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We show that a continuous-wave (cw) pump beam at a wavelength of 532 nm produces substantial

light-induced (LI) absorption in the visible range in initially transparent undoped LiNbO3 crystals. The LI

absorption coefficient stays linear in the pump intensity Ip up to Imax
p ¼ 48 kW=cm2. Together with other

features including long-term stretched-exponential relaxation of the LI absorption, it indicates that the

present concept of LI electron processes in this important optical material must be revised: the amount of

photoactive electrons increases already within the cw intensity range. A quantitative model is proposed

that explains the experimental data and employs two-step excitations from filled localized states near the

valence band via intermediate deep centers into the conduction band. The introduced localized states serve

as a hidden reservoir of electrons.
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Lithium niobate is a wide band-gap (’ 3:8 eV) optical
material which is of prime importance for numerous ap-
plications, e.g., for electro-optic modulation and frequency
conversion [1]. The advent of domain patterning and mi-
croresonators increases the usability of this material [2,3],
enhancing the role of its optical properties. Light-induced
(LI) charge transport, dominated typically by the bulk
photovoltaic effect [4,5] and leading to large electric fields
and strong index changes, is of relevance for practically
any application. This is why the efforts to understand and
control the charge-transport properties have persisted for
more than three decades [6–8].

It is known that, for congruent crystals doped with Fe,
Cu, and other transition metals, the charge transport at
sufficiently low continuous wave (cw) intensities (I &
104 W=cm2) is due to LI transitions of electrons from
deep traps to the conduction band (CB) [6,8]. For larger
intensities, occupation of numerous (� 1020 cm�3) inter-
mediate levels near the CB, attributed to the intrinsic NbLi
defects, becomes important [6,9–12]. The total amount of
photoactive electrons, which is controlled by doping and
thermal treatments (reduction and oxidization), remains
constant here: LI transitions lead only to redistribution of
electrons between deep and intermediate levels and the
CB. This is believed to be valid for undoped crystals
with remnant impurity concentrations �1015 cm�3.

According to the present concept, the valence band (VB)
is involved in the LI charge transport either for UV illumi-
nation [13] or at high intensities [14–16] via two-photon
pulse excitation at Ipeak � 1 MW=cm2. The LI absorption

coefficient �li is quadratic in Ipeak in the last case, and the

cross sections of the relevant excitation processes are
quantified [16,17]. Occupation of the NbLi levels, which
accompanies the CB excitation in any case, manifests itself

in a characteristic long-term stretched-exponential relaxa-
tion of �li [10,14,15].
In this Letter, we show experimentally that initially

transparent undoped LiNbO3 crystals become substan-
tially more absorbing under cw optical pump illumina-
tion already when the two-photon excitation is
negligible. Moreover, the LI absorption coefficient �li

grows linearly in the pump intensity Ip. These features

indicate that the present concept of charge transport in
LiNbO3 crystals must be revised. A microscopic model
explaining the observations by electron excitation from
localized levels near the VB is proposed with far reach-
ing consequences for the understanding and application
of these crystals.
We employ a standard collinear pump-probe setup [7]:

the pump beam from a frequency-doubled Nd:YAG laser
with an output power of 5 W at �p ¼ 532 nm induces

the absorption changes. These changes are probed by
low-intensity light beams from diode and Argon-ion
lasers at �� ¼ 785 and 488 nm. The pump and probe
beams are focused independently and superimposed with
a beam splitter such that the focal regions are placed in
the middle of the sample. The probe beams are focused
tighter than the pump beam: the ratio of 1=e2 beam radii
is r�=rp ’ 0:6. The maximum value of Ip is 48 kW=cm2,

and the depth of the focus of the probe beam, i.e., the
effective interaction length, is l� ’ 3 mm.
The samples used are z cuts of congruent undoped

lithium niobate of dimensions 11� 11� 7 mm3 supplied
by Crystal Technology, Inc. The crystals have not under-
gone any kind of pretreatment. Their low-intensity light
absorption coefficient � at �p and �� is smaller than the

detection limit of � � 10�2 cm�1 of our absorption spec-
trometer. The samples are illuminated through the z faces

PRL 109, 026603 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
13 JULY 2012

0031-9007=12=109(2)=026603(5) 026603-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.109.026603


such that the light beams are ordinarily polarized, and the
photorefractive optical damage is suppressed.

The pump beam is switched on and off by a fast elec-
tromechanical shutter (switching time<100 �s). A silicon
photodetector is used to monitor the resulting time-
dependent probe signal behind the sample. Two identical
digital oscilloscopes allow us to combine a high time
resolution with a long measurement interval reaching sev-
eral seconds. In order to improve the signal-to-noise ratio,
we average the transmission signal over many (� 30)
measurements; in this way, transmission changes well
below 0.5% are reliably detected. Also, we change the
sample position while keeping fixed the other parameters
to verify reproducibility of the measurements.

Figure 1 shows a representative transmission signal
upon switching the pump beam on and off. With the
pump on (t ¼ 0), the transmittance of the probe beam
drops rapidly to ’ 97% of the initial value. After switching
off the pump (t ’ 0:07 s), the transmittance relaxes rela-
tively slowly to its initial value. Minimizing the exposure
time (see Fig. 1) reduces heating of the sample.

The LI absorption coefficient �li is calculated as �li ¼
ln½1=T�ðtÞ�=l�, where T� is the probe-beam transmittance
normalized to its initial value with no pump beam present.
In this way, we investigate the steady-state value of �li

versus the pump intensity Ip and the decay of �li after

switching the pump beam off.
Figures 2(a) and 2(b) show the steady-state values of �li

versus the pump intensity for �� ¼ 785 and 488 nm. In
both cases, the dependence �liðIpÞ is linear. Furthermore,

the values of �785
li are noticeably larger than those for �488

li .

At the lowest pump intensities, the values of �488
li ðIpÞ are

too small to be reliably measured.
The open circles in Figs. 3(a) and 3(b) show the experi-

mental dependences �785
li ðtÞ and�488

li ðtÞ for different values
of the pump intensity and more than three decades of the
relaxation time t. At 785 nm, the data points follow a single
stretched-exponential function,

�785
li ðIp; tÞ ¼ �785

li ðIpÞ exp½�ðt=�Þ��; (1)

with the decay time � ’ 23:3 ms and the stretching
index � ’ 0:65. At 488 nm, the data are well fitted by a
superposition of two stretched-exponential functions with
�1;2 ’ 6:1 and 1.8 ms and �1;2 ’ 0:47 and 1.67.

The stretched-exponential behavior found is typical for
the LI absorption in lithium niobate [10,14,15]. It is com-
monly attributed to the relaxation of electrons from the
intermediate NbLi levels near the CB to deeper centers.
The difference between �785

li and �488
li is due to the fact that

the cross section for the transitions NbLi ! CB is maxi-
mum near 785 nm, �785

2c ’ 7� 10�18 cm2 [9,16,17].
Holographic experiments with undoped lithium niobate
at 532 nm show that the LI charge carriers are electrons
[7]. Thus, different facts indicate that the observed LI
absorption is due to population of the NbLi levels. The
maximum concentration of electrons on these levels
can be estimated from the data in Fig. 2(a) as �785

li =�785
2c ’

3:3� 1016 cm�3.
However, a serious problem arises when one tries to

answer the following question: where do the photoactive
electrons in the intermediate levels come from? They
cannot be excited from remnant Fe-like deep traps: the
remnant electron concentrations �1016 cm�3 are too high
for undoped crystals, and they would lead to substantial
initial light absorption. Also, they cannot be attributed to
the two-photon absorption: this process is important at high
pump intensities [14,15], Ip � 1 MW=cm2, typical for

pulse experiments, but it can be discarded in our case
because the value of the two-photon absorption coefficient

FIG. 1 (color online). Temporal evolution of the probe-beam
transmittance at �� ¼ 785 nm (open circles) upon switching the
pump beam on and off (solid line).

FIG. 2 (color online). The steady-state dependence �liðIpÞ at
�� ¼ 785 (a) and 488 nm (b). Four and two measurements at
different sample positions are made in (a) and (b), respectively.

FIG. 3 (color online). The relaxation dependence �liðtÞ (open
circles) at �� ¼ 785 (a) and 488 nm (b) for different pump
intensities. The solid lines are stretched-exponential fits (see
the text). Note a difference in the horizontal scales in (a) and (b).
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is too small (smaller than 0:4 cm=GW) [18]. Furthermore,
the dependence �li / I2p , being typical for two-photon

absorption, is not the case in our experiments. Below, we
propose a model to explain the new experimental results.

We assume, see Fig. 4, that in addition to the intermedi-
ate level 2 and deep level 1, an energy level 0—a hidden
reservoir of electrons— occurs near the VB. The concen-
trations of the centers 0, 1, and 2 are N0;1;2, and the

corresponding electron concentrations are n0;1;2. The VB

is not supposed to be a source of electrons: vast experi-
mental data show no sign of excitation of free and, hence,
mobile holes in the visible cw range [6–10]; such an
excitation occurs only in the UV range [13]. The direct
excitation channel 0 ! CB is forbidden: the energy @!p is

insufficient for single-photon transitions. The direct re-
combination CB ! 0 is neglected: nonradiative processes
are inefficient for large energy distances. The condition
N1 	 N0 & N2 � 1020 cm�3 provides a bottleneck for
the excitation and recombination processes. We also
assume that electrons excited to the CB drop quickly
(& 0:1 ps) to the intermediate level 2 [16,19].

Within our model, the balance equations for n0;2 are

_n0 ¼ �q01Ipn0ðN1 � n1Þ þ �10n1ðN0 � n0Þ;
_n2 ¼ �1cIpn1 � �21n2ðN1 � n1Þ; (2)

the dot indicates the time derivative, q01 and �1c are the
excitation constants, and �10 and �21 are the recombination
constants. Equations (2) are supplemented by the conser-
vation law n0 þ n1 þ n2 ¼ �n, where �n ¼ const is the total
concentration of photoactive electrons. It is useful to in-
troduce the absorption cross sections �01 and �1c and the
relaxation times �10 and �21 according to

q01N1¼ �01

@!p

; �1c¼ �1c

@!p

; �10N0¼��1
10 ; �21N1¼��1

21 :

(3)

The values of �1c and �21 can be deduced from the litera-
ture [6,8] and our experimental data, respectively. Two
dimensionless parameters characterizing the impact of

the zero centers, a ¼ N1=N0 and b¼ ð�01�10=�1c�21Þ1=2,
will be of prime importance.
The next goal is to find the conditions for the quasilinear

dependence n2ðIpÞ in the steady state and for domination of

the absorption channel 2 ! CB, corresponding to excita-
tions from the intermediate centers. Our analysis shows
that for a, b 	 1 and Ip 	 Isatp 
 @!p=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�01�10�1c�21
p

,

the concentration n2 is given by

n2 ’ 0:9N0Ip=I
sat
p ; (4)

while n0 � N0. For Ip * Isatp , the function n2ðIpÞ saturates,
and the zero levels become exhausted.
Figure 5 illustrates our analysis. The solid line 1 is a

superposition of four lines for ða; bÞ ¼ ð0:001; 0:0001Þ,
(0.001, 0.01), (0.01, 0.01), and (0.01, 0.001). Up to
Ip=I

sat
p � 0:3, this line can be approximated by the linear

function 0:9Ip=I
sat
p with a 5% accuracy. Deviations from

the linear dependence, which occur for Ip=I
sat
p & 10�2, are

invisible in the scale used; the smaller a and b, the weaker
are these deviations. Increasing a results eventually in
strong deviations from the quasilinear dependence (see
curves 2–4). Variation of the total electron concentration
�n between N0 and N0 þ N1, i.e., variation of n1ðIp ¼ 0Þ
between 0 and N1, does not really affect the described
behavior. Interestingly, the model also predicts the shifted
linear dependence n2 / �li / c1Ip � c2, similar to that of

Fig. 2(b), in the intermediate range of Ip (see curves 2 and 3

in Fig. 5).
Let us adapt the model to the experimental data of

Fig. 2(a) for �� ¼ 785 nm. The contribution to �li from
the transition 2 ! CB is �2c ¼ ��

2cn2. Using Eq. (4) and
the definition of Isatp , we can express the slope as

d�2c

dIp
’ 0:9��

2cN0

@!p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�01�10�1c�21
p

: (5)

Setting �1c ¼ 4� 10�18 cm2 [6], ��
2c ¼ 6� 10�18 cm2

[16,17], and �21 ¼ 20 ms (in accordance with the

FIG. 4 (color online). Energy diagram for undoped crystals.
The arrows indicate the excitation and recombination processes;
the subscripts 1c and 2c indicate transitions 1 ! CB and
2 ! CB. The thicker the line, the larger is the corresponding
quantity.

FIG. 5 (color online). Curves 1 to 4: steady-state dependence
n2ðIpÞ calculated from Eqs. (2) for different pairs (a, b) and

�n ¼ N0. The straight dotted line is 0:9Ip=I
sat
p .
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experiment), we estimate N0ð�01�10Þ1=2 � 103 s1=2 cm�2.
Also, we must fulfill the condition Isatp * 105 W=cm2,

which ensures the quasilinearity of �2cðIpÞ up to

� 50 kW=cm2. This gives the restriction �01�10 &
10�28 cm2 s and, correspondingly, the inequalities
b & 10�4 and N0 * 1017 cm�3. They are in perfect agree-
ment with the model assumptions. The second inequality
restricts from below the concentration N0: it must be at
least 2 orders of magnitude larger than N1 � 1015 cm�3.

Let us verify whether the other contributions to �li are
small. The contribution �1c, i.e., absorption by center 1,

can be estimated as �1c & ��
1cN0ð�01�10=�1c�21Þ1=2.

Using the above numerical values, one can check that it
is smaller than 10�5 cm�1, i.e., negligible. The contribu-
tion �01 ¼ ��

01n0 ’ ��
01N0 can be negligible only because

�01 is small. The sufficient restriction, �01 & 10�21 cm2,
is not severe for undoped crystals.

We claim that there is no contradiction between our
model and the conventional description of experimental
data for LiNbO3 crystals doped with Fe or Cu, which does
not include the zero centers. Two differences between
doped and undoped LiNbO3 crystals are important. (1) In
doped crystals, the concentration N1 is not small, and the
contribution �1c ¼ �1cn1 is substantial in the low-
intensity region. The contribution �01 can easily be negli-
gible here owing to the smallness of�01. (2) Because of the
localized nature of the centers 0 and 1, the product �01�10
can be strongly different for doped and undoped crystals.
This issue requires further study.

One might think that playing with numerous model
parameters allows us to fit any particular measured depen-
dence, but the actual situation is different. Characteristics
of many processes involved in LI charge transport in
lithium niobate are known, and hence, the remaining de-
grees of freedom are very limited. The explanation of the
challenging experimental dependences has occurred within
a narrow window of possible noncontradicting, state-of-
the-art studies of lithium niobate.

Revision of the concept of the LI charge transport in
LiNbO3 crystals on the basis of new experimental facts is
the main achievement of this study. The sources of photo-
active electrons are not restricted to deep traps near the
center of the band gap even at modest cw intensities.
Numerous and much deeper centers, attributed to energy
levels nearby the VB, are now expected to be important.

The presence of tails of the density of electronic states
near the CB and VB is a general feature of partially
disordered materials, including lithium niobate [20].
While the importance of the intermediate levels near the
CB, attributed to the NbLi defects, is well recognized for
LiNbO3 crystals, the energy levels near the VB are only
scarcely mentioned in the literature (as oxygen vacancies)
with regard to the LI charge transport [8,14]. It is straight-
forward to expect that they are as important as the levels
near the CB.

The question about the sources of photoactive electrons
in LiNbO3 crystals has important implications. If the
sources are restricted to dopant-related levels, they can
be emptied by thermal or optical treatments leading to
suppression of optical damage [21,22]. If numerous deeper
levels are involved in the charge transport at low or modest
intensities, then additional efforts—like special doping—
must be undertaken to remove them. The zero levels can
possibly be emptied by oxidation of the crystals. Or lithium
indiffusion may improve the stoichiometry of lithium nio-
bate and diminish the impact of intrinsic defects.
In conclusion, we have presented novel experimental

results showing a substantial linear light-induced absorp-
tion in undoped lithium niobate in the range of cw inten-
sities, which contradicts the present notion of charge
transport in this important optical material. A quantitative
model involving energy levels near the valence band edge
as a hidden reservoir of electrons is proposed, which ex-
plains the experimental features and essentially modifies
the concept of light-induced charge transport.
Financial support of the Deutsche Forschungsge-
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