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Neutron diffraction from thermally fixed gratings in photorefractive lithium niobate crystals
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Iron-doped lithium niobate crystals are illuminated with a sinusoidal light paffemod length 374 npnat
a temperature of about 180 °C. Electrons are redistributed and ions drift in the electronic space-charge pattern
(“thermal fixing” ). At room temperature the ions are almost immobile. A density graspgce-charge field
plus inverse-piezoelectric effgand the ionic grating yield a refractive-index modulation for neuti@pso-
torefractive effect’). Neutrons(wavelength 1.39 ninare diffracted from this grating with an efficiency up to
1.2x10 3. Usually hydrogen ions form the ionic grating. The ions responsible for charge compensation in
dehydrated crystals have a much smaller coherent neutron-scattering length and might be identified as lithium.
[S0163-18209)50738-9

Inhomogeneous illumination redistributes electrons inLiNbO, (melt and crystal have the same compositisnnot
iron-doped lithium niobate crystals (LiINGJD space-charge stoichiometric and has a Lideficit of about 494112 Fur-
fields build up and these fields modulate the refractive indexhermore, Li ions are rather small and"Lhopping conduc-
for light via the electro-optic effect. Iron ions in the valence tion may occur. Identification of the compensating ions and
states 2- and 3+ are sources and traps of the electrdns, measurement of their mobility are essential for an estimation
and the bulk-photovoltaic effect is the dominant charge—of the lifetime of thermally fixed holograms. A couple of
driving force? Photorefractive LiNb@ crystals find more years is obtained with hydrogen ﬁxiﬁé,lS but the aim is to
and more applicatiore.g., outstanding wavelength filtés, achieve much higher lifetimes, maybe thousands of years for
promising wavelength-division multiplexet$,and volume  archival data storage.
holographic memoriéswere fabricated. Here we report a new approach for investigation of the

Homogeneous illumination redistributes the electronscharge-transport processes: Diffraction of neutrons from
back and erases the stored patterns. Thermal fixing, i.e., heakermally fixed gratings. The refractive index for neutrons
ing of the crystals during or after recording, is an approach talepends on the density of nuclei and on the types of isotopes
overcoming this problerfiThe process relies on the fact that involved, i.e., on their coherent scattering lengths. Two kinds
ions become mobile at temperatures of about 180 °C. Thegf gratings can influence the neutrorig: A modulated den-
move and compensate for the electron redistribution. Supsity of the host material (LiNbg) which occurs because of
posing that we have enough movable ions, the charge redishe electric space-charge fields and the inverse-piezoelectric
tribution continues until the bright regions are depleted  effect (electro-neutron-optic effext® (i) an ionic grating.
more filled traps F&") or until the dark regions are saturated  The strategy is to measure the diffraction efficiency of
(no more empty traps B&). Cooling to room temperature neutrons, to separate the effects arising from the two gratings
decreases the mobility of the ions by several orders of magnentioned above, and to deduce the coherent scattering
nitude. Homogeneous irradiation with light yields modulatedlength per ion in order to identify the ions with the help of
currents because the concentrations of'Fand Fé* ions  this parameter, which varies for all elements and isotopes.
are spatially modulatelThis step is called “development” Apart from this rather applied background it is fascinating in
because the hologram is revealed. Large space-charge fieltiself to check whether it is possible to diffract neutrons from
build up. Electronic drift currents in these space-charge field§ght-induced and thermally fixed gratings. In the case of
compensate the photovoltaic currents and no more electrorfggh efficiencies, neutron-optical componeriteeam split-
are redistributed. As a consequence, th&"Fend Fé* con-  ters, mirrors, interferometers, and switchesight be fabri-
centration patterns cannot be erased by light, and the correated by thermal fixing in LiNb@ Recently, Schellhorn
sponding space-charge fields modulate the refractive-indegt al. succeeded in preparing an interferometer for cold neu-
permanently. trons which utilizes three holographic gratings recorded in

Spectroscopic investigations revealed that protbysiro-  poly(methylmethacrylate'’ One of the exciting questions is
gen ions, OH bonds are mobile and form the compensating whether it is feasible to realize such an instrument or even
grating, if enough protons are availaSI¥. However, ther- more advanced devices with thermally fixed gratings in
mal fixing is possible also in dehydrated crystaist itis not ~ LiNbOs.
known so far which ions move. One of the possible expla- We investigate two congruently melting LiNRQ@rystals.
nations is that Li ions migrate, because congruently meltingrhey were grown by Deltronic Crystal Ind. and doped by
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~ TABLE I. Notation, dimensions®: length along the propaga- the concentration amplitudes of the spatiaf Fgratings the
tion direction of recording light and neutror(s; length of the polar result ACrg+ =[(2.2+0.2)/4.8|c2+ = (0.83+0.08)

axis), ion concentrationsg.= Cge+ + Crea+, Overall iron concentra- -3 _

tion; cee+, concentration of Fe ions; ceg+, concentration of F& :EOZAm+ (DTZ&%D’ 72nd Aceer —[(2.1i0.4)/4.8]c,:eg

ions; coy- , concentration of OH ions), and annealing treatment =(1.1x 0',2)X1 m™= (DT2-28. FuIIy.moduIated F

(Vac., Vacuum; h, humid; d, dyyof the samples used. pattgrns, i.e.Acge+=Cge+, Can be obtained by longer re-
cording. Anyhow, we also know from the measurked-2+

Notation DT2-27 DT2-28 the amplitudes of the ionic gratings\cCiyns=ACre2+/Z,

whereZ is the number of the effective unit charges per ion

Dimensions (Z=1 for OH™ which has the effective chargee). The
(AXBXC) [mn’] 9.1x2.9<10.3 9.2¢2.9x103 amplitudesEg, of the space-charge fields in the developed
state are also known because of the relatidbn(\)=
Cre [107* m™3] 51 51 —(1/2)n(N\)3r () Eo, wheren=2.28(Ref. 24 is the refrac-
Cra+[107 m~3] 1.8 25 tive index, andr=10 pm/V (Ref. 29 the electro-optic co-
Cre+ [Cra+ 0.037 0.052 efficient for red light(wavelengthA =632.8 nm). We get
Es=(3.70.4)x10° V/m (DT2-27 and Es.=(3.5-0.8)
Con-[10%* m~3] 5.64 0.47 x10° V/m (DT2-28.
36 h, Vac., 1000°C Neutron-diffraction experiments were performed at the
Annealing 6 h, r0,,1000°C 2 h, ¢0,,1000°C Institut Laue-Langevin(ILL) in Grenoble, France with the

2 h, ~Ar,900°C 1 h, ¢-0,,950°C small-angle neutron-scattering instrument DZRef. 25
(128%x 128 detector matrix placed 18 m behind the sample
The relative sensitivity of each detector elemédétector
adding 0.138 wt. % F£; to the melt. No specially selected pixel, 7x7 mn?) is calibrated prior to the measurements
isotopes were used, i.e., about 92.3% and 7.5%°Li are  with an isotropic scatterer. Cold neutropsavelengthi,
present. Two samples were prepared and relevant crystal pa-1.39 nm, wavelength distribution of 10%, Cd-collimation
rameters can be found in Table I. Thermal annealing Wagjiaphragms of 15 15 mn? (input) and 8x 8 mn? (outpud
performed to adjust the concentration of OHSample \yith a distance of 19.1 m, and a neutron flux of 47200
DT2-27 was annealed in humid gadéise gases enter the o irons/kare employed. The crystal is placed in the beam
annealing oven through a water bathile sample DT2-28 54 3 peak of diffracted neutrons is clearly observed on the
was annealed in dry atmosphere. The concentrationsof Fe detector matrix after adjustment of the Bragg angle. The neu-

?nnedaslj)rfem(gr':gsl&lgn((szhavrveeretragggtrjCf?gm fé%rqo Slkészgpr?_on tron background at the same detector elements is measured,
! 9 too, by turning the crystal out of the Bragg angle. The dif-

g?gﬁ? \23?:“gfsldscggrsgts%p;ggn%:n?lgrlgf;_d;xggsf'o?erence of the signals yields the number of diffracted neu-
) P trons, and the diffraction efficiency is determined, i.e., the

tains more OH than Fé", i.e., all Fé" patterns can be : v
compensated completely by moving hydrogen ions. Howumber of diffracted neutrons divided by the sum of the

ever, the OH concentration in the crystal DT2—28 is much transmitted and diffracted neutrons. Typical measurements
too ,small to compensate for strongly modulated?’Fe take between 8 and 120 min. The crystals are rotated with

patterns. the help of a mechanical rotation stage and Fig. 1 shows the

Holographic gratings were recorded at a crystal temperaangular dependence of the diffraction efficiencies in the de-
ture of 180°C by interference of two plane wavegave- veloped state. Bragg peaks on both sides of the symmetric
length of 514.5 nm, ordinary polarization, grating vector Position are clearly observed. The measured Bragg angle of
aligned almost along the polar crystal axieviation less about®g=(1.8+0.1) mrad agrees excellently with the ex-
than2°), period length of the grating =374 nm, recording pected one[sin®g=X\,/(2A) yields Og=(1.86=0.05)
beam intensities of 820 W/mand 440 W/m (DT2-27  mrad], confirming that the neutrons are indeed diffracted
and 600 W/m and 450 W/Mi (DT2-28, and recording from the grating. The obtained diffraction efficiencies are
times of 90 min(DT2-27) and 130 minDT2-28)]. The setup  rather high and reach up to %0 * (DT2-27 and 1.1
is actively stabilized against mechanical vibrations to ensure<10”# (DT2-28. The measurement accuracy depends on
stable holographic recordirfy.Afterwards, the crystals are the integration time and error bars are shown directly in the
cooled to room temperature and illuminated homogeneouslfigures. The neutrons are partly incoherent. This yields a
with white light of an incandescent lamp (150 Winfor 60  broadening of the Bragg peaks and a reduction of the peak
min). values?! Consideration of this effett enables computation

An angular-dependent read-out of the developed gratingsf coherent diffraction efficiencies ofygn=1.2x10"3
is performed with light of a HeNe laséwavelength of 632.8 (DT2—-27 and 7.,,=0.6X10 2 (DT2-28, i.e., these effi-
nm, ordinary polarization The results are very well de- ciencies are expected for a perfectly coherent neutron beam.
scribed by the solution of the coupled-wave equafibasd  As pointed out above, two effects may contribute to neutron
fits to the data yield the amplitudes of the refractive indexdiffraction in the developed staté) Interaction of the space-
gratings An,q=(2.2-0.2)x10 4 (DT2-27 and An,y charge field with the inverse piezoelectric efféelectro-
=(2.1+0.4)x10 * (DT2-28. The expected saturation neutron-optic effegtand(ii) the ionic gratings.
value for crystals with this iron content and fluily modu- The space-charge fields were erased by heating the
lated F&" patterns isAn,.q=4.8< 10 4?22 This yields for sample(DT2-27 at 100 °C for 45 min; DT2—28 at 110°C
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FIG. 1. Neutron_ diffr_actic_Jn efficiency; versus angle® be- .~ FIG. 2. Neutron diffraction efficiencyy versus angle® be-
tween the propagation direction of the neutron beam and.the gratlnf%veen the propagation direction of the neutron beam and the grating
normal for the samples DTZ—Z_Yop) and DT2-28botton) in the normal for the samples DT2-2%p) and DT2—-28bottom in the
developedstate(space-charge fields are pre_s)eﬁ_ihe symbol§ cor- erasedstate(concentration gratings, but no space-charge fields are
respond to the measured data and the solid I|n.es_ are guides to tB?esenl The symbols correspond to the measured data and the
eye. The error bars represent the standard deviation. solid lines are guides to the eye. The error bars represent the stan-

. - . dard deviation.
for 105 min. A negligible amount of the ions moves back,

but this movement is sufficient to compensate completely th&now that in sample DT2-27 a grating of hydrogen ions is
previously developed space-charge fields. Angular deperpresent [concentration amplitudeAcon-=ACip,=(0.83
dent measurements of the neutron-diffraction efficiency arex0.08)x 10?* m~3]. This should yield a modulation of the
once more performed and Fig. 2 shows the results. The difrefractive index for neutrons of about\n,=Anjyic
fraction efficiencies dropped strongly for both samples.:—[)\ﬁ/(zTr)]bCAcions,26 whereb, is the coherent scatter-
However, the crystals exhibit a different behavior: Sampleing length. Ab,=—3.74 fm for *H (Ref. 27 yields An,
DT2-27 still shows a Bragg peaky{,,=3.6X10"°) while  =(0.95+0.1)x 10" °. This agrees excellently with the mea-
no more diffracted neutrons can be detected for the dehysured value. The dehydrated sample DT2-28 exhibits a
drated sample DT2—2870<1.8X10"°). An,<0.65x10"°, and ACjone=(1.1+0.2)x 10?* m~2 yield
The diffraction efficiency can be written #Bef. 21 |bJ=1.9 fm, supposing that each ion carries one effective
unit charge Z=1). Lithium of the natural isotopic compo-
sition has an exceptionally sméi} of only —1.9 fm?’ This
@) indicates that probably the explanation of thermal fixing in
dehydrated crystals via lithium hopping conduction is valid.
whereB is the thickness of the sample aAd, is the change However, further experiments are required to accomplish a
of the refractive index for neutrons. According to this rela-full understanding of the role of Li ions in the process of
tion, our refractive index gratings have in the developed statéhermal fixing.
(with space-charge fielfishe amplitudegAn,|=5.3x 10 ° We may write in the developed stateith space-charge
(DT2-27 and|An,|=3.7x10"° (DT2-28. The strong de- fields  An,=ANgecro-optict ANionic Wit ANgjectro-opic
crease of the efficiencies after erasure of the space-charge— (1/2)r ,Es.. Neutron-electro-optic and ionic gratings can
fields shows that the electro-neutron-optic effect stronglybe in phase or 180° out of phase, depending on the signs of
dominates in the developed state. the material parameters involvethe sign of the neutron-
Thermal erasure of the space-charge fields decreases thkectro-optic coefficient,,, the sign of the coherent neutron-
grating amplitudes tain,=0.92<10 ° (DT2-27 andAn,  scattering length,, ...). Other phase shifts are not ex-
<0.65x 10 ° (DT2-28, which are supposed to originate pected for recording in iron-doped LiNBQ@rystals?® Thus
from the ionic gratings only. From the above analysis wethe gratings can either compensate or amplify each
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1.0F° T T T T ] Fig. 3, which shows the evolution of the neutron-diffraction
Sdenya efficiency » in the Bragg peak during homogeneous illumi-
08l 4 nation with white incandescent light. The increasepadur-
ing the development can be nicely observed.
0.6} 4 A further threefold increase of the space-charge fields up
to Eqc=10x10° V/m by using larger recording times is re-
0.4 4 alistic, but fields above this threshold cannot be achieved
because of electric break-dowh¥hus electro-neutron-optic
02k i |An,|=[(1/2)r E<d values up to 1.8 10" 8 can be expected.
Furthermore, samples of larger thickness can be employed
0.0l . and a thickness d8=1 cm is still a reasonable value. Con-
| | | | | | . . .
0 10 20 30 40 50 sidering Eq.(1) one sees that an increase ®f,, from the
t (min) obtained”.,=1.2x10 3 up to =0.1 is feasible.
In conclusion, neutrons can be diffracted from thermally
FIG. 3. Evolution of the neutron diffraction efficienayfor the fixed gratings in iron-doped lithium niobate Crysta|s_ Coher-
sample DT2-27 in one of the Bragg peak3~ 1.8 mrad during  ent diffraction efficiencies up to 1:210 3 are reached. The
development with white |ncandescent_llght. The symbols Corre'electro-neutron-optic effe¢space-charge fields interact with
spond o the m?asured data and the SO"d."n.eS are guides to the Xfie inverse-piezoelectric effggtields the major contribution
The error bars illustrate the standard deviation. . . - . .
to the neutron refractive index grating. Refractive index
changes caused by ionic compensation gratings are at least
other (different or equal signs oA Ngjeciro-optic AN ANjgnic)- one order of magnitude smaller. Experiments with undevel-
ConsideringAn,=5.3x 10" %, Anjgic=0.92X 10" °, and E, oped crystals indicate that ions with a small coherent
=(3.7£0.4)x10° (DT2-27) we get r,=[(2.4-3.4) neutron-scattering length, maybe lithium, are responsible for
+0.5] fm/V, and consideringAn,=3.7<10"°%, Anj.  charge compensation in dehydrated crystals.
=0.65<10"°, and E¢=(3.5+0.8)x 10° (DT2-28 we get , , _ o
r=[(1.7—2.5/-0.8] fm/V. All results together yield for We thank S. Breer for frwtful d|s.cu35|ons. Financial sup-
the electro-neutron-optic coefficient=(2.6=0.7) fm/V. port from Volkswagen-StiftungProject No. 1/7392p and
Heating erases the space-charge fields, but the concentr@liribution of neutron beam time by the ILL are gratefully
tion patterns are almost unchanged. This can be verified b§cknowledged.
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