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Abstract: The photosensitive properties of a centrosymmetric gadolinium gallium garnet crystal doped with calcium are investigated at room
temperature. Elementary holograms can be recorded over a wide range of
wavelengths in the visible spectral range. The photosensitive properties are
studied experimentally using beam coupling and angular response experiments. Mixed absorption and refractive-index gratings are observed and
their amplitudes and relative phases determined. Moreover, the candidate
centers that are responsible for the photorefractive effect are discussed.
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1. Introduction
Gadolinium gallium garnet (Gd 3 Ga5 O12 , GGG) belongs to the most perfect materials that are
grown in large quantities with a dislocation density of less than 3/cm 3 [1]. Owing to that it
is one of the most appropriate substrate materials for magnetic bubble memory [2], magnetooptic [3], integrated optical and microwave devices [4, 5]. Moreover, GGG is applied as a host
material in highly efficient solid-state lasers [6, 7, 8].
3+
3+ 2−
GGG has the molecular formula {Gd 3+
3 }[Ga2 ](Ga3 O12 ) and crystallizes in a centrosymmetric space group, determined to be cubic Ia3d[9] (or trigonal R3 according to Ref. [10]). The
Gd and Ga ions have specific site symmetry that is related to its oxygen coordinations, namely
dodecahedral, octahedral and tetrahedral, respectively. Thus the site symmetry is lower than the
symmetry of the crystal.
Small amounts of calcium oxide are usually added to the melt during crystal growth in order
to avoid screwed growth of rare-earth GGG crystals. This helps in growing large single crys#8649 - $15.00 USD
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tals for high-power laser applications. However, doping with small amounts of calcium results
also in degradation of laser performance because of optical loss by irradiation induced color
centers [11]. The formation of such color centers can result in induced absorption bands in the
visible and UV spectral ranges and is therefore an obstacle for applications. The strong photochromic effect [12, 13] in GGG is due to its richness with color centers as a consequence
of its non-stoichiometry caused by impurities or dopants. Antisite defects are formed through
the replacement of the excess Gd to the octahedral Ga positions. Deficiency of gallium oxide
[14] produces also vacancies of gallium (V Ga ) and oxygen (VO ). Exposing the crystal to an ionizing radiation generates charge carriers that can be trapped at these vacancies thus creating
additional defects. Any photochromic effect is related to an induced refractive-index change
through the Kramers-Kronig relation. Therefore GGG is a possible candidate for a photorefractive material suitable for information storage, provided that induced refractive index changes
are high enough.
The photorefractive effect in most of the standard photorefractive materials is due to the linear electro-optic effect [15]. However, light-induced refractive-index changes were also found
in centrosymmetric crystals[16, 17, 18, 19], although all odd-rank tensor elements vanish by
symmetry consideration. The origin of the photorefractive effect in centrosymmetric crystals
therefore is far from being understood. Usually, the effect is explained on the basis of particular
properties of the involved material: it can be attributed to the quadratic electro-optic effect [20],
optical excitation of infinitely long-lived metastable electronic states [18, 19], and always by
photochromic behavior via Kramers-Kronig relations [17]. The photorefractive effect in centrosymmetric materials may require application of an external electric field [21] or cooling of
the material to temperatures lower than 200 K [22, 23].
The aim of this Letter is to demonstrate, to investigate, and to characterize the photochromic
and the photorefractive properties of GGG:Ca at room temperature by means of holographic
techniques.
2. Experiment
GGG single crystals were grown by the Czochralski method. The samples are plane-parallel
plates with dimensions (10 × 10 × 5 mm 3 ). The large faces are perpendicular to the [111]
direction. Absorption spectra of the samples were collected using a Cary 500 spectrometer. The
samples were irradiated using various UV (λ = 351, 364 nm) and visible lines (λ = 458 . . .514
nm) of an argon-ion laser or a diode-pumped solid state laser (λ = 405 nm).
Prior to any holographic measurement, the sample was heated up to 400 ◦ Celsius for two
hours and then cooled down to room temperature again. This procedure will be simply called
‘heat treatment’ in what follows. After that, the sample was irradiated with UV (λ = 364
nm) light until the transmitted intensity did not change any more. Holographic gratings were
recorded by a standard two-wave mixing setup, using one of the visible lines of an argon-ion
laser. Two plane waves with a beam diameter of 4 mm and equal intensities, i.e., modulation depth m = 1, between 10 - 30 mW/cm 2 and parallel polarization states were employed as
recording beams under a crossing angle of 2Θ = 27 ◦ (outside the medium). The resulting grating spacing thus was either 981 nm (λ w =458 nm) or 1.1 μ m (λ w =514 nm). During recording,
the diffraction efficiency η = I d /(Id + I f ) is measured as a function of time by blocking one of
the beams for a short time. Here, I d, f denote the diffracted and forward diffracted intensities,
respectively. Note, that we use the definition of a relative diffraction efficiency, i.e., correcting
for the mean absorption. The angular dependence of the diffraction efficiency is measured at the
end of recording, typically after an exposure of 10-12 Ws/cm 2 , using a read-out intensity that
is two orders of magnitude lower than that for recording. For this type of experiment the crystal
was mounted on a computer-controlled rotation stage with an angular accuracy of 10 −3◦ .
#8649 - $15.00 USD
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In addition beam-coupling experiments were performed (at the recording angle) to obtain
the complete information on the physical parameters: the amplitudes of the refractive index
(n1 ) and the absorption (α 1 ) grating, the phase shift Δϕ between those gratings, and the phase Φ
between the interference pattern and the refractive-index pattern. For this experiment the crystal
was mounted on a piezoelectric translation-stage and moved in parallel to the grating vector.
The intensities IC1,C2 of the coupled beams were monitored by Si-photodiodes. A schematic of
the experimental setup is shown in Fig. 1. All holographic and spectroscopic measurements
were performed at room temperature.

IRt

IRd

IC1

IC2

Λ

Θ Θ

IS0

IR0

IR0

IS0

IR0

Fig. 1. Schematic of the experimental setups for recording gratings, performing rocking
curves and beam-coupling experiments.

3. Experimental results
The typical absorption spectra of as-grown pure and calcium doped GGG at room temperature
are shown in Fig. 2. Sharp absorption lines are observed in both, pure and doped samples. The
doped sample exhibits three additional broad bands in comparison to that of the nominally pure
sample: two strong overlapping bands around 340 nm (B2 band) and 250 nm (B1 band) and
another weak broad band around 425 nm (B3 band) as shown in the inset of Fig. 2 in accordance
with previous work[14, 24].
Induced absorption changes of a GGG:Ca single crystal due to irradiation with UV, visible light or a heat treatment are presented in Fig. 3. The room-temperature spectrum of the
heat-treated sample (heating for 2 hours at 400 ◦ ) is taken as the reference against which absorption changes are detected. It is evident, that UV illumination increases the bands B1 and
B3, and decreases band B2. The strongest induced absorption occurs at band B3. The latter is
responsible for a dark brownish color of the sample and thus we call such a state the ‘colored
state’. We emphasize, that the identical stationary colored state is approached upon prolonged
UV irradiation, regardless of the previous treatment of the crystal. For holographic experiments
to be discussed below, we illuminate the sample with UV light until a steady colored state is
obtained. Annealing at elevated temperature strongly decreases band B3, so that the crystal becomes transparent again. Therefore, this final state is called the fully ‘bleached state’ which can
also be reached irrespective of its treatment history.
As a first step in holographic measurements, we recorded an elementary holographic grating.
In Fig. 4 the dependence of the diffraction efficiency on exposure Q = I 0t with λw =λr = 458
#8649 - $15.00 USD
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Fig. 2. Absorption spectra of as-grown pure and calcium doped single crystals of GGG
at room temperature. Inset: difference δ αd = αdoped − α pure of the absorption coefficient
between the doped and the pure GGG sample as a function of wavelength.
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Fig. 3. Spectral dependence of the absorption coefficient of a GGG:Ca crystal illuminated
with UV, visible light and after a heat treatment (a). The inset shows photographs of the
sample in the bleached and the colored state, respectively. The absorption difference spectra
(b) are obtained by subtraction of the spectrum for the heat-treated reference sample.

or 514 nm, I0 =11.1 and 20.3 mW/cm 2 , respectively, is depicted. The subscripts w and r refer
to writing and read-out, respectively. As shown in Fig. 4 the diffraction efficiency increases,
passes a maximum and slightly decreases for all recording wavelengths. This resembles the
behavior of recently described similar systems[25]. Gratings could be recorded at all available
wavelengths in the visible range obtained from Ar-ion laser.
After recording of an elementary grating for an exposure of about 12 Ws/cm 2 , the angular
dependence of the diffraction efficiency was measured. Read-out was performed at the recording wavelength and polarization state, but the intensity was decreased to typically 10 −2 of the
recording intensity. Figure 5 shows the diffraction efficiency as a function of the deviation from
the recording angle for each of the recording beams (S- or R-beam), where alternately the R- or
S-beam is blocked. Figure 5 shows at least three distinct interesting features: (1) The width of
the rocking curves is extremely small and therefore the angular sensitivity high; (2) The maximum diffraction efficiencies for the R- and S-beam differ considerably. Their ratio η R /ηS at
#8649 - $15.00 USD
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Fig. 4. Kinetics of the diffraction efficiency ηR of the R-beam during recording an elementary grating at room temperature for two different wavelengths λw =458 and 514 nm (left
scale). The light-induced change of the mean absorption coefficient α0 is also shown (right
scale).
0.6

λw=λr =458 nm

R-beam
S-beam
Fit

0.5

ηx10

3

0.4
0.3
0.2
0.1
0.0
-0.8 -0.6 -0.4 -0.2 0.0

0.2

0.4

0.6

0.8

in

ΔΘ [mrad]
Fig. 5. Angular dependence of the ±1st order diffraction efficiency ηR,S around the Bragg
incidence. The grating was recorded and read out at λw = λr = 458 nm.

the recording angle (ΔΘ = 0) is about 0.78; (3) The position of the maximum occurs slightly
outside the recording angle, i.e., the Bragg angle, for the R-beam. The second observation can
be explained by mixed phase and amplitude gratings as will be discussed below.
In order to further explore the basis for the photorefractive and photochromic effect in GGG,
we conducted beam coupling experiments. This type of experiments allows to evaluate the contributions of the refractive-index and absorption modulation (n 1 , α1 ) to the grating, a possible
phase-difference Δϕ between them, and the phase-shift Φ between the incoming interference
pattern and the grating. In our setup we simply translated the grating along its grating vector
with a speed that is faster than the holographic response. The intensities I C1 = |AR f + ASd |2 and
IC2 = |ARd + AS f |2 of the coupled beams were monitored as a function of the translation. Here,
A(R,S)(d, f ) denote the amplitudes of the diffracted and forward-diffracted R- and S-beams. The
sinusoidal variation of the intensities is shown in Fig. 6.
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Fig. 6. Beam coupling analysis with an external displacement of the recorded elementary
hologram along its grating vector. λw = λr = 458 nm. The grating spacing Λ is indicated.
Note, that the intensities of the coupled beams are dephased.

4. Discussion
4.1. Spectroscopic results
Let us start the discussion with the obtained spectroscopic results and possible candidates for
photorefractive centers. The well separated sharp absorption lines observed in both spectra as
shown in Fig. 2 correspond to intra-center transitions of f-electrons in the Gd 3+ ion [26].
As shown in the inset of Fig. 2 doping GGG with calcium creates three additional bands
B1, B2 and B3. Moreover, illumination with UV or visible light or a heat treatment changes
the density of states within these bands. This means that the centers that produce these bands
are also responsible for the observed photosensitive effects. Considering the relative strength
of these bands, one can see according to Fig. 3, that the major changes occur at band B3.
From previous work it is known that the bands B1, B2 and B3 originate from intrinsic point
defects and charge compensation which produce complex color centers (CCC) and F-centers
[27, 24, 28, 14]. The calcium ion itself does not induce absorption bands, but its addition results
in a charge imbalance. It is proposed that oxygen vacancies V O or VO associated with Ca2+
impurities are responsible for getting overall charge neutrality[24]. Thus a variety of intrinsic
defects may be created upon doping with calcium: an oxygen vacancy V O trapping an electron
(F + color center) or two electrons (F color center), or the complex color centers [Ca 2+ F+ ]. The
consequence of doping with calcium can be seen in the inset of Fig. 2. The strong band around
B2 is supposed to be due the CCC [28] and the broad weak band around B3 corresponds to Ftype centers [13]. Band B1 is suggested to be due to the presence of cation and anion vacancies
including complexes [V Ga VO ]− [14].
The defects we are particularly interested in are those, that are capable of capturing the
generated charge carriers due to illumination such as V O , VGa and VGd [13]. In a highly doped
GGG the CCC play a dominant role in the radiation recharging processes [14]. CCC are ionized
by UV and this leads to a decrease of the absorption band B2. Some of the released electrons
from excited CCC can be trapped by V O defects giving rise to F-centers that absorb in the
spectral region around 430 nm (B3)[12, 14]. The ionized CCC, [Ca 2+ VO ]+ , has an absorption
band around 270 nm (B1) [28]. This is revealed from the induced absorption bands that are due
to UV illumination and is depicted in Fig. 3(b).
If the crystal is heated or illuminated with visible light, electrons are released from F-centers
to the conduction band that are subsequently trapped by ionized CCC, giving the original charge
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states of defects which lead to the bleached state[28], cf. Fig. 3(b). Thus the above mentioned
generated charge transfer processes between CCC and F-centers are responsible for the photochromic phenomena in GGG.
Now we would expect that the local change of charge carriers between color centers is also
responsible for a modulation of the refractive index via the Kramers-Kronig relationships. However, this implies that absorption and refractive-index gratings are in phase (Δϕ = 0). Moreover,
as the charge transfer processes occur at a certain site, the photosensitive effects must be strictly
local, i.e., that the light-interference pattern is in phase with the grating (Φ = 0). However,
these expectations are in contradiction to our experimental results obtained by holography as
discussed below.
4.2. Holographic results
The grating has rise times of about 53 and 42 sec for λ w =514 and 458 nm, respectively, at
the used low recording intensities. A fit according to the kinetics of a two-states model did not
yield satisfactory results[25], a hint that unlike terbium gallium garnet GGG:Ca is not an optical
two-states system. Next, the peculiarities of the rocking-curve (Fig. 5) will be discussed. The
high angular sensitivity is due to the large thickness of the GGG crystal. Estimating the grating
thickness from the position of two neighbouring minima of the rocking curve far outside the
Bragg maximum, we find a value of 5 mm, i.e., the grating extends over the whole thickness of
the sample.
The difference between the diffraction efficiencies η R and ηS measured near opposite Braggangles can be attributed to the Borrmann-effect. In common photosensitive materials either the
contribution of the phase or the amplitude grating is negligible. Even if they are of the same
order of magnitude but in phase, the diffraction efficiency simply is made up of two separate
terms. One is due to the phase grating and the other to the absorption grating. A Borrmanneffect only occurs, if a phase-grating and an amplitude-grating co-exist that are dephased. Then
the angular dependence of the diffraction efficiencies is not a simple superposition of two contributions any more. This case was analytically treated for the first time by Guibelalde[29]. We
adopt a different notation here, that emphasizes the basic structure

ηR,S =


(n1 π /λ )2 + (α1 /2)2 ± n1 πα1 /λ sin (Δϕ )  2
sin (Xd) + sinh2(Yd) .
2
2
X +Y

(1)

Here, X = X(n1 , α1 , Δϕ , Δθ ),Y ∈ C are functions of the corresponding parameters, including
the angular deviation Δθ from the Bragg-angle. The ±-signs are valid for the R- and S-beam,
respectively. From Eq. 1 the ratio η R /ηS at the Bragg angle amounts to

ηR (n1 π /λ )2 + (α1 /2)2 + n1πα1 /λ sin (Δϕ )
.
=
ηS
(n1 π /λ )2 + (α1 /2)2 − n1πα1 /λ sin (Δϕ )

(2)

Therefore, a Borrmann effect cannot occur in the case of Δϕ ≡ 0 and hence, our experimental
results prove that in GGG mixed phase and absorption-gratings were generated, that are out of
phase. Fitting Eq. 1 to the rocking-curves is possible, but the determination of the parameters
is not unique. Only the thickness d can be extracted. We note, that from the rocking-curve we
obtain for the ratio at the recording geometry η R /ηS = 0.526.
A puzzling feature of the rocking-curves shown in Fig. 5 is, that the maximum diffraction
efficiency does not occur at the recording angle for the R-beam, but at Δθ R = −0.06 mrad.
Though this shift is very small, it is distinctive and reproducible. It would be straightforward
to attribute this shift to transient effects, that originate from a dissimilarity in the intensities of
the recording beams in local response media[30]. In this case, the recording itself breaks the
symmetry and in the steady state the gratings are slanted. On one hand, this is supported by
#8649 - $15.00 USD
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two measurements where IR  IS or IR  IS . Here, we found that the sign of the shift depends
on the sign of 1 − IR /IS for the recording beams. However, in the case of a slanted grating
we would expect that η S shows a similar behavior, i.e., its maximum is shifted to the same
angular deviation, which is not the case. Next, we assumed that it might simply originate from
the fact, that the angular sensitivity of the crystal is too high for the accuracy of the rotation
stage (10−3◦ ). Experiments with a thinner sample (d = 1.6 mm) were conducted that yielded
the same result: A shift of the diffraction efficiency from its recording angle, which is different
for the R- and S-beam. Therefore, the reason for the shift of the maximum diffraction efficiency
in its angular position remains unclear.
Beam coupling experiments in the recording geometry were conducted, that enable us to determine the characteristic parameters n 1 , α1 , Δϕ and in addition the relative phase Φ between
the light interference pattern and the (refractive-index) grating. The intensities of the coupled
beams IC1 and IC2 , i.e., the transmitted R-beam and the diffracted S-beam and vice versa,
are monitored as a function of the externally applied phase-shift. Then the parameters can be
evaluated by a Fourier analysis of the experimental data [31]. However, due to the angular deviation from the recording geometry, we have to redefine the parameters a R,S , bR,S , cR,S from Ref.
[31]. This is necessary to correctly account for an additional phase-shift originating from the
Off-Bragg geometry. Hence, in the notation of Ref. [31] with Φ instead of φ p,0 , and assuming
AR,S ∈ R without loss of generality
∗
aR := A2R R̂+ R̂∗+ + A2S Ŝ− Ŝ−

 ∗
bR := 2AR AS ℜ R̂+ Ŝ− eiΦ


cR := 2AR AS ℜ R̂∗+ Ŝ− ieiΦ

∗
aS := A2S R̂+ R̂∗+ + A2R Ŝ− Ŝ−


∗ iΦ
bS := 2AR AS ℜ R̂− Ŝ+
e


∗ iΦ
cS := 2AR AS ℜ R̂− Ŝ+
ie .

(3)
(4)
(5)

Note, that R̂± , Ŝ± are functions of n 1 , α1 , ±Δϕ , ±Δθ with the abbreviation R̂± =
R̂(n1 , α1 , ±Δϕ , ±Δθ ). Taking the grating thickness (d = 5 mm) as a fixed parameter in fitting
the beam coupling measurements, we obtained the following values: n 1 = 1.4 × 10−7 , α1 =
8.8/m, Δϕ = −48◦ , Φ = 68◦ . In addition the amplitudes of the beams inside the medium are
evaluated as AS = 0.9, AR = 0.894, so that the modulation depth is nearly unity. The ratio of
the diffraction efficiencies at the recording geometry is 0.526, which is exactly the same as
obtained from the rocking-curve.
Two strange peculiarities are obvious: Δϕ = 0. Usually it is argued, that Kramers-Kronig
relations provide a refractive-index change in photochromic materials. However, in this case
their must not be any phase-shift between the amplitude grating and the phase grating. This is
similar to recently obtained results in bleached silver halide materials[32]. In addition also a
dephasing between the interference pattern and the refractive-index grating occurs. Therefore,
non-locality of the photorefractive effect is demonstrated. This enables the process of holographic amplification via two-wave mixing.
Even if we assume a certain error in evaluating our data, these results indicate, that the phaseshifts Φ and Δϕ are definitely different from 0 or π /2 as usually expected. Moreover, the shift
of the angular position of the maximum in the diffraction efficiency violates the assumption,
that GGG has a center of inversion. This is equivalent to saying that by illumination with a
sinusoidal interference pattern the centrosymmetric structure is broken in our crystal. To reveal
the origin for this phenomenon needs further investigations.
In summary, in this work we report the presence of a photorefractive and photochromic effect a GGG crystal doped with calcium. By employing a holographic two-wave mixing setup
we recorded mixed phase-amplitude gratings at room temperature. The presence of the Borrmann effect, an angular shift of the maximum diffraction efficiency in rocking curves and a
beam-coupling analysis revealed, that the gratings are out of phase and thus a light-induced
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symmetry break has occurred. We agree, that the facts presented here are counter-intuitive for
a centrosymmetric crystal. The physical origin for this symmetry break is not yet known.
Although the diffraction efficiency of GGG:Ca is low, it is interesting to further investigate
the light-induced properties for the following reasons: the photorefractive effect even persists
at room temperature, the crystal is available in an excellent optical quality and large size, and
the tempting perspective to realize any optical element for optical data storage and processing
with a single material class (garnets).
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