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We report an ultralow-field frequency-swept electrically detected magnetic resonance (fSEDMR) measurement
scheme sensitive to so-called ultrastrong coupling in paramagnetic systems, which arises from comparatively
strong driving fields and weak Zeeman interaction with small static fields. We observe multiple-photon
transitions in the EDMR spectrum of a 4H-SiC transistor. The multiphoton transitions are a strong function
of the linearly polarized driving field and of the static field. The observation of both field-swept EDMR at
a constant frequency and fSEDMR demonstrate that the transitions we observe are caused by multiphoton
transitions. In the small static field and large driving-field regime, Bloch-Siegert effects cause small changes
to the resonant frequency. We observe these Bloch-Siegert shifts in the resonance frequency in the ultralow-field
fSEDMR scheme and verify the observation by also measuring the driving field directly using Faraday’s law of
induction and a sensing coil. Multiphoton transitions are important for quantum engineering applications.
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Multiple-photon transitions have been observed in nuclear
magnetic resonance [1-3], electron paramagnetic resonance
(EPR) [4,5], and in optically detected magnetic resonance
[6]. The multiphoton transitions have widespread applica-
bility from electrically driven magnetic resonance of spins
in quantum dots [7], magnetic resonance imaging [8], and
manipulation of coherent spin states in spin-based qubits
used for quantum computation [9]. Furthermore, in the ul-
trastrong coupling regime, Bloch-Siegert shifts (BSS) emerge
[10], which have applications in imaging [11] and quan-
tum computing [12]. Both multiphoton transitions and BSS
are observed in this work in the electrically detected mag-
netic resonance (EDMR) spectrum of interface defects in
4H-SiC/Si0, metal-oxide-semiconductor field-effect transis-
tors (MOSFETs). The absorption of two or more photons
requires conservation of angular momentum. Right and left
circularly polarized photons have corresponding angular mo-
mentum J = 1 with m; = %1 denoted as o* photons, respec-
tively. For multiphoton transitions, discrete numbers of pho-
tons are absorbed for the transitions. In the work of Clerjaud
and Gelineau, the n = 2 transition and n = 3 transition
were observed in conventional EPR, where n is the number
of photons [4]. They account for the angular momentum
conservation for the two-photon transition by labeling one of
the absorbed quanta as a = photon which would exist if some
component of the linearly polarized driving field (B;) was
parallel with the static field By. The m-type photons are asso-
ciated with m; = 0; these photons can be absorbed or emitted
by the spin system regardless of the spin angular momentum
difference of the transition since the wave function of the &
photon is m = \/%(U’L + o 7) [5]. At ultralow magnetic fields

(<£0.5 mT) which would involve driving-field frequencies in
the range of ~5—15MHz or less, the electron spin Zeeman
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interaction is small and comparable to B;. Mkhitaryan et al.
show that, in weak field measurements, interaction of the
spin system with the environment can cause the two-photon
transition [4]. The effect of the environment can be viewed
as a time-dependent tilt of the DC field [13]. Mkhitaryan
et al. modeled the environment for the two-photon absorption
as a fluctuator coupled to the spin via the dipole interaction
[13]. We utilize the model proposed by Mkhitaryan et al.
to analyze the shapes of the two-photon resonances [13].
We find strong agreement between the theory of Mkhitaryan
et al. [13] and our experimental results. Ultralow-field EDMR
measurements of spin-dependent recombination currents in
SiC devices provide a particularly convenient system to study
the ultrastrong coupling regime (B & By). At such low fields
and frequencies, the environment enabling the two-photon
transition can be conveniently studied; in the case of 4H-
SiC, the environment would be influenced by (small) hyper-
fine fields [13]. We observe the electrical detection of the
two-photon transition utilizing both continuous-wave EDMR
(cwEDMR) and frequency-swept (fs) EDMR. The observa-
tion of these transitions in both fSEDMR and cwEDMR
demonstrates that they are certainly due to multiphoton tran-
sitions; it rules out the possibility of harmonic detection from
the apparatus. Ultralow-field fSEDMR is a convenient scheme
for studying the EDMR response within the sub-mT range
because fSEDMR eliminates a near-zero field magnetoresis-
tance (NZFMR) response, which often dominates the sub-mT
regime in a magnetic field-swept measurement [14,15].
Continuous-wave EDMR is achieved in a manner much the
same as EPR aside from the detection scheme. In EDMR, a
change in device current occurs at resonance. To understand
the EDMR results of this paper, we provide a brief discussion
of EPR. Consider a sample with paramagnetic defects that is
placed within a microwave cavity situated between the pole
faces of an electromagnet. Consider first the simplest possible
case in which unpaired electrons residing in these defects are
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otherwise unperturbed by their local environment. The cavity
along with a microwave bridge provides microwave radiation
of energy E = hv, where & is Planck’s constant and v is the
microwave frequency. The electromagnet provides a magnetic
field B; its magnitude splits the unpaired electrons’ energy
via the Zeeman interaction. The energy of the electron spins
in this B field is split into two levels characterized by the
electrons’ spin quantum number m; which can either be +1/2
or —1/2. When the microwave radiation energy is equal to
the difference in energy between the electrons’ +1/2 and
—1/2 levels [16,17], hv = g.upB, resonance occurs and the
electrons transition from +1/2 to —1/2 (or vice versa). Here,
g. 1s the Lande g factor (g, = 2.0023...), up is the Bohr
magneton, and B is the magnitude of the applied field. In EPR,
the absorption of microwave power is detected. Information
about the defect’s local environment is extracted via devia-
tions to this resonance condition, two of which are spin-orbit
coupling and electron-nuclear hyperfine interactions [16].
Electron-nuclear hyperfine interactions are the interactions
between the magnetic moments of the unpaired electrons and
the magnetic nuclei. EDMR is based on the intermediate
coupling of two electrons which results in a nearly field and
frequency independent sensitivity [18]. Thus, ultralow field
EDMR measurements are possible without a loss in signal
amplitude [18]. For the low magnetic fields utilized, spin-
spin interactions are also important to understand our results
[19,20].

One way in which EDMR takes place is through spin
dependent recombination (SDR). SDR can be understood by
theory first developed in a seminal paper by Kaplan, Solomon,
and Mott [18]. Consider the following (qualitative) explana-
tion of SDR. When a conduction electron encounters a deep
level paramagnetic defect, the unpaired electron will couple
with the conduction electron to form an intermediate state. If
both electron spins are parallel, the electron will be unable to
transition into the paramagnetic defect as this transition would
violate the Pauli Exclusion Principle; these triplet states (spin
angular momentum § = 1) tend to dissociate. However, at
resonance, spin flipping events at the deep level site will trans-
form triplet states into singlet states (spin angular momentum
S = 0), in which the unpaired electron and conduction elec-
tron spins are anti-parallel. Now the conduction electron may
fall into the deep level and will subsequently recombine with
a valance band hole. (This sequence could be reversed with
the hole capture followed by electron capture.) The singlet
state transition and subsequent recombination conserves spin
angular momentum, as S = 0, while triplet state capture
and recombination will not, as S = 1. Other spin dependent
transitions detected via EDMR are also possible, such as
spin-dependent trap-assisted tunneling [19,21-23].

EPR observations of multiples of the resonance field corre-
sponding to multiphoton transitions have been reported previ-
ously [4]. Quite recently, Mkhitaryan et al. have addressed, in
some detail, the theory of two-photon absorption in magnetic
resonance [13]. They model the two-photon resonance line
shape as a function of drive (B;/By) and show that for strong
drive, the two-photon line shape is a single peak whose
spectrum narrows with increasing drive. For weak drive, the
two-photon line shape is a two-peaked line with a broader line
shape. The ratio (B /By) has also previously been explored in

studies of the transition amplitudes corresponding to multi-
photon transitions [5]. For larger transition amplitudes, which
are proportional to this ratio, the more likely the multiphoton
transitions are to occur. Thus, we expect and observe that
ultralow-field (sub-mT) EDMR measurements yield a high
sensitivity to multiphoton transitions.

We utilize an n-channel 4H-SiC MOSFET with a thermal
ONO oxide with thickness 50 nm. These samples have
recently been utilized in SDR measurements [24]; they
have a very large density of interface defects which yield
a large EDMR response. Charge-pumping measurements
[25-27] indicate that the average interface defect density is
2 x 10" cm~2eV~!. The gate area is 250 x 20 um>. We
utilize the bipolar amplification effect (BAE) measurement
[28], which is an SDR measurement sensitive to 4H-SiC/SiO;
interface traps with energy levels within the vicinity of the
middle of the 4H-SiC band gap. In BAE, the MOSFET drain
to body contact is forward biased well past the junction built-
in voltage and the gate is biased close to but below inversion
so that the electrons injected from the drain will travel at or
very near to the 4H-SiC/SiO, interface as they proceed to the
source. The body is grounded and the current is monitored
through the source, which is held at virtual ground. Our
experimental apparatus utilizes a custom-built electromagnet
with built in modulation coils situated inside a three-layer
cylindrical p-metal zero-Gauss chamber with outer shield
2.8 m long and 0.6 m in diameter. We utilize a Kepco BOP
20-5D bipolar power supply for magnet power, a Lake Shore
Cryotronics 475 DSP Gaussmeter and Hall probe, a Stanford
Research Systems SR570 preamplifier, a LABVIEW-based
virtual lock-in amplifier, a Marconi/IFR 2026Q rf source fed
into a custom-built resonator with diameter 6.6 mm with
nine turns, a LeCroy LC564A 1 GHz oscilloscope for power
monitoring, and a LABVIEW-based graphical user interface for
magnetic-field modulation, data acquisition, magnetic-field
control, and power leveling. Magnetic-field modulation is
supplied from the computer, amplified by an Insignia stereo
amplifier, and subsequently fed into the built-in modulation
coils. Figure 1 illustrates a diagram of the experimental setup.
For 87.5-MHz measurements, a Doty Scientific 85-MHz,
12-mm-diameter resonator coil was utilized with a 10-W HD
Communications Corp. HD29347 1 — 1025-MHz 1f amplifier.
All measurements were performed at room temperature.

Sweeping frequency can result in changes in the rf level
caused by the impedance of the resonator. These changes in
rf level could significantly impact the AC device current de-
tected causing power fluctuations in the device that distort the
EDMR spectrum. This problem is circumvented by utilizing
a proportional-integral-derivative (PID) controller to monitor
the power level utilizing a GHz oscilloscope as mentioned
previously. The PID scheme for power leveling has recently
been introduced by Manning et al. for electrically detected
electron nuclear double-resonance measurements [29]. The
voltage out of the rf source is measured by a GHz oscilloscope
and is fed back to the PID controller so that power-level
changes are corrected.

Figure 2 illustrates the low-field/frequency (87.5-MHz)
cwEDMR and NZFMR [14,15] spectrum for the 4H-SiC
MOSFET sample. Here, we utilize the Doty Scientific res-
onator coil. In this measurement, magnetic-field modulation
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FIG. 1. (a) Schematic illustration of the experimental apparatus; (b) the custom-built resonator.

was utilized. From Fig. 2, the two-photon transition at B ~
6 mT is present. Here, the rf field B; ~ 0.11 mT, which
was measured utilizing a two-turn 12-mm-diameter (matched
with the resonator) sensing coil. Thus, the ratio of B;/By &
1072. A half-field “forbidden” Am, = 2 transition is present
in Fig. 2, which involves the dipolar interaction of the un-
paired electron spin to the conduction-level electron (The
half-field transitions can be utilized to count the number of
spins, or paramagnetic defects, in the sample [17,19,20].)
The spectrum in Fig. 2 has side structures in the EDMR

Two-photon transition

Half field transition

Al (arb. units)

L 1 1 1

-1 0 1 2 3 4 5 6 7
Magnetic Field (mT)

FIG. 2. NZFMR and low-field and -frequency (3 mT/87.5 MHz)
cwEDMR spectrum for the 4H-SiC transistor. The inset shows the
two-photon transition of the cwEDMR spectrum occurring at 6 mT.

response, which are separated by 1.1 mT. These side peaks
are presumably the result of hydrogen complexed E’ centers
in the MOSFET gate oxide [30-33]. It should be noted that
the defects studied here presumably have spin-spin relaxation
times in the 10s of us and spin-lattice relaxation times in
the range of 100s of us at room temperature based on recent
literature [34-37].

As anticipated, the multiphoton transitions of the EDMR
spectrum are much more pronounced at ultralow magnetic
fields and rf frequencies. We have made measurements in
the range of 0.2 — 0.5 mT corresponding to rf frequencies
of 5.6 — 14 MHz. Since such low resonant fields are uti-
lized, we have housed the low-field spectrometer inside of
a zero-Gauss chamber. This eliminates stray magnetic fields
caused by the various electronic components utilized and also
eliminates the Earth’s ambient magnetic field (*0.05 mT).
In the ultralow-field and frequency measurements, we utilize
a second custom-built resonator with a 6.6-mm diameter as
illustrated in Fig. 1. The values of B; were again determined
utilizing a diameter-matched 3-turn 6.6-mm sensing coil.
Figure 3 shows representative field-swept EDMR spectra with
the rf frequency held at 8.4 MHz for B; ~ 0.10 mT, B; =
0.06 mT, and B; =~ 0.03 mT. Here, we utilize frequency
modulation of the rf to eliminate the NZFMR response. It is
clear from Fig. 3 that the n = 2 transition can be observed for
By ~ 0.10 mT and B; =~ 0.06 mT. Note that signal to noise
of the n = 2 response for B; ~ 0.06 mT limits our measure
of the center crossing of this line. The line is presumably
caused by the two-photon transition evident from the position
of the peak (twice the resonant field). The transition disap-
pears at lower power levels. In Fig. 4, we present fSEDMR
measurements observed at static magnetic fields of 0.2, 0.3,
0.4, and 0.5 mT. In these measurements, the values of the
driving field B; =~ 0.10 mT, B; ~ 0.06 mT, B; ~ 0.03 mT,
By ~ 0.015 mT. It is clear that with a decrease in By and an
increase in Bj, peaks appear at v, = vo/n where vy is the
frequency at which the n = 1 transition occurs (the classical
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FIG. 3. Representative field-swept ultralow-field EDMR utiliz-
ing frequency modulation of the rf. The rf frequency was 8.4 MHz.
Note that the two-photon transition is clearly present at twice the
resonant field for B; ~ 0.06 mT and B; ~ 0.10 mT.

transition). It is quite obvious from this plot that the peaks
occur at divisions of the rf frequency corresponding to integer
n > 1. Table I provides a list of the peak positions and widths
of each transition. This confirms that the observed double-
field resonances in the cwEDMR measurements are the result
of multiphoton transitions as this result could not be caused

by harmonics. If these transitions were harmonic detection
of the source frequency, one would expect to observe the
fSEDMR transitions at integer multiples of the resonance
frequency. However, it is clear from Fig. 4 that this does
not occur and we observe transitions at integer divisions of
the rf frequency, consistent with multiphoton transitions [7].
The two-photon transition is a forbidden transition. However,
as recently proposed by Mkhitaryan et al. [13], the observa-
tion of the two-photon transition is a consequence of dipole
coupling of the paramagnetic center with the environment
which can be modeled as “noise.” In EDMR measurements
of organic light-emitting diodes (OLED), the noise amplitude
is controlled by local hyperfine fields [13,38]. In EDMR
measurements of 4H-SiC MOSFETS, hyperfine fields would
also control the level of noise. (It may be worth pointing
out that, in 4H-SiC, the hyperfine fields could be controlled
via isotopic substitution of 12 and 28Si.) Thus, one could
effectively tune the environment with isotopic substitution;
the two-photon transitions could be utilized to study this
effect.

Mkhitaryan et al. predicted that the shape of the two-
photon transition for weak drive (B; < Bp) should have a
two-peak structure [13]. One can see this result in the two-
photon curve of Fig. 2 at B &~ 6 mT corresponding to weak
drive since B;/By ~ 1072, In the fSEDMR spectra of Fig. 4,
the two-photon transitions are single peaks whose linewidths
narrow with increasing drive. This spectral narrowing of the
two-photon line was also predicted by Mkhitaryan et al. [13]
for strong drive; the single-peak profile of the two-photon
transition is sensitive to changes in By since the profile I(8) o
1/(1 4 B28%), where § is a dimensionless quantity which
incorporates the detuning from the two-photon resonance and
B B‘l‘ /Bj is a dimensionless quantity which incorporates
the effect of drive [13]. From Fig. 4 and Table I, the width
of the two-photon curve decreases with increasing B; /B but
is only weakly dependent, consistent with the conclusions of
Mkhitaryan et al. [13].

a) B =02mT|[(b) B.=03mT||[(c B.=04mT|[(d) B.=05m
(a), B, mT||(b) B, mT| [(c) 5 (d) B,=05mT B, (mT)
- 0.015
2
£
5
g
° 0.03
4
o
[0}
N
= 0.06
£
[e]
=
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0 10 20 0 10 20 0 10 20 0 10 20

Frequency (MHz)

FIG. 4. Frequency-swept ultralow-field EDMR. The amplitudes have been normalized. (a) By set to 0.2 mT, (b) By set to 0.3 mT, (c) By set
to 0.4 mT, and (d) By set to 0.5 mT. It is clear that the multiphoton transitions are dependent on both By and B;. The multiphoton transitions
occur at integer divisions of the rf resonant frequency. The n = 3 transition is observed for By at 0.10 mT and By at 0.2 mT. The n = 2 transition

is observed for B; > 0.06 mT.
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TABLE 1. Positions f and width w (in units of MHz) of the single- (n = 1), two-(n = 2), and three- (n = 3) photon transition from Fig. 4

for By > 0.06 mT.

B,

B, ’ 0.2 mT 0.3 mT 0.4 mT 0.5 mT

~0.10 mT n=1: f=63 n=1: f=2838 n=1: f=114 n=1: f=14.1
w=4.0 w=43 w=42 w =43
n=2: f=32 n=2: f=44 n=2f=>58 n=2: f=17.1
w=0.8 w=1.0 w=14 w=1.5
n=3:f=21
w=04

~0.06 mT n=1:f=6.1 n=1:f=28.6 n=1f=114 n=1,f=14.1
w=234 w =37 w=23.8 w=3.6
n=2:f=3.0 n=2:f=43 n=2f=>57 n=2,f=70
w =09 w=12 w=15 w=1.6

We expect to observe the BSS [10] of the rf frequency,
which occurs for a strong linearly polarized B; when By is
weak. According to Clerjaud and Gelineau, for odd transi-
tions, the shift in frequency caused by the Bloch-Siegert effect
is [4]

B )
Av:[(y4l) :|, p=0, and
v

2
Av = [%}(ZPH)/IJ(HI), p=1223... (D

Here, y is the gyromagnetic ratio for the electron
(28 MHz/mT), n = 2p+ 1 is the number of photons for
the given transition, and v is the rf frequency. Equation (1)
can provide a first-order estimate of the rf field B; [4,39].
For the n = 1, p =0 transition, we calculate B; from the
BSS corresponding to the sensing coil measurement of B; =~
0.10 mT and B; =~ 0.06 mT (at lower B;, the shift is on the
order of a few hundredths of a MHz which is below our
detection limit). The results are shown in Table II.

The error between the BSS B; and the B; estimated with
the sensing coil is mainly caused by the error in the frequency
measurement of the center crossing of the spectra (signal-to-
noise limitation) and, to a lesser extent, error of the sensing
coil measurement. The B; values between the two measure-
ments fall within range of one another. We thus conclude
that the BSS extracted B; is in agreement with B; measured
via the sensing coil. We have confirmed the extraction of
BSS B; & 0.12 mT via the BSS for the spectrum of Fig. 4
corresponding to By ~ 0.3 mT and B; =~ 0.10 mT measured
via the sensing coil [Fig. 5(b), bottom spectrum]. The utiliza-
tion of BSS for determination of B; has been reported else-
where [8,11,39]. This is an observation of BSS in an EDMR
measurement.

In conclusion, we present ultralow-field fSEDMR and
magnetic-field-swept cwEDMR results that directly mea-
sure multiphoton transitions of the EDMR spectrum of
4H-SiC/Si0; interface defects in 4H-SiC MOSFETs. For the
ultralow-field range explored here (0.2—0.5 mT), a cwEDMR
measurement utilizing conventional magnetic-field modula-
tion would be impossible as a NZFMR response would over-
whelm most, if not all, of the ultralow-field EDMR spectrum.
We are able to circumvent this problem by utilizing fre-
quency modulation of the rf field. We provide representative
cwEDMR spectra as a function of the driving field B; and
show that transitions corresponding to multiphoton absorption
occur at multiples of the rf resonance field. We also utilize
fSEDMR at ultralow magnetic fields to confirm the observed
multiphoton transitions. In the fSEDMR measurements, we
are able to observe transitions up to n = 3 photons (Fig. 4).
In addition, we observe Bloch-Siegert shifting of the EDMR
frequency in our fSEDMR measurements which we confirm
via direct measurement of B; via Faraday’s law with a sensing
coil. This represents EDMR observation of the multiphoton
transitions in an inorganic semiconductor device. The multi-
photon transitions and Bloch-Siegert effect are both important
for quantum engineering applications, such as spin-based
quantum computation.
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tions to the spectrometer setup and automatic power leveling.
We would also like to thank Stephen J. Moxim for acquiring
data and fruitful discussions regarding the interpretation of
the results. This work at Penn State was supported by the US
Army Research Laboratory. Any opinions, findings, conclu-
sions, or other recommendations expressed herein are those
of the authors and do not necessarily reflect the views of the
US Army Research Laboratory. This work was also supported
by the Air Force Office of Scientific Research under Award
No. FA9550-17-1-0242.

TABLE II. Bloch-Siegert shift in MHz, B; measured with a sensing coil, and B, extracted from (1) for the spectra of Fig. 4(a).

Approximate BSS Av (MHz)

B; estimated with the sensing coil (mT)

B; measured through the BSS (mT)

0.5 0.10 &£ 0.01
0.2 0.06 + 0.01

0.12 £ 0.03
0.08 + 0.04
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