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ABSTRACT

Electrically detected magnetic resonance (EDMR) measurements have been extended to sub-mT magnetic fields through utilization of fre-
quency sweeping of the oscillating magnetic field, where conventional electron paramagnetic resonance-based measurements traditionally
utilize magnetic field magnitude ramping. In spin-dependent transport measurements in devices, an oftentimes pervasive near-zero field
magnetoresistance effect overwhelms the sub-mT regime. This magnetoresistance effect is independent of the RF drive. Thus, by utilizing a
constant DC magnetic field and a frequency sweep of the RF magnetic field, the magnetoresistance effect is not detected, leaving only the
EDMR response. Interesting EDMR-based phenomena emerge at sub-mT fields when the oscillating field magnitude approaches the static
field, such as multiple-photon transitions caused by the emergence of Floquet spin states and Bloch–Siegert shifts. A spectral-narrowing effect
also emerges as the static field is reduced. In this work, we show that the narrowing of the frequency-swept EDMR response with static field
can be modeled by changes in intermediate spin-pair relaxation through modulation of hyperfine fields caused by stochastic perturbations
from the environment. We utilize recently developed theory to model the relaxation of spin pairs and show that stochastic interactions of the
electron spin with the environment yield both Floquet spin states and changes in intermediate spin-pair relaxation.

Published by AIP Publishing. https://doi.org/10.1063/5.0084378

Coupling to nuclear spins has pronounced effects on the lifetimes
of defect electron spins at low magnetic fields. Nitrogen vacancy cen-
ters in diamond have defect electron spin lifetimes that are inversely
proportional to the magnetic field. This phenomenon is caused by
coupling of the electron spins to the 13C nuclear spin bath, which
occurs when the magnetic field is on the order of the hyperfine cou-
pling fields.1 In pulsed electrically detected magnetic resonance
(EDMR) of silicon (Si) doped with phosphorous, a similar increase in
the spin lifetime with the decreasing magnetic field in the weak field
regime has been reported and is due to a similar electron-nuclear
hyperfine coupling effect.2

Furthermore, ultra-low field EDMR measurements have become
ever more apparent in literature.3–10 In the ultra strong coupling
regime, where the static and oscillating field magnitudes become
comparable, exotic phenomena emerge from spins and spin pairs in

materials and devices, such as the spin-Dicke effect,10 multiple-photon
transitions caused by Floquet spin states,11–13 organic magnetoresis-
tance,14–16 and recently near-zero field magnetoresistance/zero field
spin-dependent recombination (SDR).17–19

Recently, a frequency-swept EDMR system was developed for
sub-mT field measurements in 4H–SiC metal-oxide-semiconductor
field-effect transistors (MOSFETs).20 In this work, we utilized the
4H–SiC system to study spin pair relaxation within interface defects in
4H–SiC MOSFETs through studying the line shape of the frequency-
swept (FS) EDMR response as a function of the static field.

This work can be well-understood by considering spin-
dependent recombination (SDR) current, described in a seminal paper
by Kaplan, Solomon, and Mott (KSM)21 and refined in later work.22

Consider the case when a device containing paramagnetic defects is
subjected to a magnetic field B0 and a microwave or RF field of energy
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E ¼ h�, h being Planck’s constant and � being the microwave or RF
frequency. The magnetic field aligns the electron spin with or against
the field. If both the conduction electron and unpaired electron spin
have the same spin quantum number mS in which mS can either be
þ1/2 or �1/2, the transition of the conduction electron into the para-
magnetic defect will be forbidden by the Pauli exclusion principle.
However, resonance causes some defect electron spins to flip, enabling
the capture of the conduction band electron because the conduction
band electron now has the opposite spin of the defect electron. The
captured electron is now available for electron–hole recombination.
This process causes a change to the recombination current. Thus, the
SDR response is caused by a conversion of intermediate triplet state
spin pairs in which spin angular momentum is not conserved upon an
SDR event, to intermediate singlet state spin pairs, in which spin angu-
lar momentum is conserved upon an SDR event. It should be noted
that the sensitivity of the SDR response is nearly magnetic field- and
frequency-independent, enabling detection of SDR at ultra-low mag-
netic fields.

The SDR resonance conditions depend on the defects’ local envi-
ronment. In relatively simple cases, the effect of the defect environ-
ment can be described via a spin Hamiltonian of the form,23–26

h ¼ lBB̂
T �g � Ŝþ

X

i

ÎTi �Ai � Ŝ: (1)

Here, B̂ is the applied magnetic field vector (B̂ ¼ B0 k̂), g is a sec-
ond rank tensor whose parameters depend on the spin–orbit coupling
interactions, Ŝ is the electron spin angular momentum operator, Î i is
the nuclear spin angular momentum operator for the ith nucleus, and
Ai is the hyperfine coupling tensor for the ith nucleus. Resonance
occurs when the RF or microwave energy matches the energy of the
electron spins via (1). (This analysis does not fully describe all aspects
of the defects under study, but it is sufficient for the purposes of this
Letter.)

The linewidth of the observed unsaturated resonance response
will depend on several physical phenomena, such as the spin relaxa-
tion times associated with the paramagnetic defects, broadening
due to nearby hyperfine peaks within the central response, and the
distribution of g-tensor components in the material system.27 At
ultra-low frequencies, the effects of hyperfine broadening will typi-
cally not be observed because most hyperfine field-splitting occurs
at significantly greater fields than the response. Additionally, while
frequency variation will cause a slight variation in the distribution
due to lattice disorder, this effect scales linearly with frequency and
is minimized at lower frequencies. Thus, only one main physical
phenomena is left that accounts for the ultra-low frequency
FS-EDMR linewidth: the spin relaxation times of the paramagnetic
defects within the device system.

The ultra-low field FS-EDMR measurements were performed on
a custom-built system. The experimental apparatus utilizes a custom-
built 400 electromagnet with three sets of coils for greater field unifor-
mity and built in modulation coils. The electromagnet is situated
inside a three-layer cylindrical l-metal zero-Gauss chamber with outer
shield 2.8 m long and 0.6 m in diameter. We utilize a bipolar power
supply for magnet power, a temperature-compensated Gaussmeter
and Hall probe, a preamplifier, a virtual lock-in amplifier, a rf source
fed into a custom-built resonator with diameter 6.6mm with 9 turns,
and a 1GHz oscilloscope for power monitoring. Magnetic field

modulation is supplied from the computer, amplified by a stereo
amplifier, and subsequently fed into the built-in modulation coils. The
details of the spectrometer operation are reported elsewhere.20

The samples utilized are n-channel 4H-SiC MOSFETs with a
thermal oxide-nitride-oxide (ONO) oxide with thickness 50 nm and a
gate area of 250� 20lm2. We utilize the bipolar amplification effect
(BAE) measurement.28,29 In BAE, the drain-to-body junction is for-
ward biased well past the junction built-in voltage and the gate is
biased close to, but below, inversion. The body is connected to ground.
Subsequent SDR current is monitored through the source. This
measurement is sensitive to defects with energy levels near the vicinity
of the middle of the 4H–SiC bandgap. The uncertainties in our
measurements of linewidth and B1 are no greater than60.2MHz
and60.01mT, respectively. All measurements were performed at
room temperature.

In work by Fedin et al.,30,31 spin relaxation in weak magnetic
fields is modeled within the framework of Redfield theory,32 showing
that modulation of the isotropic (and anisotropic) hyperfine interac-
tion causes an alteration in the relaxation rates of spin pairs coupled to
nuclear spins. Their analysis30,31 shows that one may model the
recombination rate R as a function of the electron Zeeman frequency
xe as

R ¼ ðC
2
1 � C2

2Þ
2

2
da2sc

1þ ðx2
e þ a2Þs2c

: (2)

Here, C1 and C2 are functions of the hyperfine coupling a and
the electron Zeeman frequency xe

30,31 and sc is the correlation time of
the stochastic process described by a time dependent perturbation
Hamiltonian, which in turn describes interactions with the electronic
environment.33 da is defined as aðtÞ � �a, which is essentially the mod-
ulated hyperfine coupling. The coupling of the electron spin with a
single I¼ 1/2 nucleus is illustrated in Fig. 1(a). Here, we represent the
environment as oscillating fields to show how it acts to modulate the
hyperfine coupling. One could imagine, for simplicity, that (2) could
be derived by considering the energy levels from an electron interact-
ing with a single spin I¼ 1/2 nucleus. If one were to consider the
Breit–Rabi expressions for the electron energy levels,23,34 neglecting
the nuclear Zeeman frequency, the spin-Hamiltonian of the stochasti-
cally modulated hyperfine interaction is hðtÞ ¼ daðtÞI � S. Utilizing
this stochastic perturbative Hamiltonian, the relaxation rate may then
be calculated via Redfield theory.32 The energy level diagram for this
system is shown in Fig. 1(b).

Figure 2 shows FS-EDMR data on the 4H-SiC MOSFET taken at
five static magnetic fields, B0 ¼ 0.1, 0.2, 0.3, 0.4, and 0.5mT. Here, B1
was 0.015mT (calculated both through Faraday’s law of induction and
verified through measurements of the Bloch-Siegert shift).12,20 Note
that with increasing B0, a broadening of the FS-EDMR response is
observed. This broadening effect can be modeled well via (2). In Fig. 3,
we plot the linewidth of the FS-EDMR response as a function of static
field B0, with the linewidth data displayed on the left y-axis. On the
right y-axis, we plot (2) normalized by da2sc. Note the fairly close cor-
respondence between the curve shape of (2) and the linewidth data. In
this fit, we utilize a coupling constant of 5.6MHz, which corresponds
to 0.2mT. The 0.2mT coupling constant agrees well with that
extracted from near-zero field spin-dependent charge pumping
(NZFSDCP) measurements in similar 4H-SiC MOSFET devices in a
recent paper by Anders et al.35 Since the shape of the fit of (2) matches
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well with the linewidth data, we argue that we observe the same hyper-
fine interactions in this work.

While the experiment performed yields physics that is more
complicated than that described by the simple model of isotropic
hyperfine coupling modulation, one should note that the coupling of
each defect spin to a magnetic nucleus will statistically vary from
defect to defect. Thus, the utilization of an isotropic coupling assumes
that there is an average hyperfine coupling over the ensemble of defect
electron spins. This assumption simplifies the analysis and yields a rel-
atively accurate qualitative understanding of the relaxation process.
We are able to extract a coupling of 0.2mT, which agrees well with
recent work in models of 4H–SiC MOSFET NZFSDCP
measurements.35

This work also demonstrates that ultra-low field FS-EDMR can
provide information about the effect of the environment and hyperfine
interactions on spin relaxation. Future work will consist of utilizing
temperature to further alter the spin relaxation times to yield a more
quantitative analysis.
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FIG. 1. (a) Illustration of an electron (red smaller sphere) coupled (with strength a)
to a spin I¼ 1/2 nucleus (blue larger sphere) with the electron-nuclear interaction
also coupled to a stochastic environment whose components are described by bx,
by, and bz. (b) The Breit–Rabi24,34 energy solutions for the simplified case of an
electron interacting with a single spin I¼ 1/2 nucleus. Here, a coupling constant of
5.6 MHz (0.2 mT) was utilized.35

FIG. 2. FS-EDMR data taken at five static fields B0 ¼ 0.1, 0.2, 0.3, 0.4, and
0.5 mT. The frequency axis has been offset to 0 for illustration of the broadening
with B0. The amplitudes DI have been normalized.

FIG. 3. (left axis) FS-EDMR linewidth as a function of B0. (right axis) Expression
(2) normalized by da2sc. Here, an isotropic coupling constant a of 5.6 MHz was uti-
lized. sc was set to 1 ns.
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