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Abstract

®

CrossMark

Strained materials can exhibit drastically modified physical properties in comparison to their
fully relaxed analogues. We report on the x-ray absorption spectra (XAS) and magnetic
circular dichroism (XMCD) of a strained NiFe,O4 inverse spinel film grown on a symmetry
matched single crystal MgGa, O, substrate. The Ni XAS spectra exhibit a sizable difference in
the white line intensity for measurements with the x-ray electric field parallel to the film plane
(normal incidence) vs when the electric field is at an angle (off-normal). A considerable
difference is also observed in the Fe L, 3 XMCD spectrum. Modeling of the XAS and XMCD
spectra indicate that the modified energy ordering of the cation 34 states in the strained film
leads to a preferential filling of 3d states with out-of-plane character. In addition, the results
point to the utility of x-ray spectroscopy in identifying orbital populations even with

elliptically polarized x-rays.

Keywords: x-ray absorption spectroscopy, X-ray magnetic circular dichroism, ferrimagnets,

spinels, thin films, magnetic order, magnetic insulators

(Some figures may appear in colour only in the online journal)

1. Introduction

Coherent strain is one of the principle ways to alter the energy
landscape of epitaxial thin films thereby stabilizing ground
states and physical properties not found in bulk counter-
parts [1]. Among other effects, strained thin films can exhibit
improved electron mobility [2], metal to insulator transitions
[3], suppression or enhancement of superconductivity [4], sta-
bilization of ferroelectricity [5], optical band gap tuning [6—8],
modification of long range spin order and anisotropy [9].
Strain in films can also lead to enhanced ionic conductiv-

* Author to whom any correspondence should be addressed.

1361-648X/21/225801+7$33.00

ity [10] and altered vacancy formation [11] and the modified
electronic states at the surfaces of strained films can affect
catalytic [12, 13] and other chemical properties. Such strain-
modulated effects can occur in elemental solids, compound
covalent semiconductors, and highly ionic materials such as
oxides.

The spinel structure is among the most common types of
crystalline materials and can accommodate a wide range of
chemical compositions. As a result of this chemical adaptabil-
ity, the spinel structure can be found in materials with a broad
distribution of properties and uses, including highly insulat-
ing phases [14, 15], semiconductors [16, 17], metal to insula-
tor transitions [18, 19], transparent conductors [20], and even
superconductivity [21, 22]. Magnetically, spinels can span all

© 2021 IOP Publishing Ltd  Printed in the UK
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forms of magnetic order (paramagnetic, ferromagnetic, anti-
ferromagnetic, and ferrimagnetic, etc) and can exhibit complex
behavior including half-metallicity [23-25], spin frustration
[26], spin glass formation [27], and support quantum criti-
cal points [28, 29]. Strain in thin spinel films can alter the
magnetic ground state, leading to effects such as a significant
increase of saturation magnetization [30] and enhanced uni-
axial magnetic anisotropy [31, 32]. Strain is also an efficient
method to alter magneto-elastic coupling [33] and dramati-
cally decrease damping of spin dynamics [34]. In this report,
we present L-edge x-ray spectroscopy of a strained NiFe, Oy
(NFO) film, indicating that tensile strain in Ni-ferrite films
modifies the unit cell symmetry which in turn lifts the degen-
eracy of the Ni and Fe 3d-states. The altered energy land-
scape results in a very large polarization of the unoccupied
Ni 3d orbitals.

Spinels have the general chemical formula PO, X4 [35-38]
where X is typically a divalent anionic (X*>~) chalcogen, such
as oxygen or sulphur while P/Q are divalent/trivalent metal
cations. The cubic spinel structure is relatively open with a
large unit cell containing 56 atoms. In spinel oxides, 32 oxygen
anions form a fcc sublattice and leave a network of interstitial
sites that are either octahedrally or tetrahedrally coordinated
to the oxygen ions. For a normal spinel, eight divalent P>*
cations are located on one eighth of the available lattice sites
with a local tetrahedral symmetry (74, or A sites) and the 16
trivalent Q> cations occupy one half of available the octahe-
dral sites (Oy, B sites). The net spin order in spinels is governed
by the dominant anti-ferromagnetic exchange between the A
and B sites [39].

NFO is an inverse spinel, where the divalent Ni>* cations
shift to the Oy, sub-lattice and one half of the total Fe3T cations
move to T4 sites. Hence the NFO structure can be expressed as
(Fe3T)[Ni?tFe3*]04 where the parentheses indicate T4 sites
and square brackets denote the Oy, sublattice. The net moment
in NFO is derived primarily from the Ni** -0, cations as the
anti-ferromagnetic A—B exchange interaction results in a near-
complete compensation of the Fe’* magnetic moments. NFO
can be synthesized in the bulk as a fully inverse spinel with a
cubic lattice parameter of @ = 0.8345 nm [34].

2. Experimental

NFO films are grown on [001] oriented spinel MgGa,Oy4
(MGO) substrates using pulsed laser deposition in an oxygen-
rich environment with a background pressure of 10 mTorr.
Additional details on film growth and structural characteri-
zation can be found in [34]. The film used in this study is
40 nm thick with lattice parameters of 0.828 nm in-plane
(matching the lattice of the MGO substrate) and 0.838 nm out-
of-plane, resulting in a compressive in-plane strain of 0.78%
and an out-of-plane lattice expansion of 0.42%; these lattice
parameters match up well with previous high-resolution x-ray
diffraction data on similar NFO flims on MGO (cf. Fig. 1 in
reference [34]).

X-ray absorption spectra (XAS) and magnetic circular
dichroism (XMCD) spectra were collected at the PM2-
VEKMAG beam line at the BESSY II synchrotron of the

Helmholtz Zentrum Berlin. The beam line endstation is
equipped with a superconducting vector magnet capable
of supplying a magnetic field of pyH = +9 T along the
x-ray beam direction, pyH = £2 T along the orthogonal
horizontal axis and p,H = £1 T in all directions [40]. These
fields are sufficient to saturate the NFO magnetization in-
plane and also in the out-of-plane direction when the film is
oriented with the sample normal parallel to the x-ray beam
direction [normal incidence (NI)]. The bending magnet x-
ray source of PM-2 supplies elliptically polarized x-rays with
user-selectable polarization (right- or left-circular or hori-
zontal linear). In these measurements, the degree of circular
polarization (CP) was fixed to 77% (RCP) and the XMCD
spectra were generated by recording two spectra with satu-
rating magnetic fields applied along two opposite directions
(Fp0H). XMCD spectra presented below have been corrected
for degree of CP and also for angle of incidence. The XAS
spectra presented are the average of the two spectra collected
with + uoﬁ .

The sample was mounted with the film [100] direction par-
allel to the horizontal direction (X in the laboratory frame).
The sample could be rotated about the film [010] axis (¥ in
the lab frame). At NI, the electric field from the x-ray beam
has both E, and E, components (refer to figure 1(b)), i.e. par-
allel to the [100] and [010] film axes, respectively. When the
sample is rotated about the film [010] axis, the E, component
is unchanged, but x-ray projection onto the film now produces
E.s and E, components with E still parallel to the NFO [100]
axis and E, oriented parallel to the NFO [001] axis. For the off-
normal incidence (O-NI) measurements, 6 is fixed to 45° and
hence |[Ey| = |E.| = |E.|/V2.

A photodiode was mounted behind the sample to collect
XAS and XMCD spectra in luminescence yield (LY) mode.
In LY, x-rays pass through the film and onto the substrate
where they can excite photon energy down conversion into
the UV/visible range via x-ray emitted optical luminescence
(XEOL) [41]. The XEOL spectrum from the substrate alone
is relatively energy-independent at x-ray energies away from
absorption edges and the XEOL signal is recorded by the pho-
todiode as the x-ray energy is swept through the Fe and Ni L, 3
core levels. Strong resonant x-ray absorption in the NFO films
at these energies reduces the flux of x-rays reaching the sub-
strate, thereby turning the substrate into a detector of the trans-
mission x-ray spectrum of the NFO film. XAS are generated
from the transmission signal via Beer’s law.

3. XAS and XMCD spectroscopy

Figures 2(a) and 3(a) present the magnetization averaged (sum
of individual spectra collected with +10H) XAS spectra of Ni
and Fe from the NFO film. For both the Ni and Fe spectra, a
small linear pre-edge contribution has been subtracted and the
post-edge intensity (hv ~ 875 eV for Ni and hv ~ 735 eV for
Fe) has been set to unity. The resulting XAS spectra are there-
fore proportional to the x-ray absorption per Ni or Fe atom.
The XMCD spectra for Ni or Fe are generated from the differ-
ence of the two +10H XAS spectra, correcting for the degree
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Figure 1. (a) and (b) Experimental geometry. In (a) the elliptically polarized x-rays impinge the NFO sample (grey rectangle) at NI, with
electric field vectors E, and E, parallel to the sample [100] (x') and [010] (y') directions. In this geometry the external magnetic field (Hex)
was applied perpendicular to the sample surface. In (b) the sample is rotated by 45°. E, remains parallel to the sample [010] direction but E
now has components parallel to [100] and [001] (z); Hey is parallel to the film plane. (c) Effect of tetragonal distortion on the Ni**3d
orbitals. Elongation of the Oy, bi-pyramid (blue arrows) lifts the degeneracy of the e, states, leading to preferential filling of the d_» orbital

and consequently leaving additional holes in the d,> > orbital.

of CP (77%) and also the angle of incidence (45°) in the case
of the O-NI Fe and Ni spectra.

We begin by discussing the Ni XAS spectra in figure 2(a).
The XAS spectrum collected at NI is presented as a solid grey
line while the spectrum collected at O-NI is depicted as a solid
magenta line. The shapes of the two Ni spectra are similar
and the XAS spectra divide into two prominent and spin—orbit
split features with absorption from the L3 edge (2p;), level)
between ~850-857 eV and the L, edge (2p, ), level) spanning
x-ray energies of ~867-872 eV. The L, portion of the spec-
tra exhibits two primary peaks labeled A and B in the figure.
Overall, the shapes of the Ni XAS spectra are consistent with
previously published reports [42—44] and indicate that the Ni
cations are in a 2 oxidation state in an apparent octahedral

crystal field environment. The large variation in the intensity
of the Ni 2p XAS spectra between the NI and O-NI spectra is
discussed below.

Turning to the magnetism of the Ni cations, the XMCD
spectra are presented in figures 2(b) (NI) and (c) (O-NI). For
the NI spectra, an external magnetic field of pyyH = +2 T
was used to saturate the magnetization perpendicular to the
film plane. For the O-NI measurements, and in-plane field
of ugH = £1 T was sufficient to saturate the magnetization
in-plane. The Ni XMCD intensity for both sample orienta-
tions has been normalized to unity at the dominant negative
XMCD peak at 852.5 eV; the un-normalized XMCD spectra
also display a similar variation in peak intensity as the XAS
scans in figure 2(a). As with the XAS, the two Ni XMCD



J. Phys.: Condens. Matter 33 (2021) 225801 R Knut et a/

10

__ Normal
Incidence

__ Off-Normal
(45°)

(a) |

© @
o N
)

|
o
IN)

)

|
o
o

!

Normal Incidence o data
M Out-of-plane — model

XMCD Intensity (arb. unit)
S S
© »

|
Iy
=}

)

850

XAS Intensity (arb. unit)

Off-Normal (45°) o data
M In-plane —— model
865
Photon Energy (eV)

N
XMCD Intensity (arb. unit)
R )
0] o H N o N

|

850

|
Iy
=}
|

860 865 870 850 855 860 870 875

Photon Energy (eV)

8&1:5 875
Figure 2. (a) Polarization-averaged XAS scans of the Ni L, 3 edges from a strained NFO film on MGO. The pre-edge contribution has been

subtracted and the post-edge normalized to unity. Large intensity asymmetries are evident, as highlighted in the inset to the figure. (b) Grey
markers: normalized XMCD spectrum for Ni in the NI configuration (H || Z'). Black line: calculated XMCD spectrum for Ni**. See text for

calculation details. (c) Same as in (b) but for the O-NI (§ = 45°, H ||x") configuration.

spectra exhibit nearly the same line shape. The L3 portion of
the XMCD spectra is characterized by a prominent negative
peak at 852.5 eV and a positive shoulder about 2 eV higher fol-
lowed by a flat response until the positive peaks of the L, edge
between 868—872 eV. The XMCD scans for both NI and O-
NI orientations are again consistent with the spectra expected
from Ni?* in an octahedral crystal field.

Figure 3(a) presents the Fe L,3; magnetization averaged
XAS spectra and XMCD scans are shown in figures 3(b) (NI)
and (c) (O-NI); the XMCD spectra are measured in the same
field conditions as the Ni XMCD presented in figures 2(b)
and (c). As with the Ni XAS spectra, the shape of the Fe
absorption is quite similar. Unlike the Ni scans, there is lit-
tle variation in intensity between the two sample angles. The
Fe XAS spectra indicate the dominant Fe valence is 37" [43],
as expected for NFO. A contribution from Fe?t, which can
be observed in oxygen deficient films, could not be resolved.
The dichroism spectra in figures 3(b) and (c) are also normal-
ized to unity at the dominant negative peak located at 709.5 eV.
For both the NI and O-NI configurations the L3 XMCD spec-
trum exhibits a distinctive negative/positive/negative structure
(labeled A, B, C in the figure) common to many Fe con-
taining spinels [42, 43, 45-52]. Unlike the Ni XMCD spec-
trum, however, there is a considerable variation in the Fe
XMCD line shape between the NI and O-NI configurations.
For the NI spectra (out-of-plane magnetization), feature A is
clearly less intense than feature C while in the O-NI orien-
tation (in-plane magnetization), the two features have nearly
equal intensity. The origin of this asymmetry between the out-
of-plane and in-plane magnetization directions, as well as the

large variation in the Ni XAS intensity, is discussed in the
following section.

4. Discussion

The most striking aspect of the Ni XAS is the large inten-
sity difference between the NI and O-NI spectra as seen in
the inset to figure 2(a), which is reminiscent of the asym-
metric hole distribution in the Cu d-holes of high T super-
conductors and related compounds [53]. The XAS spectra
have been normalized to the absorption proportional per Ni
atom, hence the XAS intensity reveals a substantial variation
in the number of final states available for the dipole allowed
x-ray absorption process. Restricting our discussion to the Ni
L; edge, we find normalized intensity difference, Ra; = (Ing
— Io_n1)/Int, is ~230%, indicating that there is a large angu-
lar dependent variation in the dipole-allowed 2p; , — 3d tran-
sition. Here, In; and Io_n; denote the Ni Lj intensity in
the NI and O-NI geometries, respectively. The large Ra; is
even more remarkable when we consider the x-ray polar-
ization. The XAS intensity is proportional to the number of
holes in the Ni 3d manifold and the large Ra; must orig-
inate from an asymmetry between the number of 3d holes
probed between the NI and O-NI orientations. With elliptically
polarized light, there is a common origin to a large fraction
of the XAS signal between the NI and O-NI configurations.
The contributions from Ni 3d holes distributed along the NFO
[010] axis (originating from E,) remains unchanged between
the NI and O-NI spectra, and a portion of the XAS signal
from holes along the NFO [100] direction (originating from
E, or E,)) is also common to both orientations. Hence the
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Figure 3. (a) Polarization-averaged XAS scans of the Fe L, 3 edges from a strained NFO film on MGO; for clarity, spectra have been offset
vertically. The pre-edge contribution has been subtracted and the post-edge normalized to unity. The Fe XAS for the NI and off-normal
orientations are quite similar. (b) Fe XMCD spectrum (grey dots) for the NI orientation (H||z’). The dip/peak/dip (labeled A, B, C) structure
of many Fe spinel compounds is evident. (c) Same as in (b) but in the off-normal configuration with H ||«". In (b) and (c) the black line is a

calculated spectrum generated from a linear combination of Fezt, Fe‘;: and Fe?): Refer to text for calculation details.

significant variation in the XAS intensity stems from a very the Slater Fyq integral was reduced to 80% of atomic val-
large asymmetry in Ni 3d holes that are distributed either in- ues while the Fpq and Ggq integrals were reduced to 90%.
plane (along [100] and [010]) or out-of-plane (along the NFO  Lifetime and instrumental broadening effects were included
[001] direction). by convolving the line spectra with Lorentzian and Gaussian
The large difference in the Ni L3 XAS intensity can be used distributions of 0.2 eV each. However, the intensity ratio of
to estimate the ratio of the Ni holes with in-plane character to  the Ni L, spectrum, labeled A and B in figure 2(a), could
the total number of Ni holes. We assume that the number of ot be reproduced with realistic values of the crystal field
holes along the [100] and [010] in-plane directions are equal: ~Parameter 10Dg; only with 10Dg > 2.3 ey could the ratio
nioo = noio = 1| but the number of holes with out-of-plane between A and B be reproduced. By'lzridum.ng the symmetr.y
character (n,) may be different. Ra; can be related to 7 and of the local crystal field around the Ni™ cation to Dy, appli-
n, as: Ra; = sin? Oy —n1)/n(1 + o?). Here, a is defined cable to tetragonal s.ystems and §quare-planar molecules sucl'l
on the polarization ellipse as the ratio of the semi-minor 2° XeFy, th? modeling resulted in a much better fit of the Nl
axis (Ey) to the semi-major axis (E,) and « can be related spectrum Wl,tl,l 10Dg = 1.1 eV’, comparable to many other esti-
to the degree of CP as: CP = 2a//1 + . Further assuming mates for Niin _Oh symmetry in NF,O and re}z}ted compounds
that nj = fn |, the normalized XAS intensity ratio can be [43.’ 44, 46]. This symmet'ry lowermg. ransition of the .NFO
. 9 2 lattice under the substrate-induced strain may also explain the
expressed as: Ray = sin” 6(1 — 5 )/(1+ o). Tn our me.asur.e- large XAS intensity variation between the NI and O-NI sample
ments at the VEKMAG beam line, CP = 0.77, resulting in

>~ 0.22and th 0.20. The total number of hol orientations.
o =0 and thus 3 = 0.20. The total number of holes (1,0,) In an Oy, crystal field the valence 3d manifold splits into
is the sum of njp) = nj, noio = 1| and ngyy = n, = BI’IH and

o T the lower energy 1, orbitals (d.y,d,. and d,) and the higher
hence n, /no = /2 + 8 = 0.09. This is a significant reduc- ’

i ; e e energy ey group (ds_,2 and d,2 ). Within a group the
tion of n, /no = 1/3 expected for an isotropic distribution orbitals are degenerate and the f,; and e, groups are sepa-
of holes.

. . S ) rated by the crystal field parameter 10Dq. For Ni>* with a
Modeling of the Ni XAS provides insight into the large dif- 348 yajence configuration, Hund’s rules filling of the orbitals
ference in the XAS intensity between the NI and O-NI sample  regults in a filled 1, manifold and half-filled e, orbitals,

orientations. We used the CTM4XAS program to model our  one with in-plane orbital orientation (d,> ) and the other
spectra. The program utilizes an atomic multiplet approach to  with out-of-plane character (ds,2_,2). For the magnetization-
calculate dipole-allowed 2p — 3d transitions combined with  averaged XAS spectra, the crystal [100], [010], and [001] axes
ligand field theory that alters the symmetry and energy lev-  are equivalent and there would be an equal distribution of holes
els of the final state 3d manifold [54]. For the Ni spectra, along each direction. Hence there should be little intensity
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variation upon rotation of the sample. However the compres-
sive strain on the NFO film from the MGO substrate stretches
the Ni—oxygen octahedra along the [001] axis, separating the
apical oxygen anions and weakening their contribution to the
crystal field. The remaining four oxygen anions are arranged in
a square-planar configuration with respect to the central Ni**
cation so that the effective crystal field takes on more of a Dy,
character. In a Dy, point-group symmetry, the three orbitals
with out-of-plane character, that is, the d,. and d,. orbitals
from the 15, group and the d5.>_,» orbital from the e, group,
have their energy lowered with respect to their values under
Oy symmetry [55]. The energy splitting is parameterized by
an additional crystal field parameter Dy and the intensity ratio
of the A and B peaks in the Ni L, edge could be modeled
with 10Dg = 1.1 eV and Dy = 0.47 eV. The strain-induced
compression of the Ni—O bonds along the in-plane [100]
and [010] axes and stretching along the out-of-plane [001]
axis therefore results in preferential filling of the out-of-plane
orbitals, leaving the majority of the unoccupied Ni 3d states
with an in-plane orbital character. The result decreases the
ratio n, /n, as is strongly suggested by the large difference
in IN[ and Iole-

The XMCD spectra of Ni and Fe were also modeled with
the multiplet approach, as can be seen in figures 2(b) and
(c) (Ni) and 3(b) and (c) (Fe). The Ni XMCD spectra could
be reproduced quite satisfactorily for both sample orienta-
tions assuming a Ni>* cation with 10Dg = 1.1 eV and an
exchange field of 10 meV. No further contributions to the Ni
XMCD spectra were necessary. The modeling confirms that
the XMCD spectra for Ni arise from the contributions of a
single Ni cation species.

The XMCD spectra for Fe are more complex. First, the
Fe cations occupy both O and T4 sub-lattice sites with a
strong anti-ferromagnetic interaction between the two lat-
tices. Also, there may be a contribution from Fe2t cations
in addition to the dominant Fe®" species and the effect of
this small fraction may be more pronounced in the dichro-
ism than in the magnetically averaged XAS. And indeed,
we find that a small Fe>* contribution is needed to repro-
duce the experimental spectra. Model spectra indicate that for
both sample orientations, peak A in the dichroism spectrum is
derived primarily from Fe?* on the Oy, sub-lattice. The spec-
tral contribution from Fe3* -0y, is associated primarily with
peak C and the oppositely aligned feature B is derived from
tetrahedrally-coordinated Fe** cations. For the NI Fe spec-
trum in figure 3(b), where the magnetization is saturated out-
of-plane, good agreement with the experimental spectrum can
be achieved with a Fe":Fej":Fejl ratio of 0.09:0.46:0.46.
This distribution is similar to other reports of NFO [43, 46],
which is expected as the ratio of intensities for features A,
B and C in the XMCD spectrum is similar to earlier reports.
The cation ratios are considerably different for the O-NI (in-
plane magnetization) spectrum. For the model spectrum shown
in black in figure 3(c), the Fe,!:Fej " :Fep, distributions are
0.26:0.44:0.29. The additional contribution from Fe?*t -0y, is
necessary to increase the intensity of peak A as seen in the
figure.

The differences in the XMCD spectra between the NI and
O-NI configurations are consistent with the strong Ni XAS
asymmetry seen in figure 2(a). Fe’* has a 3d° valence config-
uration, generating a half-filled 3d manifold with a negligible
orbital moment. The Fe’* cation is therefore weakly sensi-
tive to the parent Oy, crystal field of NFO or the tetragonally
distorted D4, symmetry of our NFO film on MGO. On the
other hand, Fe>t has a 34° valence configuration and the Dyy,
symmetry lowers the energy of the states with out-of-plane
orbital character. The larger contribution to the Fe XMCD
spectrum from Feéﬁ for the in-plane magnetization condition
suggests there are fewer Fe?T paired spins in the d,, and d 2 2
orbitals and consequently a larger degree of spin pairing in
the d-orbitals with out-of-plane character, reflecting the lower
energy of these states in Dy, symmetry.

5. Conclusion

We measured the Fe and Ni L,3 XAS and XMCD spectra
from an epitaxial, strained NFO film at both NI and O-NI.
The Ni XAS spectra confirm that the Ni cations maintain a
single 27 valence but that the substrate-induced strain alters
the local point group symmetry around the Ni from Oy, to Dyj,.
The symmetry lowering alters the energy spacing of the Ni 3d
orbitals, favoring filling of orbitals with predominantly out-
of-plane character; the preference for un-occupied states with
primarily in-plane character is apparent in the large intensity
enhancement of the Ni L, 3 XAS at NI. The altering of mag-
netic states from the Dy, symmetry is apparent in the XMCD
spectra of Fe, where in-plane magnetization (acquired in the
O-NI orientation) favors hole formation in-plane, as revealed
by the enhanced contribution of the Fe?* cation to the XMCD
spectrum for in-plane magnetization.

Linear dichroism is typically the method utilized to probe
such differences in orbital occupation. In addition to provid-
ing insight into the specific case of the tetragonally distorted
NFO films, our results indicate that valuable information on
the relative orbital occupations of metal cation states also can
be extracted with circularly or elliptically polarized x-rays.
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