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Spin Echo at the Rabi Frequency in Solids

Scott A. Holmstrom, Changjiang Wel, Andrew S. M. Windsot, Neil B. Manson! John P.D. Martir,
and Max Glasbeek
'Laser Physics Centre, The Australian National University, Canberra, ACT 0200, Australia

2Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127, 1018 WS Amsterdam, The Netherlands
(Received 24 June 1996

We report on the observation of spin echo signals at the generalized Rabi frequency of a strongly
driven two level system. The results are obtained for a radio-frequency transition of the nitrogen-
vacancy center in diamond. A physical picture of the experiment is given in terms of the dressed-state
basis, and the echo decay results are analyzed semiclassically and found to be in excellent agreement
with our transient solution to the generalized Bloch equations. [S0031-9007(96)02144-8]

PACS numbers: 76.30.—v, 42.50.Hz, 42.50.Md, 76.60.Lz

A coherently driven two level system (TLS) may be combined system isH = Hrs + Hy + H;, where
conveniently discussed in the coupled “field + matter” H is the Hamiltonian for the field and{; is the TLS-
dressed-state basis [1]. The energy levels of the dresséiéld interaction Hamiltonian. Using the rotating wave
state system form a ladder of doublets that are paramepproximation, the eigenstates #f are given by
trized by n, the number of photons in the field. Within == 1\ _ .
each doublet the energy spacingii® ({) = generalized [, = 1) = cosfle,n = 1) + sinflg, n),

Rabi frequency), and each doublet is separated from its |g,7) = cosblg,n) — sinfle,n — 1), (1)

neighboring pairs by the energy associated with a singlg o cog — %m sing = %m

phot_on in the field. To date, most spectroscopic studies %nd the overscore implies the dressed-state representation.
a driven TLS have been concerned with either the trans

tions between different doublets in the ladder or those to These eigenstates form the ladder of doublets sepa-

third uncoupled level. However, when a TLS has nonzercz;?sgraﬁsiloahieﬂuwrggnﬁig frst-i-gtl%n%qgndTlhEeﬁfriqlljfr;gy

diagonal dipole moment matrix elements, the transition, _ /= 5 :

: ) = .62 + . .
between the levels of a single dressed-state doublet, "g)’The (?I'LS gtugjgg Fr:grel(EZ)]nsists of the. = 0 and
at the generalized Rabi frequency of the driving field, is —1 spin substates of théA orbital g;ound state
a"OW(.aq [2]. Recgntly, thls. Fran'smo;] has bee.n observe fsthe nitrogen-vfacancy (N-V) center in diamond [5]. In
by driving an optlpal transition in é.Rb atomic beam this case, the prerequisite for a net transition moment at
[3]. As expected, its frequency lies in the radlo-frequencyQ is that the diagonal matrix elementg, nlji - klg, )

(rf) spectral region determined by the achievable drivingand<e n— 1lji - Xle;n — 1) wherex is the polarization

intensity. In contrast with this optical experiment, the.direction of the field and is the magnetic dipole

ﬁ\resa?:te?;iilrsc‘)wzmiin';Sesvg)(re]iaen(L:Jg(jt(rear\'{r]askit?gnb)s/us(‘:tgotnhgg gcr)' noment, have different values. To achieve this situation,
9 P e mix “pure” electron spin states( = —1 andm, =

the driven transition and the Rabi transition lie in the rf0) by a Zeeman-field-induced level anticrossing effect.
spectral region. In this Letter, we report the first obser-
vation of the Rabi transition in a solid and, more impor-
tantly, the first report of a coherent transient measurement, .
namely, the two-pulse echo [4] (referred to aspénecho *
by adopting the normal convention), in such a transition.
Spin echo experimental results at the generalized Rabi fre- 5 Q
guency are presented and analyzed in terms of the relaxa-
tion coefficients associated with the undriven system. o,

A brief overview of the dressed-state formalism is
presented first. Consider the energy level scheme of — lem-1>
Fig. 1(a), where a TLS with resonance frequenoy Ig>
is driven by a pump field of frequencw;, detuning — lg.n>
8 = wo — w;, and Rabi frequency. Let |g) and |e)
represent the ground and excited states, respectively, of
the TLS which are eigenstates of the Hamiltoniafy; s. @ b)
In the remainder of this Letter these will be referred to asr|G. 1. Energy levels of the driven TLS in the (a) bare-state
the “bare” states of the system. The Hamiltonian of theand (b) dressed-state representation.
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Through this,|g) and |e) are admixtures of thez, = 0 noted that the experimental value fgris calculated us-

andmg; = —1 spin substates. In zero static field the =  ing the measured values & andé, and includes the first

+1 states are degenerate and are separated in frequenmyler Bloch-Seigert shifty? /4w, of the resonance. Fig-

by 2.88 GHz from them, = 0 state. In an externally ure 2(b) shows an illustrative example of the detected spin

applied field ofH, = 1028 G along the N-V axis ([111] echo which was obtained by applying=s/2 — 7 — &

direction), them; = —1 andm, = 0 levels anticross due pulse sequence at the frequeriey It is important to note

to a small misalignment of the center’'s axis from thethat both the pulseandthe echo were at the generalized

static field direction. In the experiments reported hereRabi frequency [6]. Decay curves were constructed from

we worked with a field of approximatelyZ, = 1000 G, the echo amplitudes obtained as a functiorr @&nd fit to

and the crystal was aligned to within0.5°. Using these an exponentially decaying function, thus yielding the irre-

values in the spin Hamiltonian formalism appropriate forversible coherence relaxation rate consfgnfor the Rabi

this center, the Rabi transition for the driven system has &ansition. We then determindd, as a function of the

strength of in the experiment, i.e., by either changing the detuning or
the amplitude of the rf field ab,. The results are shown

@ alucle,mn — 1) = Auge sin26 = A,uge(%), (2) in Fig. 3. Clearly, the relaxation rate for the Rabi tran-

sition is found to have a functional dependencefonlt

with the mixing parameteA = 0.44 which is strongly  should be noted that, for the spin echo data shown, the de-

dependent on the exact values of misalignment and stauning did not exceed 10 MHz. Also, data could not be

tic field. acquired for the rang82° < # < 45° because, with the

A typical weak-probe spectrum of our driven system forsmall detunings needed to achieve these values, the hyper-

the case ofvg/27 = 101.8 MHz, w;/27 = 80.3 MHz, fine levels were not distinctly spaced in the Rabi transition.

andy /27 = 7.6 MHz is represented by the solid line in Consequently, an echo typical ofsingle hyperfine tran-

Fig. 2(a). The three-peaked structure of the transitions isijtion could not be realized. In the range < 6 < 10°,

due to the hyperfine interactions and all the above numdata could not be acquired because the transition strength at

bers are with respect to the central feature. It should bg) is greatly reduced [see Eq. (2)]. The data was recorded
using the Raman heterodyne detection technique, details of

60 which have been presented elsewhere [7].
so b (@ To our knowledge, the relaxation properties of the tran-
_ - - sition at the generalized Rabi frequency in solids have not
® 40 Driving . L s
g ., LN Field been treated theoretically [8]. This is not surprising con-
Or ! . . . . .
£ ] b o sidering the lack of motivating experimental results as well
Sz 201 as the computational difficulties arising from the inclusion
5‘) LOF  Rithsition of diagonal dipole matrix elements in the theory. In order
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FIG. 2. (a) Solid line: weak-probe spectrum for the driven 0 5 10 15 20 25 30 35

system proportional to the amplitude of the Raman hetero-
dyne signal. The main feature at103 MHz is the “light-
shifted” transition while the weaker at-23 MHz is the FIG. 3. Experimental values (circles with error bars) for the
transition at the generalized Rabi frequenfl, The spike at decay of the spin echo amplitudes in the Rabi transition as
~80 MHz represents the frequency of the driving field. Dot- a function of #. The solid line is a plot of Eqg. (7) which
ted line: results of our numerical calculation based on thewas derived using the strongly driven GBE. The broken line
SBE. The homogeneous linewidth was artificially increaseds a plot of the linewidth dependence 8t of our numerical

in the calculation for clarity. (b) Phase-sensitive spin echo atalculations based on the SBE. The experimental bare-state
the generalized Rabi frequency. The pulse lengths were owalues of7; = 26 = 5 us and7, = 11 = 0.25 us were used

the order ofl0~7 s with a separation of6 us. in the calculations.

0 (degrees)
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to provide general insight into the analysis of our experi- The reservoir operators of Eq. (3) can be treated
ment, we have first performed numerical calculations baseedither stochastically or quantum mechanically to arrive
on a model in which the TLS has a nonzero dipole momenét the relaxation parameters of the TLS. Consider, for
in the direction of aclassicaldriving field and where the a moment, the field-free case. For weak TLS-reservoir
bare-state relaxation rates are treated phenomenologicaltpupling (¢ < 1) [17], Eq. (3) can be treated as a
as in the standard Bloch equations (SBE) [9]. A semi-perturbation. To second order ia the off-diagonal
classical approach is used because, although the dressedservoir operators completely determine the population
state basis provides an excellent physical picture of theelaxation rate]l/T;, of the TLS, whereas all three terms
Rabi transition, the relaxation parameters have their simeontribute to the coherence relaxation ratél,, such that
plest form in the bare-state basis. Within our model, we

obtained, using Floquet's theorem [10], the steady state 1 _ 1t 1
solutions to the density matrix equations of motion of the I, 2T, T’

driven system probed by a weak field. The usual continued /. )
fraction solution [11] of the infinite set of coupled coeffi- Where1/7; is fully determined byA [18]. These are the

cient equations relating the various frequency componenté,tandard relaxation parameters which change considerably

however, could not be obtained because the dipole momeggste:)necome field dependent for the strongly driven
in the field direction lowers the symmetry of the equations: : .
Keeping terms up to third order in the strong field and first G€va, Kosloff, and Skinner [16] have recently pre-

order in the weak field, the response at the probe field freS€Nted @ detailed derivation of the GBE in the case of

quency is obtained. An example calculation is shown a& TLS weakly coupled to a reservoir and subject to a
the dotted line in Fig. 2(a). monochAromatlc field of arbltraAry intensity. In. the_Ilmlt
In the same manner, weak-probe absorption spectrrg'atl/% < Q < wo, wherer, is the correlation time
were calculated using the experimental parameters assod! the reservoir operatak, the GBE have the form
ated with each of the data points in Fig. 3. The linewidths
Sx - =6 Ty Sx 0
of the resonant responses @t and w; = () for each d | s -1 = : s. |- (o
. . . X .
point were then compared, and found to be identical to g¢ Sy 0 T Sy
within numerical error. Subsequently, in order to quan- z X ‘ z Y
tify their effect on the linewidths, the diagonal dipole (5)
moments were set to zero and the calculations repeatedhere
There was found to be no measurable difference of the 1 1
linewidths atw; = ) compared to the calculations in r=— + cosz(ze)—,
which the diagonal matrix elements were nonzero. The 1 T3
functional dependence of the linewidths énusing this 1
model is represented by the broken line in Fig. 3. I T,’
It is clear from the figure that, although the above
model correctly predicts the position of the resonant T
response at(}, it provides a poor description of the
observed homogeneous linewidth. Furthermore, the result Sea
that the linewidths are narrower than predicted theo- Y = —; ,
retically is reminiscent of the breakdown of the SBE for !
systems under the influence of high power fields, firstand S¢¢ is the equilibrium value ofS, in the absence
demonstrated in magnetic resonance by Redfield in 1955f the driving field. An analytical solution such as this
[12] and at optical frequencies by Devoe and Brewer inis not possible if the TLS has nonzero diagonal dipole
1983 [13]. These observations prompted a number ofnoment matrix elements. Therefore, consistent with the
authors to separately develop the so-called generalize@sults of our numerical calculations with the SBE that
Bloch equations (GBE) [14]. For these equations, insteaghowed no measurable change in the linewidth with such
of using the low power phenomenological relaxation ratesn inclusion, we will use Eg. (5) in our analysis.
as in the SBE, the TLS is considered to be coupled to an Analogous to spin echo experiments in an undriven
unobserved reservoir [15] such that the total Hamiltoniarsystem, ther /2 — 7+ — 7 pulse sequence & produces
of the system gains a term of the form [16] an echo after a tim@r. However, during the time in
_ 1 which the pulses are off, the system is still strongly
He=elAeS, +A 65 +Ae8S} (3) driven by the cw field. Therefore, in order to deduce the
where ¢ is a dimensionless parameter related to thelecay rate of the echo signals, the strongly driven GBE

(4)

. 1
sin(20) coq26) —,
)

interaction strengthS; = |e)(g| and S— = [g){e| are  must be solved in the transient regime. In 1949, Torrey
the raising and lowering operator for the TLS, =  [19] presented the transient solution to the driven SBE
%(Ie)(el — |g){gl), andA andA are the off-diagonal and using the Laplace transform method for solving coupled
diagonal reservoir operators, respectively. differential equations. The well known result of his work
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was that the decay of the transient nutation signal of the
strongly driven TLS is given by

1 1/1 1

- E<Fz - 71> si(26).. (6)

Alternatively, the SBE may be solved by transforming to
the semiclassical dressed-state basis [20] in which, ig- A
noring nonsecular contributions, the same functional de- ~ Hahn, Phys. Rev. Lett39, 1329 (1977); Y. Prior, J. A.
pendence is obtained for the linewidths of the resulting n Kasgh::‘a? EIS'EU';;?)?] (F;fhﬁ'hsevhﬁoﬁgga(lfgf)be found
nonstationary states. As expected, Eg. (6) accurately[ in gT C. Farrar and E.D BecpkerPuIse and Fourier
models thef dependence of the linewidths we obtained Transform NMR: Introduction to fheory and Methods
with the numerical calculations based on the SBE dis-  (academic Press, New York, 1971), p. 22.
cussed above and shown as the broken line in Fig. 3. [5] G. Davies and M.F. Hamer, Proc. R. Soc. London A
We have derived the transient solutions to the GBE 348 285 (1976); J.H.N. Loubser and J.H. van Wyk,
of Eq. (5) in the limit y > I',I"; using the Laplace Rep. Prog. Phys41, 1201 (1978); N.R.S. Reddy, N.B.
transform method. The inclusion of the nonsecular term,  Manson, and E.R. Krausz, J. Lumi®8, 46 (1987);
I'.., in the equations is the main difference between our K. Holliday, N. B. Manson, M. Glasbeek, and E. van Oort,
derivation and that of Torrey. The decay of the dominant

J. Phys. C1, 7093 (1989).
term of bothS, andS, and, hence, the echo signal in our [6] The possibility of dressed-state photon echoes at frequen-
experiments is found to be given by

Coherence and Quantum Optiegited by L. Mandel and
E. Wolf (Plenum, New York, 1984), p. 649; B.J. Dalton
and M. Gagen, J. Phys. B3, 4403 (1985).
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r,=T - %(r _ T sirt@6) + irm sin(46). (7)

This equation is plotted as the solid line in Fig. 3 and is
seen to be in excellent agreement with the experimental

reSUult_S. vsis. i b hat th hé) [8] The relaxation rate between the levels of the dressed-
sing our analysis, It can be seen that the echélat state doublet has been calculated using a model usually
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