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We demonstrate detection and measurement of electron paramagnetic spin resonances (EPR) of iron defects
in B-Ga,0; utilizing generalized ellipsometry at frequencies between 110 and 170 GHz. The experiments
are performed on an Fe-doped single crystal in a free-beam configuration in reflection at 45° and magnetic
fields between 3 and 7 T. In contrast with low-field, low-frequency EPR measurements, we observe all five
transitions of the s = 5/2 high-spin state Fe’* simultaneously. We confirm that ferric Fe*" is predominantly
found at octahedrally coordinated Ga sites. We obtain the full set of fourth-order monoclinic zero-field splitting
parameters for both octahedrally and tetrahedrally coordinated sites by employing measurements at multiple
sample azimuth rotations. The capability of high-field EPR allows us to demonstrate that simplified second-
order orthorhombic spin Hamiltonians are insufficient, and fourth-order terms as well as consideration of
the monoclinic symmetry are needed. These findings are supported by computational approaches based on
density-functional theory for second-order and on ligand-field theory for fourth-order parameters of the spin
Hamiltonian. Terahertz ellipsometry is a way to measure spin resonances in a cavity-free setup. Its possibility of
varying the probe frequency arbitrarily without otherwise changing the experimental setup offers unique means

of truly disentangling different components of highly anisotropic spin Hamiltonians.

DOLI: 10.1103/PhysRevB.109.214106

I. INTRODUCTION

The monoclinic wide-band gap semiconductor §-Ga,0s3
is a very promising material for high power electronics that
has been studied intensively in recent years [1-8]. Breakdown
voltages as high as 8 MV /cm are possible due to the large
band gap of about 5 eV, which makes it superior to other
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wide-gap semiconductors such as GaN and SiC. As-grown,
unintentionally doped material is n type with typical charge-
carrier concentrations on the order 10" cm~ due to, e.g.,
oxygen vacancies, unintentional incorporation of Si, and other
defect-related mechanisms [9—11]. Doping with Fe is most
common to obtain semi-insulating material [7,12-14]. Iron
creates a deep compensating acceptor that pins the Fermi
level at about 0.8 eV below the conduction band [12,15,16].
For monoclinic 8-Ga,0O3 (space group no. 12, Cg’h =C2/m),
the question arises how its low structural symmetry affects
its physical properties. Serving as a prototype monoclinic
semiconductor whose underlying material physics is thor-
oughly explored presently, many new properties have already
been discovered. For example, infrared dipole moments of
lattice vibrations do not coincide with high-indexed crystallo-
graphic axes [17,18]. Free charge carriers do not only screen
longitudinal optical phonons but also change their dipole di-
rections continuously with frequency and depending on the

Published by the American Physical Society


https://orcid.org/0000-0001-7344-1518
https://orcid.org/0000-0002-2758-6967
https://orcid.org/0000-0003-2713-4220
https://orcid.org/0000-0002-2608-8958
https://orcid.org/0000-0002-8827-7404
https://orcid.org/0000-0003-0701-2218
https://orcid.org/0000-0001-8023-8374
https://orcid.org/0000-0001-8143-1088
https://orcid.org/0000-0003-0111-5101
https://orcid.org/0000-0001-7551-4717
https://orcid.org/0000-0002-4212-5990
https://orcid.org/0000-0001-6238-663X
https://orcid.org/0000-0002-8112-7411
https://ror.org/012a77v79
https://ror.org/05ynxx418
https://ror.org/05ynxx418
https://ror.org/02t274463
https://ror.org/02b6qw903
https://ror.org/05ynxx418
https://ror.org/043mer456
https://ror.org/01jsq2704
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.214106&domain=pdf&date_stamp=2024-06-13
https://doi.org/10.1103/PhysRevB.109.214106
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html

STEFFEN RICHTER et al.

PHYSICAL REVIEW B 109, 214106 (2024)

free-charge-carrier concentration [19]. Optical properties have
also been studied in the THz range [20,21] and THz ellip-
sometry was used to obtain the quasistatic permittivity and its
principal directions [22]. Studies in the visible to deep ultra-
violet spectral range have revealed band gap order, excitonic
effects, and peculiarities of singular optic axes [23-25].

Due to its important role for the material’s electrical
insulating properties, Feg, with local monoclinic C; = m
symmetry is a suitable electronic defect to investigate the
relations between reduced symmetry and macroscopic elec-
tronic properties. Extrinsic electronic defects in $-Ga,03
have been widely investigated by electron paramagnetic spin
resonance (EPR) spectroscopy [26-37]. Similarly to Ir and
Cr, Fe is often unintentionally incorporated in 8-Ga;0O3; and
shows strong EPR signals [38]. Fe can reside on tetrahe-
drally coordinated Ga; or octahedrally coordinated Ga;; sites
where the latter is commonly reported as the preferred one
[39,40]. Transition metals are often high-spin systems. So is
the neutral ferric Fe’* with five unpaired 3d electrons. The
total electron spin s = 5/2 results in a sextet of projections
my = —=5/2,...,45/2 which gives rise to five transitions
with Am, = +1. EPR of Fe3* in B-Ga, 05 is characterized by
large zero-field, or fine-structure, splittings (ZFS) of several
tens of GHz [36,39,41], similar to Cr [42,43]. Therefore, no
reported EPR survey of Fe in 8-Ga,03 in X or Q bands could
capture all five transitions in one B-field scan without rotating
the sample relative to the magnetic-field orientation. Ferric
Fe3t is the neutral, nonactived dopant state and turns into
ferrous Fe> when capturing electrons and hence acting as a
compensating acceptor [16]. This charge transition has been
studied by photo-EPR experiments that monitor the effect of
illumination [14,32,33,36,37]. The ratio of Fe’* to Fe** is
related to the activation of donors such as oxygen vacancies
and Ir ions. In fact, Fe is amphoteric and can also establish a
deep donor as Fe*t [44] (see also Fig. 4).

In this paper, we use frequency-varying quasi-optical (sub)
THz electron-paramagnetic-resonance generalized ellipsome-
try to investigate Fe defects in -Ga,Os.

II. MONOCLINIC s = 5/2 SPIN HAMILTONIAN

In monoclinic B-phase gallium oxide, Ga** ions occupy
distorted tetrahedral (Ga;) and octahedral (Gaj;) sites. Sub-
stitutional Fe** ions have two 4s valence electrons and one
3d electron involved in bondings with neighboring oxygen
atoms. The iron ions then have five unpaired 3d electrons
(half filled 3d shell) left with total spin s = 5/2. The full spin
Hamiltonian for s = 5/2 with monoclinic local site symmetry
with the high-symmetry direction (here b) parallel to z reads
[41,45]:

H = upBgs + BYOY + B30} + B; 205
+ B0} + B30% + B0,
+ B0} + B0, )]

where the first term represents the Zeeman splitting with
Bohr magneton pp and g-factor tensor g, and OZ are Stevens
(equivalent) operators. The (real-valued) Stevens coefficients
B/ represent different symmetry distortions due to ZFS [46].
See the Supplemental Material [47] for further details on

FIG. 1. Sketch of the monoclinic C2/m unit cell (monoclinic
angle of about 104° between a and c¢) and the experimental con-
figuration. Large greenish atoms represent Ga, small reddish atoms
oxygen. One Ga;; atom with octahedral coordination is replaced here
by an Fe atom (golden). The sample surface is parallel to (201), the
THz beam is reflected at an angle of incidence of 45°, the external
B field is oriented parallel to the incident light. For different scans,
the sample was rotated about its (201) surface normal. Drawing
produced with the help of VESTA [48]. The tripod indicates only
principal directions, arrow lengths are arbitrary.

the Stevens formalism and how OZ relate to the underlying

coordinate system (x, y, z). Rotation of the coordinate system
around the high-symmetry axis z redistributes the coefficients
with nonzero index g. At least one coefficient (commonly
By 2) can be nulled through appropriate choice of the coordi-
nate system (standardization [45,49]) but generally all entries
are nonzero. Also the g factor is anisotropic, with the principal
directions (x’, y’, z) independent of ZFS coordinate system
except for the high-symmetry direction z. Here, we chose the
coordinate system such that it holds for 8-Ga,0s3: x||c*, y||a,
and b||z, where c* is the reciprocal-lattice vector to ¢ such that
c* is perpendicular to a (see Fig. 1).

In the literature, the following simplified electron-spin
Hamiltonian is often found [36,37,39]:

H = ugBgs +5D5
= MBE’gE + D(sf — %s(s + 1)) + E(si — s%)

= upBg + BY[3s] — s(s + )] + B3(s; — 5;)

= ugBgs + BYOY + B303. 2)

Here, the traceless ZFS tensor D can be parametrized by
parameters D and E representing (uni-)axial and transverse
rhombic distortions due to spin-spin and spin-orbit interac-
tions, respectively [50]. The spin projection operators s, .
illustrate the meaning of the equivalent operators OZ. In some
reports, scaled Stevens coefficient b with b =3B1, D =
b} = 3BY, and E = B3 are used. Equation (2) is an approxi-
mation in two ways: Restriction to second-order terms (k = 2)
approximates the s = 5/2 system as s = 3/2 one. And ne-
glecting negative index terms (¢ < 0) reduces the complexity
to orthorhombic symmetry. This implies that the principal
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directions of g have to line up with the ZFS coordinate system
in Eq. (2), &', y)II(x, y).

III. EXPERIMENTAL DETAILS

We measure THz EPR generalized ellipsometry in a free-
beam reflection geometry at an angle of incidence of 45°,
using an in-house built ellipsometer [S1]. The static mag-
netic field is applied parallel to the incident light, as depicted
in Fig. 1. The detection of EPR transitions by ellipsometry
is based on the underlying circular dichroism and related
birefringence. It arises from a transition with Am; = %1 re-
quiring transfer of angular momentum and hence absorption
of only right or left circularly polarized light [52]. In the
case of EPR, no electric- but a magnetic-dipole transition
occurs. Accordingly, circularly polarized resonances do not
appear in the dielectric function tensor £(f) but in the mag-
netic permeability tensor [(f, B). While both tensors are
frequency-dependent (f), & will also depend on the static
external magnetic field B. For B || &, and assuming /i being
identity matrix if no EPR resonance occurs, it holds [52]

T+ pepr)  FL( — pppr) 0
po=+i1—pupr) sA4upr) 0], 3
0 0 1

which is generally valid for any B direction with respective
rotation of the coordinate system. Equation (3) reflects that
the permeability for one circular polarization remains at a
constant value of one (unaltered) while spin transitions appear
only in the other circular polarization which is associated with
a magnetic permeability ugpr(f, E). EPR transitions can be
described by Lorentzian resonances [52]:!

_ Ap i
( s B) =1 + 5 , ’
mEprR(f Xk: FrkB? — 2 —ifvox

with resonance frequencies f,,k(é) defined by the spin split-
ting under the specific direction of B with respect to the crystal
[cf. Eq. (1)], broadening parameters y;; and Ag being am-
plitude factors. Equation (4) defines resonances in f-domain
EPR. It can equally be expressed for B-domain EPR as

, A
(fB)=1+ ,
perlf ; —B,(f,25) + B> — i|Blys

“

&)

where B, is the resonance field and € is the direction of B,
and amplitude A; and broadening y; are redefined with respect
to Ao x and yp ;. Generally, all amplitude and broadening con-
stants will differ for different transitions, depending also on
f and B. Note that, as a result of having either the frequency
f or the magnetic field strength B as free variable, the signs

'We note that the Lorentzian oscillator is a matter of choice here,
and also puepr(f. B) = 1+ 3, A/ fru(B) — f — iy, ]is often ap-
plied in EPR contexts. Both parametrizations are equivalent if f ~
frk- We note that y; , refers to the half-width at half maximum of the
resonance peak in pgpr, While yp of the Lorentzian oscillator (4)
refers to its full width.

in the denominator are seemingly different in Eqgs. (4) and
(5). This implies generally that, at a given nonzero field B,
Re(ugpr(f = 0)) > Re(ugpr(f = 00)), but at a given fre-
quency f, Re(ugpr(B = 0)) < Re(ugpr(|B| = 00)).

The EPR resonances in (f,B) are imprinted in the
optical response to a plane-wave probe Bie 2™ and can
be measured in polarization-resolved frequency- or field-
scanning reflection and transmission experiments. In this
paper, we present EPR ellipsometry measurements carried
out by scanning the external magnetic field B at different
constant frequencies f, i.e., field-domain EPR. Scanning B
of Eq. (5) is equivalent to scanning f, in Eq. (4). In contrast
with conventional EPR spectroscopy we are not measuring a
differential cross-polarized reflection or transmission signal.
Instead, the Miiller matrix is measured, which describes gen-
erally the change of incident light polarization upon reflection
or transmission [51,53,54]. Our THz ellipsometer is capable
of measuring the upper left 3 x 3 submatrix but not the last
row and column of the 4 x 4 Miiller matrix [51]. As can be
seen from Eq. (4), the optical response is not only affected
at resonance (f = f,) but particularly the real part of ugpg
alters the refractive index n = ,/gugpr for light of the reso-
nant circular polarization. In a simplified manner, ¢ shall be
a (isotropic) dielectric-function value here, that applies to cir-
cularly polarized light at the particular propagation direction.
Hence, the optical response is altered also in the vicinity of
a resonance in f- or B-domain measurements. This renders
ellipsometry very sensitive to the EPR transitions through
accurate measurements of refractive-index variation. Neither
magnetic field modulation with lock-in detection is applied
nor is a special microwave-cavity used here. Intrinsically,
ellipsometry at oblique angle of incidence represents here a
mixture of parallel- and perpendicular-mode EPR [50,55].
Although with incident light being parallel to B, which would
correspond to perpendicular mode, the 45° reflected light di-
rection will always have a /3, component parallel B of the
transverse-electric (T E) polarization.

The investigated samples are commercially available Fe-
doped bulk single crystals obtained by edge-defined film-fed
growth [56,57] (Novel Crystal Technology, Inc.). Electrical
resistivity is specified to be >1 x 10'° Q cm. The investigated
bulk substrates of about 10 x 15 cm? area and 0.5 mm thick-
ness have (201) and (010) surface planes.

A total set of five different sample orientations of the (201)
sample (rotated about its surface normal), each at five dif-
ferent frequencies f = (110, 125, 149, 155, 170) GHz were
measured in reflection while the sample was clamped onto
a metal plate. For two orientations, the B field is applied
exactly within the monoclinic ac plane. For other orientations,
the angle between B and the ac plane increases to at most
45°. Additionally, the (010)-oriented sample was measured
at slightly different frequencies in transmission configuration
at normal incidence, with B parallel to the crystallographic b
axis. All measurements were carried out at a nominal temper-
ature of 17 K in a cryostat hosting an 8 T superconducting
magnet with optical access (Cryogenics Ltd. London, UK).
The magnetic field was calibrated and corrected by means of
measuring EPR on 1,1-diphenyl-2-picryl-hydrazyl (DPPH) as
standard reference sample. For the B field scans, we find the
noise level for the Miiller matrix elements M3, M3,, M»y,
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and M33, on order +0.001 for M]3, M3], M]z, and Mz] on
order £0.01. Additionally, drifts on order £0.01 may occur
within several hours for all elements. Conventional optical
modeling using a transfer-matrix formalism was hindered by
distortions on the present Miiller matrix data that arise from
diffraction of sample edges, cryostat windows, and above-
mentioned drifts. While we expect the EPR features most
pronounced in M3 and M3, scans [52], optical anisotropy
and mentioned distortions can shift them to different Miiller
matrix elements. For simplicity, the lineshape of the Miiller
matrix scans M;;(B) were modeled empirically by series of
phase-shifted Lorentzian resonances:

; Aijk
M;;j(B) = MY 4 Re| ¢/ L . (6)
! / ( ;—B§k+BZ—Z|B|yB (

where the sum runs over all transitions of the two times five
observed resonance lines of Fe**. We note that depending on
the considered Miiller matrix element and frequency, the line-
shapes can resemble either directly Lorentzian peaks or dips
(phase ¢ &~ *+m /2) or derivative-like shapes (¢ ~ 0, 7). The
broadening yp is assumed constant for all transitions in one
individual B scan here. Throughout this paper, all presented
Miiller matrix elements are normalized by M;;, which itself
was not included in the evaluation.

A numerical optimizer was used to fit the g factor and
second-order ZFS parameters as well as their principal di-
rections in the monoclinic ac plane. For all frequencies and
orientations, eight Miiller matrix scans as well as TE and
TM (transverse magnetic) copolarized reflectance scans were
simultaneously included in the fitting process. Lineshapes of
the reflectance data were treated equally as for the Miiller
matrix data. In each iteration of the optimization, the ten
resonance fields B, and relative amplitudes A;;; for each
applied frequency were computed using EASYSPIN [58] based
on a set of spin Hamiltonian parameters according to Eq. (1),
sample temperature and sample orientation (including align-
ment off-angles). The lineshapes were constructed using these
parameters along with auxiliary parameters ¢;;, v, and an
amplitude scaling parameter for each data type in every
dataset. The baselines of each scan should be constant values
but were also modeled by a B-dependent spline function to
correct for underlying drifts that occurred during the scans.
All parameters were optimized in order to minimize the sum
of squared error (SSE) defined by the difference between
modeled and measured lineshape. A flow chart illustrating the
algorithm is shown in the Supplemental Material [47].

IV. THEORETICAL CALCULATIONS

The computation of ZFS in anisotropic crystals from first
principles is very challenging. The origin of the ZFS is not
only spin-spin but also spin-orbit interaction [59,60]. We have
also applied density function theory (DFT) calculations to find
a first-principles second-order approximation to the ZFS of
Fe’* on Gaj; sites. And we have applied crystal-ligand field
theory (CLFT) as implemented in the PyCrystalField toolbox
[61] following the method of Hutchings [62] to obtain a qual-
itative fourth-order approximation for the ZFS parameters of
Fe*™ on both Ga sites.

We also performed DFT calculations to investigate the
actual incorporation of Fe impurities in $-Ga;O3 and its
physical properties. The calculations were performed using
the projector augmented wave method (PAW) [63] imple-
mented in the Vienna ab initio simulation package (VASP)
[64,65]. A plane-wave energy cutoff of 400 eV was employed
and Brillouin-zone (BZ) integration was carried out using
a I'-centered 4 x 4 x 4 k-point mesh for the primitive cell.
The fully filled 3d states on Ga are treated as core states.
To correctly describe the electronic structure and charge lo-
calization, we use the hybrid functional of Heyd, Scuseria,
and Ernzerhof (HSE) [66,67], with a mixing parameter of
a = 0.32. This produces a band gap of 4.83 eV for 8-Ga,0s.
A 1 x 3 x 2 supercell of 120 atoms was built based on the
conventional cell (see Fig. 1) for the defect calculations, and
a single k point at (0.25, 0.25, 0.25) was used for the BZ
integration in the supercell. The formation energy of Fe is
calculated as

E'(Fel,,) = Ew(Fel,) — Et(Ga,03)

— (wre + mie) + (Kca + 1)
+ q(Er + Evpu) + A7, @)

where Eiy (Feéa) is the total energy of one Feg, in charge
state ¢ in the supercell, Ei,(Ga,O3) is the total energy of the
bulk supercell, and Ef is the Fermi energy, referenced to the
valence-band maximum (Eygys). A? is a finite-size correction
term for charged defects [68,69]. 2, and p2, are total ener-
gies of the elemental phase Fe and Ga. The Ga and O chemical
potentials have to fulfill the stability condition for bulk Ga,0Os3:
2uGa + 3100 = Hf(G8.203 ), where Hf(Ga203) =—-10.22eV
is the formation enthalpy of Ga, 3. Under Ga-rich condition,
the limit for upe is chosen to be Fe metal.

A. Second-order zero-field splitting from first principles

DFT was applied to compute the second-order ZFS as
in Eq. (2) for Fe** on Gay sites. The spin-spin dipo-
lar contribution to the ZFS was calculated as described in
Refs. [60,70-73], while the spin-orbit interaction (SOI) in-
duced ZFS was calculated from mapping the total energies
(with SOI) of different spin orientations to the spin Hamilto-
nian [71-73]. See the Supplemental Material [47] for details.
The SOI-induced ZFS is equivalent to calculating the single
ion anisotropy for the spin state of the defect. The spin Hamil-
tonian associated with the single-ion anisotropy is defined as

Hp =3Ds
= — Dxxsf - Dyys_g — DZZSZZ
— Dy (scSy + 8y855) — Dy (5,5, + 5:5¢)
— Dy (sys; + 5:5y). ®)

The parameters D, g can be computed by the four-state map-
ping method [72,73]:

1
— (
Dup = =15 (E,
where E, g are fully relativistic total energies for different spin
orientations (see the Supplemental Material of Ref. [73] for
more details).

1) 2) 3) “4)
g —Eug —Eyy T EL), ©
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It turns out that more than 90% of the contributions arises
from spin-orbit interaction. With the half filled 3d shell, the
total orbital momentum of the electrons will be zero if the
crystal fields are not large. This is referred to as S-state ion be-
havior and would result in suppression of interaction between
the crystal field and orbital momenta. However, particularly
for iron, screening of the 3d orbitals is very little and the
crystal-field interaction is therefore greatly enhanced [55].

B. Qualitative estimates of fourth-order zero-field splitting

CLFT was used to calculate fourth-order Stevens coeffi-
cients for the monoclinic Feg, system. This approach allows
for qualitative insights into local site distortion of the Hamil-
tonian by foreign ions in a relaxed unit cell. As only a
point-charge-like electrostatic perturbation of the electron
Hamiltonian by the ions of the host-crystal is taken into ac-
count, it is not expected that the results match quantitatively.
Yet, they will give a first-order approximation for the ratios of
ZFS parameters of the same order [62]. The ligand fields from
nearby oxygen and gallium atoms are expected to particularly
imprint the symmetry onto the Stevens coefficients. However,
the effect of screening is neither included in this model nor
known. Hence, we included only the field contribution of
nearest-neighbor sites in this analysis.

DFT calculations were performed in order to relax a 1440-
atom defect structure (2 x 8 x 4 conventional cell) at the I
point using the PBE-sol functional [74]. Simulations were
carried out with an energy cutoff of 700 eV until forces
were less than 1 x 1072 eV/A. The obtained Ga; defect
structure featured Fe-O bond lengths of size 1.87 A for three
out of the four nearest neighbors. The fourth bond, lying in the
ac plane, was elongated at 1.92 A. For the Gaj; site, we obtain
bond lengths of 1.88 and 1.94 A along the « axis, and 1.92 and
1.99 A in the remaining directions, which are constrained by
the mirror symmetry in the ac plane.

V. RESULTS AND DISCUSSION

The high frequencies and a wide range of magnetic field
allow us to observe all ten transition of the s = 5/2 system
Fe*™ (five transitions associated with the tetrahedral Ga; sites,
five with the octahedral Ga;; sites) simultaneously in the el-
lipsometry data of each B field scan. Figures 2 and 3 are
representative examples of Miiller matrix EPR field scans at
varying frequency and sample orientation, respectively. The
EPR signatures are imprinted in nearly all Miiller matrix types
but notably strongest in M>3 and M3, which represent linear
retardation arising from the EPR-induced circular dichroism
[54]. Example figures with complete sets of all measured
Miiller matrix elements are shown in the Supplemental Ma-
terial [47]. For each scan shown in Fig. 2, we can identify
two sets of five lines each, as highlighted by the symbols
close to the line that represents the measurement at 125 GHz.
The stronger set arises from Fe>* on octahedrally coordinated
Ga;; sites and the weaker one from Fe3* on tetrahedrally
coordinated Ga; sites [39]. The ZFS is directly visible in Fig. 2
through the splitting of the transitions (different g.r) and
frequency-dependent values of g.s. All g values approach
the actual g-factor value for the given B direction when f

=0°

170GHz
155GHz
140GHz |
125GHz
110GHz

04r

A A
4

FIG. 2. Example EPR ellipsometry scans at five different fre-
quencies f measured at fixed sample orientation ¢ = 0° as depicted
in Fig. 1. Data are plotted against effective g factor g to
allow stacking scans from different B ranges. Shown is the
background-subtracted Miiller matrix element M,;. Data from dif-
ferent orientations are offset by 0.1 each. Two sets of five resonances
each are visible as illustrated by markers for the 125 GHz dataset as
example. The resonances originate from Fe** on octahedrally coor-
dinated (stronger widely separated resonances, violet markers) and
tetrahedrally coordinated (weaker resonances around g.; = 2, yel-
low markers) Ga sites. Black (gray) lines show modeling including
both (only the strong) transitions. Visible artifacts and baseline drifts
arose from system instabilities during the measurements. Similar
data were obtained at multiple sample azimuthal angles (cf. Fig. 3).
A similar plot with the x scale zoomed to the range around two can
be found in the Supplemental Material [47].

increases and the Zeeman term becomes more dominant. This
emphasizes the capability of distinguishing anisotropic g and
ZFS effects through measurements at varying the frequency.
Example splittings of the spin states with varying frequency
and crystal orientation are illustrated in the supplement. Tran-
sitions at a given frequency are indicated therein and can be
directly mapped to Figs. 2 and 3.

Although we did not apply any modulation scheme, the
resonance shapes look derivative-like in most Miiller matrix
elements. The features in the measured data can also turn into
peak- or dip-like shapes for other Miiller matrix elements (see
the Supplemental Material [47]). The relative intensity of the
spin transition within a quintuplet of transitions is directly
related to the Boltzmann distribution at the sample temper-
ature of 17 K and the sign of BY. These relative intensities
are predicted by the model and are directly matching the
measured data without further adjustments.

The relative intensity of transitions associated with Ga;
and Ga;; sites represents the respective distribution of the
Fe ions. From modeling, we obtain a ratio for Ga;/Gaj; site
occupation of approximately 15%. Meil’man reported for X-
band EPR on a Verneuil-method-grown single crystal with
0.1 at.% Fe incorporation a ratio of 1/2 [41]. Biischer and
Lehmann reported approximately 20% using X-band and Q-
band EPR for crystals grown from the flux [39]. Formation
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FIG. 3. Example EPR ellipsometry scans carried out at f =
170 GHz at different sample rotations ¢ around its surface normal
according to the legend. Orientation 0° corresponds to the situation
in Fig. 1. The Miiller matrix element M,; is shown after background
subtraction and different lines are offset by 0.15 each. The blue line
labeled for 0° sample azimuth represents the same data as shown
in Fig. 2 for 170 GHz. The two sets of five resonances belonging
to Fe** on octahedral Ga; (strong amplitudes) and tetrahedral Ga;;
(weaker amplitudes) sites are seen. Black (gray) lines show model-
ing including both (only the strong) transitions. Similar data were
obtained for each orientation at multiple frequencies (cf. Fig. 2).

energy calculations of Feg, are consistent with the experi-
mental observations: they show that incorporation of Fe on
octahedral Gay; sites is energetically preferable to tetrahedral
Ga; sites by approximately 0.1 eV. Figure 4 depicts the DFT
results, showing these small differences for the different sites.

Ga-rich

Fe on Ga;
———a—— Fe on Ga;

Felt Feb*

s=2

5 5=05/2
R 32 / 1%
Or =

E' (eV)

0 1 2 3 4
EF (GV)
FIG. 4. Formation energy E/ of Feg, versus Fermi level Eg for

B-Ga,0; under Ga-rich conditions. Fe incorporation on both Ga; and
Ga;; sites is considered. The spin and charge state has been labeled.

Already previous DFT calculations [13] demonstrated this.”
Yet, Fe incorporation on the tetrahedral Ga; and octahedral
Gaj; sites exhibit both comparably low formation energy. Fig-
ure 4 shows also that the Fe impurity turns into the single
acceptor Fe?* with spin state s = 2 in the n-type doping limit.
The related (0/—) charge-state transition levels occur at 0.56
and 0.59 eV below the conduction band minimum. For the
neutral Fe’* with a half filled 3d shell, the high spin state
s = 5/2 is obtained for both Fe on Ga; and Gaj; sites.
Comparing the resonance amplitudes for measurements at
different frequencies in Fig. 2 reveals a maximum around 155
to 160 GHz, where amplitudes reach up to 0.2 in the Miiller
matrix at most. For 110 GHz, amplitudes drop to about 0.04
only. We expect that the single-crystal substrates act as a cav-
ity themselves, as observed before [52]. Then, approximately
one Fabry-Pérot oscillation appears in the frequency range
110-170 GHz. The cavity effect enhances the amplitudes
accordingly, but the resonances can even be measured when
not in resonance with the standing waves inside the crystal.
Modeling is carried out involving all measured data simul-
taneously and modeled lineshapes are also shown in Figs. 2
and 3 as black and gray lines. The match of modeled and
experimental data is close but not perfect. However, it should
be emphasized that all resonance fields and amplitudes for
all measured sample orientations, frequencies and data types
(Miiller matrix elements) are simultaneously modeled because
they are all at once determined by the spin Hamiltonian.
Only the exact sample orientation (small but very relevant
off-angles for sample azimuth and tilt), the absolute ampli-
tude scaling, and a line broadening are further fit parameters.
In fact, the observed broadening values of approximately
4-5 mT are mostly caused by the B inhomogeneity of the
magnet which is specified to be up to 3000 ppm within a 1 cm
cylindrical volume at the sample position. In conventional
EPR system, changing the sample azimuth angle results in the
B-field orientation being rotated within a plane with respect
to the crystal. In our experimental configuration, the B field
and sample normal are at an angle of 45°. Consequently,
the B orientation is moving on a cone relative to the crystal.
This allows us to obtain sufficient linearly independent mea-
surement data to over-constrain the mathematical problem of
disentangling anisotropic effects within the monoclinic plane
and effects parallel to the high-symmetry direction . While
configurations with the B field applied parallel to the mon-
oclinic plane are affected by all B coefficients, only those
with ¢ = 0 imprint in the B||b configurations. Figure 5 illus-
trates the complexity of the resonance evolution upon sample
azimuth rotation. Symbols and symbol sizes here indicate res-
onance field values and amplitudes, respectively, as obtained
from an individual lineshape analysis of the measurements.
Lines and their thickness indicate also resonance fields and
amplitudes, and are based on the Hamiltonian parameters
found from global modeling with respect to Eq. (1). We

2The charge state transitions levels shown in Fig. 4 and reported in
to Ref. [13] are similar, the generally higher (by approximately 1 eV)
formation energies for both Ga sites have been cross-checked and are
due to the choice of the limiting phase. While Ga;Fe was used as the
limiting phase under Ga-rich conditions in Ref. [13], we use Fe here.
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#=140 GHz

6.0 T

557

4.0

0 45 90 135 180
sample rotation ¢ (deg)

FIG. 5. Resonance field road map for Fe** at 140 GHz depicting
model-calculated values (color) and such independently extracted
from the experimental data (block symbols). Symbol sizes and line
thickness represent the relative resonance amplitudes. For the calcu-
lated data, purple colors refer to Fe on octahedral Ga; sites while
orange colors represent Fe on tetrahedral Ga; sites. Note that some
data points are shifted here due to a slight sample tilt and azimuthal
off-angle which are considered in the evaluation but cannot be ap-
plied to the experimental data points in the graphical representation
here. This is particularly the case at 0°, 45° and 90° sample orienta-
tion. These slight sample tilts removed the apparent discrepancies.

report the parameters for the spin Hamiltonian in Tables I
and II for Fe*" on octahedral Ga; and tetrahedral Ga; sites,
respectively. For Fe** on Ga;, the complete ZFS parameters
(Table II) are determined for the first time, to the best of
our knowledge. Notably, both second and fourth-order ZFS
parameters are smaller in absolute value than for Fe’* on
Gaj;. Only for Gaj, another report of such a full parameter
set could be found in the literature. It was obtained with
X-band EPR by Meil’man [41]. Comparison of the parameter
values is not directly possible because of different conventions
for the orientation and rotation in the monoclinic plane rela-
tive to the crystallographic axes. However, by applying the
parameters obtained in this work to Meil’man’s data, some
conclusions can be drawn. (See supplement for an overlay
of data from Ref. [41] with modeled data based on the pa-
rameters reported here.) While the angle between Xmeii’man
(the coordinate system in which the ZFS coefficients are pre-
sented) and a, Z(XMmeil'man, @), 1S mentioned to be 115° for
Meil’man’s report, we find that it is rather approximately
99° based on our Hamiltonian parameters; or equivalently
Z(XMeir'man, €*) A~ 9° mod 180°. Considering such a 9° an-
gle offset between Xy, (the principal orientation of the
g-factor tensor) and c*, ZFS parameters for the octahedral
Ga;; sites were computed from Ref. [41] in the same con-
vention as used throughout this paper. The obtained values
are shown in the last column of Table I. It appears that the
signs of all parameters are inverted. This is a result of the
limitations of single-frequency X-band EPR for a system with
large ZFS compared with the multiple frequency approach
at high field as employed here. From our experimental data

TABLEI. Parameters for full Hamiltonian for Fe** on octahedral
Ga;; site. The convention (x,y, z) || (¢*, a, b) is assumed. Reported
error limits are estimated from comparing the range of different
solutions found by global optimization. Second- and fourth-order
values computed by crystal-ligand-field theory are given as relative
numbers normalized to B) and B, respectively, with the original
signs. The absolute values obtained are BY = —10100 GHz and
BY = —2800 GHz.

This work This work Meil’man
Expt. CLFT Ref. [41]
B2 (MHz) —1932 + 1 1.24 1908 *
BY (MHz) —2312 £ 2 -1 2212
B;? (MHz) —-830 £ 6 —1.34 8912
B! (MHz) 17.3 £ 0.1 13.6 —13.42
B2 (MHz) 19.0 £ 0.5 33.8 —16.2%
BY (MHz) —04 + 0.1 -1 1.0
B;* (MHz) —137 £ 0.2 -17.3 11.0°
B;* (MHz) —143 + 03 -21.9 19.5
gy 2.006 + 0.001 2.004
gy 2.000 + 0.001 2.002
8 =& 2.001 + 0.001 2.007
Z(x', ¢*) for & (°) 46.1 + 1 ~9 (or 39)

#Values computed from reported values and applied rotation of —9°
around z.

Value estimated from parameters obtained in this work applied to
Meil’man’s data, see text.

with all five transitions appearing in each B scan, the sign of
particularly Bg is unambiguously given by the relative transi-
tion amplitudes which result from state occupation following
a Boltzmann distribution. The different sign for Meil’man’s
parameters was already noted by Biischer and Lehmann [39].
Apart from this, the overall shape of the ZFS Hamiltonian
matches very well. Only the g-factor anisotropy differs sig-

TABLE II. Parameters for full Hamiltonian for Fe’* on tetra-
hedral Ga; site. The convention (x,y,z) || (c¢*,a, b) is assumed.
Reported error limits are estimated from comparing the range of
different solutions found by global optimization. Second- and fourth-
order values computed by crystal-ligand-field theory are given as
relative numbers normalized to BY and B, respectively, with orig-
inal signs. The absolute values obtained are BY = —2900 GHz and
BY = —3100 GHz.

Expt. CLFT
B3 (MHz) 1328 + 2 —4.83
BY (MHz) —1666 + 2 —1
B;? (MHz) —1238 + 3 1.55
B} (MHz) 117 +£ 0.2 —2.26
B2 (MHz) 2.1 4+ 03 —17.0
BY) (MHz) —24 4+ 0.1 1
B;? (MHz) —4.0 £ 0.5 10.0
B;* (MHz) —23 £ 32 7.23
gy 1.900 + 0.010
gy 2.115 + 0.010
8 = 8 2.131 £0.010
L', c¢*) for g (°) 476 £ 1
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nificantly between Meil’man and the values reported here.
This originates most likely from a generally lower sensitivity
to g compared with the ZFS coefficients at the high frequen-
cies at which we observe the EPR resonances (Table I). The
ZFS here has a much stronger effect than the small g-factor
anisotropy that modifies the spin resonances only by approxi-
mately AgugB =~ 0.5 GHz at most. Overall, a better accuracy
is expected from the multifrequency approach used here. Re-
garding the principal directions of the g-factor tensor (x', '),
we note that the angle scale in the plot of Meil’man’s report
is offset by 15°, i.e., the X} ;-man 2XiS points at nominal 15° of
their laboratory coordinate system. Hypothetically assuming
the X{;.'man aXis would actually point at —15° therein would
render Z (X man» ) from 229° rather to 39° and hence seem
more plausible when compared with the here-reported angle
of approximately 46°.

Qualitative estimates for the structure of the ZFS of the
monoclinic Fe3t on octahedral Gay; site are obtained from
CLFT. Computed values in the same reference coordinate
system as above are presented the middle column of Table I.
The absolute values differ by several orders of magnitude
as the single-charge model appears to greatly overestimate
the ligand-induced perturbation. However, in terms of rel-
ative size (e.g., comparing B} vs B2 vs B}), the computed
parameter values represent a structure, i.e., relative order of
parameters, for the fourth-order terms that is very close to
the experimental results shown in Table I: Except for B3, all
signs match the experimentally found ones. All value ratios
are very similar to the experimental results, even with B
having clearly the smallest magnitude. This does not only
confirm the experimental findings but also allows us to con-
clude that the nearest-neighbor oxygen atoms are the main
origin for monoclinic-symmetry imprints on the local elec-
tronic structure of Fe’T. However, the qualitative match of
the second-order terms appears significantly less accurate.
This could imply that higher-order perturbations, e.g., orbital
effects and spin dipole interactions, make a significantly larger
contribution to the second-order terms.

Computed Hamiltonian parameter values for Fe*>* on Ga;
sites are shown in the last column of Table II. These values
do not provide as reasonable agreement as found for the Gaj;
sites. A reason for the observed disagreement may be found
in the actual choice for the Fe-O bond-length parameters. The
calculated Hamiltonian parameters depend strongly on the
computed unit-cell dimensions. Therefore, the PBE-sol func-
tional was used, which generally tends to agree very well in
structure for semiconductors. Small variations in the structural
parameters do not change the sign of the Hamiltonian values
or significantly affect the relative magnitudes of the computed
ZFS components. The values do also not change order with
respect to their signature and magnitude within their param-
eter set when more neighbors are included into the CLFT
computations. Yet, the BZ coefficients are most sensitive to the
details of the structure (see the Supplemental Material [47]).
This latter observation is reasonable because the fourth-order
B coefficients should be most sensitive to the local symmetry
elements of the defect. The Ga;; site features near-octahedral
local symmetry, the related electrostatic Hamiltonian is likely
more constraining and more well-described by the qualities
of the CLFT model than the Ga; site, which features a lower,

80 +
60 +
40
20 +

0

f (GHz)
!

-20 =
-40

-60 H

0.8 04 0
B. (T)

-0.8 -04 0 04 0.8
B

FIG. 6. Splitting of the six states of Fe on Ga;; for Bupto 1 T
applied inside the monoclinic plane (B, being the contribution of B
parallel to a, B~ the one parallel to c¢*). The crystallographic a axis is
rather close to a main principal direction of the ZFS defined by the ro-
tation around b which is required to reach B} 2 = 0. Nevertheless, the
effect of the lowered monoclinic symmetry is clearly visible. At zero
B, the splittings between |m;| = 1/2, |m,| = 3/2, and |m,| = 5/2 are
approx. 24 GHz each. For higher fields, the state anticrossings result
in a swap of the states’ spin quantum number.

near-tetrahedral local symmetry. At present, it remains diffi-
cult to determine the exact degree of complexity required for
this method to yield sufficiently accurate ZFS components,
specifically for the Fet defects in the Ga; and Gay; sites, but
also for general defects within low-symmetry environments.
Our finding here underlines the need for improved theoretical
methods for modeling the effective spin Hamiltonian in low-
symmetry materials.

All coefficients of the ZFS Hamiltonian are reported here
with respect to a coordinate system that is pinned to the
crystallographic axes such that (x,y, z) = (c*, a, b). To un-
derstand the orientation of the main components, we can
find the angle that is required to rotate the coordinate sys-
tem around z||b such that B, 2 = 0. For Fe** on Gayj sites,
this is approximately 11.6°. For Ga; sites, it is significantly
different with approximately —21.5°. Figure 6 illustrates the
complex structure of the state energies for Fe** on the Ga;
site when B is applied within the monoclinic ac plane. For
zero B field, the states with |m,| = 1/2,3/2,5/2 are each
twofold degenerate. All degeneracies are lifted at finite B
and spin mixing yields state anticrossing. This means that
my is no longer a well-defined quantum number at respective
field direction and strength. Consequently, so-called forbidden
transitions would become relevant. Due to the large ZFS,
forbidden transitions may dominate at low frequencies like
X-band. At high frequencies and higher fields, however, m;
is well-defined again, and the situation simplifies with clearly
ordered, strong, allowed transitions dominating.

A. Comparison to the simplified spin Hamiltonian

The values of nearly all Stevens coefficients which are
listed in Tables I and II appear non-negligible. Particularly
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f=155GHz, ¢ = 0°
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FIG. 7. Comparison of experimental and best-matching model
data for Miiller matrix element M3 at 155 GHz for sample orien-
tation 0°. (a) Modeling based on the full fourth-order monoclinic
Hamiltonian (1). (b) Based on the simplified second-order or-
thorhombic model that is often used. Note that the five strong lines
from Fe on Ga; site are equidistant for the simplified model but not
in the experimental data.

fourth-order parameters, including those with negative in-
dices, must not be ignored. Regarding the generally much
smaller values of fourth-order parameters, it should be noted
that the reported values B here are unscaled ones. Upon
scaling (i.e., conversion to bZ), fourth-order coefficients would
be 20 times enhanced compared with second-order ones (b =
3B, bl = 60B, see Supplemental Material [47]). This em-
phasizes the significance of the fourth-order contributions. For
further discussion and for comparison to earlier reports on
EPR of Fe in monoclinic 8-Ga,03, we modeled our data also
with the simplified Hamiltonian of Eq. (2). The application
of the simplified Hamiltonian results in a large mismatch
for some particular measurement configurations, as shown
in Fig. 7. In this case, the Hamiltonian (2) can principally
not describe the nonequidistant resonances that are observed
in the B scan. Nevertheless, model parameters D and E for

the best-matching model are presented in Tables III and IV.
To compare these values to calculations from first principles,
DFT was applied to Fe** on Gayj; sites, and Table ITI shows the
computed parameter values. Compared with our experimental
results, they are off by factors of three and five for D and E,
respectively. However, we notice that the sign of D is found
correctly. Also the order of magnitude is consistent. Possible
issues preventing better match with the experimental data may
arise from uncertainties in the functional description of d
orbitals even when using HSE, e.g., arising from a lack of
accurate screening and over-localization [75,76], or spin-orbit
effects [60].

When comparing the different reported D and E values
in Tables III and IV, main discrepancies are seen for their
signs. While the sign of E can be swapped by rotating the
coordinate system 90° around z, the sign of D is unique
and clearly determined from our experimental data through
the relative transition amplitudes of the five transitions in a
quintuplet. Biischer and Lehmann reported the same signs as
we found for Fe’t on the Ga; site (and thereby corrected
Meil’man, see above) by combining X-band and Q-band EPR,
and their temperature dependencies. However, probably due
to lower sensitivity for the lower density of Fe** on the Ga;
site, the signs in Biischer and Lehmann’s report are opposite
for this tetrahedral coordination. Other studies did not focus
on the sign through comparison of relative transition ampli-
tudes. Regarding the absolute D and E parameters, it appears
that all single-frequency studies found slightly smaller values
than the multifrequency approach presented here. This find-
ing seems independent of the probe frequency used. Even
the 94 GHz study by Babunts et al. derived smaller values.
This could be an effect of correlation between g and the
ZFS parameters. Modeling ZFS coefficients simultaneously
with the g factor suffers from large parameter correlation.
This can be widely overcome through involving multiple fre-
quencies. Only Biischer and Lehmann involved at least two
frequencies. However, as they needed to obtain EPR data at
different setups, implying different alignment off-angles for
the different frequencies, they could not fit the g factor either,
Instead, they assumed a constant value. In experiments with
low-symmetry crystals, alignment off-angles are unavoidable.
It is therefore of utmost importance to be able to measure a
sample at multiple frequencies without need for realignment
or, e.g., switching the experimental setup. Only few experi-
mental setups are capable of this [77,78].

TABLE III. Parameters of the simplified second-order Hamiltonian for Fe* on octahedral Ga;; site. Biischer and Lehmann, and Bhandari
and Zvanut assumed fixed isotropic g factors (respective values are here printed in angled brackets and are not results). The orientation of the
principal direction was not reported by Bhandari and Zvanut, and by Babunts et al. The reported coordinates system of Biischer and Lehmann

is left handed.

This work This work Biischer Bhandari Babunts

Expt. DFT Ref. [39] Ref. [36] Ref. [37]

D = 3B (MHz) —6930 —2222 —6300 6624 6320
E = B} (MHz) —2100 —410 —2060 2049 —2550
Z(x, cx) (°) 11.6 13.77 12.3
(gv> &) (2.000, 2.006) [(2.0023, 2.0023)] [(2.0043, 2.0043)] (2.004,2.002)
& =8 2.001 [2.0023] [2.0043] 2.007
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TABLE IV. Parameters for simplified Hamiltonians for Fe** on tetrahedral Ga; site. Biischer and Lehmann, and Bhandari and Zvanut
assumed fixed isotropic g factors (respective values are printed here in angled brackets and are not results). The orientation of the principal

direction was not reported by Bhandari and Zvanut, and by Babunts ef al.

This work Biischer Bhandari Babunts
Expt. Ref. [39] Ref. [36] Ref. [37]
D = 33(2) (MHz) —4980 4725 4707 4221
E = B% (MHz) —1820 1349 1335 —1740
Z(x,cx) (°) 70 95
(8x> &) (2.1, 1.9) [(2.0023, 2.0023)] [(2.0043, 2.0043)] (2.004,2.002)
8:= &b 2.1 [2.0023] [2.0043] 2.007

In conclusion, fourth-order, monoclinic-symmetry terms
are of high importance and it is necessary to measure at
different and particularly at high frequency to obtain them
reliably [79]. The orthorhombic second-order Hamiltonian
represents an insufficient approximation for Feg, in mon-
oclinic B-Ga,03;. Modeling was also tested based on a
fourth-order orthorhombic spin Hamiltonian but did not prove
successful either.

B. Outlook

Particular interest in investigating Fe-doped $-Ga,0O3 with
high field/high frequency (HF) EPR originates from the fact
that integer spin systems like Fe?* may become accessible
at large EPR probe frequencies and/or fields. The possi-
ble EPR observation of Fe’* has recently been reported
using a 94 GHz system [37]. Yet, only one transition was
observed, and even higher frequencies are required to ver-
ify the report and improve the accuracy of the parameters
of the spin Hamiltonian. The problem of detecting integer
spin systems with conventional EPR systems arises gener-
ally as soon as ZFS exceeds the microwave frequency used
(e.g., X band around 10 GHz). In such cases, transitions
with Amg = £1 would only become accessible at very high
magnetic fields [80]. Therefore, only few integer-spin (e.g.,
triplet) systems are accessible by conventional EPR systems.
For integer-spin systems with large ZFS, conventional EPR
frequencies would mostly give access to transitions referred
to as Amy = =+£2,4,.... Due to state hybridization and the
spin quantum number being not a well-defined quantity,
these transitions do actually not transfer angular momentum
in the indicated way. Hence, Amy; =0 would be a more
appropriate notation [80]. Detection of such nominally forbid-
den transitions typically requires parallel-mode EPR systems
where the polarization of the microwave’s magnetic field B,
coincides with the external field B. An ellipsometric approach
could provide further insights here by analyzing the exact
transition polarization. Still, if transition frequencies vary only
slightly with the external magnetic field, B-domain EPR can
reveal very large broadening that often prohibits detection
[81]. A way out of these issues can be HF-EPR with the
EPR probe frequency larger than the ZFS which allows di-
rect access to Am, = %1 transitions. Flexible choice of the
frequency can enable new observations here.

VI. CONCLUSION

The ability to perform EPR measurements at high field
and frequency and to vary the frequency without sample re-
alignment is of utmost importance for the study of anisotropic
high-spin systems. Only this possibility allows truly disen-
tangling the anisotropic g-factor and ZFS contributions. To
do so, we have applied THz ellipsometry at frequencies be-
tween 110 and 170 GHz and fields between 3 and 7 T to
study Fe** in monoclinic 8-Ga,0s. This unique method en-
ables frequency-varying, cavity-free EPR experiments. We
report complete parameters for fourth-order monoclinic spin
Hamiltonians, including for Fe3t on tetrahedral Ga; sites.
We compared our results to earlier reports and verify un-
ambiguously the sign of the ZFS parameters. Furthermore,
our experimental results demonstrate clearly that approximate
second-order orthorhombic spin models are insufficient for
these systems. We have compared our findings with theoreti-
cal computations and find a match of the order of the expected
second-order ZFS parameters with DFT calculations, and a
partial qualitative match of the fourth-order structure with
ligand-field theory. Here, there is a need for further improved
theoretical methods. We expect that the new experimental
approach demonstrated will in a future study allow obtain-
ing precise spin-Hamiltonian parameters for Fe’* which is
the most relevant charge state acting as a compensating
acceptor.
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