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Persistent spectral hole burning spectroscopy of tha@ ;A4 (690 nm) line
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We use persistent spectral hole burning to simultaneously measure the homogeneous linewidth and the
frequency shift of the lowest one-photon allowed transition of the ,C3#'system. A nonmonotonous
temperature dependence is observed for the frequency shift. Our measurements for both width and shift
indicate that the dominant dephasing process is a direct one-phonon absorption prodessust@ phonon
frequency being~45 cm L. This means that the Strion possesses a level45 cni! above theT,, level.

Our discussion suggests that this is Thg level. The inhomogeneous distribution is Lorentzian and its width
and position depend on the 8mconcentratior(the Sni*-F~ complexes acting as point defecexactly as
predicted by theory.S0163-182€08)00842-X]

[. INTRODUCTION neous broadening of the 690 nm line is mainly due to a direct
one-phonon absorption process. The parameters taken from
Coupling between a system and its environment leads tthe theoretical fit to the temperature dependence of the width
dephasing processes through which the lines of the systeailow us to calculate the exact temperature dependence of the
acquire a homogeneous width and their frequency is slightljrequency shift in perfect agreement with the experiment. A
shifted. Knowledge and understanding of the dephasing prdionhmonotonous temperature-dependent frequency shift is
cesses is important from both the basic physics and the afbus observed and explained. o _
plications viewpoints. Persistent spectral hole burning ThiS paper is organized as follows. We first give experi-
(PSHB, which has been observed in a large number ofmental detall_s on the samples, apparatus and te_chnlq_ues in
materialst is the only spectroscopic technique which allows Sec- II. Section Il is devoted to theoretical considerations:

a simultaneous measurement of the homogeneous width ar-1|—(!i1e way the homogeneous width is obtained from the hole
width is discussed and the relevant results of electron-

frequency shift for inhomogeneously broadened transitions, honon broadening theory are briefly recalled. In Sec. IV, we

": thte cas§ of rare—ea:f[h lons dopeI? |r][hcrysta!llne matrlcfe nally give the experimental results and the discussion lead-
electron-phonon coupiing 1s usually the main cause c.)ring to the aforementioned conclusions. Other observations

. ) ) Bich as the concentration-dependent inhomogenéad
induced by electron-phonon coupling have been eXtenS'VeIKomogeneouswidth are also discussed.

studied. The theory was developed long ago, especially for
the case of acoustic phonons in the Debye approximation.
We have recentfiyreconsidered the problem and extended
the theory to more general situations. We have also applied We have studied four different samples of Sm-doped
our results to the case of th&F,— 'F, transition of the CaF. We will denote them samplek B, C, andD. Divalent
CahRy:Snt* systent ’F, is the ground state of the Siion samarium ions can be obtained by mainly two ways.
and ‘F is its first excited state. We have shown that, in thisSamplesA and B have been obtained by growing the Sm-
case, the dominant broadening mechanism is pure dephasidgped crystals in an inert or slightly reducing atmosphere. In
due to Raman scattering of TO phonons. this case, a small part of the samarium substitutes & Sm
Here, we consider the transition from the groundions for C&" ions. This readily leads to green-colored
416, TF,, Ay, state to the #°5d, 'K,, T,,excited state samples. Sample€ and D were not grown in a reducing
of the Sn¥* ion in the same CaFmatrix. It is one-photon atmosphere. They only contained Snions and were color-
allowed and gives rise, at low enough temperature, to a natess. They were subsequently irradiated with a 10 Mrad dose
row line at about 690 nm. In this paper, we will call this line of ¥ rays from a®®Co source. In this way, part of the Sm
the 690-nm line. This transition has already been studiedons are reduced to Sth and defects are created. It has
using a polarization sensitive technidtie interpreting their ~ recently been shovrthat these defects are self-trapped hole
data, the authors of Ref. 4 assumed that the width they werneairs. After y irradiation, these samples also acquire the
measuring was the homogeneous width of the line and thegreen color characteristic of St In all four samples, only
concluded that a Raman process involving acoustic phonorgart of the samarium is present as Zmmost of it being
was responsible for the line broadening. In the present workSn**. The Sm* ions occupy sites of cubidd;,) symmetry.
we use PSHB to elucidate the dephasing mechanisms for thihe Snt* (Snt*) concentration as determined from the ab-
690 nm line. PSHB in this line was observed as early asorption coefficient at the wavelength 617 200 nm
1984° We will see that the general formalism of Ref. 3 also (Ref. 7) is given for sample#\-D in Table I.
allows one to analyze our present results and that homoge- It is knowrP that under red or green light irradiation,

II. EXPERIMENTAL DETAILS
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TABLE I. Sm**and Sm" concentrations in mol% for our four could be lowered down to 8 K. The temperature stability was

samples. better than 0.05 K.
We used two different techniques to measure the hole
Sample A B C D profile. In the simpler one, we measure the transmission
St 0.44 0.05 0.73 0.3 spectrum before burning the hole and after having burned it.

We then take the logarithm of the ratio of the two spectra. In
this case, in order to have a reasonable signal-to-noise ratio,
the maximum change in absorption coefficient must be a few
N o . . ) percent of the initial value. The absorbance of the sample
Snf'" can be photoionized into Sih In this paper, we will 1yt aiso be small enough if we want spatially homogeneous
concentrate on laser irradiation-a690 nm corresponding 10 gy citation. In a more sensitive technique, we burn the hole
our 690 nmT,—Ayq transition. For samplé, the ejected it two interfering beams 1 and 2. In the reading step, we

electron is trapped at Sth dimers or trimer§_. For samples  pjock beam 2 and detect the light diffracted from beam 1 in
C andD, it has recently been shofthat the ejected electron the direction of former beam 2. Using this holographic

is trapped at self-trapped hole pairs turning them into Self’[echniquel,o’llthe measurement of the diffracted beam inten-
trapped holes which are stable at low temperafli®ow ity girectly yields the hole profile when restricting oneself to
135 K). Because of site distribution, the 690 nm line is in- gha|iow holes. The holographic technique is much more sen-
homogeneously broadened below typically 30 K. Usingsitive than the transmission measurement. Unfortunately, it
monochromatic light, photoionization is then site selectivecannot be used for scattering samples since then the scattered
and leads to PSHB. _ _ _light interferes with the diffracted one. But when both tech-
For sample#\, C, andD, hole burning was obtained using nigues could be used, we checked that they gave identical
a tunable nanosecond dye laser pumped by a frequenggsylts. For both techniques, the reading beam intensity was
doubledQ-switched Nd:YAG laser. This dye lasersiasns  gpproximately 100 times smaller than the writing intensity.
pulse duration, a wavelength 6f690 nm, a 50 pulses per e also took simple linear-absorption spectra. They are
second repetition rate and a spectral width of 0.05€m gptained from transmission spectra. In all the measurements
With this laser alone, we could not burn holes in sanfile  giscussed here, the reading dye laser is scanned over a nar-

We could only burn holes in this case by simultaneous irrayq,, range, typically a few cmt, and for each wavelength
diation with two dye lasers, one at690 nm, the other one at e transmission is averaged over 50 laser shots.

558 nm, in other words resorting to photon-gated hole
burning® The Sm concentration is indeed smaller in sample
B leading to a larger distance between the’Sions and the
electron traps which may possibly be 3w centers. The A. Measuring the homogeneous linewidth
green photons are then necessary to promote the electron
from theT,, or A,, stategsee Fig. 1to the conduction band hol
of the matrix.

Our aim is here to measure the hole shape, its width an
position and then deduce from this information about theh
homogeneous broadening of the 690 nm line. In order t
understand the broadening mechanisms, we performe

St 7.4x10°° 25x10°% 1.9x10°% 1.55x10°°

[ll. THEORETICAL CONSIDERATIONS

In spectral hole burning spectroscopy, we measure the
e width. With PSHB, there is no coherent contribution
ince the writing and reading steps are temporally separated.
e must then obtain the homogeneous linewidth from the
ole width. For a given line, the linear-absorption coefficient

t frequencyw is given by

temperature-dependent measurements. To this end, the
sample was placed in a cryorefrigerator and the temperature a(w)=f Ahom( @ — wo)W(wg)dwg, (8]
14600 - D, A,, (41) where ahom_(w—wo) is the homoggneous spectrum and
£ w(wg) the inhomogeneous distribution for the central fre-
- T quency. As we will see, the global profile of the 690 nm line
UK, is Lorentzian which implies that(wg) is also Lorentzian.
14400 F  — v @4f5d) This is often observed for rare-earth ions doped in crystals
A and has been explained theoreticaflyn the simplest hole
_ burning case, the number of sites whose central frequency is
" 690 nm wq and which are ionized is proportional ¥o( wg) anen( @y
g 14200 — wg) Wherew, is the pump frequency. The hole profile is
& then given by
£ — 1 FRT,E0
200¢ Sa(wy;wp)= f W(@o) Anonf @p— @o) @hon{ @i — wo) e
2
of—L A, @) Sa(wy; wp)is the change in absorption coefficient at the test

frequencyw, induced by the pump of frequenay,. When
FIG. 1. The energy levels of Sthions (site of cubic symmetry the homogeneous width is much smaller than the inhomoge-
in CaR) that are of relevance in the present work. The 690 nmneous one, the factar(w,) may be taken outside the inte-
transition is indicated by the vertical arrow. gral and then
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5a(wt;wp)0<f a’hom(wp_wo) 201 .'.

><ahorr[wt_wp_(wo_wp)]da)Or 3

which is the convolution of the homogeneous profile with
itself. The half-width of the hole is then the sum of the ho-
mogeneous half-widthE, andI’; for the pumping(or writ-
ing) and testing(or reading steps. In this paper, following
the notations of Ref. 3 denotes the half-width or dephas-
ing rate in rad/s. L L .
The first complication may arise from saturation. In the 00 02 04 06 08 1.0 12
steady-state regime, several situations have been considered
in Ref. 13. In our case, electrons quickly relax from leVegj
to level A, (see Fig. L the population of leveT,, is neg- FIG. 2. The calculated value of the ratio of the hole half-width
ligibly small. Furthermore, on the timescale of a laser pulseto the dephasing ratE: (a) when writing and reading at the same
5 ns, repopulation of the ground state may be neglected: wemperature(b) when writing at low temperature. In cage the
are in the transient regime. In such a situation, broadening dfomogeneous half-width during the writing phase Ii§T=0)
the hole due to saturation has already been considered in tFe0.07 cm* andI'(T=0) is subtracted from the hole half-width
case of a one-photon photoionization procésshe number  before dividing byl'. The inhomogeneous width is 1.57 cfn
of ionized ions at frequency, after an irradiation timer is

hole half-width /T’

10F AAAAAAAAAAAAAAAAAAAAAAALA

r (cm'l)

) o) line is 1.57 cm? and that the largest homogeneous half-
W(wg)(1—e~ " @horl@p=00)7) width T'(T) we will encounter is about 1.2 crh. We nu-
merically calculated the integral in ER), the first factor

with y’=77|_/thp,77 being the ionization yieIdJ_is the bei : ;
. . . . eing a Lorentzian of full widthl";,,,0n @and the other two
mean laser intensity, ani is the number density of St factors being Lorentzians of half-width(T). We varied

lons. Equation(2) must then be replaced by the more generalr(.l.) from 0 to 1.2 cm?® and calculated the ratio of the hole

formula: half-width to I'(T). The results are plotted in Fig(& and
show a ratio decreasing from 2 to 1. Thus, writing and read-
Sa(wy;wp) = f W(wg)(1— e~ 7 ®honf@p~wo)7) ing at the same temperature would not be a simple way of
measuringl’(T).
X @pom @1 — wg)dw. (4) We then consider the case where writing is performed at

very low temperature and reading at temperaiurg/e will
When the exponeny’ apon(wp— wo) 7 is small, we recover see in Sec. IV that, for samp again,I'(T=0 K) is about
Eg. (2). When it is large, the central factor in the integral in 0.07 cm . Again we numerically calculated the integral in
Eqg. (4) goes to 1 and the “hole” profile is simply the linear Eq. (2), the second factor being now a Lorentzian of half-
absorption profile of Eq(1). Equation(4) may be integrated width I'(0) and the third factor a Lorentzian of half-width
numerically. Saturation broadening may also take placd (T). We varied agaid’(T) from 0 to 1.2 cm* and calcu-
within a single laser pulse as observed under similatated the ratio of the hole half-width mindg0) to I'(T).
circumstance®® The relevant quantity is the intensity The results are plotted in Fig.(t) and show a ratio that
Xduration product, i.e., the irradiation dose and, at low saturemains constant and equal to 1 within 2%. Following this
ration level, the width increases linearly with bdttand . procedure, we can then reliably measli(d). This is due to

When we have a two-photon process, then in the generdhe smallness df(0) compared td’jynens ONly @ very narrow
casey’ is proportional tol?> and the relevant quantity is the class of sites has been excited. This procedure has a further
intensity squared duration product. If, however, one of the advantage: burning the hole at very low temperature, then
two steps is a rate-limiting step, then the one-photon caskeading it at various different temperatures, we study the
results apply. As implied by Eq4), we finally observe that Same class of sites.
saturation may be important in the writing phase. It does not
perturb the reading phase since the reading intensity is much
smaller.

Even in the absence of saturation, the hole half-width is We now give the results for the broadening and frequency
not always equal td',+1I'; as implied by Eq(3). As is well  shift theory that we will need to interpret the experimental
known® this is true only when the inhomogeneous width isresults. Coupling between the system, a?Siion here, and
much larger than the homogeneous one. In the opposite linits environment or bath leads to a finite lifetime for the
iting case, the line is homogeneously broadened and theigenstates of the system’s Hamiltonidg, to dephasing of
“hole” half-width is simply I';. To discuss this problem, we the off-diagonal matrix elements of the system’s density ma-
will consider two different situations and anticipate on thetrix o and to a frequency shift for the transitions. The envi-
experimental results to be presented in Sec. IV. ronment consists of the phonons of the gatatrix. We will

We first consider the case where writing and reading areften refer to the formalism given in Ref. 3 and use the same
performed at the same temperatiiteNVe will see in Sec. IV notations. The interaction Hamiltonian is written \dg+ V.,
that, for sampleB, the inhomogeneous width;,,om Of this  with

B. Electron-phonon interaction
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12 Several processes may contribute to the homogeneous
(ay—ay) (5 width 2I',, of the a-b transition and to its frequency shift
A,p- Anticipating Sec. IV, we may have a direct one-phonon
and absorption process from staéeto a certain state. It con-
tributes to the width via lifetime broadening. According to
2 . N Eq. (8), this width is ', =W¢ ___, the latter being given by
(ax—ay ) (@ —ay,). Eq. (7). Again, the superscriptl stands for direct. At this
(6) stage,a may be either the lower4 in our case, or the
upper, T4, level of the transition. In the case of acoustic
C andD are operators acting on the syste{pr k') labels  phonons, using the Debye approximation for whigfw)
the phonon modey, is the phonon angular frequendy,is  =3L3w?/(27% %) whereL? is the volume of the crystal, we
the mass of the crystad, is the average sound velocity, and get
a, anda, are the phonon annihilation and creation opera-
tors.
The transition probability for the system to go per unit
time from any given eigenstate, sayto a different eigen-
state, sayc, of Hg by one-phonon absorptiorE(>E,) is

fiog \Y? hwy
Vz_D; kE (ZMUZ) 2Myp?

g 2m , 3fh 3
2lep=77Cedl W“}capO(wca)a (10

wherep is the density of the crystal. This direct process also
contributes to the frequency shift, see E9), by the amount

we 2

f
aﬂczﬁlcca2

@ca 1 f Po(®) Polw)+1
oMy2 Pl @calP(@ca), @ Agb:ﬁ|cca|zmpf p(w)w( ——

W— W WTwg,

w,

where the superscript stands for direct: One-phonon pro-

cesses are also called direct proces§rs=(c|C|a), w.a  Which, using the Debye approximation, setting # w/kgT

=(E.—E)/%, po(w)=[e"“*eT—1]"1 is the mean phonon andT,,=%w.,/kg, leads to

occupation numberp is the phonon density of modes, and

kg is Boltzmann’s constant. For one-phonon emissién ( 3h kB_T s

<E,), the rate is simply obtained by replaciag, with w,. Am’pv°\ h

andp, with pg+ 1. Two-phonon processes such(pkonor)

Raman transitions involve matrix elementsbfto the sec- JGD moxe 1 dx

ond power or ofC to the fourth power. When direct transi- 0 X—Te/Te~1

tions are present, two-phonon ones may usually be ne-

glected. Summing the transition ratds,_. . over all states _ f"D T X e* d

different from statea, one gets the inverse lifetime of state 0 X+tT/Te-1 )
If we concentrate on a gives-b transition of the system, ) ] ]

the decay ratd’,, (also denoted W,,;) of the coherence where 6 is the Debye temperature. If we are interested in

o4 is half the homogeneous width of this transition. It is the temperature dependence, H4$) and(12) may be writ-

made of two contribution¥ ,,="12" 2413 (this is equiva-

1
Agb=ﬁ|cca|2

XP

3
(12

o _ 1T VWi —
lent to writing 1/T,=1/(2T,) + 1/T5 )with ngbZBpo(wca), (133
1
Fggn ad:i 2 Wbac‘l‘ 2 Waﬂc . (8) Adb_B<L)3Png /T(X—3 L
c#b ¢#a ab™ Pl T X—Te /T -1
ca 0 ca

This first contribution is known as lifetime broadening. The 3 X
second contribution is known as pure dephasing or adiabatic e X—>dx (13b)
broadening. It is totally due to Raman processes and is given X+ TealT e_— 1
by Eq. (19 in Ref. 3. with the simple relationshigdg=2#p. It was pointed ot

The frequency shifid,, of the a-b transition is QE,  that, due to the presence of the Cauchy principal value, Eq.
—AEp)/h, AE, being mainly the sum of two contributions. (13k) may lead to a blue or to a red shift. We also observe
The first contribution is obtained in second order usih@s  that, since the pole in the integrand of Ef3b) is tempera-

the perturbation: ture dependent, the frequency shift may change from blue to
red as the temperature is varied. The second term in Eq.
AED= |C, 2 h Pf () Po(®) (13b) corresponds to the antiresonant frequency component

a [ all | 2Mp? E.;—E+tho of the phonons. Its temperature dependence is weak.

We may also have Raman processes. In the case of acous-
tic phonons, using the Debye approximation, the results are
given by Eqgs(24) and(25) of Ref. 3.

Po(w)+1

E.—E—fw ©

wherel is any eigenstate dfig and P denotes the Cauchy

principal value. The second contribution is obtained in first
order usingV, as the perturbation and is given by Eg2) in We first discuss the results obtained using persistent spec-
Ref. 3. tral hole burning. For each sample, a hole was burned at 8 K,

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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which as we will see may be considered as low temperature
here. The hole width and position were then measured at
various temperatures up to 30 K. The hole width increasing,
it becomes very difficult to measure it at higher tempera-
tures. If we have monochromatic laser beams and no satura-
tion, Sec. Il A tells us that the hole width i$wpge
=2I'(0)+2I'(T). If we assume for simplicity the laser pro-
file to be Lorentzian with a spectral widbw,,s, then the
hole width iséwpge=2 8wzt 21" (0)+ 2I'(T). Working at
T=8 K, we first varied the pumping laser intensity and the o ® ¢
irradiation time. We observe that, when varying the laser L : ' ' y
) ) ! L 10 15 20 25 30
intensity at low saturation level and at constant irradiation
time, the hole width increases linearly. This tells us that, temperature (K)
despite the fact that we have two-photon ionization, one step 144875 ]
is rate limiting and the relevant quantity is the irradiation R
dose ¢. Such measurements also tell us which irradiation (b) ® [/
doses may be considered as low enough in that they lead to _~ {44874
a tolerable saturation broadening. £
In fact, at low irradiation doses, the hole width increases
linearly with ¢ and may be written quite generally as
SWhole= 20w asert 21 (0) (1+ Pl ps) +2I'(T). g is an ef-
fective saturation dose and saturation in the reading phase
has been neglected. It is then clear that, whifhpg is 144872
smaller than a few percent, the saturation broadening is
smaller than the experimental uncertainty and may be ne-
glected.
Using such a low enough irradiation dose, we then mea-
sured the hole width at various temperatures. A Lorentzian FG. 3. Hole width(a) and hole central frequend}) as a func-
fit of the hole also gives its central frequency. The resultgjon of temperature. The solid circles correspond to the measure-
obtained for sampl& are shown as filled circles in Fig(8 ments for sampl®. The error bars are indicated for three different
for the width and in Fig. @) for the position. We observe a temperatures. The uncertainty increases with temperature. The tri-
nonmonotonous temperature dependence of the shift. Thengles in(b) are the theoretical predictions made using the param-
other samples show similar behaviors. For the temperatureters obtained when fitting the width experimental déBee text
value of 8 K, Figs. 8) and 3b) show two data points, one for details)
taken immediately after burning the hole, the other one taken
after the whole set of measurements. The two data point&vo sets of data cannot be made to coincide. We do not have
coincide, indicating a reversible behavior and proving that@ny interpretation for this difference. We observe, however,
the frequency calibration of the laser did not change. that this difference as well as the frequency shift is on the 0.1
We then studied the global (homogeneous cm ! scale and does not affect the width which is on the 1
+inhomogeneoyslinear absorption line as a function of cm * scale. The temperature dependencd ahay then be
temperature in the 8—36 K range. The global line profile isstudied using either hole burning spectroscopy or simple lin-
Lorentzian and a fit provides the width and the line position.ear spectroscopy. The second technique does not give how-
Assuming a monochromatic laser beam, the line width igver the value of the low temperatuir€0).
Cinnor(T) +2I(T). Again assuming a Lorentzian laser pro- To discuss the temperature dependence of the homoge-
file, the measured line width i8w,ert ipnom T) + 2 (T). neous width, we make use of the data shown in Fig.4
The results are shown in Fig(a} for the width and in Fig. The width increases quasiexponentially with inverse tem-
4(b) for the position, again for sampR Looking at the error ~ perature. It varies very slowly at low temperature, which
bars and/or the scatter in experimental data and comparingjlows one to determingfirom the data in Fig. @] the low-
Fig. 3(@) with Fig. 4@ and Fig. 3b) with Fig. 4(b), we see temperature valu@w,q0)~0.26 cm* (for sampleB). If
that the measurement of the width and of the position is morave take the experimental resolution into account by subtract-
accurate when performed on the global line than when pering twice the laser spectral width from the hole width, this
formed on the hole. value agrees with the previously observed %ofee similar
We first compare the homogeneous width as obtained ugoncentrations. The width data cannot be fitted assuming a
ing hole burning with the global width. When plotted using Raman process involving acoustic phonoiié @ependence
the same scale and translating one set of data by 1.38 cmat low temperature On the contrary, as may be seen in Fig.
vertically with respect to the other, we observe, as shown i@, they are perfectly fitted if we assume a direct one-
the inset of Fig. 4a), that the two sets of data coincide within phonon absorption process. To be more precise, the global
the experimental uncertainty. This indicates that the inhomowidth data are fitted with the functiomg+ B(e"“ca’*sT
geneous width is temperature independent in the 8-30 K-1)"1. The a, constant includes the laser spectral width,
range. On the other hand, if we compare the frequency shitihe inhomogeneous width and the low-temperature homoge-
data shown in Fig. ®) and in Fig. 4b), we observe that the neous width.(We also fitted the hole width data with the

(a)

-
n
T

o

[

o

(=]
T

‘e

hole width (cm'l)

b
h
T

14487.3

hole position (em

10 15 20 25 30
temperature (K)
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TABLE Il. The parameteréin cm™1) of the fit to the width data
* E for our four samples. These parameters are defined in the text.

w

£
T

width (cm")

$2 Sample A B C D

T . ag 7.9 1.7 13.3 6.2
' a/ 0.56 0.26 0.74 0.44
o 10 10.5 11 9
4 Wea 43 56 44 38

sest?
10 15 20 25 30 35

W
T
[ J

= |8

temperature (K)

total width (eni™!)

[
T

i ' . . ' from red to blue shift. At low temperature, the presence of
the po(w) factor heavily weighs the low-frequency modes.
temperature (K) This explains the success of the Debye approximation and
tells us at the same time that our 56 chphonons are acous-
tic phonons.
[ ] o ) In the discussion above, we concentrated on the results
obtained for sampl®. The general trends are similar for the
o other samples. We consistently observe, for example, a non-
monotonous temperature dependence of the frequency shift.
The parameters of the fit to the width data are given in Table
II. Within the uncertainty, the temperature-dependent term is
(] .
° sample independent. For all four samples, both data sets,
Cee ° E homogeneous width and frequency shift, therefore indicate
b that a one-phonon absorption process, with a phonon fre-
L : L L - : quency of 45 cm® on the average, is mainly responsible for
0 15 20 25 30 35 homogeneous broadening of our 690 nm line. This is at vari-
temperature (K) ance with a previous repdrconcluding that the homoge-
neous width is well fitted when assuming a Raman process.

FIG. 4. Global linewidth(a) and central frequency of the global This orevious study was performed using a polarization sen-
line (b) as a function of temperature. The solid circles correspond to P y P gap

the measurements for samBethe dotted line in(a) is a fit to the sitive technique. Here, using PSHB, the quantity under study

experimental data assuming a one-phonon absorption process. T|§ed|rectly the h(_)mogeneous width'2 .
error bars are indicated for three different temperatures. The inset in The 690 nm line corresponds to the transition between the

part(a) shows how the hole width and the global linewidth may be 9round staté\;4 and the excited stafg;, of the Snt* onin
brought to coincidence. a cubic site(see Fig. 1L As already pointed out, the sign of
the frequency shift indicates that oadevel in Sec. 1l B is
same function except that the constant, now denatpd  the upper levelT,,, of our transition. This agrees with the
includes the laser spectral width and the low-temperature hdact that the first excited state of the Sirion is ~256 cm'*
mogeneous width, twice eachThe homogeneous width is above the ground\,4 state. This ground state cannot then
thus comprised of a low-temperature part and of sabsorb a 45 cmt phonon. Referring to the notations of Sec.
temperature-dependent one. From the fit, it is clear that thi§! B, ais theTy, level, b is theA;4 one. The present work
temperature-dependent contribution mainly originates from 4hus tells us that there is an eigenstatef Sn’* approxi-
one-phonon absorption process, EtBa), with a phonon of ~mately 45 cm® aboveT,,. There is no clear evidence about
frequency 56 cm!, which corresponds to a temperature What this level may be. ThéK, term is split by the crystal
T.,~80 K. The low-temperature part can only be due tofield into 4 levels:T;,,A,, lying 116 cmi* below, E,, lying
phonon emission processes. It turns out that these emissi@p cm * aboveA,,, (Refs. 18,19 and T,, located above
processes only weakly contribute to the temperature depef-1, - Two-photon absorption spectroscopy shotfdtiat the
dence ofl". We will come back to this point below. °D,, state lies~105 cnm* aboveT,,. Ourc level should not
To discuss the temperature dependence of the frequendherefore be th€D, one. We suggest that oarevel, about
shift, we make use of the data shown in Figh)3 The shift 45 cni * aboveTy, is the Ty, level.
of the hole is more physically meaningful than the shift of The low-temperature widthI(0) is due to one-phonon
the global line since, in the first case, a narrow class of sitespontaneous emission from, to A;,and/org,. The tran-
is selected &8 K and is then followed when the temperature sition frequencies being largd 16 and 81 cm?), this ex-
is increased. From the fit of the width, we deduce the valuglains why these phonon emission processes only weakly
of B and consequently g8. We may then compare the fre- contribute to the temperature-dependent part of the wilith 2
quency shift data with the predictions of E43b) using the ~ The low-temperature widthIZ0) is ~0.1 cmi L. At 30 K, the
same value off ., and 6, =490 K1’ As shown in Fig. &), contribution of the one-phonon absorption process-is4
a good agreement is obtainéthis is not a fif considering cm™. Since the phonon occupation numiggris then about
the experimental uncertainty. The model accounts for thd.13, this means that th&, ,«—T,, transition is about 100
sign of the frequency shifassuming that leved is the upper times more probable than thg,— A4, ,E, ones. This may
level of the transitiop for its nonmonotonous temperature be understood as follows. The acoustic phonons in,Qady
dependence and for the temperature at which it switchebe divided into deformationah,y, Eg, and T,4 phonons
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14 in Fig. 5, we observe such a linear correlation. The residual
~ 121 @ inhomogeneous width at zero $mconcentration that is vis-
"z 101 ible in Fig. 5a) is probably due to other mechanisms: dislo-
i 8 cations, other point defext . . .
= 6 Experiment also shows that the low-temperature homoge-
2 4] neous width is sample dependent. In the case of mixed
£ 2] CaFy/YF; and Cak/LaF, matrices doped with Ei or PP+,
05 . . — it has been observed that the homogeneous width depends on
00 02 04 06 08 the Y or La concentration’. In these disordered matrices, a
144987 ) contribution of tunneling two-level systems has been sug-
”-; 14496 gested to explain the linear temperature dependence of the
£ 14494 hole width. Our samples contain Shions and are therefore
.§ 14492 mixed Cak/SmF; crystals but with a low Sm content. The
Z 14490 690 nm transition being interconfigurationalf¢(%d) is how-
z,‘ 14488 1 ever more sensitive to the crystal field than thé-@f) tran-
IS I . . . sitions of E4* and P?*. This could explain the sample de-
00 02 04 06 08 pendence of the homogeneous width which we observe to

increase with SR concentration. We note, however, that

the dominant dephasing mechanism is always one-phonon
FIG. 5. Width(a) and position(b) of the inhomogeneous distri- absorption in our case.

bution as a function of the St concentration for samples—D.

The solid circles and squares are the experimental data, the solid

lines are linear fits.

Sm>* concentration (mol %)

V. CONCLUSION

Using persistent spectral hole burning spectroscopy, we
and rotationalT,4 phonons, the latter originating from TA studied the homogeneous broadening of the 690 nm line in
modes only® Since T1uXA=Tyg, the Tyy—Ay, transi-  the Cak:Sn?™ model system. We burned a hole at low tem-
tion is only due to the rotational phonons. Sintg,XE,  perature(8 K) and measured its width and central frequency
=Tyg+ Toq, the T,—E, transition is in principle due to as a function of temperature up to 30 K. We show, in the
both rotationall ;; and deformational ,4 phonons. But, ac- theory part, how this may lead to the determination of the
cording to Akimov and Kaplyanskit the matrix element of temperature-dependent homogeneous width. We observe a
the C operator, Eq(5), vanishes foiT,4 phonons so that the nonmonotonous frequency shift in such a system. The data
T,.,— E, transition is also only due to rotational phonons andshow that the inhomogeneous width is temperature indepen-
is in fact less probable than tfig,— A, one. Finally, since dent. Fitting the data for the temperature-dependent hole
Ty X Toy=Agg+Eg+Tyg+Tog, the T,,«Ty, transition is  width, we conclude that homogeneous broadening is mainly
due to both rotationaTl’;; and deformationak, phonons. It ~ due to a one-phonon absorption process,(twusti¢ pho-
turns out® that theE, phonons are very effective since the non frequency being~45 cm*. This conclusion is sup-
E,— Ay, transition @A;, X E,=E,) is 100 times more prob- ported by the fact that the theoretical prediction of the shift
able than theT;,—A,, one. Furthermore, the direct transi- obtained using the parameters deduced from the fit to the
tion rates are proportional to the cube of the transition frewidth data is in perfect agreement with the experiment.
quency. This adds a further factor of 2 when going from 35These measurements and their interpretation also tell us that
(Ey—Ayy) 10 45 (Toy—Tq,) cm 2 It thus seems reasonable the Snf* ion possesses a levet45 cm* above theTy,
to have a dominant one-phonon absorption process. level that we suggest to be tfig, level. The inhomogeneous

As already mentioned, the general trends are similar foglistribution is Lorentzian and its width and position depend
the other samples. We observe however that the inhomog@n the Sm* concentrationthe Sni*-F~ complexes acting
neous width is sample dependent. Our samples contain @ point defectsexactly as predicted by theory.
fairly large concentration of S#i-F~ complexes which act This work as well as Ref. 3 demonstrate how the simul-
as point defects. Due te irradiation, we also have self- taneous measurement of both the width and frequency shift
trapped hole pairs for sampl€andD, but their concentra- renders the understanding of the broadening mechanism
tion is about 100 times smaller. It has been shownmore unambiguous. This is a great advantage of PSHB spec-
theoretically? that inhomogeneous broadening due to pointtroscopy.
defects by random strains and field gradients leads to a
Lorentz_ian distribution, the Width and fr(_equency shift bei.ng ACKNOWLEDGMENTS
proportional to the concentration of point defects. Plotting
the inhomogeneous width and the low-temperature line fre- The authors would like to thank F. Auzel, T. T. Basiev, V.
quency of samples-D as a function of S/ concentration V. Fedorov, and A. Ya. Karazik for loan of the samples.
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