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In an electron-spin two-level system a bichromatic radiation field, consisting of a transverse microwave field
and a radio frequency field oriented parallel to the static magnetic field, can induce multiple photon transitions
of the typesmw

+ +kprf, with the photonssmw
+ andprf absorbed from the microwave and radio frequency fields,

andk being an integer. The two-level spin system may become transparent under such a bichromatic radiation
field. This phenomenon directly depends on the presence of thep photons of the longitudinal radio frequency
field. An analytical description of the multiple photon processes and the resulting transparency effects, based
on a toggling-frame approach, is given. The effective field amplitudes of the multiple photon transitions are
found to have a Bessel-function-like dependence on the radio frequency amplitude. The behavior of the
magnetization vector during a bichromatic pulse is illustrated by using classical equations of motion. The
theoretically predicted effects are verified experimentally. As an example for an application of the investigated
type of electromagnetically induced transparency, a one-pulse echo experiment is described, where the free
evolution period is created artificially.
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I. INTRODUCTION

There are different means to make an opaque medium
transparent. In the case ofself-induced transparencythe ma-
terial becomes transparent when the flip angle of a radiation
pulse applied to a two-level system reaches 2p. In this ex-
periment, first described in optics by McCall and Hahn in
1969 [1], a light pulse propagates through many Beer’s ab-
sorption lengths of a dense medium. Self-induced transpar-
ency has also been observed in electron paramagnetic reso-
nance(EPR), using so-called zero-area pulse propagation,
where the phase of the microwave(mw) radiation is changed
during the pulse[2].

More recently,electromagnetically induced transparency
(EIT) has been described[3–6]. In EIT a coherent superpo-
sition of two states is prepared by irradiating the system with
a resonant pump laser. The electric dipole moments of the
two transitions that connect these two levels with a third
level show then destructive interference[3]. As a result a
resonant probe laser can no longer induce transitions; the
system is transparent. EIT has also been observed in
electron–nuclear-spin systems with pulse EPR[7], and with
optically detected continuous-wave(cw) EPR [8,9].

It was shown that EIT can also take place in two-level
systems [10]. An atomic two-level system in a strong-
coupling field can become transparent to a second probe field
due to quantum interference between different multiple pho-
ton transition pathways. The behavior of two-level atoms
subject to a bichromatic field nearly resonant to the transition
was studied using different approaches[11–17]. Consistently,
a fluorescence spectrum is predicted that shows lines at vari-

ous subharmonics of the used laser frequencies, which fits
well to the experimental results[18]. In this work we intro-
duce a related transparency phenomenon that can be ob-
served in two-level spin systems in a bichromatic field con-
sisting of a mw field and a radio frequency(rf) field. The
effect is also based on the destructive interference of mul-
tiple photon processes, resulting in a vanishing overall tran-
sition amplitude. The difference of our experiment to the
optical experiments mentioned above lies in the fact that in
our case the two fields are different in polarization and differ
in the frequencies by about three orders of magnitude.

During a transition between two levels in a spin system
not only the energy but also the overall angular momentum
has to be conserved. In anS=1/2 electron-spin system with
two levels, described by the magnetic spin quantum numbers
mS=1/2 andmS=−1/2, the angular momentum is provided
by photons that are absorbed from a circularly polarized ra-
diation field, oriented perpendicular to the quantization axis
of the spins(in our case the external static magnetic field
B0). In an EPR experiment this is the right-hand circularly
polarized component(s+ photons) of a linearly polarized mw
field perpendicular toB0. Another possible process for which
the angular momentum is conserved is the combined absorp-
tion and emission of mws+ photons of different frequencies
(for example,s1

+−s2
++s1

+). Various cw and pulse EPR and
nuclear-magnetic-resonance(NMR) experiments are based
on this process[19–26].

If in an EPR experiment in addition to the mw radiation a
linearly polarized strong rf field is appliedparallel to B0,
multiple photon transitions of the typesmw

+ +kprf are induced
[27,28]. During such multiple photon transitions one mws+

photon is absorbed andk rf p photons, withmJ=0, are ab-
sorbed or emitted. The parameterkPZ describes the net
number of rfp photons absorbedsk.0d or emittedsk,0d
during the transition. Sincep photons have zero angular mo-
mentum, there is no restriction to the number of absorbed rf
photons, as long as energy conservation is fulfilled.smw

+
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+kprf multiple photon transitions are observed at higher or
lower magnetic fields(and thus called sidebands) with re-
spect to the single-photon transition(center band), as is
shown in Fig. 1. Recently we have proven thatsmw

+ +kprf
multiple photon transitions are the dominant features in the
spectra obtained with field-modulated cw EPR spectroscopy
[29,30]. They manifest as a large number of(usually unre-
solved) modulation sidebands and are responsible for the de-
rivative line shape commonly observed in cw EPR spectra.

Two-photon transitions of the typesmw
+ +pmw in two-level

electron-spin systems have been studied extensively[31–34].
Also multiple photon transitionssmw

+ +kpmw with k up to 6
have been reported[35]. The correspondingsrf

− +prf two-
photon transitions were used for excitation in NMR noise
spectroscopy[36]. In cw electron–nuclear double resonance
(ENDOR), lines observed at low frequencies were identified
assmw

+ +prf two-photon transitions[37].
In this study we focus on a special type of multiple pho-

ton transition, namely, the −mprf +smw
+ +mprf transitions,

with kPZ. These transitions fulfill the same resonance con-
dition as a single-photon transition. We demonstrate that for
properly chosen experimental parameters of the rf field the
net transition amplitudefor the transition in a two-level spin
system becomes zero. The spin system istransparentowing
to destructive interference of the different −mprf +smw

+

+mprf multiple photon processes, induced by the longitudi-
nal rf field. Corresponding effects can also be observed on
the sidebands.

First, we present a theory for the description of the ob-
served transparency, based on the toggling-frame approach
introduced recently to describe multiple photon transitions in
cw EPR experiments[29,30]. Then we illustrate different
phenomena related to the transparency effect by using a clas-
sical vector model. The transparency phenomenon is verified
experimentally by a nutation and a spin-echo experiment.
Finally, we introduce a different type of echo, which can be
observed after a single mw pulse by creating an artificial free
evolution period during part of the pulse.

II. THEORY

A. Toggling frame

The semiclassical Hamiltonian of anS=1/2 electron-spin
system, exposed to a linearly polarized transverse mw field

along the laboratoryx axis and a linearly polarized longitu-
dinal rf field and a static magnetic field along the laboratory
z axis, in angular frequency units, is given by

Hlabstd = vSSz + 2v1 cossvmwt + wmwdSx

+ 2v2 cossvrft + wrfdSz, s1d

with the Larmor frequencyvS=−geB0=gbeB0/", the mw
field with frequencyvmw, phasewmw, and amplitude 2v1
=−geBmw, and the rf field with frequencyvrf, phasewrf,
and amplitude 2v2=−geBrf.

If the only oscillating field is the transverse mw field, the
time evolution of the spin system is usually described in the
rotating frame, where the spin Hamiltonian is time indepen-
dent [38]. In the case at hand with two radiation fields, the
theoretical treatment is more involved. Recently, we intro-
duced atoggling-frametransformation for the description of
field-modulated cw EPR experiments in terms ofsmw+kprf
multiple photon transitions[29], which will be used here for
the characterization of multiple photon transitions driven by
bichromatic pulses and for the description of the investigated
transparency effects.

The spin Hamiltonian in Eq.(1) is transformed from the
laboratory frame to the singly rotating frame

HSRFstd = eivmwtSzHlabstde−ivmwtSz − vmwSz

=fvS− vmwgSz + 2v2 cossvrft + wrfdSz

+ v1e
−iwmwSzSxe

iwmwSz + v1e
is2vmwt+wmwdSz

3Sxe
−is2vmwt+wmwdSz, s2d

and then to a toggling frame

HTF,kstd = RstdHSRFstdR−1std − kvrfSz − 2v2 cossvrft + wrfdSz,

s3d

where

Rstd = eifkvrft+s2v2/vrfdsinsvrft+wrfdgSz s4d

is the toggling-frame rotation operator. Note that the toggling
frame is not the doubly rotating frame that is regularly used
to describe excitation by two transverse fields. In that case a
Hamiltonian in the laboratory frame is subject to two subse-
quent standard rotating-frame transformations.

By neglecting the counterrotating part of the mw field,
which would manifest as a Bloch-Siegert shift[39] of the
energy levels, the Hamiltonian can be written as[29]

HTF,kstd = svS− vmw − kvrfdSz + o
n=−`

+`

JnS2v2

vrf
D

3v1e
ifsk+ndvrft+snwrf−wmwdgSzSxe

−ifsk+ndvrft+snwrf−wmwdgSz.

s5d

Jnszd is the Bessel function of the first kind, with ordern and
argumentz=2v2/vrf. In Eq. s5d only the term withn=−k,
with amplitude v1J−ks2v2/vrfd, is time independent. For
weak mw fields, as commonly used in cw EPR, the time-
dependent terms are small and can be neglected. For
stronger mw fields, they lead to a Bloch-Siegert-like shift

FIG. 1. Energy-level diagram of anS= 1
2 spin system with mul-

tiple photon transitions of the typesmw
+ +kprf, as a function of the

static magnetic fieldB0. (1) One mws+ photon is absorbed and one
rf p photon is emitted.(2) One mws+ photon and one rfp photon
are absorbed.
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Dk = S2v1
2

vrf
Do

lÞk

Jl
2S2v2

vrf
D

sk − ld
s6d

of the energy levels. It can be shown thatD−k=−Dk. Conse-
quently, there is no shift for the single-photon transition,
D0=0.

The time-dependent terms also lead to higher-order cor-
rections of the effective field amplitude. Calculated up to
third order we find

v1,k = v13J−kS2v2

vrf
D + S v1

2vrf
D2

3o
lÞk

o
mÞ0

J−lS2v2

vrf
DJm−lS2v2

vrf
DJm−kS2v2

vrf
D

sl − kdm 4
=v1fck

s1d + ck
s3dg. s7d

The first-order coefficientck
s1d in Eq. s7d describes the effec-

tive field v1,k for v1!vrf. For larger values ofv1 the third-
order termck

s3d becomes relevant. Note that the original
expression forck

s3d in Ref. f29g contains a sign error. The
effective spin Hamiltonian in the toggling frame may then
be written as

HTF,k = sfvS+ Dkg − fvmw + kvrfgdSz + v1,ke
−iwkSzSxe

iwkSz,

s8d

wherewk=wmw+kwrf is the phase of the effective field. The
Hamiltonian in Eq.s8d essentially describes the spin sys-
tem exposed to an effective radiation field with frequency
vmw+kvrf, phasewk, and amplitudev1,k.

Note that the Hamiltonian in Eq.(8) is based on the as-
sumption that the quantization axis in the singly rotating
frame is oriented approximately along thez axis. The mw
field is treated as a weak perturbation of the diagonal part of
the Hamiltonian in Eq.(3). This approach is valid as long as
the mw field v1 is smaller than the resonance offsetVS
=vS−vmw, which is normally the case for multiple photon
transitions withuku.1. For the single-photon transition, on
the other hand,v1 may easily exceedVS. Thus for larger mw
amplitudes the quantization axis in the singly rotating frame
has to be oriented along the effective field vectorveff=VS
+v1. This is achieved by a rotation about they axis by the
angleu=arctansv1/VSd. With the mw phasewmw=0, we find
for the Hamiltonian in the tilted frame

HSRF8 std = eiuSyHSRFstde−iuSy

=veffSz + 2v2
VS

veff
cossvrft + wrfdSz

− 2v2
v1

veff
cossvrft + wrfdSx, s9d

with veff=sVS
2+v1

2d1/2. A transformation to a toggling
frame by a rotation operator analogous to Eq.s4d,

R8std = eifkvrft+s2v2VS/vrfveffdsinsvrft+wrfdgSz, s10d

results in

HTF,k8 std = sveff − kvrfdSz −
v2v1

veff
o

n=−`

+`

JnS2v2VS

vrfveff
D

3feifsk+n+1dvrft+sn+1dwrfgSzSxe
−ifsk+n+1dvrft+sn+1dwrfgSz

+ eifsk+n−1dvrft+sn−1dwrfgSzSxe
−ifsk+n−1dvrft+sn−1dwrfgSzg

<sveff − kvrfdSz +
kv1vrf

VS
J−kS2v2VS

vrfveff
DSx, s11d

where all higher-order corrections are omitted. Obviously,
the term withSx vanishes fork=0. For weak mw fields,v1
!kvrf <VS, the Hamiltonian in Eq.s11d becomes equal to
the Hamiltonian in Eq.s8d, whereas forv1@VS, we find

HTF,k8 = sv1 − kvrfdSz +
kv1vrf

VS
J−kS2v2VS

vrfv1
DSx

<sv1 − kvrfdSz + v2
ks− 1dk

uku!
Sv2VS

vrfv1
Duku−1

Sx. s12d

For uku.1, the second term is very small, and zero forVS
=0. In practice only the case withk=1 is of importance.

The Hamiltonian in Eq.(12) describesrotary saturation
introduced by Redfield[40]. In this cw NMR experiment in
addition to the driving transverse rf field a second field in the
audio-frequency range is applied parallel toB0. When the
frequency of this second field equalsveff, the steady-state
transverse magnetization is reduced, which is explained as
saturation of the transition induced by the second field in a
tilted doubly rotating frame. A similar experiment has re-
cently been carried out in pulse EPR. In pulse dressed EPR,
one or several rf pulses applied along thez axis flip the spin
coherence that is spin-locked by a high-turning-angle mw
pulse[41].

Since for the single-photon transition withk=0 the
Hamiltonian in Eq.(11) gives only the oversimplified result
HTF,08 =veffSz, we have to use Eq.(8) for the description of
transparency on this transition. For large mw amplitudes, as
used in pulse EPR experiments, higher-order effects have to
be taken into account.

B. Transparency induced by the longitudinal rf field

We now describe the multiple photon transitions of the
type −mprf +smw

+ +mprf in more detail. In the case of a reso-
nant mw field,vmw=vS and k=0, energy and angular mo-
mentum are conserved not only for the single-photon process
but also for the −mprf +smw

+ +mprf multiple photon processes
[see Fig. 2(a)]. In the single-photon process(1), one mws+

photon is absorbed, whereas in the two three-photon pro-
cesses(2) with m= ±1 one rf p photon and one mws+

photon are absorbed, and one rfp photon is emitted. Also
five-photon processes(3) with m= ±2 and processes of
higher order have to be considered. The effective field for the
single-photon transition is plotted in Fig. 2(b) as a function
of the normalized rf amplitudez=2v2/vrf, together with the
contributions of the processes(1), (1)1(2), and(1)1(2)1(3).
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For rf amplitudesz,1, the effective field can be well ap-
proximated by only considering the processes(1) and (2),
and forz,2 by considering the processes(1), (2), and (3).
The effective field amplitudev1,0 for the absorption of one
mw s+ photon is given by the sum of the effective field
amplitudes of all contributing multiple photon processes,

v1,0= v1J0S2v2

vrf
D . s13d

A corresponding behavior is found for the sidebands, as is
shown in Fig. 2scd for the smw

+ +prf two-photon transition
sfirst sideband,k=1d, and the corresponding multiple pho-
ton processes of the type −mprf +smw

+ +sm+1dprf.
There is an alternative to the description in the toggling

frame, where the contributions of the different multiple pho-
ton processes spanning a certain energy difference are
summed up to one effective field amplitude. The dynamics of
our two-level spin system could also be treated in terms of a
spin system dressed by the(strong) rf field. The weak mw
field then induces resonant transitions between such dressed
states. A corresponding method was applied by Freedhoff
and Chen to calculate the fluorescence spectrum of a two-
level atom driven by a strong bichromatic laser field[11].
While the two approaches are equivalent from a physical
point of view, the toggling-frame approach is better suited to
describe the dynamics of the multiple photon transitions.

Of special interest is the finding that the effective field
v1,k can bezero. The two-level system then becomes trans-
parent. For the center band(single-photon transition) the ef-
fective field v1,0 is zero at the zero crossings of the Bessel
functionJ0szd. The first zero is atz= j0,1<2.4048, the second
zero atz= j0,2<5.5201, etc. For the two first sidebands[k
= ±1, with vS=vmw±vrf, see transitions(1) and (2) in Fig.
1] the effective fieldv1,1 is zero at z= j±1,1<3.8317, z
= j±1,2<7.0156, etc.

FIG. 3. Third-order contributionck
s3d to the effective fieldv1,k

[see Eq. (7)], normalized to sv1/2vrfd2, as a function of z
=2v2/vrf, for toggling frames withk=0,1,and 2.

FIG. 2. (a) Multiple photon transitions of the type −mprf +smw
+ +mprf, created by a bichromatic radiation field resonant with the

single-photon transition,vmw=vS. (1) Single-photon processsmw
+ ; (2) three-photon processesprf +smw

+ −prf and −prf +smw
+ +prf; (3) five-

photon processes 2prf +smw
+ −2prf and −2prf +smw

+ +2prf. (b) Effective field v1,0=v1J0szd (normalized to the mw field amplitudev1)
according to Eq.(7) for the center band(smw

+ transition) at vmw=vS, as a function ofz=2v2/vrf (bold solid line). The contributions from
the processes(1), s1d+s2d, and s1d+s2d+s3d are also given(dashed lines). (c) Effective field v1,1=v1 J−1szd for the first sideband(smw

+

+prf transition) at vS=vmw+vrf (bold solid line). In analogy to(b) the contributions from the two-photon processes(I) and the four-photon
processes(II ) are also shown(dashed lines).
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For larger mw amplitudes the third-order contributionck
s3d

in Eq. (7) causes a shift of the zero crossings. Figure 3 shows
plots of ck

s3d as a function ofz, for toggling frames withk
=0,1, and 2. For thecenter band,uc0

s3du is maximum close to
the first zero crossing. The zero crossing of the effective field
amplitudev1,0 is shifted to smaller values ofz, as is shown
for a selection of valuesv1/vrf:

v1/vrf j0,1
corr

0 2.4048

0.25 2.3866

0.50 2.3306

0.75 2.2345

C. Phase of the effective field

A bichromatic pulse, resonant with asmw
+ +kprf multiple

photon transition, excites also othersmw
+ + lprf multiple pho-

ton transitions, withl Þk. The signals caused by these tran-
sitions can be partially removed by appropriate rf phase
cycles. The phases

wk = wmw + kwrf s14d

of the effective fieldsv1,k in the corresponding toggling
frames show different dependences on the rf phase. In Table
I we have evaluated Eq.s14d for a number of values of the rf
phasewrf, in different toggling frames withk=−3, . . . ,3.
The mw phase was set toxswmw=0d. A change of the rf
phase byp, for example, has different effects on the ef-
fective fields. While for the toggling frame describing the
single-photon transition the phasew0 does not change, the
effective fields of the two-photon transitions experience a
change in phase byp, resulting inw±1=−x.

When the rf phase cyclefs0d−spdg is applied, the signals
generated by the single-photon and thesmw

+ ±2prf three-
photon transitions(and all other transitions with an even
number of rf photons) are eliminated, but not the signals of
the smw

+ ±prf transitions and all other transitions with an odd
number of rf photons. The rf phase cyclefs0d−sp /2d+spd
−s3p /2dg, on the other hand, selects the three-photon transi-
tions and removes the signals of the one- and two-photon

transitions. This procedure can be extended to a random rf
phase. Averaging over a sufficiently large number of experi-
ments then leads to a complete removal of all coherences on
the sidebands, and only coherence on the single-photon tran-
sition remains.

When the density operator is transformed to a toggling
frame, polarization remains unaffected, while coherence that
is already present experiences a phase shift

Dw = − kvrft − S2v2

vrf
Dsinsvrft + wrfd, s15d

caused by the rotation operator in Eq.s4d. Since the phase
shift of the coherencefEq. s15dg and the phase shift of the
effective field fEq. s14dg are different, rf phase cycles are
preferably applied when no coherence is present.

III. VECTOR MODEL

One might be tempted to describe the investigated trans-
parency phenomenon, by using an oversimplified qualitative
approach, in which the longitudinal rf field is treated as con-
stant over short-time intervals. From such a point of view the
transparency would just be the result of a reduced amount of
time during which the spin system is resonant with the mw
field. An increase in rf amplitude thus would lead to a de-
crease of the averaged absorbed mw power. This simple
view, however, clearly contradicts the findings presented in
Sec. II and fails to predict the distinct rf field amplitudes for
which transparency occurs.

In the following we give a classical description of the
transparency effects based on the equation of motion for the
magnetization vectorM . Two borderline cases are discussed.

(1) Starting from thermal equilibrium. The magnetization
vector is oriented alongB0, and only spin polarization exists.

(2) Starting from transverse magnetization. Only spin co-
herence exists.

For both cases numerically calculated trajectories that de-
scribe the motion of the tip ofM are shown for weak and
strong mw amplitudes. In addition, we also discuss the ef-
fects caused by inhomogeneous lines. In all the simulations a
radio frequency ofvrf /2p=10 MHz is used.

A. Polarization

First we consider the behavior ofM under a bichromatic
pulse starting from longitudinal magnetization.

1. Weak mw field

For a weak mw field with amplitudev1/2p=0.01 MHz,
as it is typically used in cw EPR experiments, the third-order
term ck

s3d in Eq. (7) is negligible. The first transparency con-
dition for the single-photon transition is thus reached atz
= j0,1=2.4048. Starting from thermal equilibrium a bichro-
matic pulse is applied, with a mw fieldv1 along thex axis of
the rotating frame and a rf field 2v2sinsvrftd along thez axis.
The magnetization vectorM describes a figure of eight, very
close to thez axis [Fig. 4(a)]. The motion ofM can be
described as follows: Fort=0 the effective field vector is
given by veff=v1, andM nutates around thex axis. Since

TABLE I. Phasewk=wmw+kwrf of the effective fieldv1,k in the
kth toggling frame, for a mw phasexswmw=0d and rf phaseswrf

=0, p /2 , p, and 3p /2.

wrf 0 1
2p p 3

2p

3 x −y −x y

2 x −x x −x

1 x y −x −y

k 0 x x x x

−1 x −y −x y

−2 x −x x −x

−3 x y −x −y
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v2@v1, the angle between the effective fieldveff and thez
axis gets rapidly very small, and the magnetization nutates
virtually around thez axis. After one quarter of a rf period
we haveveff<2v2. The magnetization is in thexz plane,
and has reached its maximum deviation from thez axis
s0.07°d. At t=p /vrf (half of a rf period) the effective field is
againveff=v1, and at the same timeM is oriented exactly
along thez axis. During the next half of a rf period the
effective field isveff<−2v2. Correspondingly,M describes
a symmetric trajectory with corresponding negativex values.
After a full rf period, M is again oriented along thez axis,
and the figure of eight is closed.

If the transparency condition is not fulfilled, the trajectory
is no longer a closed curve, and the magnetization moves on
a toggling path towards thexy plane, as shown in Fig. 4(b)
for z=1 and the first five rf periods. In the toggling frame
with k=0, the movement would appear as a nutation to the
xy plane around the effective field vectorv1,0.

2. Strong mw field

For strong mw fields, as they are used in pulse EPR ex-
periments, higher-order contributions to the effective field
become relevant. This reduces the value ofz for which trans-
parency is observed. For a mw amplitudev1/2p=5 MHz,
corresponding to ap pulse of length 100 ns, transparency
occurs atz=2.3306 instead ofz=2.4048.

For the resonant case the tip ofM describes again a figure
of eight, but with larger maximum deviation from thez axis
[see Fig. 5(a)]. When the mw field is off-resonant, the trajec-
tory is distributed over a wider area on the unit sphere. This
is shown in Fig. 5(b) for a resonance offset ofVS/2p
=5 MHz. Although for both the on-resonant and off-resonant
case the spin system is still transparent for the single-photon
transition, the multiple photon transitions have nonzero tran-
sition amplitudes. This is the reason for the larger deviation
of M from thez axis.

B. Coherence

We now consider the behaviorM under a bichromatic
field starting from transverse magnetization along the −y
axis.

1. Weak mw field

With the same parameters as in Sec. III A 1 the magneti-
zation along the −y axis essentially experiences only the rf
field sv2@v1d. Since for the first half of a rf period the
off-resonance caused by the rf field is positive, the magneti-
zation moves in the right-hand sense close to thexy plane,
with a small negativez component due to the weak mw field.
After half of a rf period,M is again in thexy plane, and has
accumulated a phase of about 280° with respect to the start-
ing position. During the second half of the rf period,M
experiences the same off-resonance field but with opposite
sign, and thus moves back with a small positivez compo-
nent. After one full rf periodM reaches again the −y axis.
The resulting trajectory is shown in Fig. 6(a).

FIG. 4. Motions of the magnetization vectorM under a bichro-
matic field, starting from thermal equilibrium(M along thez axis).
The weak mw field,v1/2p=0.01 MHz, is resonant with the single-
photon transition. Projections onto thexy plane.(a) Transparency
condition fulfilled,z=2.4048. The magnetization vector describes a
figure of eight close to thez axis, reaching a maximum deviation
angle from thez axis of 0.07°.(b) Transparency condition not ful-
filled, z=1. The magnetization vector moves to thexy plane. The
trajectory is shown for the first five rf periods. The scaling of the
axes is reduced by the factor 20, compared to(a).

FIG. 5. Motions of the magnetization vectorM under a bichro-
matic field, starting from thermal equilibrium(M along thez axis).
Strong mw field,v1/2p=5 MHz. (a) On-resonant mw field, the
transparency conditionz=2.3306 is fulfilled. The magnetization
vector describes a figure of eight.(b) Off-resonant mw field,
VS/2p=5 MHz.

FIG. 6. Motions of the magnetization vectorM under a resonant
bichromatic field,vmw=vS, starting from transverse magnetization
along the −y axis. (a) Weak mw field, v1/2p=0.01 MHz, z
=s2v2/vrfd=2.4048. Thez axis is stretched by a factor 1000 for
better visibility. (b) Strong mw field,v1/2p=5 MHz, z=2.3306.
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2. Strong mw field, inhomogeneous lines

For the great majority of paramagnetic systems the lines
are inhomogeneously broadened. It is therefore of interest to
investigate the behavior of such spin systems under a bichro-
matic pulse. For strong mw fields the maximumz component
of M during transparency gets larger than for the case of a
weak mw field[see Fig. 6(b)]. Figure 7(a) shows the dephas-
ing of the magnetization after application of a nonselective
p /2 pulse to a spin system with an inhomogeneous line of
width GFWHH=1 MHz (FWHH: full width at half height).
Due to the applied rf field, the observed free induction decay
(FID), shown in Fig. 7(b), manifests as a damped oscillation
instead of a monotonic decay. The corresponding situation
for an inhomogeneous line of widthGFWHH=10 MHz is
shown in Fig. 7(c). The residual transverse magnetization
observed after the rapidly decaying FID[Fig. 7(d)] is mainly
caused by the two-photon transitionssmw

+ ±prf, since their
resonance positions lie now within the linewidth. The effec-
tive field of these transitions is not zero, causing an oscilla-
tory steady-state signal.

IV. EXPERIMENT

The bichromatic pulse experiments were carried out on a
Bruker Elexsys E580 X-band spectrometer. The rf field par-
allel to the static magnetic field was produced by the rf coil

of a pulse ENDOR probehead(Bruker ER 4118X-MD5-EN)
rotated by 90°. The rf was amplified by a broadband ampli-
fier (Amplifier Research, model 250A250A).

The setup for the generation of bichromatic pulses and the
pulse and trigger times are shown in Fig. 8. A stable rf phase,
fixed with respect to the pulse sequence, was obtained by
feeding a long pulse trigger, which covers the complete pulse
sequence, to an arbitrary wave-function generator(LeCroy
LW420B). The rf pulses applied during the mw pulses were
then generated from this reference rf pulse by a rf gate, using
the two rf pulse triggers(“P1” and “P2”) of the PatternJet
pulse programmer unit of the Elexsys console.

The relative amplitude of the rf field was measured via the
output peak-to-peak voltage of the ENDOR coil. The conver-
sion factor between this voltage and the rf amplitude was
determined by a Davies-ENDOR nutation experiment on
protons. This allowed us to check the plausibility of the pro-
posed dependence of the effective field on the parameterz
=2v2/vrf, with an accuracy of about 20%. The error is
caused by the different characteristics of the experimental
setup for the proton-ENDOR frequency of about 14 MHz
and the 10 MHz rf field used in Secs. V A and V B.

V. EXPERIMENTAL VERIFICATIONS

To verify the predicted dependency of the effective field
on the rf amplitude and to show the feasibility of the trans-
parency induced by the longitudinal field, two types of ex-
periments were carried out. Delocalized radicals in coal were
used as a two-level model system. All experiments were
done at room temperature.

A. Nutation experiment

In this experiment the nutation of the magnetization vec-
tor (starting from thermal equilibrium) during a bichromatic

FIG. 7. Motions of the magnetization vectorM for inhomoge-
neously broadened lines under a bichromatic field,v1/2p
=5 MHz, z=2.3306, starting from transverse magnetization along
the −y axis. (a) Linewidth GFWHH=1 MHz. (b) Corresponding FID
detected along they axis. (c) Linewidth GFWHH=10 MHz. The line
partially overlaps with the two-photon transitionss+±p at vS±vrf.
(d) Corresponding FID detected along they axis. The residual sig-
nal for t.0.2 ms is due to the two-photon transitions that are reso-
nant with part of the line.

FIG. 8. (a) Block diagram of the setup used for the rf phase
cycling of bichromatic pulses.(b) Corresponding triggers and rf
pulses.
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pulse, with the mw frequency resonant with the center of the
line, is recorded as a function of the rf parameterz
=s2v2/vrfd by integrating over the FID that follows the
pulse. For a radio frequencyvrf /2p=10 MHz and a fixed rf
amplitudev2 the pulse length is incremented from 0 to 8ms,
in steps of 10 ns. According to Eq.(15), the phase of the
observed signal is shifted byDwstpd=s2v2/vrfdsinsvrftpd. Al-
though the resulting additional oscillation of the signal has a
large amplitude, it does not interfere with the nutation and
has thus no influence on the results. After Fourier transfor-
mation of the time trace the nutation frequency is obtained,
which gives the effective field amplitudev1,0 of the single-
photon transition.

The results are plotted in Fig. 9 as a function ofz
=2v2/vrf. The nutation frequency is maximum forz=0, and
decreases with increasingz. For z<2.4 the nutation fre-
quency is zero, and the magnetization vector essentially re-
mains oriented along thez axis; the spin system is transpar-
ent. For 2.4,z,5.5 the nutation frequency increases again,
with a phase change of 180° due to the negative sign ofv1,0.
For z<5.52 [second zero crossing ofJ0szd] the spin system
is again transparent to the mw radiation. The theoretically
predicted nutation frequencyv1,0=v1J0szd is in good agree-
ment with the experimental data. The third-order contribu-
tion ck

s3d to the effective field defined in Eq.(7) is negligible,
since for the used radio frequencyvrf /2p=10 MHz and mw
amplitude v1/2p<2.1 MHz (estimated from the nutation
frequency caused by the mw pulse alone), c0

s3d shifts the zero
crossing by less than 1 %.

B. Two-pulse echo experiment

In the second experiment the intensity of a primary echo,
created by a two-pulse sequence consisting of a bichromatic
pulse and a monochromatic mw pulse, is measured as a func-
tion of the rf parameterz=s2v2/vrfd. The pulse sequence is
shown in Fig. 10(a). The effective flip angle of the first

(bichromatic) pulse is proportional to the effective field in
the toggling frame of the single-photon transition,

beff = v1,0tp = v1J0szdtp. s16d

In a standard two-pulse echo experiment the echo intensity is
proportional to sinsb1dsin2sb2/2d, with the flip anglesb1

and b2 of the first and second pulsef38g. For the echo
intensity I observed with the sequence in Fig. 10sad we
thus expect

I ~ sinfb1J0szdg, s17d

with the nominal maximum flip angleb1=v1 tp. The experi-
mentally observed echo intensities as a function of the rf
parameterz are shown in Fig. 10sbd. The pulse lengths were
200 ns for the bichromatic pulse and 400 ns for the mono-
chromatic pulse. The delay time wast=600 ns, and the
flip angle b1 of the first pulse was slightly smaller than
p /2. The radio frequencyvrf /2p=10 MHz was kept con-

FIG. 9. FID-detected nutation experiment on coal(vmw:
X-band, room temperature,vrf /2p=10 MHz). The nutation fre-
quency during a bichromatic pulse, resonant with the single-photon
transition, is plotted as a function ofz=2v2/vrf (rectangles show
the error limits). Full line: theoretical expressionv1J0szd fitted to
the experimental data.

FIG. 10. Two-pulse echo experimentsbdeff−t−spdmw−t
−sechod on coal (vmw: X-band, room temperature,vrf /2p
=10 MHz). (a) Pulse sequence, length of the bichromatic pulse—
200 ns, length of the monochromaticp pulse— 400 ns,t=600 ns.
(b) Integrated echo amplitude as a function ofz=2v2/vrf. Circles:
experimental data. Full line: fitted theoretical echo amplitude
~sinfb1J0szdg. (c) Echoes observed forz values marked by arrows
(1)–(5) in plot (b).
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stant and the rf amplitudev2 was varied. The experimen-
tal data were fitted with good agreement by Eq.s17d.

The echoes observed at five particular rf fields are shown
in Fig. 10(c). Without rf field (z=0, position 1) the echo
signal is maximum. With increasingz the flip anglebeff and
thus also the echo decrease. Forz<2.4 the spin system is
transparent to the first pulse, so that no coherence is created
that could be refocused to an echo by the second pulse(po-
sition 2). For 2.4,z,5.5 the echo changes its phase and
reaches the maximum amplitude atz<3.9 (position 3). The
second zero crossing is found forz<5.5 (position 4) and the
next local maximum is reached atz<7.2 (position 5).

VI. ONE-PULSE ECHO

Bichromatic pulses can be used as a tool to control ex-
perimentally the transition amplitude, including the full sup-
pression of the interaction of the mw field with the spin
system. As an example we demonstrate that an electron-spin
echo can be generated with asinglemw pulse, when during
part of this pulse a free evolution period is artificially created
by a rf pulse, with a field amplitude that fulfills the first
transparency condition.

In such a one-pulse echo experiment with a mw pulse of
lengthtmw, a rf pulse of lengtht1 is turned on at timetp1 and
turned off at timetmw− tp2, with 2tp1= tp2 and t1= tmw− tp1
− tp2 [see Fig. 11(a)]. Nominal flip anglesb1=p /2 duringtp1
andb2=p during tp2 are used. The pulse scheme thus corre-
sponds to a two-pulse echo sequence,sp /2d−t1−spd−t2

−sechod, with an artificial free evolution period of timet1,
and a normal free evolution period of lengtht2=t1. During
time t1 the spin coherence evolves as it would do during a
free evolution period, except from a phase shift depending
on z=2v2/vrf, the rf phase, and the length of the bichromatic
pulse[see Eq.(15)].

Figure 11(b) shows experimental time traces for mw pulse
lengths tmw=1.3–3.1ms and rf pulse lengths t1
=0.4–2.2ms, and fixed timestp1=300 ns andtp2=600 ns.
The radio frequency was 15 MHz. The signal that follows
the mw pulse consists of a FID and an echo at timet2=t1, as
in a conventional two-pulse echo sequence. The rf phase was
optimized for maximum echo amplitude. Sincet1 was in-
creased in steps that were multiples of the rf period, the
phase shift according to Eq.(15) was zero.

This experiment successfully demonstrates that an artifi-
cial free evolution period can be created during a mw pulse,
in which the spin coherence is not destroyed by the mw field.

VII. CONCLUSIONS

We have shown theoretically and experimentally that a
two-level spin system can become transparent to mw radia-
tion under the influence of a longitudinal rf field. The experi-
mental results demonstrate that the theory based on the
toggling-frame approach correctly describes the behavior of
a spin system excited by bichromatic pulses. For certain val-
ues of the rf field amplitude the electron-spin system be-
comes transparent to the mw field. To illustrate the behavior
of the spin system under the combined mw and rf radiation,

we showed examples of numerically calculated trajectories
described by the tip of the magnetization vector. Finally, the
phenomenon of an artificially induced free evolution during
a bichromatic pulse is verified by a one-pulse echo experi-
ment.

There are several potential applications of the observed
transparency effect in EPR spectroscopy. In a number of
pulse EPR techniques two mw fields with frequenciesvmw,1
andvmw,2=vmw,1+Dv are used to excite different spin pack-
ages. The mw fieldvmw,2 can then be replaced by a bichro-
matic field with frequenciesvmw,1 and vrf = uDvu. If the rf
field fulfills the transparency condition for the single-photon
transition, a bichromatic pulse with this rf field will excite

FIG. 11. One-pulse echo experiment with an artificial free evo-
lution period on a coal sample at room temperature,vmw/2p
=9.626 GHz (X-band), vrf /2p=15 MHz, andB0=341.1 mT. (a)
The pulse sequence shows the mw, rf, and resulting effective fields
acting on the single-photon transition of the spin system.tp1

=300 ns,tp2=600 ns,tmw=1.3–3.1ms, andt1=0.4–2.2ms. Dur-
ing the time intervalt1 a rf pulse is applied, with the normalized rf
field amplitudez=2v2/vrf which fulfills the first transparency con-
dition for the single-photon transition.(b) Experimental time traces
showing FIDs and echoes for differentt1 values.
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spin packages resonant forvS=vmw,1±vrf, but not the ones
resonant forvS=vmw,1. The effective field amplitude for the
transitions withvS=vmw is zero.

Bichromatic pulses have already been successfully imple-
mented in two-pulse EPR experiments[42], namely, in
stimulated soft electron-spin-echo envelope modulation
(ESEEM), allowing the observation of nuclear frequencies
with selective mw pulses[43], and in double electron-
electron resonancefor the determination of distances be-
tween electron spins[44]. Other potential candidates for
bichromatic pulses are pulse ELDOR-detected NMR, an al-
ternative to ESEEM in cases when the forbidden transitions
are very weak[45], and hyperfine-selective ENDOR, a two-
dimensional method in which the ENDOR spectrum is dis-
entangled into a second dimension, representing the hyper-
fine couplings[46,47].

The influence of relaxation on the robustness of the trans-
parency effect, which is of major importance in optical trans-
parency experiments, has not been addressed in this work.
Owing to the very low frequencies used in EPR spectros-
copy, compared to experiments in the optical regime, spon-
taneous emission is negligible. Relaxation, however, is
present in the form of transverse relaxation of coherence and

longitudinal relaxation of polarization. The studied bichro-
matic field experiments showed qualitatively a similar be-
havior as in standard pulse EPR experiments. The investi-
gated transparency effect was also successfully observed in
different paramagnetic systems such as transition-metal com-
plexes(crystals, glasses, powders), radicals, and biradicals.
We therefore think that relaxation is of minor importance for
the quality of the transparency effect. Nevertheless it would
be of interest if there are, for example, modified relaxation
mechanisms for coherences and polarizations between differ-
ent dressed states.

Finally, it should be mentioned that the multiple photon
processes discussed in this work, including transparency in-
duced by a longitudinal field, are not restricted to electron
spins. Similar effects principally could also be achieved with
nuclear spins, allowing the implementation of novel experi-
mental approaches in NMR spectroscopy.
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