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Two- and three-photon electron spin echoes of a two-level sys-
tem are observed using, in addition to the microwave excitation, a
linearly polarized radio-frequency field oriented along the static
magnetic field B0. Such multiphoton echoes are detected when the
sum of the energies of one microwave and one or two radio-
frequency photons are equal to the difference between energies of
two spin states. The multiphoton character of the echoes is con-
firmed by measuring the spin nutation frequency as a function of
the angle between the radio-frequency field and B0, and monitor-
ing the echo amplitude as a function of the radiation field
strengths. Floquet theory, usually applied for the description of
multiphoton resonances with an odd number of photons, is ex-
tended to the case where an even number of photons participate in
the transition. © 2000 Academic Press

Key Words: multiphoton resonance; electron spin echo; pulse
PR; dressed states; Floquet theory.

INTRODUCTION

The interaction of electromagnetic radiation with ma
where several photons are simultaneously absorbed or em
is the physical basis of many effects, as Raman scatte
multiphoton absorption and emission, multiphoton ioniza
and harmonic generation (1). Such multiphoton resonanc
predicted during the first half of this century (2) are now widely
applied in coherent optics (3). In EPR and NMR multiphoto
resonances have been known for a long time, but have n
been used as spectroscopic tools extensively.

Quantum mechanics requires that the energy, as well a
total angular momentum, is conserved in any transition
cess. As a consequence, to induce multiphoton transitio
magnetic resonance, the number, the polarization, an
energy of photons involved in the transition must be in ac
dance with the total change in spin angular momentum
spin energy at the end of the transition.

In continuous wave (cw) magnetic resonance spectros
multiphoton transitions, where the magnetic spin quan
number changes byDm . 1, have been observed in elect
and nuclearmultilevelspin systems with photons of the sa
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or of different frequencies (4–8). It should be noted, fo
example, that in a system with nonmixed states the proba
of a single-photon transition withDm 5 2 is zero, while for a
two-photon transition, it is nonzero. The description of th
kinds of multiphoton transitions is based on time-depen
perturbation theory and requires a real intermediate en
level (9).

In two-levelsystems with nuclearI 5 1
2 or electronS 5 1

2

spins, a (2n 1 1)-photon transition withDm 5 1 requires
n 1 1) circularly polarized photons rotating in one direct
nd n circularly polarized photons rotating in the oppo
irection. Intermediate spin states do not exist intwo-leve
ystems, and the explanation of the multiphoton resonanc
his case is based on the concept of “dressed” atoms10).
igure 1a shows an example for a three-photon mag
esonance transition with two right-hand circularly polari
hotons (s1 photons) and one left-hand circularly polariz

photon (s2 photon). In the case of an even number of phot
linearly polarized photons (p photons) are also required
induce a multiphoton magnetic resonance transition, a
picted in Fig. 1b for a two-photon transition.

The first evidence for the existence of multiphoton re
nances in a two-level spin system was obtained from ex
ments with optically pumped atoms (11). The resonances we
observed when the Zeeman splittings of nuclear sublevels
close to 2nv and (2n 1 1)v, wheren is an integer andv is
the angular frequency of the radiation field. These effects
been explained as absorption of an even or odd numb
photons (12). Later second harmonics (frequency 2v) of an
S 5 1

2 system were observed with a bimodal cavity du
irradiation by a microwave (mw) field of frequencyv 5 v0/2
tilted from the static magnetic fieldB0 (13).

Multiphoton transitions in two-level systems can also
created with several photons of different frequencies. In
EPR experiments two-photon transitions have been obs
on free radicals in solids, where one mws1 photon and on
radio-frequency (rf)p photon are absorbed simultaneou
(14). In this experiment the rf field was oriented parallel
he mw field perpendicular toB0.

In another approach it was demonstrated that multiph
n,
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111MULTIPHOTON RESONANCES
transitions can be induced by irradiating a two-level sys
with two closely spaced frequencies (bichromatic radia
and using longitudinal detection for observation (15, 16).
These experiments clearly demonstrate that a counterro
field component is required for the observation of multipho
transitions with an odd number of photons. In conventi
single-photon, single-frequency magnetic resonance ex
ments, the counterrotating component is far off resonanc
manifests only as a Bloch–Siegert shift (17) of the resonanc
ine.

Recently, Hyde and co-workers introduced a cw EPR
eriment where the spin system is saturated by two (or
losely spaced mw frequencies (18–21). As in any nonlinea

device, the spin system creates intermodulation sideb
which can easily be detected (18, 19). Based on the dress
atom formalism and on Floquet theory the intermodula
sidebands have been explained as odd multiphoton reson
(20, 21).

A necessary condition for the excitation of multipho
transitions is the nonlinear character of the interaction bet
the radiation field and the spin system. In many pulse mag
resonance experiments a high radiation field is used, so th
response of the spin system is no longer linear. As exam
the nutation driven by a two-photon excitation in anI 5 3

2

system has been investigated by recording the polarizatio

FIG. 1. Multiphoton transitions between the two states of anS 5 1
2 spin

ystem in the static magnetic fieldB0. (a) Three-photon transition induced
right- and a left-hand circularly polarized field (s1 and s2 photons). (b

Two-photon transition induced by a right-hand circularly polarized fields1

photon) and a field which is linearly polarized (p photon) with respect toB0.
m
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single-quantum transition (22), and bichromatic pulse excit
tion of double-quantum coherence of anI 5 1 nuclear spi
system has been studied (23). The evolution of anI 5 1

2 spin
system under bi- and tetrachromatic radiation has been st
in detail both from the experimental and theoretical poin
view (24, 25). An electron spin echo at the second harm
was observed using an mw field tilted from theB0 direction
and has been used to study the effect of spin diffusion o
spin dynamics (26). This experimental scheme also was use
monitor transient nutations in anS 5 1

2 system (27).
A multiphoton transition goes through a number of vir

tates of the spin system, which correspond to the states
ystem “dressed” by the electromagnetic field (10). Recently
he absorption of rfp photons by a spin system that evol
under the action of a strong resonant mw pulse was obs
and has been used to carry out dressed spin-echo exper
(28).

Several theoretical approaches have been developed f
escription of multiphoton processes (29). In magnetic reso
ance, multiphoton transitions are usually described by
loch equations (22, 30, 31), second quantization (15, 16, 32),
nd Floquet theory (21, 24, 33). The first two formalisms hav
een used to explain both even and odd multiphoton
ances, whereas Floquet theory, first implemented in spe
opy by Shirley (33), has only been applied so far for t
escription of odd multiphoton resonances. Concurrent
as demonstrated in NMR spectroscopy that Floquet theo
powerful method for solving time-dependent probl

34, 35). The extension to many-mode Floquet theory all
one to describe the spin behavior under multifrequency r
tion (36).

Multiphoton resonances in pulse EPR spectroscopy are
ttractive from the point of view of spin dynamics and poten
pplications. In this work we show for the first time that e
nd odd multiphoton electron spin echoes created with r

ion fields that differ in frequency by about three orders
agnitude can be observed, and that these experiments
escribed using Floquet theory. After a brief review of
asics of Floquet theory, the formalism is applied to e
ultiphoton resonances. This takes the Floquet approac
niversal theoretical basis for the explanation of multiph
xperiments. The two-photon transition probabilities are e
ated numerically, and the relation between the transition
nd the strengths of the excitation fields is obtained by u
erturbation theory, in the same way as used previously fo
dd resonances (24, 33). Then, following the theory, new e
eriments are developed demonstrating that two- and t
hoton electron spin echoes can be observed with an mw
erpendicular and an rf field parallel toB0.

FLOQUET THEORY

Floquet theory is a convenient method for solving Sch¨d-
nger’s equation with periodic Hamiltonians. Since Floq
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112 GROMOV AND SCHWEIGER
theory is not frequently used in EPR investigations, we br
review the approach following the work of Shirley (33) and
extend the formalism to even multiphoton resonances.

Consider anS 5 1
2 electron spin system in a static magn

field B0 which is irradiated by a linearly polarized magne
field 2B1 cos(vt). For an arbitrary angleu 5 /(B0, B1), the
laboratory frame Hamiltonian is given by

*~t! 5 v0Sz 1 2v1cos~vt!@cos~u !Sz 1 sin~u !Sx#, [1]

here v 0 5 gb eB0/\ is the Larmor frequency, and 2v 1 5
gb e2B1/\ is the amplitude of the radiation field in angu
requencies. We denote the two eigenstates obtained forv1 5

by a andb with Ea 5 v 0/ 2 andEb 5 2v 0/ 2.
To demonstrate the existence of multiple resonances

transition probabilityPa3b of a system which evolves from t
a state at timet 5 0 to theb state under the Hamiltonian*(t)
is calculated. For the prediction of the time dependence o
system, we introduce the time-evolution operatorUab(t). For
he matrix elements of a unitary operatorF(t), with U(t) 5
F(t) F21(0), the time-dependent Schro¨dinger equation ca
then be written as a set of coupled equations

d

dt
Fab~t! 5 2i O

g

*ag~t! Fgb~t!. [2]

y applying the Floquet theorem for the solution of lin
ifferential equations with periodic coefficients (37) we find

or the solution of Eq. [2]

Fab~t! 5 Fba~t!e2iqbt, [3]

whereFba(t) are again periodic functions andqb is the char-
acteristic exponent.Fab(t) in Eq. [3] and the Hamiltonian hav
the same periodic property, and both of them can be expa
in Fourier series

Fab~t! 5 O
n

F ab
n einvte2iqbt, [4]

*ab~t! 5 O
n

* ab
n einvt. [5]

Substitution of these expansions into Eq. [2] and a rearra
ment of the products of the Fourier series result in an infi
set of coupled equations for the matrix elements of the ope
F(t)

O
gk

~* ag
n2k 1 nvdnkdag! F gb

k 5 qbF ab
n , [6]

where the summation overk is taken from zero ton. This se
has the form of a secular equation for an operator with e
y

he

he

r

ed

e-
e
tor

n-

valuesqb and eigenvectors with componentsF gb
k . The operato

denoted by Shirley as the Floquet Hamiltonian is defined

^anu*Fubm& 5 * ab
n2m 1 nvdabdnm. [7]

he expressionsuan& represent Floquet states,a describes th
spin state, andn denotes the Fourier component. Equation
and Fig. 2 indicate that the matrix elements of the Flo
Hamiltonian change periodically along the main diagonal
the three adjacent diagonals

^an 1 pu*Fugl & 5 ^anu*Fugl 2 p& 1 pvdagdn~l2p!. [8]

FIG. 2. Floquet Hamiltonians for anS 5 1
2 spin system and a sing

requency radiation field. (a) Radiation field perpendicular to the static
etic field B0. (b) Radiation field tilted by 45° with respect toB0. The radi-

ation field amplitude isv1, v91 5 v1/=2. Pathways for multiphoton tra
itions:3, three-photon transitionsub3& 3 ua0&; – 3 - - - 3 two-photon

transitionsub2& 3 ua0&.
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113MULTIPHOTON RESONANCES
As a consequence of the periodic structure of*F, the eigen-
valueslan will also be periodic

lan1p 5 lan 1 pv. [9]

he property of the eigenvectorsul gn& of *F that belong to th
igenvaluesl gn can be derived from the eigenvalue–eigen-

or equation for*F using Eqs. [8] and [9], revealing t
periodic properties of the eigenvectors

^an 1 pulbm1p& 5 ^anulbm&. [10]

he characteristic exponentqb is the same for each Four
harmonic of the eigenvector componentsFab

n of eigenvalueqb.
onsequently, a connection betweenlbn andqb may be set a

l b0 5 qb, which leads to the relation

F ab
n 5 ^anulb0&. [11]

ubstituting Eq. [11] into Eq. [4] results in an equation for
peratorF(t) and allows one to describe the time-evolu
peratorU(t) for the semi-classical Hamiltonian in Eq. [1]

erms of the solution for the Floquet Hamiltonian in Eq. [

Uba~t! 5 O
n

O
gl

^bnulgl&e
2ilgl t^lglua0&einvt. [12]

Finally, the probabilityP# a3b 5 ^Uba(t)Uba(t)* & t average
over timet can be obtained by integrating Eq. [12]

P# a3b 5 O
n

O
gl

u^bnulgl&^lglua0&u 2. [13]

Before calculating these transition probabilities, we m
examine the Floquet matrices to get an idea about pos
transitions between the Floquet states. Figure 2 shows pa
Floquet Hamiltonians, with*F evaluated foru 5 90° (Fig. 2a
andu 5 45° (Fig. 2b). Figure 2a indicates that in the case oB1

' B0, the statesuan& and ubn 1 1& are connected by of
diagonal elements. A comparison of the Floquet theory
the second quantization approach reveals that the Fouri
dices for the Floquet states correspond to the photon oc
tion number of the quantized radiation field (10, 33). Thus, a
transition ubn 1 1& 3 uan& can be described as a spin
from the b state to thea state with the absorption of ones
photon, representing a single-photon transition.

It can be seen from Fig. 2a that states which are di
guished by their spin projection and which differ in the num
of photons by an odd valuem 5 2l 1 1, wherel 5 1, 2. . . ,
are indirectly coupled through 2l intermediate states. As
example, the three-photon transitionub3& 3 ua0& is indicated
by arrows in Fig. 2a. In the case ofu 5 45° (Fig. 2b), stateuan&
is coupled with stateubn 1 1& by as photon, and stateubn 1
t
le
of

h
in-
a-

n-
r

& with stateubn 1 2& by a p photon. The scheme indica
that transitionsubn& 3 uan 2 m&, with m 5 2l are possibl
through 2l 2 1 intermediate states. As examples, the
possible pathways for the two-photon transitionua0& 3 ub2&
are indicated by broken lines.

The intensity of a multiphoton transition can be estimate
using the perturbation treatment developed in (38). In this
approach the Floquet Hamiltonian is approximated by a 23 2
matrix *9F, whose diagonal elements have been correcte
take the remaining part of*F into account,^gku*9Fugk& 5
^gku*Fugk& 7 d gk. Off-diagonal elements of*9F can be con-
sidered as the effective radiation strength1

2 veff
(n2m) of the (n 2

m) photon transition. For the matrix elements of*9F one finds
24)

2
1

2
v eff

~n2m! 5 O
gl

^bnu*Fugl &^gl u*Fuam&

Ebn 2 Egl

1 O
gl

O
jk

^bnu*Fugl &^gl u*Fujk&^jku*Fuam&

~Ebn 2 Egl!~Ebn 2 Ejk!
1 . . . ,

[14]

nd for the correction of the diagonal elements that introd
evel shifts

dbn 5 O
gl

^bnu*Fugl &^gl u*Fubn&

Ebn 2 Egl

1 O
gl

O
jk

^bnu*Fugl &^gl u*Fujk&^jku*Fubn&

~Ebn 2 Egl!~Ebn 2 Ejk!
1 . . . ,

[15]

with gl , jk Þ bn, am; gl Þ jk; and Egl 5 ^gl u*Fugl &.
We assume that for ann-photon transition the Zeem

splitting is n times larger than the radiation frequency,Ea 2
Eb ' nv, and the strength of the oscillating field is weak,v1

! v. For the three-photon transitionub3&3 ua0& shown in Fig
2a we find for the effective field using Eq. [14]

v eff
~3! 5

v 1
3

2v 2 [16]

and for the level shift in lowest order using Eq. [15]

db3 5 2da0 5 2
3v 1

2

4v
[17]

in agreement with Shirley (33). For the two-photon resonan
ua0& 3 ub2& shown in Fig. 2b with an oscillating fieldv1

inclined by an angle of 45° with theB0 field vector we obtai
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114 GROMOV AND SCHWEIGER
v eff
~2! 5

2v 1
2

v
, [18]

and

db2 5 2da0 5 2
v 1

2

3v
. [19]

Equation [18] demonstrates that the effective field for a
photon transition is proportional to the square of the oscilla
field strength and inverse proportional to the irradiation
quency; i.e., it shows the proportionality one would expec
going from three-photon resonances (Eq. [16]) to two-ph
resonances. The dependences described by Eqs. [18] an
are the same as those found by solving the Bloch equatio
the doubly rotating frame (30).

Equations [16] and [18] suggest that the correspondingn 2
)-photon transitions have nonzero transition probabilities

he other hand these elements split the related eigenv
am 5 Ea 1 mv andEbn 5 Eb 1 nv, which are degenerat

at the (n 2 m)-resonance conditionEa 2 Eb 5 (n 2 m)v
whenv1 5 0. In the case ofv1 Þ 0, the level crossings (Eam

5 Ebn) are lifted. The unperturbed Floquet Hamiltonian*F

should correctly describe these level anticrossings. The
tence of the multiphoton transitions thus implies a level a
crossing, and vice versa.

In order to demonstrate the existence of anticrossing
calculated the eigenvalues of the Floquet Hamiltonians e
ated withu 5 90° and 45° as a function ofv/v0 with v1/v0 5
0.2 and 143 14 Floquet Hamiltonian matrices (Figs. 3a,
The calculation performed withu 5 90° reveals the existen
of anticrossings atv/v0 5 0.38, which corresponds to t
position of a three-photon resonance (Fig. 3a). This result
agreement with those previously reported (24, 33). The calcu
ation for *F(45°) demonstrates anticrossings in the vicinit
v/v 0 5 1/n, namely atv/v0 5 0.55, 0.37, and 0.26, i.e., at t
wo-, three-, and four-photon resonances (Fig. 3b). Thus
an expect that a radiation field tilted fromB0 by 45° will

induce even as well as odd resonances.
Numerical calculations of the time-averaged transition p

ability P# a3b using Eq. [13] were performed for*F(90°) and
*F(45°) as a function of the normalized Larmor freque
v0/v for field strengthsv1/v 5 0.25, 0.5, and 0.75. To avo
effects caused by the limited dimension of the Hamiltoni
Floquet matrices of dimensions 423 42 were used in bo
cases, which cover resonances with up to 20 photons
results for*F(90°) (Figs. 4a, b, c)show odd resonances clo
to v 0/v 5 (2n 1 1), with n 5 0, 1, 2, which move to lowe
v0/v values whenv1 increases, in agreement with the re
reported in (33). In the case of*F(45°) (Figs. 4d, e, f) th
probability has maxima at approximatelyv 0/v 5 n 1 1, with
n 5 0, 1, . . . , 4, which demonstrates that with a til
radiation field even resonances also appear in the spec
-
g
-
n
n

[19]
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he

t
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The widths of the higher order resonances are extremely
row at low values ofv1 and broaden withv1, reflecting tha
energy levels at anticrossings become flatter at higher rad
fields.

Up to now we considered multiphoton resonances in w
several photons with different polarization but with the s
energy participate in the process. In this case the transitio
through a number of virtual levels (Floquet or dressed sta
which are far away from a real energy level of the spin sys
(see Fig. 1). In single-frequency electron spin-echo ex
ments it is expected that the echoes of the two- and t
photon transitions will require relatively long excitation pul

FIG. 3. Eigenvalues of the Floquet Hamiltonians in Fig. 2, calculated
function of the normalized photon energyv/v0 atv1/v0 5 0.2. (a) Eigenvalue
or *F (u 5 90°). Anticrossings exist only nearv/v0 5 0.37 (apart from th
ingle-photon resonances), which correspond to the position of the
hoton resonance. (b) Eigenvalues for*F (u 5 45°). Anticrossings are visib

in the vicinity ofv/v0 5 0.55, 0.37, and 0.26, i.e., close to the two-, three-,
our-photon resonances.
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115MULTIPHOTON RESONANCES
or high radiation fields, since the effective fieldveff
(n 2 m) is much

weaker than that of a single-photon transition because in
[16] and [18] v is in the denominator and is one-half
one-third of the Zeeman splitting. The situation can be con
erably improved when the Floquet states are created i
vicinity of a real state. Such states can be generated
example, by bi- or tetrachromatic radiation fields, which h
components at frequencies close to the frequency of the s
photon transition (15, 20, 25).

For a two-photon resonance, virtual intermediate state
also be prepared by a transverse mw field withvmw Þ v0. An
f field with frequencyvrf 5 v0 2 vmw along B0 can then

induce a transition withDm 5 0 between this virtual level an
the real final state. This scheme has already been implem
for the observation of two-photon resonances in cw EPR14).

he same field configuration was used in dressed electron
esonance, with the mw radiation on-resonance with the
ron spins (28).

EXPERIMENTAL RESULTS

In this experimental section we present for the first t
multiphoton electron spin echoes where an even and an

FIG. 4. Time-averaged transition probabilities evaluated from Eq. [13
v1/v of the radiation field: (a, d)v1/v 5 0.25, (b, e) 0.5, and (c, f) 0.75. (
the radiation field is tilted by 45° fromB0.
s.

d-
he
or
e
le-

an

ted

pin
c-

e
dd

number of photons are involved, and where the frequenci
the radiation fields differ by about three orders of magnit
Figure 5a shows the field configuration in the laboratory fr
with B0 (represented byv0) alongz. The linearly polarized mw
field with amplitude 2v1 and frequencyvmw is oriented alon
y, and the linearly polarized rf field with amplitude 2v2 and
frequencyvrf lies in thexz plane with a variable angleu.

The multifrequency experiments can be described by m
ode Floquet theory (36), but for simplicity we reduce th
roblem to the case of single-mode Floquet theory out
bove by applying a sequence of frame transformations

u 5 0 the laboratory frame Hamiltonian is given by

*~t! 5 v0Sz 1 2v1cos~vmwt!Sy 1 2v2cos~v rf t!Sz. [20]

*(t) is first transformed to the frame rotating atvmw around the
z axis. In the rotating frame the effective static fieldveff 5 (v 1

2

1 VS
2) 1/ 2, with VS 5 v 0 2 vmw, is tilted fromz9 by the angle

c, with tan c 5 v 1/VS. Then, neglecting the counterrotat
mw component, a rotation around thex9 axis by the anglec
gives a new frame withz0 directed along the effective fiel
The Hamiltonian in this doubly primed frame becomes

s a function of the normalized electron Larmor frequencyv0/v, at different strengt
, c) The radiation field is orthogonal to the static field. (d, e, f) The dire
] a
a, b
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116 GROMOV AND SCHWEIGER
*0~t! 5 veffS0z 1 2v2cos~v rf t!~cos~c!S0z 2 sin~c!S0y!.

[21]

comparison of the Hamiltonians in Eqs. [1] and [21] in
ates that the situation in the doubly primed frame is simil
hat described above when the single-frequency oscill
eld is tilted from the direction of the static field. In the dou
rimed frame the rf field hasy andz components that depe

on the anglec. This angle is determined by the mw fie
strength and the frequency off-set from the single-photon
onance. In the doubly primed frame, and using the th
described above, approximate equations can be derived f
effective field strengths ofveff

(1d) and veff
(2d) of the single- an

two-photon rf resonances. With the resonance conditionsVS '
v rf andVS ' 2v rf, we find

v eff
~1d! }

v1v2

v rf
, [22]

v eff
~2d! }

v1v 2
2

v rf
2 . [23]

FIG. 5. Multiphoton resonances created with an mw and an rf field. (a)
configuration in the laboratory frame used in experiments for the detect
multiphoton electron spin echoes. The fields are represented by respective
frequencies: static fieldB0 by v0; mw field byv1; rf field by v2. (b) Energy leve
iagram showing two-photon resonances when the difference between the
armor frequencyv0 and the mw frequencyvmw equalsvrf.
o
g

s-
ry
the

These resonances occur between the states of the spin
which absorb mw photons, i.e., between dressed states.
laboratory frame they will manifest as two- and three-ph
resonances symmetric to the single mw photon trans
when the frequency offsetuVSu approximately equalsvrf and
2vrf. An example of such two-photon resonances is show
Fig. 5b. When the rf field is tilted fromB0 (u Þ 0°), they and

components of the rf field in the doubly primed fra
ecrease, as one can see by comparing the Hamiltonia
qs. [20] and [21]. Thus, with the field configuration show
ig. 5a one can expect to observe spectra consisting of
nd odd resonances, which will disappear as the angu

approaches 90°.
The creation of two-photon echoes is demonstrated aQ-

band frequencies on ag-irradiated quartz sample at a temp
ature of 100 K. The broad bandwidth of theQ-band resonato
allows one to have very similar conditions for excitation
detection of both the low- and high-field two-photon ech
(see Fig. 5b). The low temperature is used to compensa
the small size of the sample (1.6-mm sample tube), w
results in a poor signal-to-noise ratio. The echo-detected
swept EPR spectrum obtained with a primary echo sequ
with pulse lengths of 20 and 40 ns is shown in Fig. 6. It con
of a single narrow line with a full width of about 42 MHz at 1
of the maximum signal intensity. The signal is above the n
level up to a width of about 56 MHz. To avoid any influen
of side lobes in the excitation spectrum of the pulses on
data, mw pulse lengths of 100 and 200 ns were used fo
multiphoton experiments. The signal of the conventional e

FIG. 6. Echo-detected single-photon EPR spectrum ofg-irradiated quart
easured atQ-band frequencies, temperature 100 K. The parameters f
cho sequencep/2–t–p were tp/2 5 20 ns, tp 5 40 ns, andt 5 400 ns. The

arrows indicate positions where echo signals were measured. (1) Ob
position for the single-photon echo experiment. (2–5) Observer positio
the two-photon echo measurements.
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117MULTIPHOTON RESONANCES
was maximum for an mw field strength of aboutn1 5 2.5
MHz2 with these pulses (Fig. 7b, trace 1).

The pulse sequence for the creation of the multiph
echoes is shown in Fig. 7a. The rf field was oriented alonB0

(u 5 0), and mw and rf amplitudes were approximately eq
n1 ' n2 ' 10 MHz. The rf and mw sources were not ph
ocked, and single-shot measurements were performed to
ignal jittering. The echo traces 2–5 in Fig. 7b were obtain
elds corresponding to off-setsD of 37.8, 58.2, 78.4, and 97
Hz (see labels in Fig. 6), which were very close to thenrf

values used in the experiments, namely 40, 60, 80, and
MHz. At each of these field positions the echo amplitudes
found to be maximum. A trend was observed that for e
particular frequencynrf, the echo amplitude reaches a ma-
mum at an off-setD which is less than this frequency. T
echoes were observed under the condition that the

2 Actual frequencies and amplitudes used in the experiments are deno
nmw, nrf, n1, n2, andD with 2pn 5 v and 2pD 5 VS.

FIG. 7. (a) Pulse sequence used in multiphoton experiments. (b) Obs
time-domain echo signals. (1) Single-photon echo,n0 5 nmw, n1 5 2.5 MHz.
(2–5) Echoes measured atD 5 n0 2 nmw, with (2) D 5 37.8 MHz, (3) 58.2
MHz, (4) 78.4 MHz, and (5) 97.4 MHz. The field strength in the two-pho
experiments wasn1 ' n2 ' 10 MHz; the pulse lengths were 100 and 200

ield positions for the measurements of the signals are indicated in F
races (1–5) represent single-shot measurements.
n

l,
e
oid
at

00
re
h

ld

strengthsn1 andn2 are too small to excite a single-photon e
even at the minimum off-set of 40 MHz. Fornrf 5 40 MHz this
condition is equal to that used for the numerical simula
shown in Fig. 4d. Off-resonance effects, which could be ca
by the strong mw field alone were not observed under
conditions used in these experiments.

It was found experimentally that atn1 ' n2 ' 10 MHz and
nrf 5 40 MHz (Fig. 7b, trace 2) the condition of the ec
formation is close to optimum and the echo amplitude com
rable with the amplitude of the single-photon echo (Fig.
trace 1). The echo signals at higher off-setsD and the sam
field strengths of 10 MHz (traces 3–5) are lower than t
maximal values. For an off-set of 80 MHz echo maxima w
observed withn1 ' n2 ' 15 MHz and pulse lengths of 100 a
200 ns, and withn1 ' n2 ' 10 MHz and pulse lengths of 2
and 400 ns. Furthermore, it was found that the amplitude o
echoes is maximum when the ratio (n1n2)/D is equal to th
alue ofn1 used in the single-photon echo experiment.
The echo-detected two-photon EPR spectra fornrf 5 40 and

80 MHz are shown in Figs. 8b, c. The spectra were obtaine
Fourier transformation of the time-domain traces and repr
the behavior of the signal amplitudes at 40 and 80 MHz.
reference, the single-photon spectrum was recorded wit
same sequence (Fig. 8a). For each experiment optimized
strengths were used,n1 5 2.5 MHz andn2 5 0 MHz for the
single-photon echo,n1 ' n2 ' 10 MHz for nrf 5 40 MHz, and
n1 ' n2 ' 15 MHz for nrf 5 80 MHz for the two-photo
echoes. The two-photon spectra with shapes that are
replicates of the single-photon spectrum are symmetri
placed to the position of the latter. The observed peak-to-
splittings of the two-photon spectra (Figs. 8b, c) are clos
twice the radio frequencies of 40 and 80 MHz.

by

FIG. 8. Echo-detected single- and two-photon spectra ofg-irradiated
quartz. (a) Single-photon spectrum,n1 5 2.5 MHz. (b) Two-photon spectru
with nrf 5 40 MHz, n1 ' n2 ' 10 MHz. (c) Two-photon spectrum withnrf 5
80 MHz, n1 ' n2 ' 15 MHz. A sequence with pulse lengths of 100 and
ns was used. The spectra were obtained by Fourier transformation
time-domain traces and represent the behavior of the signal amplitude a
and 80 MHz, as a function of the static magnetic field.
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.
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118 GROMOV AND SCHWEIGER
The two-photon echoes disappeared when the rf field
switched off or oriented perpendicular toB0. To demonstrat
the dependence of the observed signals on the orientation
rf field with respect toB0, the nutation frequencies under
combined mw and rf field excitation were measured a
function of the angleu. The room temperature measureme

ere performed atX-band using a modified PEANUT s
quence (Fig. 9a), which creates a rotary echo at the
frequency (39). The length of the second mw and rf pulse w

.12ms with amplitudes ofn1 ' 11 MHz andn2 ' 10 MHz;
the length of thep/2 pulse was 200 ns. For the single-pho
transition (rf off,nmw 5 n0), a nutation frequency of 2nnut ' 22

Hz was found. In the two-photon experiments withnrf 5 25
Hz the electron spin Larmor frequency was displaced f

nmw by 25 MHz. The width of the EPR line at the 1% level w
about 11 MHz. A phase-sensitive detector was used for s
demodulation. Figure 9b shows the nutation frequenciesnnut

measured as a function of the angleu. The nutation frequencie
2nnut were found to be proportional to the modulus of cou)
(dotted line in Fig. 9b) and, thus, proportional to the projec
of the rf field onto thez axis. The echo signal disappeared
anglesu close to 90°.

The dependence of the echo amplitude onn1n2 and the line
ositions and the dependence of the nutation frequenc
ngleu verify that the observed signals are two-photon ech

FIG. 9. Two-photon nutation experiments. (a) Pulse sequence use
measuring the electron nutation frequency under combined mw and rf
tion. (b) Nutation frequency as a function of the angle between the rf fiel
B0. The dashed line represents the functionucos(u)u.
as

the

a
s

w
s

al

n
r

on
s,

which are created when one mw and one rf photon are s
taneously absorbed or emitted by the spin system. In
doubly primed frame, these transitions can be consider
single rf photon processes or as a transition between dr
states.

The theory also predicts multiphoton transitions where m
than one rf photon is involved. To prove the existence of
transitions, the echo experiments were carried out at h
field strengths, namelyn1 ' n2 ' 14 MHz, and an rf of 3
MHz. A 2D spectrum obtained with the two-pulse echo
quence (Fig. 7a) with mw and rf pulses of lengths 100 and
ns and the rf field alongz is shown in Fig. 10. One dimensi
represents the field off-set from the center of the single-ph
transition; the other dimension represents the Fourier trans
(absolute value) of the time-domain echo signals. Apart
the strongly distorted and broadened single- and two-ph
echoes centered at (0, 0) and at (61.1 mT, 630 MHz), new
signals appeared at about (62.1 mT,659 MHz), i.e., at field
and frequency off-sets that are twice as large as those o
two-photon echoes. The new signals were very weak
disappeared when the rf field vector was rotated from tz
axis. Moreover, the signal amplitude of these new fea
decreased more rapidly than those of the two-photon ec
when the strength of the rf field was reduced. This beha
indicates that these signals represent three-photon trans
involving one mw photon and two rf photons.

The amplitudes of the single-, two-, and three-photon ec
as a function ofn1 andn2 are shown in Fig. 11.For both the
two- and three-photon echoes, data with a variablen1 and a
fixed n2 value, and vice versa, are given. The amplitudes o
different types of echoes reached their maxima at different
strengths. The maximum amplitudes were used as initial p
in the plots (0 dB in Fig. 11). For the single- and two-pho
resonances the echo maxima could clearly be identifie
using a two-pulse sequence with flip anglesp/2 andp. For

FIG. 10. Contour plot of the 2D spectrum, field off-set versus freque
off-set.nrf 5 30 MHz;n1 ' n2 ' 15 MHz. The peaks shifted by659 MHz and

2.1 mT from the center (0, 0) are three-photon resonances.
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119MULTIPHOTON RESONANCES
three-photon transitions the maximum echo amplitude c
not be observed with the available field strength, but it wa
far from its optimum. The amplitude of the single-photon e
follows the function sin(u1)sin2(u2/2) (40), whereu1 andu2 are
the flip angles of the first and second pulse andu2 5 2u1

(dashed line in Fig. 11 withu1 } n1). The amplitudes of th
two-photon echoes show virtually the same behavior
function of bothn1 andn2.

The three-photon echoes behave in a different way
attenuation ofn2 by 3 dB reduced the echo amplitude by alm
the same amount as an attenuation ofn1 by 6 dB. The wea
signal, the rapid decay of the signal intensity as a functio
the rf amplitude, and the demands of the echo method a
only qualitative conclusions about the three-photon ech
Nevertheless, a corresponding fit of the experimental
indicates (dotted line in Fig. 11 withu1 } n2

2) that the flip angl
u1 is proportional ton2

2.
From the observed dependences we conclude that fo

two-photon echoes the relation between flip angle and
strength is given byu1 } n1n2 and for the three-photon echo
by u1 } n1n2

2.

DISCUSSION

The results for the two-photon transitions given in Eqs.
and [19] obtained by Floquet theory and those obtained b
Bloch equations in the doubly rotating frame (30) show the
same dependence of the effective field and the level shif
the strength and the frequency of the radiation field. In
spectroscopy these dependences were initially proved by
itoring the spin nutation at the second harmonic of the sin
frequency excitation field (27). Our experimental results o

FIG. 11. Single- and multiphoton echo amplitudes as a function of the
and rf field strengths. Single-photon echoes versusn1 (E); two-photon echoe

t nrf 5 40 MHz as function ofn1 ({) andn2 (h); three-photon echoes atnrf 5
0 MHz as function ofn1 (‚) andn2 (ƒ). Fit of the experimental data by t

unction sin(u1)sin2(u2/2), with u2 5 2u1. Dashed line,u1 } n1; dotted line,u1

} n2
2.
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tained with two-frequency excitation (mw and rf), which
more convenient for practical applications, are in agree
with those reported in (27). Thus Floquet theory, implement
in this work for even multiphoton resonances, can be appli
further investigate the spin dynamics during this kind of t
sition.

The experimental echo-detected two-photon spectra ofg-ir-
radiated quartz show the same features as that reported
two-photon cw absorption spectra of free radicals meas
with the same field geometry (14), namely lines at position
v0 ' vmw 6 vrf. The cw spectra were measured at much lo
mw and rf power and smaller frequency off-sets. The si
intensities were found to be depended onT1 and could no

lways be observed for radicals at room temperature. In
xperiments strong two-photon echoes of irradiated q
ere observed at room temperature (T1 ' 0.2 ms atQ band)

ndicating that by using an intrinsically nonlinear method
xcitation, multiphoton transitions can easily be studied.
Compared to the two-photon electron spin-echo experim
here the echo was excited by a single mw field at frequ

vmw 5 v0/2, tilted fromB0 by 45°, and detected at the seco
harmonic 2vmw (26), we used for excitation two radiation fiel
hat differ in frequency by a factor 500–1000. This allo
tronger effective fields to be used for the two-photon tra
ions (compare (26, 27) with the results presented in this wor
oreover, the experiments with mw and rf radiation can

arried out with a much simpler experimental setup than
escribed in (26), namely with an ENDOR probe head rota
y 90°. In pulse dressed EPR experiments (28), a similar

echnique was used but the mw frequency was on reso
ith the electron Larmor frequency, and single rf pho
bsorption (or echo signal) was monitored at the single
hoton transition. In our study, excitation and detection
erformed using two- and three-photon transitions, ma
nother aspect of the dressed states concept clearly v
amely that these states can play the role of intermediate

or multiphoton transitions.

CONCLUSION

In this work we have demonstrated that Floquet theory, u
now applied in magnetic resonance for the descriptio
multiphoton transitions with an odd number of photons, ca
extended to multiphoton transitions with an even numbe
photons. Electron spin-echo signals of two- and three-ph
transitions were observed using an rf field oriented along
static magnetic fieldB0 and an mw field oriented perpendicu
to B0. Theory and experiments demonstrate that with this
configuration multiphoton resonances can easily be observ
pulse EPR experiments.

In the following we propose some applications of multip
ton resonances excited by a transverse mw field and a
tudinal rf field. First of all it should be noted that in multiph
ton experiments the frequencies are different for excitation
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120 GROMOV AND SCHWEIGER
detection. This allows one to perform experiments w
pumping and observation take place at the same time. A
example, we propose to carry out coherent Raman beat
experiments (41) by using second-harmonic detection sim
to how it was used for nutation experiments (27).

A second experiment we propose is related to the proble
oherence transfer between electron and nuclear spins. A
elation exists between the matched electron spin-echo
ope modulation approach (42) and the dressed spin experim
28). In the former experiment, matching of the electron
utation frequency to the nuclear Larmor frequency allow
n effective coherence transfer during prolonged mw pulse

he latter experiment the resonance frequency of the ele
pin under a similar condition was directly measured, dem
trating that the energy levels are shifted, so that the reso
f the electron spins can be observed at radio frequencies
resent multiphoton approach could be an alternative w
roduce a pattern of energy levels appropriate for a res
oherence transfer between electron and nuclear spins.
pproach the energy levels of the dressed spins are deter
y the mw and rf frequencies and only the shifts of the le
epend on the field strength.
The last proposed experiment is related tomultilevel spin

ystems. Since multiphoton transitions withDm . 1 can be
nduced between pure states of the system, they could be
o obtain data which cannot be deduced from convent
PR of a multilevel system.

EXPERIMENTAL

The experiments were performed on two homebuilt p
EPR spectrometers of similar design operating at 35.3 GHQ
band) (43) and 9.62 GHz (X band) (44). Both instruments ar
equipped with four mw pulse-forming channels and with h
power TWT amplifiers (ASE 187 Ka, 100 W atQ band, and
ASE 117X-1, 1 kW atX band). A Varian E110 bridge was us
as an mw source at 35.3 GHz and an mw synthesizer (Wi
6722B) at 9.62 GHz. The static magnetic fieldB0 was mea-
ured with an NMR gaussmeter (Bruker, ER 035M). Bru
NDOR probe heads were used for both frequency b

probe head ER 5106 QTE, with a TE013 cylindrical cavity atQ
band, and probe head ER 4118X-MD-4-W1, with a T011

dielectric ring resonator atX band). TheQ-band probe hea
was modified by Bruker to allow for measurements in
frequency range of the Varian microwave bridge.

Low-loss coaxial cables were used to connect the probe
with the mw bridge to allow for an easy change of the rela
orientation between the direction of the rf field andB0. The rf
pulses were created by switching the cw signal of an arbi
wave function generator (LeCroy, LW420) and a signal g
erator (Marconi, 2022), and were amplified by high-powe
amplifiers (Kalmus 137C, and Amplifier Research 100LB
The spectral purity of the mw and rf radiation was chec
with a spectrum analyzer (Hewlett Packard, HP 8565E).
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Kalmus amplifier had a relatively strong second harmo
which could create unwanted spectral features at high
power. By adding a corresponding low-power rf signa
antiphase, the intensity of the second harmonic at the outp
the amplifier could be reduced by about235 dBc. The othe
devices did not produce any unwanted signals, which c
manifest in effects similar to those observed in the ex
ments.

The strengths of the mw and rf fields were measured vi
nutation frequencies of the electron spins and the nuclear
of the protons. PEANUT experiments were performed to
termine the nutation frequencies of the electron spins (39). At

band the rf field strengths were determined via the pr
utation frequencies measured in a Mims-ENDOR experim
tX band they were measured with a calibrated pick-up co
ddition, the mw field strengths were checked during
xperiments by observing the echo amplitude as a functi

he incident power. The variations in the mw field stren
ere smaller than 10%.
Quartz glass (Herasil)g-irradiated with 90 kGy was used

demonstrate the multiphoton effects. Some of the mea
ments were performed at low temperature (100 K) usin
cooling system from Oxford Inc. To separate single-
multiphoton signals from each other, analog phase-sen
detection or digital signal processing (DSP) was used. In
former case the signals were mixed with the reference sign
a double-balanced mixer (Mini Circuits, ZAD-1-1) and th
digitized. In the DSP method the time-domain traces w
digitized at 500 MS/s with an oscilloscope (LeCroy, LC5
and then Fourier transformed.
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