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In this paper the photorefractive sensitivity defined for single-centre holographic recording is modified to adapt

two-centre holographic recording. Based on the time analytic solution of Kukhtarev equations for doubly doped crystals,

the analytical expression of photorefractive sensitivity is given. For comparison with single-centre holographic recording

and summing the electron competition effects between the deeper and shallower traps, an effective electron transport

length is proposed, which varies with the intensity ratios of recording light to sensitive light. According to analyses in this

paper, the lower photorefractive sensitivity in two-centre holographic recording is mainly due to the lower concentration

of unionized dopants in the shallower centre and the lower effective electron transport length.
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1. Introduction

The two-centre holographic recording method has

attracted attention because of its ability to record per-

sistent holograms.[1] Because UV light can be used

to fix selectively a small-volume hologram out of the

whole recorded hologram, it is possible to integrate a

miniaturized optical three-dimensional system into a

substrate.[2] However, their sensitivity and depth of

space-charge field are very low in comparison with

single-centre recordings.[3,4] Though the Kukhtarev

equations modified for doubly doped crystals can be

used for describing the time evolution of them, an in-

tuitional explanation in physics is absent. The anal-

yses of the electron transport lengths make good ex-

planations on holographic grating formation in single-

centre recordings,[5,6] but it cannot be used for the

two-centre holographic recording directly. Figure 1

shows the energy-band diagrams for LiNbO3:Fe:Mn

crystal used in two-centre holographic recording. In

the two-centre holographic recording method the deep

centre and the shallow centre share the same conduc-

tion band and the same free electrons, thus the exci-

tation, recombination and transport of carriers should

have different behaviour with single-centre recording

method. Furthermore, the deeper centres and shal-

lower centres involve in the grating formation simul-

taneously and the contribution of high-frequency sen-

sitizing light to the grating formation cannot be ne-

glected in the analyses of photorefractive sensitivity.

All of these analyses must be based on analytic solu-

tions for Kukhtarev equations modified for the two-

centre holographic recording.

The photorefractive sensitivity is defined as the

changes of diffraction efficiencies per unit absorbed

energy and volume or per incident energy density for

unit crystal length, respectively, at the initial stage

of hologram formation.[7] In Ref.[4], Adibi et al mod-

ified the sensitivity expression by multiplying a co-

efficient β on account of the effect of partial erasure

during readout in two-centre holographic recording.

Only in single-centre recording the dynamics of grat-

ing formation is a monoexponential function of time

and thus the sensitivity has a direct relation with the

final diffraction efficiency, but for the two-centre holo-

graphic recording the dynamics of grating formation

is a double-exponential function of time and thus the

modification in Ref.[4] is irrational. In Ref.[8], Mon-

tahan and Adibi give an analytical solution of pho-

torefractive sensitivity based on Kukhtarev equations
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modified for the two-centre holographic recording but

neglect the initial first-order density of free electrons in

the conduction band, which leads to neglect of the in-

fluences of diffuse field and external electrical field on

photorefractive sensitivity. Furthermore, above two

references neglect the contribution of high-frequency

sensitizing light to grating formation.

Fig.1. Energy-band diagrams for a typical LiNbO3

crystal doped with Fe and Mn.

In this paper we modify the definition of pho-

torefractive sensitivity for single-centre holographic by

taking the sensitizing light into account. Based on the

time analytic solution of Kukhtarev equations for two-

centre holographic recording, in Section 2 we give the

analytic expression of the photorefractive sensitivity

and describe it with the electron transport lengths. In

Section 3, we propose an effective electron transport

length which can be used to describe the electron com-

petition between the deeper and shallower traps and

to compare with single-centre holographic recording.

2. The photorefractive sensitivity

in two-centre holographic

recording

In general, the photorefractive sensitivity for

characterizing the holographic recording potential of a

material has been defined as the changes of diffraction

efficiencies per incident energy density for unit crystal

length at the initial stage of hologram formation. The

expression is[7]

S1 =
(d

√
η/dt)|t=0

I · L . (1)

In Eq.(1), η, t, and L are diffraction efficiency,

time, and crystal thickness, respectively. For single-

centre holographic recording, the I is the total record-

ing intensity (sum of the intensities of two recording

beams). However, for two-centre holographic record-

ing, the lower-frequency recording beams and the

higher-frequency sensitizing beam illuminate the crys-

tals simultaneously and the deeper centres and shal-

lower centres involve in the grating formation simul-

taneously. Though the intensity distribution of sen-

sitizing beam is homogeneous, the concentration of

unionized donor is modified by recording beams and

then the corresponding photovoltaic currents is mod-

ified, which contribute to IH the holographic forma-

tion. Furthermore, the intensity ratios between the

recording light and the sensitizing light control the

concentration of unionized shallower centre and deter-

mine the saturation space-charge field. Thus in two-

centre holographic recording the I is the sum of the

intensity of lower-frequency recording light (IL0) and

the intensity of higher-frequency sensitizing light (IH).

Then Eq.(1) is modified as

S1tc =
(d

√
η/dt)|t=0

(IL0 + IH) · L . (2)

For a phase hologram with a sinusoidal index vari-

ation of amplitude ∆n and noninteracting beams, the

diffraction efficiency η is given by[9]

η = e(−αL/cos θ0) sin2
(

π∆n
L

λ cos θ0

)

, (3)

where θ0 is the Bragg angle corresponding to the in-

cident wavelength λ.

According to the electro-optic effect, the magni-

tude of the refractive index changes ∆n can be calcu-

lated in a good approximation as[7]

∆n(t) = −1

2
n3

oreffEsc(t), (4)

where no, reff , and Esc are the ordinary index of re-

fraction, the effective electro-optic coefficient, and the

space-charge field, respectively.

Substituting Eqs.(3) and (4) into Eq.(2) and ne-

glecting the absorption term for sufficiently thin crys-

tals, we have

S1tc =
πn3

oreff

2(IL0 + IH)λ cos θ0

dEsc(t)

dt

∣

∣

∣

t=0
. (5)

In Ref.[10] we give the analytical solution of time

evolution of space-charge field for two-centre holo-

graphic recording which is a double-exponential func-

tion of time. By taking the space-charge field with

time into Eq.(5) we have
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S1tc = m
πn3

oreff

2(IL0 + IH)ελ cos θ0

eSSLIL0(KD − iµE0) − ikSL1IL0(γSN+
S0 + γDN+

D0)

γSN+
S0 + γDN+

D0 + K2D − iKµE0

(NS − N+
S0), (6)

where

N+
S0 =

SSLIL0 + SSHIH

SSLIL0 + SSHIH + γSn0
NS, (7)

N+
D0 =

SDHIH

SDHIH + γDn0
ND, (8)

n0 =
1

2NA

{
√

[ΓD(NA − ND) + ΓS(NA − NS)]2 + 4NAΓSΓD(NS + ND − NA)

− [ΓD(NA − ND) + ΓS(NA − NS)]
}

, (9)

where ND, N+
D0, NS, N+

S0, NA, and n0 are the concen-

trations of deeper traps, the ionized zero-order deeper

traps, the shallower traps, the ionized zero-order shal-

lower traps, acceptors, and the conducting electrons,

respectively. SDH,SSH, andSSL are the photo exci-

tation coefficients of the deeper and shallower traps

for higher-frequency light and the shallower traps for

lower-frequency light respectively. γD and γS are the

recombination constants of the deep and shallower

traps respectively. D and µ are the diffusion coeffi-

cient and the electron mobility coefficient in conduct

band respectively. E, e, ε, K and m is the exter-

nal electrical field, the elementary charge, the static

permittivity, the grating vector, and the modulation

depth, respectively. ΓS = (SSLIL0 + SSHIH)/γS, and

ΓD = SDHIH/γD. kSL1 are the first-order photo-

voltaic coefficients corresponding to lower-frequency

light from shallower traps, which have relation with

zero-order photovoltaic coefficients kSL0 as[5]

kSL1 =
kSL0

√

1 + (KLph)2
e−iϕph , (10)

where Lph is the photovoltaic transport length cor-

responding to lower-frequency light from shallower

traps, and ϕph = tan−1(KLph). When the polar-

izations of two recording beams are parallel and the

photovoltaic transport length is far more short than

grating space, i.e. KLph << 1, kSL1 = kSL0 = kSL.

According to Refs.[11, 12], we get the photovoltaic

current

JphSL = kSL0IL0(NS − N+
S0)

= eqSL(αSLIL0/hvL)Lph, (11)

where qSL is the quantum efficiency defined as the

probability that an electron is ejected when a lower-

frequency photon is absorbed by shallower traps, νL

is the frequency of recording light and αSL is the ab-

sorption coefficient of the shallower traps for lower-

frequency light and is defined as[13]

αSL = scsSLhνL(NS − N+
S0), (12)

where scsSL is the photon absorption cross section of

shallower-traps for lower-frequency light and SSL =

qSLscSL.

Then we have relations between κSL0, SSL, and

Lph as

Lph =
κSL0

e · SSL
, (13)

kSL0 = eSSLLph. (14)

According to Ref.[3], for 633 nm recording light,

κSL0 = 7×10−34, and SSL = 3.3×10−6 in

LiNbO3:Fe:Mn crystals, we have Lph = 1.32 nm which

is far lower than grating space in small recording an-

gle, thus kSL1≈ kSL0 = kSL.

The diffusion transport length LD and the drift

transport length LE can be given as[6]

LD =
√

Dτe, (15)

LE = µτeE0, (16)

where τe is the free-electron lifetime. In two-centre

holographic recording, the free-electrons in conduction

band can be recombined with either deeper traps or

shallower traps. The free-electron lifetime can be de-

duced from zero-order free-electrons rate equation in

Kukhtarev equations modified for the two-centre holo-

graphic recording.

dn

dt
= SDHIH(ND − N+

D0) + (SSLIL0 + SSHIH)

× (NS − N+
S0) − (γSN+

S0 + γDN+
D0)n. (17)
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The free-electron lifetime is thus given as

τe =
1

γSN+
S0 + γDN+

D0

. (18)

Substituting Eqs.(10)–(18) into Eq.(6), we can re-

formulate the photorefractive sensitivity as

S1tc = m
eSSLπn3

oreff

2ελ cos θ0

×
KL2

D − iLE−iLphe
−iϕph/

√

1 + K2L2
ph

1 + K2L2
D − iKLE

× IL0

IL0 + IH
(NS − N+

S0). (19)

For two-centre holographic recording in congru-

ently melting double-doped LiNbO3 crystals using

transmission geometry, the bulk photovoltaic current

is dominant and the diffusion current density can be

neglected,[14] when we neglect the external electrical

field meanwhile, Eq.(19) can be simplified to

S′
1tc = m

πn3
oreff

2ελ cos θ0

kSL

1 + IH/IL0
(NS − N+

S0)

= m
πn3

oreff

2ελ cos θ0

eSSLLph

1 + IH/IL0
(NS − N+

S0). (20)

From Eqs.(7)–(9), the concentrations of the ion-

ized zero-order deeper traps, the ionized zero-order

shallower traps, and the density of free electrons are

the function of intensity ratio of recording light to sen-

sitizing light, thus the photorefractive sensitivity of

two-centre holographic recording is also the function

of intensity ratio of recording light to sensitizing light.

Figure 2 shows the time evolutions of space-charge

field with intensity ratios of recording light to sensi-

tizing light in recording time, here we take the param-

eters in Ref.[3] and maintain the sum of intensity of

recording light and sensitizing light invariable. It can

be seen that the slope of space-charge field, which rep-

resents the photorefractive sensitivity, will first arise

and subsequently down with the increase of intensity

ratios in initial recording phase. Figure 3 simulates

the variation of the photorefractive sensitivity of two-

centre holographic recording with the intensity ratios,

we can see that the modified expression Eq.(6) exactly

describes the variation of photorefractive sensitivity

with the intensity ratios. When the intensity ratios

increase the two expressions Eqs.(1) and (2) have the

same results.

Fig.2. The time evolutions of space-charge field with

intensity ratios of recording beam to sensitizing beam

in recording phase.

In doubly-doped LiNbO3 crystals for nonvolatile

holographic recording, the crystal needs to be an-

nealed properly to ensure that initially all shallower

traps and a portion of the deeper traps are empty.

During two-centre holographic recording, the sensi-

tizing light transfers a portion of electrons trapped

in deeper traps into shallower traps via conduction

band and recording light transfers the electrons in

shallower traps back into deeper traps via conduction

band; the free electrons in conduction band can be

trapped by either deeper centres or shallower centres,

but the recording light only excites electrons trapped

in the shallower centres to conduction band. Ac-

cording to Eq.(20), all the above effects are included

in the concentration of the unionized shallower traps

and cause the photorefractive sensitivity of two-centre

holographic recording relatively lower than the single-

centre holographic recording. Typical sensitivities ob-

tained in normal holographic recording in LiNbO3:Fe

crystals in transmission geometry with ordinary po-

larization are S ≈ 0.01 − 0.1 cm/J for recording with

red light (633 nm),[4] and typical sensitivity obtained

in two-centre holographic recording experiments in

LiNbO3:Fe:Mn crystals is 0.0047 cm/J. According to

Eq.(20), lower intensity ratio (but greater than 6) will

increase the photorefractive sensitivity by increasing

the concentration of unionized shallower traps. But

lower intensity ratio will cause the dynamic range of

two-centre holographic recording to decrease accord-

ing to the analysis in Ref.[3]. According to Eq.(19),

positive external electrical field applied to crystal in

recording phase will enhance the sensitivity harm-
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lessly, which proves the experimental results[15] in the-

ory.

Fig.3. The variation of the photorefractive sensitivity

of two-centre holographic recording with the intensity

ratios.

3. The effective electron trans-

port length in two-centre holo-

graphic recording

It can be seen from the analyses of the above

section, according to the definition of photorefractive

sensitivity given in Eq.(1), that the photorefractive

sensitivity varies with the concentration of unionized

donors (thus the annealing state) even doped in the

same host crystal. For comparing the photorefractive

sensitivities of the photorefractive crystals with differ-

ent absorption coefficients, another sensitivity defini-

tion, which we call the relative photorefractive sensi-

tivity, has been defined as: the changes of diffraction

efficiencies per unit absorbed energy and volume at the

initial stage of hologram formation.[7] For two-centre

holographic recording, the expression is

S2tc =
(d

√
η/dt)|t=0

[αSLIL0 + (αSH + αDH)IH] · L, (21)

where αSH and αDH are the absorption coefficients of

the shallower traps and the deeper traps for higher-

frequency sensitizing light respectively, and are de-

fined as

αSH = scsSHhνH(NS − N+
S0), (22)

αDH = scsDHhνH(ND − N+
D0), (23)

where νH is the frequency of sensitizing light, scsSH

and scsDH are the photon absorption cross sec-

tions of shallower traps and deeper traps for higher-

frequency sensitizing light, respectively. And SSH =

qSHscSH,SDH = qDHsDSH, where qSH and qDH are the

quantum efficiency defined as the probability that an

electron is ejected when a higher-frequency photon is

absorbed by shallower traps and deeper traps respec-

tively.

Substituting Eqs.(6), (14), (22), (23) into Eq.(21)

and neglecting the diffusion field and external electri-

cal field, in doubly-doped LiNbO3 crystals with trans-

mission geometry, we have

S′
2tc = em

πn3
oreff

2ελ cos θ0

qSLscsSLIL0(NS − N+
S0)Lph

(scsSLhνLIL0 + scsSHhνHIH)(NS − N+
S0) + scsDHhνHIH(ND − N+

D0)
. (24)

In Ref.[7], the effective electron transport length

was used to evaluate the photorefractive sensitivity

of the materials, and the longer the effective elec-

tron transport length is, the higher the photorefrac-

tive sensitivity is. For photovoltaic effect dominant

photorefractive holographic recording and short pho-

tovoltaic transport length, the effective electron trans-

port length is equal to the photovoltaic transport

length. For two-centre holographic recording, the free-

electrons in conduction band can be recombined with

either deeper traps or shallower traps, thus the effec-

tive electron transport length is no longer equal to

the photovoltaic transport length of shallower traps

illuminated by lower-frequency recording light. The

effective electron transport length in the two-centre

holographic recording is

Leff = µτeEphSL, (25)

where EphSL is the shallow-centre lower-frequency

photovoltaic field, which in Ref.[10] we gave as

EphSL =
IL0kSL

en0µ
(NS − N+

S0). (26)
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For normal holographic recording in single-centre crys-

tals, the effective electron transport length deduced

from Eq.(25) is equal to the photovoltaic transport

length.

Substituting Eqs.(25), (26) into Eq.(24), we can

transform Eq.(24) to

S′
2tc = em

πn3
oreff

2ελ cos θ0

(scsSLqSLIL0 + scsSHqSHIH)(NS − N+
S0) + scsDHqDHIH(ND − N+

D0)

(scsSLhνLIL0 + scsSHhνHIH)(NS − N+
S0) + scsDHhνHIH(ND − N+

D0)
Leff . (27)

Figure 4 simulates the variation of the relative

photorefractive sensitivity defined as Eq.(21) of two-

centre holographic recording with the intensity ratios.

It can be seen that the relative photorefractive sen-

sitivity defined as Eq.(21) increases with the increase

of the intensity ratios of recording light to sensitizing

light. Figure 5 simulates the variation of the effec-

tive electron transport length in LiNbO3:Fe:Mn crys-

tals with the intensity ratios. It can be seen that the

effective electron transport length in the two-centre

holographic recording increases with the increase of

intensity ratios of recording light to sensitizing light

but is always lower than photovoltaic transport length.

This means that the relative photorefractive sensitiv-

ity of the two-centre holographic recording is always

lower than normal holographic recording in single-

centre crystals with the same host material, the same

shallower dopant, and the same recording condition.

Fig.4. The variation of the relative photorefractive sen-

sitivity of two-centre holographic recording with the in-

tensity ratios.

Fig.5. The variation of the effective electron transport

length in LiNbO3:Fe:Mn crystals with the intensity ra-

tios.

4. Conclusions

In this paper the photorefractive sensitivity de-

fined for single-centre holographic recording is modi-

fied to adapt the two-centre holographic recording by

accounting for the contributions of sensitizing light.

Based on the time analytic solution of Kukhtarev

equations for doubly doped crystals, the analytic ex-

pression of photorefractive sensitivity is given. The

photorefractive sensitivity first increases and subse-

quently decreases with the increase of intensity ra-

tios of recording light to sensitizing light. Further-

more, the photorefractive sensitivity is directly pro-

portional to the concentration of unionized shallower

traps which decreases with the increase of the intensity

ratio. For comparing with single-centre holographic

recording and summing the electron competition be-

tween the deeper and shallower traps, an effective elec-

tron transport length is proposed which increases with

the increase of the intensity ratio and is always lower
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than photovoltaic transport length. Though the ef-

fective electron transport length increases with the

increase of the intensity ratio, the concentration of

unionized shallower traps decreases more fast, which

causes the photorefractive sensitivity of the two-centre

holographic recording eventually decrease with the in-

crease of the intensity ratio. According to our analy-

ses the lower photorefractive sensitivity in two-centre

holographic recording is mainly due to the lower con-

centration of unionized dopants in shallower centre

and the lower effective electron transport length.
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