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Two-pulse photon echo electron-nuclear double resonance of YA103.Pr3+
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Two-pulse photon echo electron-nuclear double resonance (or PENDOR) has been used to
measure the second-order hyperfine splittings in the ground state and the lowest component of
the excited D2 state of YA103.Pr +. The excited-state splittings are 0.923 and 1.565 MHz and

are significantly different from previous hole-burning results because of greatly increased resolu-
tion. The mechanism for t~o-pulse PENDOR involves a modulation of the photon echo decay
at the rf Rabi frequency. This modulation has been observed directly. A brief theoretical

analysis is given which showers that the echo modulation is a result of phase and implitude

changes in the oscillating opitical dipole moment vrhich are indirectly produced by the rf field.

I. INTRODUCTION

Optical-rf double resonance is a very usefu1 tech-
nique for the study of hyperfine interactions in
solids, since it offers resolution limited by the rf
source together with the high sensitivity characteristic
of optical measurements. Thus, it can be a useful
supplement to optical hole burning, when the hyper-
fine splittings become comparable to the laser fre-
quericy stability. The technique of electron-spin echo
electron-nuclear double resonance (ENDOR) was

originally developed by Mims' and was extended to
the optical region by Hartmann and collaborators' as
photon echo nuclear double resonance (PENDOR).
In all these experiments the amplitude of a three-
pulse stimulated echo was reduced by the application
of a resonarit rf pulse between the second and third
pulses of the echo sequence. The rf resonance can
be with either the levels of neighboring nuclei'2 or in
the case of photon echoes, the nuclear hyperfine lev-
els of the optical centei itself. The decay of the
stimulated echo is controlled by population changes
( Tt processes) and spectral diffusion, and the appli-

cation of resonant rf alters the echo amplitude by in-

ducing additional population changes in the case of
hyperfine levels or by altering the local fields at opti-
cal centers in the case of transitions of neighboring
nuclei. ' ' Chiang et ul. ~ recently used this technique
to measure the hyperfine splittings of the lowest
component of the 'D2 excited state of LaF3.Pr'+ and
found values of 3.7 and 4.65 MHz, in agreement with

optical hole burning. 5

We have carried out PENDOR experiments using
an experimental arrangement that differs somewhat
from that used previously. '~ We observe the ampli-

tude of a two-pulse photon echo while simultaneously
irradiating nuclear levels with rf, and the effect of the
rf on the echo is to modulate its decay at the rf Rabi
frequency. This modulation effect has also been ob-
served directly and is reported below. We chose to
study the hyperfine splittings of the lowest 'D2 level
of YA103.Pr3+ because the splittings are small
(-1 MHz) and poorly resolved in optical hole-
burning experiments. 6 The increased resolution of
the PENDOR technique gives well-resolved splittings,
enabling them to be much more accurately measured.
In these experiments, individual hyperfine levels
were excited by using an amplitude-gated single-
frequency cw dye laser, and the hyperfine splittings
measured by scanning an external rf frequency. Ari
alternative method of measuring these splittings is to
study echo modulation as a function of pulse separa-
tion using short pulses ~hose Fourier width is greater
than the hyperfme splittings. Although the hyper-
fine splittings can often be extracted from the comp¹
cated modulation patterns by Fourier transformation,
the interpretation of these experiments is not straight-
forward. '

H. RESULTS

Two-pulse photon echoes were measured on the
61074 transition of a 0.1'/0 YAIO3. Pr3+ crystal at 1.7
K as previously described. The echo decay time
(T2) was 35 issec. The separation between the rr

and
2

m pulses was set to be v™20p,sec and rf
pulses of -50-p.sec duration were applied as shown
in Fig. 1. This value of ~ is short enough that signi-

ficant echo amplitude is available for the double-
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tainties in the deconvolution of the laser frequency
jitter limited hole and antihole pattern which was re-
quired in the hole burning work. Both excited-state
and ground-state hyperfine resonances can be detect-
ed via PENDOR. The ground-state resonance fre-
quencies we obtained (7.07 and 14.13 MHz) agree
with the results of optically detected NQR, s i.e.,
7.049 and 14.124 MHz. The second-order hyperfine
interaction in the excited state is much less than in
the ground state, ' and hence, as expected, the
PENDOR linewidths in the excited state are smaller
(see Fig. 2).

resonance experiment but long enough to obtain
changes in amplitude of 20%—50% with small rf field
strengths (typically —0.5 6), thus minimizing power
broadening. The rf frequency was stepped in incre-
ments of 5—10 kHz and the echo amplitude mea-
sured using a transient digitizer.

The resulting spectrum is shown in Fig. 2. The
two resonances near 1 MHz are the hyperfine transi-
tions within the lowest component of the 'D2 excited
state. The values we obtain are 0.923 and 1.565
MHz, which are significantly different from those ob-
tained from hole burning, i.e., 1.065 and 1.416
MHz. The discrepancy seems to arise from uncer-
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FIG. 2. PENDOR signals observed in 0.1% YA103.Pr + at
1.6 K with v = 20 p,sec. (a) The lowest component of the
tD2 excited state at 6107 A. The two transitions are those
allowed between the quadrupole levels of I =—.(b) The

5
2'

same but for the ground state.

FIG. 1. rf and optical pulse sequence used for observation
of two-pulse PENDOR. The frequency of the heterodyne
pulse is shifted by 4 MHz from the excitation frequency.

III. THEORY AND DISCUSSION

In our experiment the PENDOR signal has its ori-
gin in a modulation of the echo amplitude as a func-
tion of v due to rf nutuation of the nuclear spins.
The rf induced Rabi flopping of the spins indirectly
changes the phase and amplitude of the oscillating
optical dipole moment and thereby changes the pho-
ton echo amplitude. This is unlike previous stimulat-
ed echo PENDOR experiments where the echo am-
plitude is directly proportional to the population of
one of the rf-coupled levels. We have carried out a
theoretical analysis of this three-level problem (see
Fig. 3) by solving the density matrix equations of
motion using the following simplifying assumptions:

(i) Only one three-level system is resonant at any
one time. This is always satisfied since the laser
width and the optical and rf nutuation frequencies are
less than the hyperfine splittings.

(ii) The photon echo excitation pulses are exactly
—,m and m pulses and all ions within the inhomo-

t'ab OPtiCal

e
FIG. 3. Three-level model for two-pulse PENDOR

theory.
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where 8 is the rf frequency detuning from resonance
with the b ~ c transition, g = (8'+ ca/) '~',

(Ns N, ) =Ns is the po—pulation difference between
optical levels, and 7 = t3

We first consider the echo modulation that occurs
for a strong, resonant rf field (i.e., 8=0). Then

A~„k= c e 2"'(Nb N)(1 +co—sa&~r) (2)

This gives a damped oscillatory echo decay with

damping constant T2= y and oscillation period
2m/ca~. To demonstrate this modulation effect we ir-

radiated the Pr'+ ground-state transition at 7.05 MHz
such that the Rabi frequency was much greater than
the optical homogeneous linewidth (9 kHz). The
Rabi frequency of ca~/2n' =108 kHz was measured
directly by optical detection of the rf nutuation. 9 The
photon echo decay was modulated as shown in Fig. 4.
The modulation frequency is in agreement with the
prediction of Eq. (2), but the depth of modulation is
not 100%. This is because of echo signals originating
from hyperfine levels which are not coupled by rf,
and to the fact that the rf transition is inhomoge-
neously broadened.

geneous line are assumed to interact resonantly.
Although this condition is not fulfilled in our experi-
ments, only the absolute magnitude of the echo and
its detailed shape is changed by different pulse areas
and off-resonance excitation. The essentials of the
echo modulation are not affected by this simplifying
approximation.

(iii) During the optical pulses, excitation by the rf
field and all relaxation is ignored. This is a good ap-
proximation since the optical pulses are much shorter
than the relaxation times and co~

' where cubi is the
resonant rf Rabi frequency.

(iv) The level decay rates y„, ybb, y„are very
small and can be ignored. (In YA103.Pr'+,
y„-5 x10' sec ', and ysb, y =0.1 sec '.) The
dephasing rates y,b, y„are much faster and are in-
cluded (y,s =y„=3 x 104 sec '). The value of yb,
is irrelevant as it does not enter the echo expression.

With these assumptions the system can be con-
sidered to be subjected to only one field at any given
time and the equations of motion separate into two
sets of coupled equations. One set just describes the
ordinary two-level system in the presence of the
relevant driving field (light or rf). The other set
describes the coherence between the third-level and
this two-level system. The solutions obtained for dif-
ferent time intervals are then combined as detailed in
the Appendix. The final result is that the peak am-
plitude of the heterodyne-detected echo at time t4+ ~
is given by A~,k.

Ap„k= c e 2"'(Nb N )-2 r

x [(1+8'/g') +(1—8'/g') cosgr j, (1)
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FIG. 4. (a) Photon echo modulation observed during the
application of rf at the 7.07-MHz ground-state resonance.
For the rf field strength used, the nuclear Rabi frequency
was 108 kHz, {b) Fourier transform of the echo decay in

(a) showing the frequency splitting induced by rf irradiation.

The results shown in Eqs. (1) and (2) were calcu-
lated using a semiclassical density matrix treatment.
An alternative way of looking at the effect is to say
that the rf field puts "Rabi sidebands" on the optical
transition and the —1-p,sec laser pulses prepare a su-
perposition of these dressed states. The modulated
echo can then be regarded as simply resulting from
the simultaneous excitation of several coupled levels.
Echo modulation of this kind has previously been
used by Chen et al. to measure hyperfine splittings. '
These high-frequency modulations are not observed
here because of our selective (long pulse) excitation,
which does not allow a superposition of hyperfine
states to be excited. Instead our technique allows

very small splittings to be measured with resolution
limited not by optical inhomogeneous broadening,
but only by inhomogeneous broadening of the small
splitting itself. The Fourier transform of the echo
decay shown in Fig. 4 demonstrates this by showing
the sideband produced by the rf Rabi frequency.

To analyze the PENDOR resonance we note that
Eq. (I) expresses the echo signal as the rf field is

scanned through resonance with m~, i.e., as 8 is
varied. For sufficiently strong rf, the factor in square
brackets varies between a maximum of 2 and
minimum of 0. Figure 5 shows a plot of Eq. (1) for
co~a =1.6 and a&~/2m =13 kHz. Under these condi-
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APPENDIX

To work out a theory for two-pulse photon echo
ENDOR in the three-level system of Fig. 1(b), we
need solutions for the density matrix equations of
motion in two situations: during the two optical
pulses, and between the pulses. Consider first the
situation between the pulses, when only the rf field
H~ cosa', ff is present. %e then have

FIG. 5. Echo amplitude as a function of rf detuning cal-
culated from Eq. (1) with contr =1.6 and cut/2n =13 kHz.

tions of -50'k reduction in echo signal, the power
broadening is -3'~. Although the qualitative pic-
ture provided by the theory is in good agreement
with experiment, a detailed correspondence cannot be
expected since the experimental linewidth is mostly
determined by inhomogeneous broadening of the nu-
clear hyperfine transitions.

p~ =0

Pcc Pbb = 2—i (Pbc
—Pbc) KHt COS Cu,rt

Pbc = ( t Cbbc+ 'ybc) Pbc + (Pcc Pbb) &+Hl COScrt

Pcb = ( l(acb + y) Pcb ( I KHt COSQJcrt) Pcc

p„= (t~.c—+y) p., (tKH—, cos~„t)p.,

(Alb)

IV. CONCLUSION

In conclusion, we have used two-pulse PENDOR
to measure the hyperfine splittings in the ground '04
state and the lowest crystal-field component of the
excited 'D2 state of YAlO3. Pr'+. The accuracy of
determining the excited-state splittings is much
greater than could be obtained by optical hole burn-
ing, so much improved values are obtained. The
PENDOR signal arises from an echo modulation due
to rf nutuation of the hyperfine levels and this modu-
lation is demonstrated experimentally. A theoretical
analysis of two-pulse PENDOR is given, using a
number of simplifying but realistic assumptions, and
the results are consistent with experimental observa-
tions.

where the coupling constant K p,gg~/2t with p, b be-
ing the nuclear magneton and gg the nuclear g value
for the b ~c transition. As explained in the text, we
are ignoring the slow leveL-decay and pumping
processes and have assumed equal dephasing rates
tt'ab Yac

%e now note that these three equations break-up
into two independent pairs of equations. Equations
(Alb) and (Alc) are just the usual equations for a
two-level system (when pumping and level decay
rates are ignored). Their solution in various limits is
well known, but is not needed for the problem at
hand.

The second pair of equations, (Ald) and (Ale),
are of primary interest because p,b is the quantity
that gives rise to the echo. These equations may be
solved by setting
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p b=p b exp[ (Ice +yb)t]

Pac = Puc exp[ ( t ac + 'Y) t]

One then finds

(A2)

p,b( t„+t) =—(—i ~Ht p„(t„)e ""sin (gt'/2)

+p,b(t„)e ' "[gcos(gt'/2)+tocsin(gt'/2)]}e' 't'e r' exp( i«),bt„+t)-

p„(t„+t)= {p„(t„)e ""—[g cos(gt'/2) —igsin(gt'/2) ]
(A3)

—itrHtp, b(t, )e ""sin(gt'/2)}e'" t'e "' exp( —ice„t„+t)
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for a time period beginning at time t„and ending at
time tz+1. Herc t = Ez+1

—fz, 8=%~—
QP&f 18 the dc-

tuning of thc 1'f f1cM from 1'csonancc, and

g = [8'+(~I)'jlt' is the rf Rabi flopping frequency,
whcrc mI = xH].

During the optical pulse, a different set of density
matr1x cqgat1ons 18 nccdcd, namely,

{A4a)

p» p« =2 I (pub'p~p) KOEO cosQ I

pub l &bp&b + (p» —p«) lKOEocos Q t

p« = lcd«p«+(IKOEocosQI) p~

p» = —l 01~p» + ( l KOEO cos Q I)p« (A4C)

where the couphng constant is Ko= P, /bit with P,b be-
ing the transition dipole matrix element, and
Eocos Qt is the applied optical field during the pulse.

Again we have two independent pairs of equations.
Equations (A4b) and (A4c) are equivalent to the
standard undamped optical Bloch equations. Assum-
ing thc pulse is very short so that all ions interact
resonantly, these have the solution

—1 i At i i At„
p»(tg+I) = I ( gp (be)(l +cosKOEot )8 "+p~y(t„)(1—cosKOEot )e

+i[pbb(t„) —p„(t„)]sinKDEot']e
' "+',

$0t„~ -)At„
pbb(t. +I) p, (t.+I—) = l[p.b(t.)e "—p:b(t.)e "]»nKOEot'

+ [pbb(t„) —p„(t„)] cosKOEot',

(AS)

for a pulse which begins at time |,'„and ends at time I;„+1. As before, t'= t„+1—t„.
The second pair of equations, (A4d) and (A4e), are identical in form to Eqs. (Ald) and (Ale). The solutions

are simpler, however, because we are assuming exact resonance ( Q = co,b). One finds

pb, (t„+I)-[pb, (t„)e»"cos(KOEot'/2) +ip„(t„)e ""sin(KDEot'/2)] exp( —lb', t +I)

p„(t+I) =[ipb, (t„)e»"sin(KOEgt'/2)+p„(t„)e'"""cos(KOEgt'/2)]exp(-ice„t+I) .
(A6)

%C are now in a position to calculate the photon echo signal. First of all, we note that the echo in our experi-
ments is detected as a heterodyne beat between a frequency shifted optical field Eb cos( Q +5) t and the field

~, cos Ot emitted by the ions during the echo. Thus, the observed signal at the detector is

I(t) —,e o(Ee+bEb csosht) =lb -ttQLKOEb Im[p, b(t) e'"'] d~,b cosset

where L is the length of the sample. We note that
although there is also a large nonzero density matrix
element p„, the selection rules in YAIO3.pr3+ cause
the transition dipole matrix element p„ to be small.
Thus, the contribution of p„ to ~, can be ignored.

The calculation of p,b(t) is straightforward, but
tcdlous. Wc bcglll Rt tllllc tl (scc Fig. 1) wltll tllc
systcfil ill tllcflllal cqlllllbrlllln so tllRt p~b(tl)
=p„(tl) = pb, (ti) =0 and p„(tl) = n„pbb(tl)

p (tl)«= II~, where re, ltb, ttq Rfc tllc tll'cflllal

equilibrium populations in levels a, b, c for a group of
ions which all experience the same local field and
thus have the same resonance frequencies. Wc can
then use Eqs. (AS) and (A6) with the p„(tl) as ini-

tial conditions and KOEO(tl - tl) = —,lr to &ind p„-(tl).
These in turn can be used as initial conditions in Eqs.
(A3) to find p,b(tl) and p«(tl). These are the only

two density matrix elements we need because the
second pulse is a n pulse [KREO(tb tl) =n] which—
gives [using Eqs. (AS) and (A6)],

P.b(t4) =P,'b(t&) CXp[ —I Q(t, +«)],
p„(t4) =-p„(t4) exp[ —i co„(t4 tI) j . —

Kllowlcdgc of Just p (f4) Rlld p b(t4) ls sllfflclcllt
because the echo arises only from Im(p, b) during the
time interval t ) t4, and according to Eqs. (A3), p,b

is coupled only to p„during this period. In reality,
we do not even need to know p„(t4) or assume a m

pulse, because one can show that a photon echo can
only arise from the term p,'b(tl) (1 cosKOEot') in-
Eqs. (AS) no matter what pulse area is used.

Retaining the
2 m, m pulse assumption for algebraic

simplicity, wc f10d

p,b(t) =—,(nb n, ) [ssin(gr—/2)+it cos(g ~/2) ] (g cos[g (t —t4)/2]+ is sin[g (I —tg)/2]]1

2g

xexp[ —i8(t —t4 —r)]exp[-y(t —t4+r)]exp[i(Q cu, )(t bt4 —r)]e '"'— — (A9)
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Here we have dropped the term proportional to p,q(r4) because it has an exponential dependence
exp[i(0 —co,q) (t —t2) ] and thus does not produce an echo. It is only a free-induction decay term.

On taking the imaginary part of p,q(t) exp(i Qr) from Eq. (A9), and substituting into Eq. (A7), we find for the
observed signal

1(r) =1~+—,'(N, -N. ) exp[ —a~'(r - r, -~)'/4] exp[-~(r - r, +~)]

x ((28/g) sin[g(r —r4 —r)/2] sin[8(r —
r4 —r)/2]

+ {(1+8'/g') cos[g(r —r4 r)/—2]+(I—8'/g') cos[g(r —tg+r)/2]]cos[8(r —r4 —r)/2]) . (A10)

Here me have assumed an inhomogeneous distribu-
tion of m,b's given by

nb n, =-(Nq-N)1

AQl

& exp[- (0 —m,b)'/Aalu'],

[

The peak echo amplitude occurs at i —f4 = r, a&here

Eq. (A10) simplifies to

I(t —t4=r) =Ig+ —,(Ng N, )e—'"'

& [(1+8'/g') + (1 —8'/g') cosgr]

sphere 6 ao is the half-&width of the distribution and
N„Nq are the total populations in levels a and b. which is the result presented in the text as Eq. (1).
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