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NMR spectroscopy measures the absorption of electromag-
netic radiation at radio frequencies. It’s increasingly being used 
in the biological and medical sciences because of its extraordi-
nary ability to determine the structure and behavior of proteins 
and other exceptionally complex molecules. NMR spectros-
copy uses a very diff erent approach that’s based on forming 
coherences.1 A coherence is a quantum mechanical superposi-
tion state that consists simultaneously of two states, just like 
Erwin Schrödinger’s famous cat. Although it may seem strange, 
such a situation is possible in quantum mechanics, where 
things are described by waves and those waves can oscillate 
coherently at multiple frequencies with well- defi ned phases.

For proteins and other complex molecules containing 
 carbon-13 and  hydrogen-1 atoms, it has become common to 
use multiple-quantum- coherence (MQC) NMR spectroscopy 
to determine their three- dimensional molecular structure. The 
strong magnetic fi eld used in NMR preferentially orients the 
nuclear spin states of 1H, 13C, and other atoms. Microwave 
pulses are then used to create quantum mechanical super-
position states that are mixtures of the up and down spins of 
the 1H and 13C and that oscillate at the frequencies of both nu-
clear spins. The result is a Floquet state—a periodically driven 
nonequilibrium state in which the oscillations of the up– down 
spins have well- defi ned phase relationships that are main-
tained indefi nitely by the microwave driving fi eld.2 When the 
driving fi eld is turned off , the Floquet state still remains coher-
ent for a long time (about 0.1–1 seconds) until interactions with 
the thermal environment eventually force it back to equilib-
rium. The loss of the coherent phase oscillations is exponential 
in time and is characterized by a dephasing time.

Before dephasing occurs, however, MQC NMR spectroscopy 
manipulates the Floquet state by introducing additional pulses, 
and a Fourier transform (FT) converts the time between pulses 

to the frequencies in a multidimensional 
spectrum. The pulses are designed to ma-
nipulate dipole– dipole interactions be-
tween the magnetic moments of the 1H 
and 13C nuclear spin states. For example, 
since the energy of a 1H atom depends 
on whether its neighboring 13C atom’s 

spin is up or down, it becomes possible for an additional pulse 
to fl ip the spin alignment of the 13C and change the frequency 
and phase of the 1H spin. As a result, MQC NMR spectroscopy 
is now a large family of techniques that uses diff erent pulse 
orderings to engineer the Floquet state and embed the phase 
information of the 13C oscillations on the 1H oscillations.

Photon echoes
Ever since the invention of the laser, researchers have envi-
sioned using a laser’s coherence to enable optical analogues of 
NMR and expand coherent methods to all quantum states.2 
Now that laser systems cover the entire electromagnetic spec-
trum, that vision is being realized. The fi rst such eff ort, similar 
to NMR’s spin echo, was photon echo.3 In that technique, three 
optical pulses sequentially created a coherence between two 
electronic states, a static population in the excited states, and 
the conjugate, oppositely evolving coherence that generated 
the output signal. Since its discovery, photon echo has been 
widely used for measuring the ultrafast dynamics of excited 
populations in chemical systems. It is particularly important 
for inhomogeneous samples in which diff erent environments 
create a broadened distribution of quantum- state frequencies. 
Photon echo removes the frequency broadening in inhomoge-
neous samples because the conjugate coherence reverses the 
phase drift caused by diff erent environments, which brings the 
signal components into phase with one another.

Since NMR spins oscillate at high frequencies, an additional 
microwave pulse— called the local oscillator—is used to create 
a measurable beat between itself and the output signal. The 
phase oscillations are converted to frequencies using a Fourier 
transform. In 1998 David Jonas and coworkers added a fourth 
light pulse to a photon- echo experiment to create a beat with 
the photon- echo signal; the beat could be used to measure the 
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very element and molecule absorbs or emits light in a unique 
paĴ ern or spectrum. That makes spectroscopy one of the 
most widely used and eff ective methods for studying mat-
ter. Raman and IR absorption spectroscopies, for example, 
are used to identify specifi c molecules and reveal their struc-

tural information. Visible, UV, and fl uorescence spectroscopies work 
similarly and can sometimes even measure single molecules.

John C. Wright and Peter C. Chen

 10 August 2023 15:35:25



34  PHYSICS TODAY | JUNE 2023

OPTICAL ANALOGUES OF NMR 

fi rst and last coherences’ phase oscillations.4 That optical ana-
logue of 2D FT-NMR spectroscopy can resolve the underlying 
spectral features of inhomogeneous materials and is used ex-
tensively in physical chemistry to study the ultrafast dynamics 
of vibrational and electronic quantum states. (For more on 2D 
spectroscopy, see the article by Steven Cundiff  and Shaul Mu-
kamel, PѕѦѠіѐѠ TќёюѦ, July 2013, page 44.)

But the FT time- domain approach has its limitations. De-
phasing times in optical spectroscopy are many orders of mag-
nitude shorter than those for NMR: picoseconds for vibrational 
states and femtoseconds for electronic states. That’s too short 
to create multiple quantum coherences that can be engineered 
the same way as MQC NMR. Time- domain methods are, there-
fore, constrained to creating sequential single quantum coher-
ences over narrow frequency ranges.

Frequency- domain spectroscopy
An alternative approach that avoids those constraints is 
frequency- domain spectroscopy. Indeed, NMR spectroscopy 
was primarily a frequency- domain technique from 1945 until 
the 1970s, when laboratory computers became available. 
Frequency- domain multidimensional spectroscopy uses exci-
tation pulses with diff erent frequencies to create resonances 
with rotational, vibrational, and electronic states. The Floquet 
states that result from those resonances remain coherent for the 
duration of the pulses.

The approach was guided by work from 1965, which formed 
the foundations for nonlinear and coherent Raman spectrosco-
pies.5 The methods were initially constrained to single Raman 
resonances because of the limited availability and wavelength 
range of tunable lasers.6 When tunable dye lasers became more 
readily available in the mid 1980s, one of us (Wright) built a 
system with three nanosecond, tunable dye lasers to create fully 
coherent Floquet states containing electronic, vibrational, and 
vibronic (combined electronic and vibrational transitions) coher-
ences in pentacene molecules.7 When tunable optical parametric- 
amplifi er systems became readily available, the method was 
expanded to include multiple IR and UV excitation pulses.8

Figure 1 sketches several diff erent Floquet- state spectroscopy 
techniques. A set of three temporally overlapped and tunable 
excitation pulses are focused into a sample at controlled angles 
where they establish resonances with diff erent states in the sam-
ple. The pulses are intense, so a state’s excitation rate becomes 
comparable to its dephasing rate. If multiple states are coupled, 
their interactions with each other create nonlinearities that 
distort the oscillations induced by the electromagnetic fi elds.

The dipole moments of the Floquet state launch multiple 
output beams with frequencies ωout = ∑±ωi defi ned by energy 
conservation and directions kout = ∑±ki defi ned by momentum 
conservation, where ωi and ki are the angular frequency and 
wavevector of pulse i, respectively. New output beams are 
produced because the phase oscillations of molecules emit 
light throughout the sample that constructively interferes in 
specifi c directions, so the beams can be more intense than in-
coherently emiĴ ed light. Spectra are recorded by scanning the 
excitation frequencies across resonances while monitoring the 
intensity of a particular output beam with a monochromator 
and detector. The resonance enhancements are multiplicative, 
so the intensity increases by orders of magnitude when the 
transitions are fully resonant.

Using the fully coherent, frequency- domain Floquet state 
for multidimensional spectroscopy off ers many key advan-
tages. First, having three independently controllable input 
pulses to generate a fourth output pulse can entangle states 
across the entire electromagnetic spectrum to form a Floquet 
state. For example, one beam can probe the mid- IR region, one 
can probe the near- IR region, and the other two can be used for 
the visible and UV regions.9 Second, the experimental system 
is less rigid than FT methods because the coherent phases in a 
Floquet state are established entirely within each pulse set and 
are less susceptible to interference from competing eff ects. 
Third, a Floquet state creates an instantaneous snapshot of the 
coupled coherent states that avoids the complications created 
by changing state populations. Because dynamic eff ects change 
and collapse the Floquet state, they do not contribute to the 
output signal. Dynamics can, however, still be measured by a 
pump-probe pathway similar to that shown in fi gure 1f.

The fourth advantage is that the numerous ways to mix and 
scan the three input beam frequencies provide researchers with 
multiple methods that can be tailored to the needs and goals 
of an experiment. Fifth, the quantization of molecular states 
and the coupling between them creates paĴ erns that link the 
features in multidimensional spectra, and that quantization 
clarifi es the relationships between states. Sixth, the only fea-
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FIGURE 1. FLOQUET STATES are created in molecules when 
three tunable excitation pulses entangle the ground state (g) with 
vibrational (v), electronic (e), and vibronic (e + v’) states. A Floquet 
state emits beams at new frequencies and directions. Selecting one 
of the output beams and measuring its resonant enhancements as 
a function of input frequencies, researchers can collect  three- 
dimensional spectral information of the targeted molecule. 
( a– f) The energy level diagrams show the various ways of accessing 
 ground- state and  electronic- state resonances, and each provides 
unique capabilities. The time in which interactions occur relative to 
one another is ordered from left to right in the diagrams. Solid 
arrows defi ne the paths that create the initial states of the output 
transition ωout, and dashed arrows, the fi nal states.
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tures that appear in multidimensional spectra are those that 
are coupled, which allows researchers to eliminate uninterest-
ing features in congested spectra. Finally, the technique can 
easily create higher- dimensional spectra, which can beĴ er 
characterize complex samples.

Both MQC NMR and frequency- domain Floquet- state spec-
troscopy consist of a family of versatile techniques. The six 
diagrams in fi gure 1 show diff erent ways to create a molecular 
Floquet state. For coherent anti- Stokes Raman spectroscopy 
(CARS), shown in fi gure 1a, most experiments use a single 
fi xed- frequency laser for both the fi rst (green arrow) and third 
(blue arrow) pulse while a tunable pulse (red arrow) probes a 
Raman- active vibration (v). As a result, the frequencies are 
usually not resonant with the two top participating levels (e 
and e+v’). Making all the pulses independently tunable creates 
fully resonant 3D CARS, which can probe vibronic and vibra-
tional states.

To resolve features existing beneath the broadened spectral 
bands found in inhomogeneous samples, it is important to use 
photon- echo methods and other similar approaches that have 
conjugate coherences. Although fully resonant CARS provides 
the high selectivity required for congested spectra, it lacks con-

jugate coherences. But the dashed arrows in fi gure 1b, which 
depicts multiply enhanced nonparametric spectroscopy (MENS), 
create coherences that are conjugate to those of the last two 
interactions (blue and orange arrows), so that method can be 
used in samples with inhomogeneous broadening.9

Gas phase
Gas- phase spectroscopy can probe the detailed structure and 
behavior of molecules and is useful for various applications such 
as the satellite monitoring of greenhouse gases and the search for 
possible life on exoplanets. Gaseous molecules have huge num-
bers of energy levels because of many diff erent possible combi-
nations of quantized rotational, vibrational, and electronic mo-
tions. The resulting spectra are congested by thousands or even 
millions of overlapping peaks and often lack any recognizable 
paĴ erns that researchers need in order to assign those peaks. That 
problem can be addressed by creating Floquet states in gases in 
the same way that 2D MQC NMR does for large biomolecules.

One reason that Floquet- state spectroscopy is useful for 
exploring relationships among rotational, vibrational, and 
electronic states is that diff erent kinds of motions produce dis-
tinct paĴ erns in multidimensional frequency- domain spectra.10 
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FIGURE 2. IODINE VAPOR has many broad spectral peaks. (a) In a  one- dimensional spectrum,  rotational– vibrational peaks are unresolvable. 
(b) In contrast, a 2D spectrum created using  Floquet- state spectroscopy from two heavily congested regions (550–564 nm and 570–576 nm) 
shows 2D parabolic patterns of peaks. Each of the peaks is represented by a dot, and they are arranged by rotational and vibrational 
quantum number. The rows of parabolas resolve the v’ quantum numbers for each v” ground-state vibration. To the right of the fi gure, the 
black arrows indicate a Raman transition, and the blue and yellow arrows represent excited electronic-state transitions. (c) For peaks that 
are still not fully resolved, a 3D spectrum that includes at least one axis from the 2D spectrum can be generated. This 3D  slice— created 
using an input wavelength of 561.902 nm and two other input laser  wavelengths— shows triangular patterns (green) that clearly resolve 
all I2 peaks. The black and green arrows to the right of the fi gure indicate a resonance Raman transition. Colors correlate to specifi c spectral 
peaks (circles), scanned regions along the x and y axes, wavelengths (lines), and transitions (arrows) across the 1D, 2D, and 3D spectra.

 10 August 2023 15:35:25



36  PHYSICS TODAY | JUNE 2023

OPTICAL ANALOGUES OF NMR 

Rotational paĴ erns, for example, have easily recognizable 
shapes—collections of rectangles, trapezoids, and triangles that 
form X’s, asterisks, and other shapes—whereas vibration paĴ erns 
show how the rotational paĴ erns align in multidimensional space 
to form grids composed of columns, rows, and diagonal lines. 
The detailed shape of the paĴ erns depends on quantization, tech-
nique, selection rules, molecular shape, and molecular behavior.

The peaks in the rotational and vibrational paĴ erns are auto-
matically sorted by a molecule’s rotational and vibrational quan-
tum numbers. Assigning peaks by quantum number is neces-
sary for researchers to develop accurate molecular models and 
use spectroscopy to measure molecular temperature. Further-
more, if the sample is a mixture of molecules, the spectral peaks 
can also be sorted by species because all the peaks that make 
up a given paĴ ern will come from the same species. Floquet- 
state spectroscopy can also explore the coupling between peaks 
in diff erent regions of the electromagnetic spectrum, even if the 
1D spectra of those regions appear heavily congested and lack 
paĴ erns. The resulting multidimensional paĴ erns can then be 
used with liĴ le or no prior knowledge to extract immediate 
information on molecular structure, molecular behavior, and 
the relationship between peaks in those regions. 

Figure 2 shows the 1D absorption spectrum of a simple 
model system of iodine vapor, where overlapping peaks cause 
a loss of detectable paĴ erns even when recorded at higher 
spectral resolution. Each broad peak consists of a high density 
of fi ne unresolved rotational– vibrational peaks, which are pro-
duced by transitions from v” =  0, 1, or 2 of the ground electronic 
state to the many v’ vibrational states of the excited electronic 
state. (Here, v denotes the quantized amplitude of a vibrational 
mode.) As v’ increases, the wavelength decreases, and peaks 
grow closer together until v’ becomes so large that the molecule 
dissociates. Transitions from v” =  0 dominate at shorter wave-
lengths, whereas transitions from v” =  2 dominate at longer 
wavelengths. From 550 to 570 nm, for example, the peaks from 
v” =  1 gradually become more intense than the peaks from v” =  
0. Within each broad peak, however, numerous rovibrational 
peaks from multiple v” and v’ states overlap.

A 2D Floquet spectrum of iodine vapor was recorded by 

scanning one input pulse over a 
wavelength range of 570–576 nm 
and the detection wavelength over 
550–594 nm. The spectrum shows 
rotational– vibrational peaks that are 
distributed into parabolic paĴ erns, 
which are automatically grouped by 
their ground state’s rotational quan-
tum number J”. The smallest J” val-
ues appear near the vertex of a pa-
rabola, and J” increases toward the 
parabola’s tail.

If needed, the resolution can be 
improved by several orders of mag-
nitude by using a fully resonant pro-
cess to record a 3D spectrum, which 
shows peaks as a function of three 
orthogonal wavelength or frequency 
axes. In fact, the density of peaks is 
so low in 3D space that fi nding them 
can be diffi  cult. An easy solution is 

to use one of the wavelength coordinates from a peak in the 
molecule’s 2D spectrum as one of the three wavelengths in the 
3D spectrum. Scanning the wavelengths for the two other axes 
creates a slice through the 3D data that includes that selected 
peak as well as two additional related peaks with similar quan-
tum numbers, all of which together form triangles and other 
easily recognizable paĴ erns. Once one triangle is located, ad-
ditional ones on parallel planes become relatively easy to fi nd 
and can be used to calculate rotational quantum numbers and 
molecular constants.

Molecular systems more complex than iodine vapor also 
benefi t from the use of conventional 1D spectra to design 2D 
and 3D Floquet experiments. Larger molecules, and systems in 
which perturbations hamper the ability to apply traditional 
molecular models, would benefi t from improved spectral res-
olution, easy paĴ ern recognition, and automatic peak sorting. 
Using multidimensional paĴ erns is especially robust because 
of the high level of redundancy.  

Condensed phases
The bonding that links molecules together is at the heart of 
understanding the properties and mechanisms of materials in 
almost all areas of science and technology. Floquet- state spec-
troscopy has the capability to directly probe bonding inter-
actions. Vibrational spectra serve as fi ngerprints of specifi c 
molecules because the many vibrational modes create sharp 
spectral features sensitive to their structure. If two molecules 
are connected by a bond, for example, the 2D spectrum will 
contain cross peaks that depend on the shared bond. Those 
cross peaks provide direct access to the bonding interactions 
and can guide the development of new materials and materials 
properties.

One example of such a capability is the binding of drugs to 
proteins.11 Figure 3 shows the 2D vibrational spectrum of a 
complex formed by bonding a cancer drug to a target protein. 
It contains about 200 features that would be unresolvable with 
a 1D spectrum. The six yellow circles show the features that ap-
pear only when the drug is aĴ ached to the protein. Experimen-
tally, the spectrum was obtained by scanning the frequencies 
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FIGURE 3.  DRUG– PROTEIN INTERACTIONS 
that were previously unseen (circles) can be 
resolved with  two- dimensional  Floquet- state 
spectroscopy. This 2D spectrum of a  protein– 
drug complex was recorded using the 
transitions in fi gure 1d. The color bar is the 
normalized logarithm of the output intensity. 
The orange lines mark the frequency of 
fundamental vibrations ( x- axis) and run through 
combination- band frequencies (y- axis) 
containing those fundamentals. The white line 
runs through fundamental vibrations and their 
overtones. The other peaks along the orange 
lines are a result of combination bands that are 
coupled to the fundamental. The magenta line 
simultaneously intersects the white and orange 
lines at the 3144 cm−1 overtone of the amide 
(NH2) fundamental mode at 1572 cm−1. Other 
features along that magenta line correspond 
to the combination bands that are coupled to 
that fundamental. (Adapted from ref. 11.)
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of the red (x-axis) and green (y- axis) excitation pulses shown 
in fi gure 1d across the vibrational resonances of the complex.

The lines in fi gure 3 identify paĴ erns that relate the six new 
features to the vibrations associated with structural changes to 
the protein caused by the drug. The combination band’s cross 
peak marked by the yellow circle at (1660 cm−1, 3240 cm−1), for 
example, shows that the 3240 cm−1 amine (NH2) stretch mode 
of the drug is coupled to the 1660 cm−1 stretch mode of a protein 
carbon–oxygen double bond. That coupling is a signature of 
the hydrogen bonding of the drug to the protein.

Another combination cross peak, at (1400 cm−1, 2980 cm−1), 
corresponds to a coherence that involves the NH2 group with 
another mode on the drug and appears only when the drug is 
aĴ ached to the protein. Similar combination bands and over-
tones caused by other drug– protein interactions can be found 
along the left vertical orange line. The ability to discover 
protein– drug binding interactions off ers researchers a new tool 
to gather atomic- level structural information to support more 
intelligent drug design.11

Chemical reaction mechanisms
Among the many laser applications that its pioneers envi-
sioned is the coherent control of chemical reactions.2 The peak 
intensities of focused lasers are high enough to soften and even 
break bonds. When ultrafast lasers became popular in the 1980s, 
so did researchers’ interest in coherently controlling reactions. 
Experiments aimed to optimize reactions focused largely on 
shaping ultrafast laser pulses by measuring the reaction prod-
uct as a function of the pulse shape and controlling the shape 
with genetic learning algorithms.12

A diff erent and more productive approach is to identify 
how chemical reactions occur by exciting the vibrational modes 

that control them. Bending, twisting, and stretch-
ing an object will eventually break it, and chem-
ical reactions work the same way. Many vibra-
tional motions are instigated by a chemical 
species’ thermal and chaotic environment, but 
only a few are strong enough to break molec-
ular bonds. Floquet- state spectroscopy can 
discover those modes and provide the mecha-
nistic insights to guide chemists in intelligently 
discovering new reactions. The many over-
tone transitions shown in fi gure 2 are the sim-
plest example of a reaction mechanism. The I2 
molecule dissociates when the amplitude of 
the I–I stretch mode is suffi  ciently large. The 
energy diff erence between the overtone vibra-
tional modes declines at higher overtones, and 
when it reaches zero, the bond breaks.

For more complicated reactions, the Flo-
quet methods shown in fi gures 1c–1f can re-
place the thermal environment with coherent 
excitations, which create mixtures of the vibra-
tional overtones, combination bands, and elec-
tronic states that are responsible for bonding. 
The multidimensional cross peaks identify the 
states that are coupled and cause reactions. 
One of us (Wright) used a rhodium dicarbonyl 
chelate to demonstrate how Floquet- state spec-
troscopy can identify how chemical reactions 

occur.13 The rhodium dicarbonyl has symmetric and asymmet-
ric C≡O modes at 2015 cm−1 and 2082 cm−1, respectively. The 
C≡O groups can disassociate and make carbon monoxide.

Figure 4 shows the 2D IR spectrum of the C≡O modes when 
the IR frequencies are changed. At low intensities, the spectrum 
has just two peaks, circled in white. At higher pulse intensities, 
the spectrum becomes exceptionally complex because each 
pulse can create multiple transitions and form the more ener-
getic overtones and combination bands that break bonds. The 
red circled feature in fi gure 4, for example, was excited by three 
simultaneous interactions with ω1 (blue arrows), three transi-
tions with ω2 (solid red arrows), and one transition with ω’2 
(dashed red arrow). The diff erence in the frequencies of the over-
tone and combination bands declines as the stretching becomes 
larger, just like in the I2 molecule. By measuring the frequency 
changes of the higher energy overtones and combination 
bands, chemists can experimentally determine the reaction’s 
potential energy surface and consequently how bonds break.

Beyond physical chemistry
Few laboratories in the world are involved in the development 
of fully coherent Floquet- state methods. Progress has been 
constrained by the experimental sophistication required to 
scan the frequencies of ultrafast laser systems. Excitation 
pulses in nanosecond systems are long enough that changes in 
frequency don’t aff ect the temporal and spatial overlap that’s 
required to measure nonlinear interactions. But scans of pico-
second and femtosecond systems undergo substantial changes 
in overlap and directionality that must be corrected for, espe-
cially for spectral scans over long ranges.

Many of the opportunities envisioned in the early devel-
opment of the methodology have yet to be fully realized.14 An 
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MQC Floquet state could, for example, provide native, multi-
dimensional contrast for highlighting specifi c molecules in a 
microscopic image without requiring fl uorescent tags that 
perturb the sample. The spatial resolution can also be 3D and 
much higher than the IR diff raction limit because the highest- 
frequency excitation determines the resolution. The spectral 
resolution can be increased by using larger numbers of entan-
gled vibrational states, as illustrated in fi gure 4.

Another example concerns semiconductor spectra, which 
are highly congested because of the many degrees of freedom 
for charge carriers that are delocalized within a laĴ ice. Creating 
a Floquet state constrains the charge- carrier states to those that 
share the same momentum because of conservation laws that 
apply when transitions occur. Normally, only angularly re-
solved photoelectron spectroscopy is able to resolve the com-
plex electronic structure of semiconductors, but that type of 
spectroscopy requires tunable x- ray sources, such as those at 
national laboratories.

An exciting application would be to use coherent x rays or 
extreme UV excitations of a Floquet state to entangle a valence 
core hole with vibrational or electronic states. That methodol-
ogy would provide atomic and chemical selectivity. And the 
coupling between the states creates a nonequilibrium Floquet 
state for quantum computing and quantum information sci-
ence. Currently, Floquet- state engineering is based on time- 
domain methods in which single quantum coherences can be 
controlled by other nonresonant pulses. Frequency- domain 
control of the multiple states within a Floquet state is poten-
tially a new frontier for quantum applications.

Coherent multidimensional spectroscopy has remained al-
most exclusively in the fi eld of physical chemistry, but its ex-
pansion beyond may provide a wealth of opportunities for the 
physics community. The development of Floquet- state spec-
troscopy will also be enhanced by the availability of the 
yĴ erbium- based laser systems that have now been engineered 
to avoid the problems of scanning the frequencies of ultrafast 
lasers. That advance and other new technologies will empower 
future experiments with multiple quantum coherences. 

The development of Floquet- state spectroscopy has been made possible 
by NSF grants awarded to the Wright and Chen research programs. 
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