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1 Supplementary Methods21

1.1 10 W 263 GHz EPR Spectrometer22

Supplementary Table 2 and 3 below are lists of spectrometer components for the transmitter (TXMR)23

and receiver (RCVR), respectively, that are referenced by number in the spectrometer diagram of Sup-24

plementary Figure 1. The base frequency, fo, of our spectrometer is 8.7667 GHz which is mixed and25

multiplied up to 263 GHz by the TXMR microwave electronics which includes a custom 200+ mW26

amplifier-multiplier chain (AMC) developed by Virginia Diodes, Inc. (VDI). The VDI AMC is the input27

driver for our custom 10 W pulsed traveling wave tube (TWT) amplifier. A portion of the base frequency28

is shunted to the RCVR via twenty feet of low-loss coaxial cable and forms the basis for the two local29

oscillators for the heterodyne double down conversion to baseband. The TXMR includes four selectable30

phase channels for perfoming phase cycling and unwanted echo cancellation. A second microwave chan-31

nel is included for performing EDNMR-type experiments[1, 2]. A SpinCore Pulseblaster card is used to32

control the various microwave switches and the spectrometer control software is Specman4EPR[3] devel-33

oped and maintained by Boris Epel, University of Chicago. A Cryogenics, Ltd., 12 T superconducting34

magnet working at 9.4 T (for a g=2 EPR signal) creates the main static field for our spectroscopy.35

This spectrometer topology is common in many high frequency EPR spectrometers, for example, [4, 5].36
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A highlight of the RCVR is another VDI AMC (MixAMC) which includes a subharmonic mixer for37

the first down conversion from 263 GHz to 8.7667 GHz. The second down conversion utilizes a Marki38

Microwave I/Q mixer where RF and LO frequencies are identical so that the baseband signal is the39

envelope detected 263 GHz waveforms that include EPR preparation pulses and ultimately electron spin40

echoes. The layout and dimensions of our spectrometer, especially the quasi-optical (QO) components41

and QO design parameters of the TXMR and RCVR plates and cryoprobe, derive from spectrometers42

developed by Takahashi[6] and Sherwin[7]. The main RCVR isolation from the high power TXMR prepa-43

ration pulses is accomplished via the polarization-based induction method[8]. Isolation via the induction44

method was measured to be better than 35 dB.45

A CAD rendering of most of the spectrometer details is shown in Supplementary Figure 2. The46

TXMR assembly and in particular the TWT amplifier is placed about thirteen feet horizontally from the47

central bore of the magnet to reduce the potential effects of stray magnetic field on the electron optics48

of the TWT’s electron beam in the slow wave structure of the tube. The stray field of the magnet as49

measured near the TWT was about 7 G when the main field was at 9.4 T. As an added precaution, the50

TWT was placed inside a large bore mu-metal shield. No significant effect on TWT operation is observed51

under these conditions. The 10 W EPR preparation pulses are conveyed from the WR3.4 fundamental52

waveguide output of the tube by a Gaussian corrugated horn with 18 mm ID aperture that is butted up53

against and coaxial with one end of lab-built helically corrugated waveguide[9] which is 12 ft in length54

and formed by connecting 1 ft sections. With the TWT amplifier placed at this distance, it permits55

relatively simple shielding from the stray field of the 12 T superconducting magnet via an open-ended56

tube of HyMU80 mu-metal, shown in Supplementary Figure 4. The estimated saturated output power57

at the TWT’s output flange is 10 W peak pulse power. The peak pulse power that is radiated from the58

end of the long corrugated waveguide in the form of a TEM00 Gaussian beam is about 4.4 W of peak59

pulse power. Including measured loss of QO components and cryoprobe, the estimated power delivered60

to the sample space is about 2.2 ± 0.2 W.61

A schematic flow diagram of the Gaussian beam quasi-optical (QO) circuit is shown in Supplementary62

Figure 3. A combination of corrugated waveguide supporting the HE11 waveguide mode and free space63

sections supporting a TEM00 Gaussian beam mode are employed to reduce attenuation and permit64

easier integration of QO elements such as wire grid polarizers and flat ferrite Faraday rotators.65

Elements of the cryoprobe are shown in Supplementary Figure 5. From left to right in the figure the66

cryoprobe is shown in its vertical stand. The straight section is about 954 mm of 18 mm ID corrugated67

waveguide. The center panel shows the corrugated waveguide taper at the lower end of the probe for68

transitioning from 18 mm ID to the 5 mm ID sample section. Finally, the top of the probe with its69

anti-reflection coated quartz window and two vacuum ports is shown in the right panel. The top of the70

cryoprobe and waveguide sections were fabricated by Thomas-Keating in the UK. The remaining outer71

superstructure with vertical nickel silver tubes and horizontal copper radiation baffles were lab-built.72

The beam paths for the TXMR and RCVR plates are shown in Supplementary Figure 6. The figure73

shows the as-built optical breadboard plates with QO components such as ellipsoidal mirrors (fabricated74

at UC Davis College of Letters and Sciences machine shop), wire grid polarizers (made by Pure Wave75

Polarizers, UK) and a flat ferrite Faraday rotator on the TXMR plate (made by Thomas-Keating, UK).76

The ellipsoidal turning mirrors are designed with QO focal length of 254 mm [10, 6]. The parent ellipse77

parameters from which each mirror’s surface was accordingly machined is shown in Supplementary78

Figure 7. The mirrors are 150 mm wide by 100 mm tall made from 6061 alloy aluminum. The machining79

parameters are the following: tool was a 4 flute carbide ball end mill, 0.75 in diameter, end mill finishing80

step over of 0.0075 in, 45 inch per minute feed rate at 7000 rpm and finished along the x (long) axis.81

The post machining polishing parameters are the following: wet sand lightly starting with 600 grit and82

working up to 2000 grit, which makes polishing easier. Finally, Osborn white rouge was employed with83

a cotton buff wheel along both x (long) and y axes (short) to bring the mirror surface to optical mirror84

quality which is not necessary, but is best when using a red or green laser for initial “sighting in” of the85

QO set up.86

The physical arrangement of the spectrometer in the laboratory is shown in Supplementary Figures 8,87

9, 10. The transmitter assembly with its TWT amplifier is set about thirteen feet away from the TXMR88

and RCVR plates to isolate the TWT amplifier from the stray field of the superconducting magnet. The89

mu-metal tube is shown open to reveal the TWT amplifier in Supplementary Figure 9. The height of the90
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spectrometer was dictated by the magnet height in combination with the length of the cryoprobe. The91

TXMR and RCVR plates can be opened and closed as shown in Supplementary Figures 11 and 12. The92

plates slide on linear bearings so that they can be opened to permit insertion or removal of the cryoprobe.93

Upon closing the plates the TXMR and RCVR plate quasi-optics align with the vertical corrugated94

waveguide aperture of the cryoprobe. Fine adjust of the position of each plate in three dimensions is95

built into the overall assembly.96

The sample space at the bottom of the cryoprobe is shown in Supplementary Figures 13 and 14. The97

cryoprobe’s corrugated waveguide tapers from 18 mm ID to 5 mm ID and the 5 mm ID section is about98

50 mm long. The waveguide ends in a gold plated flat metal reflector upon which a small PTFE (i.e.,99

Teflon) sample holder or “bucket” of 12 µL volume can be symmetrically placed using a bit of Corning100

vacuum grease to secure it.101
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Supplementary Figure 2: 263 GHz quasi-optical pulse EPR spectrometer CAD Rendering.

Supplementary Figure 3: Schematic diagram of quasi-optical (QO) free-space TEM00 Gaussian beam
and corrugated waveguide HE11 mode components and the pulse flow in the QO circuit.
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Supplementary Figure 4: View of the twelve foot long 18 mm ID helically corrugated waveguide and
view from the rear of the TWT inside its mu-metal magnetic shield.

Supplementary Figure 5: Detail of the 1.16 m long cryoprobe showing radiation baffles, anti-reflection
coated quartz window, 18 mm to 5 mm ID taper and 50 mm long 5 mm ID sample section.
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Supplementary Figure 6: Beam path on both the transmitter and receiver plate. A quasi-optic flat
ferrite Faraday rotator-based isolator with better than 25 dB isolation and 2 dB of insertion loss is
employed on the transmitter plate to reduce reflections back towards the TWT. So far no similar isolator
has been needed on the receiver plate.

Supplementary Figure 7: Ellipsoidal 90°turning mirror design showing the mirror’s concave surface’s
relationship to the parent ellipsoid and the chosen design focal length, f , of 254 mm (10 in).
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Supplementary Figure 8: The spectrometer’s transmitter assembly including the TWT tube and its
high voltage modulator and modulator control box, mu-metal magnetic shield and helically corrugated
waveguide, 12 ft.
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Supplementary Figure 9: The spectrometer’s transmitter coaxial assembly including a VDI-AMC
(lower plate) and supporting microwave components (upper plate) as the driver for the TWT input.
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Supplementary Figure 10: The spectrometer’s transmitter plate and receiver plate (foreground).
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Supplementary Figure 11: The spectrometer’s transmitter plate, TXMR (left), and receiver plate,
RCVR (right), spread apart to permit insertion and removal of the cryoprobe.

Supplementary Figure 12: The spectrometer’s transmitter plate, TXMR (left,) and receiver plate,
RCVR (right,) closed and aligned over the cryoprobe and ready for use.
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Supplementary Figure 13: Shown is the cryoprobe’s sample space waveguide section which is a 50
mm long section of corrugated waveguide with a 5 mm ID.

Supplementary Figure 14: Shown is the cryoprobe’s non-resonant sample space where a sample is
placed on the center of the flat reflector plate. The plate is then attached to the 5 mm ID waveguide.
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1.2 Pulse EPR Operation102

For the MgO powder experiments, 20 mg of MgO powder was used to fill the Teflon sample holder.103

All solution samples were prepared with 25% ethylene glycol by volume in Teflon sample holders. Dow104

Corning High Vacuum grease was used to keep the sample in place as the reflector plate was attached105

to the cryoprobe. The sample and cryoprobe were inserted into the Spectrostat CF Cryostat (Oxford106

Instruments). Liquid Helium flow was controlled using a GF4 pump and a VC-U gas flow controller,107

and temperature was monitored using a MercuryITC temp controller. The spectrometer was controlled108

using Specman4EPR[3].109

Two-pulse echoes were collected using a sequence of π/2-T-π with lengths of 30 ns-300 ns-60 ns.110

These parameters were based on Rabi nutation experiments of Mn(II) discussed in SM Section 3.5. The111

echoes were averaged from 512 scans with a 1 kHz repetition rate, except for Mn-EDTA and Mn-PsaA112

where the echoes were averaged from 1024 scans to ensure a sufficient signal-to-noise ratio with their113

overall broader spectra. The signal from the spectrometer receiver was digitized using an Acqiris U5303A114

PCIe ADC card with on-board processing and 1.6 GS/s sampling rate. Echoes were collected as the115

magnetic field was swept at a rate of 1.6 G/s. The areas of the echoes were then integrated to obtain the116

amplitude of the two-pulse echo spectra of the Mn samples. Each spectrum of Mn solution samples was117

simulated using EasySpin 6.0.10[11], with the esfit program. The genetic algorithm was used to avoid118

the fitting of local minima.119

Three-pulse Rabi nutation were collected using the sequence p1−t1−π/2−t2−π, where p1 represents120

the first pulse and tn represents the n-th time separation. In each case, π/2 and π were set to best match121

the observed π rotation. Parameters t1 and t2 were set as 200 ns and 500 ns, respectively. The Rabi122

nutation experiment measures the integrated echo area as a function of p1 length, which were set as 0123

ns and increased by 4-ns steps.124

2 Supplementary Table125

Supplementary Table 1: Concentration of transition met-
als in the nominal MgO sample determined by ICP-MS

Element Concentration (ng/mg MgO) Detection limit (ng/mg)

V 2.231 0.010
Cr 16.387 0.002
Mn 25.728 0.002
Fe 314.145 0.020
Ni 18.198 0.010
Co 0.192 0.002
Cu 1.856 0.010
Zn 4.966 0.010

Supplementary Table 2: List of 263 GHz pulse spectrometer transmitter (TXMR) components

Component List
Number Manufacturer Model Details
1 Nexyn Corp. NXPLOS-DM-0876-

04239
PLDRO, 8.7667 GHz, 20 dBm Output

2a Herley-CTI XS-7314 Synth., 8.7667 ± 0.377 GHz, 10 Hz res.,
15 dBm Output

3 Narda Microwave 4015C-20 7-12.4 GHz, 20 dB Coupling
4, 31 Narda Microwave 4015C-10 7-12.4 GHz, 10 dB Coupling

Continued on next page...

13



Number Manufacturer Model Details
5, 6 Clear Microwave 4DS-9D00 6-12 GHz, 4-way Power divider / com-

biner
7-10 Arra Microwave T6804-20 8-12.4 GHz, Variable level-set, 20 dB
11-14 Sage Laboratories 6705K-14 DC-26.5 GHz, Var. mech. phase shifter
15-18, 27,
40

Teledyne Microwave T-5S73T-3 5.9-13 GHz, 17 dB Isolation

19-22, 25a Custom Microwave
Components

CMCS0947A-C2 0.1-18 GHz, 3.5 dB IL, 60 dB Isolation,
1 ns rise/fall time

23a Minicircuits. ZVA-183-S+ 0.7-18 GHz, 26 dB Gain, 24 dBm
P1dBm Output

24a Narda Microwave 4915 7-10 GHz, 20 dB Isolation
26 Advanced Technical

Materials
P216-4315-2 8-12.4 GHz, 2-way Power divider / com-

biner, 20 dB isolation
28 RF Bay, Inc. EPA-158T 6-12 GHz, 19 dB Gain, 19 dBm P1dBm

Output
29 Narda Microwave 4946 8-18 GHz, 16 dB Isolation
30 Marki Microwave MM1-1044H 10-44 GHz RF/LO, DC-14 GHz IF, 9

dB CL
32 Marki Microwave AQA-2156 21-56 GHz, x4 Active frequency multi-

plier, 20 dBm Output
33, 46 Marki Microwave FB3270 BPF, 32.4 GHz CF, 9.88 GHz BW, 2.4

dB IL
34 Ditom, Inc. D3I2004 20-40 GHz, 10 dB Isolation, 2 dB IL
35 RF Bay, Inc. FPS-4-13 0.1-13 GHz, ÷4 Active frequency

divider, 5 dBm Output
36 Minicircuits BW-S7W2+ DC-18 GHz, 7 dB, 2 W, Attenuator,

SMA
37 Minicircuits ZX60-6013E-S+ 0.02-6 GHz, 16 dB Gain, 13 dBm

P1dBm Output
38 Wenzel Associates 600-33003 6.321-6.827 GHz, x3 Active multiplier,

13 dBm Output
39 K&L Microwave 4FV20-6575/H510-

O/O
BPF, 6.575 GHz CF, 0.51 GHz 0.5 dB-
BW, 0.5 dB IL

41 Marki Microwave ML1-1050I 10-50 GHz RF/LO, DC-16 GHz IF, 9
dB CL

42 Marki Microwave FB4000 BPF, 40.18 GHz CF, 13.32 GHz BW,
2.4 dB IL

43, 47 Marki Microwave A2050 20-50 GHz, 23 dB Gain, 15 dBm
P1dBm Output

44 Ditom, Inc. D3I4043 40-43.5 GHz, 18 dB Isolation, 1.2 dB IL
45 Spincore PBESR-Pro-400 Pulseblaster PC card, digital word/pat-

tern generator, 21 ch, 2.5 ns resolution,
400 MHz

48 Ditom, Inc. D3I2640 26.5-40 GHz, 14 dB Isolation, 1.0 dB IL
49 Minicircuits BW-K10-2W44+ DC-40 GHz, 10 dB, 2 W, Attenuator,

2.92 mm
50 Minicircuits BW-K2-2W44+ DC-40 GHz, 2 dB, 2 W, Attenuator,

2.92 mm
51 Virginia Diodes VDI-AMC-721 Amplifier-Multiplier Chain, x8, 260-265

GHz, 23.2 dBm (215 mW) Output at
263 GHz

Continued on next page...
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Number Manufacturer Model Details
52 Eravant mmWave 680J-LH/387,

STA-03-03-F1, STA-
30-03-M1-C-1.2,
SWD-2020H-03-SB,
SWB-03090-EB

WR-3.4 waveguide: 45 deg. LH Twist
(MI-Wave, FL), 3 dB fixed precision
attenuator, micrometer 30 dB variable
attenuator, 20 dB dir. coupler, 90 deg
E-plane bend

53 Eravant mmWave SWB-03090-EB WR-3.4 waveguide, E-plane bend
54 Thomas-Keating UK Project 23472 263 GHz Corrugated horn antenna,

18 mm ID circular aperture, WR-3.4
waveguide aperture

55 Beijing Vacuum Elec-
tronics Research Insti-
tute (BVERI)

TWT Amplifier WR-3.4 input/output, Custom folded
waveguide 10 W pulsed traveling wave
tube, 258–264 GHz 10 W-BW, 1 µs ≤
pulse length ≤ 20 µs, Maximum duty
cycle 10%, Maximum repetition rate 5
kHz

End of Table
a Second channel components for EDNMR experiments to be incorporated and may include an
attenuator and a phase shifter.

Supplementary Table 3: List of 263 GHz pulse spectrometer receiver (RCVR) components

Component List
Number Manufacturer Model Details
56 Micro-Coax, Inc. UtiFlex UFA210B DC-26.5 GHz, Flexible coaxial cable, 20

ft, approx. 5.5 dB IL at 8.7667 GHz
57 CTT, Inc. APO/120-2520-30 6-12 GHz, 20 dB Gain, 20 dBm P1dBm

Output
58 Teledyne Microwave T-7S43T-15 7-11 GHz, 28 dB Isolation, 0.4 dB IL
59 MAC Technology C3206-10 7-12.4 GHz, 10 dB Coupling
60 Marki Microwave AQA2040 20-40 GHz, x4 Active frequency multi-

plier, 20 dBm Output
61 Marki Microwave FB3270 BPF, 32.4 GHz CF, 9.88 GHz BW, 2.4

dB IL
62 Ditom, Inc. D3I2004 20-40 GHz, 10 dB Isolation, 2 dB IL
63 Omni-Spectra 2020-6622-20 7-12.4 GHz, 20 dB Coupling
64 Nexyn Corp. NXD-0880/8-04239 8-9.6 GHz, ÷8 Active frequency divider,

13 dBm Output
65 Minicircuits BW-S2W2+ DC-18 GHz, 2 dB, 2 W, Attenuator,

SMA
66 Wenzel Associates 600-29611 3.12-3.45 GHz, x3 Active frequency

multiplier, 12 dBm Output
67 Minicircuits BW-S4W2+ DC-18 GHz, 4 dB, 2 W, Attenuator,

SMA
68 Teledyne Microwave T-2S73T-6 2-4.5 GHz, 16 dB Isolation, 0.6 dB IL
69 Marki Microwave ML1-1144I 11-44 GHz RF/LO, DC-21 GHz IF, 7

dB CL
70 ATMI-Microwave Cir-

cuits
B1031G81 BPF, BPF, 31.8 GHz CF, 4.22 GHz 3

dB-BW, 1.3 dB IL
71 CTT, Inc. ALW/400-6010 26.5-40 GHz, 10 dB Gain, 12 dBm

P1dBm Output
Continued on next page...
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Number Manufacturer Model Details
72 Ditom, Inc. D3I2640 26.5-40 GHz, 14 dB Isolation, 1.0 dB IL
73 Inmet, Inc. 40AH-3 DC-40 GHz, 3 dB, 2 W, Attenuator,

2.92 mm
74 Virginia Diodes VDI-MixAMC-252 Subharmonic Mixer, Amplifier-

Multiplier Chain, x8, 240-272 GHz RF,
30-34 GHz LO, 25 kHz-20 GHz IF, 6
dB CL at 263 GHz

75 Thomas-Keating UK Project 23472 263 GHz Corrugated horn antenna,
18 mm ID circular aperture, WR-3.4
waveguide aperture

76 Eravant mmWave SWB-03090-EB WR-3.4 waveguide, E-plane bend
77 Minicircuits ZX60-06183LN+ 6-18 GHz, 20 dB Gain, 15 dBm P1dBm

Output, 2.8 dB NF
78 Arra Microwave T6804-20 8-12.4 GHz, Variable level-set, 20 dB
79 Minicircuits ZX60-183-S+ 6-18 GHz, 24 dB Gain, 18 dBm P1dBm

Output
80 Marki Microwave FB0860 BPF, 8.6 GHz CF, 1.3 GHz 3 dB-BW,

1.9 dB IL
81 Marki Microwave MLIQ-0416L 4-16 GHz RF/LO, DC-3.5 GHz IF, 8.5

dB CL, IQ mixer
82, 83 Avtech Elec-

trosystems
Ltd.

AV-141C1 DC-800 MHz, x10 AV Vol. Gain , 0.8
ns rise/fall time, ± 3 V Max. output

84, 86 TRW Microwave ASI-7011 7-11 GHz, 20 dB Isolation, 0.5 dB IL
85 Arra Microwave 9426A DC-18 GHz, Mech. phase shifter, SMA

End of Table

3 Supplementary Discussion126

3.1 10 W 263 GHz pulse EPR performance127

We determine the optimal pulse lengths by performing Rabi nutation experiments with the 10 W TWT.128

Specifically, we use the OX071 radical (O2M Technologies), which is a hydrophylic trityl derivative, as a129

starting sample. This radical is particularly useful due to its exceptionally sharp spectrum, as depicted130

in Supplementary Figure 15. Additionally, OX071 is a simple S=1/2 radical, which differs from the high-131

spin systems discussed in the main article. The sharpness of the spectrum leads to no complications in132

the Rabi nutation from orientational effects, and the narrow range of resonant frequencies minimizes133

damping of the signal in the Rabi nutation experiment.134

Overall, we observe that a pulse length of 200 ns results in the minimum point of the Rabi nutation,135

which corresponds to a π rotation of the OX071 spins. For context, the π rotation for BDPA (S=1/2) is136

750 ns in the Bruker E780 at 263 GHz without a resonator [12]. Hence, the 200 ns π-pulse is a significant137

improvement enabled by the 10 W TWT.138
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Supplementary Figure 15: Left: Echo-detected spectrum of OX071 trityl in water and 25% ethylene
glycol at 80 K. Right: Rabi nutation of OX071. The optimal π-pulse for OX071 is 200 ns.

3.2 Mn(II) lineshape analysis139

The effective spin Hamiltonian for Mn(II) with S > 1
2 and isotropic g value and hyperfine is as follows:140

Ĥ = ĤZ + ĤHF + ĤZFS

Ĥ = gβeB0Ŝ +AŜ · Î + Ŝ · D̃ · Ŝ
where B0 is the applied magnetic field, A is the hyperfine constant, D̃ is the ZFS tensor, Ŝ is the141

electron spin operator, and Î is the nuclear spin operator. With the D̃ being traceless, the ZFS term can142

be further described with scalar parameters D and E:143

ĤZFS =
D

3
[3Ŝ2

z − S(S − 1)] + E[Ŝ2
x − Ŝ2

y ]

D =
3Dz

2
, E =

Dx −Dy

2
Note that the ZFS is a purely anisotropic component of the spin Hamiltonian. Hence, we can further144

describe the ĤZFS as:145

ĤZFS =
D

3
(3cos2θ − 1) +

E

2
sin2θcos2ϕ

where θ and ϕ are the zenith and azimuth angles in terms of the orientations of the molecular axes146

with respect to the applied magnetic field.147

In the limit of the high-field regime, the electron Zeeman interaction dominates, as depicted in148

Supplementary Figure 16. Consequently, the spin Hamiltonian can be rewritten for the perturbation149

treatment as:150

Ĥ = Ĥ0 + Ĥ1

Ĥ0 = gβeB0Sz

Ĥ1 = gnβnB0Iz +AŜ · Î + D

3
[3Ŝ2

z − S(S − 1)] + E[Ŝ2
x − Ŝ2

y ]

where Ĥ0 is the zero order term and Ĥ1 is the first order perturbation.151
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Supplementary Figure 16: Left Panel: Energy diagram of Mn with S = 5/2 and I = 5/2. The
allowable EPR transitions ∆ms = ±1 are depicted as solid blue lines. The ms = −1

2 to ms = 1
2

transition is labeled as Inner transition, while the rest are labeled as Outer transitions. Right Panel:
Energy diagram of Mn with accurate scaling of the energy differences between states at 263 GHz and
4.2 K. The depiction assumes g = 2.

Note that the ZFS term in the first-order perturbation scales with m2
s. Hence, both ms = −1/2 and152

ms = 1/2 have the same ZFS contribution in the first order perturbation, leading to the Inner transition153

unaffected by ZFS [13]:154

| ± 1

2
,mi⟩ ↔ | ∓ 1

2
,mi⟩ Ĥ = Ĥ0 +Ami

while the outer transitions are broadened by the ZFS to the first order:155

| ± 5

2
,mi⟩ ↔ | ± 3

2
,mi⟩ Ĥ = Ĥ0 +Ami ∓ 2[D(3cos2θ − 1) + 3Esin2θcos2ϕ]

| ± 3

2
,mi⟩ ↔ | ± 1

2
,mi⟩ Ĥ = Ĥ0 +Ami ∓ [D(3cos2θ − 1) + 3Esin2θcos2ϕ]

3.3 Intensity of Mn(II) EPR Transitions156

At significantly low T and high B0, the higher energy states become depopulated, affecting the intensity157

of Mn transitions in the spectra. Specifically, the intensity depends on the population difference of the158

|ms⟩ and |ms + 1⟩ states and their transition probability. The relative population of each state is as159

follows [14]:160
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P (ms) =
exp(−gβeB0ms/kT )∑S

ms=−S exp(−gβeB0ms/kT )
while the transition probability is as follows:161

I(ms,ms + 1) =
1

4
g2β2

eB
2
1 [S(S + 1)−ms(ms + 1)]

From these equations, we can predict the signal intensity of each transition by multiplying the population162

difference of each transition by its probability, as shown in Supplementary Figure 17.163

Supplementary Figure 17: Intensity of different Mn EPR transitions as a function of temperature.
Calculation assumes g = 2 and 263 GHz.

Here, we see that the lowest transition | − 5/2⟩ → |− 3/2⟩ continues to increase as T decreases. This164

effect is primarily due to the lowest energy state becoming more populated following the Boltzmann165

distribution. On the other hand, the upper transitions become more depopulated, leading to a decrease166

in the signal intensity at different T critical points. The behavior in the transition intensity is what leads167

to the asymmetrical Mn spectra at low T and high B0.168

3.4 263 GHz Mn(II) spectrum: Sensitivity comparison with and without 10169

W TWT170

We perform echo-detected field sweep experiments on Mn in MgO to quantify the signal enhancement171

from the 10 W TWT. Supplementary Figure 18 shows the echo-detected spectra of Mn in MgO collected172

using with and without 10 W TWT. The S/N are calculated by taking the intensity of the Mn peaks173

divided by the standard deviation of the noise. The S/N is reported as the mean ± standard deviation174

of the 6 Mn peaks. Overall, we achieve an almost 9-fold increase in signal intensity due to the 10 W175

TWT and the short pulses that it enables.176
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Supplementary Figure 18: Comparison of the Mn in MgO spectra collected with either 0.5 W (without
TWT, orange) or 10 W (with TWT, blue) pulses. The two spectra are staggered for visualization. The
10 W pulses lead to about 9-fold increase in sensitivity.

3.5 Metal assignments of EPR signals in MgO at 263 GHz177

The spin state of an EPR signal can be determined by Rabi nutation experiments. Specifically, the178

optimum π-pulse depends on the electron spin number, S, and the electron transition |ms⟩ → |m′
s⟩, of179

the sample. The frequency of the Rabi nutation in relation to the spin states is as follows [15]:180

ω =
√

S(S + 1)−ms(m′
s)
gβeB1

ℏ
where ms and m′

s are the electron spin states for a ∆ms = ±1 transition, g is the g-value of the181

spin, βe is the electron bohr magneton, ℏ is the reduced Planck’s constant, and B1 is the magnetic field182

component of the pulse. More importantly, we can use the π rotation in the Rabi nutation relative to183

OX071 (S=1/2) to determine S for the different signals in MgO, shown in Supplementary Figure 19.184

The top left panel shows the different MgO EPR signals, which are marked at different positions.185

The signal at A comes from Mn(II), which we can use as an internal reference for Rabi nutations within186

the MgO sample. Rabi nutation at A (top right panel) shows a π rotation at 60 ns. Solving for ω with187

ms = −1/2, S = 5/2, we expect the π rotation to be 3 times faster than the 200 ns π rotation of OX071.188

Hence, the 60 ns π rotation at A is in reasonable agreement with the Mn(II) assignment.189

With OX071 and Mn(II) as our π rotation references, we can further use Rabi nutations at B (bottom190

left) and C (bottom right) to further identify the other EPR signals in MgO. Both B and C show a similar191

π rotation of 100 ns, corresponding to S=3/2. Given the possible spin states of the metals detected in192

ICP-MS (Table 1), we can assign C as Cr(III) due to its singular peak at g=1.98 with a nuclear spin of193

I=0, which matches with previously published Cr(III) in MgO spectrum at X-band [16]. On the other194

hand, the signal at B is part of an 8-peak EPR signal, likely coming from an I=7/2. Hence, the signal195

can come from V(II) (S=3/2, I=7/2) or Co(II) (S=3/2, I=7/2). However, V(II) has been observed at196
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g=1.98 in MgO [17], which better supports the assignment of V(II), rather than Co(II), to the 8-peak197

signal. To further eliminate Co(II) as a possibility, we performed X-band CW EPR on the MgO sample.

Supplementary Figure 19: Top Left: Field-Swept Spectrum of MgO powder at 100 K. Different
EPR signals are labeled to indicate positions for different Rabi nutation experiments. Top Right: Rabi
nutation at the sharp Mn(II), S=5/2 signal at (A). Bottom Left: Rabi nutation at the sharp satellite
signal at (B). Bottom Right: Rabi nutation at the sharp major signal at (C). Both B and C indicate
that the EPR signals are from spins of S=3/2.

198

Supplementary Figure 20 shows the X-band CW of the MgO powder at 10 K, where typical HS Co(II)199

peaks appear. The signal appears at geff of 4.27, as depicted in the bottom simulation with an S=1/2.200

The measured geff is in agreement with the published value of g=4.25 [18]. We further simulated the201

data with S=3/2 and obtained g as 2.147 with a D of 30 cm−1. We note that the accuracy of g and the202

D parameter is limited at X-band. However, the g used in our simulation falls within the typical values203

for Co(II), which are generally g>2 across different coordination numbers [19]. Hence, the signal at 1.98204

observed in the 263 GHz spectrum is unlikely to be Co(II). In general, we assign the three EPR signals205

in the MgO spectrum at 263 GHz as 55Mn(II), 52Cr(III), and 51V(II). Simulation of the assignments206

are shown in Supplementary Figure 21. However, we note that this assignment is tentative until further207

confirmation using specific control samples.208
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Supplementary Figure 20: X-band CW of MgO in the low field region where HS Co(II) signal
appears at T=10 K. Simulation was done either using Seff = 1/2, geff = 4.27, A = 290MHz (bottom
simulation) or S = 3/2, g = 2.147, A = 147MHz, and D = 30cm−1 (top simulation).

Supplementary Figure 21: 263 GHz echo-detected Field-Swept spectrum of MgO at 100 K. Simulation
was done for 55Mn(II) (S=5/2, g=2.001, A=243.6 MHz, D=-50 MHz), Cr(III) (S=3/2, g=1.979, A=50
MHz, D=-80 MHz), and 51V(II) (S=3/2, g=1.979, A=270 MHz, D=500 MHz). The use of A for Cr(III)
is to fit the shoulder feature at the base of g=1.98 that comes from the natural abundance of 53Cr that
has I=3/2.
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