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Polarons generated by laser pulses in doped LiNb®
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The temporal behavior of polarons generated by pulsed illumination of LiNb{stals doped with Fe,
Fe+Ti, and Cu is examined by detecting the light-induced absorpijoim a pump-probe experiment. The
decay of the polarons is satisfactorily described by a stretched exponential function over a temporal range of
six decades. This fact is attributed to the dependence of the polaron lifetime on the distance to the nearest deep
traps or to the disorder in LiNbQ The dependence of the amplitude and dynamics of the light-induced
absorption on the pump intensity are explained within the framework of these models. The wavelength depen-
dence ofg; displays a maximum at about 740 nm, revealing the optical excitation of small bounﬁ[F Nb
polarons. Temperature-dependent measurements in the range 293—-473 K reveal an Arrhenius behavior with an
activation energy of abolE,=0.38 eV.
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[. INTRODUCTION into the conduction band where they are redistributed. A

Single crystals of doped lithium-niobat&iNbO,) have space-charge grating occurs when the charges fall back into
received much attention due to their suitability for a widethe deep traps. In comparison to the common one-step re-

range of practical applications. Most notable is the possibil—Cording process this grating obviously can not be influenced

ity to record and fix volume phase holograms. Thus it is aby the reading light—i.e., by red or IR light. Thus the holo-

promising candidate as storage medium for volume holodr@m can be recorded and read out using the same wave-

graphic data storage? a technique which combines high length without erasure during read-out, precluding the need

storage densities with fast data access. This technique maIz%’sr a fixing procedure. The stored electron pattern is stable

 the fact that elect b ited f i e to the two step process, and the lifetime of the written
use orthe fact that €lectrons can be excited from raps—su ologram depends on the dark conductivity of the material

as doping ions in the crystal—into the conduction band byused%l In iron- or copper-doped LiNbg the filled or un-
inhomogeneous illumination. Migration of these charge carsjjoq traps are F&/3* or Cu’?*, respectively? Both, F&*
riers results in a space-charge field, which is an exact reprégng cg have an optical absorption at about 480 Hm.
sentation of the light-intensity pattern. Due to the linear |ntense homogeneous sensitizing light—e.g., a short, in-
electro-optic effect, this space-charge field causes a modulgense laser pulse of sufficiently low wavelength—transfers
tion of the refractive index, which can be read out by homo-glectrons from these deep traps to the intrinsic defegt™Xib
geneous illumination with light of the corresponding wave-(Nb°* on a Li* site), forming a small bound polaron [\L]i6+
length. However, according to the Bragg condition the(Ref. 14 and leaving behind an empty deep trap*Fer
wavelength of the reading and recording light has to beCu?*, respectively. The small polaron has a characteristic
equal. This causes a redistribution of the charge carriers dubroad absorption band in the red and near IR spectral range.
ing read-out, thus completely erasing the space charge fieldolograms can now be written by exciting electrons from the
and the holographically stored data, respectively. In order t(NbLi4+ centerst® The sensitizing illumination is a necessary
overcome this problem a thermal fixing procedure wasprerequisite for the writing of holograms in the red or IR
introduced?~” which requires controlled heating of the stor- spectral range.

age material to temperatures of about 150 °C and results in At room temperature, small polarons are not stable in
nonvolatile space-charge fields stable over very long time&.iNbO5. The electrons relax back into the deep traps on a
scales of about 10-20 yedt.For technical applications, short time scalé® The lifetime of the polarons increases if
however, this procedure is cumbersome and time consuminghe system is cooled, allowing a determination of the po-
As promising alternative, a two-step recording process hakaronic absorption band with optical spectroscopy. For the
been presentetf® During the first step of this process, elec- bound polaron NR** a maximum of the absorption was
trons are excited by illumination with green or blue light measured at about 775 nm at a temperatufe=df00 K. The
from deep into shallow traps, which are energetically closeabsorption is nearly zero at 1300 nm and longer
to the conduction band. In a second step the electrons asgavelengths! Recently the absorption bands of polarons
excited from these shallow traps by red or infratd®l) light ~ were detected at room temperature after pulsed electron
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beam excitatiot?1° and earlier after x-ray irradiatio. The  probe beam transmitted through the sample. To cover a broad
NbLi4+ polaron showed an absorption maximum at 1.6 eV inspectral range, solid-state, diode, and gas lasers with wave-
accordance with the results of Schirnegral 1’ lengths of 594, 608, 612, 633, 635, 658, 670, 685, 760, 785,
It is obvious that for holographic two-step recording the 808, 850, 920, 1064, and 1310 nm were used as probe beam.
light-induced absorption band of the polarons has to bélhe intensitylg of the probe beam was adjusted for each
known very well, especially at room temperature in the specmeasurement to strike a balance between a sufficiently large
tral range of 600—1300 nm and in dependence on the dopingjgnal-to-noise ratio and the danger of influencing the system
material as well as of the doping concentration. Furthermoreby the probe light. Generally, did not exceed 3 mW/cfn
knowledge about the temporal development of the occupafhe dependence of the obtained resultslpwas checked,;
tion and the temporal decay of polaronic centers after expowhere necessary, the influence of the probe light on the life-
sure to intense laser pulses as a function of the pulse inteiime was corrected by varying the intensity of the probe light
sity is required for effective hologram recording. and extrapolating to zero. Unless otherwise noted, all experi-
In this article, we present measurements of the lightiments were performed with ordinary polarization of the
induced absorptiom; in crystals of LINbQ grown with the  probe beam. The angle between pump and probe beam was
congruently melting composition and various doping materi-5°. The intensityi((t) of the probe beam was monitored by Si
als (Fe, Cu, T). The temporal evolution ofy; probed at or InGaAs photodiodes with a rise time of less then 0.2 ns.
different wavelengths in the visible and near-IR spectralThe diodes detecting the probe beam were fitted with a set of
range is examined for several pulse intensities, polarizatiointerference filters so that the pump pulse did not adulterate
directions of the pump and probe waves, and pump lighthe measurement. The signal of both diodes was fed to a
wavelengths. We show that small boundLNbpolarons are digital storage oscilloscope with a band width of 2 GHz, a
created in all doped LiNb©single crystals. The activation sampling rate of 16 Gsamples/s, and a memory for
energy and frequency factor are determined by temperatur&4 Msamples, sd(t) could be detected for a duration of
dependent measurements. The results are discussed in @ ms with a temporal resolution of 0.5 ns. The recording
frame of excitation and deexcitation processes of polaronsyas triggered by the pump pulse, markirg0 s. Fromi(t),

as already presented in our earlier pafer. the light-induced absorptiomy;(t) is determined by (t)
=(1/d)In[140)/141)], whered=2 mm is the crystal thick-
Il. EXPERIMENTAL DETAILS ness.

Single crystals of congruently melting LiNkOdoped
with 0.1 mol % Fe(LNB:Fe), 0.1 mol % Fe+0.04 mol % Ti Ill. EXPERIMENTAL RESULTS
(LNB:Fe:Ti), and 0.08 mol % CULNB:Cu) were cut into
platelets with dimensions of=10 mm,y=8 mm (x||c axis),
and a thickness of=2 mm. Except for the temperature-  Figure 1 shows the absorption coefficients and . of
dependent measurements all measurements were performi&@ three samples for ordinarily and extraordinarily polarized
at room temperaturel=(298+1)K. To determine the con- light. The curves have been corrected for the sample reflec-
centration of the doping ions in the samples, the optical abtivity. For both LNB:Fe and LNB:Fe:Tiq, clearly shows the
sorption was detected for ordinary and extraordinary light-€-absorption band around 485 nm. The pronounced peak is
polarization in the wavelength range from 400 to 1600 nmdue to the presence of Fecenters;! which undergo a spin-
using a double-beam spectrophotometer. The dopant concef§rbidden transition. In thex, curves, this feature merely
tration of the Cu-doped sample was in addition determineghows up as a shoulder in the onset of the fundamental
by instrumental neutron activation analysi$NAA). The absorption. The increase of the absorption coefficieby a
samples were then fixed onto a temperature-controlled holddactor of 2 at 400 nm for the double-doped sample
which allowed us to vary the temperature in the range of 298-NB:Fe:Ti compared to LNB:Fe results from the presence of
and 450 K. The main experiment itself was of the pump andli- The absorption bands of Yilie at about 730 nm for,
probe type: The sample was illuminated by a laser pulse of and at about 620 nm fos,,*»?* but no notable features of
frequency-doubled Nd-YAG laser impinging normal to the Ti*" are observed. o _
largexy face of the sample. The pump wavelengthcould ~~ The LNB:Cu sample shows significantly higher absorp-
be varied by means of an optical parametric oscillator. Union values compared to both Fe-doped samples. The absorp-
less otherwise noted,,=532 nm was used since this wave- tion band at around 1100 nm is attributed to?Ceenters. At
length allowed the highest pulse intensity in the visible specsmaller wavelengths, the absorption caused by iGos at
tral range. The laser pulse duration was characterized by @ound 380 nm extends into the onset of the fundamental
full width at half maximum of 2.5 ns and a 10% point at absorption. The actual concentrationof Fe&*, Cu’, and
5.4 ns. The pulse energy was varied betwggn0.4 mJ and Cu?* ions is determined according to Refs._?, 12, 13, and 24
E,=210 mJ, corresponding to intensities IgE1 MW/cn?  from a, (477 nm anda, (1040 nm, respectively. Our mea-
and1,=570 MW/cn?, respectively. The pump beam had a Surement resulted i0e2+=(5.5%1) X 107 m™3 for LNB:Fe
spatially rectangular flat-top profile, allowing a homoge-and cce+=(16+3) X 10?*m™ and cc+=(6+3) X 10?4 m™3
neous illumination of the sample. for LNB:Cu. By INAA measurement we received values of

The temporal buildup and decay of the polarons was measc,=(17+1) X 10?4 m™3. The slight discrepancy between the
sured by detecting the changes of the intensity of a weakKNAA and the absorption data probably results from the er-

A. Absorption coefficients
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“.E 300 extraordinary light polarization 1 =140 mJ\p=532 nm, anchs=785 nm. The solid line represents a
= least-squares fit with Eq1). The inset shows the short-time behav-
3 200 ior of a; together with the pump pulse.

100
oL , , , : : main part of Fig. 2 showsa;(t) for 4x10°s<t<?2
7000% " 1NB:Cu ' ‘ ‘ X 1072 s. Note that the time axis has a logarithmic scale for
6000 both graphs in order to allow a better comparison of the
5000 ordinary light polarization short-time and I_ong-time behavior_ozfi over more the_n SiX
Y 4000 - . ' o orders of magnitude. The data points have been thinned out
= extraordinary light polarization considerably to improve the clarity. During the first 3 ns, the
3 3000 buildup of ¢ follows the increase of the intensity of the
2000 excitation pulse until the maximum &f is reached. There is
1000 no significant time lag between the exciting pulse and the
o . : , ' ‘ resulting light-induced absorption. After the pulse has de-
600 800 1000 1200 1400 creased to about 30% of its maximugy, starts to decay on
wavelength A [nm] a time scale of 1 ms. This temporal relaxation can be de-

scribed very well with a stretched exponential function
FIG. 1. Optical absorptiom, and «, for ordinarily and extraor- (KWW function) of the form
dinarily polarized light of LNB:Fe, LNB:Fe:Ti, and LNB:Cu.
a;(t) = A, exd - (tUD”], (1)

rors in the doping concentration of the samples used in Re ith the three parameters,, 5, andr. A least-squares fit of

) . g. (1) to the measured data is represented by the solid line
12. With our INAA measurements we present new rellablem Fig. 2. It obviously describeg;(t) perfectly over more
data for the Cu concentration in LINROThe extraction of . . : . S
) ; than six oders of magnitude in the time scale, resulting in
the cee+ concentration from the absorption spectrum Ofvalues OfA, =493 nT, 7=11 s, andB=0.37. Only at ver
LNB:Fe:Ti has to be performed with caution. It is known that @ 3 K>, T y y

in the presence of titanium Ee ions are redu@&esulting in short timest<1x 1078 s is there a small, but notable devia-
€p 1ang tion of the fitted curve from the measured data pointst At
an increase otre+ at a constant total concentration of Fe

) . o . =5 ns, the fitted values are 3% larger than the measured
iONS, Cpe=Cre++Cra+. If there is no contribution of T to 0 arg

¢ values. Extrapolation of the fitted;(t) curve to time scales
the absorption of the blue-green spectral range, an assump- .
. o . . elow the duration of the laser pul&e<5 ng does not make
tion justified by optical absorption measurements on

[ i 11 anc. s Conarvatan o * sl serse. 1 ol ve ol n s contet vt e
=(11+1) X 10°®* m™3 for LNB:Fe:Ti. Consequently a signifi- « 9

cant hiahera: is expected as presented in Ref. 16 light-induced absorption for very small time scales. In con-
gheray P P o trast to the assumption presented in Ref. 27, it is not directly

correlated to the polaron density tatO, and it is not identi-
cal to the observed maximum valag'® Since the latter is a
physically meaningful parameter, we will use it insteadhgf
Figure 2 exemplarily shows the temporal behavior of thetg quantify the size of the light-induced absorption.

light-induced absorption for LNB:Cu aEy=140 mJ (I, The description ofy;(t) with a KWW function was pos-
=380 MW/cnt) with a probing wavelength ofs=785 nm.  siple for all samples using the entire range of pump intensi-
Under these conditiongy; is about one order of magnitude ties, probing wavelengths, light polarizations, and tempera-
larger than the basic optical absorption. In the inggtt) is  tures. We will therefore use the values @f and 7 as
depicted on a time scale of>810°s<t<1x108s, to- measures for our further investigations of the light-induced
gether with the temporal behavior of the pump pulse. Theabsorption under the variation of the experimental condi-

B. Temporal evolution of a;;
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10 107 10% 100 10¢ 107 107 =140 mJ(1,=380 MW/cn?) and\,=532 nm are explained
SO0 ey by the lower pump intensity, as shown in the next chapter.
ordinary probe light T
400 ) / . S max
extraordinary probe light | C. Intensity dependence ofe;'®", 7, and 8
-~ 300 N The measurements af;(t) indicate a strongly different
E ' | behavior of the light-induced absorption with varying pump
5200 (a) T pulse energy. To investigate this influenceEf systemati-
I | cally, measurements with,=532 nm and\;=785 nm were
1001 ] performed with E, varylng in the range of 0.4 nWE,
0 | ordinary pump light <210 mJ(1 MW/Cm2<I p<570 MW/cn¥). As expected
o™ increased for all samples with increasifiy. For a
! ordinary « & ' ' ! quantitative study, the energy of the incident pump pulse is
300 \ not a suitable parameter: The pump light is partially reflected
by the entrance and exit faces of each sample, and the light is
T 200 absorbed inside the.crystal. The incident pump interigity
=l = o reduced to an effective pump intenslty which is expressed
ts;:: by
100 4nea0d 1- e—aod
lo= Ipe“od(n +1)%-(n-1? ad @
0 " - » " ” S > wheren=2.33 is the ordinary refractive index, the absorp-
10" 10 10" 107 10 107 10 tion atA,=532 nm, andd is the sample thickness. The ab-
time [s] sorpt|0na[,nax is plotted versus, in part(a) of Fig. 4. If just

two energetic levels are involved in the buildug®{1o)

FIG. 3. a(t) of LNB:Cu for E,=140 mJ,\p=532 nm, anchs should follow an exponential function of the form

=785 nm in dependence on the polarization of the pump and prob
light. The inset illustrates the quality of the fit in the range 5 lo
1-ex ,
a

max

X 105-5x 1073 s. a™lo) = oy 3)

tions. First, we investigated the influence of the light polar-with the saturation absorptios'®* and the characteristic in-
ization of the pump and probe light on the light-inducedtensity I, where 63% ofa;'> are reached. This function
absorption. As an example the results are shown in Fig. 3 fogould be fitted satisfactorily to the measured data. Every
LNB:Cu. The upper parta) shows the curves obtained for point is measured twice. The results of the fit are represented
both ordinarily and extraordinarily polarized probe light after by the solid lines in Fig. @): the corresponding values are
excitation with an ordinarily polarized pump pulse. Theshown in Table I. At low pump intensities, the slope
lower part(b) shows the same for extraordinarily polarized daj'®/dly should be proportional to the concentratiorof
pump light. The curves differ significantly in the values of the filled deep traps—i.e., Fe and Cu, respectively:
o™ While o™ reaches values of 4507hfor ordinarily — deji®/dlo=«c. Using the values of obtained from the ab-
polarized pump and probe light, it does not exceed 245 m sorption measurements, we get(3.7+0.1 X 10734 m*/W

for extraordinary pump and probe light polarization. How- for LNB:Fe, k=(2.0+0.2 X 10~ m*/W for LNB:Fe:Ti, and
ever, the dynamical behavior does not change, as it is re«=(8.9+0.1) X 1073m?*/W for LNB:Cu. Here, we have used
flected by the values 0f3=0.38+0.02 and7=(1.0£0.)  cre+=(11£1) X 10?3 m™3 for LNB:Fe:Ti.

X 107 s obtained from all four curves. The inset in FigbB The temporal behavior ofy; was also influenced by
shows a magnification of the rangexa0°-5x103s in  changes ify: o;; was more persistent for higher pulse inten-
order to demonstrate the quality of the fit with the stretchedsities. This qualitative observation is quantified by the results
exponential function. Since the fundamental physical pro-of the fits of Eq.(1) to the measured data. Pafts and(c) of
cesses during the decay of polarons thus do not depend d#ig. 4 showgs(l,) and(ly), respectively. The values gfand

the light polarization, we used only ordinarily polarized light 7 increase strongly at low, and reach saturation for the
in the following measurements to obtain large signals. Thehighest intensities. The solid lines are guides for the eyes.
dependence ofy™ on the polarization is found in accor- Two features are notable in this context: First, the light-
dance with results of electron beam excitattén. induced absorption; ' is very similar for LNB:Fe and LN-

In the next step the wavelength of the laser pwisevas  B:Fe:Ti, but the dynamics, characterized Byand 7, is not.
varied between 460 nm and 540 nm at a constant pulse effhe paramete is larger by about 0.05 in LNB:Fe com-
ergy of E,=5 mJ(I,=13 MW/cn?) and\;=785 nm. These pared to LNB:Fe:Ti, and- is reduced by a factor of 3 by
measurements showed an increaseyBf* with decreasing codoping with Ti. Second, there appears to be a threshold
\,, closely following the behavior of the optical absorption behavior for the increase afin LNB:Cu: 7 increases only
of the different samples. The decreaseBadnd = by a factor  very slightly (linearly) from 1X 1077 to 5x 10 s until I,
of about 2 compared to the values observed usi)g exceeds 25 MW/ cf Then it starts to rise drastically to sev-
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FIG. 5. Dependence af"™ on the wavelength of the probing
beam. The solid lines represent fits of E4). to the measured data.

All (1) curves could be described with Ed). The values

of B and 7 obtained from these fits for each sample were
identical for all\¢ within the error margin. Notable changes
were observed in the amplitude of the light induced absorp-
tion. Figure 5 shows the values of '™ obtained for the
different probing wavelengths.

There is a notable'® even at the shortest probing wave-
length,\s=594 nm. For all samplesy;'® first increases for
increasing\s, peaks around 740 nm and then decreases. The
absorptiona;® does not reach zero even fag=1300 nm.
According to Refs. 17 and 28 the absorption band of the
small bound Ng“+ polarons can be described by a function
of the form

(AU +¢e- ﬁw)2>
"(w) =D/hw e p(— —_—, 4
@ (w) = Difiw ex 8Uhw, @
where w=27mC/\g, fiwg is the representative phonon energy
of the crystal,U is the polaron stabilization energy, ands
the energy associated with the transfer of polarons between

eral us. This behavior, which is not observed in the otherinequivalent sites. The constabtis a measure of the ampli-

two samples, is depicted in the inset of p@jtof Fig. 4. The

max

quantitiesey;” and 8 do not show similar anomalies.

D. Wavelength dependence o&]'™

tude. The solid lines in Fig. 5 represent descriptions of the
measured data with E¢4). Using the typical phonon energy
hwy=0.1 eV, we obtain the stabilization enertyand the
transfer energy. The fitted paramters are listed in Table II.

To determine whether other effects beside the formation

of small bound Ng‘1+ polarons play a role in building up the

E. Temperature dependence and activation energy

light-induced absorption, measurements of the dependence It is important to know whether additionally free small
of a;; on the probing wavelengths were performed at fixed polarons, having an absorption in the near-infrared spectral

values of E,=150 mJ(I,=400 MW/cn?) and \,=532 nm.

range, are generated by,=532 nm. If the small deviation

TABLE |. Saturation absorption and characteristic pump inten- TABLE Il. Polaron stabilization energy, transfer energy,
sity for the examined samples.

and amplitude constarm.

Sample o [m™] I, [MW/cm?] Sample U [eV] e [eV] D [eV/m]

LNB:Fe 282+2 138+2 LNB:Cu 0.32+0.05 0.5+0.1 920+50
LNB:Fe:Ti 221+2 102+3 LNB:Fe 0.33+0.04 0.4+0.1 440+30

LNB:Cu 566+5 103+2 LNB:Fe:Ti 0.26+0.03 0.7+0.1 420+30
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FIG. 6. The absorptiony;(t) of LNB:Cu at five different tem- i X ]
peratures between 20 and 180 °C obtained Egr140 mJ, \, 5 14 A
=532 nm, anchg=785 nm. The decay of the light-induced absorp- = 13f N 4
tion accelerates with increasing temperature. 12 AN
_ o _ A785nm &
from the fitted curves in Fig. 5 were due to a process besides 117 51064 nm
the excitation of the NLb‘“ polaron, one can expect differ- : . ; ; : ; :
ences in the temperature behavior for the different probing 20 22 24 26 28 30 32 34
wavelengths. We therefore have measured the temperature 1000/T [1/K]

dependence ofy; for LNB:Fe and LNB:Cu atE,=150 mJ _

(1,=400 MW/ cn) with two different probing wrz)avelengths. FIG. 7. A”hin't_‘s zloft of _mfc)i Versus 10027 for LNB:Fe and

The first,\¢=785 nm, lies close to the maximum of the ab- LNB'CU' 7 1S obtained from a description o _snngm,(t) curves
tion band of the small bound N& polaron. The sec- with KWW functions. The straight I|r_1es are fits of E(p) to the

Sorp Yo" p . data obtained axs=785 nm(dashed lingand A ;=1064 nm(solid

ond,\¢=1064 nm, was chosen to detect the behavior of POSfine).

sibly created small free polarons.

Figure 6 exemplarily showg;;(t) in LNB:Cu for five dif-
ferent temperature$ between 20 and 180 °C. As expecte
the decay of the light-induced absorption is much fastdr if
is increased o™ increases from 425 to 490 thwith in-
creasingT. Quantitatively, the changes in the dynamics of
the polaron decay are depicted in Fig. 7. It shows the loga-
rithm of the time constant obtained from fitting Eq.(1) A. Temporal evolution of a;
versus the reciprocal temperature for LNBpart (a)] and
LNB:Cu [part (b)]. The scaling of the axes was chosen to
check whether Arrhenius’ equation

g. temperature limit to almost unity for the highest tempera-
"tures, in accordance with the results presented in Ref. 16.

IV. DISCUSSION

The completely reversible buildup of a light-induced ab-
sorption after illumination with an intense laser pulse can
only be attributed to the formation of polarons: Electrons are

A excited from deep traps, in our case*Qar FE" ions, into

5 their polaronic states. At a probing wavelength of 785 nm,

our measurement is sensitive to the appearance of small
correctly describes the measured data, although we are awaseund Nb,** polarons at the most common crystal defect, a
of the fact that a distribution of lifetimes is involved in the Nb atom on a Li lattice site. According to Ref. 15, the tem-
decay processes. Heig, is the activation energy which poral change of the number of polaroNg™ is described by
is necessary for the thermal decay of the polarahiss  the rate equation
the attempt frequency, an#lg is Boltzmann's constant.

As can be seen from the figure, E&) describes the mea- Ny __ + + N - -+

sured data with reasonable accuracy. A least-squares fit, it B+ Gl yoerNy = Ny DTN+ (50
represented by the straight lines in Fig. 7, resulted in values _ N -

of EA=(0.39+0.03eV, Z=(3+2)x10''Hz and E, * Ayl pNy ) (N = N). 6)

=(0.36+0.03 eV, Z=(9+6) X 10 Hz, for LNB:Fe at\s  Herepy is the rate of thermal excitation of electrons from the
=785 nm and A\;=1064 nm, respectively. For LNB:Cu, Nb ** polarons into the conduction band angsy is the
EA=(0.38+0.03 eV, Z=(10x4x10*Hz and E, cross section for absorption of probe-beam photons by
=(0.38+0.03 eV, Z=(9+6) X 10'° Hz, respectively, was ob- NbLi4+ polarons and excitation of electrons into the conduc-
tained for the two probing wavelengths. The stretching extion band. Similarly,qyxSyx is the cross section for absorp-
ponent 8 showed a general upward trend with increasingtion of pump-beam photons by filled deep traps and excita-
temperature, increasing from about 0.3 in the low-tion of electrons into NQ‘” polarons.yyx and yyy are the
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coefficients for recombination of conduction band electronssations. In contrast, a clear theoretical evaluation of the
with Nb®* and electrons from NB with empty deep traps, stretched exponential function is given in Ref. 31 on the
respectivelyNy andN,~ are the total number of deep traps basis of a random distribution of trapping sites in a three-
and the number of filled deep traps, aNg and N, the  dimensional3D) space, which is in full agreement with our
number of Nlp; atoms and NQ** polarons, respectively. Fur- distance-dependent modélNo further corrections or pa-
thermore,n is the number of conduction band electrons.  rameters are needed. Note that an alternative model can also
Since the buildup of the light-induced absorption is al-lead to the stretched exponential behavior. If there exists a
most instantaneous, we can neglect the tgyps, x from Eq.  distribution of different energy barriers for the polaron decay
(6) in the description ofy;(t) after the first 5 ns. The small due to different lattice surroundings in the disordered lattice
deviation of less then 3% between the measured data and tieé congruent LiINbQ, a lot of decay times occur, resulting in
curve according to Eq1) for 5 ns<t<10 ns seen in Fig. 2 the stretched exponential function. This model can be used as
can be attributed to the recombination of electrons raised bg physical basis for the calculations in Ref. 31 and explains
the pump pulse into the conduction band WithL[\ribcenters, the existence of the stretched exponential decay in disor-
as represented by the temn(Ny—N,) in Eq.(6). To make dered systems straightforward. But there exists also a dis-
a decisive statement about this process, measurements wignce dependence, shown in Ref. 16, by irradiating the po-
higher temporal resolution in the range of a few ps are neclarons with a second pulse a=1064 nm some ns after the
essary. Due to the relatively large energetic distance of thgreen pulse. The lifetimer increases drastically. Unfortu-
polaronic energy levels to the conduction band, we will alsonately, a clear decision between both models cannot be pre-
neglect thermal excitation of these levels—i@=0. If we  Sented with our results but is under current examination.
chose a sufficiently small probe beam intensity, the main The dependence ofy; on the polarization direction of
mechanism of polaron decay is a direct transfer of electronump and probe beams and on the wavelength of the pump
back into empty deep traps, possibly via the formation ofoeam reflects the differences in the fundamental absorption
small free polarons with shorter lifetimes than the detectedf doped LiNbQ: both qyxsyx and gxsy are larger for ordi-
small bound polarons, indicated by the termu(Ny nary light polarization and for lowek,. The fact tha_tﬂ
~Ny)Ny in Eq. (6). However, the fact that;(t) cannot be ~ Shows a slight decrease towards lowigrean be explained
described by a single-exponential function but only with aPy the distance-dependent model of decay times or the dis-
KWW function indicates thatyy is not constant, a fact that ordered lattice model: The energetic barrier that has to be

has been reported befofeOur measurements show that this CroSSed to excite electrons from a deep trap into a polaronic
stretched exponential decay is not a peculiarity ofState is not necessarily constant, but can depend on several

LiNbOs: Fe, but common to a range of doping elements. Thdactors such as the distance between the two centers and the

KWW function has been used to describe a large number gfurrounding crystal structure. For small, the increased
different physical processes; it generally is a sign that a Sysr_)hoton energy can raise the electrons into polaronic states
tem does not have a single well-defined decay time, buthat are not accessible with the low-energy photons at larger
rather exhibits a multitude of single-exponential decays withPUmp wavelengths. This increase in the accessible polaronic
different decay time& As a rule, 8 decreases with an in- cganters leads tc_) a (;orres_pondlng increase of'the number of
creasing number of decay times. In this context, the paramdlfferent.relaxatlon times in the system, which in turn causes
eter 7 obtained from the description of the measured datd reduction of the parametgx

with Eq. (1) cannot be regarded dlse singledecay time of
the system. According to Ref. 30, it can be used to calculate

- g B. Intensity dependence ofa{"®, 7, and
the mean valuér), corresponding to the integrated area of v cep i T B

the normalizedu(t) curve, of this distribution: It is evident from Eq(6) that aj"® increases with increas-
ing |,. The absorptiony{1,) is described very well with a
7 |1 single-exponential functiofEq. (3)], indicating the validity
(1) = ,EF [_3 : @) of a rate equation with only two energetically different levels

for the formation of polarons. The Ti-doping ions in
Here,T is the gamma function. The actual lifetimes of spe-LNB:Fe:Ti play only a minor role, which is obvious from the
cific polarons is not necessarily equal to this mean value. small difference betweeaj'® of LNB:Fe and LNB:Fe:Ti in
The large number of different decay times indicated byFig. 6(a@). This observation coincides with the fact that Ti
the small values o3 has been successfully attributed to theoccurs in the form of T in the crystal: T ions cannot
dependence of the lifetime of a polaron to the distance of theontribute to polaron formation since they cannot give up a
nearest empty deep trdpThe quantityyy, decreases with further electron. However, we have to note that the saturation
the spatial distance between the polaron and trap, resulting values ofe; as well as the slope ofd'®/dl, for LNB:Fe
an increase of the lifetime of a specific polaron. It should beand LNB:Fe:Ti are equal. Taking the results of Ref. 16 into
noted that the stretched exponential function fits the meaaccount, where @®/dl, is determined as a function of
sured data very well down to a timescale of severaP B0if ~ Cre+, Cre+, andcg,, the assumption of an increaseaafe+ in
the parameteA,, is left as a free-fitting parameter instead of the presence of Ti in our sample is not valid. Both the satu-
fixed to the highest value af; observed in the experiment. ration value ofe; and the slope d'®/dl, should increase
A more complex model like the one described in Ref. 27 iswith increasingcge2+, which contradicts with the results in

therefore not necessary to describe the experimental obsdFig. 4a). On the other hand, as it is known that low concen-
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trations of Ti(0.04% do not contribute to the absorption in close to the then-empty deep centers into which they can
the relevant spectral rangethe concentratiorc-+ deter-  decay quickly. Some, however, will reach positions far away
mined from the absorption measurements is valid to a suffifrom an accessible deep center. These polarons have very
cient accuracy. In consequence the relatief't/dlo=«c  long decay times. The resulting broad distribution of decay
cannot be used to determine the concentratipg+ in  times leads to small values @. If the pump intensity is
double-doped LNB:Fe:Ti, takingc from the single-doped increased, more and more hot polarons are created. The re-
LNB:Fe. The reason for this might be a decrease of the anlocation of the polarons leads to a homogenization of their
tisite concentration by introducing the Ti dopants or a pairdistribution. The mean distance between polaron and deep
correlation F&-Ti** as discussed for Mg-Ti** pairs in  center grows, leading to an increase of the mean decay time
LNB:Mg:Ti.2® Therefore, we have found that every dopedr, but the deviation of the actual distance from the mean
material, including double-doped crystals, has its own sensidistance decreases, leading to an increase of the stretching
tivity value «. parameteB. It has to be noted thatis significantly smaller

The effectiveness of electron excitation from the deep trapn LNB:Fe:Ti than in LNB:Fe. This shows that the*Tions,
is expressed in the parameter While the sensitivity« of ~ which cannot take part in the polaron buildup as described
LNB:Fe:Ti is a factor of 2 smaller than that of LNB:Fe,of  above, act as traps for the decay of electrons from their po-
LNB:Cu is a factor of 4 smaller. It has to be noted that everlaronic states, forming an intermediate®Tistate. The in-
for LNB:Fe, the observed value of is by a factor of 4 creased number of deep traps results in a reduced lifetime of
smaller compared to the values reported in Refs. 16 and 32he polarons.
Here, it is noteworthy that we used significantly shorter ex-
citing pulses than the ones reported in Ref. 16 beside slightly
longer probing wavelengths. Since in both cases the pulse
duration was shorter than the lifetime of the polarons, one The fact that@{(\¢) can be described very well with Eq.
has to consider the total number of photons, which is propor¢4) in the entire wavelength range is a clear sign for the
tional to the pump pulse enerdy,. To compare measure- generation of the small bound Nb" polaron. This behavior
ments with different pulse durations, one has to look at thes very well known and in excellent agreement with previous
slope of of"*{(Ep,), not of"*{1,). We therefore observed val- results!416 The stabilization energy is slightly reduced in
ues of the derivative &"*/dl, that are lower by the same LNB:Fe:Ti but the transfer energyincreases significantly in
factor that our pulse duration is shorter compared to the meahis crystal. The maximum of"{(\) is slightly shifted to
surements presented in Ref. 16. larger wavelengths with respect to Ref. 17, a fact that can be

The values ofy™® for LNB:Fe and LNB:Fe:Ti show that explained by the difference of the measurement tempera-
the generated concentration of polarons is nearly identical itures: The values reported in Ref. 17 were obtained at 100 K,
both samples. Apparently, the incorporation of*Tinflu-  compared to our room-temperature measurements. Appar-
ences the absorption spectra significantly by enhangipg ently, the transition energy for polarons decreases with in-
but reduces the number density of the optically generatedreasing temperature. The reductionlbiby about 0.05 eV
polarons. The difference ir is an indication that the elec- and the increase of by about 0.2 eV in LNB:Fe:Ti shows
trons from the deep Bétraps are excited in the same way to the special role of the double-doped crystal in comparison
form Nb;** polarons, but with a lower concentration in with the single-doped crystals. It appears that Ti changes
LNB:Fe:Ti due to the presence of Ti, as discussed abovethese two energies. However, we have to take into account
The lowest value ok is obtained for LNB:Cu, showing that that we had to fix the phonon frequency at 0.1 eV to fit the
Cu doping is the least sensitive for the excitation of polaronsdata with Eq.(4). This certainly has an influence on the

The fact that a saturation aff"*{(1,) is actually observed obtained values fo) ande.
for LNB:Fe and LNB:Fe:Ti shows that a significant number  For technical applications like nonvolatile holographic re-
of the deep traps are emptied at pulse intensities ,of cording by two-color holography, it is important to know the
=450 MW/cn?t. The high absorption of LNB:Cu prevented spectral range in which writing of holograms can be per-
us from reaching high enough effective intensities in thisformed. The wavelength dependenceagfshows that even
sample. We can exclude the fact that all availablg;Nlen-  atA=1.5 um sufficenty; is present in LNB:Cu for nonvola-
ters are filled, because their concentration @f, =6 tile recording.
X 107 m™2 far exceeds the concentration of any of our dop-
ing ions. The increase of the values gfand = can be ex-
plained by taking into account that electrons are not neces-
sarily excited into the polaronic ground state by the pulse. If The increase of]'®—i.e., the increase in the number of
the wavelength is short enough, so-called “hot” polarongolarons generated with a single pulse—with increasing tem-
with energies far above the thermal energy of the system caperature can be understood by keeping in mind that polarons
be created. To thermalize, the polarons have to dissipate theire a combination of electrons and phonons with a charac-
energy to the crystal lattice by the creation of phonons byteristic transport behavior. The excited electrons are influ-
moving through the crystal. For low pump intensities, a fewenced by their thermal energies ¥gl due to their mobility
electrons will be excited from their deep traps, preferably toand transport behavior. For the most likely case that much of
polaronic centers very close to their original position. Theythe transport between NB* and F&* or Ci?* occurs via free
will then move through the crystal, some coming to restsmall polarons this corresponds to an increase of the mobility

C. Wavelength dependence o™

D. Temperature dependence and activation energy
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of the conduction band polarons with rising temperaturelarons aboveT=281 K, while below this temperature the
Consequently, more polaror]s are creat.ed at a given punygolarons are at rest. For a more detailed interpretation of this
wavelength and pulse intensity, and the light-induced absorpresult, further measurements have to be carried out, espe-

tion increases. cially towards lower temperatures.
The decay times resulting from fits of the KWW func-

tion to ¢ (t) at different temperatures follow Arrhenius’ law.
This is a bit surprising at first, since represents a large V. SUMMARY AND CONCLUSIONS
variety of different decay times. Apparently, the collective — poq peen shown that the light-induced absorption in
?he;][a(;lflog ;Lg?: pehr;/sseizcrg?lsrgéecjsesczyfgg;etﬁ;ts ﬁ;? S:éﬁbrl]eott%a ped LiNbQ single crystals upon exposure to intense laser
: ! : ight at \,=532 nm can be traced to the excitation of small
beforel® The obtained values o, and Z have physical pound Nﬁg-‘“ polarons for different doping elements. The
, :

meanings only as mean values for a large number of sing| t :
J y 9 g polarons in doped congruently grown LiNp@ecay on the

processesE, andZ are identical for all experimental condi- &
tions. One can thus securely say thaf(785 nm and time scale of a fewus at room temperature. The fact that the

«;(1064 nm are caused by the same type of polarons fordecay is_ de_zscribed very well with a stretphe_d exponentia!
both samples. The polarons are stabilized on theif, &b f_unctlon_md|cates that the ob;erved be_hawor is a superposi-
lattice sites, regardless of their origin from?Fer Cu* deep tion qf single decay events with a multltu_de of different de-
centers. Neither the energy required to break up the polarorf@y times. Due to these results, an earlier model that con-
and transport the electrons back to a free deep center nor tf@cts the lifetime of a small polaron to its distance to the
attempt frequency with which the electron tries to escape it§earest free deep trap could be extended to smaller time
polaronic well therefore depends on the doping type. Thécales and different types of doping. However, this observed
increase of the stretching exponeg®itwith increasing tem-  stretched exponential decay behavior might also be ex-
perature results from a reduction of the width of the decayplained by the disorder of LNB. From the dependence of the
time distribution: The decay times decrease exponentiallgmplitude of the light-induced absorption change on the
with increasing temperature. At very low temperatures, &2Ump pulse intensity, one could observe that the generation
given distribution of activation energies results in a broadof polarons is more effective for Fe-doped samples than for
decay-time distribution which becomes narrowerTasn-  Cu-doped samples. Codoping with titanium introduces an-
creases. In the limit of very high temperatures, the decag@ther deep trap into the system, leading to a reduction of the
times become almost independent of the activation energiefolaron lifetimes. For LNB:Fe and LNB:Cu, the dependence
a;(t) can be described by a single-exponential function, an@f the light-induced absorption on the probing wavelength
j approaches unity, which is the caseTat200 °C. Com- can be perfectly explained by the presence of smal,Nb
paring the value of the activation energy from our study ~Polarons. Temperature-dependent measurements showed an
with that published in Ref. 16, it is evident that the latter isArrhenius behavior of the polaron decay. The activation en-
smaller by about a factor of 2. Inspecting Fig. 8 in Ref. 16 in€rdy and the frequency factor are independent of the doping
more detail, one notices a kink in the curve at about 280 Kconcentration and the probing wavelength, an indication that
indicating that the data may have to be explained with twdthe behavior of the polarons is dictated merely by the envi-
different activation energies, one for the high-temperaturéonment of the Nb* lattice site. Small free polarons, exhib-
part above 280 K and one for the low-temperature part belfing an absorption band at aboutudm, could not be de-
low 280 K. Our study provides an extension to the high-tected in the investigated doped LiNpCerystals. The
temperature range, as we have measured from 293 K tavelength dependence of the absorption of the small bound
473 K. The activation energies of LNB:Fe are determined tg?0larons shows that two-step recording for nonvolatile holo-
0.39 eV and 0.36 eV for this high-temperature range. Undefraphic data storage might be possible even atulrbin

this aspect we have refitted the data from Fig. 8 in Ref. 1d-NB:Cu.

and obtain E,=0.33 eV for the high-temperature range

above 293 K an(EA:_O.14 eV _for the Iow-tempe_raturg range ACKNOWLEDGMENT
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