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CHAPTER I 

INTRODUCTION 

Similar spectroscopic techniques were employed to 

investigate both topics contained in this thesis. The 

scattering efficiency from a laser-induced grating, which is 

derived in Chapter II, was utilized in both experiments and 

proved to be an important parameter. 

In Chapter II, the results of investigating 

Li4Ge5o12 :Mn4+ through a variety of forms of optical 

spectroscopy, including absorption and fluorescence spectra, 

time-resolved spectroscopy and fluorescence lifetime 

studies, are reported. The spectral features are consistent 

with the presence of two types of sites for the Mn4+ ions, 

and radiationless decay and vibronic transitions are shown 

to be responsible for the variation of the spectral 

properties with temperature. Four-wave mixing measurements 

were performed and the temperature dependence of the four

wave mixing signal is correlated with the temperature 

dependence of the fluorescence lifetime. 

The examination of the photorefractive effect in 

Bi12sio20 as a function of temperature is related in Chapter 

III. The band transport model is discussed and useful 

equations for the photorefractive signal efficiency are 
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given. The grating buildup and decay are studied for both 

dar~ and erasure decay between room temperature and 330°C. 

Although the time constant follows the predicted behavior at 

low temperatures, it deviates from the theory at higher 

temperatures where complex patterns have emerged from the 

write-decay process. From the results of dark decay 

measurements it is expected that the temperature dependence 

of the dark conductivity, ad, causes the anomalous behavior 

at higher temperatures. 

Chapter IV describes future work in both materials. 



CHAPTER II 

OPTICAL SPECTROSCOPY IN Li4Ge5012 :Mn4+ 

Introduction 

Mn4+ has a 3d3 electron configuration which is 

isoelectronic with Cr3+. However, unlike Cr3+, which has 

extensive amounts of literature describing its optical 

properties due to its importance in laser applications, Mn4+ 

ions have had very little reported research. l-S Thus, they 

are prime candidates for investigation. 

Lithium Germanium Oxide has several possible forms, 

each with their own chemical formula and crystallographic 

structure. Crystals of the particular compound studied here 

were grown by the Czochralski method and found, by x-ray 

crystallography, to have a triclinic structure with a ~ 

space group. 6 In this crystal structure the germanium atoms 

occupy at least two different types of sites, one with 

tetrahedral point symmetry and one with octahedral symmetry. 

The distance between the Ge ions and the oxygen ligands is 

1.749 A in the former type and 1.903 A in the latter. The 

ratio of the relative number of these types of sites is 4:6. 

The Mn4+ ions enter the lattice substitutionally for the Ge4+ 

ions. The sample used in this work contained 0.1 at % Mn. 
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It was of irregular shape, approximately 3 mm thick and of 

yellowish color. 

Theory 

Four wave mixing (FWM) techniques have been useful in 

characterizing nonlinear optical properties and exciton 

dynamics of doped crystals and glasses. 7-10 In these types 

of experiments, laser-induced population gratings of the 

metastable states of the dopant ions are established and 

4 

probed by crossed laser beams tuned to resonance with one of 

the absorption transitions of the ions. A valuable 

parameter in this technique is the scattering efficiency,{ 

which can be derived from a coupled wave theory. 

The coupled wave theory of Kogelnik9 assumes 

monochromatic light incedent at or near the Bragg angle and 

polarized perpendicular to the plane of incedence of the 

grating. When the incoming "reference" wave, R, satisfies 

these requirements, the outgoing "signal" wave, S, is 

produced. This is illustrated in Figure 1. Wave 

propagation in the grating is described by the Helmholtz 

equation: 

v2E + k2"E = 0 

and the total electric field in the grating is the 

superposition of the two waves: 
~ ~ ~ ~ 

E = R(z)exp(ikR • x) + S(z)exp(iks • x) 

where R(z) and S(z) are the reference and signal beam 

amplitudes, respectively, and~ and ks are their wave 

( 1 ) 

( 2 ) 



s 

X 

-------· z 

R 

Figure 1. Coupled-wave model for laser-induced gratings. 
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vectors. The reference and signal beam wave vectors satisfy 

the Bragg condition 

( 3) 

-where kg is the grating wave vector with a magnitude given 

by 

I kg I = 2rr./ A 

where A is the grating period. 

(4) 

-The behavior of the electric field, E, in the medium is 

governed by Maxwell's equations, given here in MKS units. 

'V x E = -(as/at) 

v X B = J.l.mem( aE/ at) + J.l.mO"E 

( 5 ) 

( 6) 

where J.l.m is the permeability, em the permittivity, and a the 

conductivity of the medium. The wave equation in the medium 

may be developed from: 

v x E = -(as/at) 
~ ~ .-... -.. ....... 
'V X ('V X E) = -'Vx(aB/at) 

v(v·E)-'V2E= -(a/at) (vxa) 

-'V2E = - (a I at)[ J.Lmem( a"E! at) +J.LmaE] 

'V2E = J.Lmem( alE! at2 )+J.Lma ( aE/ at). 

Equation (10) has a plane wave solution given by 

E(x,t) = E0 exp{i[kx-wt]) 

( 5) 

( 7 ) 

( 8 ) 

( 9 ) 

(10) 

(11) 

Substitution of this solution into Equation (10) yields a 

complex propagation constant 

(12) 

If we note that 

(13) 
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where v is the speed of the wave in the medium, n is the 

index of refraction, and c is the speed of light in free 

space, then we can write: 

k 2 = ( w2 I c2 ) n2 + iwJ.l.mcr (14) 

(15) 

where J.1.0 and e0 are the permeability and the permittivity of 

free space respectively. Since J.l.m ~ J.L0 = J.1. we may write our 

final expression for the propagation constant, 

(16) 

where e is the relative dielectric constant of the medium. 

The hologram grating fringes can be represented by a 

spatial modulation of e or cr, 

e = e0 + lle cos(kgx) 

cr = a 0 + l:la cos ( kgx) 

where lle and l:la are the amplitudes of spatial modulation 

while e0 and a0 are the average dielectric constant and 

average conductivity, respectively. Combining Equations 

(16) and (17) yields 

(17) 

2 2; 2 k = (w c ){e 0+1:lecos(kgx)} + iwJ.L{cr0+1:lacos(kgx)} (18) 

2 2; 2 • 2; 2 k = (w c ) e0+ ~wJ.l.0'0 + { (w c )lleCOS (kgx) 

+ iwJ.LI:lOCOS(kgX)}. 

Utilizing the relation w = 2nc/~, it follows 

k2 = (4n2/~2 )e 0 + i(2nc/~)J.Lcr0 + {(4n2/~2 )llecos(kgx) + 

i(2nc/~)J.LllOCOS(kgX)} 

which may be written as 

k2 = 132 + 21J3a + 4~~:J3cos(kgx) 

(19) 

(20) 

(21) 
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with the definitions 

~ = average propagation constant = (2n!A)e: (22) 

a= average absorption coefficient = c~cr0/(2e 0~) (23) 

K. =coupling constant= ~[(2n/{Ae 0~})t.e + i(~c/e 0~)t.a]. (24) 

The coupling constant, K. 1 describes the coupling 

between the reference wave, R, and the signal wave, s. It 

is the central parameter in the coupled wave theory since, 

if K. is zero, there is no coupling and, therefore, no 

diffraction. 

The propagation constant, k, may be written as 

k = (wlc){e + i(c2~/w)cr}~. (25) 

In free space the propagation constant would simply be k = 

w!c, so we may consider the wave travelling in the medium to 

be modified by the complex index of refraction n11 

Using a binomial expansion for n, we may write 

nR + in1 = e~ + i(c2~cr/[2we~]) 

(26) 

(27) 

neglecting higher order terms. If we assume that nR>>n1, 

which is valid in most practical cases, then we may write 

n = n = e~ = e ~ o R o (28) 

and 

Lm = t.e I ( 2e 0~) (29) 

where n0 is the average and an the spatial modulation of the 

index of refraction. Similarly, for the spatial modulation 

of the absorption coefficient the results are 

a 0 = ~caof ( 2 e 0~) (30) 
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and 

(31) 

Substituting these values into Equation (24) yields an 

expression for the coupling constant 

~=coupling constant= ~[(2n/{l£~})A£ + 1(~c/£~)Ao] (24) 

~ = (n/{2l£ 0~})A£ + 1(~c/{4£~})Ao (32) 

~ = (R/l)An + (1/2)Aa. (33) 

Combining Equations (1) and (21), we may write 

v'E+ {$32 + 21$3a + 4~j3cos(kgx)}E= 0. (34) 

If we assume that energy interchange between R and S is slow 

and that energy absorption is negligible, we may neglect 

second order derivatives. We may also neglect waves 

generated in the (kg + kR) and (kg - ks) directions along 

with higher order diffraction terms. Inserting Equations 

(2) and (3) into Equation (34) along with the previous 

assumptions allows us to write: 

v'E+ {$32 + 21$3a + 4~$3cos(kgx)}E 

= {21kRR' + 21aj3R + 2~$3S} exp(1kRx) 

+ { 21ksS' + 21a$3S + 2~$3R} exp ( 1ksx) = 0. (35) 

Each bracketed term must be equal to zero for this to occur. 

21kRR' + 21a$3R + 2~$3S = 0 (36) 

21ksS' + 21aj3S + 2~$3R = 0 (37) 

Multiplication of both equations by the quantity (1/2$3) 

yields 

CRR' + aR = 1~S 

CsS' + aS = 1~R 

(38) 

(39) 
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where CR = Cs = case. The physical picture of the 

diffraction process is seen in the coupled wave equations 

(38) and (39). A wave changes in amplitude due to coupling 

to the other wave (~S, ~R) or absorption (aS, aR). To solve 

the coupled wave equations, general solutions of the form 

R ( z ) = r 1 exp ( 11 z ) + r 2exp ( 12 z ) 

S(z) = s 1exp(11z) + s2exp(12z) 

(40) 

(41) 

are substituted into (38) and (39) and the 1's are solved 

for. This yields 

(CR1j + a)rj = i~sj 

( c51 j + a) s j = i~r j 

Multiplication of these equations by one another gives a 

quadratic equation for 1j 

2 2 2 CRCS1j + a(CR + Csh'j + (a + ~ ) = 0 

which has solutions 

11,2 =-(a/case)± i(~/cose). 

For a transmission hologram the boundary conditions are 

R(O) = 1; S(O) = 0 

Inserting these conditions into the general solutions, 

Equations (40) and (41), yields 

(42) 

(43) 

(44) 

(45) 

(46) 

and (47) 

s 1 + s 2 = 0 

Combining these relations with Equation (43) we obtain 

s1 = -s2 = i~/{Cs(11 - 12)}. (48) 
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output of the grating 

S (d) = Sd exp ( -y 1d) - exp ( -y2d) ] . (49) 

Using Equation (45) this may be rewritten as 

S(d) = ~exp(-ad/cos9) [exp(i~d/cos9)- exp(-i~d/cos9)] (50) 

The fraction of the incident light power which is 

diffracted into the signal wave is called the scattering 

efficiency, '7. , which is given by 

* '1. = ss . (51) 

Using the expression for ~ from Equation (33) the scattering 

efficiency reduces to 

7 = exp(-2ad/cos9) [sin2({rrd/Acos9}an) 

+ sinh2 ({d/2cos9}~a)] 

which is the experimentally determinable scattering 

efficiency. 

Experiment 

Equipment and Procedure 

(52) 

The absorption spectra of Li4Ge5o12 :Mn4+ were recorded on 

a Perkin-Elmer model 330 spectrophotometer. Fluorescence 

spectra were obtained using a Spex 1-m monochromator, an RCA 

C31034 photomultiplier tube, an EG&G/PAR lock-in amplifier, 

and a strip chart recorder. The exitation was provided by 

the 488-nm line of a Spectra Physics argon laser. For 

fluorescence lifetime measurements, a Molectron nitrogen 

laser was used to provide excitation pulses 10ns in duration 

at 333.7-nm and the signals were processed with either an 

EG&G/PAR boxcar averager or signal averager. The sample was 
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EG&G/PAR boxcar averager or signal averager. The sample was 

mounted in a cryogenic refrigerator capable of controlling 

the temperatures between 12 K and room temperature. 

The experimental four-wave mixing (FWM) setup is shown 

in Figure 2. The gratings were written with the 488-nm line 

of a Spectra Physics argon laser. The laser output was 

split with a beam splitter into two beams of equal power 

(write beams) which travel equal path lengths before 

crossing at an angle e inside the sample. A He-Ne laser was 

used to read the gratings. For measuring the FWM signal 

efficiency the laser beams were chopped and lock-in 

detection was used to improve the signal-to-noise ratio. 

The signal decay kinetics were measured with a signal 

averager. 

Results 

Absorption. The absorption spectrum of Li4Ge5o12 :Mn4+ at 

12 K is shown in Figure 3. The presence of Mn4+ ions 

introduces a broad band peaked near 420-nm which is probably 

associated with transitions from the 4~9 ground state to the 

4T29 level. As the temperature was raised to 300 K this band 

changed very little. The absorption edge of the material 

near 300-nm was also altered by the Mn4+ presence. This is 

probably associated with transitions from the ground state 

to the 4T19 level. This band also remained fairly steady as 

the temperature was raised. No sharp lines were seen even 

at 12 K. 
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M 
~------------~--------------~ 

ARGON-ION 

LASER 

REFRIGERATOR 

RECODER 

Figure 2. Block diagram of the experimental FWH setup. 
BS - Beam splitter; M - Mirror 
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Figure 3. Absorption spectrum of Li4Ge5o12 :Mn4+ crystal 
at 12 K 
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Fluorescence. Figure 4 shows the fluorescence spectrum 

at 12 K obtained by exciting the 4T29 absorption band with 

the 488-nm line. The spectrum consists of two very intense, 

sharp lines and a weak, broad band at lower energies. These 

characteristics are typical for a 3~ ion in a relatively 

strong crystal field environment, and thus the standard 

designations of R1 and R2 are used for the two components of 

the 2E9 level to the ground state. Figure 5 shows an 

expanded view of the spectra in the regions near both R 

lines for two different temperatures. Both R1 and R2 are 

split into two components labeled R1a, R1b and R2a, R2b 

respectively. The splitting is 2. 55 cm-1 for R1 and 2. 04 cm-1 

for R2• 

Computer fits were generated for the curves in Figure 5 

utilizing a least squares technique. 12 Lorentzian 

lineshapes were found to fit the curves with a much higher 

degree of accuracy than Gaussian lineshapes, and the best 

fits obtained using the Lorentzian lineshapes with variable 

intensities, full width at half maximum, AA, and peak 

positions are shown as the broken lines in Figure 5. The 

ratio of the total intensities of the low energy to the high 

energy components are plotted as a function of temperature 

in Figure 6. The ratios are approximately constant up to 

about 70 K and then increase significantly for both lines. 

As the temperature increases the individual components of 

the lines broaden and become difficult to separate. Above 
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Figure 6. Temperature dependence of the relative total 
intensities of the two seta of R linea 
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100 K they have broadened to the extent that they cannot be 

resolved. 

The lower energy broad band is the vibronic sideband of 

the zero-phonon R lines. The vibronic sideband is shown in 

greater detail in Figure 7. The position of the vibronic 

peaks with respect to the R1 and R2 lines are listed in 

Table 1. 

The temperature dependence of the fluorescence 

intensity at the peak of the vibronic emission band is shown 

in Figure 8. The intensity is constant from 12 K to about 

40 K. From 40 K to around 90 K it decreases to 

approximately 20 % of its initial valve. This decrease can 

be described by an expontial with an activation energy of 

360 cm-1 • The intensity then increases slightly between 90K 

and 180 K, which is probably associated with an increase in 

the vibronic transition probability. Above 180 K there is a 

strong quenching of the fluorescence which is probably 

associated with an increase in the radiationless decay 

probability. The fluorescence decay profiles were monitored 

at the maximum of the vibronic sideband for various 

temperature and examples are shown in Figure 9. Below 80 K 

the decay kinetics can be described by doubly exponential 

functions. Below 40 K the fast component has a 

characteristic decay time of about 260 ~s. At higher 

temperatures this decreases and the decay curves become 

single exponentials with the longer decay component 

remaining above 80 K. The longer component has a decay time 



"""""' (/) 
+J ·-s:: 
:::s 

• .c 
J... 

co ...._, 
H 

R2 R1 

I II I I I I 

700 720 740 

"A(nm) 
Figure 7. Vibronic emission band of Li4Ge5o12 :Hn4+ 

at 12 K with the main vibronic peaks 
marked by vertical lines 

1\.) 

0 



X <nm> 

706.4 

708. 1 

709.8 

711.2 

715.4 

718.2 

719.7 

722.2 

723.7 

724.9 

727.6 

729.1 

729.8 

731.9 

734.7 

736.5 

738.2 

TABLE I 

VIBRONIC EMISSION PEAKS IN THE FLUORESCENCE 

SPECTRUM OF Li4Ge5o12:Mn4+ 
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v <cm- 1 ). ilv-R2 <cm-1) .Ov-R1 <cm-1 > 

14156 126 

14122 160 

14088 195 

14061 222 

13979 37 

13924 92 

13895 121 

13847 168 

13818 198 

13795 220 

13744 272 

13716 300 

13702 313 

13663 352 

13611 404 

13578 438 

13546 469 
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Figure 8. Temperature dependence of the peak fluorescence 
intensity. 



23 

~ 

en ..... ·-c: 
:::J 

• 0.1 .c 
~ 

(0 ........., .... 
H 

.01~--~----~--~--~~~~ 

0 1 2 3 4 

TIME(ms) 
Figure 9. Fluorescence decay kinetics of Li4Ge5o12 :Mn4 + 

at 138.4 K (full circles) and 35.2 K (open 
circles). The open squares represent the 
initial decay at 35.2 K after subtraction 
of the longer decay component. 
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of approximately 1.06 ms which remains constant up to 150 K 

and then decreases. The temperature dependences of these 

decay times are shown in Figure 10 as ~L (long) and ~s 

(short). These spectral characteristics are summarized in 

Table II. 

The temperature dependence of the fluorescence decay 

rate of ions in site "a", -1 
~ I can be described as the sum 

of the contributions from vibronic and nonradiative 

transitions 

.... -1 - .... -1 + -1 
" - " vib ~ non • (53) 

The vibronic contribution can be represented by an 

average phonon frequency <w>. This leads to a temperature 

dependence for the vibronic contribution of 

~-\ib = ~-l vib ( o) coth ( <flw> I { 2kT} ) (54) 

where k is the Boltzmann constant and T is the temperature. 

The fluorescence decay time may be thermally quenched 

by several types of nonradiative transitions. Typically for 

Cr3+ ions in relatively weak crystal field sites the 

nonradiative contribution to the fluorescence lifetime is 

associated with the thermal population of the 4T2 level. In 

the case of this sample, however, the energy gap between the 

2E and the 4T2 levels is too large for this process to 

contribute significantly to the fluorescence lifetime in the 

temperature range of interest. The type of nonradiative 

transition which appears to be more important in this case 

is the direct decay process between the 2E level and ground 

state. This occurs through the emission of p phonons each 
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Figure 10. Temperature dependences of the short (open 
circles) and long (full circles) components 
of the fluorescence lifetimes, and of the 
FWH scattering efficiency. The solid lines 
represent theoretical fits to the data 
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Parameter 

R1 line <nm> 

R2 line (nm> 

A~ -for R1 at 

A"- for R2 at 

Splitting of 

TABLE II 

SPECTROSCOPIC PROPERTIES OF Mn4+ IN 

Li4Ge5012 CRYSTALS 

Site a 

713.40 

700.19 

12 K <A> 0.84 

12 K <A> 0.97 

the 2E level (cm- 1 > 264.50 

"T" at 12 K (ms> 1.08 

Quenching temperature <K> 180 
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Site b 

713.53 

700.29 

1.04 

1.25 

265.00 

0.26 

40 



having an effective energy of nw, where pfiw is the energy 

gap crossed by the transition. The temperature dependence 

of this contribution to the fluorescence decay rate is4•13 

27 

-r-1non(T) = Rip(2s{n[n+1]}ls)[(n+1)/n]P12exp(-s[1+2n]) (55) 

where 

n = [exp( {'liw/kT}-1) r 1 (56) 

is the phonon occupation number, s is the Huang-Rhys 

parameter, Ip(x) is a modified Bessel function and R is a 

temperature-independent prefactor. 

The solid line in Figure 10 represents the best fit to 

the data obtained from Equations (53)-(56) treating the 

parameters describing the electron-phonon coupling as 

adjustable parameters. The good fit between theory and 

experiment shown in the figure is obtained using 

nw= 325 cm-1 , -rvib(o) = 924s-1 , S = 0.2, p = 43 and R = 4.89 X 

1083 s-1 • These results are consistent with those in 

Reference 4 for Mn4+ in Y3Al50 12 • 

Four-Wave Mixing. The temperature dependence of the 

scattering efficiency is shown in Figure 10. Like the 

fluorescence intensity it initially decreases, then remains 

constant to about 150 K and then rapidly decreases above 

this temperature. The decay kinetics of the FWM signals 

were found to be described by dou~e exponentials at 42 K 

and single exponentials at 210 K. Figure 11 shows the 

variation of the signal decay rate on the crossing angle of 

the write beams. For both temperatures the FWM signal decay 
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Figure 11. FWH grating decay rate for T = 210 K (circles) 
and for 42 K (short component - full squares · 
long component - open squares) 



rates are independent of crossing angles and are 

approximately equal to twice the fluorescence decay rates. 

The characteristics of the FWM signal are consistent 

with scattering from a population grating of excited Mn4+ 

ions. At low temperatures the doubly exponential behavior 

can be attributed to establishing population gratings 

independently in the two subsets of manganese ions in 

nonequivalent crystal field sites having different 
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fluorescence lifetimes. The lack of dependence of the 

grating decay rates on the crossing angle of the write beams 

indicates that there is no long range energy diffusion in 

this material. Time resolved spectroscopy measurements were 

also performed on this material selectively exciting either 

site "a" or site "b" transitions. The time evolution of the 

fluorescence emission after selective excitation shows that 

no energy transfer takes place between ions in different 

types of sites. Thus, the temperature dependence of the 

intensity ratios shown in Fig. 6 is due to differences in 

radiationless quenching and not site-to-site energy 

transfer. 

The theoretical expression for the FWM signal 

previously derived is given by Equation (52) 

{. = exp(-2ad/cos9) [sin2({rrd/.xcos9}6.n) 

+ sinh2({d/2cos9}6.a)]. (52) 

The first term represents the contribution to the 

signal due to a dispersion grating of modulation depth 6.n, 

and the second term represents the contribution due to an 
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absorption grating of modulation depth Aa. For population 

gratings, the modulation depths can be expressed in terms of 

products of the concentration of ions in the peak regions of 

the gratings N2P, with the differences in either the 

absorption or dispersion of the ions in the ground and 

excited states. Using the rate equations describing the 

dynamics of a simple two-level system, 14 

(57) 

where I 0 is the intensity of the laser pump beam, N0 is the 

total concentration of active ions, a 1 is the absorption 

cross section for ions in level 1, hv is the photon energy, 

and T is the fluorescence lifetime of the metastable state. 

The parameter that dominates the temperature dependence of 

the four-wave mixing signal for population gratings is the 

fluorescence lifetime. For weak gratings, the functions in 

Equation (52) can be expanded and the signal expressed as 

7 = C[l/(A + B/T)] 2 (58) 

where the temperature independent constants A, B and C have 

different meanings for absorption gratings and dispersion 

gratings. 

Equation (58) can be used to relate the temperature 

dependences of the fluorescence lifetimes and the four-wave 

mixing signal intensity. At temperatures below 80 K, the 

four-wave mixing signal has contributions due to scattering 

from Mn4+ ions in both types of crystal fields sites, as 

indicated by the double exponential kinetics of the signal. 

Fluorescence quenching occurs for the ions in one type of 
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site above 40 K, resulting in a decrease in the scattering 

efficiency. Above 80 K the FWM signal is due to scattering 

only from Mn4+ in the other type of site. Using the 

measured values of the fluorescence lifetimes in Equation 

(58) and treating A, B and C as adjustable constants results 

in the solid line fitting the FWM data shown in Figure 10. 

This good fit confirms the relationship between the FWM 

signal and the metastable state lifetime for a population 

grating. Not enough independent information is available to 

interpret the values of the adjustable constants in terms of 

the contributions to the grating modulation depths and 

thicknesses. 

Four-wave mixing measurements on several other host 

crystals doped with cr3+, which is again isoelectronic with 

Mn4+, have shown that dispersion gratings make the dominant 

contribution to the scattering efficiency. 8•10•14-17 However, 

for this case, Figure 3 shows a significant difference in 

absorption strength for light at the laser wavelength for 

ions in the ground and excited metastable state, and thus 

the possibility of a strong contribution from an absorption 

grating cannot be ruled out. 

Discussion and Conclusions 

The spectroscopic properties of Mn4+ in Li4Ge5o12 

crystals can be explained by assuming that the Mn4+ ions 

occupy two nonequivalent types of crystal field sites. The 

observed doublet structure of the R lines cannot be 
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associated with the ground state splitting of an ion in a 

single type of site since the magnitude of the splitting is 

different for the R1 and R2 lines. The ions in one type of 

site produce the transitions labeled R1a and R2a which have 

the 1.06 ms lifetime at low temperatures. The fluorescence 

of this center undergoes radiationless quenching above 180 

K. The ions in the other type of site produce the 

transitions labeled R1b and R2b ·which have the 260 J.lS 

lifetime at low temperature. The fluorescence of this 

center undergoes radiationless quenching above about 40 K. 

From the optical data alone, it is not possible to identify 

the exact nature of the two types of sites. However, it is 

reasonable to expect that they are the two types of Ge4+ 

sites in this crystal lattice structure. 



CHAPTER III 

THE PHOTOREFRACTIVE EFFECT 

IN Bi12Si020 

Introduction 

The photorefractive effect (PRE) is the term used to 

describe the light induced refractive index change in 

photoconductive electro-optic materials. There has been a 

significant amount of interest in characterizing the PRE in 

silleni te-type crystals such as Bi12Si020 ( BSO) and Bi12Geo20 

(BGO) due to their excellent suitability for holographic 

storage. Some of the recent work describes various aspects 

of the dynamic response of these crystals during the writing 

and erasure of photorefractive gratings under different 

experimental conditions. 18-29 Although the dependence of the 

photorefractive response of BSO on an applied electric field 

has been well characterized, little work has been done in 

determining the variation of the photorefractive response 

with temperature. 

This section of the thesis reports the investigation of 

the PRE dynamics in BSO using 442-nm light. The signal 

response shape, writing time, and rate of dark and erasure 

decay were recorded as a function of temperature with no 
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applied electric field. The band transport model was then 

applied to the signal response at all times. 

Theory 

34 

The band transport model23 of the PRE assumes that 

photoexcited electrons (or holes) are ejected from filled 

donor (or acceptor) sites to the conduction (or valence) 

band. Here they migrate to dark regions in the crystals by 

drift or diffusion before recombining into empty donors (or 

acceptors). The charge separation results in a space charge 

field which modulates the refractive index through the 

linear electro-optic effect. For simplicity we will deal 

only with photoexcited electrons, in which case the band 

transport model is described by: 

a) A continuity equation for the mobile conduction band 

electrons: 

an/at = G - R + (1/e) ~·J (59) 

where n is the free electron number density, t is time, 

G and R are the rate at which free electrons are 

created and destroyed, respectively, e is the electron 

charge and J is the electron current density. The 

electron current density is assumed to be the sum of a 

diffusion component and a drift component 

- - e, -J = eDVn + ,qJ.LnE (60) 

where D is the diffusion coefficient, J.1 is the mobility 

and E is the electric field. Some materials require 
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another term added to Equation (60) to take account of 

the bulk photovoltaic effect; however, this term is 

negligible in BSO. 

b) A continuity equation for immobile ionized donors: 

a N0 +I at = G - R ( 61 ) 

where N0+ is the ionized donor density. The generation 

rate is linearly proportional to the number of occupied 

donors and the probability rate of ionization. 

(62) 

where N0 is the total density of donors, s is the 

photoexcitation constant, I is the light intensity and 

~ is the probability of thermal excitation. Similarly 

the recombination rate is linearly proportional to the 

number of free electrons and the probability that a 

trap is empty. 

where ~R is the recombination constant. 

c) Gauss's Law: 

(63) 

( 64) 

where e is the static permitivity and NA is the number 

of acceptors. 

d) The electro-static condition: 

- -V X E = 0 (65) 

which is simply one of Maxwell's equations in the 

-quasi-steady approximation (aB/at = 0) 

In summary, we may write the band transport equations: 

+; + + a N0 at = ( N0 - N0 ) ( s I + ~ ) - ~R N0 n ( 66) 



an/at = aN0+/at + 'V • (D'Vn + JlnE) 

- - + 'V • £ E = e ( N0 - NA - n) 

The equations are nonlinearly coupled, but can be 

solved if we assume a quasi-steady approximation in the 
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(67) 

(68) 

zeroth-order number density, n0 , linearization in the 

grating modulation index, m, and cosinusoidal illumination 

given by23,30,32 

I = I 0 {1 + m cos(k9z)} (69) 

where m is the modulation index, k9 is the grating 

wavevector and I 0 is the average irradiance. With these 

approximations and omitting those terms that are important 

only for high irradiance (Mw/cm2) nanosecond pulses, 34 we 

obtain the space charge field SE as given by Kukhtarev: 30 

SE = mE5c[-cos(k9z + .,P) + exp(-t/1:)cos(k9z + wt + .,P)] (70) 

where Esc is the space charge field amplitude, w is the 

transient response frequency and ..p is the phase shift 

between I and SE in the steady state. The transient 

response has an overdamped oscillatory behavior with a 

response time. 

• ( 71) 

with, 

~di = £/(4neJ.1n0 ) (dielectric relaxation time) (72) 

~E = 1/(k9J,1E0 ) (drift time) 

~D = e/(Jlk8Tk9
2) (diffusion time) 

~R = 1/(~RNA) (recombination time) 

(inverse of sum of 
photoproduction and 
ion recombination 
rates) 

(73) 

(74) 

(75) 

(76) 



where T is the temperature, and the zeroth-order electron 
number density is given by 
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( 77) 

We also need an electro-optic relation between the space 

charge field and the change in the crystal refractive index 

given by: 23 

(78) 

where nb is the background refractive index and reff is the 

effective electro-optic coefficient. 

We may then write for the change in the refractive 

index: 

Lm = ~nb3reff m E5c[-cos(k9z+.Y,) 

+ exp(-t/~)cos(k9z+wt+.Y,)]. 

Recalling the Kogelnik expression for the diffraction 

efficiency, Equation (52), we may write for a refractive 

index grating; 

l = exp(-2ad/cos9)sin2(ndAni{Acos9}). 

substituting the expression for An from Equation (73) 

7 = exp( -2ad/cos9) sin2 ( ndn3breffmE5c/ { 2Acos9} [-cos (k9z+.Y,) 

(79) 

(80) 

+ exp(-t/~)cos(k9z+wt+.Y,)]). (81) 

After some algebra and a trigonometric identity, the 

diffraction efficiency may be written as: 

{=A sin2 (B[exp(-t/~)cos(wt)-l]-Cexp(-t/~)sin(wt)) (82) 

during writing, with the designations 

A = exp(-2ad/cos9) 

B = [ndnb3reffmEsc/{2Acos9}]cos(k9z+.Y,) 

C = [ndnb3reffmEsc/{2ACOs9}]sin(k9z+.Y,). 
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The analogous expression during decay is given by: 

1 =A sin2(exp(-t/T) [B cos(wt) + C sin(wt)]) (83) 

Experiment 

Equipment and Procedure 

A block diagram of the experimental setup used for this 

work is shown in Figure 12. The sample was an oriented 

crystal of BSO obtained from Crystal Technology. The sample 

thickness was about 3.9 mm parallel to the <110> crystallo

graphic direction. 

A He-Cd laser at 442-nm was used to produce laser 

induced refractive index gratings (primary holograms) in the 

sample. The laser output was split into two beams which 

were expanded and crossed inside the sample. This produced 

uniform illumination of the entire sample. The crossing 

angle of the beams outside the sample was 12° and the 

grating wave vector was oriented in a <110> direction. This 

is referred to as the perpendicular sample orientation (1 
<001>) which gives the optimum diffraction efficiency. 35 •36 

The intensities of the two write beams were nearly 

equal so that m = 1. 

An electro-mechanical shutter was used to shut off the 

write beams and allow the writing-decay cycle to be repeated 

several times. For erasure decay measurements, one of the 

beams was cut off by the shutter while the other beam was 

left on to erase the grating. For dark decay measurements, 

both write beams were cut off by the shutter. 



SIGNAL 

.AVE. 

J~ 

PMT 

I 
I 
I 
I 
I 

if\ 

~ 

39 

Figure 12. Block diagram of the experimental setup. He-Cd 
refers to the helium-cadmium laser; and PMT is 
the photomultiplier tube. The results are sent 
from a signal averager to a chart recorder 
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The probe beam was provided by a He-Ne laser incident 

at the Bragg angle to the grating formed by the write beams. 

Part of the probe beam was diffracted by the grating and 

detected as the signal beam by an RCA C31034 photomultiplier 

tube. By using a red probe beam (633-nm) with a low 

intensity (<3mW/cm2) the grating was left undisturbed by the 

reading process. 24 •25 •36 The signal was averaged over a large 

number of cycles by an EG&G/PAR signal averager and recorded 

on a strip chart recorder. 

The sample was mounted in a holder with a cartridge 

heater and a chromel-alumel thermocouple allowing the 

temperature to be controlled up to 350°C. No electric field 

was applied to the sample so that charge transport occurs 

only through carrier diffusion. 

The absorption spectrum was recorded on a Perkin-Elmer 

model 330 spectrophotometer, and is shown in Fig. 13. The 

He-Cd excitation is well within the heavily absorbing region 

and the He-Ne is well removed from it. 

Results and Discussions 

The time evolution of the photorefractive signal 

efficiency during both dark and erasure decay is shown in 

Figures 14 (a - j) for several temperatures. At 

temperatures up to 157°C the buildup and decay patterns are 

approximately exponential in behavior except for a slight 

deviation near steady-state conditions associated with beam 

depletion within the sample. Above 157°C anomalous patterns 
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Figure 14. Time evolution of the signal patterns for 
writing and decay of holographic gratings 
in BSO; (a) dark decay at 21°C and (b) 
erasure decay at 21°C 
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Figure 14. (continued) (c) dark decay at 125°C and 
(d) erasure decay at 138°C 
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Figure 14. (continued) (e) dark decay at 224°C and 
(f) erasure decay at 231°C 
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Figure 14. (continued) (g) dark decay at 285°C and 
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Figure 14. (continued) (i) dark decay at 322°C and 
(j) erasure decay at 316°C 
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develop which no longer resemble exponential behavior. In 

this region a maximum in the signal is reached after a short 

time in the writing cycle and a slower decay occurs. During 

the dark decay cycle, the signal then increases to another 

maximum before slowly decreasing to zero. Signal patterns 

for erasure decay are similar to those of dark decay but the 

secondary peak is slightly greater. 

The band transport model of the PRE predicts a 

diffraction efficiency given by 

7 =A sin2(B[exp(-t/T)cos(wt)-1]-Cexp(-t/T)sin(wt)) (82) 

during writing and 

l = A sin2(exp(-t/T) [B cos(wt) + C sin(wt)]) (83) 

during decay with the designations given earlier for A, B 

and c. Values for T, the time constant during writing or 

decay, were obtained by fitting Equations (82) and (83) to 

the appropriate signal patterns. 12 Figure 15 shows the 

temperature dependence of T acquired from the writing part 

of the PRE cycle. The value of T increases approximately 

linearly between room temperature and 157°C. Above 157°C 

the rate parameter falls off rapidly with increasing 

temperature, and by 322°C it is reduced to about one-third 

of its maximum valve. 

The PRE time constant is given by 

(1 + TR/To)2 + (TR/Tf}2 • ( 71) 

If the external field is set equal to zero and the time 

constants involved are replaced by their physical parameters 
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Figure 15. Time constant for the buildup of holographic 
gratings in BSO as a function of temperature 
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from Equations (71) - (77), the decay constant can be ex-

pressed in terms of material and experimental parameters as; 

( [ 'YRNA/J.l] + [k8k 92T/e]) (84) 

where aT = ad + crp is the total conductivity which is the sum 

of the dark and photoconductivities, J.l is the mobility, 'YR 

is the recombination rate coefficient, NA is the number of 

acceptors, and k9 is the magnitude of the grating 

wavevector. 

If the room-temperature values for the parameters given 

in Reference 23 are substituted into Equation (84), it is 

found that the first term in the denominator is 

approximately two orders of magnitude larger than the second 

term. The two terms in the numerator are of the same order 

of magnitude for BSO under the experimental conditions for 

this work. Thus, with this approximation, Equation (84) has 

an explicit temperature dependence which predicts a direct 

linear relationship between ~ and T. This is the observed 

behavior for temperatures up to 157°C. Above this 

temperature ~ decreases with increasing temperature. 

Therefore, one of the parameters in Equation (84) must have 

a strong enough temperature dependence to offset the 

explicit dependence on T above 157°C. Although several of 

these parameters can vary with temperature, it is expected 

that this offsetting temperature dependence of ~ is 

dominated by the temperature variation of aT. 

Dark conductivity increases exponentially with 

temperature when occupied traps exist below an energy band 
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and the mobility is relatively constant. It is reasonable 

to expect this in BSO over the temperature range in 

question. 37 To determine the importance of the dark 

conductivity contribution to the grating erasure, the decay 

of the signal when both writing beams were turned off was 

monitored as a function of temperature. Figure 16 shows the 

time constants obtained by fitting Equation (83) to the 

observed patterns. The dark decay time constant decreases 

about an order of magnitude between room temperature and 

322°C, and shows none of the initial linear relationship 

exhibited by the writing time constant. The time constants 

of several temperatures (224, 257 and 285°C) were omitted 

since the model was unable to describe these signal 

patterns adequately. At these temperatures the patterns are 

undergoing a transition from simple rise-decay profiles to 

much more complex patterns. These "transition" curves are 

characterized by a very fast initial decay followed by a 

much slower buildup and subsequent decay. These curves also 

exhibit oscillatory patterns after the initial decay. These 

oscillations are probably connected to hole movement or 

absorption effects in the material and the theory does not 

account for them. 

The dark decay time constant shows an approximately 

exponential decrease with increasing temperature. Combining 

this fact with the representative curves for dark and 

erasure decay would tend to suggest that the offsetting 

temperature dependent parameter is ad. 
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CHAPTER IV 

FUTURE WORK 

The results from Chapter II indicate the presence of 

two types of sites for the Mn4+ ions. One site undergoes 

radiationless quenching above 40 K and the other above 180 

K. Although it is expected that these sites are the two 

types of Ge4+ sites in the crystal structure, it would be 

interesting to determine the symmetry of these sites and 

whether or not they are the Ge4+ sites. We were unable to 

determine the contribution to the scattering efficiency 

from absorption or dispersion. It would be useful to know 

which of these makes the dominant contribution. Finally, 

different forms of Li4Ge5o12 :Mn4+ may not undergo the 

radiationless quenching that this form does at high 

temperatures. For most laser applications, room 

temperature activity is required. A different form may 

have a strong fluorescence at room temperature and would 

therefore be an interesting research area. 

It is obvious from Chapter IV that the band transport 

model is inadequate in certain regions. The model cannot 
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describe the photorefractive dynamics at several 

temperatures and future work should focus on these 

"transition" temperatures to determine the physical process 

occurring at those temperatures. A useful study may 

concern the effect of the absorption on the photorefractive 

signal at higher temperatures. More work needs to be done 

to characterize the grating buildup and decay, and this 

could be accomplished through very fast pulses. If the 

laser beams writing the grating are chopped very quickly 

the nature of grating buildup and decay can be studied on a 

very fast time scale, and may give some insight into the 

validity of the band transport model. 
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