(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
23 November 2017 (23.11.2017)

(10) International Publication Number

WO 2017/201450 A1

WIPO I PCT

(51) International Patent Classification: A.; 68 Sevland Road, Newton, Massachusetts 02459 (US).
G01J 3/28 (2006.01) GO01V 3/00 (2006.01) OFORI-OKAI, Benjamin K.; 151 Tremont Street, Cam-
GOIR 33/381 (2006.01) GO01V 3/18 (2006.01) bridge, Massachusetts 02139 (US).

(21) International Application Number: (74) Agent: COLICE, Christopher Max et al.; COOLEY LLP,

PCT/US2017/033613 1299 Pennsylvania Avenue, NW Suite 700, Washington,

(22) International Filing Date: District of Columbia 20004-2400 (US).

19 May 2017 (19.05.2017)  (81) Designated States (unless otherwise indicated, for every

.1e . kind of national protection available). AE, AG, AL, AM,

(25) Filing Language: English AO, AJ”IF, AU, AZ‘?BA, BB, BG, BH, 1)3N, BR, BW, BY, BZ,
(26) Publication Language: English CA,CH,CL,CN,CO, CR,CU, CZ,DE, DJ, DK, DM, DO,
o DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(30) Priority Data: HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
62/338.843 19 May 2016 (19.05.2016) us KW.KZ.LA,LC,LK,LR,LS, LU, LY, MA, MD, ME, MG,

(71) Applicant: MASSACHUSETTS INSTITUTE OF MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
TECHNOLOGY [US/US]; 77 Massachusetts Ave, Cam- PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
bridge, Massachusetts 02139 (US). SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Imventors: LU, Jian; 25 Brooks Park, Apt. 42, Medford,

Massachusetts 02155 (US). LI, Xian; 60 Wadsworth Street, (84) Designated States (unless otherwise indicated, for every

Apt. 3F, Cambridge, Massachusetts 02142 (US). ZHANG,
Yaqing; 550 Memorial Drive, Cambridge, Massachusetts
02139 (US). HWANG, Harold Y.; 401 Broadway, Apt. 24,
Cambridge, Massachusetts 02139 (US). NELSON, Keith

kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: SYSTEMS, APPARATUS, AND METHODS OF NONLINEAR TERAHERTZ (THZ) MAGNETIC RESONANCE
MEASUREMENT

100
\\

110

120

Incident THz light

»
*an
LY

Fransmitted THz light N

14

130,

Computsr

o

7 i

,/ .

ﬂ/ // G
r

wo 20177201450 A1 | 00000 O T

(57) Abstract: A nonlinear terahertz (THz) spectroscopy technique uses a sample illuminated by two THz pulses separately. The
illumination generates two signals BA and BB, corresponding to the first and second THz pulse, respectively, after interaction with the
sample. The interaction includes excitation of at least one ESR transition in the sample. The sample is also illuminated by the two THz
pulses together, with an inter-pulse delay r, generating a third signal Bap. A nonlinear signal BNL is then derived via By = Bag - Ba
- Bp. This nonlinear signal By, can be then processed (e.g., Fourier transform) to study the properties of the sample.
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Systems, Apparatus, and Methods of Nonlinear Terahertz (THz) Magnetic

Resonance Measurement

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Application No. 62/338,843, filed May 19,
2016, entitled “NONLINEAR TERAHERTZ MAGNETIC RESONANCE MEASUREMENT
OF CHEMICAL AND BIOLOGICAL MATERIALS,” which is hereby incorporated herein by

reference in its entirety.
GOVERNMENT SUPPORT

[0002] This invention was made with Government support under Grant No. N00014-13-1-0509
awarded by the Office of Naval Research and under Grant No. CHE-1111557 awarded by the

National Science Foundation. The Government has certain rights in the invention.
BACKGROUND

[0003] The field of magnetic resonance is well established in research and commercial
applications. For example, nuclear magnetic resonance (NMR) can measure the transitions
between quantum-mechanical spin states of atomic nuclei, such as 'H, °C, and '’N. In another
example, electron spin resonance (ESR) can measure transitions between quantum-mechanical
spin states of electrons. In both cases, the simplest type of measurement is linear spectroscopy,
which involves measurement of a signal that is linearly proportional to the amplitude of incident
electromagnetic radiation. This signal can be used to estimate the spin transition frequency. In
some cases, a static or “DC” magnetic field, labeled Bo, can be applied, and the transition
frequency is typically proportional to the magnitude of Bo. In addition, new transitions can be
generated and the original transition peaks are split and shifted due to Zeeman interactions. The
transition frequency in all cases are dependent on the magnitude of Bo.

[0004] Existing techniques typically measure NMR transitions having frequencies in the range
of about 50 MHz to about 1000 MHz (in the radiofrequency, or RF, range). For ESR transitions,
only those in the frequency range of about 5 GHz to less than 1000 GHz (in the microwave range

of the spectrum) are explored.
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[000S5] There are also various ESR transitions in the THz regime . For example, in small
molecules or large molecules including biomolecules such as proteins, some ESR transitions
may be highly sensitive to molecular structure and environment including the identities and
geometries of ligands of the ions in question. Thus the transitions can be used for identification
of chemical species or for characterization of the ligand binding or molecular configuration
around ions. They can also be used to distinguish different possible molecular configurations
including those of biomolecules such as proteins. However, due to the limitations of available

THz light sources, these THz ESR transitions remain largely unexplored.
SUMMARY

[0006] Embodiments of the present technology generally relate to nonlinear THz spectroscopy.
In one example, an apparatus for nonlinear terahertz (THz) spectroscopy includes a THz
radiation source to illuminate a sample with a plurality of THz pulses. The plurality of THz
pulses includes a first copy of a first THz pulse, a first copy of a second THz pulse, and a pulse
train including a second copy of the first THz pulse and a second copy of the second THz pulse
separated by an inter-pulse delay 7. The pulse train induces an electron spin resonance (ESR) in
the sample. The apparatus also includes a detector, in optical communication with the sample, to
generate a first signal Ba representing a response of the sample to the first copy of the first THz
pulse, a second signal Bs representing a response of the sample to the first copy of the second
THz pulse, and a third signal Bas representing a response of the sample to the pulse train. The
apparatus further includes a processor, operably coupled to the detector, to estimate a nonlinear
ESR response ByL of the sample to the pulse train based on the first signal Ba, the second signal
Bg, and the third signal Bas.

[0007] In another example, a method of nonlinear terahertz (THz) spectroscopy includes
illuminating a sample with a first copy of the first THz pulse and generating a first signal Ba
representing a response of the sample to the first copy of the first THz pulse. The method also
includes illuminating the sample with a first copy of a second THz pulse and generating a second
signal Bs representing a response of the sample to the first copy of the second THz pulse. The
method also includes illuminating the sample with a pulse train including the a second copy of
the first THz pulse and a second copy of the second THz pulse, separated by an inter-pulse delay

T. The pulse train induces an electron spin resonance (ESR) in the sample. The method further
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includes generating a third signal Bas representing a response of the sample to the pulse train.
The method also includes estimating a nonlinear ESR signal By based on the first signal Ba, the
second signal Bg, and the third signal Bas.

[0008] In yet another example, A system for nonlinear terahertz (THz) spectroscopy includes a
THz radiation source illuminate a sample with a plurality of THz pulses. The plurality of THz
pulses includes a plurality of THz pulse groups and an ith THz pulse group in the plurality of
THz pulse groups includes a first copy of a first THz pulse, a first copy of a second THz pulse,
and a pulse train including a second copy of the first THz pulse and a second copy of the second
THz pulse separated by an inter-pulse delay i, where 7 is a positive integer. The pulse train
induces an electron spin resonance (ESR) in the sample. The system also includes a detector in
optical communication with the sample. For the ith THz pulse group in the plurality of THz
pulse groups, the detector generates a first signal Ba(?, 7;) representing a response of the sample
to the first copy of the first THz pulse, a second signal Bs(#, 7;) representing a response of the
sample to the first copy of the second THz pulse, and a third signal Bag(?, 7i) representing a
response of the sample to the pulse train. The system further includes a processor, operably
coupled to the detector, to estimate a nonlinear ESR signal Bnw for the ith THz pulse group based
on the firs signal Ba(7, ), the second signal Bs(?, 7), and the third signal Bas(?, ;). The
processor further performs a 2D Fourier transform to the nonlinear ESR signal BnL(?, 7:) with
respect to the time 7 and the inter-pulse delay 7 so as to estimate at least one of a ZFS or a spin-
spin interaction length of the sample.

[0009] It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detail below (provided such concepts are not mutually inconsistent)
are contemplated as being part of the inventive subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end of this disclosure are contemplated
as being part of the inventive subject matter disclosed herein. It should also be appreciated that
terminology explicitly employed herein that also may appear in any disclosure incorporated by
reference should be accorded a meaning most consistent with the particular concepts disclosed

herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the inventive subject matter described herein.
The drawings are not necessarily to scale; in some instances, various aspects of the inventive
subject matter disclosed herein may be shown exaggerated or enlarged in the drawings to
facilitate an understanding of different features. In the drawings, like reference characters
generally refer to like features (e.g., functionally similar and/or structurally similar elements).
[0011] FIG. 1 shows a schematic of a system for nonlinear terahertz (THz) spectroscopy
measuring electron spin resonance (ESR) in a sample.

[0012] FIG. 2A shows a system for two-dimensional (2D) THz magnetic resonance
spectroscopy using nonlinear optical rectification for THz generation and electro-optic sampling
for THz detection.

[0013] FIG. 2B illustrates a differential chopping detection scheme to isolate the time-domain
nonlinear signal BnL induced by two incident THz pulses.

[0014] FIGS. 3A and 3B show zero-field splitting (ZFS) patterns of two spin systems with
different numbers of unpaired spins.

[0015] FIG. 4A illustrates a molecular structure of CoX2(PPh3)2 (X = CI, Br) complexes.
[0016] FIGS. 4B and 4C show linear THz absorption spectra of CoCl2(PPh3), and
CoBr2(PPh3)2 complexes in the absence of an external magnetic field, respectively.

[0017] FIGS. 5A and 5B show linear THz absorption spectra of CoCl2(PPh3): and
CoBr2(PPh3)2 complexes as a function of an external magnetic field.

[0018] FIG. 5C shows linear THz absorption spectra of a large molecule Cytochrome complex
(CytC).

[0019] FIGS. 6A — 6C show time-domain nonlinear spin resonance signal extraction to
measure the nonlinear spin resonance signals which can be used to estimate ZFS values from
molecular complexes and proteins.

[0020] FIG. 7 shows 2D magnetic resonance spectrum of a spin resonance in YFeO3(YFO).
[0021] FIG. 8A illustrates magnetic order in YFO and two collective spin wave (magnon)
modes in YFO including the AF and F modes.

[0022] FIG. 8B shows spectra of single THz pulses transmitted through YFO followed by FID
signals from the AF and F modes.
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[0023] FIG. 8C shows Fourier transform magnitude spectra of the FID signals from the AF and
F modes, showing magnon resonances at far = 0.527 THz and fr = 0.299 THz.

[0024] FIGS. 9A and 9B illustrate the interaction of THz pulses having parallel and
perpendicular polarizations, respectively, with respect to a crystallographic axis of a single-
crystal sample including YFO.

[0025] FIGS. 10A - 10C illustrate nonlinear signal extraction from signals measured by the
differential chopping detection method in a YFO crystal.

[0026] FIGS. 11A and 11B show normalized 2D time-time plots of BnL(, t) from the AF mode
and F mode generated in FIGS. 9A and 9B, respectively.

[0027] FIGS. 12A and 12B show experimental and simulated 2D magnitude spectra,
respectively, of AF mode excited by THz pulses in YFO.

[0028] FIGS. 12C and 12D show experimental and simulated 2D magnitude spectra,
respectively, F mode excited by THz pulses in YFO.

[0029] FIGS. 13A — 13G illustrate 2D time-frequency plot of AF magnon mode nonlinear
response.

[0030] FIGS. 14A and 14B show double-sided Feynman diagrams illustrating typical
excitation pathways leading to the coherent emission of third-order and second order nonlinear
signals, respectively.

[0031] FIG. 15A shows time-domain trace of BnL at varying strengths of the excitation THz
magnetic fields. The oscillatory signals in the dashed box are the nonlinear magnon responses.
[0032] FIG. 15B shows Fourier transformation magnitude spectra of the oscillatory signals
show in FIG. 15A.

[0033] FIG. 16 shows peak amplitudes in 2D THz spectroscopy as a function of the input THz
magnetic field strength.

[0034] FIGS. 17A — 17D illustrate temporal evolution of sub-lattice spins in AF magnon mode
in YFO.

DETAILED DESCRIPTION

[0035] Overview
[0036] Systems, apparatus, and methods described herein employ nonlinear terahertz (THz)

spectroscopy to investigate various electron spin resonance (ESR) transitions in a sample. The
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acquired spectra can be used to, for example, identify the chemical and biological composition of
the sample. In this technique, a sample is illuminated by two THz pulses separately, generating
two signals, designated as Ba and Bs as a function of the detection time (real time) 7,
corresponding to the first and second THz pulse, respectively, after interaction with the sample.
The interaction includes excitation of at least one ESR transition in the sample. The sample is
also illuminated by the two THz pulses together, with an inter-pulse delay 7, generating a third
signal Bas. Due to the nonlinearity of the interaction between the THz pulses and the sample,
the third signal Bas is usually greater than the sum of the two individual signals Ba and Bs.
Therefore, a nonlinear signal B is then derived via Bno = Bas — Ba — Bs.

[0037] This nonlinear signal BnL can be then processed (e.g., Fourier transform) to yield
complex Fourier-transform spectra as a function of the inter-pulse delay (e.g., a frequency-time
data) to study the properties of the sample, by analyzing the amplitude and the phase of the
complex Fourier-transform spectra as a function of the inter-pulse delay 7. The frequency-time
data can be further processed via a Fourier transform with respect to the inter-pulse delay to yield
a 2D spectrum, where the ESR transitions induced by Ba are correlated to the ESR transitions
induced by Bs. Properties of the sample of interest, such as the homogeneous broadening, and
couplings among different ESR transitions emerging due to spin-spin interactions, can be studied
from the 2D spectrum.

[0038] The sample can also be illuminated by three THz pulses separately, generating three
signals, designated as Ba, Bs, and B¢, corresponding to the first, second and third THz pulse,
respectively, after interaction with the sample. The time delays between Ba and Bg, and between
Bs and Bc is designated as 71 and 72. The interaction includes the excitation of at least one ESR
transition in the sample. The sample is subsequently illuminated by two pulses simultaneously,
generating three signals, designated as Bag, Bsc, and Bac. The sample is subsequently
illuminated by three pulses simultaneously, generating one signal Basc. A nonlinear signal BnL
is measured via BnL = Basc — Bas — Bec — Bac + Ba + Bs + Be. The nonlinear signal B is
measured as a quasi-continuous function of 71 and the detection time 7 at several value of 72. The
nonlinear signal Bnw is then analyzed via a 2D Fourier transform with respect to the detection
time 7, and the first inter-pulse delay 71, to yield a series of 2D spectra as functions of the

excitation frequency fi, and the detection frequency f3, which are conjugate to 71 and 7, at each
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T>. The properties of the sample, such as spectral diffusion and energy relaxation/transfer, can
be analyzed from the spectral peaks in the 2D spectra as a function of 73.

[0039] The sample can also be illuminated by N THz pulses separately with delays designated
as In-1 N=2,3, ... N, between two neighboring pulse, generating N signals, designated as BN,
corresponding to the Nth THz pulse, respectively, after interaction with the sample. The sample
is subsequently illuminated by a combination of 2, 3, 4, ..., N— 1 and N of the train of pulses
simultaneously, to generate signals that are in response to 2, 3, 4, ..., N— 1 and N pulses. A
nonlinear signal is measured such that the signal due to interactions with all the THz pulses can
be separated. The signal is processed to obtain the properties of the sample.

[0040] In one example, a train of pulses composed of two or more time-delayed THz
radiation, including broadband THz pulses with nearly single-cycle waveforms, or narrowband
THz pulses with multi-cycle waveforms, or a combination of both which are generated using
nonlinear optics in various nonlinear optical media, are used to interrogate the sample of interest.
The polarizations of the THz magnetic fields can be all parallel or the polarizations of some of
the THz magnetic fields can be perpendicular to those of the other THz magnetic fields. The
sapmle can be powders of a material, a single crystal of a material, a solution of a material in a
solvent, or a suspension of a material in a host solvent. The magnetic fields of the THz pulses are
used to induce spin transitions in the sample of interest, both in the absence and/or as a function
of an external magnetic field Bo. The nonlinear signals generated by the sample are incident onto
a nonlinear optical crystal. A weak laser pulse is time delayed with respect to the THz pulse
train and is overlapped onto the nonlinear optical crystal to detect the nonlinear signals that is
generated from the sample with but not limited to a detection method based on electro-optic
effects in the nonlinear optical crystal.

[0041] In another example, an apparatus includes a train of pulses composed of two or more
time-delayed THz radiation is used to interrogate the sample of interest. A reference THz pulse
overlaps with the nonlinear THz signal generated by the sample in time. Both of them are sent
into an electronic mixing circuit device and are down converted to GHz frequencies by the
electronic device. The nonlinear signal is then read out electronically, for example using a high-
bandwidth photodetector and an oscilloscope or a spectrum analyzer.

[0042] In yet another example, a method of using a train of pulses composed of THz radiation,

a sample in a THz cavity, either an optical pulse or a reference THz pulse for detection is
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disclosed. The train of THz radiation is incident into the THz cavity where the sample is placed.
The THz cavity has a resonance frequency that can be tuned to the resonance frequency of the
sample of interest. The interactions between the THz radiation and the sample can be enhanced
by the cavity that leads to enhanced nonlinear signals. The nonlinear signals are measured using
either the nonlinear optics based method or the electronics based method. In yet another
example, the nonlinear response of the sample is measured by optical pulses that undergo
frequency-doubling or sum-frequency generation or another nonlinear process in the sample. The
signal produced by the nonlinear process could be detected in a homodyne or heterodyne
manner.

[0043] FIG. 1 shows a schematic of a system 100 for nonlinear THz spectroscopy to measure
ESR transitions in a sample 120. The system 100 includes a THz radiation source 110 (also
referred to as a THz light source or a THz source) to provide THz pulses 112a and 112b
(collectively referred to as THz pulses 112). In one example, the two THz pulses 112a and 112b
can be substantially identical (e.g., having the same frequency, pulse duration, polarization, and
power). In another example, the two THz pulses 112a and 112b can be different. For example,
they can have different frequencies, pulse durations, polarization, and/or power.

[0044] The frequency of the THz pulses 112a and 112b can be about 0.1 THz to about 20 THz
(e.g., about 0.1 THz, about 0.2 THz, about 0.5 THz, about 1 THz, about 2 THz, about 5 THz,
about 10 THz, about 15 THz, or about 20 THz, including any values and sub ranges in between).
In one example, the THz radiation source 110 delivers THz pulses 112 that are broadband. In
another example, THz radiation source 110 delivers narrowband THz pulses 112.

[0045] The THz radiation source 110 can deliver the two pulses 112a and 112b separately (i.e.,
in a single-pulse mode). The THz radiation source 110 can also deliver the two pulses 112a and
112b together, in which case the two THz pulses 112a and 112b for a pulse train 112ab. In the
pulse train 112ab, the time delay between the two THz pulses 112a and 112b is designated as ,
which is adjustable. The THz radiation source 110 can deliver a train of N pulses separately. The
THz radiation source 110 can also deliver a combination of two, three, ..., N pulses out of the
pulse train. The time delays between adjacent THz pulse pairs are designated as 7n-1, which are
adjustable.

[0046] The THz pulses 112 delivered by the THz radiation source 110 are focused to a sample

120. The focusing can be achieved by, for example, a parabolic mirror. A detector 130 is used
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in the system 100 to detect the THz pulses 112 and generate signals Ba 115a, Bs 115b, and Bas
115ab, corresponding to incident THz pulses 112a, 112b, and 112ab, respectively. Typically, the
signals 115a, 115bn, and 115ab are collected in the time domain, i.e., BA=Ba(¢), Bs=Bg(?),
Bas=Bag(?), where 7 is time. The system 100 can also detect the THz pulses 112 without the
sample 120 and the generated signals Bekap can be used as a background signal (also referred to
as background noise signal). The signals Ba, Bs, and Bas represent the response of the sample
120 to the incident THz pulses. In some cases, these signals can be radiated from the sample
120.

[0047] The generated signals 115a, 115b, and 115ab are transmitted to a processor 140 (or a
computer including a processor), which then estimates the nonlinear signal BnL via BnL = Bas —
Ba —Bs. The processor 140 is also configured to carry out further processing, such as Fourier
transform with respect to time and/or the inter-pulse delay 7 (see more details below).

[0048] The system 100 can investigate various types of samples 120. For example, the sample
120 can include one or multiple single crystals. In another example, the sample 120 can include
powders. In yet another example, the sample 120 can include a solution. In yet another
example, the sample 120 can include a compressed pellet. In yet another example, the sample
120 can include a suspension.

[0049] The sample 120 can also include, for example, a specimen from human blood or part of
a live human body, such as a human ear or finger. In this case, the system 100 can be configured
to perform non-contact analysis of the sample 120. In addition, the detector 130 can collect
reflected or diffused THz pulses to generate the signals 115a, 115b, and 115¢ (instead of
collecting transmitted THz pulses).

[0050] A direct current (DC) magnetic field can be applied to the sample 120 to induce spectral
shifts and Zeeman splitting. This can help separate possible overlap of certain spin transitions
(e.g., due to degeneracy). In addition, the dependence of the ESR transition frequencies as a
function of magnetic field can also be determined. This dependence can also be used for
identifying the chemical and/or biological compositions of the sample 120.

[0051] FIG. 1 shows two THz pulses 112a and 112b for nonlinear THz spectroscopy. In
practice, any other number of THz pulses can be used. For example, the THz radiation source

110 can deliver N THz pulses separately and also deliver a pulse train including the N THz



WO 2017/201450 PCT/US2017/033613

pulses, where an ith and (7+1)th THz pulse in the train is separated by a time delay 7i, i =0, 1, 2,
., N-1.

[0052] Two-Dimension (2D) THZ Magnetic Resonance Spectroscopy

[0053] FIG. 2A shows a system 200 for two-dimensional (2D) THz magnetic resonance
spectroscopy implemented via nonlinear optics method. In this 2D spectroscopy, the acquired
signal B is a function of both time 7 and the inter-pulse delay 7, i.e., B=B(?, ). In this case, a 2D
Fourier transform can be performed on the acquired signal B, with respect to 7 and 7, so as to
generate a 2D spectrum S(f, v), where the variable f may give frequencies in the signal field and
the variable v may give frequencies that the sample responds to in the sequence of applied THz
pulses (see, e.g., FIG. 7 and FIG. 13A).

[0054] The system 200 includes a laser 210 to provide optical pulses. The optical pulses can
be in the near infrared regimes (e.g., about 800 nm to about 1800 nm, including any values and
sub ranges in between) and have an ultrashort pulse duration (e.g., about 100 fs). The repetition
rate of the laser 210 can be on the order of kHz (e.g., about 1 kHz). The optical pulses provided
by the laser 210 is split by a beam splitter 212 into two parts. The first part (reflected part in
FIG. 2A) has a majority of the pulse energy (e.g., greater than 80%, greater than 85%, greater
than 90%, or greater than 95%, including any values and sub ranges in between) and is employed
to generate THz pulses via nonlinear optics. The second part (transmitted part in FIG. 2A) is
employed for THz detection.

[0055] The optical pulses reflected by the beam splitter 212 is transmitted to another beam
splitter 221, which can be a 50:50 beam splitter to divide the optical pulses into two equal
portions. One portion is sent to a delay stage 220 before arriving at a grating 224, while the
other portion propagates directly to the grating 224, where the two portions are combined.

[0056] The delay stage 220 is used to generate the inter-pulse delay 7 and can change the inter-
pulse delay 7. In some cases, the inter-pulse delay 7 can be adjusted between about O ps and
about 100 ps. The step size of the adjustment can depend on the precision of the translation of
the delay stage 220. For example, the delay stage 200 can use a micrometer positioning stage to
move the reflectors. In this case, the step size of the delay created by moving the positioning
stage can be on the order of a few fs (e.g., about 3 fs, about 5 fs, about 10 fs, or about 20 fs,

including any values and sub ranges in between). In practice, other step sizes can also be used,

10
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such as on the order of ps (e.g., about 1 ps, about 2 ps, or about 5 ps, including any values and
sub ranges in between).

[0057] The two optical pulses combined at the grating 224 are reflected by a reflector 225,
transmitted through a half wave plate 226, and focused by a lens 227, before being transmitted
through a nonlinear crystal 230 to generate THz pulses via optical rectification. In some cases,
the nonlinear crystal 230 can include a lithium niobate (LN) crystal. In yet other cases, the
nonlinear crystal 230 can include a gallium selenide (GaSe) crystal. In yet other cases, the
nonlinear crystal 230 can include organic nonlinear optical crystals such as OH1 (2-(3-(4-
Hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile) and DSTMS (4-N,N-
dimethylamino-4’-N’-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate). Each optical pulse
can generate a corresponding THz pulse and the resulting THz pulses are designated as Ba
(created by the first optical pulse), Bs (created by the second optical pulse), and Bas (created by
the pulse train including both optical pulses). The THz pulses generated via optical rectification
of fs optical pulses are usually also ultrashort pulses with broad spectral bandwidth typically
spanning some part of the frequency range from about 100 GHz to about 20 THz (including any
values and sub ranges in between). More details of optical rectification can be found in U.S.
Patent no. 7,894,126 B2, entitled “Broadband terahertz radiation generation and detection system
and method,” which is hereby incorporated herein by reference in its entirety.

[0058] The THz pulses after the nonlinear crystal 230 are collimated by a first parabolic mirror
235a (e.g., an off-axis parabolic mirror) and then focused by a second parabolic mirror 235b onto
a sample 240. After interacting with the sample 240, the THz pulses are refocused by two
parabolic mirrors 235¢ and 235d into an electro-optical (EO) crystal 250 for detection. In some
cases, the EO crystal 250 can include a ZnTe crystal. In yet other cases, the EO crystal 250 can
include a GaP crystal. In yet other cases, the EO crystal 250 can include a GaSe crystal.

[0059] At the same time, an optical pulse, transmitted by the beam splitter 212, is also guided
to the EO crystal 250 for THz detection. The optical pulse is also referred to as a probe pulse, a
gate pulse, or a read-out pulse. In the system 200, the probe pulse is reflected by a reflector 281
into a delay stage 282, which can generate a time delay 7 with respect to the second THz pulse B.
The probe pulse after the delay stage 282 is then reflected by a reflector 283, transmitted through
a half wave plate 284, a polarizer 285, before being reflected by a series of reflectors 286a, 286b,
and 286¢ toward a pellicle 290. A lens 287 can also be inserted into the beam path of the probe
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beam to modify the divergence of the probe pulse. The pellicle 290 functions as a beam
combiner to combine the THz pulses and the probe pulse.

[0060] The detection of the THz pulses is based on electro-optic (EO) sampling. The THz
pulses are overlapped with the time-delayed probe pulse in the EO crystal 250. The probe pulse
experiences transient birefringence induced by THz electric field in the EO crystal 250 and THz
electric field amplitude is read out by birefringence optics. Varying the time delay between the
THz pulses and the probe pulse can then map out the temporal waveform of the THz pulses.
[0061] The probe pulse after transmitting through the EO crystal 250 propagates through a
quarter wave plate 252 and a Wollaston prism 254 that splits the probe pulse into two portions,
each of which has a distinct polarization state. Two optical detector 260a and 260b are used to
collect the two portions of the probe pulses and the generated data is sent to a data acquisition
(DAQ) card 270 for further processing (e.g., Fourier transform).

[0062] The THz detection can be achieved by other methods as well. For example, it is also
possible to detect the sample nonlinear response through a linear and/or a nonlinear optical
process either by time-resolved method or frequency-resolved method. In this case, the optical
pulse is directed into the sample directly. Possible linear optical processes include reflectivity,
birefringence, absorption, scattering etc., of a fs optical pulse at any wavelength (from infrared to
x-rays). Nonlinear optical processes may include frequency shift (Stark effect), frequency-
doubling (second-harmonic generation in either homodyne or heterodyne mode), sum-frequency
generation (in either homodyne or heterodyne mode), etc., of a fs optical pulse at any
wavelength.

[0063] In FIG. 2A, two optical choppers 222a and 222b are placed within the beam paths of the
two optical pulses that are used for THz generation. FIG. 2B illustrates a differential chopping
detection scheme to isolate the time-domain nonlinear signal Bnw induced by the two incident
THz pulses A and B described above. In this scheme, the laser 210 has a repetition rate of 1
kHz, and the two optical choppers have a modulation frequency at 250 Hz (i.e., transmit 250
optical pulses every second). In this case, the probe pulse has the original repetition rate of 1
kHz and the THz pulses have a repetition rate of 250 Hz. As shown in FIG. 2B, the opening
times of the two choppers 222a and 22b are offset by about a quarter of the modulation

frequency (e.g., about 1 ms). In four successive laser shots in one cycle, the first shot measures
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Bg, the second shot measures background noise, the third shot measures Ba, and the last shot
measures Bas.

[0064] In addition to the nonlinear optics approach described above, electronics methods can
also be employed to generate and/or detect the THz pulses. In this method, THz fields can be
generated by frequency-doubling of sub-THz microwave fields from microwave oscillators. As
a result, the generated THz field may contain a narrow frequency bandwidth and have a tunable
central frequency. For detection, a THz field at a nearby frequency can be generated and mixed
with the THz signal fields in an electronic mixer so as to down-convert the signals to GHz
(microwave) frequencies. The down-converted signals are then read out via a spectrum analyzer
or digitizing oscilloscope. The signal to noise ratio and data acquisition time in this approach
can be favorable, particularly if the spin transition frequencies of interest are known in advance.
In some cases, the system 200 can use both nonlinear optics approach and the electronics
approach for THz generation and/or detection.

[0065] Various methods can be implemented by the systems described above. In one example,
a sequence of THz pulses can be applied to a sample (e.g., 120 or 240) to elicit a nonlinear spin
signal that is coherently radiated by the sample. For example, a sequence of just two pulses can
be applied and the resulting nonlinear signal can be measured. The inter-pulse delay between the
two pulses and the relative phases between specified frequency components of the two pulses
can be controlled and varied. A nonlinear signal BnL can be measured as a function of the inter-
pulse delay and/or the relative phase.

[0066] The nonlinear signal B is a coherent electromagnetic field and is usually similar in
character to the fields that induced it (i.e., the incident THz field). The time-dependent profile of
the nonlinear signal field S(7) can be measured in the systems above. In many cases S(¥)
measured as a function of a time variable such as the time delay 7 between two applied pulses or
two user-defined waveforms, and the signal field S(z, t) is therefore a function of two time
variables. The signal field is generally a vector with well-defined polarization properties. For
simplicity it can be written as a scalar, but in some measurements the polarization properties of
the incident fields and the measured signal field may be specified and the vector nature of the

fields may be exploited to extract additional information about the sample.

13



WO 2017/201450 PCT/US2017/033613

[0067] A commonly measured signal of this type is called a “spin echo,” in which the signal
peak emerges after a delay time 7 equal to the time delay between two applied pulses,
reminiscent of an audible echo that is heard some time after the original sound is produced.
[0068] In many cases it can be convenient to present the ESR data as functions of frequency
rather than time variables. This can be achieved through Fourier transformation of the time-
variant signal S(z, 7). The signal after Fourier transformation can be written as S(v, f), where the
variable fis the frequency in the signal field and the variable v is the frequency that the sample
responds to in the sequence of applied pulses. As described above, this type of measurement is
generally referred to as “two-dimensional (2D) spectroscopy” and the signal is typically written
as a function of two frequency variables.

[0069] There can be several variations on the 2D spectroscopy method described above. For
example, more than two variables can be used to write time-variant signal so as to perform 3D or
generally multidimensional spectroscopy. In another example, the extent of the temporal ranges,
the time resolution, the frequency components, the light polarizations, and other features may be
tuned to optimize the measurement. In addition, complex waveforms with many pulses may be
used.

[0070] In practical implementation of the systems 100 and 200, a database of magnetic
resonance spectral information can be established and then used for optimizing the measurement
of a particular sample. The optimization can include, for example, selection of the mode of
nonlinear measurements (e.g., 1D spectroscopy, 2D spectroscopy, spin echo, or other modes),
tailoring of the applied THz fields (e.g., spectral regime of the THz pulses, bandwidth of the THz
pulses, and polarizations), and the detection method (EO sampling or electronic down-
conversion). The optimization can also include the decision of whether to apply an external
magnetic field. If the data are not already available for a sample, one can first use a broadband
THz source and detection method to locate the spin transition frequencies of interest. One can
also apply a magnetic field to differentiate transitions of magnetic origin from those of non-
magnetic origin And based on the results one can decide upon the optimal measurements and
configurations.

[0071] Linear Measurement of Zero-Field Splitting (ZFS) and Spin-Spin Interaction
[0072] The systems described above (e.g., systems 100 and 200) can be used to estimate the

zero-field splitting (ZFS) values and spin-spin interaction values of the sample. In these cases,
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the sample can include transition metal (TM) ions and/or rare earth (RE) ions. The ions may be
contained in small molecules or very large molecules including proteins and other biomolecular
species. The systems therefore can be used for characterization of molecules and biomolecules
with possible applications in distinguishing certain molecular forms such as protein species.
[0073] The ZFS value refers to spin transition frequencies in the absence of any externally
applied magnetic field (i.e. Bo = 0). The spin-spin interaction strengths (also referred to as
“couplings”) describes the extent to which spins on nearby electrons (typically spins of electrons
on nearby ions) interact with each other or the extent to which spins on electrons and nuclei
interact with each other.

[0074] The ZFS and coupling values can be highly sensitive to molecular structure and
environment including the identities and geometries of ligands of the ions in question. Thus the
values can be used for identification of chemical species or for characterization of the ligand
binding or molecular configuration around ions. They may also be used to distinguish different
possible molecular configurations including those of biomolecules such as proteins. A particular
possibility of interest would be distinction between different forms of biomolecules related to
human health, such as normal and glycated hemoglobin that are of interest to patients suffering
from diabetes.

[0075] The systems described above can measure molecular spin signals in the THz frequency
range (e.g., about 0.1 THz to about 20 THz) of high-spin TM and RE ions present in molecular
complexes and/or biomolecules such as proteins. Nonlinear THz ESR signals, including 2D THz
ESR signals, allow the extraction of ZFS and coupling values even when the linear spin
transitions are buried underneath congested absorption features, such as those of large molecules
or biomolecules. Since THz light can penetrate human skin, the technology can also permit
noninvasive diagnosis of pathological changes of proteins and other constituents in human blood,
muscles, and tissue.

[0076] Molecular complexes including TM and/or RE ions with valence electrons in
coordination with ligands assume well defined geometries with known symmetries, and may
undergo structural distortions into configurations with reduced symmetries, depending on the
interactions between the central ion and each ligand. Consequently, the quantum-mechanical
orbitals of the valence electrons undergo shifts in their energies, usually referred to as crystal

field splitting, and the valence electron spins arrange to form an energetically stable ground state.
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In many molecular complexes, the central TM or RE ions are found in a high-spin configuration,
i.e. unpaired electron spins are all parallel, in the ground state. The total spin angular momentum
is given by a quantum number “S.” In this case the electron spin sublevels (labeled by quantum
number ms) can have different energies. The differences between the electron spin energy levels
are the ZFSs.

[0077] FIGS. 3A and 3B show ZFS patterns of two spin systems with different numbers of
unpaired spins. FIG. 3A shows the ZFS pattern in a high-spin Co(II) system (S = 3/2), in which
four degenerate spin levels split into two sets of degenerate sublevels separated by 2(D? +
3E2)Y/2. FIG. 3B shows the ZFS pattern in a high-spin Fe(II) system (S = 2), where five
degenerate spin levels split into three sets of sublevels under axial ZFS and further split into five
sublevels under transverse ZFS.

[0078] TM and RE ions with different numbers of valence electrons can exhibit distinct ZFSs.
As shown in FIG. 3A, under axial distortion away from higher symmetry such as that of a
tetrahedral complex, the fourfold degenerate electron spin levels are split into two sets of twofold
degenerate levels separated by -2(D? + 3£2)1/2, with D and E being the axial and transverse
ZFS parameters respectively. The new electron spin energy levels are differentiated by their spin
angular momentum quantum numbers. The ZFS of a high-spin Fe(II) ion is shown in FIG. 3B.
Under axial distortion away from higher symmetry such as that of an octahedral complex, the
degenerate spin energy levels split into three sets of spin sublevels, separated by D and 3D.
Under rhombic distortion, the degeneracy is lifted by further splitting, which is captured by the
transverse ZFS parameter E.

[0079] With the same central TM ion, complexes in coordination with different ligands can
exhibit differences in their ZFS parameters, due to the subtle differences in the geometric
distortion and/or charge distribution of the complex. For example, the combination of the ZFS
parameters (D2 + 3E%)1/2 in CoClz (PPhs): is about 15.0 cm™ (0.45 THz) at a temperature of 6
K, while the combination of the ZFS parameters 2(D? + 3E2)'/2 in CoBr2(PPhs): is about 14.0
cm’! (0.42 THz) at a temperature of 2 K. ZFS values therefore can provide exquisite sensitivity
to both the composite ions and the structures of molecular complexes.

[0080] Under an external magnetic field, the spin sublevels can undergo additional spectral
shifts and splitting, due to Zeeman interactions. For example, as shown in FIGS. 5A and 5B, the

spectra of CoX2(PPh3): (X = Cl, Br) complexes are measured as a function of an external
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magnetic field at 0, 1,2, 3,4, 5Sand 5.5 T. The peak at O T become broader because the
degenerate spin transitions contributing to the peak become nondegenerate under the external
magnetic field. By measuring the spectra as a function of the magnetic field, additional
information such as the g-factor can be obtained from the amount of frequency shift.
Accordingly, application of an external magnetic field Bo can provide an additional experimental
degree of freedom for determination of ZFS values, for determination of the g-factor and for
distinction among different complexes.

[0081] In small molecules, linear THz spectroscopy measurements are often sufficient to
measure ZFSs. CoX2(PPh3)2 (X = Cl, Br) complexes are used here for illustration, but other
complexes can also be investigated using the techniques described herein.

[0082] FIG. 4A illustrates a molecular structure of CoX2(PPh3) (X = Cl, Br) complexes. FIG.
4B and 4C show linear THz absorption spectra of CoCl2(PPh3)2 and CoBra(PPh3)2 complexes,
respectively. In CoXa2(PPh3), (X = Cl, Br), central Co(II) ion (central sphere) is in tetrahedral
coordination with the four ligands (side spheres). In CoCl2(PPhs)z the linear THz absorption
spectra show magnetic resonance peaks at about 0.901 THz at 6 K, corresponding to (D? +
3E?)Y/2=150cm. Substituting the two Cl"! ligands with Br™', the magnetic resonance peaks
change to about 0.838 THz at 2 K, corresponding to (D? + 3E%)1/2 = 14.0 cm’', respectively.
The linear magnetic resonance spectra therefore provide sensitivity to ZFSs under different
conditions.

[0083] In these measurements, a short (single-cycle) THz pulse was incident on the sample,
and the transmitted signal included the short pulse followed by a much longer-duration signal (a
“free-induction decay” or FID) that showed distinct oscillations at the electron spin transition
frequency. Fourier transformation of the time-dependent signals from two different molecular
complexes revealed the linear absorption spectra shown in FIGS. 4B and 4C, from which the
ZFS values can be determined. The complexes can be distinguished easily by their different
absorption spectra and ZFS values.

[0084] Nonlinear THz Spectroscopy to Measure ZFS and Spin-Spin Interaction

[0085] In simple molecules like those illustrated in FIG. 4A, the ZFS values can be measured
in linear spectroscopy because they may be separated from strong competing absorption features.

In large molecules such as proteins, however, the linear spectra are often dominated by broad
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absorption features due to low-frequency motions of polar segments. These strong features can
obscure ESR absorption lines.

[0086] FIGS. 5A and 5B show linear THz absorption spectra of CoCl2(PPh3); and
CoBr2(PPh3), complexes as a function of an external magnetic field. FIG. 5C shows linear THz
absorption spectra of a large molecule Cytochrome complex (CytC), which is a protein
containing Fe ions. The solid lines are THz linear absorption spectra of films at 4% hydration of
ferri-CytC containing high-spin Fe(Il) ions and ferro-CytC containing low-spin Fe(IIl) ions. The
dashed lines show the refractive index. There is no hint of an ESR transition even though the
protein contains a high-spin TM ion Fe(II) . The ESR absorption would be weaker and narrower
than the broad spectrum shown. It would be narrower because when spin resonances are driven
by a resonant field, the spins can oscillate for many cycles (i.e., they undergo slow damping or
dephasing). In contrast, low frequency molecular vibrations undergo fast damping and
dephasing, so they have broad absorption features. They also have stronger absorption strengths
in many cases. This can hinder the application of linear THz spectroscopy for characterization of
ZFS values or other spin transitions in biological samples including diagnosis of pathological
changes in humans.

[0087] For large molecules, such as the CytC protein, two time-delayed THz pulses can be
used to measure nonlinear spin echo signals. Spin echo signals can typically persist for much
longer inter-pulse delay time 7 than photon echo signals from vibrational modes, due to the much
slower dephasing of the spin coherence. Therefore, after sufficient inter-pulse time delay 7, only
the nonlinear echo signal may still persist. Fourier transformation of the signal may reveal the
ZFS values, even though the linear spectrum does not permit the spin transition or the ZFS value
to be measured. The spin echo can be measured either as a one-dimensional (1D) measurement
or as a 2D measurement of the full signal field S(z, 7).

[0088] FIGS. 6A — 6C show an example of time-domain nonlinear spin resonance signal
extraction from the AF magnon mode in YFO. The same measurement can be used to estimate
ZFS values in small molecules and large biomolecules. FIG. 6A shows spin resonances induced
by THz pulse A (Ba) and THz pulse B (Bg) individually. FIG. 6B shows spin resonance (Bag)
induced by both THz pulse A and B at a delay of twice the period and the nonlinear response
(Bne magnified 50x, magenta) extracted by Bnu=Bas — Ba —Bg. FIG. 6C shows the Fourier
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transformation of the oscillatory part of Ba in FIG. 6A and Bnw in FIG. 6B revealing the linear
and nonlinear magnetic resonance spectrum.

[0089] In FIGS. 6A — 6C, the spin resonance signals Ba and Bs are measured using THz pulses
denoted as A and B, individually. Each pulse induces the spin resonance signal shown as the
sinusoidal oscillations following the main pulse. The spin resonance signal Bas is then
measured using both THz pulses together with an inter-pulse delay 7 as shown FIG. 6B. The
nonlinear signal BNL shown as a function of time (7) in FIG. 6B was extracted as the difference
signal BnL = Bas— Ba— Bs. The linear and nonlinear magnetic resonance spectra are shown in
FIG. 6C, in which it can be seen that the background is suppressed in the nonlinear spectrum.
[0090] The background may be further suppressed in 2D magnetic resonance spectrum. In this
case, the inter-pulse delay 7 between THz pulses A and B can be incremented and the nonlinear
signal BnL at each delay 7is measured to yield a 2D nonlinear time-domain signal By(t, t).
[0091] FIG. 7 shows 2D magnetic resonance spectra of spin resonance in YFeO3(YFO). The
spectra are shown as a function of excitation frequency v and detection frequency f, i.e., BNL(V,
. Amplitudes above 0.5 is saturated in the color map to bring out weak spectral features. The
spectra shown in FIG. 7 is obtained via double Fourier transformation with respect to the inter-
pulse delay 7 and the detection time 7. A spin echo spectral peak located at (v=-0.527 THz, f=
0.527 THz) is well separated from other nonlinear signals. The negative frequency value of v
denotes the phase of the signal radiated by spin precession that is generated by both incident
pulses relative to the phase of the spin precession that is generated by the first incident pulse.
[0092] This technique can be applied to isolate the magnetic resonance signals from congested
linear spectra and provide additional sensitivity to fine spectral signals for characterization of the
biological subjects. For example, the high-spin Fe(Il) ions present in hemoglobin in human
blood are expected to exhibit ZFS values at THz frequencies. The Fe(Il) ions in glycated
hemoglobin may show a different ZFS value due to the difference in molecular structure.
Therefore, these two types of hemoglobin may be differentiated by spectroscopic
characterization of ZFS values. As THz light can penetrate human skins, this method provides a
noninvasive characterization of human blood and diagnosis of diabetes directly on human body.
[0093] In some complexes of small molecules and biomolecules, the spins of electrons on
multiple ions in close proximity interact with each other. The interaction strengths, or couplings,

may be measured in the 2D spectrum because they lead to peaks in the spectrum in which the

19



WO 2017/201450 PCT/US2017/033613

two frequency values are not equal; instead, one frequency value is equal to one spin transition
frequency and the other frequency value is equal to the other spin transition frequency. These
“off-diagonal” 2D spectral peaks can directly reveal spin-spin couplings and other features such
as dynamical behavior, e.g. energy and coherence transfer between spins. Other 2D spectral
peaks such as “2-quantum coherences” can also appear and can provide information about
coupling between two coupled spin transitions that have the same frequency. These features
appear with a frequency on the excitation frequency axis v equal to the sum of two coupled
transition frequencies.

[0094] Other features of the 2D spectra include “pump-probe” or transient absorption signals.
Various characteristics such as the peak frequencies, strengths, linewidths, time-dependences,
and dependences on applied pulse phases can be used to extract information about the underlying
spin transitions, their couplings, and their dynamical behavior. All of these features can find
useful applications in molecule characterization.

[0095] 2D THz Magnetic Resonance Spectroscopy of Collective Spin Waves

[0096] Nonlinear manipulation of nuclear and electron spins is the basis for all advanced
methods in magnetic resonance including multidimensional nuclear magnetic and electron spin
resonance spectroscopies, magnetic resonance imaging, and in recent years, quantum control
over individual spins. The methodology is facilitated by the ease with which the regime of
strong coupling can be reached between radio frequency (RF) or microwave magnetic fields and
nuclear or electron spins respectively. For example, the regime of strong coupling can be
characterized by sequences of magnetic pulses that control the magnetic moment directions. The
capabilities meet a bottleneck, however, for far-infrared magnetic resonances, which are
characteristic of correlated electron materials, molecular magnets, and proteins that contain high-
spin transition metal ions.

[0097] The development of 2D THz magnetic resonance spectroscopy and its use for direct
observation of the nonlinear responses of collective spin waves (magnons) can address at least
the bottleneck issue above. The spectra can show magnon spin echoes and 2-quantum signals
that reveal pairwise correlations between magnons at the Brillouin zone center. They can also
show resonance enhanced second-harmonic and difference-frequency signals. Methods

described herein are readily generalizable to multidimensional magnetic resonance spectroscopy
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and nonlinear coherent control of terahertz-frequency spin systems in molecular complexes,
biomolecules, and materials.

[0098] Electron spin resonances (ESR) in the terahertz (THz) frequency region can reveal rich
information content in chemistry, biology, and materials science as described above. In
molecular complexes and proteins, THz-frequency zero-field splitting (ZFS) of high-spin
transition metal and rare earth ions show exquisite sensitivity to ligand geometries, providing
mechanistic insight into catalytic function. With strong applied magnetic fields (e.g., about 10
tesla), resonances of unpaired electron spins in molecular complexes can be shifted from the
usual microwave regime into the THz range, drastically improving the resolution of spectral
splitting due to Zeeman interaction.

[0099] In many ferromagnetic (FM) and antiferromagnetic (AFM) materials, intrinsic magnetic
fields in the same range put collective spin wave transitions in the THz range. Current ESR
spectroscopy remains limited at THz frequencies because of the weak sources used, which allow
measurements of free-induction decay (FID) signals that are linearly proportional to the
excitation magnetic field strength, but not measurements of spin echoes and other nonlinear
signals. This eliminates the possibility of two-dimensional (2D) THz ESR spectroscopy which,
like 2D ESR at lower frequencies, could provide extensive insight into spin interactions and
dynamics. For most proteins, even linear FID ESR signals may not be measurable because the
THz spectrum includes much stronger absorption features due to low frequency motions of polar
segments. However, the fast dephasing of such motions also ensures that these motions would
not interfere with nonlinear spin echo signals. The extension of established, commercially
available methodologies in multidimensional magnetic resonance spectroscopy to the THz
frequency range can therefore find a wide range of applications spanning multiple disciplines.
[0100] Collective spin excitations in materials with spin order such as FM and AFM phases
may be studied with weak THz fields, revealing the magnon frequencies through their FID
signals and demonstrating linear superposition in the responses to time-delayed pulse pairs. In
contrast, nonlinear coherent control and spectroscopy can unravel complex spin interactions in
AFM-to-FM order switching, colossal magnetoresistance, and multi-ferroicity, and can enable
new applications in quantum computing, nonvolatile memory, and spintronics at unprecedented

time scales.
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[0101] The nonlinearity of magnons can be explored using time-delayed THz pulse pairs with
magnetic field strengths in excess of 0.1 tesla. 2D THz magnetic resonance spectroscopy can be
understood in terms of multiple field-spin interactions that generate the nonlinear signal fields,
similar to conventional 2D magnetic resonance but in the low-order perturbative regime.
Magnons can be resonantly excited without promoting electrons to excited states (as in most
spintronics excitation) and hence the observed nonlinearities are of purely magnetic origins.
[0102] For illustrating purposes, a single-crystal YFeOs (YFO) sample is used to characterize
the 2D THz magnetic resonance spectroscopy method. FIG. 8A illustrates magnetic orders in
YFO. The ground state has canted AFM order with a net magnetization. Two THz-active
magnon modes, the quasi-AFM (AF) and quasi-FM (F) modes, can be constructed based on
different cooperative motions of sub-lattice spins. The canted AFM order in YFO leads to a net
magnetization M along the crystal c-axis. Siand Sz are the high-spin Fe(IlI) electron spins
ordered along the crystal a axis. The AF mode is the amplitude oscillation of M while the F
mode the precession of M.

[0103] Macroscopically the AF mode corresponds to oscillation of the magnetization
amplitude and the F mode corresponds to precession of the magnetization orientation. In YFO at
room temperature, the AF mode at frequency far = 0.527 THz and the F mode fr = 0.299 THz
can be selectively excited by THz pulses with magnetic field polarizations parallel and
perpendicular respectively to the net magnetization direction. Upon THz excitation, magnons
radiate FID signals B(¥) at their resonance frequencies, revealing the linear-response spin
dynamics in the material.

[0104] FIG. 8B shows spectra of single THz pulses transmitted through YFO followed by FID
signals from the AF and F modes. FIG. 8C shows Fourier transform magnitude spectra of the
FID signals from the AF and F modes, showing magnon resonances at far = 0.527 THz and fr =
0.299 THz.

[0105] FIGS. 9A and 9B illustrate the interaction of THz pulses having parallel and
perpendicular polarizations, respectively, with a sample. The two pulses have an inter-pulse
delay 7 and the sample has magnetization direction M. FIG. 9A illustrates excitation the AF
mode and FIG. 9B illustrates the excitation of the F mode. Two collinearly propagating single-

cycle THz magnetic fields Ba and Bs were focused onto the sample. The time delay 7 between
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the two excitation pulses is incremented, and at each delay, the coherent time-dependent signal
field B(z, 7) emerging from the sample by EOS is recorded.

[0106] A differential chopping detection scheme (see FIG. 2B) is used to isolate the nonlinear
signal resulting from magnons interacting with both THz pulses. In the characterizations
described here, the spectra of the two THz pulses are measured by electro-optic sampling (EOS)
with a 1-mm thick GaP crystal. The field strength of the wo THz pulses are measured by EOS
with a 0.1-mm thick GaP crystal (the thinner crystal yielded a smaller depolarized optical signal,
ensuring that the signal was linearly proportional to the THz field). The first THz pulse (A) had a
peak electric field strength of 420 kV/cm , while the second THz pulse had a peak electric field
strength of 340 kV/cm. Both THz pulses had a usable bandwidth spanning from 0.1 to 2 THz.
Due to the THz saturation and phase mismatch between the optical readout pulse and THz pulse
in the GaP crystal, the main bandwidths were measured to be limited to about 0.1 THz to about 1
THz.

[0107] The pulse sequence used herein are implemented with a chopping detection method
substantially similar to the one described with reference to FIG 2.B. The laser repetition rate was
1 kHz. Two optical choppers denoted A and B were used to modulate the optical pulses that
generated the corresponding THz pulses A and B at 250 Hz. On the first of four successive laser
shots, the signal Bs resulting from THz pulse B only was measured. On the second shot, the
background noise was measured with neither THz pulse A nor B present. On the third shot, the
signal Ba from THz pulse A only was measured. On the fourth shot, the signal Bas generated by
both THz pulses A and B was measured. The nonlinear signal B(z, ) was extracted by
subtracting the first three signals from the fourth at the specified inter-pulse delay 7 and EOS
measurement time 7, averaging over multiple repetitions with the same time values and then
scanning the values to cover the specified ranges of each.

[0108] FIGS. 10A — 10C illustrate nonlinear signal extraction from signals measured by the
differential chopping detection method. FIG. 10A shows AF mode magnon signals induced by
THz pulse A (i.e., Ba) and THz pulse B (i.e., Bs) individually. FIG. 10B shows magnon
responses (i.e., Bas) with the presence of both THz pulse A and B at a delay T of 3.7 ps (twice
the period of the AF mode) and nonlinear response (AnL magnified by 50 times). The spike
during the arrival of THz pulse B is due to nonlinear absorption induced by THz pulse A, which

is excluded in all Fourier transformation in this work. FIG. 10C shows Fourier transformation of
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the oscillatory part in BnL revealing two spectral peaks at the fundamental and second harmonic
magnon frequencies, which correspond respectively to the third- and second-order spectral peaks
in the 2D spectrum.

[0109] In the trace of BnL, a phase shift of 37/2 with respect to Bas and asymmetric distortion
are noticeable. The phase shift corresponds to the phase of the third-order nonlinear response
function. The asymmetric distortion is indicative of signals from second harmonic generation,
which can be resolved in the Fourier transform spectrum of the oscillatory signal in B,
revealing peaks at far and 2 far as shown in FIG. 10C.

[0110] FIG. 11A and 11B show normalized 2D time-time plots of BnL(z, 7) from the AF mode
and F mode, respectively. Amplitudes exceeding +0.8 are saturated in the color map. The
nonlinear signal field BnL is expressed as BNL(T, 1) = Bas(z, 1) — Ba(t, 1) — Bs(f), where Bas is the
signal with both THz pulses present, and Ba and Bs are signals with THz pulse A and B present
individually. Oscillations along the 7 axis reveal the dependence of the nonlinear signal on
particular frequency components of the incident THz fields, and oscillations along the 7 axis
reveal the frequency components in the nonlinear signal field.

[0111] FIGS. 12A and 12B show experimental and simulated AF mode 2D magnitude spectra,
respectively. Third-order spectral peaks include pump-probe (PP), nonrephasing (NR) rephasing
(R), and 2-quantum (2Q) peaks. Second-order peaks include second harmonic generation (SHG)
and THz rectification (TR) peaks.

[0112] FIG. 12C and 12D show experimental and simulated F mode 2D magnitude spectra,
respectively. These spectra show the full set of third-order peaks. All spectra are normalized
and plotted according to the color scale shown.

[0113] 2D Fourier transformation with respect to 7 and 7 yields 2D spectra as functions of
excitation frequency v and detection frequency fas shown in FIGS. 12A and 12C for each
magnon mode. The difference in phase accumulation of the induced magnon coherence during
time periods 7 and 7 allows the 2D spectra to be separated into nonrephasing (NR) and rephasing
(R) quadrants with correspondingly positive and negative excitation frequencies. Along zero
excitation frequency there is a pump probe (PP) spectral peak which results from THz-field-
induced magnon population without phase accumulation.

[0114] The 2D spectrum for each magnon mode shows the complete set of third-order

nonlinear signals. The R (spin echo) peak and NR peak each result from a single field interaction
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during pulse A that creates a first-order magnon coherence. After delay 7, two field interactions
during pulse B generates a magnon population, and then a third-order magnon coherence (either
phase reversed or not relative to the first-order coherence) radiates the nonlinear signal. The 2-
quantum (2Q) peak arises from two field interactions during pulse A that create a 2-quantum
coherence (2QC). After time 7, one field interaction during pulse B induces transitions to a third-
order 1-quantum coherence that radiates the signal. The 2QC reveals correlations between pairs
of zone-center magnons (distinct from zone-boundary magnon correlations revealed in two-
magnon Raman spectra).

[0115] FIGS. 13A — 13G illustrate 2D time-frequency plot of AF magnon mode nonlinear
response. FIG. 13A shows 2D time frequency plot BnL(z, f) generated by a numerical Fourier
transformation along 7 of the 2D time-time plot from the AF magnon mode shown in FIG. 11A.
The AF mode fundamental and second harmonic peaks are modulated as the delay 7 increases.
FIG. 13B shows spectral modulation as a function of 7 at the AF mode frequency f = far. The real
part, imaginary part, and absolute value of the complex spectral peak are plotted. Oscillations
are clearly discernible in the traces, showing a modulation of the spectral amplitude and phase as
a function of 7. FIG. 13C shows Fourier transformation of the complex spectral modulation
along 7 in FIG. 13B yielding the spectrum as a function of v, which is equivalent to taking a
spectral slice along f= far in the 2D spectrum in FIG. 12A. Four peaks are observed in the
spectrum, corresponding to the rephasing (R), nonrephasing (NR), 2-quantum coherence (2Q),
and pump-probe (PP) peaks.

[0116] FIG. 13D shows spectral modulation as a function of 7 along f= far. The real part,
imaginary part, and absolute value of the complex spectral modulation are plotted as functions of
7. FIG. 13E shows Fourier transformation of the complex spectral peak modulation along 7 in
FIG. 13D yielding the spectrum as a function of v, which is equivalent to taking a spectral slice
along 1= 2far, the magnon second harmonic frequency, in the 2D spectrum in FIG. 12A.

[0117] FIG. 13F shows spectral modulation as a function of t at /= 0 THz. The real part,
imaginary part, and absolute value of the complex spectral peak are plotted as functions of 7.
FIG. 13G shows Fourier transformation of the spectral peak modulation along 7 yielding the
spectrum as a function of v, which is equivalent to taking a spectral slice along f= 0 in the 2D

spectrum in FIG. 12A.
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[0118] As the delay 7 between the two THz pulses varies, the amplitudes and phases of the two
peaks are modulated as shown in FIG. 13A, revealing their correlation to the magnon coherence
induced by THz pulse A. Fourier transformation of the frequency-time plot with respect to inter-
pulse delay 7 yields the observed 2D spectrum of the AF mode magnons. It can be seen that the
spectral peak at the AF mode fundamental frequency in FIG. 10C includes all of the R, NR, 2Q),
and PP peaks in the 2D spectrum; the peak at the AF mode second harmonic frequency is the
SHG peak; and the peak at zero frequency is the TR peak.

[0119] In the 2D time-domain traces in FIGS. 11A and 11B, observed signals due to THz pulse
double reflections (from double reflections of the laser pulse in a beam splitter delayed from
each main THz pulse by — 15 ps) were not eliminated by the differential chopping detection
method. But these signals did not have noticeable effects the on observed spectral responses
Fourier transformed from the selected time windows. Double reflections of THz pulses in the
sample (delayed from the main pulse by — 67 ps) reentered the sample and provided additional
field magnon interactions to generate stimulated nonlinear signals which were not eliminated but
were excluded in the selected time windows.

[0120] FIGS. 14A and 14B show double-sided Feynman diagrams illustrating typical
excitation pathways leading to the coherent emission of third-order (a, (i)-(iv)) and second order
(b, (v)-(vi)) nonlinear signals, respectively. Each solid arrow denotes a field interaction that
induces a transition between magnon populations or coherences denoted by diagonal (|0><0|,
|1><1]) or off diagonal (|1 ><0|, |2><0|) density matrix elements respectively. The dashed arrows
represent the measured signal fields. The time interval subscripts denote the number of preceding
field interactions.

[0121] The pump-probe signal is generated by two field interactions during pulse A that create
magnon population and, after delay 7, one interaction with pulse B that generates a third-order
coherence that radiates the signal. These spectral peaks due to three field magnon interactions
are represented concisely by the Feynman pathways shown in the diagrams (i)-(iv) in FIG. 14A.
In addition, second-order spectral peaks due to THz second harmonic generation and THz
rectification are also identified in the AF mode 2D spectrum. The corresponding Feynman
pathways are shown in diagrams (v)-(vi) in FIG. 14B. Second-order nonlinear processes are
ordinarily forbidden in a centrosymmetric crystal, but are observed in YFO. The second-order

nonlinearity originates from the large-angle precession of each sublattice spin as the spin system
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is inherently saturable and the precession of each sublattice spin does not cancel along the
direction of the net magnetization M.

[0122] To gain further insight into the underlying physics we performed simulations based on
the Landau-Lifshitz-Gilbert (LLG) equation. The Hamiltonian is written as

H=]S;"S;+D- (S5 %x8,) — X7 (K S + K,SE) — V(BA(T» t) + BB(t)) DAY (1)
The first term describes the AFM coupling between neighboring spins S1 and Sz with a positive
exchange constant J. The second term derives from the DM interaction with the antisymmetric
exchange parameter D being a vector. The interplay between them results in the canted AFM
ground state. The third term accounts for the crystalline anisotropy. The last term is the Zeeman
interaction between spins and THz magnetic fields.

[0123] From the Hamiltonian, a time-dependent effective magnetic field can be calculated by

Bie = — i% for each sublattice 7= 1, 2 and enters the coupled LLG equation as:
asi _ _v eff , & eff
E_m[sixBi P8 x (S % B, )] )

where the gyromagnetic ratio y =gus/h is negative in our convention and the damping parameter
is chosen as @ = 1.3 x 107 and 5.5 x 10 for the AF and F modes to best match the experimental
results. Numerically solving equation (2) with realistic material parameters as a function of time
variables T and 7 yields the dynamics of the sub lattice spins and hence of the net magnetization.
[0124] Numerically solving the LLG equation can obtain vectorial solutions of the net
magnetization M ~ S1 + S at different THz magnetic field polarizations. The nonlinear temporal
responses of |[M| and My can be extracted to represent the AF and F mode magnons respectively.
2D Fourier transformation yielded the simulated 2D spectra of each magnon shown in FIGS.
12B and 12D, exhibiting excellent agreement with the experimental results and confirming their
magnetic origins. Comparing simulations with and without the DM interaction (i.e. canted AFM
ground state versus AFM ground state) leads to the observation that the second-order responses
of the AF mode were observed only with the DM term, which conforms to the fact that the
second-order nonlinearity resulting from the inherently saturable net magnetization from the
canted AFM order. The second-harmonic and rectification signals are due to large-angle spin
precessions, yet rectification signals have not been observed before.

[0125] FIG. 15A shows time-domain trace of BnL at varying strengths of the excitation THz

magnetic fields. The oscillatory signals in the dashed box are the nonlinear magnon responses.
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FIG. 15B shows Fourier transformation magnitude spectra of the oscillatory signals show in FIG.
15A. Two spectral peaks at the fundamental and second harmonic frequencies of the AF mode
are observed. There is also a weak peak at zero frequency.

[0126] In the characterization, the nonlinear time-domain traces of Bnw at a delay of 7 = 3.7 ps
was measured while varying THz magnetic field strengths to the same extent by attenuating the
input pump laser intensity. The data are shown in FIG. 15A. The nonlinear signal excluding that
at during the arrival of THz pulse B was Fourier transformed to yield the frequency-domain
responses shown in FIG. 15B, where two spectral peaks at the fundamental and second harmonic
frequencies of the AF mode are present. Due to the low signal-to-noise ratio around zero
frequency, the THz rectification peak is not clearly discerned.

[0127] FIG. 16 shows dependence of the amplitudes of spectral peaks as a function of the input
THz magnetic field strength. The peaks at the AF mode fundamental and second harmonic
frequencies are fitted with one fit parameter to cubic and quadratic power dependences
respectively. The scaling relations with respect to the input peak THz magnetic field strength
confirm the orders of the nonlinear signals observed in the experiments. The spectrum near the
peak amplitude of the spectral peaks at fundamental can be integrated with the second harmonic
magnon frequencies and plotted as a function of the input THz magnetic field strength, as shown
in FIG. 16. The integrated spectral amplitude at the fundamental frequency has a cubic
dependence on the input THz magnetic field strength, while that at the second harmonic
frequency shows a quadratic field dependence. The scaling behaviors further confirm that the
spectral peaks observed in the 2D spectra are of third- and second-order respectively.

[0128] It can be instructive to consider the origins of the second-order signals. As shown in
FIG. 8A, the AF mode involves counter-rotating magnetization components S1 and Sz. During
each cycle, both vectors can reach their maxima and minima along the M direction (i.e., ¢
crystallographic axis) at the same times, but their components along the b crystallographic axis
can have opposite signs. The magnitude of each vectors typically does not change as it precesses
about its initial location. Its maximum and minimum values along ¢ axis therefore can lie
equidistant from its initial location along an arc, whose slope is steeper below the initial location
than above it. As seen in FIGS. 17A — 17D below, the magnitude of each vectors therefore
increases its value along c at its maximum by less than it decreases its value along c at its

minimum, relative to its static value. The time-dependence of the c-component is not sinusoidal.
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The same amount of time is spent above and below the initial location during each full cycle, but
the positive and negative amplitudes are not equal. The distorted periodic dependence includes
DC and second harmonic components, which radiate the second harmonic and rectification
signals respectively.

[0129] FIGS. 17A — 17D illustrate temporal evolution of sub-lattice spins in AF magnon mode.
FIG. 17A shows exaggerated precession of sub-lattice spins S1 and Sz on the Poincare sphere.
The two arrows denote Si and Sz precessing around their static orientations indicated by the light
lines. The black arrow denotes the net magnetization M. The dashed ellipses are the trajectory
of S1 and Sz on the sphere surface. Under large angle precession, the excursion along b axis is
considerable, and the actual trajectories are distorted ellipses. The static orientations of spins do
not point to the center of the ellipses. The first bottom figure in FIG. 17A (i.e., FIG(i)) shows the
orientation of the sublattice spins in equilibrium. The second and third bottom figures (i.e., (i1)
and (iii)) show the maximum and minimum excursions of the orientation of the sublattice spins
away from the orientation at equilibrium. FIG. 17C shows the sinusoidal change in the
projection of S1 and S2 along crystal ¢ axis, Sic as a function of time 7 normalized to the
precession period 7. FIG. 17D shows the second harmonic component of the change in Si,c and
a DC offse. FIG. 17B shows temporal evolution of Sic considering precession at the
fundamental frequency (in FIG. 17C) and second harmonic frequency (in FIG. 17D), and a DC
offset ( black shown in FIG. 17D). It shows that S1.c spends more time below the static
orientation and less time above. This distorted evolution of Si.c gives rise to the second harmonic
and rectification signals in M.

[0130] Note that the second harmonic signal is derived from a 2QC, as shown in the Feynman
diagram in FIG. 14B(v). A third incident field can induce a transition down to a1 QC that
radiates a third-order signal. That is the 2Q signal depicted in FIG. 14A(iii). The two diagrams
show the same result after the first two field interactions. They can be viewed as resulting from
interactions between magnon pairs at the Brillouin zone center. As the magnon amplitude
becomes infinitesimally small, the positive and negative amplitudes along ¢ become equal. At
finite amplitudes, the moments of individual magnons interact, giving rise to the observed
nonlinearities.

[0131] Conclusion
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[0132] While various inventive embodiments have been described and illustrated herein, those
of ordinary skill in the art will readily envision a variety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, is included within
the inventive scope of the present disclosure.

[0133] Also, various inventive concepts may be embodied as one or more methods, of which
an example has been provided. The acts performed as part of the method may be ordered in any
suitable way. Accordingly, embodiments may be constructed in which acts are performed in an
order different than illustrated, which may include performing some acts simultaneously, even
though shown as sequential acts in illustrative embodiments.

[0134] All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

[0135] The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”
[0136] The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are

conjunctively present in some cases and disjunctively present in other cases. Multiple elements
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listed with “and/or” should be construed in the same fashion, i.e., “one or more” of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, a reference to “A and/or B”, when used in
conjunction with open-ended language such as “comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally

including other elements); etc.

[0137] As used herein in the specification and in the claims, “or” should be understood to have
the same meaning as “and/or” as defined above. For example, when separating items in a list,
“or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term “or” as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. “one or the other but not both”) when preceded by terms of
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exclusivity, such as “either,” “one of,” “only one of,” or “exactly one of” “Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of

patent law.

[0138] As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows
that elements may optionally be present other than the elements specifically identified within the
list of elements to which the phrase “at least one” refers, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”) can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally

including more than one, B, with no A present (and optionally including elements other than A);
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in yet another embodiment, to at least one, optionally including more than one, A, and at least

one, optionally including more than one, B (and optionally including other elements); etc.

[0139] In the claims, as well as in the specification above, all transitional phrases such as
“comprising,” “including,” “carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases “consisting of” and “consisting essentially of” shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent

Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS

1. An apparatus for nonlinear terahertz (THz) spectroscopy, the apparatus comprising:
a THz radiation source to illuminate a sample with a plurality of THz pulses, the plurality
of THz pulses comprising:
a first copy of a first THz pulse;
a first copy of a second THz pulse; and
a pulse train including a second copy of the first THz pulse and a second copy of
the second THz pulse separated by an inter-pulse delay z, the pulse train inducing an
electron spin resonance (ESR) in the sample;
a detector, in optical communication with the sample, to generate:
a first signal Ba representing a response of the sample to the first copy of the first
THz pulse;
a second signal Bg representing a response of the sample to the first copy of the
second THz pulse; and
a third signal Bas representing a response of the sample to the pulse train; and
a processor, operably coupled to the detector, to estimate a nonlinear ESR response BnL
of the sample to the pulse train based on the first signal Ba, the second signal Bs, and the third

signal Bas.

2. The apparatus of claim 1, wherein the plurality of THz pulses has a wavelength of about

0.1 THz to about 20 THz.
3. The apparatus of claim 1, wherein the inter-pulse delay 7 is about 0 ps to about 100 ps.
4. The apparatus of claim 1, wherein the THz radiation source comprises:

a laser to emit a plurality of optical pulses; and

a nonlinear crystal, in optical communication with the laser, to generate the plurality of

THz pulses by optically rectifying the plurality of optical pulses.

5. The apparatus of claim 4, wherein the THz radiation source further comprises:
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at least one delay stage, in optical communication with the laser, to delay a first optical
pulse in the plurality of optical pulses with respect to a second optical pulse in the plurality of

optical pulses so as to generate the inter-pulse delay .

6. The apparatus of claim 4, wherein the nonlinear crystal comprises LiNbO3.

7. The apparatus of claim 1, wherein the detector comprises:

an electro-optic crystal to receive the plurality of THz pulses, the plurality of THz pulses
generating a time-dependent birefringence in the electro-optical crystal; and

an optical detector, in optical communication with the electro-optical crystal, to detect a
plurality of optical probe pulses transmitted through the electro-optical crystal, the plurality of

optical probe pulses having polarizations that vary in response to the time-dependent

birefringence.
8. The apparatus of claim 7, wherein the electro-optical crystal comprises a GaP crystal.
0. The apparatus of claim 1, wherein the processor is configured to estimate at least one of a

zero-field splitting (ZFS) or a spin-spin interaction strength of the sample based on the nonlinear

ESR signal BnL.

10.  The apparatus of claim 9, wherein the processor is configured to estimate the at least one
of the ZFS or the spin-spin interaction length of the sample based on the nonlinear ESR signal

BnL.

11.  The apparatus of claim 1, wherein the THz radiation source is configured to change the
inter-pulse delay 7 so as to generate a two dimensional (2D) nonlinear ESR signal BNL(Z, 1),
where 7 is time, and wherein the processor is configured to perform a two-dimensional (2D)
Fourier transform of the 2D nonlinear ESR signal BnL(#, 7) with respect to the time 7 and the

inter-pulse delay 7.

12. A method of nonlinear terahertz (THz) spectroscopy, the method comprising:
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illuminating a sample with a first copy of the first THz pulse;

generating a first signal Ba representing a response of the sample to the first copy of the
first THz pulse;

illuminating the sample with a first copy of a second THz pulse;

generating a second signal Bg representing a response of the sample to the first copy of
the second THz pulse;

illuminating the sample with a pulse train including the a second copy of the first THz
pulse and a second copy of the second THz pulse, separated by an inter-pulse delay t, the pulse
train inducing an electron spin resonance (ESR) in the sample;

generating a third signal Bas representing a response of the sample to the pulse train; and

estimating a nonlinear ESR signal By based on the first signal Ba, the second signal Bs,

and the third signal Bas.

13. The method of claim 12, wherein illuminating the sample with the first copy of the first
THz pulse comprises transmitting the first copy of the first THz pulse at a wavelength of about

0.1 THz to about 10 THz.
14. The method of claim 12, wherein illuminating the sample with the pulse train comprises
transmitting the second copy of the second THz pulse about O ps to about 100 ps after

transmitting the second copy of the first THz pulse.

15. The method of claim 12, wherein illuminating the sample with the first copy of the first

THz pulse comprises illuminating at least one of a transition metal ion or a rare earth ion.

16. The method of claim 12, wherein illuminating the sample with the first copy of the first

THz pulse comprises illuminating glycated hemoglobin.

17. The method of claim 12, further comprising generating the first copy of the first THz

pulse by transmitting an optical pulse through a nonlinear crystal via optical rectification.
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18.  The method of claim 17, wherein transmitting the optical pulse comprises transmitting

the optical pulse through a LiNbOs crystal.

19. The method of claim 12, wherein generating the first signal comprises:

transmitting the first THz pulse through an electro-optical crystal to generate a time-
dependent birefringence in the electro-optical crystal; and

detecting an optical probe pulse transmitted through the electro-optical crystal so as to

generate the first signal Ba.

20. The method of claim 12, further comprising:
estimating at least one of a zero-field splitting (ZFS) or a spin-spin interaction strength of

the sample based on the nonlinear ESR signal Bnr.

21.  The method of claim 20, wherein estimating the at least one of the ZFS or the spin-spin
interaction length of the sample comprises performing a Fourier transform of the nonlinear ESR

signal BnL.

22. The method of claim 12, further comprising:

changing the inter-pulse delay 7 so as to generate a two-dimensional (2D) nonlinear ESR
signal BNL(7, 7), where 7 is time; and

performing a two-dimensional (2D) Fourier transform of the 2D nonlinear ESR signal

BnL(7, 7) with respect to the time 7 and the inter-pulse delay 7.

23. A system for nonlinear terahertz (THz) spectroscopy, the system comprising:
a THz radiation source illuminate a sample with a plurality of THz pulses, the plurality of
THz pulses comprising a plurality of THz pulse groups and an ith THz pulse group in the
plurality of THz pulse groups comprising:
a first copy of a first THz pulse;

a first copy of a second THz pulse; and
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a pulse train including a second copy of the first THz pulse and a second copy of
the second THz pulse separated by an inter-pulse delay 7, where 7 is a positive integer,
the pulse train inducing an electron spin resonance (ESR) in the sample;

a detector in optical communication with the sample, for the ith THz pulse group in the

plurality of THz pulse groups, the detector generating:

a first signal Ba(?, ;) representing a response of the sample to the first copy of the
first THz pulse;

a second signal Bgs(?, 7)) representing a response of the sample to the first copy of
the second THz pulse; and

a third signal Bas(?, 7:) representing a response of the sample to the pulse train;
and
a processor, operably coupled to the detector, to estimate a nonlinear ESR signal Bnw for
the ith THz pulse group based on the firs signal Ba(z, 7:), the second signal Bg(z, 7)), and the third
signal Bas(?, 7:), the processor further performing a 2D Fourier transform to the nonlinear ESR
signal BNL(?, 7i) with respect to the time 7 and the inter-pulse delay 7 so as to estimate at least one

of a ZFS or a spin-spin interaction length of the sample.

37



1721

PCT/US2017/033613

WO 2017/201450

Z

{aps b b Aovamnibsen g

Ll

Wl ZHL Ewu_acw\

et 071 01T

/i 001

seindwiony \

oy



2121

WO 2017/201450 PCT/US2017/033613

1 3
RN ARERNR S -”.\\\.‘\\\\\\\\\}‘\\\\‘\\\\\
e R 3 FRIGRRRRRAN 2
RSN ?\3\\“’\’\&:\8\\\\\\\\\, e >
NSRS 3 S i
&
&

Choppes 4
2223



PCT/US2017/033613

3/21

Sicanny m@% i u\\\\e g @ m%ﬁmmmqmwwm wmwmammww

-

2H 062 g Jaddoys |

w,
¢
L

s

SRS,

%
7
7
&3
g

RRENNNRRNNAIN

v EWOGE Y seddou

© 7% 1 aebBuy sese

*20000000008b0 . wr | win: ORSI00L amm s

RV
B a2

WO 2017/201450




4121

PCT/US2017/033613

WO 2017/201450

O.F
S

i
seeseessnseesses

S 2=8

an{zFE + LTZ




WO 2017/201450

CoBr,(PPh,),, 2 K

(c)

CoCL(PPh,),. 6 K

(b)

(a)

5/21

SR

(o}

o~

o=

NN

Fraquency (THz)

Frequency (THz)

PCT/US2017/033613




WO 2017/201450

6/21

EINERRR
AR

CoBe(PPh,), 2 K

e

B SO . SR, .
e e —

X - > RS SR

- 08

.
%
2

08
Fraguency (THz)

05
Fraquency {THz)

04

a
Sz
»
©
Py .
L] N
ﬁ .
N
M &\\‘,‘
LQJ \\»\\\}‘\:
O \i\
ST
\\\
.\‘»\-t\
N
- W N
o <

(a}

{n g} sousqIOsqy

-2
02

PCT/US2017/033613



7121

PCT/US2017/033613

WO 2017/201450

refractive index

( f%mw Aouenbai

mam_‘
g'0-
03
Z'L-
a5
YR

% [ B R g
& ) o oo o B B v s o i o R aaauﬁﬂnu&ssaag%
% ;
| i o
% E
w m.&., \\\ \\\ ’ \\\
P, ” v
“\ Ry ", 77
W , N
7z B R 7 Py A g, e e g g i s ke e T
\\\.w\\\ g W Iy A

IEY

mh uh @ & AL LLI A EIAIAS A
&

ey

3 T
i =
&y

001
(%1

o o o
& B o
S N~

0z

0Jia4

SIEY

(,.wo) siya0o uoydiosqe



WO 2017/201450

8/21

PCT/US2017/033613

SRR s
TR RRRRRT R

S ;

AN ~

SN M‘@ \\’w\u\\\\\\\\\\\\'\"a
PR X

)

£ RTINS

2 o

VR

ZYRIR
Gty

3
%
b3
K
+
3
R
N
N
)
3
N
{
\.
b3
¥
3
3
X
X
S

%
%

&l
R
AN
AR

s

Rk
B R “
TR

S

s s s sy S,

Honlinear

G e Ry it

B

%,

‘ ‘v-yf«r.-,,,,,f,,g”‘ 5
137

S
,"’t‘z

&
e

/
P

emnare e et s b

o




9/21
WO 2017/201450 PCT/US2017/033613

T 7
TR e




10/21

PCT/US2017/033613

WO 2017/201450

O A Ui 8pIo

opeuliew

i

§\




WO 2017/201450

11721

Gesarai
G,

{e) apnidue pay wubs

Time (ps)

PCT/US2017/033613

08

RN -
> PN I i

04
Frequency (THz)

02

I i

SR~ T~ T - T .
3 % =2 ﬁg 4

{'re) sprymaliew |4




12/21

PCT/US2017/033613

WO 2017/201450

Glussh by

BBILIDR

PRSI

B ZH L
Jhapa

UDRENaNe PP 4

Spie 4L
wapEay

SO 0L
UBReRIRS BPO Y



13/21

WO 2017/201450 PCT/US2017/033613

R e

SO et

e

R

X
»

5

7,

v AF oAbty S

A
,
7% ws

SR
TR B

i1

>

Spwimrnerist

S

LR

£, = 0,827 THz

7




14/21
WO 2017/201450 PCT/US2017/033613

e § (pah

;

%

el delect

§

yanal

15 20 25 30 35 45 45 % A5
B o

W

Signal field delection tme | (ps)

° (sd) 3 fejap eirdhsa



15/21

PCT/US2017/033613

WO 2017/201450

act "‘bid

Ereay b g Anmn Sy ATy
%5 2y ¥ ZB 5
e et

£,

LRSS § Rt Ry
YOy W6 %0 7

\VN\-E““\,,M“ S

e

[
5
i
it
Z
:
ar
:
L S

i £

¢l "Dl

Rl - SuRleglesinseg

AT "DId

s

s v o o e e,

Aty i
Yu @

e )

Vet "Did

ek e T

)
et

S ‘X
THEE s Ansndag v

+

§
RER




16/21

PCT/US2017/033613

WO 2017/201450

{ZH1)  fouenbay uonoele(y
g0 90 y0

(sd) 1 Aejep esinc-11y;



WO 2017/201450

FIG. 13C

17721

FiG. 13

PCT/US2017/033613

FIG. 13G

PR

bR

%
%

SHG

E;m!aﬁm frequency » (THz}

,Jw‘:

i
3
,%é,;,% s

y

-"1}2&4@;52'-4@;@ o 04 0B 12

@ sx'} s.@ =F N
i W gl a;smudw T

“42-0B-04 ¢ 08 (B

&

R

o6 0 oa 08 12

Escitation frequency v [THzy

Exeitation frequency v {THz;

P

WA B ) g

{ wE) &a:nm:&w iﬁ

10 15 20 25 B 35

<_ =

Dstay v {ps)

s P o P s A

"5 10 15 20 25 30 35

{re) epm&sdw amzs?%ds
ki~ g

Dalay « [ps)

3
F
§ne

L

S

DPPPRY IPIR

5 10 75 20 25 30 35

Dalay 7 {pa)

&
ey

i wmmimv smmds



18/21

PCT/US2017/033613

WO 2017/201450

nd

o3

s

i

0 oo
=i 10 ) |01
= [0 ONR [0 2
P 5 ﬁmafﬁ g D "%,
ML OHS
() {ut
o ol ssss‘@. 0
Qﬁmg @m_@mi 0 1
S L I LR
a0 1] = Jou
s o ,,.“9 we ﬂw 0 &
ad ng
firy 0
a0 oo
= [ o0 b
oh b W kb
710 L] =y |0 )
S0 Oft |0 Oy
“ g ¥H ﬁu

g1 "Oid

VoI "Did



19/21

PCT/US2017/033613

WO 2017/201450

7
}
4
5
7
A
A

BRSNS SN

PRy A TR VTR e R

(I Mannag

ey

fadpousy

e W

B S L o e e e
7o

#n

0

=

I

,m‘ww.\s
............ 1 8

$
3

g

e ey

&Y

LRanoias

CrERE s

{

1 |

i B siosinenemiomersiiioene BN EY B



20/21

PCT/US2017/033613

WO 2017/201450

g0

(uuou) Wyhuoys pley spsubew yeag

ki

Z0

90 S0 Y0 €0 ZO LD

Z9€9'¢ = Auonouny id
SE T w A ORI, i

1 opieny

AN |
Aousnbey) oluowsey puoaDs apoll Jy O

Aousnbay jejuswepury epouwi gy

o i i i

{'rre) epnygdiue |4



21121

WO 2017/201450

PCT/US2017/033613

ILT D4

841 °Did

.
S

i i
/ 1.
{ 110
i i
p
,
i /
i / ‘ .
e f ;o 3 {3
i i i 0~ &
i ; } } :
/ | ; § P o
H H % 4 o
- i v ] ) m_._
H } / 3 ? -
i / Lo Yo =
4 k) I % “
| ;v s
.\ W
kS " n\ Ni!
7
L)
\ | L
i
/ %
I
f .
;o g
] |
*,

-




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2017/033613

A.

CLASSIFICATION OF SUBJECT MATTER

IPC(8) - GO1J 3/28; GO1R 33/381; GO1V 3/00; GO1V 3/18 (2017.01)

CcPC -

G01J 3/02; G01J 3/28; GO1R 33/46; GO1R 33/4608; GO1R 33/4633 (2017.02)

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

USPC - 324/307; 324/308; 324/309; 324/316; 324/317; 324/321; 356/326 (keyword delimited)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the reélevant passages Relevant to claim No.
A US 2009/0225313 A1 (UMETSU) 10 September 2009 (10.09.2009) entire document 1-23
A US 2013/0154611 A1 (PATE et al) 20 June 2013 (20.06.2013) entire document 1-23
A US 2009/0206263 A1 (RAHMAN) 20 August 2009 (20.08.2009) entire document 1-23
A US 2009/0066948 A1 (KARPOWICZ et al) 12 March 2009 (12.03.2009) entire document 1-23
A US 4,626,783 A (OHUCHI) 02 December 1986 (02.12.1986) entire document 1-23

I:I Further documents are listed in the continuation of Box C.

|:] See patent family annex.

»

“A”
“g”

“Ln

“Q”

wpn

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later than
the priority date claimed

s

ey

wyn

«g»

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

17 July 2017

Date of mailing of the international search report

1 0AUYG 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer

Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - wo-search-report

