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Photon-echo attenuation by dynamical processes in rare-earth-ion-doped crystals
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We study the photon-echo attenuation by various dynamical processes in rare-earth-ion-doped crystals. The
experimental investigations concentrate on & BT :Nd®" codoped %SiOs crystal at low temperatures.
Two-pulse photon-echo intensities are measured as a function of the pulse intensities when eittérdahe Pr
the EF" ions are excited. For the quantitative interpretation we consider primarily excitation-induced fre-
qguency shiftf EFS by diagonal and off-diagonal interactions and show that for the systems under consider-
ation EFS are dominated by diagonal interactions. The observed echo attenuation by EFS is compared with the
predictions calculated from independent Stark-field measurements and reasonable agreement is obtained. The
broadening by spin-ion interactions, by nonequilibrium phonons and the dependence of the echo attenuation on
the frequency position in the inhomogeneously broadened band are further investigated.
[S0163-182608)09633-1

[. INTRODUCTION where the two laser pulses are applied at times Otgnand
the echo is expected to take place &,2 The polarization
Solids containing rare-eartfRE) ions have attracted P, depends on the Rabi frequency, the pulse durations, the
spectroscopists’s attention since the beginning of thisvidth of the inhomogeneously broadened band, and on the
century?® In the last 30 years their extremely narrow spectraldensity of the photoactive species. For simplicity we disre-
features in combination with the use of nonlinear spectrosgard the vectorial property of the polarization(t) in Eq.
copy have served to sensitively measure ion-solid1) is the transition frequency of the guest ion that changes
interactions’ The potential of RE-ion-doped crystals as op- from ion to ion and fluctuates in time. When averaging is
tical storage materials and processors has lately been a driperformed, these fluctuations lead to a dephasing and thus to
ing force in their investigation$.The ratio of inhomoge- an attenuation in the echo intensity which is calculated
neous to homogeneous linewidth is regarded as an adequdtem | ~|P|2. The average in Ed1) has to be taken over the
measure of storage density and can be as large 4satl0 temporal realizations af(t), over the spectral density of the
cryogenic temperatures. Therefore, the analysis of the dyien transition, and over the spatial realizations of the envi-
namical behavior and interaction of the host ions with theronmental configurations of the RE ions.
solid is of fundamental as well as applied interest. Several dynamical processes have to be considered in the
Photon echoes have been extensively employed to studghalyses of photon-echo attenuation. Naturally, these pro-
quantum coherence and mechanisms that lead to a destrusesses simultaneously affect the excitation coherence so that
tion of the coherence by dephasitig? It has become clear it is not easy to unscramble the various terms contributing to
that the dephasing depends very sensitively on the dynamighe echo attenuation. To discuss the different attenuation ef-
in the environment of the photoactive species, so that photofects we consider the following scheme:
echoes represent a tool for the investigation of extremely
small changes in the environmental conditions. Dephasing is D=T 1+ Teopt Mg+ Tgt Tepst Dnop- 2)
closely related to line broadening, so that investigations of
echo attenuation and of line broadening are complementaryVe point out that the individual broadening mechanisms do
yielding similar information on different time scalés*The  not necessarily lead to an exponential attenuation of the echo
analyses of photon echoes in solids have shown that severaltensity so that expressid®) is only a schematic represen-
dynamical processes can give rise to an attenuation of theation of the broadening. In Eq2) I'  represents the life-
echoes. Such attenuation has been investigated for photoa@me limited value,I'gqp Stands for contributions from equi-
tive species diluted to low concentrations in crystals of highlibrium phonons, and’, 5 takes into account effects due to
quality at low temperatures. These investigations have beeattice two-level systeméTLS). I'g, results from the spin-ion
essential for the understanding of the different attenuatiofnteraction(Sl) between the nuclear spins of the RE and the
mechanisms and as a result the narrowest spectral lines yebst ions.T'grg describes effects arising from interactions
observed in solids have been recorded in RE-ion dopedetween the guest ions. This effect is usually termed as in-
crystalst stantaneous diffusion or excitation induced frequency shifts
The two-pulse photon echo€2PPH are calculated from (EFS); in what follows we will use the latter one. Finally,
the macroscopic polarizatioR which for delta excitation T'yqp takes into account the broadening by nonequilibrium
pulses and for a thin sample can be writtefPas phonons (NQP). These different broadening mechanisms
w 2ty have peen studied over t.he last three decgdes_. We discuss
P=<P0 ex;{ij w(t’)dt’—iJ w(t’)dt’b, 1) ;[/r:gvT independently in this paper and begin with an over-
0 t1o .
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The first term in Eq(2), I' 1, covers contributions from quasiresonant interactions. These findings were analyzed in
radiative and nonradiative decays and establishes the ultinore detail by Root and Skinr&rin terms of off-diagonal
mate limit of I". It can be evaluated in different ways, one interactions. Later it was speculated that diagonal interac-
being the measurement of fluorescence decays. At cryogeni®ns may dominate in EF%. Huang et al.’ Mitsunaga
temperatures, the lifetime of RE ions in crystals ranges fronft al,*® and Altneret al*® applied a separate laser to inde-
us up to ms. The reason for such long lifetimes lies in theP@ndently induce a high excitation density and the 2PPE in-
electronic structure of the ions with partially filledf 4lec- tensm_es were recorded as a functlon.of this .densny. These
tron shells that are well shielded by outer shells from theexperiments made clear that diagonal interactions can lead to

perturbing crystal field. An overview of RE-ion spectroscopy® strong attenugtion. quvever, _it remaingd un'clear whether

data is given in Ref. 2. dlago_nal or off-diagonal interactions dominate in pure 2PPE
I'cop addresses the broadening by phonons at therm&XPeriments. _

equilibrium2®17 one- and two-phonon processes have been Finally, the last term in Eq(2), I'ygp, accounts for non-

taken into accountl'.s, referring to lattice two-level sys- €auilibrium phonori§ (NQP) that are generated by the decay

tems, is a weak effect in RE-ion-doped crystals and has onl f the electronic excitations. In a bichromatic experiment,
rarely been the subject in the analyses of these system¥lacfarlane and Meltzé_rpumped an upper Stark level. An
However, for crystals grown under different conditions,'”creased line broadening was observed that was interpreted

Flinn et al28 observed a tremendous change of the extrapol terms of NQP generated by the phonon-assisted relaxation

lated zero-intensity broadening and a change of the temper&f the upper into the lower level. Klioet al. observed a
ture dependence from &’ law to a linear behavior. The dephasing in a standard 2PPE experiment, which could not

latter behavior is known for glassy systéthand has been be explained in terms of EFS and the authors conjectured a
interpreted in terms of the standard TLS mode, broadening by NQP?43By a variation of the focal area, Bai
I's, depends on the dynamics of the host spins that ma and Kachrf clearly demonstrated that NQP play an impor-

netically interact with the guest ions. This type of phenom-tant role in the dephasing for PrYAIOz. o
enon was studied by Anderson and W&igs describe the In the present work we report on the investigation of

; PRt Nd3T - ;
line shapes observed in paramagnetic resonance. Klauder afPE in @ codoped Bi:PrP*:Nd":Y,SiO; crystal. For the

Andersori® initiated the notion of the aforementioned 'Nterpretation we distinguish between different broadening
sudden-jump model that was studied in detail and was exeffects. Particularly we concentrate on the EFS broadening

tended to the standard TLS mod&12® Optical evidence for PY diagonal and off-diagonal interactions. We analyze the
spin-ion interactions was given first by Shelby and characteristic behaviors of the echo decays and compare the

Macfarlané” in PP*:LaF; and was confirmed by Monte order of magnitudes of the two EFS contributions. An ex-
Carlo simulation€® Weak permanent magnetic fields of the Periment is presented that allows one to distinguish between
order of 100 G were applied to slow down the spin dynam-EFS by diagonal and off-diagonal interactions. The absolute

ics, which allowed the measurement of linewidths very closdn@gnitude of the broadening by EFS is calculated and com-
to the lifetime limit*2® A particular case arises when the pared with the experimental data. Finally, possible broaden-

guest ion has a large enhanced magnetic-dipole moment ing contributions of nonequilibrium phonons are estimated

the excited state. In such a case, the lattice spin dynamics is
not uniform in the crystal, rather the dynamics of the lattice A lon laser
spins is frozen-in close to the guest ions. This effect has beel , CR-699 (cw)
discussed in terms of the “frozen-core” mod8lConse- AOM 1
quently, the echo decay is modified and can be described b AOM 2
In(1/1p)~—(4t;/Ty)* for shortt,, wherex=2 denotes the
regular case ang>2 indicates a frozen-core effett. [] EOM
The four first terms in Eq(2) depend on the properties of
the guest-host system and do not depend on the number ¢
excited ions involved in the echo formation. This is different 0_@

for T'ges and I'ygp. Excitation-induced frequency shifts
(EFS in the optical regime have been proposed by Taylor
and Hessléf for the interpretation of the concentration- Sample and cryostat

dependent dephasing reported by Liao and Hartniahm-

ambiguous experimental evidence of EFS in RE-ion-doped #1 # Echo

crystals was first given by Cone and Biand Huanget al® Photon-Echo: il ”

Further experimentHl1132=3* and theoretical studiés>’ s

have been devoted to EFS. The theoretical models were ini scrambier: (I

tially based on off-diagonal ion-ion interactioffs->*®° 1t =0 ==-—————==—=- 4 b ———-

turned out that the averaging over the temporal realizations fig, 1. Experimental setup. The light from an argon-ion-
of the excitation dynamics and over spatial and energetigumped Cr 699 dye laser was chopped by two consecutive AOM.
configurations is involved. Asadullthapplied a mean-field For some of the experiments a third pulse was apjtieshed ling
type of approach for the analysis of dephasing by EFS. Macthe AOM driver allowed for fast rf-frequency switchings0
farlane and Shellyobserved a broadening in 2PPE depend-MHz/50 ns, so that the frequency of a third pulse could be shifted
ing on the frequency position in the inhomogeneous bandelative to that of the echo excitation pulses. An electro-optical
and explained their observations in terms of off-diagonal omodulator allowed separate control of the pulse amplitudes.
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TABLE |. Spectroscopic data of the present work and taken from the literature ¥6rad EG" in
Y,SiOs crystals. The units are given in parentheses. The homogeneous line broabgrarethe extrapo-
lated values to zero-pulse strengths and depend on the applied magnetit. fRé&ferences are given in the
last column together with information on the doping. Data for the absorptiand corresponding oscillator
strengthsf are given for the optical geometry chosen in this work.

Parameters Eu site | Pr site | Pr site Il

\o(transition,aiy (nm) 579.879 605.813 607.770 Reference 44
I'+=1(2#T,) (H2) 80 970 720 References 46 and 29
Tinn (GH2) 25 7 3 Multidoped*
I'y(H=0) (Hz) 210 Single doped
I'h(H=0) (Hz) 195 Reference 1%
I'n(H=100 G)(Hz) 105 Reference 14
T'y(H=0) (Hz) 2400 1050 Reference 29
I'n(H=80 G) (Hz) 1800 850 Reference 29
I'n(H=0) (Hz) 330 1650 1000 Multidoped

'y (H>500 G) (Hz) 1200 900 Multidoped

a (cm™1) 2.7 1.4 0.18 Multidoped

fe 5.3x10°8 7.7x10°7 45x10°8 Multidoped

w (D) 2.0x10°3 7.5x10°3 1.9x10°2 Multidoped
|[Avg/Eee (kKHz/V cm™?1) 359 110 90 References 53 and 52
|su| " (D) 2.3x10°2 7.3x10°2 6.0x 1072

9.1 at. % Ed*: 0.01 at. % PY*.

b0.1 at. % E&*.

0.1 at. % Ed*, different crystal.

90.02 at. % Pt

®Oscillator strength along electromagnetic field polarization.
fVacuum value fore(wq) = 1.8 (Ref. 51).

YA vy Eed =17 kHz/(V cnit ) for EW" site II.

Vacuum value fore(0)=7.

and the characteristic dependence of the echo decay asbeoadening effects in one and the same system. The laser
function of the excitation pulses is calculated. wavelength was tuned either to thE-°D site-I transition

The paper is structured as follows. In Sec. Il the experi-at 579.879 nm of Et or to either site | or site Il of the
mental setup and the experimental conditions are presentedt,-'D, transition of P#* at 607.773 nm or 605.813 nm,
In Sec. IlI, the broadening by various dynamical processes igespectively:*****To avoid persistent hole burning, the la-

discussed. Closing remarks are given in Sec. IV. ser was repetitively scanned over a 400-MHz range in 250
ms. The echo signal, after passing through AOM 3 was de-
Il EXPERIMENT tected by a photomultiplie(Hamamatsu 928and recorded

using boxcar integration. The residual background was addi-

The experimental setup is schematically illustrated in Figtionally recorded for eacty, by switching off the first of the
1. The laser beam from a single-frequency tunable dye lasdwo excitation pulses. In this way the effect of hole burning
(CR 699_21 was Chopped by two acousto_optic modu|at0rsand of slow baseline drifts could be eliminated. Averages
(AOM) (Matshusita EFLM 20pto generate excitation pulse Were taken over 100 echoes at each time delay. The pulse
with typical lengths of 0.7—1.%s. The AOM driver(Brim- power was synchron_ously monltored_ in order to control
rose VFA 200-75-B1-F1.25)allowed for fast frequency POWer drifts. All experiments were carried out at a tempera-
shifting of up to 50 MHz/50 ns. Using an additional electro- {ure of 1.7 K. Results obtained in this work along with data
optic modulatofEOM) (Leysop driven by a New Focus high taken from the literature are listed in Table I.
voltage amplifier 321)lthe pulse amplitudes were indepen-
dently controlled. Beams of powers up to 30 mW were fo-
cused by a 120-mm focal length lens onto the crystal result- In this section we discuss the broadening by the various
ing in a beam waist of approximately 46m. In some cases dynamical processes as schematically presented inZkq.
a focal length 61 m was used. These processes we classify as followis:the broadening
X5 mn? 0.1 E¢*:0.01 P#:0.01 N&* at. % codoped librium and nonequilibrium phonons, artili) TLS, SI, and
Y,SiOs crystal®® The pulse propagation direction was cho- EFS mechanisms related to the sudden-jump model.
\?v?s (;8fueszgdo?oet?1fetrr]nea§?rfﬁi z)éiso%rl%;he light polarization A. Lifetime limits, equilibrium phonons, and TLS

The use of a multiply doped crystal proved to be very The 'F,-°D, transition of EG" in Y,SiOs has been re-
useful because it allowed for the measurement of differenpeatedly investigated, the main objective being its very small

Ill. LINE-BROADENING MECHANISMS
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Concerning the temperature dependence, a linear increase
is expected fol 1 g according to the standard TLS model.

o
=
; 800 Correspondingly, the overall temperature dependence would
~'§ follow a superposition of the linear and tA€ law. Such a
& 600f superposition is difficult to trace from experimental data be-
; cause thd@’ law is only approximate and especially because
3 the broadening by TLS is expected to be small and may thus
2 400 [ )
& be masked by stronger effects, as discussed below.
g
=]
T 200 : L .
0 23 50 " 100 B. Spin-ion interactions
Laser Intensity Z[ W/em? | Spin-ion interactions have been analyzed in terms of the

sudden-jump model that was initiated by Klauder and
FIG. 2. Linewidth of the E¥" site | transition in %SiOs fortwo  Anderson® and was extended by Hu and Hartrfiaand by
crystals grown by flame fusion. The diamonds and circles are for &u and Walker® In this model the ions involved in the echo
multiply doped and a singly doped crystal, respectively. In bothprocess interact magnetically with randomly flipping host
cases the concentration of the*tions is 0.1 at. %. Straight lines  spins. These interactions lead to fluctuations of the transition
are linear fits to the data. Note the difference in the extrapolateqrequency and correspondingly to a dephasing. According to

zero-energy values. Eq. (27) of Ref. 26 the 2PPE intensities are

lifetime-limited broadening of | =80 Hz in site 16 A ho- | . 5 5

mogeneous linewidth close to this limif,=105 Hz!* has —|n(m) =Cs|e_"f0 Fol E(X=X)IX [To(X" )+ 1T1(x")]dX’,
Sl

been obtained. For thH,-1D, transition of P?* the life-
time limited linewidths are considerably larger but still in the (3)
sub-kHz range, namely; 1=970 and 720 Hz for site | and where
site 11, respectively*2°

The line broadening by thermal phonons was measured ~
for EW' in Y,SiOs by Altner et al®? A T7 dependence was §= kit Ky x= (kg +ka)ts. )
observed, which indicates that the broadening is governed by B
a Raman-type process. An onset of the broadening was reg, is a constant andl; denotes the modified Bessel function
corded at temperatures8 K. Thus for temperatures &f  of the first kind and of argumenjt k; andk, in Eq. (4) are
=1.7 K in the present work the broadening by equilibriumrates of the up- and down-spin flips. In the high-temperature
phonons can be disregarded. Referring to the work of Flinnimit =0 and one has for the asymptotic behavior
et al.mentioned abové&’ the broadening extrapolated to zero
temperature may change by two orders of magnitude de- I ( | ) [—tfz , o Ll Te<<1

n
Sl

®

pending on the technique applied for the crystal growth. It is
thus not surprising that the linewidths measured for crystals

grown under nominally identical conditions may also signifi-\yhere k,=k,=T-1, with T,, denoting the spin flip time
m .

cantly differ from each other because the crystals are ngt ., £q (5) it follows that with increasingt;, the echo
identical. A minor change in the crystal quality may lead to aintensity undergoes a crossover between the two asymptotic

measu'rable chaﬂge i.n the width. . , behaviors, as schematically shown in Fig. 3. We will make
In Fig. 2 the linewidths are shown for Eusite | diluted use of expressiof8) in the next subsection.

in two Y,SiO;5 crystals. Both crystals were grown by the
flame-fusion method for equal concentrations of Eions.
Assuming a linear dependence on the pulse energy, the ex-
trapolated zero-energy linewidths are 210 and 330 Hz. The One of the major attempts in this paper is to calculate the
smaller of the two values is consistent with the 195 Hz re-echo attenuation by EFS from first principles. Based on off-
corded without magnetic field by Equadt all* Inspired by  diagonal interactions, similar calculations have already been
the measurements of Flinet al'® and assuming a gradual undertaken by Root and Skinr€rHowever, their predicted
change from a crystalline towards a glassy-type behavioline broadening was by two orders of magnitude too small
with increasing disorder, we attribute the differences in thewhen compared with the experimental observations by Mac-
linewidth to the TLS dynamics. This conjecture is supportedfarlane and Shelb§.Our analysis strongly indicates that for
by the following reasoning. The differences of some hun-the systems studied here, EFS results predominantly from
dreds of Hz between the broadenings of different crystals ardiagonal interactions. To discriminate between the two types
small, if compared with the inhomogeneous broadening orf interactions, we first derive approximate expressions for
scales larger by six orders of magnitude. The latter broaderthe echo attenuation due to these interactions. We then report
ing also results from lattice imperfections. Only a marginalon a particular experiment that allows for the distinction be-
part of these imperfections has to undergo dynamics so thdtveen the two effects and calculate the broadening by EFS
fluctuations of the order of kHz arise in the transition fre-from first principles.

guency. We believe that TLS are a possible reason for the Our approach is based on a statistical description of the
differences between broadening data of the present study amdcitations and is motivated by the sudden-jump model in-
of the literature given in Table I. troduced for the spin dynamics. The dynamics of excitation

IO - t12 y t12/Tm>1,

C. Excitation-induced frequency shifts
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b 4 A ' T density is generated by the two echo inducing pulses. We
| * * | @ | | ‘ m write for the time-dependent electronic transition frequency
X

/ \ w;(t) of the jth ion
’_I_I_I_'_ H wj(t)=w01+2k' Djéiu(t), 8

> where the sum runs over all lattice sites, excefindicated
In I/Ly ! by the prime. wy; is the ion static transition frequency at site
j. The wg; frequencies are assumed to be distributed accord-
ing to the inhomogeneous broadening; spatial correlation of
the site energies is not considered h@r@.jk in Eq. (8) is the
frequency shift induced by the excitation of the ion at a dis-
T, placement;, . The £, (t) term is introduced to account for

T the randomness of ion positions and for the stochastic nature
of the ion excitationsé is a variable indicating whether the
kth site is occupied:

4

FIG. 3. Schematic representation of the sudden-jump model. 1, with probability p,
The arrows denote up and down states of the spins located for &= 0, with probability 1—p, ©)
simplicity on a one-dimensional lattice. The flips occur randomly at
a rateT;l for which a temporal realization is illustrated by the wherep denotes the probability of a lattice site to be occu-
telegrapher’s function for one spin. The ion, indicated by the dotpied by a guest ionu(t) in Eq. (8) is considered to be a
interacts with the spins, so that the the flips give rise to fluctuationstochastic variable taking values 0 and 1 for the electronic
in the ion’s transition frequency. In the lower part the attenuation byground and excited state of the ion, respectively. The state of
spin-ion interaction is schematically depicted. The thin line reprethe ion depends on the transition probability, the pulse ener-
sents the intrinsic broadening and the thick line includes the Spingies, and the offseA between the laser and the transition
ion interaction. A crossover is expectedtgt=Tr,. frequency. As discussed in Appendix A, we denotengythe

dd o q d4d ival excitation probability right after the first pulse and Wy the
and deexcitation Is treated as sudden events equivalent to e, pijity of changing state upon the second pulse. We take
sudden spin flips. In this picture the sudden-jump and EFS

to account that the pulse times are short if compared with

model differ _only by the nature (.)f interaction and _by thethe interpulse time,, so that damping during the pulse pe-
temporal realization of the dynamics. The approach is thereﬁods can be disregarded. We thus can write
fore semiclassical in the sense that the ions are considered as '

guantum two-level systems interacting with classical ﬁeldSProl{u(t)=1]
induced by spins and excitations.

Although well documented in the literature, we briefly wie " 0<t<t,,
give the definitions of the two types of interactions. We con- :{
sider single-ion wave functiongy; and ¢, for the electronic
ground and excited states of an ion located at pind (10

ignore hyperfine splittings. From these basis functions th o _ P
interactions between two ions are of the diagonal type: e';hsro‘iirﬁb:af]'myyf?; ul(Etc)1 B (010)reissulttiefrci)rwler;rgbljiégr]n;i/

~ =1/T, and is considered to be independent of the lattice site.
(D Pl VIdu by, xyeig.el, ©6) w,; andw, depend on the frequency offsatand the aver-
ages have to be taken over the inhomogeneous line shape.
According to Appendix A for weak laser pulses

wi(1—2w,)e "M+we YTt <t <2ty,.

where V is the operator of the electronic interaction. The
combination of the four integrals of this type leads to the
shift in the transition frequency of one ion due to the excita-

tion of another ior’? For the off-diagonal term we writé

<Wl,2>2071,21 c (11)

1
_4\/50',,,

Ji={bei bl V] dgi Do) - 7
1= b bl VI by bad @ where o, is the standard deviation of the inhomogeneously
To lowest order, the two-center expansion results in dipolebroadened band in units of HZ; , denote the pulse energies
dipole interactions. For the calculation of the diagonal andr; ,= X2 ,T12, With x1, and 7, , being the Rabi frequencies
the off-diagonal interactions static dipole-moment differ- gnd pulée times, respectively. According to E(3.and(8)
ences and transition-dipole moments, respectively, are useghe accumulated phase of thih ion is given by

1. EFS by diagonal interactions

tio 2typ ,
f wj(t)dt_J' wj(t>dt=2 Dikékbc, (12
0 tio k

In Ref. 32 EFS was studied for the case where a high
excitation density is induced by a third scrambler pulse. We
extend this analysis to the case where the high excitatiowhere
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ty 2ty The derivation of(| 6(t)|) as a function of the excitation
Hk:f Uk(t)dt—J ug(t)dt, (13)  probabilities is given in Appendix B. Making use of Egs.

0 t12 (19 and(B9) we obtain for the echo intensity
is a random variable through the stochastic naturei(®j

and depends on the offsat Inserting Eq(12) and Eq.(13) | ('_) ~—2C,y 1 1— 1— e t127)2
into Eq. (1) we find n 17 T(wa(1-wp))(1-e 12)

lo EFS-D
+(wp)(1-e 2], (20)

P(t) =Pyl ]’ (exp(iD &6y , (14)
12 Ol_k[ (EXRID i g o0 where we used the subscript EFS-D to indicate EFS by di-

) ) agonal interactions. For weak pulses we have
where the average is taken over the site occupatipnsver

the temporal realizations df,, and over the distribution of I
the offsetA. For smallp values, one h48 i

~—2cCyy {Ti(1-e )24 T(1-e )],
EFS-D
@y

P(tlZ):POeXp[ —DEk: [1—(exp(iDk0))g, al;- Writing for the echo intensity Ingo/10) = —4t1,/T,, the
(15  broadenind in units of Hz is related to the dephasing time

T, by I'=(1/7T,). For yt;»<1 and from Eq.(21) the
In the dipole-dipole approximation the ion-ion interaction is broadening is therefore

given by
1 1
Djk:(ro/|rjk|)3K(ij)D0. (16) FEFS—DZ EC1<W2>ZECC1’J—2! (22)
Do represents the interaction between two dipoles at a unifhere the latter equality holds for weak pulse strengths. We
distancer, thus have found that for shott, the broadening depends
5 predominantly on the energy of the second pulse, in agree-
Dy= (0) (ow) 17 ment with previous resulf>1%14!1 This behavior is re-
0= 7% 4rreghrd’ garded as a signature of the broadening by EFS in 2PPE.

where Su is the static dipole-moment difference of the 2. EFS by off-diagonal interactions

electronic ground and excited states ang-8.854<10™ 2 EFS by off-diagonal interactions were studied by Root
As/(V m). n(w) in Eq. (17) stands for the dielectric correc- 4nq Skinne¥®* using a cumulant expansion technique. Here
tion that we write &8 we apply a slightly different method that has been inspired
by the analysis of EFS by diagonal interactions. The treat-
(@)= i( €(w)+2 (18) ment of the full problem is involved. We therefore approxi-

e(w) 3 mate the fully coupled system by sums of independent ion-

] ] ) _ pair interactions. For each pair we calculate independently

where e(w) is the d|electlr|c constant O.f the host medium e frequency shifts from the diagonalization of a two-by-
at frequency w. «(Qj) in Eq. (16) gives the angular o problem. The transition frequency of tiigh ion is then
dependence of the interactionx (€)= (Suj,um)
—3(r . o) (T, o), Wheredu andr are unit vectors for
the dipoles and the displacement, respectively, 8ndle-
notes the set of angles defining the corresponding spatial
orientations. In the continuum approximatithEq. (15) X[+ (Ajl2)? = Ay/2]], (23)
reads

2

wj(t)zwoﬁ‘;/ E(1—ui(1))ojk

where Aj = wgj— oo and oj=sgn(wg; — wg). & and
In|P(t1,)/Py| uc(t) have the meaning as in E@). The term 1-u,(t)
indicates that the off-diagonal interaction arises wherkthe

. T 3 ion is in the ground state. F¢d;, /A |<1 we note that the

a 47Tp0p< fo drri{1—cog Dox()(ro/r)"01} lowest-order expansion of the term in rectangular brackets in
0.0 Eq. (23) corresponds to the perturbation calculation of sec-

=—Cy(|0]), (199 ond order applied to the full problem. The calculation of

expectation values is complicated because the averaging in-

wherep, is the density of sites that can substitutionally becludes the conditional probabilities of sitandk excitations
occupied by RE ions. Only the absolute value of the polarseparated by the frequendy, . To simplify the calculations
ization is considered in Eq19) since the echo intensity  we assume that the frequency of sjtecoincides with the
~|P|2. The constan€, is equal to (2/3)72rgpop(|K|>QDo, laser frequency and that the frequenky is either fixed to a
where the dimensionless quantifyk|)q is of the order 1. value|Aw| if a high excitation density is generated with a
For the particular case, where all dipoles are paraflel,);  scrambler pulse shifted in frequency By or is restricted
=4/,/27, and when all dipoles are perpendicular with respecto the range[ — A ..Amad that corresponds to spectral
to the dipole at the origi|¢|;<|)L=2/7-r.32 width of laser excitationA . is thus approximatelA s
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=max x,Axsef2}, Wherey and A ¢, denote the Rabi fre- e ﬁ #2 Scrambier: Echo
guency and the spectral width of some average pulse, given s DJ:L_A_
by the pulse-width limit or the laser jitter, respectively. The ™

spectral density is considered to be constant within the range Frequency t a0,

[ —Apax:Amax] because\ ., is much smaller than the inho-

0
mogeneous linewidtlh';,,. Similarly to the previous deriva- 10 AN
tions we find for the polarization
Scrambler off
—In(P(t;p)/Po)=p>, (1— —i 0 [ VI%+ (A /2)? 1 n
1 0)=Pp . ( <eXm | kU]k[ ik ( ik ) S 10} Scrambler on
[=]

—[Al2/1}) g, 850 (24) ~
where 6, is given in Eq.(13) and where the average is also 0] S AA:’;((Z;’;;;IZJA;;Z
taken over the distributions of th®;, . Furthermore, '

2 0 100 200 300
Jik=Jor(Q)(ro/lrh3  Jo= ﬁ(wo)m nzlks]
ar
0o (25) FIG. 4. Echo intensities as a function of the scrambler excita-

tions for EG* in Y,SiOs. In the upper part of the figure the timing
Here u denotes the transition dipole moment and the dielecof the pulses and the excitation frequencies are depicted. The
tric correctionn(wg) of Eq. (18) is given for the transition scrambler pulse is applied at the timgn the rephasing period at a
frequencyw,. Approximate expressions of E(R4) are de-  frequency shifted bA ws. In the lower part the echo intensities are
rived in Appendix C. From Eq9C7) and(C12 we obtain plotted with the scrambler pulse set off and on. The straight lines

are guides to the eye. The fact that there is no dependence on the

—2C|6]), tiApa<l, frequency offset\ w, suggests that EFS by off-diagonal interactions
is negligible.
In(l_) =\ g, NOD @6
0/ EFs-) N N maxe” effect. To examine whether there is a dependence of the echo

on the scrambler frequency, the frequency of the third pulse

whereC,=(27%/3)Joprap{| x|) and EFS-J indicates EFS by is shifted byA w..
off-diagonal interactions. For small,,y we have (|6|) For the data of Etf in Y,SiOs, shown in Fig. 4, the echo
=(Wp)t;,, according to Eq.(B11), and we similarly ap- intensity was recorded as a functiontg$ without and with
proximate (\[6])=(w,)\t1,. Thus with increasing;, we  scrambler pulse. In the latter case the time interval between
expect a crossover from linear to square-root behavior. As ithe second and the third pulse was kept fixed. The scrambler
Eq. (22) for t1,y<<1 we write pulse energy was chosen to be three times stronger than the
echo pulses. In a third case the scrambler pulse was shifted
by Aw/27m=20 MHz, a shift clearly larger than the Rabi
frequency and the laser jitter of approximately 1 MHz. For
he predictions, Eq(26) has to be modified by replacing

max DY | A wg| in the case wherfA wg| > A .. Furthermore,

e set(|0])=(ws)(2t,,—ts), wheretg denotes the time in-
tance of the scrambler pulse, again assumingtshaped
pulse. Herglws) is the excitation probability of the scram-

1 1
Peps.5= EC2<W2>2 Eccz'fzy (27

where again the latter equality holds for a weak secon
pulse. Interestingly, the conditiofy,A <1 in Eq. (26),
required for an exponential decay, is unlikely to be satisfie
in 2PPE. For the pulse-time-limited width, one hAg,,,

=/ and consequently the exponential decay is limited %er pulse. Correspondingly, we approximate\/m)

the regimet,,/ <. Thus, primarily the square-root behav- _ o1 : /
ior should be observed. Nevertheless, Ey) may serve as =(W3) V2Uy,~ L. Thg expenmemal data ;uggest that in all
three cases only a linear behavior ofllty) is present. Fur-

;r;;cr:i%irsbound for the EFS broadening by off-diagonal In'thermore, up to the experimental accuracy the echo intensity

does not depend on the offsétw. These observations in-
dicate that off-diagonal interactions are negligible for the
broadening in the present system.

In order to investigate how diagonal and off-diagonal in-  For the quantitative predictions of the broadening by EFS
teractions contribute to the line broadening we have designeg@e first compare the broadening by diagonal and off-
a particular experiment. The scheme of this experiment wagiagonal interactions. We consider the raRoof the two
inspired by Eq.(26) and by the investigations in Refs. proadenings, Eqg22) and (27). Because the two terms are
5, 6, 10, and 11, where with an extra laser pulse a higlyery similar the ratio is of the simple form
excitation density is induced in the system. The timing and
laser frequencies are schematically shown in the upper part Fersy  7(wo)u?
of Fig. 4. With two weak pulses the echo is generated, while R= T = >
with a third, scrambler pulse in the rephasing period, a strong eFsD 7(0)(ow)
excitation density is induced. The scrambler pulse is chosewhere, recallingu and du are the transition dipole moment
to be in the rephasing period to maximize the broadeningnd the static dipole moment difference. We determiped

3. Quantitative determination of the broadening contributions

(28)
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FIG. 5. Echo attenuation by EFS for Eusite | in Y,SiOs.
Plotted are the experimental echo intensity for various pulse ener-
gies as a function df;,. The relative energie$; ,7, of the first and
second pulses are as indicated. The full smooth lines give the cal-
culations according to Eq21) with a singlecC; value taken as a
fitting parameter. The dashed line corresponds to the zero-energy-
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wheref denotes the oscillator strength of the transition in the. hF'G' 6. Linelbrboadzningd%s ad f“?’]é_tion of the Eosf!tion in the
solid along the electromagnetic field polarizatibnwas de- "homogeneously broadened band of Ein Y,SiGs. The figure on

. . f o e top depicts the four frequency positionsin the inhomoge-
termined independently from absorption intensities measureg'eously broadened band. In the figure on the bottom the linewidths

for the same laser polarization and crystal orientation tha e plotted for these positions as functions of the laser intensity. All

. . . I
were used in t_he Cgrrent exp(e_rlments assuming equal gue atﬂrves yield the same extrapolated valtig=330 Hz that is also
ion concentrations in the two inequivalent sites. The secong.. i, Fig. 5. The inset showE £ T'})) rescaled by the line profile

ratio i_n Eq.(29). is the dielectri.c correction that accqunts for p,(v) on an arbitrary scale. The data collapse indicates that the
u being the dipole moment in the vacutithe(wo) is the broadening depends solely on the excitation density in the system.
dielectric constant at the transition frequengythat we cal-  The straight lines correspond to linear fits.
culated from the refractive index(wq)=1.8% 5u was de-
termined from independent experiments. The Stark shifte different system, that the predictions based on off-diagonal
|Avg/Eq, were measured using Stark-modulated photorinteractions are significantly smaller than the experimentally
echoe¥ and by means of electric-field-induced splittings of measured broadeniri§. We therefore restrict the further
spectral holograms, using an actively stabilized laser syster@nalysis of EFS to diagonal interactions.
with a linewidth of 5 kHz>* Here A, denotes the electric- ~ We compare the predicted behavior of broadening by EFS
field-induced shift of the transition frequency aBd, is the  with the experimental data and concentrate first on the mea-
externally applied electric field. From these shifts we calcusurements of Eif ions. Typical attenuation decays are
late the dipole moments as shown in Fig. 5 together with a fit of Eq§19) and (21) to

the data usingC, as the only fitting parameter. The echo

intensity depends predominantly on the energy of the second
' (30 pulse in agreement with the predictions. We also note a weak

tendency of the decay deviating from an exponential towards
where the Lorentz field factor accounts for the dielectrica more Gaussian behavior for a strong first pulse and towards
correction>* We are not aware of experimeni0) data for  stretched exponential behavior for a strong second pulse
Y,SiOs. We thus have estimatee(0)=7 from values of again in agreement with the predictions of E2j1) and with
similar crystals. The values df, w, |Avy/Ee.d, and|du| previous observations.
are collected in Table I. Based on these dipole moments we We also investigated the echo attenuation depending on
calculated the rati® of Eq.(28) as 5<10°2, 8x10 3, and the frequency position in the inhomogeneously broadened
7x10 4 for EU*" site I, PP* site |, and Pt" site II, respec-  band. The echo intensities were recorded as a function of the
tively. These ratios indicate very strongly that in this systemenergy 7=7;+7, for fixed ratios7;:7,. The results are
the broadening by off-diagonal interactions is much smalleshown in Fig. 6. From Eq21) it is obvious that the broad-
than that caused by diagonal interactions. This finding is irening by EFS depends linearly on the excitation density in
agreement with the results of the particular experiment disthe system. The experimental data of Fig. 6 are consistent
cussed above and presented in Fig. 4. It is furthermore supvith such a behavior. Upon rescaling of the laser-intensity-
ported by the observation of Root and Skinner, although fodependent broadenind 1I',) by p,(v), the spectral den-

3h AVO

|5“|:e(0)+2 E

ext
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sity at the corresponding frequency position, the data fall on 10°
top of each other, so that a data collapse results, as shown in
the inset of Fig. 6. As a matter of fact, the extrapolation to
small intensities gives the same limiting value Igf=330
Hz for all spectral positions. The data collapse confirms the 107}
conclusion that the broadening by EFS depends linearly on
the excitation density in the system. The present results are
in agreement with similar observations in Refs. 4,33,34, and
55. 102+
However, the linear dependence of the broadening on the
excitation density is not a unique feature of EFS by diagonal s
interactions. Root and Skinnér® showed that the broaden- 0 30 100 150 200
ing by off-diagonal interactions also scales linearly with the fhzlpsl
concentration and used their approach for the interpretation g5 7. Competing broadening mechanisms foF*Psite | in

of the experimental results of Macfarlane and Shéllsr Y,SiOs. Plotted is a typical echo decay for a moderate laser inten-

Pr*:LaF;, Zhang and Mossbetfjassigned the dependence sity. The thick full line through the data is the fit. The thin dashed

of the broadening on the frequency position in the inhomodine gives the intrinsic broadening,~1200 Hz obtained from

geneous band to EFS. A linear dependence is also expectegro-energy extrapolation with the magnetic field set on. The thin

for the broadening by NQP, as we shall see below. Thereforgill lines are the SI and EFS contributions. See text for details.

2PPE measurements carried out at different positions in the

inhomogeneous band neither allow for a discrimination beTable I. This yields an overall ratio sitl : site Il of 1.3 that

tween the two types of EFS interactions nor permit for thecompares with the predicted value of 0.7.

distinction between EFS or NQP broadening. We now analyze the experimental echo decays observed
We now quantitatively determine the EFS broadening usin Pr** site | in Y,SiOs. The spin dynamics in XSiOs is

ing electric-field data and exemplify the calculations for attributed to the®®Y spins. The?°Si spins are ignored be-

Eu' ions. Making use of Eqg17), (22), and(30) we find cause they are known to contribute less to the broadening by

a factor 40°%2° This factor primarily results from the small,

o
.

41 2a7hp{w,) |Av0|2 4% isotope abundance 6fSi. We also ignore frozen-core
Perso= PPor (W2)Do= 3 , effects. From Table | we see that in the case df Rite | the
3427 3427¢0e(0)r 3| Eexl :

31) difference in the homogeneous broadening with and without
field is approximately TI',(H=0)-T(H>500G)
where we have considered the parallel ca($et)‘|=4/\/2—7. =450 Hz. This difference was observed to be about five
The dielectric correction has now reduced to the screeningmes smaller for F¥ site Il and EG" site I. We therefore
1/e(0). p, as defined above, denotes the relative siteapproximated the spin-ion contribution by an exponential for
occupation probability that is calculated from the®Eidon  the latter two as done in previous publicatidfié® For PF*
concentration of 0.1 at. %, corresponding to 0.025 mol %.site |, however, the broadening by Sl is strong enough so that
Thusp=1.25x 10 *, where an extra factor of 1/2 has been the nonexponentiallities according to E§) should be vis-
introduced because the ions substitutionally occupy two opible. In Fig. 7 a typical photon-echo decay for*Prsite | at
tically distinct sites with equal probabilityw,) is estimated intermediate pulse energies is shown along with the broad-
from the saturation effect observed for’Prsite |, as dis- ening by SI withk,=k,=T_ !, using Eq.(3), the broaden-
cussed below. We obtaifw,)=1.6x10*. The value ofr,  ing by EFS, and the intrinsic broadeniiig exclusive to the
can be calculated from crystallographic measurements. F@I contribution. From the figure it is clear that the nonexpo-
the monoclinic %SiOs crystal the unit-cell parameters are nential behavior by Sl is weak and is partially masked by the
a=10.42 A, b=6.72 A, c=12.49 A, B=102° with competing effect through EFS. In the Fit, was set equal to
eight Y, SiOs per unit cell** We replace the actual lattice by I'y=1200 Hz, corresponding to the measured zero-energy-
a simple cubic lattice with the same atom density and fincextrapolated broadening in an external magnetic field. The
ro=2.4 A for the corresponding lattice unijt, is fixed by  flip time T,,, and the prefactor for the broadening by EFS
setting porgz 1. For the rangd,<400 us andT;=2 ms  were adjusted to the experiment. The prefacigiwas fixed
the conditionyt,,<1 is obeyed so that Eq$22) and (31) so that the SI contribution corresponded to the difference
are applicable. We calculal&-rs =650 Hz for EG" site |  between the homogeneous widths with and without magnetic
that compares with the experimental value of 850 Hz. field. We obtained a flip time oT,,=200 us. Because of
We compare the broadening by EFS for site | and site Iithe weak broadening by spin-ion interactions, and particu-
of EU*" in Y,SiOs using the experimental data of Equall larly because of the superposition of two effects, the value of
et al?° From Fig. 2 of their paper we estimate the ratio site | T, is only very approximate.
: site Il for the broadening by EFS to be 0.7. For the predic- As demonstrated in Fig. 7 the echo decays deviate only
tion we take into account the ratioait : site Il equal to 0.3 weakly from the nonexponential behavior, especially for
for the oscillator strengths given in the same paper and thkargert,,. Therefore the data of Pr site | were fitted to an
corresponding ratio of the inverse inhomogeneous linexponential law for times$;,>20 us. The linewidths in Fig.
broadening equal to 1.1, and further assume that both me&-are given for a fixed ratio?, : 7,=1 according to the ratio
surements were carried out in the band center. The ratio of, /7,=1/2 and equal laser intensi#/for the two pulses. As
the static dipole moments is calculated from the data ira function of the laser intensitythe experimental linewidths
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FIG. 8. Linewidths of Pt' site | in Y,SiO; as a function of the FIG. 10. Echo attenuation for ¥ site I in Y,SiOs. Plotted are
laser intensityZ. The linewidths were measured without magnetic the echo intensities as a function i} for several energies of the
field and are given for a fixed ratigZl2: 7,=1 of the pulse energies. two pulses. The duration of the first pulse was chosen to be half of
The full line is the fitI'=T,+A[1—exp(—c,Z)], see text. The the second pulse duration. The ratios of the pulse energies are in-
value extrapolated to zero power yiellg= 1650 Hz. dicated in the inset asZ2:7, for an arbitrary scale. The full lines

are fits to the exponential law with the correspondiigalso given

follow a linear behavior at low intensity and show saturationin the inset.
at large intensity. At saturation the observed broadening is
1100 Hz. The full line gives the fit of =I'y+A[1—exp the site-l intensity because of the much smaller oscillator
(—c4Z)], with A andc, as adjustable parameters. The figurestrength. No broadening effect could be observed up to a
indicates that the data monotonically approach the saturatioaser intensity of 100 W ci?. We conclude that the laser-
value. The resolution of the data is probably too small for theintensity-dependent broadening is smaller than 100 Hz,
detection of a maximum in the broadening, as predicted irwhich marks approximately the visibility limit. Independent
Fig. 9. Equally well, laser-field inhomogeneities may bemeasurements in a 0.1%%PrY,SiOs doped crystal showed
present so that the hump in the broadening is smoothed ouhat at higher concentrations an intensity-dependent broaden-
as discussed in Appendix A. In Fig. 10 echo intensities ofing is present in accordance with the observations by Equall
Pr* site | are shown for different ratiosZ2: 7,. Because of et al?®
the small relative broadening thg, times had to be ex- As for E** we calculate the broadening for’Prby tak-
tended up to 20Qus in order to detect the pulse-energy-ing into account the corresponding excitation densities, di-
dependent broadening. This time scale is comparable, to pole moments, and ion concentrations. The calculation of the
=165 us so that theyt,,<1 condition is not satisfied. Cor- excitation probabilityw,) is based on the saturation behav-
respondingly, Eq(21) has to be applied instead of EQ2),  ior in the echo attenuation of Pr site I. We compare the
and a dependence of the echo also on the energy of the firskperimental saturation behavior in Fig. 8 with the calculated
pulse is expected. In fact, such a dependence can be obserwae in Fig. 9. From this comparison we estimate that in Fig.
in Fig. 10. 9 the maximum of w) at 95=11.5 corresponds to the laser
For comparison the echo intensity was also investigateghtensity of Z=25 W cnm 2 in Fig. 8. The excitation prob-
for PP* site 1. The echo signal was weak if compared with ability in Fig. 9 saturates at a value 6i)o,7=0.4 so that
we find(w,)=0.4/(c, 7,)=9.6x 10" ° at saturation. Accord-
ing to Eq.(31) and the data of Table | we calculakggs p
/ =450 Hz for PP site I, roughly a factor of 2 smaller than
the experimentally observed 1100 Hz. For the the Rabi fre-
quencies of E¥ and P?' site Il we consider the depen-
dence of the Rabi frequency on the oscillator strength and
the laser energy®~ f7, and derive from9y5=11.5 for PF*
site | atZ=25 W cm ? the corresponding vaIueB§=3.2
for E®" and95=2.7 for PF" site Il at the laser intensity of
7=100 W cm 2. From these parameters, making use of Eq.
(A5), we find (w,)=1.35<10"* and 9.6<10° for Ev®*
and PP" site Il, respectively. The value ofw,)=1.35

0.5

0.0 y y ’
0 10 20 30 40 x 10~* was applied above in the calculation of the broaden-
v ing for EW**. For PP' site Il we obtainl'grs =300 Hz,
FIG. 9. Excitation density after a single pulse. Plotted is theWhich is by a factor of 3 larger than the visibility limit.
averaged excitation probability as,7(w) for the case ofr,> y. We conclude that for the systems under consideration the

The thick line gives the calculation of E¢A3). A maximum is  Predicted values agree within a factor of 2 to 3 with the
observed afy?~11.5. The thin line is 0[4L—exp(-2.5c9?)], rep-  €xperimental results. We explain part of the discrepancies by
resenting the approximate saturation behavior on the scat?of uncertainties of the data used in the predictions. The dielec-

<472, See Appendix A for details. tric constante(0)=7 is only a guess and its anisotropic
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FIG. 11. Schematic representation of the echo attenuation by | | !
NQP. The excitation of ion | decays spontaneously and populates ! : ' 418
low lying electronic states. These populations decay by generating ! ' o5y 203
nonequilibrium phonons. Resonant and nonresonant scattering of 0 146 176 F, )
the phonons at transitions in the ground and excited state of ion I ) 0 0 0
lead to a dephasing in the electronic excitation. Site I Site IT Site T
Pri* Eu?*

properties are not considered at all. Furthermore, the effec-

tive concentration of the ion in the crystal might be different ~ FIG. 12. Level scheme of P and Ed" in Y,SiOs. The data

from the one given by the nominal weight percents. Finally,are taken from Refs. 29,44,46 and 59; all energies are given in units

NQP may additionally contribute to the broadening as weof wave numbers. Only site | is depicted for uv, denotes the

shall discuss in the next section. transition frequency to the state pumped by the laser. For the
ground and the excited states the two closest-lying Stark levels are

also indicated.
D. Nonequilibrium phonons

For the analysis of the echo attenuation by NQP the folions and these scattering processes give rise to a
lowing independent processes have to be considered: thdephasing®’® as schematically shown in Fig. 11. The
generation and relaxation of NQP, the propagation of thelephasing is particularly efficient when electronic transitions
NQP in the solid, and the interaction between the NQP anaf the ion involved in the echo process are resonant with the
the excitations involved in the echo process. NQP. While these resonances are more likely for ground-

NQP are generated directly by spontaneous decays fromtate transitions, they might also occur for transitions in the
the pumped electronic state to ground-state phonon modescited state if the frequency gaps between the pumped state
by electron-phonon coupling. In the case where there arand higher electronic states are comparable to the phonon
low-lying electronic states, these states may be populated byequencies. In this case, depending on the electronic excita-
the spontaneous transitions and the population of these levefi®n density and the scattering cross sections, an accumula-
may then subsequently relax into NQP. The lifetime of NQPtion of NQP resonant with these transitions may take place.
depends strongly on their frequeney. For v,>1 THz the Resonances of NQP with transitions in the ground and the
phonon lifetime 7, limited by anharmonic relaxation was excited states lead to a lifetime shortening of the ground or
found to follow a 7,~ v, ° law.5%57 Superimposed to this excited state, respectively. These shortenings give rise to a
relaxation, if there are several low-lying electronic levels thedephasing in the excitation of an ion in the superposition
NQP may more efficiently relax by repeated inelastic scatstate and thus to an echo attenuation. The efficiency of the
tering so that eventually a large density of phonons resonardtitenuation by NQP is limited, apart from the phonon life-
with the lowest electronic level is accumulated. This path igime, by the time of detuning from the resonances and by the
particularly feasible if the low-lying electronic levels are time at which the NQP diffuse out of the area probed by the
within the Debye frequency range. If there are several differlaser®® Bai and Kachru interpreted their experimental re-
ent ion species, the number of relaxation paths is increasesllts in terms of 51-cm* NQP, resonant with the lowest
and the lowest level out of all ion levels may act as a bottle-electronic state of Bf in YAIO;. Macfarlane and Meltze,
neck so that NQP are accumulated at a frequency resonaas mentioned in the Introduction, pumped an electronic state
with this level. Elastic scattering of NQP resonant with the29 cni higher than the state involved in the echo process
lowest electronic state can occur many times before the NQRith a second laser source. In this way NQP of 29 ¢m
decay by anharmonic relaxation. were generated by phonon-assisted relaxation to the lower

In the quasiparticle picture of phonon dynamics, thestate. The increased broadening was attributed to the reso-
phonons are assumed to perform random walks through theance with the 29-cm" NQP.
crystal by elastic scattering and to relax by inelastic scatter- From the preceding considerations it is obvious that the
ing. They are also scattered at electronically excited impurityproadening by NQP depends crucially on the electronic level
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scheme of the ions. In Fig. 12 the level schemes &t Bite So far we only discussed whether broadening by NQP is

| and site Il and of EZ" site | are shown. For Bt site I, the  feasible. Concerning the dependence on the pulse strength an
lowest Stark levels of théH, and of the 1D, states are expression is derived in Appendix D that up to a correction
separated by 88 and 59 cf respectively?® For PF* site I, ~ €rm reads

the corresponding energy gaps are significantly larger, |

namely, 176 and 200 cm . For EZ" site | in the ground —In(—
state, the lowest of théF, Stark levels is shifted by 203

cm ' from the 'Fo level In thesgexc!ted_ state the closest- This expression is clearly different from the corresponding
lying level is as far as 1707 cm .>° This situation is similar Eq. (20) for EFS. Foryt;,<1 the broadening is

to that of EG* site Il with the corresponding transition at

580.049 nm. For N#I", also contained in the present system, Inop~ 271+ 15, (33

the lowest level is shifted by 91 and 68 cthfrom the
ground state for site | and site 3.We now discuss whether
NQP might be of importance for ®r site | where the 88-

cm - level may be resonant with NQP. However, this Ievelyt12<1l the combination of Eqs(22) and (33) gives I

is higher than the 68 cnt state of Nd* site Il, so that the BT+ T, Be[0.2]. B indicates the mixing of the two
Iattielr level may act %S a bo.ttleneck. Even smaller Is the. 5%ffects, so thapp=0 corresponds to pure EFS apd=2 to
cm ! transition of Pf* site | in the excited state so that this ure NQP broadening, respectively. Concernind Rite |

transition may also work as a bottleneck. We thus concludgS mentioned aboveé,, had to be chosen long compared to

- . . 3 -
tha\svbroactign|rt1g ?ﬁ/ NbQP :js I|I_<ely to ocgutr f;r Ptr;'tl\el I'P T, in order to detect the pulse-energy-dependent attenuation.
€ efs 'mate Ile' roa edm?% assokqlae Wi f th Q r€SOst these timesI'~B7;+7, is not applicable so that the
hances from a co '5'020”‘0 €1 by maKing use ot th€ eXpréSyis rimination between the broadening by EFS and NQP is
sion I'ygp= 0o v N/ 7,”>” where oy is the cross section for

. . . . more difficult. We emphasize that Equalt al. considered
elastic scattering; denotes the phonon velocity, and is only EFS for the interpretation of the power-dependent
the density of phonons. We consider the data of Baumgarmedroadening for B¥ in Y,Si0g.2°
et al®® obtained for Caf and of RenR® measured for 2= =5
V #*:.Cr¥*:AlL,0;. The resonant cross section is of the order
00=10 nnt. For inelastic scattering, the cross section is
orders of magnitude smaller, depending on the energy mi
match. For the phonon v_elocny we ~considef,=5 scattering centers only the Prsite | ions we calculatéN
x10° m/s. The phonon density we calculate from a steady-:1>< 108 cm~3 from which we obtain\ =100 nm for the
state apprpac?)N*/szTl/(qrp), whereN"f is t_he.dens.ity mean free path and D=7\2/(67'scanerina=)\vp/621
of the excited lons and, is the corresponding !lermq IS m? s ! for the diffusion constant. Furthermore, we calcu-
the_ number r_atm_of_re_:sonant NQP over decaylng excitaliong, e the diffusion distance within the phonon lifetime to be
This factor is diminished when the electronic eXC|tat|on<r2>1/22(2DT )12=10 um. This value is somewhat t0o

o b .
population is spread over several levels. Howewemay small if compared to the study of Bai and Kactrim which

also be_ increased by several processes the most prqmineé?'tdependence on the laser focus for areas larger than
one being the bottleneck effect, when NQP resonant with th 025 mni is reported, corresponding to a radius

electronic transition are accumulated. In such a case a single

. .Y=100 um. Comparing the diffusion length with the 4&6m
electronic decay may lead to several resonant NQP. Usmg : :
; . . : eam waist of the present experiments we suspect that only a
the data for Pt site I, N* is estimated from the consider- P b P y

. . . . : 3 fraction of the NQP diffuse out of the excitation area. How-
ations in the previous section by settifhy =(w)p/rg, so

. - - B ) ) ever, with detuning of the NQP from resonance the scatter-
that with p=1.25<10"> and (w)=1.6<10"" we obtain  jnq cross section decreases rapidly, so that the detuned

~ 4 3 i - ; e
N* =1.4% 10** cm™®. Settingg=0.1 and using theﬁghonon phonons are more likely to escape from the excitation area.
lifetime of 7,=0.5 us we calculatdN,=4X 10'° cm2 and

I'nop=700 Hz. Because there are several competing
phonon-relaxation processes, bottlenecking, detuning, and
anharmonic relaxation, and because the quantities used in We have studied the echo attenuation of Eand P?F*
this calculation are rough estimates, the calculated broadefons diluted in a ¥%SiOs crystal as a function of varying
ing is somewhat arbitrary. Nevertheless, a substantial contriparameters. The discussion of the broadening by EFS and
bution to the broadening by NQP for®rsite | is feasible. NQP has been based on statistical grounds. Since dephasing
Such a contribution would lift the discrepancy between thes g guantum coherence problem, quantum-mechanical and
prediction based on EFS and the observed broadening fatatistical aspects have been combined in this analysis.
Pr* site I. We have derived expressions for EFS by diagonal and
From the level scheme in Fig. 12 and from tifga‘r’ law of  off-diagonal interactions as observed in 2PPE experiments
the phonon lifetimes it is clear that the broadening by NQP ifor arbitrarily strong excitation pulses in the limit of large
much less likely to occur for Bt site Il and for EG" site . inhomogeneous bandwidths. An experiment has been pro-
This is supported by the fact that no power-dependent broagsosed that allows one to distinguish between the two EFS
ening was observed for Pr site Il and that the Eli data  contributions. The experimental results and the predictions
could be fitted assuming EFS only. strongly indicate that EFS by off-diagonal interactions are

,) ~(wy)(1—e2"12) + () (1-e "12). (32)
0/ ngP

which, similar to Eq(22) for EFS, is regarded as a signature
of the broadening by NQP.NQP and EFS are generally
expected to simultaneously lead to a broadening. Assuming

Making use of the above scattering model we also esti-
mate the diffusion constant. The mean free path between
scattering events is =1/(Nog), whereN is the concentra-
Sion of ions resonant with the NQP. Taking for the elastic

IV. CLOSING REMARKS
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negligible in the system considered in this work. We point The experiments in this work were carried out for an op-
out that this claim does not hold generally because the broadically thin crystal and also the theoretical considerations
ening depends on the properties of the photoactive specieBave been based on the thin-crystal approximation. The situ-
Based on Stark experiments we have predicted the EF8&tion may dramatically change for optically thick crystals,
broadening by diagonal interactions. The comparison of th&ecause the effect of light propagation cannot be disregarded
predicted and measured broadening by EFS fot"Eand ~ anymore. Longitudinal inhomogeneities in the laser field
PP* have revealed that the calculations are accurate t§'@Y Significantly change the characteristics of echo depen-
roughly a factor of 2. Inaccuracies arise from several experidence ort;, and on the pulse intensities. o

mental quantities that enter the calculations: oscillator Summarizing, we have studied the broadening induced by
strength, inhomogeneous width, guest-ion concentratior/arious dynamical processes. We have compared the predic-
static dipole-moment differences, and the excitation probfions with the experimental results obtained from a single
abilities by the laser pulses. We believe that these inaccur&lyStem and reasonable agreement has been achieved. The
cies are the reason for the deviations between theory arfgPnsideration of the characteristic behavior and of the quan-
experiment, rather than that modifications of the model arditative estimates may render possible the selection of sys-
required. tems specially suited for the investigation of a particular

We comment on the remarkable observation that a verfroadening mechanism in further studies.
low excitation density can give rise to EFS that can be de-
tected by photon echoes. Fptw)=1x10"8 obtained for ACKNOWLEDGMENTS
Eu® site | in Sec. Il C, the closest distance between excited
ions is typically as large as 100 nm and yet, the interactions We would like to thank Dr. Masaharu Mitsunaga for the
lead to measurable effects. Accounting for the small dipoleextensive loan of a crystal and for helpful discussions. We
moment differences of 1I¢ D, this observation demon- are grateful to Professor J. Skinner for private communica-
strates the power of the photon-echo spectroscopy for thons and we acknowledge stimulating discussions with Dr.
investigation of extremely small changes in the environmentG. Harms, Dr. T. Plakhotnik, and E. Donley. This work was
We argue correspondingly that TLS even at very low con-supported by the “Board of the Swiss Federal Institutes of
centrations may lead to a detectable dephasing. This givekechnology” and ETH-Ztich.
support to our hypothesis that differences in the optical be-
havior between crystals grown under nominally identical
conditions can be attributed to TLS.

Concerning the effect of nonequilibrium phonons, our
predictions are only qualitative and estimates based on a In this appendix we determine the excitation density for
phonon-scattering model remain vague. The attenuation bgn inhomogeneously broadened band using the density-
NQP depends crucially on the energy-level scheme of thenatrix approach. Similar calculations were considered by
ions because the broadening is dominated by the resonanZéang and Mossbery. For this calculation we disregard
between the NQP and transitions of the ions. The investigadamping for times shorter than the pulse times and con-
tion of 2PPE in other systems and especially of the NQRsider only thew element of the Bloch vectomu(v,w) which
properties is required to shed more light on this type ofafter the first pulse f&
broadening. The characteristics of the broadening by EFS

APPENDIX A: RABI SOLUTION OF THE EXCITATION
DENSITY

and NQP as a function of the pulse intensities facilitate the 2, 2 5>
distinction between the two broadening processes. For suffi- W(Tl'A.X1)=A +xicod 7 VA +X1)Wo, (A1)
ciently small pulse energies, the representation of the broad- A%+ 3

ening as a function oB7;+7,, as proposed in this paper,
provides a means to graphically get information about theyhereA is the difference between the transition and the laser
two broadening mechanisms. The quality of the present eXfrequency.y, denotes the Rabi frequency of pulke We
perimental results has turned out to be not good enough tassume the initial stateug,v,,w)=(0,0,—1) and denote
unambiguously attribute part of the broadening to NQP forby w; the density-matrix element,,(,), so that

Pr" site | in Y,SiOs. From the estimates, however, a con-
siderable NQP broadening is plausible. We argue that due to

_ _1 .
the 23-cm? level spacing in the excited state of*Prin W1=p2d 1) = 2[ 1+ W78, x1)]

LaF; (Ref. 7 NQP could also be of importance in a standard 2r1—cod 7 JAZ+ 42
2PPE experiment where the pulse-energy dependence of the = xil 5(2 ! > X1)] . (A2)
linewidth was solely attributed to EFS. 2(A%+x1)

We have further studied the dependence of the echo at-
tenuation as a function of the frequency position in the inho-The average excitation density is obtained from the integra-
mogeneously broadened band for*Ein Y,SiOs. The re- tion over the inhomogeneously broadened band. Assuming
sults confirm the prediction that the echo attenuation bythat the band is of Gaussian shape, that the laser frequency is
diagonal EFS depends linearly on the excitation density iriuned to the center of the band, and that the width of the
the system. However, we have shown that such a dependenband is much larger than the Rabi frequency we approximate
also holds for the attenuation by off-diagonal EFS as well aghe spectral density by a constant equal to the density at the
by NQP, so that these experiments do not allow for the disband center 1{2wo,) whereo, is the standard deviation
tinction between the tree-broadening processes. of the band in units of Hz. We obtain
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9 =1—cog 9,\V1+x2) where7, denotes the pulse energ,= x; .
(wy)= f

2 dx, (A3) The behavior ofw) as a function ofi is demonstrated in
(2m)*o,7s Fig. 9 where for clarity the indek of the pulse is omitted.
where &= 7 denotes the area of pulde The average For a constant,7, (w) follows a universal behavior. For
excitation density depends ay and parametrically on the 9<a/2, (w) depends quadratically off. The first maxi-
dimensionless quantity, 7,. Making use of the derivation mum is found atd?=11.5. For largerd values the overall
of Kunitomo and Kaburagd¥ Eq. (A3) can be cast into behavior is linear ind with an oscillatory behavior superim-

posed. This oscillatory behavior is expected to be smoothed
(W)= QA fﬁlJ (x)dx (A4) out in the experimental observations because of laser field
! 4270, Jo 0 ' inhomogeneities. On the scale of the figure the shape of the

. I ) _ function suggests a saturation behavior. Therefore given is
which is easily integrated numerically by standard routinesg|sq the exponential behavior Pl4-exp(—2.5c92)]. A

0 1+x?

For small 9, values, to lowest order one has similar exponential behavior is used in Fig. 10 as a guide to
1 the eye.
(wy)=cT;, c=—+-—, (A5) For the excitation density at tintg after the second pulse
4\27o, the Rabi solution &

[AZ+ x2coq 71 VAZ+ x2) A2+ x3cog 7 A2+ x3)]
(A%+XD)(A%+ X)) ’

where terms depending on sii(,) and cosft;,) are disre- denotes the contribution of an ion that was not excited by the
garded because they contribute negligibly when integratindirst pulse, but, however, is excited by the second pulse. The
over the offset provided that,,> 7; ,. Denoting byw, the  third term accounts for possible changes of state by both
excitation probability for an independent second pulse, wepulses. The prefactors are conditional probabilities of occur-
may write rence with the averages taken over the offset frequency.
F., F,, andF5 are calculated from averages over par-
p2Ats) =3[1+W(ts) =W +W,—2W W,. (A7) ticular temporal realizations ai(t). For F; we find

This result indicates thaw, is the probability of changing

state upon the second pulse because from probabilistic con- t1o 2ty

siderations one hags,,(t3) =w;(1—Ww,)+ (1—w;)w, which FF?’[ fo XefxdeﬂLf (2t1,—x)e”7dx|, (B3)
corresponds to the right-hand sidehs of Eq. (A7). We 12

point out that(w,w,) # (W }{(W,).

where the first and second term on the right-hand side are the
contributions when the excitation decays spontaneously in
the time interval Ot1,] and[t,,2t;5], respectively. The in-

In this appendix we evaluate the expression tegration is straightforward and yields

<|0|>=<Uot12u(t)dt— ftlzu(t)dt
12

where the average is taken over the temporal realizations ¢for F, we have
u(t) and over the excitation probability dependent on the
offset A of the transition frequency relative to the laser fre-

APPENDIX B: AVERAGE DEPHASING TIME (| 6|)

> , (B1) Fi=y Y1-e 122, (B4)

quency. The notation follows the one used in the main text. - _ y fmlz(x—t e "t vgytt fw e~ (x—t1)vgx
As outlined therey(t) changes states stochastically because = 2 ty ! 2) oy, '
of the two excitation pulses with probabilitieag andw, and (B5)

because of the spontaneous emission according to the decay

ratey. The average over the offset and the temporal realizaghere the first term arises when spontaneous decays occur in
tion can be taken independently. We find the interval[t;,2t;,] and the second term when there is no

such decay. Integration gives
(161y= (W1(1=W2))F1+ (1= Wy)W,)Fo+ (Wi W) Fg, v ntegration g
B2)

where the first term on the rhs arises when the ion under

consideration is excited by the first pulse and does not
change state as a result of the second pulse. The second tefine most involved term i§ 5 being

Fo=y '(1-e '2). (B6)
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t, (2t ~ - For the two limiting case$w,)—0 and(w;)—0 Eq. (B9)
Fa=»"| dx| dylx—(y—tg)|e” X0 2l corresponds to Eq22) of Ref. 32 witht;=0 andts=t,,
0 t
12 respectively. For weak pulsdsv,w,) is negligible if com-
, (2 o Xyt pared with(w,) so that the weight factor of the first term in
+y Jo dXLt dy|x—tye Y21y Eq. (B9) can be approximated b ).
12 Making use of Eq(11) we find that for weak pulses

ot e ®7) (|6 =cy Tl —e )2t oy I (1-e ),
t12 (B10)
where the first term arises when a spontaneous decay ocCYf$ich is considered in Eq(
in the intervals[0jty,] and [t;,,2t,,], the second when a
spontaneous decay takes place only in the intefrQdl,],
and the third when there is no such an event. Integration (| 6])= (W)t ,=CToty,, (B11)
yields

21) of the main text. For
vt1,<<1, Eq.(B9) is approximated by

where the latter equality applies for a weak second pulse.
Fs=F,=y Y(1-e 112), (B8)  This expression is used in E(R2) of the main text.

Inserting Eqs(B3) and (B8) into Eq.(B2) we obtain

(6]y=(wi(1—wy))y L(1—e "127)2

APPENDIX C: EFS BY OFF-DIAGONAL INTERACTIONS

In this appendix we are concerned with the analysis of the

+(wy)y H1—e 2), (B9)  rhs of Eq.(24) of the main text that we denote Idy:
|
CDZPEKI (1—<exl3{_i9k<7jk[\/3jk+(Ajk/z)z—|Ajk/2|]}>9k,Ajk), (CY

where the average is taken over the realizationg,aind over the distribution ok ;. We first consider the case of scrambler
excitations shifted by a fixed frequendyws so thatA,=[Aw|. In the continuum approximation E¢C1) writes

cbz4wpop<f;dr r2(1—Cos{6[\/Jgkz(Q)(rolr)6+(AwS/Z)Z—|Aw5/2|]})> , (C2)
6,Q

wherepg andp have the meaning of Sec. Ill C and the average is taken @werd the angular configuration indicated Qy
Changing variablesr( 3—x) the integration by parts gives

<I>=4—7Trgpop\13<|0|f<2(9) wsm{w'[WSKZ(Q)XZHMS/Z)Z_|Aws/2|]}dx> . (C3)
3 0 VIZKA(Q) X2+ (Awg)? b
[
We substitutey = \JJ3x?(Q) X%+ (A ws/2)?>—|Awg/2| so that w2, x<1
Im{e™*Ko(—ix)}= \/g' o1 (C6)

4qr o 1
<D=—r3popJo<|K|><|0|f dy—sin(|9y)> :
30 o y(y+]Awd) ,

(C4 we obtain

Integration give®’
N[(2W2/3)rgpop30<|'<|><|9|>’ (l0)]Awg<1
(2m)¥%(L13)r3popdo( V[N VTAwd,  ([6)]Awg>1.
(C7)

4w
o= ?ropop30<|'<|>
X (| 8]im{e 11722k (| ]| Awg/2])})y (CH)
whereK(x) is the zeroth order Bessel function of third kind Next we consider the case whesg, are uniformly distrib-

and Im denotes the imaginary part. Considering theuted random variables restricted to the range
asymptotic behavi6f [—A maxAmad. Thus EqQ.(C2) takes the form
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4 Amax
.. 7TP0P<J 4A
Amax 0

XJ:dr r2(1—cog 6] VI5c2(Q)(ro/r)8+(A/2)?

—(A/Z)]})> (C8)

0,Q

Making use of Eqs(C3)—(C5) we have
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follow the scheme of Appendix B and descrif¢) in terms
of the excitation probabilityv, by the first pulse and by the
probability w, of changing state upon the second pulse and
of the decay ratey.

The probability for one spontaneous decay can be given
as the sum of three terms:

P1=(Wy(1=wy))(1—e 279+ ((1—wy)wy) (1—e~ 719
(DY)

where the first term denotes the probability that an excitation

+(ww,)(1—e” M12)e” Mz,

Ao is induced by the first pulse, that the state is not altered by
D= ——r3popo(|«|) the second pulse, and a spontaneous decay occurs in the
3A max period between the first pulse and the echo. The second term
Ao is the probability that an excitation is induced only by the
X < | 0|f dA Im{e 19872 o(—i|g|AI2)} ) . second pulse followed by a decay in the period between the
0 0 second pulse and the echo. The third term denotes the prob-
ability that an excitation is induced by the first pulse and that
a spontaneous decay occurs in the interpulse period followed
again by an excitation without further decay. Analogously,
for the probability of two decay events we write

(C9

By numerical inspection we have noticed that the Piyge
approximation

(D2)

which is the probability that excitations are induced by the
first and second pulse and decays occur in the interpulse

b_period and in the period between the second pulse and the
echo. The expectation value of the number of decay events
thus is

P2: <W1W2>(1_ e }/112)2,

Im{e™ *Ko(—ix)}= (C10

a
21+ 7x’
reproduces the exact result very reasonably Xer[0,]

with a maximum relative deviation of less than 4%. By su
stituting Eq.(C10) into Eq.(C9) we obtain

2

CI) 27T 3 J <| |> |9|jAmax dA
=_— 1" K —
3A ax oPoPo 0 \/l+7TA|0|/2 P

<N> = P1+ 2P2
=(wy)(1—e 2"12)+(w,y(1—wy))(1—e 1)
—2{w;w,)(1—e” "12)e” 12, (D3)

For either{w;)=0 or (w,)=0 we recover the two trivial
cases where either only the first or the second pulse induces
an excitation. For smallw,) and{w,) values Eq.[D3) re-

8
— e3P Jo{ K} (V1T Al 72)~1). (1D

Taking into account that is not broadly distributed, we
approximate expressioi€1l) by the limiting cases

duces to
(2m13)r5popIo{|<[)([ 61}, (| 61} Amax<l
~ ~ _ a2 —e
(2m) 3113 3pop o VIO VA man (0D Ama 1, (NYy=(wy)(1—e 2" +(wo)(1—-e "),  (D4)
(C12  which was considered in Eq32) of the main text. For
which are considered in E¢26) of the main text. yt12<1, Eq.(D3) can be approximated by
~ _ A 2cT; 1 _ A—2cT;
APPENDIX D: NUMBER OF SPONTANEOUS (N)=[(A-e "M +3(1-e ")yt (DY
DECAY EVENTS Finally for weak pulses and foyt,,<1 we find
In this appendix we consider the numket) of sponta- (NY=(2T;+ T3)C 112, (D6)

neous decays of electronic excitations in the timg,2
These decays may generate nonequilibrium phonons. Wwhich is considered in Eq33) of the main text.
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