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A detailed study of eight systematically chosen Fe: LiNb03 crystals is presented. Correlation between the 
photorefractive sensitivity and various chemical properties of Fe:LiNb03 is investigated in order to 
ascertain optimum performance of the crystals in holographic storage and display applications. 
Concentrations of Fe 2+ and Fe 3+ ions have been determined from optical and EPR spectra, while impurities 
have been detected from x-ray-emission and infrared spectra. Particular emphasis is placed on investigating 
the dependence on FeH and FeH ion concentrations of the photorefractive sensitivity. The photorefractive 
sensitivity is shown to depend primarily on the concentration of Fe 2+ ions in Fe: LiNb03 . This fact seems 
to suggest that FeH ions are the impurity centers responsible for the photorefractive effect in Fe: LiNb03. 

Spectral dependence of the photorefractive sensitivity and its modification due to oxygen annealing are also 
reported. Our results indicate that an unannealed Fe:LiNb03 crystal containing 0.05 mo1% Fe with 
20-25% of the ions in the Fe 2+ state and the remainder in the Fe3+ state possesses the most favorable 
photorefractive sensitivity. 

PACS numbers: 42.30.Nt, 42.40.Kw, 42.70.Gi 

I. INTRODUCTION 

In recent years conSiderable interest has evolved in 
certain electro-optic crystals as potential real-time 
optical storage media capable of efficient, reversible, 
high-density, and fast recording and display of images 
or holographic information. 1 The physical mechanism 
responsible for the formation of phase holograms in 
such crystals is the photo refractive effect. This process 
consists of the optical excitation and subsequent trans
port and retrapping of electrons which originate from 
localized centers in such crystals. 2,S Early theories 
described the transport of charge carriers in terms of 
diffusion or drift in a constant electric field. 2.3 More 
recently, Glass et al. 4 have suggested a new approach, 
namely, the charge carriers are photogene rated and 
displaced in a spatially preferred direction. Photoex
cited space-charge patterns resembling the intensity 
profile of the generating holographic intensity pattern 
in turn set up electric fields that distort the index of 
refraction of the crystal through the electro-optic effect. 
In this manner the refractive-index modulation, which 
generates a volume phase hologram, can be used as a 
mechanism for information storage. Although this ef
fect has been observed in several ferroelectric crystals, 
including LiNb03,2.3,5 LiTa03, 2,5,6 BaTiOs,7 and SBN, 8 

their relatively low recording and erasure sensitivities 
compared to other direct optical recording media9 has 
been a practical drawback. At this time, the most 
promising of these crystals is LiNbOs, which has a large 
electro-optic coefficient and whose sensitivity can be 
increased several orders of magnitude by optimizing the 
charge transport mechanism. Free electrons are pro
vided by Fe ions present in significant concentrations 
even in undoped LiNb03, and substantial improvements 
in sensitivity have been made by doping LiNbOs with 
transition metals, in particular with Fe. Apart from the 
dependence on total iron concentration, the photore
fractive sensitivity of Fe: LiNbOs is believed to depend 
also on the concentrations of two valence states of Fe, 
viz., Fe2

+ and Fe3+. 10-14 The relative concentrations of 
Fe2

+ and Fes
+ ions in a given crystal of Fe: LiNbOs can 

be altered by subj ecting the crystal to oxidizing or 
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reducing heat treatments. 10,l1,lS To a lesser extent, the 
sensitivity can also be improved by applying a large 
electric field or by writing with short optical pulses. 15 

In view of the importance of improving the photore
fractive sensitivity of Fe: LiNbOs for potential use in 
holographic storage applications, we report in this paper 
a detailed characterization of chemical and holographic 
properties of Fe: LiNb03. In order to determine opti
mum crystal properties, we have chosen crystals with 
a systematic variation of concentrations and crystal 
treatm en ts. The nature and abundance of impurities 
present in LiNbOs affect the photo refractive sensitivity. 
Impurities have therefore been identified and their con
centrations determined by various measurements. These 
measurements include proton-beam-induced x-ray-emis
sion spectra, ir absorption spectra, optical absorption 
spectra, and EPR. The absolute concentrations of Fe2

+ 

and Fe3+ ions for both annealed and unannealed crystals 
with the same Fe dopant concentrations have been de
duced using optical and EPR spectra. Changes in the 
Fe2

+ and Fe3+ concentrations produced by oxygen an
nealing are examined. Correlation of the photorefractive 
sensitivity with concentrations of Fe, Fe2+, and Fe3+ 
has been quantitatively investigated, and the effects of 
inadvertent impurities in Fe : LiNb03 are discussed 
qualitatively. Spectral dependence of photo refractive 
sensitivity and its modification due to oxygen annealing, 
and hence also due to reduction, have been studied. 

Changes in optical absorption spectra have been as
cribed to changes in Fe2+ concentrations, 13,14,16 which 
in turn have been associated with changes in photore
fractive sensitivity. 17_19 Fe3+ ions in Fe: LiNbOs have 
been identified by both EPR spectra20-22 and magnetic 
susceptibility measurements. 16 Recently, a direct con
firmation of the existence of Fe2

+ state in LiNb03 has 
been made by investigating the Mossbauer spectra of 
Fe : LiNb03. 23 In this paper we present comprehensive 
correlation of these chemical properties with the photo
refractive sensitivity of Fe: LiNbOa• Our experimental 
results and analysiS support the suggestion10

,ll that the 
Fe ion responsible for the increase of absorption in the 
optical spectrum of Fe : LiNb03, viz., Fe2+, is also 
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TABLE I. Relative-concentrations of nickel as determined 
by proton-beam-induced x-ray emission spectroscopy. 

(Ni/Nb) 
Fe: LiNb03 Fe conc. (ppm by Ni 
crystal (mol%) Treatment wt) Fe+Ni (%) 

x-I 0.005 A 223 47 
x-2 0.005 UA 81 29 
x-3 0.02 A 108 25 
x-4 0.02 UA 83 17 
x-5 0.1 A 709 28 
x-6 0.1 UA 704 28 

mainly responsible for increasing the photorefractive 
sensitivity. The photo refractive sensitivity increases 
almost linearly with increasing Fe2

+ concentration but 
then saturates; this seems to suggest that in addition to 
the absolute Fe2

+ concentration the relative concentra
tions of Fe2

+ and F e3.t ions are also important in de
termining the photorefractive sensitivity. This inter
pretation is substantiated by the fact that the decrease 
in photorefractive sensitivity upon oxygen annealing 
follows a pattern very similar to that of the decrease in 
Fe2

+ concentrations (or increase in F e3.t concentrations). 
As a result, there exist optimum values of Fe, Fe2+, 
and Fe3+ concentrations for which the sensitivity is 
most favorable-0.05 mol% Fe-doped LiNb03 with 20-
25% Fe2+ (and 75-80% Fe3+). It should be noted that in 
general any further increase in the net cw photorefrac
tive sensitivity of Fe: LiNb03 will be limited by the 
accompanying increase in optical absorption without a 
corresponding increase in the sensitivity. 

Furthermore, the diffraction efficiency curves for 
different crystals are in good agreement with an analy
tical expression for diffraction efficiency based upon a 
nonlinear dynamic theory for photorefractive phase 
hologram formation proposed by the authors. 24,25 This 
analysis has been used to determine the bulk photo
voltaic field as a function of Fe2

+ concentration and to 
discuss theoretically the experimentally measured 
photorefractive sensitivity for various crystals, In Sec. 
II we present spectroscopic measurements of the phys
ical properties of LiNb03. In Sec. III are reported the 
measurements of the photorefractive properties. The 
analyses and conclusions are presented in Secs. IV and 
V, respectively. 

II. SPECTROSCOPIC MEASUREMENTS OF 
PHYSICAL PROPERTI ES 

In order to investigate the dependence of photorefrac
tive sensitivity on iron concentration and on the valence 
states of iron, Fe: LiNb03 crystals were chosen with 
wide-ranging and systematically varying Fe concentra
tions. Eight crystals were studied, two each with the 
following Fe dopant concentrations: 0.005, 0.02, 0.05, 
and 0.1 %/ mol. A wide range of Fe2

+ and F e3.t concen
trations was obtained by selecting these eight crystals 
such that four of them were annealed in an oxygen at
mosphere while the other four (one of each iron con
centration) were not subjected to any heat treatment. 
The annealing process was done in 1 atm of oxygen for 
about 24 h at 800-900°C with a rate of cooling of 
100°C/h. The physical dimensions of the cut and polished 
crystals26 were chosen for convenience to be 1 cm (a 
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axis) by 0.1 cm (b axis) by 1 cm (c axis). The fo llowing 
measurements were made on the LiNb03 crystals. 

A. X-ray emission spectra 

The presence of impurities in Fe: LiNb03 other than 
the main dopant, Fe, can affect the photorefractive 
sensitivity of Fe: LiNb03 either adversely or favorably. 
Therefore, to make any meaningful correlation of the 
photorefractive sensitivity with the iron concentration, 
one needs to detect the presence of other impurities and 
measure their concentrations. The elemental analysis 
of the crystals was done USing two techniques. The first 
of these techniques employs proton-beam-induced x-ray 
emission spectroscopy27 to detect and determine the 
concentrations of all elements with Z> 20 present in the 
LiNb03 crystals. Samples analyzed by this technique 
include the 0.005,0.02, and O.l%/mol Fe-doped an
nealed and unannealed LiNb03 crystals. Powdered crys
tals in the form of a thin layer were used as targets for 
the proton beam. 

The measured spectra for all samples show peaks 
corresponding to Fe and Nb as expected, but they also 
reveal the unexpected presence of Ni in substantial 
quantities. In Table I we list the measured concentra
tions of Ni. Comparison of the concentrations for the 
annealed and unannealed samples shows that Ni is not in
troduced by the annealing process, but must enter during 
growth in the melt or poling. Substantial quantities of 
Ni in otherwise Fe-doped LiNb03 crystal can modify the 
holographic properties of the crystals. 28 

B. ir spectra 

Since x-ray emission analysis is limited to elements 
with Z > 20, ir absorption spectroscopy is used to 
identify impurities with Z < 20. In particular hydrogen 
is an impurity that has been known to enter LiNb03 
crystals and to reduce its photo refractive sensitivity. 29-32 
Mechanisms by which hydrogen reduces the suscepti
bility of LiNb03 to refractive-index change are not 
known; but for a proper evaluation of crystal sensitivi
ties and comparison of their performance, one must 
include the relative concentrations of hydrogen in these 
crystals. Hydrogen diffuses into the crystals during the 
poling process and combines with the oxygen in LiNb03 
to form OH ions. The presence of hydrogen in LiNb03 
is manifested by an OW, 0-1 stretching vibrational 
band in the near infrared at approximately 2.86 Jlm. 
All eight Fe : LiNb03 crystals investigated exhibit this 
band and one of the crystals, the 0.05% Fe-doped an
nealed crystal, more so than the others (approximately 
twice-see Fig. 1). The data presented here was taken 
with a Beckman Type 8 ir spectrophotometer at room 
temperature. The spectra are unpolarized; however, 
the c axis of the crystal in each case was oriented 
parallel to the slits and the direction of the beam was 
perpendicular to the c axis. The peak absorptions and 
hence the relative concentrations of the OH- ions are 
shown in Table II. A peak absorption of about 1-2.5 
cm-1 corresponds to an H-ion concentration of the order 
of 1016_1017/cm3. 30 The effect of the substantially higher 
absorption in one of the crystals as compared to the 
others is discussed in connection with Fig. 11. 
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FIG. 1. OH-, 0-1 stretching vibrational band in the near
infrared absorption spectrum. Spectra for other Fe: LiNbOs 
crystals are similar to that of x-8. 

C. Optical spectra 

Absorption of Fe : LiNbOs in the visible region of the 
spectrum is mainly due to the Fe2

+ state of the iron 
dopant. The band at 484.5 nm has been attributed to 
Fe2

+ - Nbs+ intervalence charge transfer, 16 and its in
tensity is proportional to the Fe2

+ concentration. We 
have therefore used this band together with the EPR 
spectra of F.e : LiNbOs to determine the absolute con
centrations of Fe2+ and Fe3

+ ions. 

Optical absorption spectra were recorded with a Cary 
17 spectrophotometer at room temperature. Spectra for 
all eight crystals, taken with the beam perpendicular 
to the c axis for E 1 C (a spectrum) and Ell c (7T spectrum) 
for each of these crystals are shown in Figs. 2(a) and 

T ABLE II. Relative concentrations of OH- ions in Fe: LiNbOs 
as obtained from near-infrared spectroscopic measurements. 

Fe: LiNbOs Fe conc. 
crystal (mol%) Treatment OH- ratios 

x-I 0.005 A 1.4 
x-2 0.005 VA 1.5 
x-3 0.02 A 1.4 
x-4 0.02 VA 1.2 
x-5 0.1 A 1.0 
x-6 0.1 VA 1.0 
x-7 0.05 A 3.2 
x-8 0.05 VA 1.3 

5423 J_ Appl. Phys., Vol. 47, No. 12, December 1976 

Ci 
0 

~ 
I-
Cf) 

Z 
W 
0 

...J 
<t 
u 
l-
CL 
0 

(a) 

ENERGY, eV 
)5 )0 26 24 22 20 19 I. 

20 tH ~ 

1.~jI i' 
~II\ == ~=~ 

16 'i \1 -.-.- X-3 

U
ll 4845 nm .......... X-4 

1.4. \I P I X-5 
----- X-6 I" .1 ~ ---- X-7 

12 \1 1'\-----/ "'-.. _ ... - ... X-6 

'" 
1.0 . II " 

Ii! I. 
, , , 

08 Iii \ 
, , 

\~\\ 
, 

06 " - ./' -- , , ......... 
" 04 \~ "" , 

~~~.~,,- ..... - ........... "-................... _-
02 ~ .. -., .. ' .. ~=. 

400 600 700 

WAVELENGTH A, nm 

ENERGY, eV 

17 16 

45 'E 
u 

40 
Cj 

)5 
I-
Z 

)0 

~ 
25 

Cf) 

Z 
0 

20 U 

" Z 
0 

10 i= 
CL 
0::: 

5 0 
Cf) 

0 OJ 
800 <l 

:3 ~ 30 26 24 22 20 19 18 17 16 -
2.0r--.r---=:r---=;'~-;T:,-,,---=r-I-"':;:-I-:..r-':;I~-T---:;=-:'45 'E 

1.8 

d 
o 1.6 

~ I.' 
I-

1.2 
Cf) 

i3 10 

o 
0 .• 

-.J 
<t 0.6 
U 

Ii --- x-6 40 ~ 
I", --- x-6 
'1I,r..\ - ... - )(-8 
~ - .. - x-8 

'Ii ~\ "',............ TEMPERATURE: room femperature 
.: \.....':~-... ....... , 
ii E#c -,_ \ E1C 

35 
I
Z 

30 <J: 
I
Cf) 

25Z 
o 

20 U \' '- \ 
.\.. E.LC '-" 15 Zo ~ ... " " ""'="" "".. -, " I-

E#c ,.. . ........... >. " 10 Q.. i= 04 
Q.. 
0 0 .2 

........... _ ........... --:..:::.., 0::: 
-··..::...~~~155S 

L-~~ __ -L __ ~~ __ ~ __ ~~ __ L-__ ~ __ -.L __ ~O ro 
400 ~OO 600 700 800 <:[ 

(b) WAVELENGTH A, nm 

FIG. 2. (a) Optical absorption spectra of all eight 
Fe: LiNbOs crystals; polarization E~ c, (b) polarization de
pendence of the optical absorption spectrum for 0.05 and 0.1 
mol% Fe-doped unannealed LiNbOs crystals. 

2(b). In Fig. 3 the absorption spectral data is replotted 
to show the change upon oxygen annealing in the inten
sity of the band at 484.5 nm, and also in the absorption 
at longer wavelengths in the visible. The intensity of 
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FIG. 3. Effect of oxygen annealing on the optical absorption 
spectrum for a 0.1 mol% Fe-doped LiNbOs crystal. 
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lated from optical absorption data. 

the band at 484. 5 nm is linear with the Fe concentration 
for both the annealed and unannealed crystals. Hence 
the ratios of intensities of this band yield the relative 
concentrations of Fe2+ ions present in each crystal 
(Fig. 4). 

From Figs. 2(a) and 2(b) a marked shift of the absorp
tion edge towards shorter wavelengths upon oxygen an
nealing is evident. Pure LiNb03 has an oxygen 2 prr 
valence band and Nb d€ conduction band with a band 
gap of 3.72 eV .16 The absorption edge of pure LiNb03 

is therefore at approximately 350 nm. The shift in the 
absorption edge of LiNb03 towards longer wavelengths 
upon doping with Fe is due to the excitation of electrons 
from the oxygen valence band to the shallow Fe impurity 
states in the band gap. 16 This shift towards longer wave
lengths is greater with increasing Fe concentration, for 
a polarization as compared to the rr polarization, and for 
unannealed crystals as compared to annealed crystals, 
suggesting a modification of the band structure of 
LiNb03 by the Fe2+ impurities. 

D. EPR measurements 

Fe3+ ions are responsible for the EPR spectrum of 
Fe: LiNb03 • EPR spectra can therefore be used to cal
culate the relative concentrations of Fe3+ ions in a 
Fe: LiNb03 crystal. Hence, with the assumption that aU 
the iron exists either in the divalent or trivalent state 
it is possible to obtain for any pair of annealed and un
annealed crystals with the same iron concentration the 
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ratio of their Fe2
+ and Fe3

+ contents, obtained indepen
dently from optical absorption and EPR data, respec
tively. In this manner, it is possible to determine the 
absolute concentrations of Fe2

+ and Fe3+ ions for each 
of the eight Fe: LiNb03 crystals under investigation. 

For the trigonal C~ v structure of LiNb03 and for the 
Fe substituting for Nb or Li with octahedral coordina
tion with 0, the crystal field is approximately axially 
symmetric. With the inclusion of Zeeman and second
order interactions only, the spin Hamiltonian for Fe3+ 

in LiNb0
3 

11,16,20-22 is given by 

H = g[3H • 5 + D[S! - ts (5 + 1) J. 
The EPR spectrum of single-crystal Fe3+ : LiNb03 ex
hibits a large orientational dependence and hence is not 
useful for a comparative study. The EPR analysis was 
therefore carried out using powdered samples of an
nealed and unannealed crystals with 0.005, 0.02, and 
0.1 mol% Fe. 

EPR spectra for each of the six Fe: LiNb03 crystals 
mentioned above were taken on a Varian E-line EPR 
spectrometer at a frequency of 9.3 GHz at 70 OK from 
o to 4000 G (Fig. 5). The absorption peak at approxi
mately 300 G was sufficiently strong to allow a room
temperature measurement in all six samples. This 
absorption peak corresponds to the transition I -t) 
<=> I - i) that does not exhibit any angular dependence 
as described in Ref. 22. A scan was made for each 
powdered sample over the absorption signal at 300 G. 
The variation of signal height with change of orientation 
of the powdered samples with respect to the magnetic 
field was found to be negligible. However, for each sam
ple an average value of the EPR signal at 300 G was 
obtained from measurements for four different orienta
tions. The relative magnitudes of the average signal 
heights for the various samples normalized with respect 
to sample weight and receiver gain give the relative 
concentrations of the Fe3+ ion in the six Fe: LiNb03 crys
tals investigated. Samples of annealed and unannealed 
0.05 mol% Fe were not available. However, the con
centrations of Fe3+ in these two crystals can be esti
mated from the extrapolation of the graphic representa
tion of this data. The results of the EPR analyses are 
shown in Fig. 6. We have used these results together 
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FIG. 5. EPR spectrum of powdered Fe: LiNbOJ (0.005 mol% 
Fe, annealed). 
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with those obtained by optical absorption measurement 
to obtain for any pair of annealed and unannealed 
Fe: LiNb03 crystals with a given Fe concentration, the 
absolute concentrations of Fe2

+ and Fe3+ ions. These 
results are listed in Table III. 

III. MEASUREMENT OF PHOTO REFRACTIVE 
PROPERTIES 

For holographic storage applications the quantity of 
prime interest is the photo refractive sensitivity. The 
dependence of photo refractive sensitivity on the physical 
properties of the crystals and the experimental param
eters such as writing and reading wavelengths are im
portant to attain the most favorable storage character
istics and to shed some light upon the phYSical mech
anisms responsible for the process. In this section we 

AIlGON LASER 

eEAMSPLITTER 

FIG. 7. Experimental arrangement used for measuring photo
refractive sensitivity • 

discuss the correlation of the diffraction efficiency and 
photo refractive sensitivity of Fe: LiNb03 crystals with 
the experimental data described in Sec. II, such as iron 
dopant concentration, crystal treatment, and recording 
wavelength. 

A. Experimental arrangement and techniques 

Plane-wave holograms were recorded in Fe :LiNb03 

crystals USing the experimental arrangement shown in 
Fig. 7. The coherent radiation source used was an 
argon ion laser operating in the TEMoo transverse mode 
and a single longitudinal mode with a linewidth of about 
50 MHz and a frequency jitter of ± 100 MHz, as moni
tored by an optical spectrum analyzer. Intensity fluctua
tions were less than 2%. The optical recording beam 
was split into a reference beam and an object beam and 
their intensities were equalized to within 2% using 
neutral density filters. The two beams, each with a 3-
mm diameter, intersected in the crystal at an angle of 
12° to form interference fringes in the direction per
pendicular to the writing plane. The c axis of the crys
tal was oriented to lie in the writing plane and per
pendicular to the bisector of the writing angle. The 
thickness of the crystals perpendicular to the c axis is 
1 mm. The incident, reflected, transmitted, and dif
fracted beams were measured using an EG&G model 
580 radiometer. 

Holograms were read at the same wavelengths as those 
used for recording them. This was accomplished by 
briefly interrupting the recording procesS at regular 
intervals of time, blocking one of the recording beams 
and measuring the diffracted beam without disturbing 

T ABLE III. Concentrations of Fe2+ and Fe3+ ions in Fe: LiNbOa crystals as estimated from optical and EPR spectra. 

Fe: LiNbOa Fe conc. Fe2+ conc. Fe3+ conc. Fe2+ 

crystal (mol%) Treatment (mol%) (mol%) Fe3+ 
Fe2+ (0/,) F 3+ _e_ (0/,) 
Fe 0 Fe 0 

x-I 0.005 A O. 4x 10·a :s 5x 10.3 
x-2 0.005 VA 0.4x l~a :s 5x 10.3 
x-3 0.02 A O. 3x 10·a 19. 7x 10-3 0.015 2.0 98 
x-4 0.02 VA 1. 2 x 10.3 18. 8x 10.3 0.064 6.0 94 
x-5 0.1 A O. 20x 10-2 9. 80x 10-2 0.019 2.0 98 
x-6 0.1 VA 2. 40x 10.2 7. 60x 10-2 0.320 24 76 
x-7 0.05 A 0.10x 10-2 4. 90x 10-2 0.022 2.0 98 
x-8 0.05 VA 1. lOx 10-2 3. 90x 10-2 0.280 22 78 
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tive bulk photovoltaic field as a function of Fe2+ concentration 
determined from the diffraction efficiency curves. 

the system. Six different argon laser lines were used 
for writing and reading holograms (4574, 4727, 4765, 
4880, 4965, and 5145 A), with the polarization per
pendicular to the writing plane. For all crystals and 
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wavelengths, the experimental conditions and the tech
nique for measurement were identical. 

B. Definitions of experimental parameters 

We now define the quantities in terms of which the 
experimental results have been measured and interpret
ed. The diffraction efficiency 1) of a hologram at a 
given time t has been defined as the percentage of the 
initially (t = 0) transmitted read beam that is diffracted 
by the hologram at time t. Photorefractive sensitivity 
is defined as the net energy density required to produce 
a hologram of a given diffraction efficiency in the initial 
regime of 1). We have incorporated the beam attenuation 
effect by introducing a parameter 

r = [1 - exp(- O'L)l!O' L < 1 (1) 

(0' is the absorption coefficient of the crystal and L is 
the crystal thickness). The quantity r represents the 
ratio of the average beam intensity inside the crystal to 
the incident intensity, viz., lav/lo=r. For the ideal 
case where the crystal has no absorption, r = 1 and 
lavg=/o• Consequently, this value of lavg will be achieved 
for a crystal with r different from unity if the incident 
beam 10 is inversely scaled with respect to r, i. e. , 
lo/r. We may thus write the photo refractive sensitivity 
as 

s = (~nl ~E)r , (2) 

where ~ n is the refractive-index change associated with 
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a fixed value of 1) (10%) and IlE is the incident energy 
density required to produce it. 33 

C. Experimental results 

The experimentally measured diffraction efficiency 
curves for all eight Fe: LiNb03 crystals are depicted in 
Fig, 8 (a). Due to the differences in intensities used for 
recording holograms in these crystals, the abscissa has 
been taken to be the writing energy density or exposure 
instead of time. We have adopted this procedure in view 
of the fact that reciprocity between intensity I and 
writing time t has been observed and reported previous
ly25[seeFig.1(b)inRef. 25]. 

Increase in the initial slope of the 1) curves with in
creasing Fe concentration is evident from Fig. 8(aL 
Also it is clear that the slope of the 1) curves is sub
stantially higher for the unannealed crystals as com
pared to that of the annealed crystals of the same Fe 
concentration. Furthermore, for crystals with low Fe 
concentration, 1) curves are monotonically increasing in 
the exposure investigated, whereas within the same ex
posure range crystals with high Fe concentration show 
the remarkable oscillatory behavior previously dis
cussed. 25 The effect of Fe2

+ concentration or O! on the 
time scale in which the space-charge field builds up is 
already evident in the initial region of the 1) curves. 
This will be discussed in greater detail in Sec. IV. 

The dependence of photo refractive sensitivity on iron 
concentration and crystal treatment is shown in Fig. 9. 
To emphasize the effect of absorption in the crystal, 
photo refractive sensitivities without the attenuation 
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parameter r are also plotted in Fig. 9. Note the great 
difference in the sensitivities of the unannealed and 
annealed crystals. For the unannealed crystals a sat
uration is seen in the photo refractive sensitivity as a 
function of Fe concentration without the inclusion of at
tenuation effects. With the inclusion of r the photore
fractive sensitivity for the unannealed crystals increases 
with increasing Fe concentration, reaches a maximum 
value, and then decreases again, thus indicating the 
predominance of absorption in crystals with high Fe 
concentration. The effect of absorption in the crystal can 
thus be judged from the difference in the sensitivity 
curves with and without the factor r. The annealed crys
tals, which have a much lower sensitivity, show only 
a slight modification when taking into account the ab
sorption parameter r. In Fig. 10 are plotted the ratios 
of the photorefractive sensitivities (with and without the 
attenuation parameter r) of the unannealed to those of 
the annealed crystals of the same Fe concentration and 
the ratios of their corresponding r's. First, since the 
ratios of sensitivities are greater than unity for all 
crystals, all unannealed crystals have higher sensitivi
ties than their annealed counterparts. This is to be ex
pected from the results of Fig. 9. For crystals with 
low Fe concentration, attenuation effects are negligible 
and the curves of the ratios of photo refractive sensitivi
ties with and without the attenuation factor r almost 
COincide. For crystals with high Fe concentration the 
effective sensitivity is not enhanced because of the 
counteracting influence-the beam attenuation factor. 
For example, for the 0.1%/mol Fe-doped crystal 
r UA/r A'" O. 44 and (Iln/ IlE)UA (Iln/ IlE)'Al 

'" 5. On the other 
hand, for the O. 05%/mol Fe-doped crystal, r UA/r A'" 
O. 66 and (Iln/ IlE)UA (Iln/ IlE)'Al 

:::: 46, i. e., the gain in 
photorefractive sensitivity is far greater than the in
crease in absorption of the unannealed crystal. This 
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FIG. 12. Effect of oxygen annealing on Fe2+ and Fe3+ concen
trations. 

shows explicitly that the optimal region for recording 
phase holograms in unannealed Fe: LiNb03 with high 
photorefractive sensitivity and low absorption is 0.04-
0.07%/mol Fe. 

The spectral dependence of the photorefractive sen
sitivity for all eight Fe: LiNb03 crystals is shown in 
Fig. 11. Six different wavelengths were used: 4579, 
4727, 4765, 4880, 4965, and 5145 A. It is evident from 
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Fig. 11 that photorefractive sensitivities of all crystals 
except x-1 and x-7, within the limits of experimental 
error, increase linearly with decreasing wavelength. 
It is interesting to compare the spectral dependence of 
the photorefractive sensitivity with that of optical ab
sorption (see Figs. 2 and 3); while the optical absorption 
shows a distinct peak and decreases with decreasing 
wavelength near 4845 A, no such dependence is ob
served in the sensitivity curve. 

For two crystals, x-1 and x-7 the spectral dependence 
of sensitivity departs from the general linear behavior 
(Fig. 11). From the data given in Tables I and II, it can 
be seen that crystal x-1 has a high Ni concentration 
while crystal x-7 has a high OH- concentration as com-
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pared to the other crystals. We may qualitatively ex
plain the general shapes of the sensitivity curves for 
x-1 and x-7 as follows. OW ions modify the transport 
properties of the crystal so as to enhance the sensitivity 
for short wavelengths and reduce it for long wave
lengths. 29- 32 For x-1, the higher concentration of Ni, 
which has a high absorption at shorter wavelengths 
plotted in Fig. 11 (Ref. 34), increases the sensitivity, 
while for A close to 5000 A Ni does not have a high ab
sorption and hence does not enhance the sensitivity. As 
a result the shape of the photorefractive sensitivity 
curve for A close to 5000 A does not depart from the 
general linear behavior exhibited by the other crystals. 
Crystal x-7 was subjected to y radiation from a 7-mCi 
source for about seven days in the course of Mossbauer 
measurements. This resulted in a slightly increased 
sensitivity (curve x-7 y in Fig. 11), possibly due to the 
creation of defect centers, but there is no change in 
the general shape of the sensitivity curve. 

IV. ANALYSIS 

Based on the data given in Secs. II and III, we now 
consider the role played by the two valence states of 
iron, i. e. , Fe2• and Fe 3

• in the photorefractive effect. In 
particular, we examine the effect of oxygen annealing 
and establish the correlation between photorefractive 
sensitivity and Fe2• concentration. In addition, with the 
aid of our theory24.25 we relate crystal parameters to 
the diffraction efficiency and the photorefractive 
sensitivity. 

Figure 12 shows the increase in the absolute concen
tration of Fe3+ ions upon oxygen annealing of Fe: LiNb03 • 

On a logarithmic scale, the Fe3+ concentration increases 
linearly with the Fe concentration in the crystal up to 
about 0.04%/mol Fe, but then begins to saturate. An
other way of stating this saturation is that with in
creasing Fe concentration the fractional occupancy of 
the Fe3+ state (Fe3+/Fe) in the unannealed crystal de
creases (see Table III). 

We examine the dependence of photo refractive sen
sitivity on the concentrations of the two valence states 
of iron. In Sec. III we have investigated photorefractive 
sensitivity as a function of Fe concentration separately 
for the annealed and unannealed crystals (see Fig. 9). 
We now conSider the dependence of photo refractive sen
sitivity on the Fe2+ ion concentrations. The differences 
in (a) sensitivities of the annealed and unannealed crys
tals and (b) the corresponding percentages of Fe2+ ions 
are plotted in Fig. 13 as a function of Fe concentration. 
The remarkable similarity in the two curves shows 
explicitly a direct relation between photorefractive sen
sitivity and Fe2+-ion concentration. 

We plot in Fig. 14(a) photorefractive sensitivity di
rectly as a function of the absolute Fe2+ concentration 
in these crystals (Table III). Note that unlike Fig. 9, 
where the photo refractive sensitivities for the annealed 
and unannealed crystals lie on two separate curves, we 
have in Fig. 14(a) a single curve for photorefractive 
sensitivity regardless of whether the crystal is annealed 
or not annealed, depending only on their Fe2+ concen
trations. No such dependence is seen on Fe3+ concentra-
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tions, for which we once again have separate plots for 
the annealed and unannealed crystals, as in Fig. 9. 
From Fig. 14(a) it can be seen that the photorefractive 
sensitivity increases initially as a linear function of the 
Fe2+ concentration, just as in the case of optical ab
sorption (Fig. 4), but then begins to decrease. We will 
discuss this point further in the following paragraphs. 

First we analyze the experimentally obtained diffrac
tion efficiency (1j) curves [see Fig. 8(a)]. In Ref. 25 the 
intensity response of the bulk photovoltaic field E for a 
single crystal was investigated by means of the 11 curves. 
There a systematic relationship between the writing 
beam intensity and the time scale was observed in good 
agreement with the nonlinear dynamic theory for the 
space-charge field. 24 In this work, however, an empha
s is is placed on exam ining the res pons e of 11 to crystal 
parameters, in particular to Fe2+ concentration. As in 
the previous case,25 11 curves can be described for a 
given crystal by the same formulation. 24 The space
charge field or 11 evolves in time scaled with the crystal 
parameters and intenSity as 

[see Eqs. (5) and (6) in Ref. 24]. Here e, Jl, T, and € 

denote the electronic charge, mobility, trapping time 
and permittivity of the crystal, respectively. 

(3) 

In addition, 11 depends very sensitively on the effec
tive electron drift field [see Eqs. (2) and (3) in Ref. 25]. 
Crystals investigated herein have a very wide range of 
Fe2+ concentration. Hence one cannot aSSume a common 
photovoltaic field E for the entire set of these crystals, 
but should regard E as a function of the donor concen
tration. 4,36 In fact, since 11 is an explicit function of the 
coupling strength of the phase grating [Eqs. (2) and (3) 
in Ref. 25], which in turn depends on the exposure and 
the effective drift field E, one can determine from the 
experimental1j curves, with the neglect of diffusion, 
the values of E for the corresponding crystals. In Fig. 
8(b) we have plotted the theoretical 11 curves for the 
crystals investigated, and these curves are in good 
agreement with the experimental results [Fig. 8(a)]. 
In Fig. 8(c) we present the corresponding E values as 
a function of Fe2+ concentration. These E values have 
been obtained at a common exposure, since E in general 
can also be a function of intensity. 25 Note an interesting 
Similarity between Fig. 8(c) and the results of Kratzig 
and Kurz.36 

As pointed out previously, the values of sensitivity 
plotted in Fig. 14(a) were obtained in the initial regime 
of 11. In this initial regime24 ,25,35 the refractive-index 
modulation is proportional to the exposure as well as 
the equivalent electron drift field due to the bulk photo
voltaic effect,4 while 11 is proportional to the square of 
the refractive-index modulation. Hence the photorefrac
tive sensitivity in this regime of 11 reads as 

S = [tn!r33eJlT)/e1iwZ]Qr[L-1t dz exp(- 2Qz)E2(z)]1/2, (4) 

where the extraordinary index of refraction n. = 2.27, 
the electro-optic coefficient rss = 3.08 X 10-11 m/V, e is 
the electronic charge, the mobility Jl = 15 X 10-4 m2/V sec, 

Shah etal. 5429 



TABLE IV. Comparison of the most favorable photorefractive sensitivity with previously published sensitivity data (Ref. 15) 
for writing with short high intensity pulses. (The high sensitivity in Ref. 15 was attributed to multiphoton photorefractive 
processes. ) 

Crystal 

Bell Labs 
0.05% Cu2+: LiNb03 

Rice Crystal 
0.05% Fe: LiNb03 
unannealed 
undoped LiNb03 

Writing technique 

cw at 5145 A 
50 MW/cm2 

10-ps pulses at 5300 A 
500 MW/cm2 

10-ps pulses at 5300 A 
cw at 5145 A 
cw at 4579 A 

cw at 5145 A 

t:,.n/ ClE 
(cm2/J) 

3. 6x 10-6 
4.1x 10-5 

3.1x 10-4 

7. 3x 10-4 
11 x 10-4 

~ 10-9 

the trapping time '7"= 6 x 10-11 sec, the dielectric con
stantE = 2.83 X 10-10 F 1m, wavelength A = 4579 A, the 
characteristic impedance of free space Z = 377 n, the 
absorption coefficient Q' = 1350 m- l

, and the attenuation 
parameter r=0.549. Thus Eq. 4 gives the sensitivity 
in terms of crystal parameters, beam attenuation, and 
the equivalent electron drift field, E(z). We can now 
discuss Fig. 14(a) theoretically by explicitly evaluating 
Eq. 4. In so doing we use the values of E obtained in 
Fig. 8(c). These experimentally determined E values 
correspond to the field averaged over the crystal depth 
and hence can be taken out of the integral. The theoret
ically obtained values for photorefractive sensitivity 
are plotted in Fig. 14(b) which is in fairly good agree
ment with the experimental curve of Fig. 14(a). 

V. CONCLUSIONS 

We have carried out a detailed and methodical study 
of eight systematically chosen Fe: LiNb03 crystals. 
As a result, we have 

(1) determined the concentration of Fe2
+ and Fe3

+ ions 
in Fe: LiNb03 from optical absorption and EPR 
measurements, 

(2) established the relation between the photorefrac
tive sensitivity and Fe2

+ and Fe3
+ concentrations, 

(3) investigated the spectral dependence, the effect 
of oxygen annealing, and of other impurities on the 
photorefractive sensitivity, 

(4) analyzed the diffraction efficiency curves for dif
ferent crystals and corresponding sensitivities with the 
dynamic theory of hologram .formation, and 

(5) determined the bulk photovoltaic fields as a func
tion of Fe2

+ concentrations. 

We have shown in the course of this work that for the 
crystals examined by us there exists an optimal set of 
crystal characteristics for which the photo refractive 
sensitivity is most favorable. The optimal parameters 
are (a) 0.05%/mol Fe concentration, (b) Fe2+/Fe-20-
25%, (c) Q' -13.5 cm- l

, and (d) crystal thickness 0.1 
cm. For these parameters, the sensitivity has been ob
served to be 6xlO-4 cm 2/J at 4579 A. We compare this 
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(t:,.n/ClElr 
a (cm-I ) r (cm2/J) 

0.72 0.93 3.4x10-6 

0.25 0.98 4. Ox 10-5 

2.5 0.79 2.4x 10-4 

12.9 0.56 4.1x10-4 
13.5 0.55 6.0 x 10-4 

< 10-2 1 ~ 10-9 

sensitivity with the sensitivities reported in the literature 
and have summarized it in Table IV. 
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