disclosed by transition metal25

oxides (TMOs) [1], together with the latest advances in26

atomic-scale synthesis [2], are triggering a focus shift in the27

materials research panorama. The electric field control of28

the spin in ferromagnets (viz., spintronics), as envisaged in29

multiferroic TMOs [3,4], is generating large interest for the30

potential high impact in technology. Multiferroics combine at31

least two ferroic order parameters (usually the ferroelectric32

polarization and the magnetization), which can conceptually33

lead to an efficient electric field control of the d-electron34

magnetism. Recent propositions of devices based on the com-35

bination of multiferroic TMOs and large spin-orbit coupling36

(SOC) materials [5,6] would allow low-dissipation writing37

and readout processes within the same material stack, thus38

reducing the operational current in logic gates and memories,39

and enhancing the devices’ scalability [7]. At the same time,40

recently it has been theoretically shown that some multifer-41

roics, like BiCoO3, can exhibit a bulk Rashba SOC [8]. It42

follows that understanding how SOC couples the electron spin43

angular momentum to the electron orbital angular momentum44

in multiferroic TMOs is a necessary step toward a rational45

design of novel ultralow-switching-energy multiferroic-based46

devices.47

Fe3+-based oxides, being characterized by a 3d5 electronic48

configuration, should exhibit a zero magnetic orbital moment49

*daniele.preziosi@ipcms.unistra.fr

(μL) as is found, for example, in the case of γ -Fe2O3 nanopar- 50

ticles [9]. However, a nonzero μL, parallel to the magnetic 51

spin moment (μS), was reported in the case of magnetoelectric 52

gallium ferrite (GaFeO3) single crystals [10], where Fe3+ ions 53

occupy only octahedral (Oh) sites. This result was interpreted 54

as a consequence of intrinsic FeO6 crystalline distortions, 55

capable of removing the parity symmetry of the 3d orbitals via 56

anisotropic Fe 3d–O 2p hybridization paths. Similarly, Tseng 57

et al. by using the sum rules reported a nonzero μL parallel to 58

μS in ε-Fe2O3 nanoparticles [11]. 59

In this work, we report polarization-dependent x-ray ab- 60

sorption spectroscopy (XAS) measurements, and in particular 61

Fe L3,2-edges x-ray magnetic circular dichroism (XMCD) 62

data, on magnetoelectric Ga0.6Fe1.4O3 (GFO) epitaxial films. 63

The 0.4 excess of Fe increases the ferrimagnetic transition 64

above room temperature. This Fe doping allows also a certain 65

amount of Fe3+ in tetrahedral (Td ) sites (see, for example, 66

Table I). By applying the sum rules to the XMCD data we 67

find that the magnetic orbital moment is anisotropic with 68

a direction parallel or antiparallel to the net magnetic spin 69

moment depending on the orientation between magnetic field 70

and crystallographic axes. We explain the nonzero value of the 71

net μL and the abnormal change of orientation with respect 72

to the average μS , as a consequence of a direction-dependent 73

compensation between μL and μS along different crystal axes 74

of inequivalent (differently distorted) Fe sites. Here, the Fe 75

ions moving away from the gravity center of the octahedral 76

cage set a strong orbital-lattice interaction that, for large 77
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TABLE I. Cationic distributions of Fe3+ and Ga3+ over the four
different cationic sites of the GFO orthorhombic structure. Exper-
imental values (as taken from Ref. [17]), and theoretical ones as
expected from the Ga0.6Fe1.4O3 formula.

Ga1(Td ) Ga2(Oh) Fe1(Oh) Fe2(Oh) Sum Expected

Ga3+ 0.60 0.25 0.15 0.05 1.10 1.20
Fe3+ 0.40 0.75 0.85 0.95 2.95 2.80

displacements, may prevent the magnetic orbital moment78

from following completely the externally applied magnetic79

field.80

We studied 64 nm thick GFO films epitaxially grown81

onto (111) SrTiO3 (STO) single crystals by the pulsed laser82

deposition technique. Details on the growth and structural83

characterization are provided elsewhere [12]. The experi-84

ments were performed at the DEIMOS beamline (SOLEIL85

synchrotron facility, France) at 4 K in total electron yield86

mode (probing depth of about 5 nm) with an energy resolution87

of about 0.15 eV [13,14]. Each XMCD spectrum was obtained88

as the difference between an average of 8 XAS spectra ac-89

quired around the Fe L edge, with a large pre- and post-edge90

energy range, and a magnetic field (H) parallel and antipar-91

allel to the photon-helicity vector orientations. The 16 XAS92

data needed for each XMCD were collected in a sequence93

alternating reversal of field and circular polarization. This94

procedure ensures the best cancellation of spurious effects95

and experimental artifacts. Gallium ferrite crystallizes in the96

orthorhombic Pc21n (33) space group with four inequivalent97

cationic sites [15]: tetrahedral Ga1 and octahedral Fe1, Fe2,98

and Ga2 sites. The ferromagnetically aligned spins at the Ga199

and Fe1 sites are antiparallel to the ones at the Ga2 and Fe2100

sites, and the net magnetic moment depends on their relative101

occupations [16]. The conventional GFO unit cell is depicted102

in Fig. 1(a) with the b and c axes being the polar (ferro-103

electric) and magnetic (ferrimagnetic) easy axes, respectively.104

The anisotropic magnetoelectric properties of bulk GFO are105

largely associated with a magnetic-field-induced modulation106

of the Fe displacements which occur at both Fe1 and Fe2107

sites in opposite direction [18]. The Fe ions are assumed108

to readjust their relative position within the distorted FeO6109

FIG. 1. (a) Conventional GFO unit cell with the four different
sites. Inset shows the growth mode onto the STO(111). b also corre-
sponds to the threefold rotational axis of the (b) trigonal distortion.
(c) Magnetization curves as a function of temperature for the in-plane
and out-of-plane geometries.

FIG. 2. (a) O K-edge XAS spectra acquired with LH and LV
polarized light with a sketch of the geometrical setup. Inset shows
the spectra for the entire energy range. The A- and B-labeled doublet
(solid symbols) is reproduced (dashed line) by two Voigt functions
(open symbols). (b) Derived energy diagram and energy splitting of
the trigonal crystalline splitting with further degeneracy removal of
the eσ

g .

octahedra mainly along the b axis when a magnetic field (H) is 110

applied along the perpendicular direction (i.e., the c axis). For 111

the opposite situation, which sees H applied along the b axis, 112

the Fe displacements along the c axis are less energetically 113

favorable and, most likely, controlled by the nature of the 114

intrinsic distortion of the FeO6 octahedra. The latter have one 115

of the eight faces oriented in the ac plane, and are trigonally 116

distorted along the b axis, which is also the threefold rota- 117

tional axis of the trigonal symmetry (D3d ) [19]. Here, the 118

t2g Fe3+ orbitals are transformed into ag
1 and eπ

g states, and the 119

eg doublet becomes a unique eσ
g state, as schematically shown 120

in Fig. 1(b). The growth orientation of the GFO onto the STO 121

is sketched in the inset of Fig. 1(a), where the bulk ac plane 122

becomes stabilized on the substrate’s surface and the bulk b 123

axis coincides with the surface normal. 124

To test the quality of our GFO thin films we performed 125

magnetic measurements via vibrating sample magnetometry 126

(Quantum Design, MPMS). Figure 1(c) shows the tem- 127

perature dependence of the magnetization acquired with a 128

magnetic field of 0.1 T oriented in both in-plane (ac plane) and 129

out-of-plane (b axis) directions. While the Curie temperature 130

of about 356 K is the same for both geometries, the net mag- 131

netic moment is strongly anisotropic with the hard axis along 132

the b axis (out-of-plane direction). The saturated magnetic 133

moment measured at 10 K and 6.5 T is 0.78 ± 0.08 μB/Fe 134

(see Fig. S2 of the Supplemental Material [20]). The relative 135

cationic distributions, reported in Table I, have been deter- 136

mined in previous resonant elastic x-ray scattering (REXS) 137

measurements performed on GFO thin films obtained from 138

the same ceramic target [17] as in this study. Oxygen K-edge 139

XAS measurements as a function of the linear polarization 140

were used to compare the electronic structure of our GFO 141

films to stoichiometric GaFeO3 single crystals. The spectra 142

show a strong polarization dependence reflecting a strong 143

orbital in-plane/out-of-plane anisotropy. XAS at the O K-edge 144

is related to the degree of covalency in the system, hence, 145

reflecting the oxygen projected unoccupied density of states 146

[21]. In Fig. 2(a) we show O K-edge XAS spectra acquired 147

with linear horizontal (LH) and vertical (LV) polarized light 148

with an incidence angle of about 60◦ [grazing incidence (GI) 149

geometry], with respect to the sample normal [see inset of 150
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Fig. 2(a)]. In this geometry, the spectra acquired with LH151

polarization give mostly information regarding the unoccu-152

pied O 2p levels oriented out-of-plane (i.e., parallel to the153

b axis of the film), while with LV we collect information154

of the unoccupied O 2p states oriented in the sample plane,155

i.e., parallel to the a and the c axes, as both directions are156

essentially indistinguishable [cf. inset of Fig. 1(a)]. Indeed,157

LH and LV O K-edge spectra acquired in normal incidence158

(NI) geometry are identical (see Fig. S3 of the Supplemental159

Material [20]), hence, confirming the GFO growth mode as160

sketched in the inset of Fig. 1(a). The high-energy region,161

above 532 eV, is characterized by broad peaks due to the162

hybridization between O 2p and 4s and 4p Ga and Fe orbitals.163

On the other side, the prepeak region, up to 532 eV, being164

related to the O 2p hybridization with Fe 3d orbitals, is the165

one we analyzed. The two main features, labeled A and B,166

are roughly associated with the Fe 3d t2g and eg bands, which167

within the trigonal crystal field can be linked to (ag
1, eπ

g )168

and eσ
g orbital derived bands [Fig. 2(b)]. Thus, the peak A169

is a convolution between in-plane (eπ
g ) and out-of-plane (ag

1)170

derived bands. If the symmetry is further lowered, the eσ
g peak171

can also split. As matter of fact, the data acquired with LH172

and LV polarizations show a shift in the position of the A173

and B features which can be quantified by a two-peak Voigt174

profile (open symbols), shown as red dashed lines in Fig. 2(a).175

The analysis reveals that the average distance between A and176

B features, roughly corresponding to the 10Dq crystal field177

splitting, is of the order of 1.2 eV, while the energy splitting178

between ag
1 and eπ

g bands is of the order of 0.02 eV. Larger179

is the shift of the B peaks (∼0.1 eV), which demonstrates180

also a removal of the eσ
g degeneracy. Furthermore, the strong181

intensity variation of the A and B peaks measured with LH182

and LV polarizations suggests a strong anisotropic hybridiza-183

tion among Fe 3d and O 2p orbitals for both in-plane and184

out-of-plane directions. In Fig. 2(b) we show a tentative en-185

ergy diagram of the orbital hierarchy derived from the O186

K-edge XAS spectra analysis. In particular, it emerges that187

the out-of-plane (ag
1) orbitals set higher in energy compared188

to in-plane ones (eπ
g ), pointing to a trigonal elongation of the189

FeO6 octahedra (see Fig. S4 of the Supplemental Material190

[20]). Summarizing, our O K-edge measurements confirming191

the removal of the eσ
g orbital degeneracy with an anisotropic192

Fe 3d–O 2p hybridization path point to a net nonzero μL value193

also for our GFO thin films, as already inferred for GaFeO3194

single crystals [10]. Here, the result of inner movements of Fe195

ions brings to a parity symmetry breaking of the 3d electron196

clouds with a subsequent apparition of a measurable magnetic197

orbital moment. Finally, it should be mentioned also that while198

O K-edge spectra cannot be used to precisely determine the199

values of the crystal field splitting parameters they can give,200

nevertheless, a good estimation.201

In order to determine whether the observed anisotropic Fe202

3d–O 2p hybridization network induces an orbital moment203

in our films, we performed XAS and XMCD measure-204

ments at the Fe L3,2-edges in both NI and GI geometries.205

Figure 3(a) shows the area-normalized XAS spectra corrected206

from saturation effects [22]. This correction is fundamental207

when a quantitative analysis of the magnetic orbital moment208

is required, and one of the most important parameters to209

consider is the x-ray penetration depth that depends upon210

FIG. 3. (a) XAS spectra corrected by a step function [22]
acquired in GI (blue circles) and NI geometries (green circles)
compared to atomic multiplet simulation with parameters reported
in Table II. Red line is the simulation reproducing GI data. Black
and orange lines, overlapping the NI data, are the calculated spectra
assuming a very large percentage of Fe3+ in Td sites, or the presence
of Fe2+ ions in Oh sites, respectively. The inset shows a zoom of the
L2 features. (b) XMCD spectrum acquired at 6.5 T in GI (blue circles)
and its integration on the whole range (blue dotted line), showing a
negative integral value. (c) XMCD spectrum acquired in NI at 6.5 T
(green circles) and its integral curve (green dotted line), showing a
positive integral value. The insets shows the experimental geometry.
The XAS simulation was performed using a Gaussian broadening
(experimental resolution) of 0.15 eV and Lorentzian broadenings of
0.2 and 0.4 eV for L3 and L2 features, respectively.

the material density. In the case of our GFO thin films we 211

calculated the x-ray penetration depth values from our XAS 212

spectra as reported in the Supplemental Material [20]. As a 213

result of this calculation we used in NI (GI) the values of 19.3 214

(24.5) nm and 83.2 (76.8) nm for the L3 and L2 edges, respec- 215

tively. The overall acquired XAS signal well reproduces the 216

features of the Fe L3,2-edges of GaFeO3 single crystals [10] 217

demonstrating the high quality of our thin films. However, by 218
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TABLE II. Optimized parameters with related weights for XAS
spectra.

10Dq � Udd Upd Te Tab Weight for XAS

Fe3+(Oh) 1.2 3.0 6.0 7.5 0.5 1 92%
Fe3+(Td ) 1.2 3.0 6.0 7.5 0.5 1 8%

a closer look at the XAS spectra [see inset of Fig. 3(a)], in219

NI the relative intensities of the two peaks at L2 are opposite220

to the spectrum acquired in GI, possibly reflecting the spatial221

anisotropy of the spin/orbital density on each of the Fe ions222

due to their relative displacements within the FeO6 octahedra.223

To get some basic information regarding the valence224

state of the Fe ions from the XAS spectra we resorted to225

atomic multiplet calculations by using the freely available226

CTM4XAS software [23]. The simulations were performed227

neglecting the symmetry lowering provoked by the Fe dis-228

placements. While no substantial changes in the spectral line229

shape are expected from this approximation, it is strictly nec-230

essary to implement the off-centering of the Fe ions within the231

FeO6 octahedra for a correct reproduction of the XMCD spec-232

tra and related integrals. A charge transfer (CT) mechanism233

was also implemented which, describing a dynamic charge234

fluctuation among the O 2p and Fe 3d bands, accounted for235

the large Fe 3d–O 2p hybridization degree as demonstrated236

by O K-edge measurements. Simulations of the XAS spectra237

were implemented starting from the work of Chen et al. about238

magnetite thin films [24]. Crystal field (10Dq), CT (�, Udd ,239

Upd , Te, Tab), and relative occupations of Fe3+ in both Oh and240

Td sites are listed in Table II. We considered a reduction of241

the Slater-Condon integrals of 70%. The core-level spin-orbit242

coupling for the Td (Oh) simulation was set to 0.97 (1).243

The spectral line features of the XAS data in GI are overall244

reproduced [red solid line of Fig. 3(a)] accounting for Fe3+
245

ions in both Oh and Td sites with the expected proportion246

(see Tables I and II). In NI we could not reproduce the exact247

L2 doublet profile most likely because the relative intensities248

might depend on details of the crystal field. Still, we can249

exclude different site occupations, e.g., a larger amount (20%)250

of Fe3+ in Ga1 (Td ) sites [solid black line of Fig. 3(a)], as well251

as the presence of a fraction of Fe2+ in the system [orange252

line in Fig. 3(a)]. The overall good match between XAS data253

and simulation suggests that spurious effects, indeed, mainly254

attributable to a reduction of the Fe valence state and/or255

altered site occupations, can be neglected for the following256

discussions.257

Figures 3(b) and 3(c) report the XMCD spectra acquired258

for both NI and GI geometries after the saturation correction.259

Also in this case we can highlight a good agreement with data260

reported for GaFeO3 single crystals showing similar features,261

alike the two negative peaks at L3 and a positive feature at262

L2 (Fig. S5 of the Supplemental Material [20] shows the two263

XMCD spectra superimposed). By focusing on the integral264

sign of the XMCD, while in GI we recover a negative value265

(corroborating the reported results for bulk GaFeO3), in NI we266

surprisingly observe a positive integral value. To guarantee a267

quantitative analysis of this finding any drawbacks linked to268

the practical application of the sum rules need to be excluded.269

Indeed, the extrapolation of absolute values for orbital and270

TABLE III. XMCD sum-rules-derived μL and μS for NI and GI
geometries at 6.5 T. Number of holes in the 3d states equal to 4.8 to
account for the CT.

μS (μB/Fe) μL (μB/Fe) μtotal (μB/Fe)

NI +0.72 ± 0.07 −0.023 ± 0.002 0.70 ± 0.07
GI +0.68 ± 0.07 +0.016 ± 0.002 0.70 ± 0.07

spin moments is particularly challenging [25], especially in 271

the case of materials containing the magnetic ions in the 272

same nominal oxidation state but in different coordination and 273

symmetry [26] (i.e., mixed occupation of Td and Oh sites), as 274

it is for GFO. XMCD measurements performed on undoped 275

GFO thin films, for which the Fe3+ occupation of Td sites is 276

practically zero [17], rendered the same integral sign variation 277

as for doped GFO thin films (see Fig. S1 of the Supplemental 278

Material for more details [20]). Importantly, we obtain the 279

result that sum rules can formally hold also for our doped 280

GFO thin films. In this framework, the integral of the XMCD 281

is proportional to the average orbital moment [27,28], and we 282

get the unexpected result that the relative orientation of the 283

calculated average orbital and spin moments depend upon the 284

crystallographic direction. Table III reports the average μL 285

and μS values, as obtained from sum rules, for both NI and 286

GI geometries. Within the systematic error that accompanies 287

the application of the sum rules of about 10%–20%, we found 288

that the external magnetic field is strong enough to align μS 289

along both crystallographic directions, but this does not hold 290

for μL which, within errors, has values that do not overlap. 291

As already discussed by Kim et al., intrinsic Fe displacements 292

within the most distorted Oh sites of the GFO orthorhombic 293

crystal structure are responsible for a nonzero μL. The latter 294

extending perpendicular to the off-centering direction is a 295

result of the anisotropic electron cloud around the Fe ions 296

[10]. In this picture μL is linked to the magnitude/direction of 297

the Fe off-centering with respect to the FeO6 center of gravity, 298

and to fully orient it along H, one should assume that the Fe 299

displacements can take place along all the crystallographic 300

directions within the distorted FeO6 octahedra. As a matter 301

of fact, our XMCD data [cf. Fig. 3(c)], verified on several 302

samples and showing a sign reversal of the XMCD integrals, 303

tell us that this is not the case and, on the contrary, inform 304

us of a possible large lattice-orbital effect characterizing the 305

most distorted Fe1 and Fe2 sites of our GFO thin films. 306

As discussed above, the off-centering of the Fe3+ ions 307

determines a different degree of hybridization between Fe 3d 308

and O 2p states along the main crystallographic axes for each 309

distorted sites, hence, establishing anisotropic Fe 3d–O 2p hy- 310

bridization paths. As already shown by Arima et al., Fe3+ ions 311

sitting in the most distorted Fe1 and Fe2 sites move along the 312

b axis in opposite directions [18] (plain white arrows sketched 313

in Fig. 4). In the absence of H such intrinsic off-centering sets 314

a net μL along the c axis, opposed to the net μS for which the 315

contribution from Fe2 and Ga2 sites prevails over the one of 316

Fe1 and Ga1 sites, the latter being mostly occupied by Ga3+
317

ions. When we measure the XMCD in GI geometry, being H 318

mostly oriented in the sample plane, the Fe ions readjust their 319

position in the perpendicular direction [18], as exemplified by 320

the blue shaded arrows of Fig. 4(a). As a direct consequence 321
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FIG. 4. (a) Parallel configuration among μL and μS and (b) their
geometrical construction under magnetic field along the b axis for
the antiparallel configuration. The length of the arrow representing
the spin moment is proportional to the Fe3+ occupancy at each site.

of this, the orbital moment weakens (expands) at the Fe1 (Fe2)322

site, hence, promoting a net μL parallel to the net μS and323

confirming our experimental finding in GI geometry. On the324

other side, in NI geometry, H is directed out-of-plane along325

the b axis which represents the magnetic hard axis and, at326

high enough field (6.5 T), the spin structure can be modified327

as sketched in Fig. 4(b) (see Fig. S2 of the Supplemental328

Material [20]). One then expects the orbital magnetic moment329

to follow this rotation. This means that, since μL is largely330

controlled by the anisotropic displacements of the Fe3+ ions331

within the distorted FeO6 octahedra at Fe1 and Fe2 sites,332

the Fe3+ off-centering should go mainly along the c axis333

foreseeing a complete reorientation of the distortions within334

the GFO crystal structure. Without considering the energy335

scale associated with this process, if this happens, the sign336

between μL and μS would not change, since we will meet the337

same situation as introduced and explained for GI geometry338

[Fig. 4(a)], with no possibility to distinguish among the b339

and c axes anymore. On the contrary, if we consider that the340

Fe3+ ion displacements have a large component along the b341

axis, which implies that μL at each Fe1 and Fe2 site only342

slightly rotates, as sketched in Fig. 4(b) by the green shaded343

arrows, the net μL along H is now oriented antiparallel to μS344

as, indeed, expected from our XMCD results in NI geometry345

[Fig. 3(c)].346

This scenario explains the anomalous change of the aver- 347

age orbital moment with the crystallographic direction and 348

has important implication for the physics of this system. In 349

particular, it shows that a strongly correlated oxide may have 350

a direction-dependent average magnetic orbital moment as 351

a result of anisotropic distortions and related lattice-orbital 352

effects, which geometrically control the relative orientation 353

between the spin and orbital moments. Thus, a control over 354

the distortions at each site of the GFO crystal structure would 355

then offer an adjustment knob over the spin-orbit coupling 356

in the system. Furthermore, Elnaggar et al. showed that a 357

noncollinearity between spin and orbital magnetic moments is 358

possible also in magnetite (Fe3O4) single crystals [25]. There, 359

an intimate interplay between trigonal distortions, spin-orbit 360

coupling, and exchange interaction was assumed to be at the 361

origin of the noncollinear orbital and spin ordering direc- 362

tion. In GFO thin films, this noncollinearity is mainly linked 363

to the intrinsic Fe off-centering within the distorted FeO6 364

octahedra with direct consequences on the magnetoelectric 365

and magnetic properties. We believe that our results will en- 366

courage the study of TMO materials exhibiting multiferroic 367

properties to assess their potential in spintronics by per- 368

forming experiments, such as spin-pumping, ferromagnetic 369

resonance, and/or spin-Seebeck effects, taking into ac- 370

count the relative orientation between H and crystallographic 371

axes. 372
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