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Transparency in two-level spin systems induced by a longitudinal field
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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 typea,,,+km, with the photonsr;, , and m; 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 af fifeotons 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 ous subharmonics of the used laser frequencies, which fits
) . well to the experimental resulf48]. In this work we intro-

There are different means to make an opaque mediurg,ce a related transparency phenomenon that can be ob-
transparent. In the case sélf-induced transparendy)e ma-  garved in two-level spin systems in a bichromatic field con-
terial beco_mes transparent when the flip angle of a rad|at|ogisting of a mw field and a radio frequencyf) field. The
pulse applied to a two-level system reaches I this €x-  gffect is also based on the destructive interference of mul-
periment, first described in optics by McCall and Hahn ingjpje photon processes, resulting in a vanishing overall tran-
1969[1], a light pulse propagates through many Beer's abition amplitude. The difference of our experiment to the
sorption lengths of a dense medium. Self-induced transpagptical experiments mentioned above lies in the fact that in
ency has also been observed in electron paramagnetic resgyr case the two fields are different in polarization and differ
nance(EPR), using so-called zero-area pulse propagationiy the frequencies by about three orders of magnitude.
where the phase of the microwagraw) radiation is changed During a transition between two levels in a spin system
during the puls¢2]. _ _ not only the energy but also the overall angular momentum

More recently,elect_romagnet|cally induced transparency has to be conserved. In &% 1/2 electron-spin system with
(EIT) has been describg@-€]. In EIT a coherent superpo- g |evels, described by the magnetic spin quantum numbers
sition of two states is prepared by irradiating the system W|tth:1/2 andms=—-1/2, the angular momentum is provided
a resonant pump laser. The electric dipole moments of thgy' hhotons that are absorbed from a circularly polarized ra-
two transitions that connect these two levels with a thirdgjation field, oriented perpendicular to the quantization axis
level show then destructive interferenf®. As a result a f the spins(in our case the external static magnetic field
resonant probe laser can no longer induce transitions; th_go)' In an EPR experiment this is the right-hand circularly
system is ftransparent. EIT has also been observed ifg|arized componerit* photons of a linearly polarized mw
electron-nuclear-spin systems with pulse BFR and with  fie|q perpendicular t@,. Another possible process for which
optically detected continuous-wavew) EPR[8,9]. the angular momentum is conserved is the combined absorp-

It was shown that EIT can also take place in two-levelion and emission of mws* photons of different frequencies
systems[10]. An atomic two-level system in a strong- (for example,o - o5 +07). Various cw and pulse EPR and

coupling field can become transparent toa second probe ﬁeHJclear-magnetic—resonanc;BIMR) experiments are based
due to quantum interference between different multiple phogy, this proces§19-2.

ton transition pathways. The behavior of two-level atoms |t in an EPR experiment in addition to the mw radiation a
subject to a bichromatic field nearly resonant to the transﬂmrpinea”y polarized strong rf field is appliedarallel to B,
was studied using different approactig$-17. Consistently, mitiple photon transitions of the type’, +km are induced
a fluorescence spectrum is predicted that shows lines at valia7 29. During such multiple photon transitions one i
photon is absorbed andrf 7 photons, withm;=0, are ab-
sorbed or emitted. The parametkee 7 describes the net
*On leave from MRS Laboratory, Kazan State University, 42008number of rf7r photons absorbetk>0) or emitted(k<0)

Kazan, Russian Federation. during the transition. Since photons have zero angular mo-
"Electronic address: schweiger@phys.chem.ethz.ch; URL:http:#nentum, there is no restriction to the number of absorbed rf
www.esr.ethz.ch photons, as long as energy conservation is fuffillef,,
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along the laboratory 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
Hiap(t) = 0sS, + 2w COL@mut + ©mu) S
r:w + 2w, cod ot + @) S,, (1)
|B>

with the Larmor frequencyws=-7y.Bo=0B.Bo/%, the mw
field with frequencywq,, phasee¢n,, and amplitude @;
=—v.Bmw» and the rf field with frequencyw,;, phaseey,
FIG. 1. Energy-level diagram of a‘B=:—2L spin system with mul- and amplitude @,=-vy.B.
tiple photon transitions of the type,,,+kmy, as a function of the If the only oscillating field is the transverse mw field, the
static magnetic field,. (1) One mwo™ photon is absorbed and one time evolution of the spin system is usually described in the
rf 7 photon is emitted(2) One mwo™ photon and one rir photon  rotating frame where the spin Hamiltonian is time indepen-
are absorbed. dent[38]. In the case at hand with two radiation fields, the
theoretical treatment is more involved. Recently, we intro-
+kms multiple photon transitions are observed at higher orduced atoggling-frametransformation for the description of
lower magnetic fieldgand thus called sidebandwith re-  field-modulated cw EPR experiments in termsogf,,+ K
spect to the single-photon transitiqgenter bang as is  multiple photon transitionf29], which will be used here for
shown in Fig. 1. Recently we have proven the},+km;  the characterization of multiple photon transitions driven by
multiple photon transitions are the dominant features in thévichromatic pulses and for the description of the investigated
spectra obtained with field-modulated cw EPR spectroscopgransparency effects.
[29,30. They manifest as a large number (@kually unre- The spin Hamiltonian in Eq(l) is transformed from the
solved modulation sidebands and are responsible for the deaboratory frame to the singly rotating frame
rivative line shape commonly observed in cw EPR spectra. ot oS,
Two-photon transitions of the type!,  + m,, in two-level Hsrelt) = €S H g ()e™ miS — wrn, S,
electron-spin systems have _beerl studied extensj@ary34. =[ws— Op]S, + 2w, COLwt + @y)S,
Also multiple photon transitionsr,,+ Kk, with k up to 6
have been reportefB35]. The correspondingr;+ s two-
photon transitions were used for excitation in NMR noise X S e ComuttemwS, 2
spectroscopy36]. In cw electron—nuclear double resonance
(ENDOR), lines observed at low frequencies were identifiedand then to a toggling frame

+ wle_i‘meSzS(ei PmwS, + wlei(z‘”mwt"'@mw)sz

aso,,,+m; two-photon transition$37]. R R — k _9 +
In this study we focus on a special type of multiple pho- Hereit) = ROHspeORTHY) ~ kS, = 20, codont + ¢n) S,
ton transition, namely, the mm+or,,+mm, transitions, )

with k e Z. These transitions fulfill the same resonance CONyyhere
dition as a single-photon transition. We demonstrate that for
properly chosen experimental parameters of the rf field the R(t) = @lkent+Rogogsin(ot+en) 1S, (4)
net transition amplitudéor the transition in a two-level spin
system becomes zero. The spin systermmdasparentowing
to destructive interference of the differentmm;+or,,
+mm,; multiple photon processes, induced by the Iongltudl
nal rf field. Corresponding effects can also be observed o
the sidebands.

First, we present a theory for the description of the ob-
served transparency, based on the toggling-frame approa
introduced recently to describe multiple photon transitions in

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
rl;|am|lton|an in the laboratory frame is subject to two subse-
quent standard rotating-frame transformations.
By neglecting the counterrotating part of the mw field,
ich would manifest as a Bloch-Siegert shi&9] of the
energy levels, the Hamiltonian can be written[29]

cw EPR experiment$29,30. Then we illustrate different +o 20
phenomena related to the transparency effect by using a clagt g (1) = (wg— wmy — koS, + > J ( 2)
sical vector model. The transparency phenomenon is verified n=—c Wr
experimentally by a nutation and a spin-echo experiment. X @t 6= em 1S, gril kemort+nor-gmy]1S;
Finally, we introduce a different type of echo, which can be
observed after a single mw pulse by creating an artificial free (5)
evolution period during part of the pulse. J.(2) is the Bessel function of the first kind, with orderand

Il. THEORY argumentz= 2w,/ wy. In EQ. (5) only the term withn=-k,

_ with amplitude w1J_(2w./ wy), is time independent. For
A. Toggling frame weak mw fields, as commonly used in cw EPR, the time-

The semiclassical Hamiltonian of & 1/2 electron-spin  dependent terms are small and can be neglected. For
system, exposed to a linearly polarized transverse mw fieldtronger mw fields, they lead to a Bloch-Siegert-like shift
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J2< 2w2> R’ (t) = gkont+Redoroersintott oS, (10)

A= (2_“’5)2 ot () 'esultsin
ot )iz (k=1) +o0 2]
of the energy levels. It can be shown that=-A,. Conse-  H1r(t) = (@ert = Kayp) S, = 220y ‘]n<LS)
quently, there is no shift for the single-photon transition, Deft ne-m 3 Ot et
Ao=0. x [lkem Dot D elSg gril (kem Dot eS,
The time-dependent terms also lead to higher-order cor-
rections of the effective field amplitude. Calculated up to

+ ei[(k+n—1)wrft+(n—l)cprf]SZs(e—i[(k+n—1)w,ft+(n—l)<p,f]sz]

third order we find koo, 2w,()
~ (weif — ko) S, + 6 ”J_k( 2 S)sm (12
S Wrf Weff
2w, w; \? where all higher-order corrections are omitted. Obviously,
w1k = o1| Ik w_f + Ef the term withS, vanishes folkk=0. For weak mw fieldsw,
' ' <kos= g the Hamiltonian in Eq(11) becomes equal to
] (sz) <2w2> <2w2> the Hamiltonian in Eq(8), whereas forw, > Qg, we find
S AU At o W £ S
w w, w,
XE E rf rf rf . ~ Ko 2w,Qg
2K 20 (I-km Hrpp= (01~ ko) S, + Qe Jk o, S
- 1) 4 (3 _
=wq[C +¢ ] (7) k(= D)%/ 0,0\ K1
| Ty | ~ (01~ ko)S+ 0= | =21 S (12)
The first-order coefficient,” in Eq. (7) describes the effec- KI! \ ooy

tive field w;  for w; < wy. For larger values ob, the third- £, k|>1, the second term is very small, and zero §bg
order termckS) becomes relevant. Note that the original =g |n practice only the case witt=1 is of importance.
expression forcy” in Ref. [29] contains a sign error. The  The Hamiltonian in Eq(12) describesotary saturation
effect!ve spin Ham|Iton|an in the toggling frame may thenintroduced by Redfield40]. In this cw NMR experiment in
be written as addition to the driving transverse rf field a second field in the
_ i ; audio-frequency range is applied parallel Bg. When the

Horew= ([ws+ M = [omy + kogDS, + w9955, frequency of this second field equalsg, the steady-state
(8)  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 thexis flip the spin
coherence that is spin-locked by a high-turning-angle mw
pulse[41].

Since for the single-photon transition witk=0 the
Hamlltonlan in Eq.(11) gives only the oversimplified result

TF.0=werS, We have to use Eq8) 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.

whereg = ot Koy is the phase of the effective field. The
Hamiltonian in Eq.(8) essentially describes the spin sys-
tem exposed to an effective radiation field with frequency
omyt Koy, phasegy, and amplitudew, .

Note that the Hamiltonian in Eq8) is based on the as-
sumption that the quantization axis in the singly rotating
frame is oriented approximately along tkeaxis. The mw
field is treated as a weak perturbation of the diagonal part o
the Hamiltonian in Eq(3). This approach is valid as long as
the mw field w, is smaller than the resonance offdet
=wg— wm, Which is normally the case for multiple photon
transitions with|k| > 1. For the single-photon transition, on
the other handp, may easily exceefls. Thus for larger mw
amplitudes the quantization axis in the singly rotating frame
has to be oriented along the effective field vecisy=Qg We now describe the multiple photon transitions of the
+w,. This is achieved by a rotation about theaxis by the  type -mm+ o, +mm in more detail. In the case of a reso-
anglef=arctariw,/()g). With the mw phase,,,=0, we find  nant mw field, »,,=os and k=0, energy and angular mo-

B. Transparency induced by the longitudinal rf field

for the Hamiltonian in the tilted frame mentum are conserved not only for the single-photon process
) . B but also for the mm+ oy, + M multiple photon processes
Harelt) = € "V Hspelt)e [see Fig. 2a)]. In the single-photon proce$$), one mwo™*
Qs photon is absorbed, whereas in the two three-photon pro-
=werS, + 20— Codwyt + ¢1)S, cesses(2) with m=+1 one rf 7 photon and one mwr*
Weff photon are absorbed, and onenfphoton is emitted. Also

o five-photon processe$3) with m=+2 and processes of
- szw_ codwt + @) Sy, 9 higher order have to be considered. The effective field for the
ef single-photon transition is plotted in Fig(l8 as a function
with weﬁ:(Q§+ wi)l’z. A transformation to a toggling of the normalized rf amplitude=2w,/ w,;, together with the
frame by a rotation operator analogous to E4), contributions of the processéb), (1)+(2), and(1)+(2)+(3).
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(a) ;l
Ty !

) R”I T
|
Srow Srow
oo™

-«

(1) (2) (3)

FIG. 2. (8 Multiple photon transitions of the typemm;+o,,,+Mmm;, created by a bichromatic radiation field resonant with the
single-photon transitiony,,=ws (1) Single-photon process;,,; (2) three-photon processes;+ o, ~ m; and —m+ o, +my (3) five-
photon processesm+ o, —2m¢ and —2m¢+op,,+2m;. (b) Effective field wy g=w1Jo(2) (normalized to the mw field amplitude,)
according to Eq(7) for the center bandor,,, transition at wm,=ws, as a function ok=2w,/ v, (bold solid line. The contributions from
the processefl), (1)+(2), and(1)+(2)+(3) are also giver(dashed lines (c) Effective field w; 1=w; J_4(2) for the first sidebandor,,

+ s transition at ws=wy,+ oy (bold solid ling. In analogy to(b) the contributions from the two-photon proces@gsand the four-photon
processesll) are also showridashed lines

For rf amplitudesz<1, the effective field can be well ap- Of special interest is the finding that the effective field
proximated by only considering the processés and (2), w1, can bezera The two-level system then becomes trans-
and forz<2 by considering the processgh, (2), and(3).  parent. For the center barsingle-photon transitionthe ef-
The effective field amplitudes, o for the absorption of one fective field w, 4 is zero at the zero crossings of the Bessel
mw o photon is given by the sum of the effective field functionJy(2). The first zero is at=j, ;~ 2.4048, the second
amplitudes of all contributing multiple photon processes, zerg atz= jo»=5.5201, etc. For the two first sidebanfis
) =41, with ws=wn,t @y, See transitiongl) and(2) in Fig.
) 1] the effective fieldw, , is zero atz=j,; ,~3.8317,z
@107 “’1J°< o ) 13 j+1,~7.0156, etc.

A corresponding behavior is found for the sidebands, as is

shown in Fig. Zc) for the o}, + s two-photon transition 0.5
(first sidebandk=1), and the corresponding multiple pho- I\
ton processes of the typemm+op,,+(M+1) ;. N KA /f\’__ _

There is an alternative to the description in the toggling F o0 2 ,-' ke \\ X x\)’\}g:_"/fzj;\;-
frame, where the contributions of the different multiple pho- Q NN ',Y\,x/ e
ton processes spanning a certain energy difference are g N/ i 0
summed up to one effective field amplitude. The dynamics of =~ 05! _———
our two-level spin system could also be treated intermsofa & | \/ ----- 2
spin system dressed by tlistrong rf field. The weak mw irte
field then induces resonant transitions between such dressed
states. A corresponding method was applied by Freedhoff -1 0 4 s 1‘2 16 20

and Chen to calculate the fluorescence spectrum of a two-
level atom driven by a strong bichromatic laser fi¢ld].
While the two approaches are equivalent from a physical FIG. 3. Third-order contributiore,” to the effective fieldw,
point of view, the toggling-frame approach is better suited tgsee Eq.(7)], normalized to(w1/2wrf) as a function ofz
describe the dynamics of the multiple photon transitions. =2w,/wy, for toggling frames wittk=0,1,and 2.
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For larger mw amplitudes the third-order contributh:ﬁj‘? transitions. This procedure can be extended to a random rf
in Eq.(7) causes a shift of the zero crossings. Figure 3 showphase. Averaging over a sufficiently large number of experi-
plots of cf) as a function ofz, for toggling frames withk ments then leads to a complete removal of all coherences on
=0,1, and 2. For theenter banchgg)| is maximum close to  the sidebands, and only coherence on the single-photon tran-

the first zero crossing. The zero crossing of the effective fieldition remains.

amplitudew, o is shifted to smaller values af as is shown When the density operator is transformed to a toggling
for a selection of values,/w: frame, polarization remains unaffected, while coherence that
is already present experiences a phase shift
ol o jér 20,
Ap=—koqt - w_ sin(wyt + ¢y), (15)

0 2.4048 "

0.25 23866 caused by the rotation operator in Hg). Since the phase

0.50 23306 shift of the coherencgEq. (15)] and the phase shift of the

' ' effective field [Eq. (14)] are different, rf phase cycles are
0.75 2.2345 preferably applied when no coherence is present.

C. Phase of the effective field lil. VECTOR MODEL

A bichromatic pulse, resonant with a,,,+kam; multiple One might be tempted to _describe the_ inv_e_stigated trans-
photon transition, excites also othef,, +|m; multiple pho- ~ Parency phenomenon, by using an oversimplified qualitative
ton transitions, witH # k. The signals caused by these tran- approach, in which the longitudinal rf field is treated as con-

sitions can be partially removed by appropriate rf phasestant over short—time_intervals. From such a point of view the
cycles. The phases transparency would just be the result of a reduced amount of

time during which the spin system is resonant with the mw
k= Pmw + Koy (14 field. An increase in rf amplitude thus would lead to a de-
crease of the averaged absorbed mw power. This simple

of the effective fieldsw,y in the corresponding toggling . . . .
frames show different dependences on the rf phase. In Tab\éew’ however, clearly contradicts the findings presented in

| we have evaluated E14) for a number of values of the rf ec. Il and fails to predict the distinct rf field amplitudes for
AR ; o which transparency occurs.
phasegy, in different toggling frames wittkk=-3,...,3.

_ In the following we give a classical description of the
The mw phase was set bq(PmW_.o)' A change of the rf transparency effects based on the equation of motion for the
phase by, for example, has different effects on the ef-

fective fields. While for the toggling frame describing the magnetization vecta¥l. Two borderline cases are discussed.

< ale-photon t ition the bh d t eh h (1) Starting from thermal equilibrium. The magnetization
single-photon transition the phagg does not change, th€ o4 s griented alonB,, and only spin polarization exists.
effectlve. fields of the two—photqn transitions experience a (2) Starting from transverse magnetization. Only spin co-
change in phase by, resulting ing,;=—X. herence exists

When the rf phase cyclg0)-(m)] is applied, the signals For both cases numerically calculated trajectories that de-

gﬁnerated by the sir;gle”-phcr)]ton and.thﬁwizﬁﬁf three-  geribe the motion of the tip ofl are shown for weak and
photon transitionsand all other transitions with an even g ong my amplitudes. In addition, we also discuss the ef-

numtler of rf phot_o_n)sare eliminated, but not the ;lgnals of fects caused by inhomogeneous lines. In all the simulations a
the o, £ ¢ transitions and all other transitions with an odd o 4iq frequency ofo,/27=10 MHz is used.

number of rf photons. The rf phase cydi®)—(m/2)+(m)
-(3w/2)], on the other hand, selects the three-photon transi-

. . A. Polarization
tions and removes the signals of the one- and two-photon

First we consider the behavior 8 under a bichromatic

TABLE I. Phaseqy= gmu+key of the effective fieldoy y in the pulse starting from longitudinal magnetization.

kth toggling frame, for a mw phase& ¢q,,=0) and rf phasesp;

=0, #/2, m and 3r/2. 1. Weak mw field
For a weak mw field with amplitude,/27=0.01 MHz,
@i 0 s ™ S as it is typically used in cw EPR experiments, the third-order
3 ~ ~ term c(k3) in Eq. (7) is negligible. The first transparency con-
x y x y dition for the single-photon transition is thus reachedz at
2 X X X X =jo,1=2.4048. Starting from thermal equilibrium a bichro-
1 X y —X -y matic pulse is applied, with a mw field; along thex axis of
k 0 X X X the rotating frame and a rf field«2sin(w,t) along thez axis.
-1 X -y -X y The magnetization vectdvl describes a figure of eight, very
-2 X -x X —x close to thez axis [Fig. 4@)]. The motion of M can be
-3 X y —x -y described as follows: For=0 the effective field vector is

given by o=, andM nutates around the axis. Since
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(@) (b)
z
y y
X X

FIG. 4. Motions of the magnetization vectsr under a bichro- FIG. 5. Motions of the magnetization vectt under a bichro-

matic field, starlting from thermal equillibriu(TM along b ax.is). matic field, starting from thermal equilibriuiiM along thez axis).
The weak mw fieldw,/27=0.01 MHz, is resonant with the single- Strong mw field,w;/2=5 MHz. (2) On-resonant mw field, the

photon transition. Projections onto thy plane.(a) Transparency transparency conditiorz=2.3306 is fulfiled. The magnetization
condition fulfilled,z=2.4048. The magnetization vector describes A actor describes a figure of eightb) Off-resonant mw field,
figure of eight close to the axis, reaching a maximum deviation Qg/27=5 MHz.

angle from thez axis of 0.07°.(b) Transparency condition not ful-
filled, z=1. The magnetization vector moves to the plane. The
trajectory is shown for the first five rf periods. The scaling of the
axes is reduced by the factor 20, comparedaio

B. Coherence

We now consider the behaviol under a bichromatic

o field starting from transverse magnetization along the -
w w1, i
2> wy, the angle between the effective fialsl; and thez  gyis.

axis gets rapidly very small, and the magnetization nutates
virtually around thez axis. After one quarter of a rf period
we havewq;=~2w,. The magnetization is in thez plane,
and has reached its maximum deviation from thexis With the same parameters as in Sec. Il A 1 the magneti-

(0.079. At t=m/ w (half of a rf period the effective field IS zation along the y axis essentially experiences only the rf

again we= e, and at the same timk! is oriented exactly  field (w,> w,). Since for the first half of a rf period the

along thez axis. During the next half of a rf period the qft resonance caused by the rf field is positive, the magneti-

effective field iswe;~—2w,. CorrespondinglyM describes  ,ation moves in the right-hand sense close toxjiglane,

a symmetric trajectory with corresponding negatvealues. \ith a small negative component due to the weak mw field.

After a fqll rf perioq, M.is again oriented along theaxis,  after half of a rf period,M is again in thexy plane, and has

and the figure of eight is closed. _ _ accumulated a phase of about 280° with respect to the start-
If the transparency condition is not fulfilled, the trajectory ing position. During the second half of the rf periol,

is no longer a closed curve, and the magnetization moves Ogyperiences the same off-resonance field but with opposite

a toggling path towards they plane, as shown in Fig.()  sijgn, and thus moves back with a small positaeompo-

for z=1 and the first five rf periods. In the toggling frame nent. After one full rf periodVl reaches again they-axis.
with k=0, the movement would appear as a nutation to therpe resulting trajectory is shown in Fig(e.

Xy plane around the effective field vectar, o

1. Weak mw field

b
() (b)  Z

2. Strong mw field

For strong mw fields, as they are used in pulse EPR ex- ¥ X
periments, higher-order contributions to the effective field
become relevant. This reduces the value fifr which trans-
parency is observed. For a mw amplitude/27=5 MHz,
corresponding to ar pulse of length 100 ns, transparency
occurs atz=2.3306 instead 0£=2.4048.

For the resonant case the tipMfdescribes again a figure
of eight, but with larger maximum deviation from tkeaxis
[see Fig. Ba)]. When the mw field is off-resonant, the trajec- /
tory is distributed over a wider area on the unit sphere. This Start
is shown in Fig. Bb) for a resonance offset of)g/2m
=5 MHz. Although for both the on-resonant and off-resonant  F|G. 6. Motions of the magnetization vectidr under a resonant
case the spin system is still transparent for the single-photopichromatic field,wm,=ws, starting from transverse magnetization
transition, the multiple photon transitions have nonzero tranalong the vy axis. (8) Weak mw field, w;/27=0.01 MHz, z
sition amplitudes. This is the reason for the larger deviation=(2w,/ w)=2.4048. Thez axis is stretched by a factor 1000 for
of M from thez axis. better visibility. (b) Strong mw field,w,/27=5 MHz, z=2.3306.

033809-6



TRANSPARENCY IN TWO-LEVEL SPIN SYSTEMS. PHYSICAL REVIEW A 69, 033809(2004)

(a)

Bruker PatternJet

ENDOR

P1 rf out > coil
p» If gate

>
%

rfin

) > AWG
trigger cw rf

(b)

trigger [ |

P1 I | I |

rf out _ _

FIG. 8. (a) Block diagram of the setup used for the rf phase

0 1 t us] 2 0 1 t [us] 2 ;ﬁ?;lgg of bichromatic pulsestb) Corresponding triggers and rf

FIG. 7. Motions of the magnetization vectbt for inhomoge-
neously broadened lines under a bichromatic fietoy/27  of a pulse ENDOR probehed8ruker ER 4118X-MD5-EN
=5 MHz, z=2.3306, starting from transverse magnetization alongrotated by 90°. The rf was amplified by a broadband ampli-
the -y axis. (@) Linewidth I'eyyyy=1 MHz. (b) Corresponding FID  fier (Amplifier Research, model 250A250A
detected along thg axis. (¢) Linewidth I'ryypyy=10 MHz. The line The setup for the generation of bichromatic pulses and the
partially overlaps with the two-photon transition$+ 7 atwstwr.  pulse and trigger times are shown in Fig. 8. A stable rf phase,
(d) Corresponding FID detected along thexis. The residual sig-  fixed with respect to the pulse sequence, was obtained by
nal fort>0.2 us is due to the two-photon transitions that are reso-feeding a long pulse trigger, which covers the complete pulse

nant with part of the line. sequence, to an arbitrary wave-function genergt@Croy
o _ LW420B). The rf pulses applied during the mw pulses were
2. Strong mw field, inhomogeneous lines then generated from this reference rf pulse by a rf gate, using

For the great majority of paramagnetic systems the line§n€ two rf pulse triggerg“P1” and “P2’) of the PatternJet
are inhomogeneously broadened. It is therefore of interest tBUIS€ Programmer unit of the Elexsys console. .
investigate the behavior of such spin systems under a bichro- 1€ refative amplitude of the rf field was measured via the
matic pulse. For strong mw fields the maximareomponent ~ OUtput peak-to-peak voltage of the ENDOR coil. The conver-
of M during transparency gets larger than for the case of £10n factor between this voltage and the rf amplitude was
weak mw field[see Fig. 60)]. Figure 7a) shows the dephas- determlned. by a Davies-ENDOR nutation experiment on
ing of the magnetization after application of a nonselectiveProtons. This allowed us to check the plausibility of the pro-
7/2 pulse to a spin system with an inhomogeneous line oP0Seéd dependence of the effective field on the paranzeter
width Teyuy=1 MHz (FWHH: full width at half heighr =~ =2@2/@s, With an accuracy of about 20%. The error is
Due to the applied rf field, the observed free induction decay:aused by the different characteristics of the experimental
(FID), shown in Fig. Tb), manifests as a damped oscillation S€tUp for the proton-ENDOR frequency of about 14 MHz
instead of a monotonic decay. The corresponding situatio@Nd the 10 MHz rf field used in Secs. V A and V B.
for an inhomogeneous line of width'ryyy=10 MHz is

shown in Fig. 7c). The residual transverse magnetization V. EXPERIMENTAL VERIFICATIONS
observed after the rapidly decaying FIBig. 7(d)] is mainly . . o
caused by the two-photon transitiong,,  m, since their To verify the predicted dependency of the effective field

resonance positions lie now within the linewidth. The effec-on the rf amplitude and to show the feasibility of the trans-

tive field of these transitions is not zero, causing an oscillaParency induced by the longitudinal field, two types of ex-
tory steady-state signal. periments were carried out. Delocalized radicals in coal were

used as a two-level model system. All experiments were
done at room temperature.

IV. EXPERIMENT

The bichromatic pulse experiments were carried out on a A. Nutation experiment

Bruker Elexsys E580 X-band spectrometer. The rf field par- In this experiment the nutation of the magnetization vec-
allel to the static magnetic field was produced by the rf coiltor (starting from thermal equilibriuinduring a bichromatic
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FIG. 9. FID-detected nutation experiment on CO@byy:
X-band, room temperaturay;/27=10 MHz). The nutation fre-
quency during a bichromatic pulse, resonant with the single-photon
transition, is plotted as a function @F2w,/ wy (rectangles show
the error limitg. Full line: theoretical expression;Jy(2) fitted to
the experimental data.

echo amplitude [a.u.]

pulse, with the mw frequency resonant with the center of the o 1 2 3 4 5 6 7 8 9
line, is recorded as a function of the rf parameter z

=(2w,/ w) by integrating over the FID that follows the (c)

pulse. For a radio frequenay,/27=10 MHz and a fixed rf

amplitudew, the pulse length is incremented from 0 tqu8, /\

in steps of 10 ns. According to E@l5), the phase of the —_— S

observed signal is shifted Qye(t,) = (2w,/ wq)sin(wgty). Al- \/

though the resulting additional oscillation of the signal has a

large amplitude, it does not interfere with the nutation and (1) 2 (3 4 (5)

has thus no influence on the results. After Fourier transfor- ]

mation of the time trace the nutation frequency is obtained, F!G- 10. Two-pulse echo experimentf)eq— 7= (m)mw—7

which gives the effective field amplitude,  of the single- :(l%‘:r'\'/?H on cgall (Omw X-baml:l, r?homf tthemlf_egature?flzﬁ
photon transition, = 2). (a) Pulse sequence, length of the bichromatic pulse—

The results are plotted in Fig. 9 as a function of 200 ns, length of the mo.nOChromaums.‘e_ 400 n57:6.00 nsj
_ . > - (b) Integrated echo amplitude as a functionzef2w,/ w. Circles:
=2w,/ ws. The nutation frequency is maximum fe=0, and

decreases with increasing For z~2.4 the nutation fre- experimental data. Full line: fitted theoretical echo amplitude
) o= . «sin 81Jo(2)]. (c) Echoes observed far values marked by arrows

quency is zero, and the magnetization vector essentially r(a(-l)_(5) in plot (b).

mains oriented along theaxis; 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 sigmf (blchromgu() pulse is proppmonal to the eﬁggtlve field in

For z~5.52[second zero crossing d§(z)] the spin system the toggling frame of the single-photon transition,

is again transparent to the mw radiation. The theoretically - -

predicted nutation frequenay; o=w1Jo(2) is in good agree- Peti = w1.dp = @132ty (16

ment with the experimental data. The third-order contribu-in a standard two-pulse echo experiment the echo intensity is

tion cff) to the effective field defined in E@7) is negligible,  proportional to sifB;)sir?(B,/2), with the flip anglesp;

since for the used radio frequenay;/27=10 MHz and mw  and B, of the first and second puls88]. For the echo

amplitude w,/27=2.1 MHz (estimated from the nutation intensity | observed with the sequence in Fig.(a0we

frequency caused by the mw pulse al))rnés) shifts the zero thus expect

crossing by less than 1 %.

| o sin B1J0(2)], (17

B. Two-pulse echo experiment with the nominal maximum flip qnglﬂl=wl t,. The experi-
mentally observed echo intensities as a function of the rf
In the second experiment the intensity of a primary echoparameter are shown in Fig. 1®). The pulse lengths were
created by a two-pulse sequence consisting of a bichromat®00 ns for the bichromatic pulse and 400 ns for the mono-
pulse and a monochromatic mw pulse, is measured as a funchromatic pulse. The delay time was-600 ns, and the
tion of the rf parameter=(2w,/ wy). The pulse sequence is flip angle B; of the first pulse was slightly smaller than
shown in Fig. 108). The effective flip angle of the first #/2. The radio frequencw;/27=10 MHz was kept con-
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/\

stant and the rf amplitude, was varied. The experimen- (a) fow
tal data were fitted with good agreement by E#j7).

The echoes observed at five particular rf fields are shown
in Fig. 10.c). Without rf field (z=0, position 3 the echo mw
signal is maximum. With increasingthe flip angleB. and
thus also the echo decrease. Fer2.4 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 fplse
sition 2). For 2.4<z<5.5 the echo changes its phase and rf
reaches the maximum amplitudezt 3.9 (position 3. The ! !
second zero crossing is found fo#= 5.5 (position 4 and the
next local maximum is reached at= 7.2 (position 5.

1« (A= A
VI. ONE-PULSE ECHO

Bichromatic pulses can be used as a tool to control ex- |—f>
perimentally the transition amplitude, including the full sup-
pression of the interaction of the mw field with the spin (D)
system. As an example we demonstrate that an electron-spin 1‘4”3_‘[\'\
echo can be generated withsangle mw pulse, when during
part of this pulse a free evolution period is artificially created 7= 0.8 ps
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 t=1.0ps
lengthty,,, a rf pulse of lengthr, is turned on at time,; and
turned off at timety,,—ty,, with 2ty=ty; and 7=ty ~t,;
—ty [see Fig. 1a)]. Nominal flip angless; = /2 duringt,, 1
and B,=m duringt,, are used. The pulse scheme thus corre-
sponds to a two-pulse echo sequence/2)—r—(m)—n t=1.8us I\
-(echo, with an artificial free evolution period of time,,
and a normal free evolution period of lengtp= 7. During

N
S,

time 7, the spin coherence evolves as it would do during a = 2.2us I\
free evolution period, except from a phase shift depending - ’ , , ,
onz=2w,/ wy, the rf phase, and the length of the bichromatic 0 2 4 6
pulse[see Eq(15)]. ¢ [ps]
Figure 11b) shows experimental time traces for mw pulse
lengths t,,=1.3-3.1us and rf pulse lengths 7; FIG. 11. One-pulse echo experiment with an artificial free evo-

=0.4-2.2us, and fixed timeg,;=300 ns andt,,=600 ns. lution period on a coal sample at room temperatung,,/2m
The radio frequency was 15 MHz. The signal that follows=9.626 GHz(X-band, w/27=15 MHz, andBy=341.1 mT.(a)
the mw pulse consists of a FID and an echo at tigrer;, as  The pulse sequence shows the mw, rf, and resulting effective fields
in a conventional two-pulse echo sequence. The rf phase wasting on the single-photon transition of the spin systeg.

optimized for maximum echo amplitude. Sineg was in- =300 ns,t;=600 ns,ty,=1.3-3.1us, and7,=0.4-2.2us. Dur-
creased in steps that were multiples of the rf period, thdnd the time intervalr, a rf pulse is applied, with the normalized rf

This experiment successfully demonstrates that an artiﬁ(_jition'for the single-photon trans_itio(b) Experimental time traces
cial free evolution period can be created during a mw pulseS1oWing FIDs and echoes for different values.

in which the spin coherence is not destroyed by the mw fieldye showed examples of numerically calculated trajectories
described by the tip of the magnetization vector. Finally, the
VIl. CONCLUSIONS phenomenon of an artificially induced free evolution during
a bichromatic pulse is verified by a one-pulse echo experi-
We have shown theoretically and experimentally that ament.
two-level spin system can become transparent to mw radia- There are several potential applications of the observed
tion under the influence of a longitudinal rf field. The experi- transparency effect in EPR spectroscopy. In a number of
mental results demonstrate that the theory based on thaulse EPR techniques two mw fields with frequencigg, ;
toggling-frame approach correctly describes the behavior odnd w,,, = wmw 1+ Aw are used to excite different spin pack-
a spin system excited by bichromatic pulses. For certain valages. The mw fieldo,,, » can then be replaced by a bichro-
ues of the rf field amplitude the electron-spin system bematic field with frequenciesoy,, ; and o=|Aw|. If the rf
comes transparent to the mw field. To illustrate the behaviofield fulfills the transparency condition for the single-photon
of the spin system under the combined mw and rf radiationtransition, a bichromatic pulse with this rf field will excite
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spin packages resonant feg=wp,, 1+ wy, but not the ones longitudinal relaxation of polarization. The studied bichro-
resonant folws=wn,, 1. The effective field amplitude for the matic field experiments showed qualitatively a similar be-
transitions withws= wn,, is zero. havior as in standard pulse EPR experiments. The investi-
Bichromatic pulses have already been successfully implegated transparency effect was also successfully observed in
mented in two-pulse EPR experimenfd2], namely, in different paramagnetic systems such as transition-metal com-
stimulated soft electron-spin-echo envelope modulatioplexes(crystals, glasses, powdgrsadicals, and biradicals.
(ESEEM), allowing the observation of nuclear frequenciesWe therefore think that relaxation is of minor importance for
with selective mw pulseqg43], and in double electron- the quality of the transparency effect. Nevertheless it would
electron resonancdor the determination of distances be- be of interest if there are, for example, modified relaxation
tween electron sping44]. Other potential candidates for mechanisms for coherences and polarizations between differ-
bichromatic pulses are pulse ELDOR-detected NMR, an alent dressed states.
ternative to ESEEM in cases when the forbidden transitions Finally, it should be mentioned that the multiple photon
are very weaK45], and hyperfine-selective ENDOR, a two- processes discussed in this work, including transparency in-
dimensional method in which the ENDOR spectrum is dis-duced by a longitudinal field, are not restricted to electron
entangled into a second dimension, representing the hypespins. Similar effects principally could also be achieved with
fine couplings[46,47. nuclear spins, allowing the implementation of novel experi-
The influence of relaxation on the robustness of the transmental approaches in NMR spectroscopy.
parency effect, which is of major importance in optical trans-
parency experiments, has not been addressed in this work. ACKNOWLEDGMENTS
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