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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 B,. 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 B,, 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
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INTRODUCTION

or of different frequencies4(-98. It should be noted, for
example, that in a system with nonmixed states the probabilit
of a single-photon transition withm = 2 is zero, while for a
two-photon transition, it is nonzero. The description of these
kinds of multiphoton transitions is based on time-depender
perturbation theory and requires a real intermediate enerc
level 9).

In two-levelsystems with nuclear = % or electronS = 3
spins, a (A + 1)-photon transition wittAm = 1 requires
(n + 1) circularly polarized photons rotating in one direction
and n circularly polarized photons rotating in the opposite
direction. Intermediate spin states do not existtwo-level
systems, and the explanation of the multiphoton resonances
this case is based on the concept of “dressed” atalfs (
Figure la shows an example for a three-photon magnet
resonance transition with two right-hand circularly polarizec
photons ¢ photons) and one left-hand circularly polarized
photon ¢ photon). In the case of an even number of photons

The interaction of electromagnetic radiation with mattetinearly polarized photons=( photons) are also required to

where several photons are simultaneously absorbed or emitiaduce a multiphoton magnetic resonance transition, as d
is the physical basis of many effects, as Raman scatteripisted in Fig. 1b for a two-photon transition.
multiphoton absorption and emission, multiphoton ionization, The first evidence for the existence of multiphoton reso
and harmonic generatiorl)( Such multiphoton resonancesnances in a two-level spin system was obtained from exper
predicted during the first half of this centur3) @re now widely ments with optically pumped atoms1). The resonances were
applied in coherent optics3). In EPR and NMR multiphoton observed when the Zeeman splittings of nuclear sublevels we
resonances have been known for a long time, but have not grise to 2w and (7 + 1)w, wheren is an integer ana is
been used as spectroscopic tools extensively. the angular frequency of the radiation field. These effects hay
Quantum mechanics requires that the energy, as well as an explained as absorption of an even or odd number .
total angular momentum, is conserved in any transition prphotons {2). Later second harmonics (frequency)2of an
cess. As a consequence, to induce multiphoton transitionsgn= 1 system were observed with a bimodal cavity during
magnetic resonance, the number, the polarization, and th@diation by a microwave (mw) field of frequeney = w,/2
energy of photons involved in the transition must be in accofitted from the static magnetic fielB, (13).
dance with the total change in spin angular momentum andmultiphoton transitions in two-level systems can also be
spin energy at the end of the transition. created with several photons of different frequencies. In cv
In continuous wave (cw) magnetic resonance SpectroSCORYR experiments two-photon transitions have been observ
multiphoton transitions, where the magnetic sp?n quantugh free radicals in solids, where one na photon and one
number changes bym > 1, have been observed in electronygio-frequency (rf)= photon are absorbed simultaneously
and nucleamultilevel spin systems with photons of the samey4) | this experiment the rf field was oriented parallel and

1 On leave from MRS Laboratory, Kazan State University, 42008, Kazatl€ mw field perpendicular t8,.
Russian Federation. In another approach it was demonstrated that multiphoto
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a single-quantum transitior2@), and bichromatic pulse excita-
tion of double-quantum coherence of hn= 1 nuclear spin
ot system has been studie@3[. The evolution of al = 3 spin
system under bi- and tetrachromatic radiation has been studi
in detail both from the experimental and theoretical point of
G~ view (24, 25. An electron spin echo at the second harmonic
was observed using an mw field tilted from tBg direction
and has been used to study the effect of spin diffusion on th
o’ spin dynamicsZ6). This experimental scheme also was used
B monitor transient nutations in & = 3 system 27).
A multiphoton transition goes through a number of virtual
states of the spin system, which correspond to the states of t
o system “dressed” by the electromagnetic fiel@)( Recently,
the absorption of rfr photons by a spin system that evolves
under the action of a strong resonant mw pulse was observi
1 and has been used to carry out dressed spin-echo experime
(28).

Several theoretical approaches have been developed for t
description of multiphoton processe29). In magnetic reso-
ot nance, multiphoton transitions are usually described by th

Bloch equationsZ?2, 30, 3), second quantizatiorlb, 16, 33,
B and Floquet theory2(1, 24, 33. The first two formalisms have
been used to explain both even and odd multiphoton res

FIG. 1. Multiphoton transitions between the two states ofSar % spin nances, whereas Floquet theory, first implemented in spectrc
system in the static magnetic fieB). (a) Three-photon transition induced by copy by Shirley 83), has only been applied so far for the
a right- and a left-hand circularly polarized field( and o~ photons). (b) - yegcription of odd multiphoton resonances. Concurrently, |
Two-photon transition induced by a right-hand circularly polarized field ( .
photon) and a field which is linearly polarized photon) with respect t&,. was demonstrated in NMR spgctros:copy that Floquet theory

a powerful method for solving time-dependent problems

(34, 35. The extension to many-mode Floquet theory allows
transitions can be induced by irradiating a two-level systeame to describe the spin behavior under multifrequency radic
with two closely spaced frequencies (bichromatic radiatiotipn (36).
and using longitudinal detection for observatioh5(16. Multiphoton resonances in pulse EPR spectroscopy are ve
These experiments clearly demonstrate that a counterrotataigjactive from the point of view of spin dynamics and potentia
field component is required for the observation of multiphotaapplications. In this work we show for the first time that even
transitions with an odd number of photons. In conventionahd odd multiphoton electron spin echoes created with radi:
single-photon, single-frequency magnetic resonance expeion fields that differ in frequency by about three orders of
ments, the counterrotating component is far off resonance andgnitude can be observed, and that these experiments can
manifests only as a Bloch—Siegert shiff7] of the resonance described using Floquet theory. After a brief review of the
line. basics of Floquet theory, the formalism is applied to ever

Recently, Hyde and co-workers introduced a cw EPR eriultiphoton resonances. This takes the Floquet approach ac
periment where the spin system is saturated by two (or founjiversal theoretical basis for the explanation of multiphotor
closely spaced mw frequencies8(2]). As in any nonlinear experiments. The two-photon transition probabilities are eval
device, the spin system creates intermodulation sidebandated numerically, and the relation between the transition rate
which can easily be detected§, 19. Based on the dressedand the strengths of the excitation fields is obtained by usin
atom formalism and on Floquet theory the intermodulatigperturbation theory, in the same way as used previously for tt
sidebands have been explained as odd multiphoton resonarumis resonance24, 33. Then, following the theory, new ex-
(20, 21. periments are developed demonstrating that two- and thre

A necessary condition for the excitation of multiphotophoton electron spin echoes can be observed with an mw fie
transitions is the nonlinear character of the interaction betwegerpendicular and an rf field parallel By.
the radiation field and the spin system. In many pulse magnetic
resonance experiments a high radiation field is used, so that the FLOQUET THEORY
response of the spin system is no longer linear. As examples,
the nutation driven by a two-photon excitation in bn= 3 Floquet theory is a convenient method for solving Sdhro
system has been investigated by recording the polarization ahger's equation with periodic Hamiltonians. Since Floquet
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theory is not frequently used in EPR investigations, we brieflya 3> B3> |@2> B2 Jel> PBl>  je0> 30>
review the approach following the work of Shirle@3) and
extend the formalism to even multiphoton resonances. 3> | Egt30 o,

Consider ars = 3 electron spin system in a static magnetic
field B, which is irradiated by a linearly polarized magnetic?* Egt30 0
field 2B, cos(wt). For an arbitrary angl® = 2 (B,, B,), the

laboratory frame Hamiltonian is given by e o1 Fat2o o
182> o} Egt2o o
() = weS, + 2w,coqwt)[cog0)S, + sin(0)S,], [1]
ot 1> o) Eg+ro 0
where w, = gB.By/ is the Larmor frequency, ande = 81> E
. . o : . ) gD —= @)
0B.2B./% is the amplitude of the radiation field in angular
frequencies. We denote the two eigenstates obtained.fer |« 0> o, E,
0 by a andB with E, = wo/2 andE; = —w,/2.
To demonstrate the existence of multiple resonances, thé> o] Eg
transition probabilityP,,.; of a system which evolves from the
« state at timeé = 0 to the state under the Hamiltonigit(t) 3> B3> ja2> B2 joi>  Bl»  la0>  |BO>
is calculated. For the prediction of the time dependence of the
system, we introduce the time-evolution operdtg(t). For 3> |E+30 o, o'
the matrix elements of a unitary operateft), with U(t) =
F(t)F*(0), the time-dependent Schdinger equation can B3> Ept30 ) -0
then be written as a set of coupled equations
o 2> 'y oy Ef20— 0 — 0
I
SR = 1 S K OF 0. @ e ey
Y loc 1> @, ) «--Egt® o, o
' 4
By applying the Floquet theorem for the solution of linearp 1> W, -0, =--;---Egto—0, -
differential equations with periodic coefficient37j we find E A é
for the solution of Eq. [2] lo. 0> S R
Fup(t) = @y (e, E/ o "

. L . . FIG. 2. Floquet Hamiltonians for ai = 3 spin system and a single-
Whereq)ﬁ“(t) are again perIOdIC functions a‘m is the char frequency radiation field. (a) Radiation field perpendicular to the static mag

acteristic exponent .4(t) in Eq. [3] and the Hamiltonian have petic field B,. (b) Radiation field tilted by 45° with respect &, The radi-

the same periodic property, and both of them can be expandgeh field amplitude isw,, ®; = w,/V/2. Pathways for multiphoton tran-

in Fourier series sitions: —, three-photon transitiong83) — |a0); — — - - - — two-photon
transitions|82) — |a0).

Faﬁ(t) = 2 Fzﬁeinwteiiqﬁt! [4]
) _ valuesq, and eigenvectors with compone$;. The operator
Hap(t) = X H e [5] denoted by Shirley as the Floquet Hamiltonian is defined by
n
Substitution of these expansions into Eq. [2] and a rearrange- (an|Fe|pm) = FH 5" + N8 .pdam [7]

ment of the products of the Fourier series result in an infinite
set of coupled equations for the matrix elements of the operaIH{e

F (1) expressionkyn) represent Floquet statas describes the

spin state, and denotes the Fourier component. Equation [7]
and Fig. 2 indicate that the matrix elements of the Floque
Hamiltonian change periodically along the main diagonal an
the three adjacent diagonals

2(H K+ Nwdnda,) Fs = qsFhg, [6]

v
vk

where the summation ovéris taken from zero ta. This set
has the form of a secular equation for an operator with eigen- (an + p|#eyl) = (an|# |yl — p) + Pwd,,dni-p- [8]
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As a consequence of the periodic structure¥f the eigen 1) with state|gn + 2) by a 7 photon. The scheme indicates

valuesA,, will also be periodic that transitionggn) — |an — m), with m = 2| are possible
through 2 — 1 intermediate states. As examples, the twc
Aanip = Aan T PO. [9] possible pathways for the two-photon transitia)) — [82)

are indicated by broken lines.

The property of the eigenvectdps,,) of % that belong to the The intensity of a multiphoton transition can be estimat.ed b
eigenvalues. ,, can be derived from the eigenvalue—eigenve¢'Sing the perturbation treatment developed 38)( In this
tor equation for%, using Eqgs. [8] and [9], revealing the@pproach the Floquet Hamiltonian is approximated by>a 2

periodic properties of the eigenvectors matrix 7€, whose diagonal elements have been corrected f
take the remaining part of¢. into account(yk|# | yk) =
(an + P[Agmig) = (anAgm). [10] (yk|Fe|yk) + 8., Off-diagonal elements df¢; can be con

sidered as the effective radiation strengthl; ™ of the (n —

The characteristic exponent; is the same for each Fourierm) photon transition. For the matrix elementsd6f one finds

harmonic of the eigenvector componehRts of eigenvaluey,. (29
Consequently, a connection betweepn andq, may be set as
Ago = g, Which leads to the relation o S (BN|FEe Y1) (Y| Fe )
2 Weft T Ep— E
BN vl

vl

Fog = (an|Ag). [11]

LY S (BN[Fe| y1){y1| I k) EK| Fe| am)
Substituting Eq. [11] into Eq. [4] results in an equation for the (Egn — E)(Egn — Egd Y
operatorF(t) and allows one to describe the time-evolution
operatorU(t) for the semi-classical Hamiltonian in Eq. [1] in (14]

terms of the solution for the Floquet Hamiltonian in Eq. [7]
and for the correction of the diagonal elements that introduce
Upa(t) = E E<Bn|)\y|>e7i)\yn</\y||a0>einwl. [12] level shifts
n ol
5, = S (Bn[FEe| y1){yI|9€ Bn)
Finally, the probabilityP, ., = (Ug.(t)U4(t)*), averaged pn | Eg — E,
over timet can be obtained by integrating Eq. [12] !

(BN[Fe| Y1)y |F e[ k) EK|FEe| B)
_ , + > +...,
Pasp =2 2 [(BNIA XAy a0)|?. [13] % (Ben— Ey)(Epn — Eg)
n ol
[15]
Before calculating these transition probabilities, we must
examine the Floguet matrices to get an idea about possiblgh yI, &k # Bn, am; yl # &k; andE, = (yl|%#|yl).
transitions between the Floquet states. Figure 2 shows parts dfVe assume that for am-photon transition the Zeeman
Floquet Hamiltonians, wit: evaluated foi® = 90° (Fig. 2a) splitting is n times larger than the radiation frequen&y, —
and6 = 45° (Fig. 2b). Figure 2a indicates that in the casBpf E; ~ nw, and the strength of the oscillating field is weak,
1 B,, the stategan) and |[gn + 1) are connected by off- < w. For the three-photon transiti®@3) — |«0) shown in Fig.
diagonal elements. A comparison of the Floquet theory wia we find for the effective field using Eq. [14]
the second quantization approach reveals that the Fourier in-
dices for the Floquet states correspond to the photon occupa- o’
tion number of the quantized radiation fieltio( 33. Thus, a ol = 502 [16]
transition|gn + 1) — |an) can be described as a spin flip
from the B state to thex state with the absorption of one
photon, representing a single-photon transition.
It can be seen from Fig. 2a that states which are distin- 5

guished by their spin projection and which differ in the number Son —5 = — Swi [17]
of photons by an odd valua = 2| + 1, wherel = 1, 2. .., p o0 4o
are indirectly coupled throughl 2ntermediate states. As an
example, the three-photon transitigg8) — |«0) is indicated in agreement with Shirley3@). For the two-photon resonance
by arrows in Fig. 2a. In the case @f= 45° (Fig. 2b), statéen) |«0) — |B2) shown in Fig. 2b with an oscillating fiele,
is coupled with staté3n + 1) by ao photon, and statggn + inclined by an angle of 45° with thB, field vector we obtain

and for the level shift in lowest order using Eq. [15]
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2w? a
wi = P [18] 2
and
1. ..........
o}
5;32 = =040 = _g- [19] go
<0
18]

Equation [18] demonstrates that the effective field for a two-
photon transition is proportional to the square of the oscillating _ : : :
field strength and inverse proportional to the irradiation fre- — —1f <O 7=
guency; i.e., it shows the proportionality one would expect in : ' : :
going from three-photon resonances (Eq. [16]) to two-photon
resonances. The dependences described by Egs. [18] and [19] _, i i ; i i ; i ; ;
are the same as those found by solving the Bloch equationsin ¢ 01 02 03 04 05 06 07 08 09 1
the doubly rotating frame3Q).

Equations [16] and [18] suggest that the corresponding (
m)-photon transitions have nonzero transition probabilities. On 2
the other hand these elements split the related eigenvalues
E.» = E. + mw andE,, = E; + nw, which are degenerated
at the f — m)-resonance conditiok, — E; = (n — Mo
whenw,; = 0. In the case oby, # 0, the level crossingsH,,
= E,,) are lifted. The unperturbed Floquet Hamiltonidf}
should correctly describe these level anticrossings. The exis- o ;
tence of the multiphoton transitions thus implies a level anti- ¢ 0f >
crossing, and vice versa. H

In order to demonstrate the existence of anticrossings we : :
calculated the eigenvalues of the Floquet Hamiltonians evalu- _ [T~ "> T
ated withf = 90° and 45° as a function @/ w, with w,/w, =
0.2 and 14X 14 Floquet Hamiltonian matrices (Figs. 3a, b).
The calculation performed with = 90° reveals the existence : : , v ; : , :
of anticrossings atw/w, = 0.38, which corresponds to the 2,57 05 03 04 05 o6 07 o8 09 1
position of a three-photon resonance (Fig. 3a). This result is in /e,
agreement Wltho those previously rgport@gl,(BC?. The C.a.lc.u_ FIG. 3. Eigenvalues of the Floquet Hamiltonians in Fig. 2, calculated as
lation for 7-(45°) demonstrates anticrossings in the vicinity Oftmction of the normalized photon energyw, at w,/w, = 0.2. (a) Eigenvalues
w/wy = 1/n, namely aiw/w, = 0.55, 0.37, and 0.26, i.e., at thesor %, (9 = 90°). Anticrossings exist only nearw, = 0.37 (apart from the
two-, three-, and four-photon resonances (Fig. 3b). Thus, osigle-photon resonances), which correspond to the position of the thre
can expect that a radiation field tilted froBy by 45° will photon resonance. (b) Eigenvalues 36¢ (6 = 45°). Anticrossings are visible
induce even as well as odd resonances. in the vicinity of w/w, = 0.55, 0.37, and 0.26, i.e., close to the two-, three-, and

. . . L. OUI’-phOIOI’l resonances.

Numerical calculations of the time-averaged transition pI’OE)-
ability P, _, using Eq. [13] were performed fdif-(90°) and
#=(45°) as a function of the normalized Larmor frequencYhe widths of the higher order resonances are extremely na
wol/w for field strengthsw,/w = 0.25, 0.5, and 0.75. To avoidrow at low values ofw, and broaden withw,, reflecting that
effects caused by the limited dimension of the Hamiltoniansnergy levels at anticrossings become flatter at higher radiatic
Floquet matrices of dimensions 42 42 were used in both fields.
cases, which cover resonances with up to 20 photons. ThéJp to now we considered multiphoton resonances in whicl
results for#(90°) (Figs. 4a, b, cshow odd resonances closeseveral photons with different polarization but with the same
to we/w = (2n + 1), withn = 0, 1, 2, which move to lower energy participate in the process. In this case the transitions
wo/w values whenw, increases, in agreement with the resuthrough a number of virtual levels (Floquet or dressed states
reported in 83). In the case of¥((45°) (Figs. 4d, e, f) the which are far away from a real energy level of the spin syster
probability has maxima at approximateby/w = n + 1, with (see Fig. 1). In single-frequency electron spin-echo exper
n=20,1,..., 4, which demonstrates that with a tiltednents it is expected that the echoes of the two- and thre:
radiation field even resonances also appear in the spectryimoton transitions will require relatively long excitation pulses

w
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a | d

(1)0/ w 0)0/ (&)

FIG. 4. Time-averaged transition probabilities evaluated from Eq. [13] as a function of the normalized electron Larmor freglenaydifferent strength
w,/w of the radiation field: (a, dw./w = 0.25, (b, €) 0.5, and (c, f) 0.75. (a, b, ¢) The radiation field is orthogonal to the static field. (d, e, f) The directior
the radiation field is tilted by 45° frorB,.

or high radiation fields, since the effective fiesdd, ~ ™ is much number of photons are involved, and where the frequencies
weaker than that of a single-photon transition because in Etige radiation fields differ by about three orders of magnitude
[16] and [18] w is in the denominator and is one-half orFigure 5a shows the field configuration in the laboratory frams
one-third of the Zeeman splitting. The situation can be considith B, (represented by,) alongz. The linearly polarized mw
erably improved when the Floquet states are created in fiedd with amplitude 2, and frequency,,, is oriented along
vicinity of a real state. Such states can be generated, fgrand the linearly polarized rf field with amplitudeo2 and
example, by bi- or tetrachromatic radiation fields, which haveequencyw; lies in thexz plane with a variable anglé.
components at frequencies close to the frequency of the singleThe multifrequency experiments can be described by many
photon transition 15, 20, 25. mode Floquet theory3@), but for simplicity we reduce the
For a two-photon resonance, virtual intermediate states gamoblem to the case of single-mode Floquet theory outline
also be prepared by a transverse mw field with, # w,. An  above by applying a sequence of frame transformations. F
rf field with frequencyw,; = w, — wn,, along B, can then 6 = 0 the laboratory frame Hamiltonian is given by
induce a transition withm = 0 between this virtual level and
the real final stajte. This scheme has already bgen implemented%(t) = S, + 20,004 t)S, + 20,08 wyt)S,  [20]
for the observation of two-photon resonances in cw EB&. (

The same field configuration was used in dressed electron spin .
resonance, with the mw radiation on-resonance with the eldt(t) is first transformed to the frame rotatingaat, around the
tron spins 28) z axis. In the rotating frame the effective static fielgh = (w?

+ Q%)Y with Qs = wy — wm IS tilted fromz’ by the angle
EXPERIMENTAL RESULTS ¥, with tanyy = w,/Qs. Then, neglecting the counterrotating
mw component, a rotation around tké axis by the angle)s
In this experimental section we present for the first timgives a new frame witlz’ directed along the effective field.
multiphoton electron spin echoes where an even and an otttk Hamiltonian in this doubly primed frame becomes
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FIG. 5. Multiphoton resonances created with an mw and an rf field. (a) Fie|d
configuration in the laboratory frame used in experiments for the detection &

These resonances occur between the states of the spin sys
which absorb mw photons, i.e., between dressed states. In t
laboratory frame they will manifest as two- and three-photor
resonances symmetric to the single mw photon transitior
when the frequency offsef)s| approximately equals, and
2w,. An example of such two-photon resonances is shown i
Fig. 5b. When the rf field is tilted frorB, (6 # 0°), they and

z components of the rf field in the doubly primed frame
decrease, as one can see by comparing the Hamiltonians
Egs. [20] and [21]. Thus, with the field configuration shown in
Fig. 5a one can expect to observe spectra consisting of ev
and odd resonances, which will disappear as the aigle
approaches 90°.

The creation of two-photon echoes is demonstrate@-at
band frequencies on girradiated quartz sample at a temper-
ature of 100 K. The broad bandwidth of tieband resonator
allows one to have very similar conditions for excitation anc
detection of both the low- and high-field two-photon echoe:
(see Fig. 5b). The low temperature is used to compensate f
the small size of the sample (1.6-mm sample tube), whicl
results in a poor signal-to-noise ratio. The echo-detected fielc
swept EPR spectrum obtained with a primary echo sequen
with pulse lengths of 20 and 40 ns is shown in Fig. 6. It consist
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 nois
vel up to a width of about 56 MHz. To avoid any influence

multiphoton electron spin echoes. The fields are represented by respective angifisgide lobes in the excitation spectrum of the pulses on ot

frequencies: static fielB, by wo; mw field by w,; rf field by w,. (b) Energy level

data, mw pulse lengths of 100 and 200 ns were used for tt

diagram showing two-photon resonances when the difference between the e'e“r’fﬁﬂtiphoton experiments The signal of the conventional ech

Larmor frequencyw, and the mw frequency,,, equalsw.

H"(1) = werS; + 2w,c0q wit)(cog ) S — sin(¢)SY).
[21]

A comparison of the Hamiltonians in Egs. [1] and [21] indi-
cates that the situation in the doubly primed frame is similar to
that described above when the single-frequency oscillating
field is tilted from the direction of the static field. In the doubly
primed frame the rf field hag andz components that depend

on the angley. This angle is determined by the mw field
strength and the frequency off-set from the single-photon res-
onance. In the doubly primed frame, and using the theory
described above, approximate equations can be derived for the

effective field strengths ob{’ and & of the single- and

two-photon rf resonances. With the resonance conditibys
wys and Qs ~ 2wy, we find

W1W2

ol = 22, [22)
I

(2d) w105

® off o wﬁ . [23]

~4 -3 -2 -1 0 [ 2 3 4
Field off—set [mT]

FIG. 6. Echo-detected single-photon EPR spectruny-gfadiated quartz
measured a®Q-band frequencies, temperature 100 K. The parameters for th
echo sequence/2——m were t,;, = 20 ns, 1. = 40 ns, andr = 400 ns. The
arrows indicate positions where echo signals were measured. (1) Obsen
position for the single-photon echo experiment. (2-5) Observer positions fc
the two-photon echo measurements.
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a strengthsy, andv, are too small to excite a single-photon echo
WW even at the minimum off-set of 40 MHz. Foy = 40 MHz this

condition is equal to that used for the numerical simulatior
shown in Fig. 4d. Off-resonance effects, which could be cause
by the strong mw field alone were not observed under th
conditions used in these experiments.
It was found experimentally that & ~ v, ~ 10 MHz and
vy = 40 MHz (Fig. 7b, trace 2) the condition of the echo
formation is close to optimum and the echo amplitude compe
b rable with the amplitude of the single-photon echo (Fig. 7b
: trace 1). The echo signals at higher off-sAtand the same

- . field strengths of 10 MHz (traces 3-5) are lower than theil
maximal values. For an off-set of 80 MHz echo maxima were
1 observed withy, = v, =~ 15 MHz and pulse lengths of 100 and

200 ns, and withv, = v, =~ 10 MHz and pulse lengths of 200

5 and 400 ns. Furthermore, it was found that the amplitude of th
”‘WM/\/\/VW\/\N\/\/\W“WW echoes is maximum when the ratio. ,)/A is equal to the
value of v, used in the single-photon echo experiment.
l *"MMMMMMM 3 The echo-detected two-photon EPR spectrasfor 40 and
80 MHz are shown in Figs. 8b, c. The spectra were obtained
Fourier transformation of the time-domain traces and represe

4 ; ) .
L R A L e the behavior of the signal amplitudes at 40 and 80 MHz. As :

reference, the single-photon spectrum was recorded with tt
MWWMWW same sequence (Fig. 8a). For each experiment optimized fie
strengths were used, = 2.5 MHz andv, = 0 MHz for the
0 0.5 1 single-photon echay; =~ v, ~ 10 MHz for v; = 40 MHz, and
Time [us] v, ~ v, ~ 15 MHz for v, = 80 MHz for the two-photon
FIG. 7. (a) Pulse sequence used in multiphoton experiments. (b) Obser\PeghoeS' The two-photon spectra with shapes that are ex
time-domain echo signals. (1) Single-photon echo= vm., v, = 2.5 MHz.  feplicates of the single-photon spectrum are symmetricall
(2-5) Echoes measured At= v, — v, With (2) A = 37.8 MHz, (3) 58.2 placed to the position of the latter. The observed peak-to-pe:
MHz, (4) 78.4 MHz, and (5) 97.4 MHz. The field strength in the two-photogp“ttings of the two-photon spectra (FigS. 8b, C) are close t

experiments was, ~ v, ~ 10 MHz; the pulse lengths were 100 and 200 NStwice the radio frequencies of 40 and 80 MHz
Field positions for the measurements of the signals are indicated in Fig. %V '

Traces (1-5) represent single-shot measurements.

<

was maximum for an mw field strength of about = 2.5
MHz? with these pulses (Fig. 7b, trace 1).

The pulse sequence for the creation of the multiphoton
echoes is shown in Fig. 7a. The rf field was oriented alBpg
(6 = 0), and mw and rf amplitudes were approximately equal,
v, =~ v, =~ 10 MHz. The rf and mw sources were not phase b N\ A~
locked, and single-shot measurements were performed to avoid
signal jittering. The echo traces 2-5 in Fig. 7b were obtained at
fields corresponding to off-sets of 37.8, 58.2, 78.4, and 97.4
MHz (see labels in Fig. 6), which were very close to the
values used in the experiments, namely 40, 60, 80, and 100 ) , . , , , )
MHz. At each of these field positions the echo amplitudes were -4 -3 -2 -1 y ffg 1} 2 3 4
found to be maximum. A trend was observed that for each Field off=set (']
particular frequencyy,, the echo amplitude reaches a maxi FIG. 8. Echo-detected single- and two-photon spectrayefradiated
mum at an off-setA which is less than this frequency. Thquartz. (a) Single-photon spectrum, = 2.5 MHz. (b) Two-photon spectrum

-, - with v; = 40 MHz, v; ~ v, =~ 10 MHz. (c) Two-photon spectrum with; =
echoes were observed under the condition that the fl%%quHz, v, =~ v, ~ 15 MHz. A sequence with pulse lengths of 100 and 200

ns was used. The spectra were obtained by Fourier transformation of tt
2 Actual frequencies and amplitudes used in the experiments are denoteditme-domain traces and represent the behavior of the signal amplitude at 0, 4
Vows ity V1, V2, aNdA with 27y = o and 27A = Q.. and 80 MHz, as a function of the static magnetic field.
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a which are created when one mw and one rf photon are simu
] taneously absorbed or emitted by the spin system. In th
it doubly primed frame, these transitions can be considered

single rf photon processes or as a transition between dress

states.
|—| X X “AAMA The theory also predicts multiphoton transitions where mor

than one rf photon is involved. To prove the existence of suc
transitions, the echo experiments were carried out at highe
b field strengths, namely, ~ v, ~ 14 MHz, and an rf of 30
' ' ' ' ' ‘ ' MHz. A 2D spectrum obtained with the two-pulse echo se:
0%, guence (Fig. 7a) with mw and rf pulses of lengths 100 and 20
6k @ o ] ns and the rf field along is shown in Fig. 10. One dimension
e o represents the field off-set from the center of the single-photo
o o. transition; the other dimension represents the Fourier transfor
¢ : k (absolute value) of the time-domain echo signals. Apart fron
3 the strongly distorted and broadened single- and two-photc
° e B echoes centered at (0, 0) and atl(1 mT, =30 MHz), new
6 o signals appeared at aboutZ.1 mT, =59 MHz), i.e., at field
and frequency off-sets that are twice as large as those of tl
two-photon echoes. The new signals were very weak an
disappeared when the rf field vector was rotated fromzhe
, . , , , ( ( axis. Moreover, the signal amplitude of these new feature
-0 45 0 45 990 135 180 225 270 decreased more rapidly than those of the two-photon echo
when the strength of the rf field was reduced. This behavio
FIG. 9. Two-photon nutation experiments. (a) Pulse sequence used fpidicates that these signals represent three-photon transitio
n_1easuring th(_a electron nutation frequ_ency under combined mw and_rf raqiﬁVOIVing one mw photon and two rf photons.
tion. (b) Nutation frequency as a function pf the angle between the rf field and The amplitudes of the single- two-. and three-photon echoe
B,. The dashed line represents the functicos()|. ) ! K .
as a function ofv, and v, are shown in Fig. 11For both the
two- and three-photon echoes, data with a variahlend a
The two-photon echoes disappeared when the rf field wised v, value, and vice versa, are given. The amplitudes of th
switched off or oriented perpendicular By. To demonstrate different types of echoes reached their maxima at different fiel
the dependence of the observed signals on the orientation ofstrengths. The maximum amplitudes were used as initial poin
rf field with respect toB,, the nutation frequencies under then the plots (0 dB in Fig. 11). For the single- and two-photon
combined mw and rf field excitation were measured asrasonances the echo maxima could clearly be identified b
function of the angled. The room temperature measurementssing a two-pulse sequence with flip angle® and #. For
were performed afX-band using a modified PEANUT se-
guence (Fig. 9a), which creates a rotary echo at the mw
frequency 89). The length of the second mw and rf pulse was
5.12 us with amplitudes ofv, ~ 11 MHz andv, ~ 10 MHz; 80
the length of ther/2 pulse was 200 ns. For the single-photon
transition (rf off, v, = v,), a nutation frequency ofig, ~ 22
MHz was found. In the two-photon experiments with= 25
MHz the electron spin Larmor frequency was displaced from
vow DY 25 MHz. The width of the EPR line at the 1% level was
about 11 MHz. A phase-sensitive detector was used for signal
demodulation. Figure 9b shows the nutation frequencigg 2
measured as a function of the anglér'he nutation frequencies
2v,. were found to be proportional to the modulus of @s(

[MHz]
[+]

2v
onut
.

v [MHz]

(dotted line in Fig. 9b) and, thus, proportional to the projection 807 v
of the rf field onto thez axis. The echo signal disappeared for o o O o 1 o 5
angleso close to 90°. Field off—set [mT]

The dependence of the echo amplltudev@nz and the line FIG. 10. Contour plot of the 2D spectrum, field off-set versus frequency

positions gnd the dependence _of the nutation frequency @set., = 30 MHz; v, ~ v, ~ 15 MHz. The peaks shifted by59 MHz and
angled verify that the observed signals are two-photon echoesz.1 mT from the center (0, 0) are three-photon resonances.
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tained with two-frequency excitation (mw and rf), which is
more convenient for practical applications, are in agreemet
with those reported inX7). Thus Floquet theory, implemented

in this work for even multiphoton resonances, can be applied t
further investigate the spin dynamics during this kind of tran
sition.

The experimental echo-detected two-photon spectrgiof
radiated quartz show the same features as that reported for t
two-photon cw absorption spectra of free radicals measure
with the same field geometryl4), namely lines at positions
wo =~ wny ¥ 0. The cw spectra were measured at much lowe
mw and rf power and smaller frequency off-sets. The signa
intensities were found to be depended Bnand could not
always be observed for radicals at room temperature. In ol

FIG 11 Single- and multiohot o itud function of th experiments strong two-photon echoes of irradiated quar
.11. Single- and multiphoton echo amplitudes as a function of the m
and rf field strengths. Single-photon echoes veisu®); two-photon echoes \/Xlere observed at room temperatufig (¥ 0.2 ms aQ band)’

atv, = 40 MHz as function o, () andw, (C); three-photon echoes af = indicating that by using an intrinsically nonlinear method for
30 MHz as function ofy; (A) and, (V). Fit of the experimental data by the €XcCitation, multiphoton transitions can easily be studied.
function sin@,)sin’(6./2), with 6, = 26,. Dashed linef, = v;; dotted line,6, Compared to the two-photon electron spin-echo experimen
x5 where the echo was excited by a single mw field at frequenc
wm = w2, tilted fromB,, by 45°, and detected at the second
harmonic 2, (26), we used for excitation two radiation fields
three-photon transitions the maximum echo amplitude coulgat differ in frequency by a factor 500—1000. This allows
not be observed with the available field strength, but it was ng_ifonger effective fields to be used for the tWO-phOtOﬂ transi
far from its optimum. The amplitude of the single-photon echgons (compared6, 27 with the results presented in this work).
follows the function sing;)sin’(6,/2) (40), where6, and6, are Moreover, the experiments with mw and rf radiation can be
the flip angles of the first and second pulse ahd= 26, carried out with a much simpler experimental setup than thz
(dashed line in Fig. 11 witl¥, « v,). The amplitudes of the described in26), namely with an ENDOR probe head rotated
two-photon echoes show virtually the same behavior aspg 90°. In pulse dressed EPR experimen28)( a similar
function of bothv, and v,. technique was used but the mw frequency was on resonan
The three-photon echoes behave in a different way. Afith the electron Larmor frequency, and single rf photon
attenuation o, by 3 dB reduced the echo amplitude by almosgbsorption (or echo signal) was monitored at the single m\
the same amount as an attenuationvpby 6 dB. The weak photon transition. In our study, excitation and detection ar
signal, the rapid decay of the signal intensity as a function gérformed using two- and three-photon transitions, makint
the rf amplitude, and the demands of the echo method all#iother aspect of the dressed states concept clearly visib

only qualitative conclusions about the three-photon echoggmely that these states can play the role of intermediate sta
Nevertheless, a corresponding fit of the experimental dagt multiphoton transitions.

indicates (dotted line in Fig. 11 with, o v3) that the flip angle
6, is proportional tovs.

From the observed dependences we conclude that for the
two-photon echoes the relation between flip angle and field|n this work we have demonstrated that Floquet theory, up t
strength is given by, = v,v, and for the three-photon echoesyow applied in magnetic resonance for the description o
by 6, = v,v5. multiphoton transitions with an odd number of photons, can b
extended to multiphoton transitions with an even number o
photons. Electron spin-echo signals of two- and three-photo
transitions were observed using an rf field oriented along th

The results for the two-photon transitions given in Eqgs. [1&tatic magnetic fiel®, and an mw field oriented perpendicular
and [19] obtained by Floquet theory and those obtained by ttteB,. Theory and experiments demonstrate that with this fiel
Bloch equations in the doubly rotating fram80] show the configuration multiphoton resonances can easily be observed
same dependence of the effective field and the level shifts palse EPR experiments.
the strength and the frequency of the radiation field. In EPRIn the following we propose some applications of multipho-
spectroscopy these dependences were initially proved by mtmm resonances excited by a transverse mw field and a long
itoring the spin nutation at the second harmonic of the singletdinal rf field. First of all it should be noted that in multipho-
frequency excitation field2(7). Our experimental results ob-ton experiments the frequencies are different for excitation an

CONCLUSION

DISCUSSION
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detection. This allows one to perform experiments whekalmus amplifier had a relatively strong second harmonic
pumping and observation take place at the same time. Aswhich could create unwanted spectral features at higher
example, we propose to carry out coherent Raman beat Ep&Rver. By adding a corresponding low-power rf signal in
experiments 41) by using second-harmonic detection similaantiphase, the intensity of the second harmonic at the output
to how it was used for nutation experimengy) the amplifier could be reduced by abou85 dBc. The other

A second experiment we propose is related to the problemadsfvices did not produce any unwanted signals, which coul
coherence transfer between electron and nuclear spins. A closmifest in effects similar to those observed in the experi
relation exists between the matched electron spin-echo enmeents.
lope modulation approack?) and the dressed spin experiment The strengths of the mw and rf fields were measured via th
(28). In the former experiment, matching of the electron spinutation frequencies of the electron spins and the nuclear spi
nutation frequency to the nuclear Larmor frequency allows fof the protons. PEANUT experiments were performed to de
an effective coherence transfer during prolonged mw pulses.témmine the nutation frequencies of the electron sp&®. (At
the latter experiment the resonance frequency of the elect@rband the rf field strengths were determined via the proto
spin under a similar condition was directly measured, demomdtation frequencies measured in a Mims-ENDOR experimen
strating that the energy levels are shifted, so that the resonaatk¥ band they were measured with a calibrated pick-up coil. It
of the electron spins can be observed at radio frequencies. Haelition, the mw field strengths were checked during the
present multiphoton approach could be an alternative way égperiments by observing the echo amplitude as a function ¢
produce a pattern of energy levels appropriate for a resoném incident power. The variations in the mw field strengths
coherence transfer between electron and nuclear spins. In thése smaller than 10%.
approach the energy levels of the dressed spins are determineQuartz glass (Herasi-irradiated with 90 kGy was used to
by the mw and rf frequencies and only the shifts of the levetiemonstrate the multiphoton effects. Some of the measur
depend on the field strength. ments were performed at low temperature (100 K) using

The last proposed experiment is relatedntaltilevel spin  cooling system from Oxford Inc. To separate single- anc
systems. Since multiphoton transitions witfm > 1 can be multiphoton signals from each other, analog phase-sensiti
induced between pure states of the system, they could be udetkction or digital signal processing (DSP) was used. In th
to obtain data which cannot be deduced from conventiorfarmer case the signals were mixed with the reference signal

EPR of a multilevel system. a double-balanced mixer (Mini Circuits, ZAD-1-1) and then
digitized. In the DSP method the time-domain traces wer
EXPERIMENTAL digitized at 500 MS/s with an oscilloscope (LeCroy, LC534)

and then Fourier transformed.

The experiments were performed on two homebuilt pulse
EPR spectrometers of similar design operating at 35.3 GHz ( ACKNOWLEDGMENTS
band) @3) and 9.62 GHz X band) @4). Both instruments are
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power TWT amplifiers (ASE 187 Ka, 100 W & band, and The {:_u_Jthors thank S. Stoll for the fast glgorlthm to build Floquet mamces an
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