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We study the optical properties of rare-earth-ion-doped inorganic crystals with an emphasis on the depen-
dence of two-pulse photon echoes on the excitation density in the system. The experimental investigations
concentrate on Bf:Nd*":Eu** codoped ¥%SiOs and YAIO, crystals at low temperatures. With two pulses of
one laser the echo is induced in one ion species and with a third, “scrambler” pulse of a second laser another
species is excited. These scrambler excitations lead to a dephasing and thus to an echo attenuation which
depends on the strength, frequency, and time of the scrambler pulse. The spectral sensitivity of the echo
attenuation is used for a spectroscopic technique: “photon-echo attenuation spectroscopy.” As a function of
the delay timetg between the scrambler pulse and the onset of the two-pulse echo sequence the attenuation
shows a very specific behavior dictated by the excitation-induced frequency(&#s. Fortg between the
two echo-inducing pulses the echo intensity is partially regained by the “dephasing-rephasing balancing” of
the reversible EFS’s. For the theoretical description a stochastic model is introduced and the dephasing by
excitation-induced lattice vibrations and by EFS’s are analyzed in detail. The present results are discussed in
the light of previous experimental and theoretical investigatiff8163-182606)05247-2

I. INTRODUCTION tation density can be varied by changing the concentration of
the species participating in the echo process or by changing
Photon-echo measurements have been intensively appligbe laser intensity. For instance, Cooper, Olson, and Bayer
to study coherent optical phenomena in many materialsmeasured the echo-decay rate as a function of impurity con-
While at the beginning of these studies the experiments wereentration in mixed molecular crystals. Similarly, the echo
designed to investigate the nature of the coherence, recentigtensity depending on the frequency position within the in-
photon echoes have been used to gain information about tHeomogeneously broadened band was investigated by Shelby
physical properties of the system hosting the echo generatirand Macfarlané! Alternatively, experiments were carried
species. Because the coherence is very sensitive to fluctuaut in which the intensities of the two pulses relative to each
tions in the environment photon echoes can be used for thether were varied®*It was found that the behavior of the
investigation of weak effects, such as dynamical processescho intensity decay changes dramatically when the first or
resulting from the ubiquitous “two-level systems” second pulse was chosen to be strong; also nonexponential
(TLS’s).1~1°% A particular role in these investigations is decay was observed. Both effects were interpreted as result-
played by rare-earth-ion-doped inorganic crystals; their optiing from excitation-induced frequency shifts.
cal properties are very appropriate for the study of various More recently, the two-pulse photon-echo experiments
dephasing mechanism. The high optical frequency selectivityere extended by adding a third, scrambler pifse:*>%n
of these crystals, which can be of the order of kHz, combinedhese experiments the frequency of the scrambler pulse was
with the high frequency resolution of the time domain tech-positioned in the same transition bafdf or scanned over
niques have rendered possible the study of phenomena ntite resonances of another impurity spe¢iz$.By the varia-
amenable by other techniqubs?* tion of the intensity, the frequency, and the delay titge
Very small perturbations in the environment of a dopant-between the scrambler pulse relative to the echo-pulse se-
ion lead to changes in its transition frequency which in turnquence several experimental parameters are at disposal. The
cause a dephasing in the excitation strong enough for detetechnique of bichromatic optical excitations is similar to the
tion. These perturbations may arise from stationary thermallyphoton-echo nuclear double-resonatENDOR technique
activated processes, such as lattice vibrations or spin flips aftroduced by Hu, Leigh, and HartmafhThis technique is
magnetic compounds in the crystal. However, also the excithe optical analog of the spin-echo ENDOR and consists of
tations involved in the echo inducing process give rise to anonitoring the photon-echo intensity as a function of an ap-
phase randomization. For example, the local electrostatic anglied rf field with the frequency tuned over neighboring ion
magnetic fields at a probe ion are modulated by the excitaresonancé$ or over sublevels of the probe iofs.
tion of neighboring ions. This induces an additional, nonther- The interpretation of the observed excitation-density de-
mal dephasing that depends on the excitation density, i.e., gmendent dephasing is primarily based on excitation-induced
the ion concentration, the oscillator strength, and the laserfrequency shiftSEFS’S. Frequency shifts were considered
pulse intensity. in the analysis of PENDOR resulting from nuclear transi-
In “pure” two-pulse photon-echo experiments, the exci- tions in the vicinity of the optically active species; for
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pure optical experiments EFS’s were first taken into accountalled the “sudden-jump” model has been extended espe-
by Taylor and Hessle® EFS’s originate from the changes of cially for the study of dephasing in glassy
the electrostatic properties of a species when excited. Corenvironments:>*° The fluctuations are assumed to result
sequently, the field in the vicinity of that species is changedrom interactions between the species involved in the echo
and in turn this field change induces a Stark effect in anotheprocess and the TLS’s randomly placed in the system. The
guest species; the corresponding shift in the transition freTLS’s are characterized by sudden jumps between the two
quency leads to a dephasing. This interpretation is stronglytates with specific rates which depend on the system param-
supported by the observation of dephasing resulting from afers and on the temperature. This model was applied in the
externally applied voltag®? The electric field induces Study of EFS’s by representing the two states of the TLS's
Stark shifts in the transition frequencies and these shiftg’y t_he 9r°‘%’?d and excited state of tBe!ons. The elec-
modulate the echo intensity. The two effects, EFS’s andronic transitions of the scrambler species are taken as sto-

Stark shift, differ in field-strength distribution: for EFS’s the chast!c events, 1.e., the optical active Species are excited sto-
field at a probe species is random due to the randomness astically according to the excitation probability and they

the environment while for an applied voltage the elec'[ricre.main exciteq 'until they _suddenly relax to the ground state
field is homogeneous in the system with a probability according to an exponential decay law.
Basically, EFS's result from the diagonal interactions be_Accordmg to this approach the echo attenuation as a function

tween the guest species which contrast with the off—diagonaPf the delayts.is che_trac_terized by a uniql_Je behavior, which
resonance interactioR$® The latter were considered in the 2HoWs for an identification of the dephasing by EFS's. This
behavior follows from a partial dephasing-rephasing balanc-

analysis of the echo intensity as a function of the laser- DRB) which i £ th bili f
frequency position within the inhomogeneously broadene 9 ( ) which 1S a consequence o t € reversi |'|ty 0
FS’s. In this paper we extend our previous experimental

band. The interplay between the diagonal and off-diagona nd theoretical considerations and show that the DRB is ro-

interactions in excitation density-dependent photon echoe% i inst vari dificati f th del
has not been clarified so far. The shifts due to off-diagonal ust against various modifications ot the model. .
The paper is structured as follows. In Sec. Il the model is

interaction depend on the difference between the echo fre- . d and th hani dephasing by EES' q
guency and the scrambler frequency. If the frequency differ! VI€Wed an the two mechanisms, dephasing by s an
2phasing by nonequilibrium phonons, are studied. In Sec.

ence is much larger than the resonance frequency the deph . :
9 d y P the frequency and time-resolved experimental results ob-

ing by resonance interaction can be disregaretf, . CAN T .
however, the two frequencies are identical or close to eacf‘?med from P#:Nd®":Eu’" codoped ¥SiO; and YAIO,

other the off-diagonal interactions may contribute to thecrystals are presented and the corresponding spectroscopic

excitation-induced dephasing. This has to be considered pa lata are tabulated. The results are discussed in Sec. IV with

ticularly in “pure” two-pulse photon-echo experiments special attention to previous observations. Further theoretical
Another mechanism, leading to an excitation density-reSUItS are given in the Appendix.

dependent dephasing, originates from excitation-induced lat-

tice .vibrati.ons(EL'V’s). The no_nradiative d(_aca_\y OT the elec- Il. THE STOCHASTIC APPROACH

tronic excitation is accompanied by the dissipation of large .

amounts of electronic energy into nonequilibrium phonons. We assume that the system responsible for the echo pro-

Scattering processes of these phonons at electronically e£€SS consists of an ensemble of noninteraciigns. For an

cited species induce a phase randomization. Reabsorption 8ptically thin sample the echo intensity is

nonequilibrium phonons were considered by Macfarlane and

Meltzer! anld phonqn scattering was apcounted fpr by Bai T(ty,te) =|P(t12,t5)]?, (1)

and Kachrg? for the interpretation of their observations that

the_ echo attenuation changes when the focus of the laser jghere, recallingf, denotes the time instance of the scram-
varied. _ _ _ bler pulse relative to the time of the first pulse which is
In our experiments we concentrate on bichromatic meazssymed to take place at tite0. t,, is the pulse separation

surements of two-pulse photon echoes in multiple rare-eartfime and P(t,,t,) denotes the system polarization in the
ion-doped crystals. With two lasers two different ion speciegotating-frame approximatida33

are excited. With the first laser the photon echo of the probe

ions (A ion) is triggered; with the pulse of the second laser

another ion specie$B ion) is excited. This pump-probe  P(tiz,t9)=— 3icu Sin(A;)sSiP(AL/2)Ro(t12)R(t12,ts),

scheme allows for independent control of the two-pulse pho- (2

ton echoes and of the excitation-induced dephaSingy

choosing well-separatel- and B-ion transition frequencies A is the area of thgth excitation pulse and is the concen-

the dephasing by resonance interaction is avoided. The teckration of theA ions. Ry(t,,) is the echo attenuation due to

nigue with two lasers and two optically active species haghe excitation lifetimes and due to thermally activated pro-

been proposed as a novel type of time and frequency resesses. We introducel(t,,t;) to describe the dephasing

solved spectroscopy, “echo-demolition spectroscaydlso  induced by the electronically excited neighborhood. It is sup-

termed “photon-echo attenuation spectroscopf?EAS;!’  posed that the echo is recorded at the low excitation limit so

basically it is a double-resonance type of spectroscopy. that the density of thé-ion excitation does not significantly
Theoretically, Klauder and Andersom their seminal pa- contribute to the total excitation density. We concentrate ex-

per introduced a model for the analysis of several coherencdusively on the excitation-induced dephasing and thus on

phenomena on the basis of flipping TLS’s. This model, alsdhe reduced intensity,
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Ph 4] o " where the sum runs over all lattice sites of possiBlen
Eopaon H H /\ec ¢ positions. ¢ is the frequency shift of thé\-ion transition
induced by the excitation of B ion at a displacemenmt, ; it

0 t 2
" " is of the fornf®
Scrambler | I I
| | | €= { Djebiel Vil debice) —{ Dlebicel Vil bfe bice)
‘“)W | ~ (S dRd Vil #ladle) +(fy 02 Vil #1y 05y).
5o | (6)
! where ¢ denotes the wave functions of theandB ions and
________ where the indiceg ande refer to ground and excited state,

respectively. This expression describes the change ifthe

ion transition frequency caused by tBeion excitation. The
(© _L_%Nﬁﬁ—-—‘_ two center expansion in terms of electrostatic properties
leads to multipolar interactions.

The &u,(t) term in Eq.(5) is introduced to account ex-

licitly for the randomness of the spatial configuration and
FIG. 1. Schematic illustration of the dephasing by EFS’s for thep y P 9

three different cases discussed in the text. The lines, following stair]ior the stochastic nature of thig-ion excitations.§ is an
cases, denote (1) and depict the temporal relaxation of the EFS’s. indicator variable indicating whether th¢h site is occupied

The shaded areas indicate the contributions to the phase shift; thbey an exciteds ion at imet=t;,

areas of the rephasing period contribute with a negative sign. (1-p) £=0
Dephasing-rephasing balancing can take place in @se Ps= D ’ i=1 7
I(tyo,tg) 5 wherep is the dimensionless excitation density in the system
— = = 12:8s)|%s enoting the probability of a lattice site to be occupied by a
7 |R(taz,ts)] (3)  denoting the probability of a lattice site to b db

B ion that is excited at timeg. Accordingly, ¢ takes the
tvalue 0 with probability +p and the value 1 with probabil-
ity p. u(t) gives the stochastic aspect of the model with the
B-ion excitation initiated atg and surviving until timet; , so
that

whereZ, is the echo intensity with the scrambler pulse shu
off. R(ty,ts) is assumed to result from transition frequency
fluctuation$2

tio 2ty 1 t.<t<t
(t)dt— (Hdt|), (@ =
fo wj(t) f (1) D (4) UM=10, otherwise.

®

ti2

R(tlz,ts)=<expi

The decay timé; is distributed according to the exponential

wherew;(t) is the transition frequency of thie¢h A ion with tprobability density

fluctuations resulting exclusively from the time-dependen
shifts induced by the scrambler excitations. P, =ve Y=ty 9)

Excitation-induced frequency shifts with y=1/T? as the decay rate defined above. Basic in this

i i , i description is the independence of tdons so thatP, and
We first study the dephasing by EFS’s which results frompt apply independently to all possible lattice sites. Equa-

the excited-state environment. For this process three Situ%_ofns (5). (7)~(9) provide a clearly outlined model which

tions are relevant(a) If the scrambler pulse is applied at . . \
timest, before the first echo pulse the EFS’s are larger in theaIIOWS _for the calcul_atlon of the dephasm_g due_ to EFS's by
averaging over spatial and temporal configurations.

dephasing than in the rephasing perid. If t, is located in This model was used to generate the EFS trajectories of

the time range of the rephasing period only the rephasing. . X )
process is perturbed: in both cases an echo attenuation r?—[g. 2. They were calculated for a cubic lattice and for dipo-

sults. () If, however, the timet, is in the range of the ar interactions. For the initial time=0 lattice sitesk were
. ) ) S

dephasing period between the first and the second ech%1osen randomly within a sphere of°lattice sites accord-

: : : 1ng to the relative occupation probabiliy=10"2. For these
pulse, the phase perturbations in the dephasing and rephasi ;
periods can be balanced; thus the echo intensity is partiall €s§ was set 1o one and otherwise to zero. The EFS was

regained. This is more obvious from Fig. 1 where the thre hen calculated from_the sum over these SEgg; £y For
situations(a) to (c) are schematically illustrated. each occupied sitg; =1, a lifetimet; was chosen randomly

For the description of this process we make use of th ccordi_ng to an exponential_ decay law with the redeAt
previous analyses of the sudden-jump and relate hese times the correspond_lrgg were reset to zero. This
models?67:9173435\e write for the time-dependent elec- procedure leads to the relaxing trajectories shown in the up-
tronic transition frequency (t) of the jth A ion per part of Fig. 2. In Fhe lower part of the_ figure the EFS’s

! are plotted as a function of efpyt) to achieve a sequence
of events according to a Poissonian distribution of occur-
w.(t)Zw‘OJFE €néU(t), (5) rence. The corresppnding pattern is typica_\l for CaL_Jchy ran-

! e dom walks; the trajectories are characterized by jumps on
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perfect balancing of the accumulated phase has vanishing

' ' - probability a partial balancing still appears feasible.
M ] The accumulated phase pth A ion is

_ %0 —— t1 2y,
z [Fowat- [ Towa-3 qaat. @0
= 0 t1o k
e
& where
g t12 2ty

. . 0k(t5)=f uk(t)dt—f u(t)dt. 1y

0.0 2.0 40 6.0 0 12
v 0,(ty) is a random variable depending on the stochastic de-

cay timet; which enters throughi(t). We obtain

R(t12ats):<H expli fjkfkak(ts))> : (12
. {&4¢}

where the average has to be taken over the inBidbn
excitation configurations and over the stochastic decay times.
Accounting for the independence Bf and Py, the averages

can be taken over the individual lattice sites independently,

o,(t) [arb. units]

0.00 0.25 0.50 0.75 1.00 R(ti,t) =1 (exp( €ikékOc(ts)) (.t (13
exp(-yt) k

. . , ) The ¢ average yields
FIG. 2. Computer simulation of EFS's trajectories. Plotted are

three realizations of time-dependent EFS'’s calculated from the pro-

cedure discussed in the text. In the upper figure the trajectories are Rtz t9 =11 {1— PL1—-Si(ts) ]}, (14
plotted as a function of time, in the lower figure as a function of K

e " respectively. The Cauchy random-walk characteristics and theyhere

self-affine property are evident.

_ Sik(ts) =(exi €k O(ts) ]y, (15
many scales and by the self-affine propéftifhe pattern of
these trajectories are very different from the schematic oneS;(ts) is a quantity that was studied previoushithe ex-
in Fig. 1. Although the trajectories in Fig. 2 indicate that plicit expression reads

p . . . _
1+ IE_ eyts+ |6. ey(t572t12)_ 2i €y e'y(tsftlz)Jrletlz t.<0
v—ie v+ie v°+e s
02 i€ . 2iey .
: — _ _ ey(ts—Ztlz)—lets_ e(y—le)(ts—tlz)' o<t.<t
S]k(ts) < y—ie ’y+|6 ,y2+62 s 12 (16)
v ie Ot
\ ’}’+ie+’yTiee(y+|E)(tS =t t1o<ts=<2t;,

wheree=¢j, . Equations3), (14), and(16) represent an exact solution of the problem within the model assumptions; they can
be applied for the detailed calculation of the echo attenuation for a particular lattice structure and interaction law. For small
expression(14) can be approximated by

R(tlz,ts):expr —pzk {1—(exdiepb(ts) )} - (17)
We consider the multipolar description of the interaction potential. The dipole-dipole approximation gives

eik=eo(ro/|r )3k (), (18

where g, denotes the interaction of dipoles at a unit distangand depends on the differences between the dipoles of the
excited and the ground state for theand B ions, respectively, according to E(). Dielectric corrections to the dipolar
interactions originating form the polarizable hosting environment are thought to be included in the cefisiagives the
angular dependence
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Kk(Q)=(da,dg) —3(F,da) (F,dg), (19

wheretAjAB andr are unit vectors for the dipoles and the displacement, respectetenotes the set of angles defining the
corresponding spatial orientations. Tacitly we have assumed that the orientationBsfahalipoles is the same for all sites.

In the continuum approach E¢L7) yields
(20)

R{In R(typ,te) =~ < 49077'F3J':dr r*{1-cog fo(ro/r)SKe(ts)]}> ==Cip{l0(ts) s,
Q.

wherep, denotes the site density. Only the real part is considered because the imaginary part cancegld)ifTke.constant
in Eq. (20) is
C1=(213)m2egr3pol| k|)a - (21)

The dimensionless quantityk|), is of the order 1. For the particular case with thelipole parallel to theé8 dipoles we have
(|«|),=4/\27 and for the case of tha dipole perpendicular to thB dipoles(|«|), =2/, respectively. The calculation of

<| 0(t5)|>tf give§7
(1—e*t127)2ets)’, tsgo
'y<|0(ts)|>tf: (2e*(2t12*t5)7_e*21127_2e*t127+ e*tsy)e'[s'y, O<tsst12 (22)

(1—e P97y <t <2t,.

From Eqs(3), (20), and(22) the echo intensity depending on for two fixed tg values:t;=0 andt;=t;,. A very different

t, exhibits a specific behavior, as shown in Fig. 3. For thedecay is observed for two cases. Settigg0 andts=t, in

time regimest,<0 andt,,<t,<2t,, the logarithm of the Eq. (22) and expanding for smallyt;;, we obtain
echo intensity follows a behavior dictated by one exponenin[Z(ti,ts=0/Zol~—(yt1)° and  INZ(t15ts=1t15)/Z]

tial. In the intermediate regime<Q <t,,, the behavior is ~—1yt1,. Thus the echo intensity follows approximately a
more complicated; the echo intensity may show a local maxiGaussian in the former and an exponential decay in latter

MUMtg ma—= 7y In[(1+2612%)/4], t1,y>In(3/2).1" This maxi-  case.

mum is a signature of the dephasing by EFS’s.
In Fig. 4 the echo attenuation as a functiort gfis shown o o
Excitation-induced lattice vibrations

We now focus on the dephasing due to ELV's. We as-
sume that part of the electronic energy is dissipated into lat-
' ' tice vibrations which may be highly excited localized vibra-

photon “hoﬁ H#I |_|#2 “h"/\_ tions or propagating phonons. Localized lattice vibrations
scrambler j\——»
100
= 0.0 b RN
3
€
£ L
o
& s 2
L & o.10f
&
p="1"
-1.0 L . . ! .
1.0 0.0 1.0 2.0
t./t
s 0.01 . . 5 .
. . o . _ 0.0 0.2 0.4 0.6 0.8 1.0
FIG. 3. Theoretical echo intensities as a function of the time vt
12

delayt. The function—C;p(|6(ts)|) of Eqg. (20) is given by full

lines for variousyt;, values as indicated and f&;py *=1. To
highlight the difference between the behaviors of the attenuation by FIG. 4. Theoretical echo intensities as a function of the inter-

to ELV's and EFS’s, Eq(26) is given by dashed lines with the pulse timet,,. Plotted isZ(t,ts)/Z, for ts=0 as full lines and for
value of pDy ! chosen so that the corresponding full and dashed =t;, as dashed lines, respectively, and for twealues, as indi-
lines match fort,<0 and for the cases oft;,=1 and 2. cated. The parameters aggpor §/y=1 andd,ldg.
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relax and eventually merge into propagating phonons. The 2ty,
dephasing is assumed to result from elastic- and inelastic- K2=2ij e "dt, (25
scattering processes of nonequilibrium phonons at electroni- max0ts)
cally excited ions. A scattering event at an excifedon is  For the dephasing we find
associated with a sudden frequency excursion giving rise to a
dephasing. The efficiency of the dephasing depends on theI : {_ vy~ lpDeMs(1-e 212, t.<0
frequency, the mean free path, and the lifetime of the INR(ty;,ts)= . o Dteo .
phonons® On one hand, we assume that the lifetime of the Ty pD(Lme ), 0stys Zt(léﬁ)
phonons until thermalization is short if compared with the
electronic excitation lifetimes or dephasing times. Thereforg=or fixedt,, the behavior of IR(t;,ts) as a function of, is
the limiting process for the nonequilibrium phonon density isgoverned by one exponential both fQrc0 and forts>0 and
the electronic excitation decay and thus the nonequilibriunshows a minimum at,=0. Thus the attenuation is strongest
phonon density is proportional to the electronic excitationfor t.=0 as we have anticipated. For fixedand as function
density. From this follows also, for example, that nonequi-of t,, the expansion of the right-hand sidds) of Eq. (26)
librium phonons generated earlier than the first echojeads to an exponential decay Bft,,t,) which holds for
inducing pulse do not lead to a significant dephasing and casmall yt,, values. This exponential decay is reminiscent of
be disregarded. On the other hand, it is supposed that th@e decay due to the interaction with thermally activated pro-
lifetime is sufficiently long so that scattering events with cesses which have been established to lead to exponential
A-ion excitations are guaranteed. decays. Thus from this behavior no distinction between the
Two different situations result from these assumptionsthermally activated and excitation-induced effects can be
the scrambler pulse occurs before or after the first echomade. However, by variations of temperature and excitation
inducing pulse. Relevant for the dephasing are the number afensity a discrimination is possible. In Fig. 3 the echo at-
scattering events, i.e., the number of excitation dissipatiofenuation by ELV’s and EFS’s are compared; the very dif-
events during the echo dephasing-rephasing process. Ffdrent behavior is obvious from the presentation.
ts<<0 nonthermal lattice vibrations are generated during the Dephasing by ELV’s was reported in Ref. 21 and a simi-
whole dephasing-rephasing perioek0<2t,, and the result- |ar interpretation was introduced for the electronic level re-
ing echo attenuation depends only on the scrambler excitgsopulation by repeated resonant phonon emission and ab-
tion density at timet=0. The situation is similar fot;>0.  sorption in Ref. 31. In our experimental investigations
Only the time period £,—tg enters the calculations. Thus dephasing by ELV'’s could not be traced. We stress that the
by increasing the echo attenuation is reduced. The scatterapproximations introduced for modeling the ELV’s may not
ing processes lead to a phase randomization irrespective @bld strictly. Nevertheless, it is thought that the present de-
whether the polarization is in the dephasing or rephasingcription captures the main effect. Moreover, the introduc-
stage. Consequently, the strongest attenuation is expectedtion of ELV'’s is appropriate here, because ELV’s can be
take place forts=0. considered as a representative of excitation-induced dephas-
The dephasing by ELV’s contrasts with the dephasing bying resulting from irreversible frequency shifts.
EFS’s. The energy excursions induced by phonon-scattering
processes are fast relative to the coherence phenomena. Con-
sequently, correlations between phonon-induced frequency
fluctuations of the de- and rephasing period are negligible The setup
and a DRB can thus be ruled out. The experimental tech-
nigue based on two species excitations provides fortuitougo
conditions for discriminating the competing effects.
For the description of this process we suppose unspecifi

IIl. EXPERIMENTAL INVESTIGATIONS

The experimental setup, schematically depicted in Fig. 5,
nsists of a classical collinear photon-echo arrangement,
nd in addition, of a second, counterpropagating beam, act-
L '“ing as the scrambler. The cw output of an*Aon laser
nanequilibrium phonons and assume th_at the SC":ltte”ngumped Coherent-Radiation CR 699 single-mode dye laser
events lead to frequenqy quctuanAQt) Wh'Ch can be aP-  \was fed through a doublet of acousto-optic modulators
proximated by white noise. More exp'I|C|FIy, the fluctuations (AOM'’s 1 and 2, Matsushita EFL 20@hat produced pulses
A(t) are & correlated and Gaussian distributed so that of 1.5-us length. These pulses were used to induce photon
echoes which were detected with a photomultiplier. A third
(A(1)=0, (A(DA(t'))=28(t—t")pDe "7, AOM of the same type was used to prevent the detector from
(23 saturation by selective opening at the expected echo time.
The peak intensities of the pulses were of the order kVf/cm
and led to reasonably strong echoes. To minimize the per-
ﬁering effects of spectral hole burning, the laser was repeti-
&vely scanned over a range of 200 MHz within one second.
The echo sequence was repeated at a rate of 100 Hz, aver-
ages were taken over several tens of sequences for one data
point.
In the case of spectroscopic measurements a second laser,
INR(t1,,t)=— 3K,, (24 an Ar"-ion laser pumped Spectra Physics 375B tunable lin-
ear dye laser, was used to induce the excited-state environ-
where ment to be probed by the echo sequence of the first laser. The

wherep has the same meaning as in Ef). D is a constant
and the exponential behavior accounts for the fact that th
probability of the scattering events decays as the numb
density of survivingB-ion excitations.y=1/T % is the decay
rate which is considered to be identical for Bllions in the
system. From a second cumulant expansion, we obtain
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FIG. 6. Temperature dependence of the homogeneous linewidth
I'hom Of the EG* 7Fy—°D, transition measured by two-pulse photon

”#1 ”#2 echo echoes. The onset of the temperature dependence of the dephasing
photon echo: - occurs at lower temperatures in theSiOs than in YAIO;. The
1 — symbols give the experimental values and the full lines are fitted

serambler: . — au - - - oo curves according to the’ law.

FIG. 5. Experimental setup for the echo-attenuation experi-rleous linewidthg'qr, are displayed for EQGL:YZS'Os and for

+. ; ; ;
ments. Depending on the type of the experiment, either the gate'c;rug “YAIO3. In this study we were interested only in the

cw system or the pulsed system is used as the exci'[ation-inducin%mper"jlture dependence of the echo-decay rates; therefore

light source. For clarity, the scrambler and the echo beams are ndpe usual zero-intensity extrapolation and the application of

parallel to each other. AOM's denotes the acousto-optic modulatoStalic magnetic fields was omitted. In case ofSIO; the
PMT the photomultiplier tube, and PDL the pulsed dye laser, re-0nset of the thermally induced homoge_neous line broadening
spectively. takes place at 8 K. The data were fit toTé&-Debye law

which accounts for two-phonon Raman proces$é$Good
. agreement with the experimental observations was obtained
fscra;rﬁbl\eéllvla’se; with C(;N outpu': poweffr:ﬂi\év \ivas gdatedtpy @ which makes sense because the electronic excited state in-
_?#r | s lo produce tputrsles Oh th_ G0 tulra on. i volved in the echo process is clearly separated from neigh-
ese puises were sent throug € _crystal coun erlioring electronic levels, so that a one-phonon-assisted de-
propagating to the echo-inducing pulses. The °Ver'?p.°f th opulation cannot take place. The Debye temperatures of
scrambler anq echo laser bea”.‘s was carefully optlmlzed ese crystals are unknown; thus it is not clear whether the
induce a feasible echo attenuation. The spectral width of thQice .o\ o in the rise of the linewidths with increasing tem-

scrambler laser was 40 GHz, which lead to an instrumen erature is because of different Debye temperatures or dif-

I|m|te(é _re?ﬁlu]tc!on for some (t)f(;hbe lspec;cre;lhfeatures ?tsh 'SDOQ rent electron-phonon couplings of the two systems. We
servedin the ngures presented below. In the case of the onclude that for the interpretation of the echo-attenuation

experiments a Spectra Physics/Quanta-Ray Nd:YAG DCR pectra recorded at 6—7 K thermally activated dephasing can
pumped-pulsed dye laser system PDL-2 was used, whic e disregarded

generated pulses of kW power in bursts of approximately
ns. Thus the total scrambler energy was the same for both
setups; however, the pulses were much shorter in the DRB
experiments. We first report on the echo attenuation as a function of the
Y,SiO; and YAIO; doped with rare-earth ions are known scrambler wavelength. The echo-inducing laser was set onto
for their very long dephasing times since only very few mag-the PF*™ 'D,—%H, transition of Y,SiOs and of YAIO; and
netic compounds are present in these systerffsBy spin  onto the’F,—°D,, transition of EG" site 1 in Y,SiO; and of
flip flops these compounds give rise to a phase randomiz&W*" in YAIO;. In parallel the scrambler laser was tuned
tion. Owing to the small concentrations of these compoundsver the range of 575—610-nm limited by the Rhodamine 6G
the measurement of dephasing rates in the order of kHz iser dye. The scrambler pulses were of p@0duration and
feasible. We used Eu:Pr":Nd®* codoped ¥SiOs and  were triggered 10Qus (Y,SiOg) and 220us (YAIO 5) before
YAIO, crystals of 10-mm length. The concentrations of thethe onset of the first echo pulse. The echo intensity was
dopants were nominally 0.1%, 0.01%, and 0.01%, respecaecorded as a function of the scrambler frequency; the cor-
tively. The samples were held in an Oxford flow cryostat atresponding spectra for,%iO5 and YAIO; are shown in Figs.
temperatures of 6—7 K. At these temperatures thermally ac? and 8, respectively. The traces show that the echo attenu-
tivated dephasing is negligible which is obvious from Fig. 6,ation is strong for resonances between the scrambler fre-
where two-pulse photon-echo measurements of the homogeguency and the transition frequencies of the codoped species

Experimental findings
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FIG. 7. Comparison of echo-attenuation, transmission, and fluo- F|G. 8. Same as Fig. 7 but for spectra obtained from
rescence excitation spectra obtained from"Md®":EL** codoped  pR*:NgP*:EW®" codoped YAIQ crystals with the echo laser in
Y2SiO; crystals. The echo-attenuation spectrum of the upper boxesonance with the Eli 'Fy—°Dy, transition. Corresponding spec-
was recorded with the echo laser tuned onto thé EBy—"Dy  tral and temporal data are listed in Table 1.
transition of site 1. Transmission and fluorescence excitation spec-
tra are shown in the lower box. The spectral features are numberefina measured transition wavelengths of thé BRP ™ Nd®+
ascendantly with increasing Wzsl_velgngth; cor_requndlng resonan%doped ¥SiO; and YAIO; are summarized in Tables | and
wavelengths and excited-state lifetimes are listed in Table I. IIl. The accuracy of the wavelength measurements was lim-

ited by the poor frequency calibration of the linear dye laser.
and the attenuation is absent where none of these specigébe spectra were recorded as a function of the position of a
absorbs, independent of the frequency gap between scrarsteppermotor which was driving a frequency tuning etalon.
bler and echo-inducing laser. These observations clearly sug-he position values were then transformed into wavelength
port the interpretation in terms of nonresonant excitation-units using a calibration based on known transition wave-
induced dephasing. lengths of Ed", Nd®*, and P?" YAIO;,*1"*3the estimated

For comparison the transmission and fluorescence excitaccuracy is 0.1-0.2 nm. The transition wavelengths of the
tion spectra are also presented in Figs. 7 and 8; they confir,SiO5 dopings observed in this study were previously re-
the observations by PEAS. All three types of spectra wergorted except those of Nd. Within the given accuracy the
recorded with approximately the same experimental paramwavelengths presented in the tables fot'Pand EG* are in
eters of the lasers which were used to induce the scramblinggreement with the values reported in Refs. 24, 44.
and the fluorescence, and to probe the transmission. With Because several experimental parameters can be varied
regard of the signal-to-noise ratio, the echo-attenuation spedreely, there is nostandard photon-echo-attenuation spec-
tra turn out to be superior to the transmission spectra but ndtum and the declaration of the applied parameters is an in-
guite as noiseless as the fluorescence excitation spectra. tiegral part of the spectrum. This is illustrated in Fig. 9 where
the latter case, different detectors had to be used because ggectra are shown for two different delay timgs The two
the different frequency ranges of the codoped ion emissiongraces represent portions of thgSIO; attenuation spectrum,
Further, a monochromat@Nikon, P250 and lock-in ampli- analogous to the one given in Fig. 7. The echo laser was
fication (Stanford Research SR850 DSRere used to dis- tuned to the Eii site 1 transition and the interpulse time
criminate the emissions of different species. Such refinewast;,=150 us. The lower trace was recorded fiae=100
ments in the detection procedure are not necessary in thes and the upper spectrum fty=1000 us. Notably, in the
echo-attenuation experiment, since it is always the photofatter case only the long-living Eii excitations contribute to
echo of the same transition which is monitored whereas théhe echo attenuation whereas the excitation of the other
spectral selectivity enters by a second perturbing mechanisneodoped species has disappeared.
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TABLE |. Compilation of spectroscopic data for the*PINd®*:Eu®":Y,SiOs crystal measured by PEAS and by absorption and fluo-
rescence spectroscopy. The relative errors, given in parentheses in the last column, are calculated from rms values for transitions with the
same upper electronic states.

Excited-state lifetimel; (ms)

Vacuum wavelengfh(nm) Fluorescence Iifetimé."lb (m9 by echo attenuation

Species Transition (line number in Fig. ¥ (previously reported valu8s and rel. error
Eu(site )  "Fy—"Dg 580.0(10a 1.87(1.9 1.67 (8%)
Eu (site ) 580.2(10b) 1.58(1.6) 1.43 (6%)
Pr (site 1) 3H,-'D, 578.1(7), 588.0(15), 597.8(20), 0.16(0.16 0.18 (9%)

603.7(22), 605.9(23
Pr (site 2 570.8(1), 574.8(3), 596.7(19), 0.21(0.22

0.20 (6.59%9°

607.9(24) ( 9

Nd (site ) Ao/ 575.4(5), 576.9(6), 579.6(8), 0.25(—) 0.26 (6.5%

4Gy +2Gy,  582.6(11), 584.3(13), 588.3
(16), 594.6(18)
Nd (site 2 573.5(2), 575.2(4), 580.0(9), 0.33(-)
583.9(12), 587.6(14), 590.1 0.33(5%)°
(17), 597.9(21)

3 or comparison see Refs. 22 and 49.

®Mean value of all lines.

‘Lines 1 and 3 do not show enough scrambling.
dLines 4, 5, and 9 are burried by Ngite J) lines.

We now focus on the echo attenuation as a function of th@ne is thus able to distinguish between different species by
delayt,. In Fig. 10 we present experimental results obtainedneans of their excited-state lifetimes. The lifetime of a non-
for Pr** and Nd* in Y ,SiOs and for four different scrambler frequency selective species is also given in Table II. This
pulse lengths. These results are compared with the predispecies was observed only for the YAlCrystal; its lifetime
tions of Egs.(20)—(22); good agreement is obtained in all is similar to the other listed values, its origin, however, is
cases. According to the predictions the temporal behavior afinclear.
the echo intensity as a function of in the regimet <0 From Eqs.(20)—(22) and from Fig. 4 it is obvious that for
follows an exp-exp law with the rate equal o=(T§)™%.  t,<0 the observed excitation density dependent attenuation
The lifetimes fitted to the four data sets were the same withirtannot be attributed either to EFS’s or to ELV’'s processes.
the accuracy of the measurements. For most of the strongherefore we focused on the regimec@,<2t,,. To assure
resonances such time-resolved measurements have been agrasi-instantaneous scrambling excitation, the high-power
ried out. The fitted lifetimes are summarized in Tables | andpulsed dye laser instead of the gated cw laser was used in
Il together with corresponding lifetimes obtained from fluo- these experiments. The experimental results were presented
rescence excitation measurements. We notice a good agrdae-Fig. 3 of Ref. 17. The echo intensity recovery was found
ment between the two sets of data. With the PEAS methotb reach a maximum at &b us for all laser intensities, in

TABLE Il. Same as Table |, except for the¥®Nd*":EL*":YAIO crystal.

Excited-state lifetimer; (ms)

Vacuum wavelengfh(nm) Fluorescence lifetim& 1b (ms) by echo attenuation
Species Transition (line number in Fig. 8 (previously reported valu8s and rel. error
Eu "Fo—"Dg 581.7(5) 1.77(2.0 not enough line
strength
Pr 3H,-'D, 587.4(7), 595.8(10), 598.4(11), 0.17(0.18 0.18(9%)
600.6(12), 610.7(13)
Nd ANgjp— 573.0(1), 575.8(2), 577.6(3), 0.18(0.18 0.19(7%)
4Gy +2Gy)p 578.2(4), 584.3(8), 587.2(8),
589.5(9)
Unknown nonselective 0.2 %)

8 or a comparison see Refs. 17, 46, 47, 48.
bMean value of all lines.
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about the system can be obtained.
Because of the time and frequency analogy additional
verification of the EFS’s can be achieved by the measure-

§§ ment of the excitation density-dependent line broadening. In
§'§ experiments under current considerations a spectral hole is
Zg - Nd 1 burnt into the transition of one species and is examined sub-
E‘ Pr Nd Al ject to a strong scrambler excitation density in the system.
This technique is expected to provide independently the pa-

576 578 580 582 rameter Z,p as obtained from echo-attenuation measure-

Scrambler Wavelength [nm] ments. To calculate@;p from first principles further infor-

mation about the guest species and the host system is
FIG. 9. Temporal selectivity of the echo-attenuation spectrostequired.C; depends on the dipole-moment differences of
copy. The intensity is plotted for the echo induced in tRg-"Dy  the two species involved, on the dielectric corrections, and
transition of EG" site 1 in Y,SiO; for different values of the delay on the geometric arrangement of the guest species in the
timetg. Lower trace forts=100 us: all codoped species are visible; system.p depends on the transition probability and the con-
upper trace foit;=1000 us: only the transitions of the long-living  centration of the scrambler species. By independent experi-
Eu’* excitations of the two sites are visible. ments based on Stark shifts induced by an applied electric
field the dipole-moment differences and their geometry in
agreement with the prediction of 78 obtained fot;,=200  the crystal can be determin&d.Together with data from
s andy '=T}'9=245 us. Also the scaling properties were dielectric and fluorescence measurementsatipeiori calcu-
examined and a reasonable data collapse on a single masigfion of the parameter@,p appears feasible.
curve was observed. Our theoretical considerations are based on a stochastic
approach for the description of the scrambler excitations. It
IV. DISCUSSION leads to a sur_prisingly accurqte description' of .the observed
echo attenuation. The extension of the derivations to three-
The combination of careful measurements and theoreticglulse stimulated photon echoes plus scrambling is straight-
developments allow now for an accurate detection and deforward. The approach of the present work is similar to that
scription of the excitation density-dependent photon-echo atef the sudden-jump model based on TLS’s, which oscillate
tenuation in rare-earth ion-doped inorganic crystals. Thestochastically between their two possible states. Accounting
dephasing by excitation-induced frequency shifts manifestfor all possible realizations of jump sequences between the
itself extraordinarily by the dephasing-rephasing balancingtwo states makes a statistical analysis cumbersome. The situ-
the observation of this effect indicates very strongly the echation is simpler in the present model where the scrambler
attenuation by excitation-induced frequency shifts. It can beexcitations play the role of TLS’s which can change their
detected by choosing appropriate transitions of the echo irstates only twice: excitation and deexcitation. The derivation
ducing and of the scrambler species. By means of the PEASf analytical expressions is thus facilitated.
guantitative spectral information about the guest species and In our study we compared the echo attenuation by ELV's
and by EFS’s to each other. Our experimental findings could
be interpreted on the basis of EFS’s exclusively. However,
we point out that fort,<<O we cannot discriminate between
the two effects because they lead to identical behaviors. In
order to distinguish between the two contributions tQe
range has to be extended to positive values. Bai and Kachru
concluded from their experiment on ion-doped inorganic
crystals that propagating nonequilibrium phonons are essen-
] tially responsible for the dephasing at strong excitation
o o density?! We believe that this conclusion could be corrobo-
rated by experiments with two different guest species com-
Nd (sitel) bined with variations of the laser foci.
T/ =256 ps From our analysis we are able to comment on the two-
0 ) , pulse laser experiments with a strong first or second pulse.
. -1500 -1000 -500 0 Disregarding for a moment the resonance interaction, in a
fs [us] rough approximation we may assume that the strong pulse is
identical to the scrambler pulse and that the weak pulse in-

FIG. 10. Excitation-induced echo attenuationfgr0. The ech- duces the echo at the low-intensity limit. Strong first or sec-
oes were generated for tHEy—5D, transition of Ed*-site 1 in  ONd pulse correspond to the two casgs0 andts=t,, as
Y,SiOs. The upper traces give the attenuation with the scramblefonsidered in Fig. 4. This approximation allows for the
laser tuned onto the Pr-site 1 transition at 605.81 nifine Nr. 23 analysis of the echo intensity in terms of E(R0)—(22). The
in Fig. 7) and the lower traces with the scrambler laser tuned ont®bserved nonexponential in the former and the fast exponen-
the N&*-site 1 transition at 584.40 niline Nr. 13 in Fig. 7. The  tial echo decay in the latter case, respectively are thus
scrambler pulse lengths were from top to bottom 7, 13, 25, and 10evident'?~14
us. The fittedT; values are the same within the experimental errors. At this instance the question arises of how the resonance

Pr (sitel)
T/fied = 167 ps

site 1

S Nd

2900 o
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interaction comes into play in two-pulse photon echifes.
Disregarding the phonon-assisted energy-level repopulation,
the echo attenuation by resonance interaction depends cru-
cially on the difference between the transition frequencies of
the interacting species. Therefore, the echo attenuation by
resonance interaction depends on the energy-level density ar% \<n;2.103

the frequency position of the echo. Consequently, supposing & N f

a constant excitation density induced by the laser pulses, theE 05 n =104 ]
dephasing by resonance interaction is a function of the fre- & 1
quency position within the inhomogeneously broadened & SN. /
band, which is contrary to the dephasing by EFS’s. Roughly, -
the dephasing depends solely on the excitation density in the N
system and, again supposing a constant excitation density,

the frequency position within the inhomogeneously broad- -1.0 ' '

ened band is of no importance. While the interpretation of -1.0 0.0 1.0
experimental echo intensities in terms of EFS’s is straight- s/ 12

forward, the analysis in terms of resonance interaction seems ) o )
to be complicated; further theoretical and experimental in- FIG. 11. Convergence of the echo attenuation with increasing

vestigations are required to shed light on this problem numbern of lattice sites to the asymptotic limit. The full lines give
' the result of Eq.(14) with the product restricted to the-nearest

sites, where then values are as indicated. The dashed line is the
asymptotic limit according to Eq$20)—(22). Further parameters
ACKNOWLEDGMENTS are setp=103, &/y=10%, dal dg, and yt;,=1.
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We note that for experimentally t?/pical situations with
€/vy>1 and accounting fof4m/3)pyR;n=1 the correction
resulting from the lower integration limiR,,, is small.
APPENDIXES Therefore the lower integration limit set to zero in E20) is
a reasonable approximation. Alternatively, we may write

fo“..._f:n...

2
:—p[cl<|a<ts>|>— S oSN P)RS®).

In these Appendixes, we present further theoretical result
on excitation-induced frequency shifts relevant for future ex- R{INR(t15,ts)}
perimental investigations. We begin with the question of
how manyB ions contribute typically to the echo attenua-

. =—4mpyp
tion.

APPENDIX A: NUMBER OF INTERACTING IONS
(A3)
Equating (47/3)po,R3=n, we see that EqgA2) and (A3)
converge with an increasing number of sites as We es-
timate the numbeN of excitedB ions fromN=pn. Only a
finite number of excitations contribute significantly to the

We consider Eq(16) noticing that the behavior of the rhs
as a function ok shows a crossover at=€. Thus one is able
to distinguish between close and dist&nions by defining a
characteristic radiusR,/ro)®=¢yy.> We also introduce an

%Lgeursré"%'# %"(\g{;'c&vj?ﬁ] Tjs a sphere oflattice sites. Mak- attenuation. Nevertheless, Eq#2) and (A3) also make
D clear that the question of how maBrion excitations con-
R{INR(t12,t5)} tribute to the attenuation cannot be strictly answered; this
number depends on the percentage of the attenuation to be
fRC 2 covered by the estimate, on the parameters and on the details
r<dr . . . .
i of the moqel. In Fig. 11 we present the relative echo intensity
as a function ot for various numbers. The curves dem-
onstrate the convergence towards the asymptotic result.

=—4mpep

, (A1)

1, 2 2,6 [0 -4
+ 5 RS [ dr
¢ APPENDIX B: EXCITATION-INDUCED LINE
whereR,,, is the smallest possible distance t®don. The BROADENING
first term is obtained by observing that for large arguments

h ine f ion in Ed20 il il p . Usually the relationship between the time and frequency
the cosine function in q. ) OSCi ates rapidly as a function 44 main experiments is pointed out. Here we are interested in
of r, so that its contribution can be disregarded. The secon

: “'the analogy between the echo attenuation and the line broad-
term results from the second-order expansion. Integratlogning due to EFS's. Because of the finite lifetime of the

yields scrambler excitations the line broadening is transient.
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We first wish to comment on the instantaneous spectral
diffusion which results fromye;, & ui(t) in Eq. (5). This 0.08
sum represents a random frequency due to the randomness of
indicator variablest, and due to the stochastic property of
u(t). In order to obtain statistical insight into the EFS’s and
its time evolution we may reason as follo#sFor small
excitedB-ion densitiegp one may consider the above sum as
to be a sum of independent and equally distributed variables.
This is more obvious if the terms in the sum are thought to
have been assembled randomly. The distribution of the vari- 0.02 L
ables follows from the spatial dependence of the interaction
and from the spatial density of thB ions. Considering
le(r)|~r~2 for dipolar interactions and®(r)~r? for the 0.00 I~
spatial probability density of thB-ion excitations, we obtain 25
for the jump probability distribution

0.06 [

0.04 1

P(&,t)-p

P(e)~le| 2, |e|<emax- (B1) FIG. 12. Line broadening due to EFSR(@,t) calculated from

We note that this corresponds to the asymptotic behavior dfd- (B3) is plotted in the rescaled representation as full lines for
a Lorentzian. Together with the idea of randomly andS€Veralp values, as indicated and for-ts, a cubic latticed,ds,
equally distributed variables the calculation of the sum jsoPor o/7=1. The asymptotic form according to E@4) is given as
reminiscent of random walks with a structure function based" dashed line.
on the Lorentzian distribution. The corresponding evolution
is termed Ley flights*’8 or “Lorentzian diffusion.”? In

Eq. (B1) the power-law behavior oP(e) is limited to the
range |€/<e€mna.x, Where e, is due to the smallest possible
displacement to a neighboring site.

In frequency space expressi@i4) corresponds to a Lorent-
zian with a width of Z;pe "9 and is centered at
—C,pe (%97 |t follows that the broadening relaxes expo-
nentially while the specific shape is time invariant. Figure 12
shows the line shape calculated numerically from the Fourier

su 9 (;t:ﬁ;{?r: pthnf Ogg?; vl\?(raoraedpinal??hg?jse r?vea?cir(]) :;%g'i?g:ﬁi;;?eoack transform of Eq(B3) for various occupation probabili-
' ties p. For largerp values the particular pattern in the line-

the parallelism between the time and frequency domain de- : : .
scription. For the shapP(w,t) of the time-dependent line shape results form the discrete structure of the lattice. This

broadening we write pattern disappears with decreasipgand the shape con-
9 verges to the asymptotic limit with the center shifted accord-
ing to Eq.(B4).

P(?&,t):<5[5—2, ejkfkuk(t) > y (BZ)
{€.t4)
where we have s& = w— wj,. In Fourier (@—z) space the

configuration average can be carried out; we obtain We now investigate how the specific behavior of the echo
attenuation depends on the interaction range. We consider
P(zt)=]] {1-pe *"9[1-expliex2)]}, (B3)  higher-order multipolar interactions,
K

APPENDIX C: NONDIPOLAR INTERACTIONS

which is analogous to Eq14) of the corresponding dephas- le|~crs, (C1)
ing process. For smajh, dipolar interactions, and the con-
tinuum description we find wheres denotes the range of interaction; &+ 3 we recover

the dipolar situation. We disregard the angular dependence

InP(z,t)=—4 —(tty o \
(zY) 7PoP€ which is complicated and not of relevance here. Analogous

% (1) 8 to Eq. (17), we have
xf dr r2{1—<ex;{|eo(7) KZ > ]
’ e R{INR(t12,t5)}
=—pe (""9Cy|z|+iC,7], (B4) w
whereC, is the constant of Eq21) and where 2< _47TP0I3J0 dr r2{1—co{cr‘50(ts)]}> :
t¢
C,= —(2/3)7reoporg< f:dx x‘2sin(K(Q)x)> . (C2
Q

A n o (B5) Integration yields
Ford, L dg one hasC,=0, while ford,lldg the integration is

involvec™ R{IN R(tsp,te)}=—Cpp(| 6(ts)|P),, (C3)
2 3
C,o=— m V3+In ﬂ ~ —0.66€5p1 3. where we izrltro%uce(ﬁ=3/s and where the constant reads
N3 Cs=(2/3)m"poc” csd Bn/2)/T'(B), which for =1 andc=¢,

(B6) reproduce<C; of Eqg. (21). We also find
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e y(1+ B,tyy) +e B2 9y (1+ B, —tyyy), <O
Y1+ B, y(tio—t) ]+ (ytg)Pe™ Plaz 97

+e 22 YY1+ B, — y(t—t) ]+ V(1 + B, yte)},  O<te=<ty,
YP(2t1—t)Pe™ P WYL Y14 B, y(2tyy—ty)], t1p<ts<2tyy,

Y| 6(te) )y, = (C4

Y(B.x)=[Fe 'tP"'dt and for negative arguments,

Y(B,—x) = J Se'tP~1dt, respectively’ The behavior oR as

a function oft,, or of tg is not obvious from Eq(C4). A

series expansion of the function would allow us to study ><{1—exp:ieo(rolr)3K0(ts)]}> > ,
the asymptotic behavior for particular cases. Here we make

use of Egs.(C3) and (C4) to demonstrate numerically the p
dependence of the attenuation on the interaction range. From (D1
Fig. 13 it becomes clear that the DRB dominates the behav- . . L
ior for the intermediate regime<0t.<ty, also for interac- where the average is taken over the density variations. Equa-

tions of shorter range than for dipolar interactions. tion (D) can be cast into

where y(8,x) stands for the incomplete gamma function, o
R(typ,tg)= exp{— 4p077pf drr?
0

.t

APPENDIX D: EXCITATION DENSITY VARIATION R(tlz,ts):f dp p(p)exp — pG), (D2)

So far we have considered the situation of spatially ho- . . . .
mogeneously distributed excitations. For the experiments Owhere p(p) denotes theA-ion excitation density weighted

ion-doped crystals this condition is not fulfilled. From the B-ion excitation density, as will become clear below and

transmission spectra in Fig. 7 it is clear that depending on th\évhere

transition a considerable amount of light is absorbed by the _ :
system. Considering the Lambert-Beer law the inhomogene- G Cl<|0(t5)|>tf+lc2< a(ts»tf’ (B3)
ity of the B-ion excitation density relative to th&-ion den-  ith C, of Eq. (21) andC, of Eq. (B5). For completeness we
sity is evident. Furthermore, transverse to the propagationy|sg give
the laser intensity is not homogeneous either; usually the
laser intensity is considered to be Gaussian distributed trans- (1—e 1127)2els?, <0
verse to the direction of propagation.

To see the primary effect of the density variations, we A 0(t8)>tf
account for two approximations. We concentrate solely on e (Plr— 1t <t <2ty,.
the dephasing by EFS’s and we assume that density varia- (D4)

tions are negllglble on scales g|yen by the range Of. Slgnlfl_First we assume that the densjtyof scrambler excitations
cant interactions leading to EFS’s. Thus the averaging ov

(S . . . .
the configurations of excited environments and over thefrOHOWS a Gaussian distribution

long-range excitation density variations can be taken inde- . L (n_TN2/9,.2
pendently. Based on E¢20), we write p(p)~exd —(p—p)/207], (D)

={ 1-2e iz 9y e Pty o<t <ty,

wherep denotes the mean value of the concentration @and
is the standard deviation. Averaging gives

Joexd —pG—(p—p)%(25%)]dp
Joexd —(p—p)?/(202)]dp

For o<p the lower integration limit can be shifted tec.
Integration then yields

R(typ,tg)= (D6)

~yBlea) Py

R(tyz,ty)=exp —pG+a°G?/2), (D7)

which corresponds to the second-order cumulant expansion.
It shows a progressive effect: the larger is the absolute value
100 ) , of G the more the attenuation is weakened. We also note that

-1.0 0.0 1.0 20 the scaling property is lost so that the corresponding

15/ 12 IN[Z(t12ts)/Z,)/p data for different excitation densitigsdo

not collapse on a single curve anymore. It turns out that the

FIG. 13. Echo attenuation for different multipolar interaction Gaussian density variation is instructive to see how the echo
rangess. Plotted is—%(|6(t4)|?) of Eq. (C4) for yt;,=1.5, where  attenuation is influenced by weak excitation-density fluctua-

the s values are as indicated. tions.
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We now consider the case of a Gaussian spatial laser in-
tensity distribution transverse to the propagation of light. For
this situation we find

1.0

Ppo= 035

R(tlZ:ts)NJ' dr r2e~ (20 exp — pgoe” 278G),
0
(D8)

where pgo denotes théB-ion concentration at the center of . J—

the distribution andr, and o are the standard deviations of N
the transverse laser intensity distributions of the echo induc-
ing and the scrambler laser, respectively. A concentric geom-

05F N

I(tIZ'ts) / 10

etry of the two lasers is supposed. The first Gaussian in the 0.0 .

integrand gives the density @f ions experiencing the corre- -1.0 0.0 10 20

sponding density oB ions, which is also Gaussian distrib- /12

uted. By rearranging the variables we reproduce the structure

of Eq. (D2), but with the densityp(p) given as FIG. 14. Echo attenuation for a transverse Gaussian laser inten-
sity distribution. Z(t5,ts)/Z, calculated from Eqs(3), (C3), and

Np*~*In(pgo/p), 0<p<pgo (C)A/f) is plotted as ((Jleihse)d I(i)nes, where thealueg are as indicated.
p(p)= 0. otherwise D9 Further parameters are selz L dg, ool 3y 1=1, a=(oglop)?=
’ 7 % andyt,,=1. For comparison also the homogeneous case is given

where as a full line according to Eq$3) and(20) with p=p, wherep is

the first moment of the distributiop(p), Eq. (D9), which is shown
azoéloﬁ, N-l= \/;pgol(Za?”z). (D10) in the inset.

. . along the propagation of the excitation pulses making use of
For a=1, p(p) shows a logarithmic divergence fqa—0. Lam%ert-B%erplag\]/\?? P 9

We are not aware of an analytical solution of the integration |, conclusion, we have found that the pattern due to the
over p so that we have to resort to numerlgal procedurespRrg is robust against various modifications of the model.
Numerical results are shown in Fig. 14 far=3. The inset  The DRB dominates the behavior in the intermediate regime
shows the corresponding densityp); we notice a broad (<t.<t,,also for short-range interactions and depends only
distribution of p values. Despite this broadness the attenuaweakly on moderate spatial density inhomogeneities. This
tion behavior is similar to that of the homogeneous situationmakes the DRB effect very appropriate for the identification
We have observed a similar behavior for density variationsf dephasing by EFS's.
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