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Microwave study of photoconductivity induced by laser pulses
in rare-earth-doped dielectric crystals
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Transient responses of the dielectric permittivity«5«12 i«2 of rare-earth-doped dielectric crystals under
pulsed laser excitation were studied by the 8-mm microwave resonator technique at room temperature. The
fluorite-type crystals (CaF2 , SrF2 , and BaF2) which contained divalent ions of Sm, Eu, and Tm, as well as
Lu2(SiO4)O and Y3Al5O12 doped with trivalent Ce ions were investigated. The dielectric response to a laser
pulse contains two different types of signals: electronic and heating ones. The electronic peak, which is quite
fast ~from 40 to 100 ns or more!, is the signature of electrons released into the conduction band following an
impurity photoionization. The prolonged heating signal has a sawtooth form on which oscillations are imposed.
It is due to modulation of the dielectric constant by a sudden temperature rise and subsequent elastic vibrations
of the sample caused by the energy absorbed from the laser pulse. In different crystals the electronic peak was
caused by the transient response of either«1 , «2 , or a mixture of the two. The modulation of the dielectric loss
factor «2 corresponds to conventional photoconductivity, i.e., the photoexcitation of mobile electrons. The
modulation of the dielectric constant«1 corresponds to the photoexcitation of ‘‘bound’’ electrons, probably
captured by traps. The threshold energies of photons at which the photoionization of rare-earth ions may occur,
were determined for CaF2 :Sm21 ~3.3 eV! and Lu2(SiO4)O:Ce31 ~3.1 eV!. In fluorite-type crystals doped with
Sm21 or Tm21 ions, the significant reduction of a lifetime of electrons in a conduction band was revealed with
an increase in energy of laser pulses. In SrF2 :Eu crystal the record-high signals of ‘‘photoconductivity’’ were
observed upon excitation by VIS light in the optical region of ‘‘transparency’’ of this crystal. The microwave
resonant technique may be used for detail studying the photoionization dynamics of rare-earth ions and finding
the location of their energy levels with respect to the host conduction band in doped insulators.
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I. INTRODUCTION

It is well known that high-energy excitations~with UV,
VUV, x, or eveng rays! of rare-earth~RE! ions embedded in
a wide-band-gap crystalline material can lead to ionization
impurities and delocalization of electrons. So, to control
citation and emission mechanisms in luminescent mate
~for mercury-free fluorescent tubes, plasma display pan
VUV detectors in wafer steppers, fast scintillators, tuna
UV or VUV lasers, etc.!, it is necessary to study the quantu
efficiency of the RE ion photoionization process, the lifetim
and mobility of photoexcited electrons, as well as the lo
tion of the RE energy levels within the forbidden band ga

Various experimental approaches have been applied in
past to measure the energy gap either between the val
band and the rare-earth ion ground state (Evg), or between
the rare-earth ion ground state and the conduction b
(Egc) of crystals. ForEvg evaluation, conventional x-ray o
UV photoelectron spectroscopy~XPS or UPS, respectively!,
which are based on kinetic energy measurement of em
photoelectrons, can be used.1 A resonant photoemission tech
nique, combined with a refined and improved electrosta
point-charge model, was recently proved to be a more p
erful tool; however, it needs a tunable VUV excitation sour
such as synchrotron radiation.2 The main obstacle in apply
ing these techniques is the large positive charge generat
the crystal by removing electrons, these charging effects
0163-1829/2004/69~16!/165217~13!/$22.50 69 1652
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ing difficult to suppress or minimize. Furthermore, for ac
vator ions at the beginning of the rare-earth series, wh
contain a small number of 4f electrons, a quite high concen
tration is necessary to carry out the measurement.1–2 On the
other hand, the energy gapEgc between the rare-earth io
ground level and the bottom of the conduction band may
obtainedvia photocurrent measurements. However, in ra
earth doped insulating materials, the weakness of photo
rents to be detected~typically between 10212– 10216 A/cm2)
and polarization problems due to the use of blocking conta
make measurements very delicate.3,4

For the detailed study of the rare-earth ion photoioni
tion and determiningEgc in RE-doped insulators, a micro
wave resonator technique might be used. This ‘‘contactle
technique should be able to detect the dielectric respons
a rare-earth doped crystal inserted in a resonant microw
cavity and irradiated by photons of sufficient energy to
duce the rare-earth photoionization. The first results of p
toconductivity measurements with this microwave method
dielectric crystals were recently reported in Ref. 5. Pre
ously, microwave measurements of photoconductivity w
performed for crystals possessing semiconduct
properties.6–9 For dielectric crystals, however, observab
signals are supposed to be considerably smaller than t
for semiconductors. So, in this case it is necessary to ap
highly sensitive hardware developed for EPR experiment10

In this work we applied such hardware for recording t
©2004 The American Physical Society17-1
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transient responses of the rare-earth-doped dielectric cr
permittivity under pulsed laser excitation of the RE io
4 f n215d states. The resonator method of measurements
microwaves ofl'8 mm was used. We investigated Sm
Eu-, and Tm-doped fluorite-type crystals for which ‘‘phot
active’’ 4f n215d absorption bands are located in the ne
infrared, visible or near ultraviolet spectral range,4 which are
easily accessible with tunable lasers. We also investiga
two scintillator crystals: Lu2(SiO4)O:Ce31 and
Y3Al5O12:Ce31 in which the Ce31 ion photoionization
threshold was previously evaluated at 3.1 eV~Refs. 11–12!
and 3.8 eV,4 respectively, by conventional photoconductivi
measurements.

In Sec. II, the sensitivity of a microwave-resonat
method is estimated and compared with that of a conv
tional photoconductivity method of measurement in a ‘‘co
denser with blocking electrodes.’’ Section III is devoted to
detailed description of the experimental technique. In Se
IV and V, experimental results are presented and discus
Finally, Sec. VI contains brief conclusions of the work.
the paper, equations are expressed in the cgs~centimeter-
gram-second! Gaussian system.

II. SENSITIVITY OF MICROWAVE RESONATOR
TECHNIQUE

To estimate the sensitivity of a microwave-resona
method applied to photoconductivity measurements in
electric crystals we can utilize the theory of EPR and ea
rewrite it for the case of microwave absorption due to diel
tric losses. We will restrict ourselves to the case of a refl
cavity and a linear microwave detector.10,13 It follows that
the sensitivity limit of the microwave technique to detec
change in the dielectric loss factor«2 of the sample is

~D«2!min5
2«1

hQu
S kBTNd f

P0
D 1/2

, ~1!

wherekB is Boltzman’s constant,TN is the noise temperatur
of the microwave detector,Qu is the unloaded quality facto
of the reflex resonator, which takes into account the mic
wave power losses within the resonator with the sample
not the power leakage out of the cavity into the wavegui
P0 is the microwave power dissipated in the resonator,
d f is the bandwidth of the electronic circuit of the sign
recording channel.«1 is the dielectric constant of the sampl
h is the filling factor, which is equal to the ratio of the ener
of the electrical component of the microwave field in t
sample to that in the whole volume of the resonator.h value
may be calculated for a given sample inside the resona9

By an order of magnitude,h is about«1 VS /VC , whereVS
and VC are the volumes of the sample and the resona
correspondingly.10 «156.63 for CaF2 , ~Ref. 14! and the cal-
culated value ofh is about 0.4 for a ‘‘standard’’ sample o
fluorite crystal of d'2.5 mm diameter andh'2.5 mm
height, used in this work.9 Assuming the parameter value
Qu52000, d f5100 MHz, P0520 mW, andTN51000 K,
we obtain (D«2)min;1027.
16521
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Let us estimate the capacity of the microwave method
photoconductivity measurements upon pulsed laser exc
tion of dielectric crystals. IfQ is the quantum efficiency o
an incident photon to generate a photoelectron and if suc
free electron in the crystal conduction band has a mobilitym,
the sensitivity of the technique can be estimated by
evaluation of (Qm)min , the minimum value for which pho-
toconductivity is still detectable. Pulsed laser irradiation w
average powerPlas, repetition rateF, and pulse widtht las,
shorter than the lifetimetel , of the photoexcited electron
into the conduction band, causes an average number of e
trons in the conduction band during the laser pulse equa

Q
Plas

Fhn
, ~2!

wherehn is the energy of each photon of the laser bea
When the transient signal is accumulated and averaged
N laser pulses, from the expressions5nem/VS for
conductivity,15 in which n is the number of electrons in th
sample of volumeVS ande is the electron charge, the min
mum detectable change in the conductivity is

~Ds!min5
AN

Vs

Plas

Fhn
e~Qm!min . ~3!

So, combining Eqs.~1! and ~3!, the minimum detectable
photoconductivity is

~Qm!min5
Fhn

ePlasAN

Vsf 0«1

hQu
AkB TN d f

P0
. ~4!

For its numerical estimation, we use the central frequency
the cavityf 0535 GHz and we assumetel51027 s. For laser
pulses of wavelength 355 nm,t las;1028 s, Plas510 mW,
andF510 Hz and taking for the other parameters the sa
values as before, we get (Qm)min5431028 cm2 V21 s21 af-
ter N510 laser pulses, i.e., for 1 s of signal accumulation.
Note, that with an increase in accumulation time, the se
tivity will grow as ;AN.

Let us estimate the most effective conventional meth
for studying photoconductivity of the same dielectric cryst
‘‘in condenser with blocking electrodes.’’3–4,16–18 In those
experiments, a voltageU is applied to the condenser plate
and the ‘‘leakage’’ currentI through them is measured, upo
illumination of the crystal inside the condenser by photons
energyhn. If Pl is the luminous power reaching the cryst
and if tel is the lifetime of photoexcited electrons into th
conduction band, the average number of electrons prom
into the conduction band is

Pl

hn
telQ, ~5!

and the conductivity is
7-2
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TABLE I. Experimental parameters of the studied crystals.

Sample
h

~cm!

RE
content

~mol. %!

RE21

content
~mol. %!d

green light (l5532 nm) UV light (l5355 nm)

k (cm21) Sel ~V!a Sht ~V!a k (cm21) Sel ~V!a Sht ~V!a Sabs
el /Sdis

el

LSO:Ce31 1.0 0.11c 0 ,0.03 0 0.04 32 2.0 0.1 1/0
YAG:Ce31 0.25 0.89c 0 0.037 0.2 0 5.0 0.8 0.25
CaF2 :Eu 0.215 0.01b 0.009 12 0.5 0.5 1/0
SrF2 :Eu 0.235 0.5b 0.04 ,0.05 3.0 0 ;60 0.4 0.3
CaF2 :Sm ~No. 1! 0.25 0.19c 0.02 2.3 0 0.6 2.1 0.3 0.6 0.5/0.5
CaF2 :Sm ~No. 2! 0.25 0.15c 0.006 0.68 0 0.2 1.4 0.2 0.1
SrF2 :Sm ~No. 1! 0.15 0.21c 0.04 6.6 0.6 <0.1 6.3 1.5 <0.1 0/1
SrF2 :Sm ~No. 2! 0.155 0.17c 0.01 1.9 0.04 0.25 1.6 0.25 0.15
SrF2 :Sm ~No. 3! 0.225 ;0.1b 0.004 0.80 0.02 0.15 0.82 0.2 0.1
CaF2 :Tm 0.25 0.2b 0.002 0.34 0.04 0.04 0.52 0.25 0.04
SrF2 :Tm 0.25 ;0.5b 0.005 0.69 0.02 0.2 0.42 0.15 0.1
BaF2 :Tm 0.25 ;0.5b 0.0005 0.15 0.05 0.1 0.30 0.7 0.15

aSignal amplitudes measured under laser pulses of 1 mJ energy.
bConcentration in the batch.
cConcentration measured by chemical analysis.
dConcentration evaluated by absorption measurements.
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hn
telQ
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Vs
. ~6!

With hc the distance between the condenser plates, the m
mum detectable current is then

I min5
Pl

hn
tele~Qm!min

U

hc
2 . ~7!

In the case of a continuous light source, the sensitivity of
measurement is directly proportional totel . Assumingtel
51027 s and using the experimental numerical values
Refs. 4 and 5, i.e.,I min510216 A, Pl /hn '1014 photons/s,
U'103 V, andhc>1 mm, we find that the photosensitivit
parameter is equal to19 tel (Qm)min>6310217 cm2 V21 and
(Qm)min>6310210 cm2 V21 s21.

Thus, the microwave technique under discussion, ha
sensitivity by about two orders of magnitude less than tha
the conventional method of measurement in a ‘‘conden
with blocking electrodes.’’ However, the study of transie
dielectric response of a crystal on pulses of laser light allo
one to observe the development of the photoconducti
process in time. In addition, the sensitivity of microwa
measurements can be increased by the prolonged accum
tion of a signal with a digital oscilloscope from the larg
numberN of pulses of a laser working in a periodic regim

It should be noted that the microwave technique
studying ‘‘stationary’’ photoconductivity upon illumination
of a crystal by light of continuous laser could not compe
with the conventional method. Indeed the correspond
equation for the stationary microwave measurement is

~Qm!min5
hn

ePtel

Vsf 0«1

hQu
AkBTNd f

P0
. ~8!
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Assuming the accumulation of a signal during 1 s
(d f51 Hz), the P510 mW power of a continuous lase
and the same values of other parameters as above
obtain: tel(Qm)min>10212 cm2 V21 and (Qm)min
;1025 cm2 V21 s21. Thus, the sensitivity of a microwav
technique using a continuous laser is of about two order
magnitude less than that for a pulsed laser of the same m
power. The increase in a signal-to-noise ratio by a fac
;104 due to reduction in a frequency band of the detect
circuit at stationary microwave measurements does not m
up for its decreasing by a factortel

21 because of a shor
lifetime of the photoexcited carriers in the conduction ban
The short and powerful pulse of light from a pulsed las
forms a ‘‘package’’ of electrons in the conduction band o
crystal, while much less intense light from a continuous la
creates the electrons continuously, but their time-independ
concentration is less by a factor of;tel

21 than during the
operation of the pulsed laser.

III. EXPERIMENTAL

In this work we studied Ca, Sr, and Ba fluoride crysta
doped with Eu, Sm, and Tm ions, as well a
Lu2(SiO4)O:Ce31 (LSO:Ce31) and Y3Al5O12:Ce31

(YAG:Ce31) crystals with concentrations of RE ions varyin
from 0.01 to 0.9 mol. %~see Table I!. As-grown fluorite-type
crystals contained only trivalent Sm and Tm ions, and
ions both in divalent and trivalent state. To get a fraction
the samarium and thulium ions in the divalent state, th
fluoride crystals were subjected to additive coloration.20–22

Only CaF2 :Tm was colored byg irradiation from a Co60

source.23 However, most of the RE ions in fluoride crysta
remained trivalent, except for CaF2 :Eu, see Table I. All crys-
tal samples were cut and polished with random crysta
graphic orientation to cylindrical shape ofd'2.5 mm diam-
7-3
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JOUBERT, KAZANSKII, GUYOT, GÂCON, AND PÉDRINI PHYSICAL REVIEW B 69, 165217 ~2004!
eter and various height from 0.8 to 10 mm.
The simplified block diagram of the experimental set-

is shown in Fig. 1. It was built on the basis of a homody
microwave bridge used in EPR spectrometers. The mic
wave source was a;50 mW Gunn oscillator with fixed op
erating frequency which could be manually adjusted in
range 35.3–35.7 GHz. The microwave power from this Gu
oscillator devides between a reference arm~a! and a measur-
ing arm ~b!. In the reference arm, after an attenuator an
phase shifter, the microwave power goes to the refere
input of a mixer diode. The mixer is a phase-sensitive lin
detector,10 for recording weak signals reaching its signal i
put from the measuring arm in phase with the microwave
the reference input. The output voltage of a mixer is prop
tional to the amplitude of the electrical component of t
incident microwave at its signal input. The measuring a
has a cylindrical reflex resonator operating in theTE011
mode. The inner diameter of the resonator cavity
;12 mm. Its height can be adjusted from 5 to 10 mm by
pistons screwed in the top and bottom lids of the resona
The crystal samples were fixed inside a thin-walled tefl
tube which was put inside the resonator cavity through a h
in the upper piston of the resonator.

At first, the measuring arm of the microwave setup w
balanced. The frequency of the Gunn oscillator was fixed
the central frequency of the resonatorf 0 . The match of the
resonator with the waveguide was regulated with a tun
plunger at the end of the waveguide. Approximately co
plete matching of the resonator to the waveguide,b'1 ~see
below!, was achieved, so that the microwave power reach
the signal input of the mixer was nearly zero. This balan
was monitored by a square-law detector which was
through a coupler in the measuring arm. Then, the sam
were irradiated by pulses of laser light through a hole in
bottom piston of the resonator.

Four different lasers with 10 Hz repetition rate and 15
pulse width were used. A frequency doubled or tripl

FIG. 1. Simplified block diagram of the experimental setup;~a!
reference arm,~b! measuring arm. The resonator is shown with
sample inside. Oscilloscope I is used for monitoring the balanc
the measuring channel. Oscilloscope II is used for recording
transient signal.
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Nd:YAG laser was used for fixed green (l5532 nm) or UV
(l5355 nm) light generation. Spectral dependencies w
obtained with an excimer~308 nm! pumped dye laser for
wavelength generation between 350 and 410 nm an
pulsed Nd:YAG pumped OPO laser for wavelength gene
tion between 460 and 670 nm. The frequency-doubled ou
beam from a pulsed Nd:YAG pumped tunable dye laser w
also used for measuring spectral dependencies in the 2
420 nm wavelength range. In this case, BBO and KDP cr
tals were used for frequency doubling and it was necessar
realign the laser beam reaching the sample for each mea
ment.

The irradiation by laser pulses of a sample inserted in
resonator cavity resulted in a disbalance of the measu
arm and the occurrence of a transient signal reaching
detectors. The output signal from the mixer was amplified
a broadband amplifier with the high-frequency passband
100 MHz and then visualized and averaged through a dig
oscilloscope synchronized with the excitation laser. Usua
300 pulses were taken for each measurement. The l
frequency passband of the amplifier was 1 MHz, resulting
some distortion of the waveform of ‘‘slow’’ signals. So, fo
recording such signals, another amplifier with a bandpas
0.005–20 MHz was used. The experimental data discus
in Secs. IV and V are normalized to the same gain~1000! for
both amplifiers. To eliminate the ‘‘dragging’’ pulse signals
time, we employed a resonator with a rather low unload
quality factorQu , of about 2000. The transient time of ele
tromagnetic field in the resonator was;t res5Qu /p f 0(1
1b) '9 ns.

The signal in the measuring arm is formed upon reflect
of microwaves from the reflex resonator with a sample. T
complex reflection coefficient for the electrical component
the microwave field is given by10

Rrefl
E ~ f !5

Ērefl~ f !

Ēinc

5
z̄R2 z̄L

z̄R1 z̄L

'
12b

11b
1 i

4bQu

~11b!2

f 2 f 0

f 0

,

~9!

whereĒrefl and Ēinc are the complex amplitudes of the ele
tric field of the reflected and incident waves, respectively,z̄R
andz̄L are the complex characteristic impedances of the re
nator and the waveguide, andb is the coupling coefficient of
the resonator with the waveguide. The approximate equa
on the right side of Eq.~9! holds for our measurements
which were carried out near the resonance freque
f ' f 0 . When the resonator is matched to the wavegu
b51 and there is no reflected wave at the resonance
quencyĒrefl( f 5 f 0)50. Depending on the phase adjustme
of the phase shifter in the reference arm, it was possible
continuously readjust the setup to record the real or ima
nary parts of a reflected wave and to get the microwa
signals in either absorption, dispersion, or mixed mode.

Using the relation

db/dQu5b/Qu , ~10!

of
e

7-4



ic

t

in
t
a

le
o
o
p
s
t

ju
a

av
o

pl
r

or
-
a

-la
or
th
er
th

t
w
in
o

p
a

a

e
ri-

s it
the
rre-

the

pro-

the

and
nite
an

the

d
ght
tion
the

t

ion
to

es

MICROWAVE STUDY OF PHOTOCONDUCTIVITY . . . PHYSICAL REVIEW B69, 165217 ~2004!
we can find the signal in absorption mode near match, wh
corresponds to a change in theQ factor of the resonator by
dQu :

Sabs
E ;uĒincu

]R
refl

E ~ f 5 f 0 ,b,Qu!

]b
b

dQu

Qu

52uĒincu
2b dQu

~11b!2 Qu
. ~11!

The signal in dispersion mode corresponds to a change in
central frequency of the resonator byd f :

Sdis
E ;uĒincu

]R
refl

E ~ f ,b,Qu!

] f
d f 5 i uĒincu

4bQud f

~11b!2f 0
. ~12!

The amplitude of the recorded signal grows with an
crease in the microwave power dissipated in the resona
Therefore all the accessible power from Gunn oscillator w
utilized in the experiments. However, most of the samp
studied had dielectric losses and were warmed in the str
microwave field inside the resonator. The laser irradiation
the samples also caused their heating. When the sam
were warmed, their dielectric constant was varied and, a
consequence, the central frequency of the resonator with
sample was shifted. Accordingly, it was necessary to ad
the frequency of Gunn oscillator. The settling time of
sample temperature after switching on both the microw
power, and the laser operating in a periodic regime was ab
1 min. The frequency drift of the resonator with the sam
during the experiment made it impossible the prelimina
tuning of the setup to measure the signals exactly in abs
tion ~or dispersion! mode with the mixer. However, the ‘‘in
tense enough’’ transient signals were recorded and their
sorptive and dispersive parts evaluated with the square
detector in the measuring arm of the setup, see Fig. 1. F
square-law detector the output voltage is proportional to
power of microwave at its input. For the microwave pow
the frequency dependence of the reflection coefficient of
cavity is given by10

Rrefl
P ~ f !5

Prefl~ f !

Pinc
512

4b f 0
2

~11b!2f 0
214~ f 2 f 0!2Qu

2 ,

~13!

where Pinc and Prefl are the microwave power inciden
and reflected from the resonator. For measurements
the square-law detector, we used the weak coupl
b50.3– 0.5. The study ofRrefl

P ( f ) dependence allows us t
find experimental values ofb and Qu , using the relations
Rrefl

P ( f 5 f 0)5@(12b)/(11b)#2 and Qu5(11b) ( f 0 /D) ,
whereD is the full-width at half maximum of theRrefl

P ( f )
dependence, see Fig. 2. The laser irradiation of the sam
inside the cavity might result in a change in both the reson
frequency of the cavity byd f ~dispersion mode! and theQ
factor bydQu ~absorption mode!. If these effects persist long
enough after a laser pulse~in the case oftel>t las>t res), the
frequency dependence of the recorded signal with the squ
law detector is given by
16521
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Sabs
P ~ f !5S b

]Prefl~ f ,b,Qu!

]b
1Qu

]Prefl~ f ,b,Qu!

]Qu
D dQu

Qu

~14!
for the ‘‘pure’’ absorption mode and

Sdis
P ~ f !5

]Prefl~ f !

] f
d f ~15!

for the ‘‘pure’’ dispersion mode. The typical view of thes
two functions are presented in Fig. 2. Usually, the expe
mental signal was the mixture of the two. Its study make
possible to extract the amplitude values of the signal in
absorption and dispersion modes and to determine the co
sponding values ofdQu andd f to an accuracy of620%. In
our case the recorded signal is the result of a change in
dielectric permittivity «5«12 i«2 of the sample irradiated
by laser pulses inside the resonator. Having made the ap
priate calculations,9 using the experimental values ofd f and
dQu we may determine the corresponding changes in
dielectric constantD«1 and the dielectric loss factorD«2 of
the sample under laser irradiation.

The experimental data on signal amplitudes presented
discussed in the next sections correspond to the defi
changes in the dielectric permittivity of the samples. By
order of magnitude, the amplitudeSabs51 V of the signal in
absorption mode corresponds to the change in theQ factor of
the resonator bydQu /Qu;20.01, and the amplitudeSdis
51 V of the signal in dispersion mode corresponds to
shift of the central frequency of the resonator byd f ;
20.1 MHz. For ‘‘standard’’ cylindrical samples of dope
fluorite-type crystals of 2.5 mm diameter and 2.5 mm hei
placed in the center of the resonator, signals in absorp
and dispersion mode of 1 V amplitude correspond to
changes in real and imaginary parts of the permittivity (D«1
and D«2 , respectively! by an order of magnitude of abou
1024.

FIG. 2. ~a! Calculated frequency dependence of the reflect
coefficientRrefl

P of the reflex cavity in the frequency range close
its resonance frequencyf 0 for parameter values off 0535 GHz,
Qu51500, andb50.4. ~b!, ~c! Calculated frequency dependenci
of signals in absorption~b! and dispersion~c! mode when measured
with a square-law microwave detector.
7-5
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IV. EXPERIMENTAL RESULTS

Figures 3 and 4, on different time-scales, show osci
scopic traces of signals registered with the mixer
CaF2 :Sm ~No. 1! crystal, see Table I, upon excitation wit
the frequency doubled or tripled Nd:YAG laser pulses. Bo
laser beams@green (l5532 nm) and UV (l5355 nm)]
were collinear and equalized in intensity, and the phase
microwaves in the reference arm was not changed w
switching measurements from green to UV light. It is impo
tant to note, that this sample has approximately the sa
transmission;50% for both UV and green light, thereby th
distribution of light energy absorbed in the crystal, was a
proximately identical for these laser beams. In both ca
the same prolonged oscillations of the signal with a period
about 0.6msec were observed. The oscillations of the sig
are accompanied by beatings, probably, due to superpos
of two or more simple harmonic modes with close freque
cies and rather long decay time,;1 msec, see Fig. 4. Thes
oscillations are imposed on a sawtooth base signal wh
‘‘jumps’’ at a laser pulse and slowly decays, but for a mu
longer time of 100 ms, just to the next laser pulse.

There is only one difference between the oscillosco
traces of Figs. 3~a! and 3~b!. Upon excitation by UV light, an
additional ‘‘peak’’ was observed at ‘‘starting’’ timet;0. Fur-
ther on, we will refer to such peaks as the ‘‘electronic’’ si
nals, and the sawtooth base signals, accompanied by os
tions as the ‘‘heating’’ signals.~Detailed discussion of the
nature of both signals is given in Sec. V!. The heating signals
appeared to be linearly dependent on the intensityI of laser
light and were observed in all crystals studied. The osci
tion parameters of the heating signal depend on the
crystal and on the size and the shape of the sample,
Fig. 5. The study shows that the heating signals are only s

FIG. 3. Transient dielectric responses of CaF2 :Sm ~No. 1! crys-
tal on laser pulses of~a! UV (l5355 nm) light and~b! green (l
5532 nm) light of different energy:~a! A20.5 mJ, B20.25 mJ,
andC20.1 mJ; ~b! A21 mJ, B20.3 mJ, andC20.1 mJ.
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in the dispersion mode and that the electronic peaks ma
seen in any mode depending on the crystal.

In CaF2 :Sm ~No. 1! the electronic signals have comp
rable intensities in both absorption and dispersion mod
Their intensity dependence versus laser power is sublin
(Sel;I x, wherex,1). This results in predominance of th
electronic signal, relatively to the heating signal, at sm
light intensities, see Fig. 3~a!. The study of CaF2 :Sm ~No. 1!
crystal upon excitation by tunable pumped dye laser revea
the fact that the electronic signal in this crystal exists o
under light excitations with wavelengthl,380 nm.

FIG. 4. Transient dielectric response of CaF2 :Sm~No. 1! crystal
on laser pulses of green (l5532 nm) light of;1 mJ energy for
two different time intervals from the beginning of the laser puls
~a! t50 to 9 ms and~b! t50 to 0.45 ms.

FIG. 5. Transient heating signals of doped SrF2 crystals of the
same diameterd52.5 mm but different heightsh after laser pulses
of green (l5532 nm) light. ~a! SrF2 :Tm, h52.5 mm; ~b!
SrF2 :Sm ~No. 2!, h51.55 mm; ~c! SrF2 :Tm, h50.85 mm. The
signals are distorted due to the amplifier with the low bandp
frequency of;1 MHz.
7-6
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MICROWAVE STUDY OF PHOTOCONDUCTIVITY . . . PHYSICAL REVIEW B69, 165217 ~2004!
A strong electronic signal was observed in the most c
centrated SrF2 :Sm ~0.21 mol. %! crystal upon excitation
with either UV or green light. The heating signal~which is
much weaker! appears only at the highest intensities of la
light. In this crystal the electronic signal is seen only in d
persion mode. It should be noted that the electronic peak
a considerable width, up to about 0.2msec and more at wea
light intensities. Figure 6 shows that it narrows to about
ns at high light intensities, while Fig. 7 shows that its win
expand up to about 200msec and more after the laser puls
The dependence of the electronic signal amplitude on
energy of the light pulses is approximately linear f
extremely weak light, but has a square-root depende
(Sel;AI ) at high light intensities, see Fig. 8. Due to th
narrowing of the electronic peak, the ratio of the intensit
of the electronic signal at its maximum and at its wings~for

FIG. 6. ~a! Normalized transient electronic signals of SrF2 :Sm
~No. 1! crystal after laser pulses of UV (l5355 nm) light of dif-
ferent energy: ~a! 22 mJ, ~b! 20.5 mJ, ~c! 20.11 mJ, ~d!
20.02 mJ, ~e! 20.004 mJ,~f! 20.001 mJ, and~g! 20.0002 mJ.
The arrow shows the heating signal seen only on the curve~a!.

FIG. 7. Transient electronic signals of SrF2 :Sm ~No. 1! crystal
on laser pulses of UV (l5355 nm) light of;0.001 mJ energy for
two different time intervals from the beginning of the laser pul
~a! t50 to 8 ms and~b! t50 to 0.8 ms.
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signal measured with delay of 0.1msec or 0.3msec after the
laser pulse, see Fig. 8! increases with the intensity of th
laser light. The dependence of the electronic signal am
tude on the wavelength of laser light in the range from 460
670 nm is presented in Fig. 9.

The well-defined sublinear dependence of the electro
signal amplitude versus the laser light intensity was obser
for all Sm- or Tm-doped fluorite-type crystals studied.

In contrast, for CaF2 :Eu, a superlinear dependenc
Sel;I 1.5, was found. In addition, the electronic peak w
seen only in absorption mode. Therefore, by readjusting
phase-shifter in the reference arm of the setup, it was p
sible to single out either the heating signal or the electro
peak. In Fig. 10, the oscilloscopic traces observed eithe
dispersion or absorption mode are shown for low~0.2 mJ!
and high~1 mJ! energies of UV laser pulses.

Unexpectedly strong electronic signals were obser
upon excitation of SrF2 :Eu ~0.5%! crystal by pulses of green

:

FIG. 8. Experimental~dots!, interpolating ~solid lines!, and
extrapolating linear~dot line! and square-root-law~dash line! de-
pendences of the intensity of electronic signal versus the energ
laser pulses of UV (l5355 nm) light for SrF2 :Sm ~No. 1! crystal.
~d! Peak intensities,~j,m! intensities measured with delay of~j!
0.1 msec and~m! 0.3 msec after a laser pulse.

FIG. 9. Wavelength dependence of the amplitude of electro
signal ~dots! and transmission spectrum~solid line! of SrF2 :Sm
~No. 1! crystal.
7-7
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JOUBERT, KAZANSKII, GUYOT, GÂCON, AND PÉDRINI PHYSICAL REVIEW B 69, 165217 ~2004!
light in the range of its optical transparency, where abso
tion coefficientk,0.05 cm21, see Fig. 11. The effect is ob
served in a wide spectral range froml5460 nm up to 620
nm ~Fig. 12! and tends to saturate as the light intensity
creases~Fig. 13!. The time response of the signals in disp
sion and absorption modes following a laser pulse appe
to be different, see Fig. 11. The signal registered in disp
sion mode rises and reaches its maximum value during
laser pulse. The signal in absorption mode grows much m
slowly. The dispersion signal completely decays in ab
0.5 ms, i.e., approximately an order of magnitude faster t
the absorption signal does~5 ms!.

Upon excitation of LSO:Ce31 crystal by laser pulses o
UV light, the electronic peak is clearly seen, but the heat

FIG. 10. Transient dielectric response of CaF2 :Eu crystal on
laser pulses of UV (l5355 nm) light of~a! 1 mJ and~b! 0.2 mJ
energy. The phase of microwaves in the reference arm was tun
dispersion~dash line! and absorption~solid line! modes.

FIG. 11. Transient dielectric responses of SrF2 :Eu ~0.5 mol. %!
crystal on laser pulses of green (l5532 nm) light measured in
absorption~solid line! and dispersion~dash line! modes for two
different time intervals from the beginning of the laser pulse:~a!
t50 to 1 ms and~b! t50 to 4 ms.
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signal is nearly missing, see Fig. 14~a!. This electronic peak
of about 100 ns in width reveals itself only in the absorpti
mode. Its shape does not vary and its amplitude decli
linearly with decreasing energy of the UV pulses by tw
orders of magnitude from 1 to 0.01 mJ. A study of its spe
tral dependence in the range from 532 to 275 nm has sh
that the electronic signal appears upon illumination of
crystal by light of any wavelength in the range of its abso
tion spectrum@l,410 nm~3.1 eV!#,24 with an intensity that
reproduces quite well the photoconductivity spectrum o
tained by conventional technique.12 Upon irradiation by
green light (l5532 nm), only a very weak heating signal
observed at the highest light intensities.

Wave forms recorded for YAG:Ce31 crystal are shown in
Figs. 14~b! and 14~c!. The microwave phase in the referen
arm was tuned to the maximum intensity of the signa
Here, the heating signals were observed only under 355
laser excitation.

The experimental data for all crystals investigated by
citation with the second and third harmonics of Nd:YA
laser are presented in Table I. The data on the content of

to

FIG. 12. ~a! Wavelength dependence of the amplitude of tra
sient electronic signal for SrF2 :Eu(0.5 mol. %) crystal.~b! Interpo-
lation of the experimental dependence.

FIG. 13. SrF2 :Eu(0.5 mol. %) crystal.~a! Amplitude of the
transient electronic signal versus energy of laser pulses of g
(l5532 nm) light~dots!. ~b! Interpolation of the experimental de
pendence~solid line!. ~c! Extrapolating linear dependence~dash
line!.
7-8



e

s

ed
at
t

ab
-l

n
o

th
en
ll

op
st

to
t

ht
s.
th

rt
s

sed
ns

s
al

ic
ity

life-

of
e

m-
by

e’’
of

ap-

ser

on

ta of

za-
nto

uc-

of
nt
old

ed
s
tion

ed
-
ar-

be
an
at

wa
ive
b

MICROWAVE STUDY OF PHOTOCONDUCTIVITY . . . PHYSICAL REVIEW B69, 165217 ~2004!
ions, on the evaluation of RE21 concentration as well as th
absorption coefficients,k, for exciting light with wave-
lengths of 532 and 355 nm are also given. The amplitude
electronicSel and heatingSht signals were collected from
various measurements and, if necessary, were recalculat
an incident energy of 1 mJ per pulse. Estimates of the r
Sabs

el /Sdis
el for some crystals are also presented in Table I

show the fractions of electronic signals observed in the
sorption and the dispersion modes, as revealed by square
detector studies~it was defined thatSabs

el 1Sdis
el 51). It should

be noted that the amplitude of the recorded signals depe
strongly on the position of the sample in the resonator and
focusing practice of the laser beam at the surface of
sample. In addition, the investigated crystals had differ
dielectric losses and were of different optical quality. A
these explains a significant error,650%, in determination of
absolute values ofSel andSht given in Table I.

V. DISCUSSION OF RESULTS

A. Electronic signal

The narrow electronic peaks observed on the oscillosc
as transient dielectric responses of rare-earth-doped cry
on irradiation by pulses of laser light@see Figs. 3~a!, 6, 7, 10,
and 14# obviously correspond to the RE activator ion pho
ionization and to the presence of released electrons in
conduction band of the host following absorption of lig
into the 4f n215d electronic states of the involved RE ion
Thus, the rising front of these electronic peaks is due to
photoionization process which proceeds as follows:22,25–26

RE211\v⇒RE311e, ~16a!

for divalent ions of Sm, Eu and Tm, and

Ce311\v⇒Ce411e, ~16b!

for the trivalent Ce ion. Decay of the electronic signal sta
on completion of the laser pulse, when the reverse proces

FIG. 14. Transient dielectric responses of~a! LSO:Ce31 and
~b,c! YAG:Ce31 crystals on laser pulses of~a!,~c! UV (l
5355 nm) and~b! green (l5532 nm) light of energy of~a! 0.5 mJ
and~b!,~c! 1 mJ. The phase of microwaves in the reference arm
tuned to the maximum amplitude of the signals. The ‘‘negat
kick’’ at 0.25 msec is due to the distortion of the signal caused
bandpass limits~1–100 MHz! of the amplifier.
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Eq. ~16! is carried out, and the electrons, that were relea
into the conduction band, recombine with trivalent RE io
of Sm, Eu, and Tm

RE311e⇒RE21 ~17a!

or with tetravalent Ce ion

Ce411e⇒Ce31. ~17b!

Thus, the initial charging state of impurities is restored.
The most clear results were obtained with the LSO:Ce31

crystal, see Fig. 14~a!. The electronic peak linearly depend
on the intensity of the UV laser pulses. It is a ‘‘pure’’ sign
of microwave absorption. Thus, photoionization of the Ce31

impurity in LSO:Ce31 results in the occurrence of dielectr
losses which can be explained by electronic conductiv
arising in the crystal due to laser pulses. The estimated
time of electrons in the conduction band of LSO istel
'100 ns. The electronic signal appears upon illumination
LSO:Ce31 by light of any wavelength in the range of th
4 f→5d absorption spectrum of Ce31 ions. Its wavelength
dependence is in perfect agreement with the roo
temperature photoconductivity spectrum obtained earlier
the conventional method of photocurrent measurement.12

In CaF2 :Eu, the observed electronic peak is also a ‘‘pur
signal of microwave absorption. The estimated lifetime
electrons in the conduction band of CaF2 :Eu is tel'40 ns.
Now, the 355 nm wavelength of the laser corresponds
proximately to the center of the first 4f 7→4 f 65d absorption
band,4,27 and the intensity of the electronic peak versus la
intensity shows thatSel increases asI 1.5. As the probability
of excitation of a system by a two-step process depends
the light intensity as the power lawI x, wherex can vary
from 1 to 2 depending on the parameters of the system,28 this
superlinear dependence, apparently, shows that two quan
UV light are required for the photoionization of Eu21 ions in
CaF2 :Eu. This can be called an excited-state photoioni
tion. The first absorbed quantum excites this divalent ion i
the 4f 65d(eg) manifold of the 4f 65d configuration and then
the second quantum may bring an electron into the cond
tion band. It is not surprising that, under 355 nm~3.5 eV!
irradiation, two quanta are needed for the photoionization
Eu21 ions in CaF2 :Eu because conventional photocurre
measurements indicated that the photoconductivity thresh
is located at 3.8 eV~326 nm! in this crystal.4 Moreover,
efficient excited-state absorption from the lowest localiz
4 f 65d states of Eu21 in CaF2 :Eu has been found by mean
of the pump-probe technique and interpreted as transi
from these 4f 65d(eg) states to the conduction band.27

The dielectric responses of YAG:Ce31 crystal on pulses
of UV light are rather similar to those observed for dop
fluorite-type crystals, see Fig. 14~c!. There is a strong elec
tronic signal and a heating signal accompanied by its ch
acteristic oscillations with a period of about 0.7msec. The
lifetime of an electron in the conduction band proved to
;100 ns. An unexpected thing was the observation of
electronic signal upon excitation by pulses of green light
the long-wavelength edge of the 4f→5d absorption transi-
tion of Ce31 ions,29 see Fig. 14~b!. At such excitation the
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heating signal is nearly missing, because of very weak
sorption of green light, see Table I. Thus, the photoionizat
efficiency under green light excitation appeared to be m
higher than that of UV light by an order of magnitude. As
the case of CaF2:Eu21, such electronic signal is also suppo
edly due to a two-step photoionization. Indeed, the propo
energy level diagram for Ce31 in YAG:Ce indicates that the
absorption of two quanta of green~532 nm! light may bring
Ce31 electron up into the conduction band.29

The electronic peak is clearly present in the dielectric
sponses of CaF2 :Sm crystals on pulses of UV light, but ab
sent when laser pulses of green light of the same energy
applied, compare Figs. 3~a! and 3~b!. Our study has shown
that the photoexcitation of electrons in the conduction ba
of CaF2 :Sm can only be realized by light withl,380 nm.
Thus obtained, the threshold energy of the photoioniza
process for Sm21 ions in CaF2 , 3.3 eV, significantly exceed
the edge of the 4f 6→4 f 55d absorption band which is lo
cated at 1.8 eV.4 The threshold value found here does n
confirm the photoconductivity spectrum presented in Ref
but is close enough to the theoretical value~3.6 eV! calcu-
lated in the same paper. In SrF2 :Sm crystals the photoion
ization of Sm21 ions is possible upon light excitation in th
whole range of 4f 6→4 f 55d absorption spectrum of thes
ions. However, Fig. 9 shows that the efficiency of this p
cess grows with an increase in the excitation energy from
long-wave edge of the absorption band (l5700 nm). The
photoexcitation of electrons into the conduction band
green light is possible in all fluorite-type crystals, doped w
Tm21 ions ~see Table I!. It can be stated, that the process
photoionization of both Sm21 and Tm21 ions requires only
one quantum of light for its realization. This follows from
the linear dependence of the electronic signal amplitude
sus the excitation intensity for extremely weak light flow
see Fig. 8.

The unexpected result of our study is the sublinear dep
dence of the amplitude of the electronic peak and its not
able narrowing with an increase in energy of laser pulses
all investigated fluorite-type crystals activated by Sm21 and
Tm21 ions. Let us examine the results obtained for CaF2 :Sm
crystal, see Fig. 3~a!. The amplitude of heating signals
proportional to the energy of light absorbed by the crys
and because of that, linearly increases with an increas
energy of laser pulses. On the contrary, the amplitude of
electronic peak is saturated by increasing intensity of lig
The nonlinear phenomena are also clearly seen in SrF2 :Sm
~No. 1!, see Fig. 8. Moreover, for this crystal the lifetime
electrons in the conduction band appears to increase sig
cantly, from 50 to 200 ns and more~see Fig. 6! by decreasing
the intensity of laser light from 2 to 231024 mJ. These
phenomena cannot be explained by saturation of absorp
in these crystals or their heating by powerful laser puls
Indeed, the sample warming at the highest intensity of la
light did not exceed 20 K, see Sec. V B. And depopulation
the ground state of RE ions after laser pulses did not exc
10% of the total concentration of the involved RE ions.
this stage, it is interesting to note that the change in
dependence of the photoconductivity on the light intens
from linear to square-root law with increasing intensity
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light, see Fig. 8, is characteristic of noncrystalline~semicon-
ducting! materials.30 There, the recombination mechanism
excess~photoexcited! carriers changes from monomolecul
to bimolecular with an increase in their photogeneration ra
In our case, however, the nonlinear phenomena obser
probably, testify to the fact that electrons, released into
conduction band as a result of photoionization of RE imp
rity in accordance with Eq.~16a! are not free, but appear t
be bound, captured by traps with their energy levels be
well below the ‘‘mobility edge.’’30 From the traps they can
be thermally evaporated back into the conduction band.
reasonable to assume, that the bound electrons do not pa
pate in the recombination process of Eq.~17a!, and their
thermal excitation to the conduction band requires some t
which depends on the depth of the trap~deep or shallow!.
The lifetime of carriers bound on traps, probably, also de
mines the decay time of the electronic signal after the pu
of laser light. With increasing the energy of laser pulses,
total concentration of electrons released into the conduc
band is also increasing and the deep traps are gradu
filled. From the shallow traps, the electrons are easily fr
ing, recombining fast with the trivalent RE ions in acco
dance with Eq.~17a!.

These suppositions about bound electrons also allow u
explain the fact that in fluorite-type crystals the electron
signal usually has appreciable contribution of dispers
mode. The most interesting case is SrF2:Sm21 ~No. 1! crys-
tal, where the dielectric response is only observed in
dispersion mode. Here, the photoexcitation of electrons
the conduction band results only in an increase of pola
ability of the crystal, but not in photoconductivity. The ele
trons appear to be limited in their movement space, proba
captured by traps. From the value of an electronic dispers
signal (Sdis

el 51.5 V recorded upon illumination by pulses o
UV laser light with energy of 1 mJ!, it is possible to get a
lower estimate of the increaseDabound of the sample polar-
izability due to these bound electrons:

Dabound>D«1VsY4p
«112

3
nph;10223 cm3, ~18!

if we assume thatQ, the quantum efficiency of photoioniza
tion process, is equal to unity~see Sec. II!. It should be
noted, that because of sublinear dependence of the elect
signal on the intensity of the excitation light, see Fig. 8, t
estimate has to be, in fact, by one or two orders of magnit
higher than that given by Eq.~18!. On the basis of this esti
mate and the fact that, certainly,Q,1, it is possible to ex-
pect, that the radius of the orbit of an electron bound to a t
covers a few lattice constants.

Such electron traps could be formed by extended def
in a crystal lattice. It is also possible that the traps are form
by clusters or cluster ‘‘grains’’ which exist in fluorite-typ
crystals doped with RE ions in concentration of 0.1 mol.
or more.31,32 These impurity clusters, appear to conta
only trivalent and not ‘‘photoactive’’ divalent RE ions whic
are supposed to form the simple cubic centers statistic
distributed in the fluorite crystal lattice.9,31,33It is interesting
to note that electronic traps appear to be absent, and ph
7-10
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MICROWAVE STUDY OF PHOTOCONDUCTIVITY . . . PHYSICAL REVIEW B69, 165217 ~2004!
excited electrons to be free, if there are no clusters, as
can assume for CaF2 doped with Eu ions in low concentra
tion of 0.01 mol. %. Note that the electronic signal in t
latter crystal is seen only in the absorption mode, see Tab

In SrF2 :Eu ~0.5 mol. %! irradiated by pulses of gree
light in the optical ‘‘transparency’’ range of the crystal,
strong electronic signal is present in the dispersion mode,
Fig. 11~a! and Table I. The appropriate estimates of polar
ability of the photoexcited bound electron in this case giv
‘‘gigantic’’ value of Dabound>10219 cm3. Upon termination
of a laser pulse, the signal in the dispersion mode start
decay and that in the absorption mode is continuing to
crease, see Fig. 11~a!. Such behavior of the signal in th
absorption mode, possibly, testifies to releasing of initia
bound photoexcited electrons. It follows from Fig. 11~b! that,
less than 1 ms after the laser pulse, the bound electrons
appear and only the free ones remain for a longer time
about a few ms. The effect exists in a wide spectral rang
excitation light and saturates with an increase in intensity
light, see Figs. 12 and 13. All these facts, are probably e
dence of complex color centers existing in SrF2 :Eu ~0.5
mol. %! crystal in extremely small concentration. The o
served signal in the dispersion mode, probably, correspo
to excitation of these centers into a metastable state by l
light, and the signal in the absorption mode to the subseq
~thermal! ionization of the centers and formation of the m
bile charged particles~electrons!. This process is convertible
and its cycle lasts about 4 ms. Such complex color center
fluorite-type crystals doped with europium ions were u
known before. However, rare-earth-associated color cen
that show large photochromic effects were found in Ca2
doped with La, Ce, Gd, or Tb.26 Thus far, one could no
exclude the possible formation of similar aggregates
SrF2 :Eu.

B. Heating signal

It is natural to ascribe the saw-tooth signal~that arises at
the moment of action of a laser light and that is accompan
by oscillations persisting a long time after the termination
a laser pulse, see Figs. 4 and 5! to the process of dissipatio
of laser energy absorbed in the volumeVS of a crystal. In-
deed, during the short laser pulse, the absorbed light en
causes a ‘‘thermal impact’’—‘‘instant’’ warming up of th
crystal. However, the corresponding thermal expansion o
sample develops with the propagation velocity of elas
waves, i.e., it goes relatively slowly and persists after
laser pulse. The stored light energy causes crystal vibrat
accompanied by a change in its form and local changes i
dielectric constant. These periodic oscillations of the para
eters of the crystal placed in the microwave resonator ind
the oscillating heating signals in the measuring arm.

Since the dielectric constant of a substance is a func
of temperature, the ‘‘instant’’ warming of a sample durin
the action of a laser pulse results in a steplike change in
dielectric constant, which may be observed as the co
sponding steplike signal in dielectric response of the sam
recorded in dispersion mode. In a stationary regime o
periodic chain of laser pulses, the dielectric constant retu
16521
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to some definite value at the start of each successing l
pulse. On the whole, the observable heating signal ha
sawtooth shape with a period equal to that of the chain
laser pulses~10 Hz!, on which the oscillations caused b
elastic vibrations of the crystal after each laser pulse
imposed. Measurements show that the heating signals
seen only in the dispersion mode. This fact is in accord w
the above suggestions about the special role which the
electric constant and its temperature dependence play in
mation of the heating signal.

It is interesting to note, that an ‘‘instant’’ heating of
‘‘standard’’ fluorite-type crystal which absorbed the ener
J51 mJ of a single laser pulse does not exceed

DT5
JMs

rsVscP
,0.03 K, ~19!

in which Ms is the molecular weight of the crystal,rs is its
density, andcP its heat capacity. From the value ofDT found
and the temperature dependence of the dielectric consta15

it follows that the expected value of the amplitude of t
sawtooth heating signal is equal toSdis

ht ;0.3 V, in accor-
dance with the experimental data of Table I by an order
magnitude. The experimental estimates of the time of es
lishment of the sample temperature, see Sec. III, lead to
conclusion that the average temperature of the crystal irr
ated by a periodic chain of laser pulses raises much more
to 20 K.

Let us look at elastic vibrations of a crystal in details. T
equation for elastic vibrations is15

rs

d2rW

dt2
5~c112c1222c44!F]2u

]x2 iW1
]2v
]y2 jW1

]2w

]z2 kW G
1~c1212c44!grad divrW 2c44rot rotrW , ~20!

whererW 5u iW1v jW1wkW is the displacement vector andc11,
c12, and c44 are the elastic constants. If the condition
elastic isotropyc112c1252c44 ~Ref. 15! is satisfied, one
longitudinal stretching wave and two transverse shear wa
should spread in the crystal. The speed of the waves doe
depend on a propagation direction.

In our experiments the elastic waves were excited
pulses of laser light in cylindrical samples having rath
moderate absorption coefficient values. This fact allows u
assume nearly uniform instant warming of a sample in all
volume during the laser pulse. Under condition of elas
isotropy, mainly the longitudinal waves should be excited
this case. For longitudinal waves rotrW 50. After the replace-
ment rW 52gradw,34 Eq. ~20! transforms into the well
known wave equation10

rs

d2w

dt2
5~c1212c44!Dw. ~21!

For the cylindrical samples studied, the most interesting
bration modes are the three with the lowest frequencies.

~a! Vibrations ofL01 type, axial stretching mode~stretch-
ing along the axis of a cylindrical sample!. The wave equa-
7-11
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tion solution is w01;sin@(p/h) z#. The amplitude of the
sample vibrations isrW ;cos@(p/h) z# (zW/z) and the period is
T0152h/vL .

~b! Vibrations ofL10 type, radial stretching mode~stretch-
ing along the radius of a cylindrical sample!. The wave equa-
tion solution isw10;J0(kcr ). The amplitude of vibrations is
rW 5rW (r );J1(kcr ) (rW/r ) and the period is T10
5(p/1.841) (d/vL) .

~c! Vibrations of L11 type, ‘‘breathing’’ mode. The wave
equation solution isw11;J0(kcr )sin@(p/h) z#. The amp-
litude of vibrations is rW ;2kcJ1(kcr )sin@(p/h) z# (rW/r)
1 (p/h) J0(kcr)cos@(p/h) z# (zW/z) and the period is T11

5(d/vL)/A(1.841/p)21(d/2h)2. Here,vL is the velocity of
a longitudinal wave,kc (d/2) 51.841 is the first root of the
equation (d/dx) J1(x)50, J0 andJ1 are Bessel functions o
the first kind, 0<z<h, and 0<r<d/2.

The oscillations of heating signals, observed in all t
fluorite-type crystals studied can be ascribed to the domin
contribution ofL11 ‘‘breathing’’ mode. The experimental pe
riod values of the strongest oscillations are equal toT11
50.5660.01ms for several doped CaF2 samples of h
'2.5 mm height. The periodT11 is equal to 0.7060.02 and
0.5560.02ms for SrF2 samples ofh'2.5 and 1.55 mm,
respectively, and 0.8360.04ms for the BaF2 sample ofh
'2.5 mm. These values do not depend on the type of
activator ions in the crystals. In a thin disc of SrF2 :Tm of
h'0.8 mm, two different vibrational modes with differen
periods were observed. We identify these as theL11 mode
with T1150.2860.02ms and theL10 mode withT1050.85
60.02ms. These data made it possible to estimate
propagation velocities of longitudinal waves in the CaF2 ,
SrF2 , and BaF2 crystals studied. They are listed in Table
together with other parameters taken and calculated f
Ref. 33. With an accuracy of610% the estimated velocity
values are in agreement with the theoretical values ofvL

5A(c1212c44)/r0 defined by Eq.~21!, see Table II.
It should be noted, that because of the specific focus

details of the laser beam on the sample surface and the
sorption of laser light inside the samples, warming un
pulses of laser light was not uniform throughout the volu
of the samples. Therefore, the excitation of shear ela

TABLE II. Anisotropy factor and velocities of elastic waves
fluorite-type crystals.

CaF2 SrF2 BaF2

2c44/(c112c12),
a (1011 dynes/cm2) 0.562 0.778 1.211

Ac11/r0,a (105 cm/s) 7.177 5.459 4.085
Ac44/r0,a (105 cm/s) 3.249 2.747 2.273
A(c1212c44)/r0,a (105 cm/s) 5.920 5.048 4.300

vL , (105 cm/s) 5.960.1b 4.760.2b 3.960.3b

5.360.3c

aElastic constants are from Ref. 33.
bCalculated values from the experimental data of this work for
samples withh51.5– 2.5 mm.

cCalculated values from the experimental data of this work for
sample withh50.8 mm.
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waves was also possible. The increase in number of ac
vibration modes, seems to be capable of explaining the e
tence of two or several elastic waves with close frequenc
that form beats in the oscillatory heating signals, see Fig
and 5. The shear waves have also to be considered bec
of the fact that in cubic fluorite-type crystals the anisotro
factor A52c44/(c112c12) is not unity, as it should be for
elastic isotropy, see Table II. In this case, the division
elastic waves into longitudinal and transverse modes is o
possible for propagation along the main crystallograp
axes of the crystal.15 For example, for elastic waves propa
gating in the@100# direction, the velocity of the shear an
longitudinal waves is equal tovT5Ac44/r0 and vL

5Ac11/r0, respectively. The experimental velocity valu
obtained in our work are between these two extremes,
Table II. Thus, the elastic vibrations~observed in our fluorite
samples of a random crystallographic orientation! were of
mixed ~longitudinal-transverse! modes. For their exact de
scription, obviously, it is necessary to find an exact solut
of Eq. ~20!.

VI. CONCLUSIONS

An experimental technique based on the detection of
dielectric response of a rare-earth doped insulator placed
a microwave resonator and irradiated by pulses of laser l
is offered to measure the rare-earth photoionization thre
olds in doped dielectric crystals. This technique does
present higher sensitivity than the conventional method
photoconductivity measurements ‘‘employing a conden
with blocking electrodes.’’ However, it makes it possible
record the transients in the dielectric permittivity of dop
crystals during and after the excitation light pulses and, th
to study the photoconductivity process dynamics.

In dielectric fluorite-type crystals doped with divale
ions of Sm, Eu, and Tm, and also in oxide LSO and YA
crystals doped with trivalent Ce ions, sufficiently strong s
nals of electronic ‘‘photoconductivity’’ were observed upo
photoexcitation of the rare-earth activator into 4f n21 5d ab-
sorption bands. The electronic ‘‘photoconductivity’’ sign
was usually observed on a background of an oscillating h
ing signal. The lifetime of photoexcited electrons in the co
duction band of the dielectric crystals studied appears to v
from 40 up to 100 ns or more. In different crystals, t
photoionization of RE impurity can provide both free an
bound electrons. In the former case, the correspond
change in the dielectric loss factor«2 and in the latter the
change in the dielectric constant«1 of the sample induces a
electronic signal. The bound states of photoexcited electr
in fluorite-type crystals are obviously formed by electro
captured by traps. The sublinear growth of the amplitude
an electronic signal and decrease of the lifetime of photo
cited electrons with an increase in the intensity of la
pulses could be explained by filling deep traps. From shal
traps, the electrons are easily thermally evaporated into
conduction band and, after recombination with the cu
RE31 centers, restore an initial charge state of RE impuriti

It is interesting to note that electronic traps appear to
absent, so that photoexcited electrons remain free, prov

e

e
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there are no defect clusters. This is the case for CaF2 doped
with a low concentration~0.01 mol. %! of Eu ions. The pho-
toconductivity of free electrons was also observed
LSO:Ce31 crystal. The study of spectral dependences
electronic signals allows us to find the threshold values
the photoionization energy of RE ions. Such measurem
were fulfilled for CaF2 :Sm21 and LSO:Ce31 crystals indi-
cating threshold values at 3.3 and 3.1 eV, respectively.

The change of dielectric permittivity per absorbed pho
was found in SrF2 :Eu under laser pulses of VIS light in th
‘‘transparency’’ optical spectrum range of the crystal. T
phenomenon is possibly due to photoactive color centers
sociated with Eu ions, which exist there in rather small co
centration and have been unknown before.
.
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Powerful laser pulses used in the experiments mak
possible to observe photoionization of doped dielectric cr
tals via a two-step absorption process. Such excited-s
photoionization was observed in CaF2 :Eu21 and, possibly,
in YAG:Ce31 crystals.
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