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Photorefractive behavior of BdFe(CN)sNO]-3H,0 in the red and near-infrared spectral range
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Phase gratings can be written in acentrid B&CN)sNO]-3H,0 single crystals on the basis of extremely
long-living metastable electronic states at temperatures b&eR13 K after preexposure with light in the
range of 350—580 nm. The modulation of the refractive index reaches values\up=t6.3x 10™“ in the red
and An=1.6x10"% in the near-infrared spectral range. Beam-coupling experiments show that there is no
phase shift between the light interference pattern and the resulting refractive index grating. The dynamical
behavior of the diffraction efficiency during the writing process depends on the depopulation velocity of the
metastable electronic states Sl and Sll and on the transfer velocity from Sl into Sll. The maximum efficiency
of »=72% is reached at an exposure @&=27 J/cnt with A=632.8 nm. The grating is stable against
irradiation with light of wavelength=1047 nm and cannot be destroyed with an exposure of u@ to
=600 J/cm. In comparison to centrosymmetric §IEe(CN)sNO]-2H,0, where the refractive index cannot be
modulated perpendicularly to the mirror plamesuch a restriction does not exist in the acentric single crystal.
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INTRODUCTION modulated by more than>210 3. In the [Fe(CN)sNOJ?~
anion two metastable states Sl and SlI can be populated with
Two-wave and four-wave mixing are extensively used tojight in the spectral range of 350—580 nm below tempera-
characterize optical properties of photorefractive or phototyres of 200 K(SI) and 150 K(Sll), respectively. They can
chromic materials. These techniques are especially suited fgje reversibly transferred to the ground sté®S) by irradia-
the study of holographic gratings formed by excitation oftion with light in the spectral range of 600—1200 nm or by
metastable states as shown for the transition-metal iofis Cr heating above 200 K. A population transfer from Sl into Sl
and Mrf* (Refs. 1,2 and in the case of F&) spin-crossover s possible in the spectral range of 900—1200 nm. Therefore,
systems. From the diffracted intensity the polarizabilities of there are at least three ways for the generation of holographic
Cr¥" in the excited states could be determined and the regratings: In the write mode by population of Sl or SlI
fractive index change ofAn=5x10"° found in spin- (GS—SI,Sll) and in the erase mode after homogeneous
crossover compounds was explained by an increase of thsopulation either by transfeéSI—SIl) or by deexcitation of
metal-ligand bondlength. Recently we proved the existencg| or Sl (SI,SII—GS).
of refractive-index and absorption gratings in In this paper, we report about the photorefractive and
Na,[F&(CN)sNO]-2H,0  (Sodium nitroprusside, NaNP  photochromic behavior of BE&CN)sNO]-3H,0 (Barium
single crystals by two-wave mixing experimefitsthey nitroprusside, BaNPin the red and near-infrared spectral
originate from the excitation of extremely long-lived meta- region. While NaNP belongs to the centrosymmetric space
stable electronic states. Population of these states can be pgioupPnnm BaNP undergoes a phase transitioTa233 K
formed in anions with empty low-lying antibondiid*(NO)  from the space groufbcminto Pca2;,” so that we can
orbitals, e.g.[MLsNO]?~, wherebyM=Fe, Ru, or Os and analyze the behavior of metastable states in holographic ex-
L=ligand®>® Hence the photorefractive effect does not re-periments for a point-symmetry group differing from the one
quire the presence of additional dopants or defects. Thef NaNP.
modulation of the refractive indeAn or of the absorption
coefficientA « are related to the population and can therefore
be adjusted by irradiation, since the population of the new EXPERIMENTAL DETAILS
states depends on light expos@e-1-t, i.e., the product of
light intensityl and exposure timé The wavelength depen-
dences ofAn and A« are determined by the dispersion be-  Single crystals of BaNP of optical quality and dimensions
havior of the metastable states, which can be varied byp to 90x40x40 mn? were grown from aqueous solutions
changing the central atoiv or the ligandL. In NaNP holo- by controlled evaporation and cooling between 311 and 306
graphic gratings can be generated in the visible and neak. The growth velocity was kept below 2 mm per day. The
infrared spectral range. The refractive index chadgeis  orthorhombic crystal¢space grougPbcm Z=4) develop to

Sample preparation and structural details
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FIG. 1. The direction of the N-C-Fe-N-O axis of the b0 T2 40 60 80 10 NEJED Te0 °
[F&(CN);NOJ?~ anions are indicated by arrowa) in BaNP below exposure Q [Jem?]

T=233 K inclined by 6.5° and 13° with respect to thandc axis,

respectively (b) in the a-b mirror plane of NaNP. FIG. 2. Diffraction efficiency» and absorption coefficient of

a BaNP(b cut) single crystal versus exposure. Gratings are written

i ; ; ; ; in the erase mode at wavelengt=632.8 nm after preexposure
pinacoids{100; and{010}, prism{120} and dipyramig{11L. '™ ™€ € !
Sttuctural detals are given in Ref. 8. Below 300 K the acenyiid 4782 T B0 @ Fikerbos R0 - 18 6
télcm c;n Odglia;)o nro?viﬁﬁ?hl\gsnl:lgt.)ggr:b;n S(frﬁif%w%rlgﬁp lographica axis. (b) PreexposureQ =856 J/cm, crystal thickness
is notléonsidergd here. Crystal plates were cut from larg 395 um, read out with polarization parallel to the crystallographic

. ' . . Xis.
single crystals, ground to the desired thickness of 0.2-0.
mm and finally polished with GO; powder. The excellent
cleavage perpendicular to theaxis impedes the preparation
of thin polished plates with other orientations théil0).

A=(450x20) nm 30% of the anions of BaNP can be trans-
ferred into Sl and about 1% into Sll witklla or ¢ axis.

; ; ; ~. ChoosingEllb axis and\=(450+20) nm the populations are
Holographic measurements are restricted by this condition. .
The quasifourfold N-C-Fe-N-O axes are symbolized in4% (S and 0.7%(SII). After preexposure in the blue-green

Figs. 1a) and ib) by arrows within the unit cell of BaNP spectra_l range, irradiation with—1064 or 1047 nm an&lla

[Fig. 1(@] and NaNP[Fig. 1(b)]. In the acentric phase of or ¢ axis transfers about 2/3 of the anions from Sl into SlI
BaNP belowT=233 K these axes are orientated at angles o nd 1/3 into GS. The decay temperat_ure.s of both states are
6.5° and 13° with respect to tlieandb axis, respectively, so .213 K (SI) and 145 K(Sl), i.e., substitution of Na by Ba
that no mirror plane exists. Because of the phase transitioffCT€ases the decay temperature of S| by 13 K.

we cannot decide whether the single crystal is in a multi- or

single domain state. Apart from a negligible deviation of Experimental setup

approximately 3° the Fe-N-O chain forms a straight line. If Holographic investigations are performed by writing and
the electric-field vectoE of the incident beams is orientated

along one of the crystallographic axes, then there are alway%nalyzmg elementary holographic gratings in BaNP single

components along this quasifourfold axis for BaNP. Since incrystals. Details of the experimental arrangement are given

. X L . in Ref. 4. During illumination of the samples with a sinusoi-
NaNP the anions are lying within treeb mirror plane at an dally modulated light interference pattern, the transmitted
angle of=35.8° with respect to tha axis, the electric field andydiffracted intensities are measured by 'alternatively clos-
vibrates exactly perpendicularly to the quasifourfold axis for; I . . e
Ellc. ing one of the_mmdent be_ams._ The dlffraqtlon e_fflc!eny:;s
defined following the designations of the inset in Figg)2as
Nr=lra/(Iret1rd and 7ns=lsy/(Istlsy, whereby
Irt; lstandlry, lgq are the transmitted and diffracted in-
The maximum population of the metastable states Sl antensities of the incoming wavds and S with the intensities

Sll depends on the wavelength and light polarization. Foll g andlg, respectively. The ratio of the incoming beams is

Metastable states
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' ' ' ure 3 shows the development of the diffraction efficiency
>0 f@if@gm‘%ﬁm 7 measured in the near-infrared spectral range=at047 nm
Tasp ™ 18 in the erase mode fdglic. We find that agaimg and g are
= 40r '15§ equal. The maximum value oh=4% corresponds to a
g 35¢ Tl 1 g modulation of the refractive index afn=1.6x10*. Con-
;2;3.0— Thnsasured 1 8 trary to the measurements in the red spectral range we
“g’ 250 {10 could not detect a decrease pfvith an exposure up to 600
5 20} 1 g Jlent.
g 15¢ S i e In the ground state the absorption coefficient at
ol Py A=632.8 nm isa(Q=0)=0.1 cm*. From the measured
05k Oy 1= transmitted and diffracted intensities we can determine the
0.0 behavior of the absorption coefficientz(Q) using

1 1 1 0
500 1000 100 2000 lritTRg=1(Q) =1oeXp(—a(Q)-d) and Ig+ls4=1(Q)
exposure Q [J/em(] =14exp(— a(Q) - d), respectively, with =1+ 5. In Figs.
FIG. 3. Diffraction efficiency» and absorption coefficient of ~ 2(8) @nd 2b) the decrease ok is shown in dependence of
a BaNP(b cut) single crystal in dependence on the exposure. Grat!1€ €xposur&. The changes in Figs(@ and 2b) reflect the
ings are written in the erase mode with=1047 nm, polarization depopulations of the metastable states.

parallel to the crystallographic axis, after preexposure of The same situation i_S given in Fig. 3, in whieh d?'
=644 Jlcmd with N\=476.5 nm and polarization parallel to the creases from20to 0.1 cmdue to the transfer SkSII. This
crystallographica axis. shows that the absorption band of SI disappears by the trans-

fer, and that the crystal becomes transparent in the near-
adjusted tdr/l1s=1, so that the degree of modulation gives infrared spectral range. As the new absorption band of Sll is

_ _ : ; lying in the visible spectral region its behavior cannot be
m=(2Ir-1g)/(Ig+1g)=1. For beam-coupling analysis the . : .

h he i : is shi fter th detected with the used wavelengths. Starting with a popula-
phase between the incoming beams is shifted after the Wmdon of 12% for SI and of 1% for SII we get 9% for SiI at

ing process by a mirror mounted on a piezoelectric elemen ) . .
gp y P =400 J/crd, since about 1/3 of the anions in Sl are trans-

and the transmitted intensitiég, andl ., are measured as a : X T )
function of the external phase shift,,;. All measurements Lenrqred into GS and 2/3 into SlI by irradiation witt=1047

were performed at the temperatufe=90 K in the erase . L )
mode with a HeNe laséi\=632.8 nm and a Nd-YLF laser _ In Figs. Z{'a)’ and 2b) the mgasured efficiencies are fitted
(\=1047 nm. The light intensitiesl g—I¢=1, were 238 With Kogelnik's formula »=sirf(mAnd)/(\ cosf) for pure
mWi/cn? at 632.8 nm and 31 mW/chat 1047 nm. Preexpo- p.hase.gratmgs, assuming that the glefractlve index modula-
sure of all samples was realized by homogeneous irradiatiof®” ncreases by [1—exp(~Q/Qy)] Salmd [1—exp

with light of an Ar* laser(\=476.5 nm. All gratings were (~Q/Q;")] and decreases byexp(-~Q/Q;)] and (exp
written at a Bragg angle of=7° corresponding to spacings —Q@Q5") for Sl and SlI, respectively. In a first approxima-
of the gratings ofA=2.60 um (632.8 nm and A=4.30 um tion we suggest, that the change of the refractive index is
(1047 nm. The measured parameters are given as a functioBroportional to the population of the metastable electronic
of the exposur&®=1-t, since the velocity and the degree of States, so that the growth and decay functions are weighted

population of the metastable states Sl and SIl depen@.on by the starting values of the populatioRs andP;;. An(Q)
is then given by

EXPERIMENTAL RESULTS AN(Q)=P,(1—e 901)e~Q/Q3

Efficiency Sl

Sl
. . . . +P(1-e 9)e ¥, 1)
Figures Za) and 2b) show the diffraction efficienciegg

and 7s measured as a function of the expos@dor an The small amount of SlI is visible in both measurements,
elementary holographic grating written in the erase mode at where a maximum of=10% is found aQ=>5 J/cnf. This
wavelengthh\=632.8 nm. The polarizations of the incoming IS in good accordance with the low population of SII. With-
beams for both, writing and readout processes, were oriente@t the contribution of SlI the spectra could not be fitted with
parallel to the crystallographi axis[Fig. 2a)] and crystal- ~ sufficient accuracy. Sll is completely destroyed at abQut
lographicc axis[Fig. 2()]. The measurements show nearly =25 J/cnt for Ellc and at abouQ= 15 J/cnf for Ella axis.

identical dynamic behavior for the diffraction efficiencigs The fit parameters for SlI are

and »s and a maximum value of about 19% fBita axis at

Q=10 J/cn? and 72% forEllc axis atQ=27 J/cni. A de- Elic, Q"=18.6 Jicd, Q3"'=7.0 Jicrd,
crease to zero is observed for an exposure larger ®an

=200 J/cm, Elc axes, and foQ=60 J/cnf, Ella axes, Ela, Q5"=19.6 Jic, Q3"=5.0 J/cnd.

respectively. Assuming that the grating is a pure phase grat-

ing and that its thickness is equal to the thickness of the he fit parameters for Sl are
sample, a point to be discussed below, the amplithdeof
the refractive index can be calculated from Kogelnik’'s for-
mula for pure phase gratind$In the maximumAn reaches s si
5.3x10™* (Elc) and 3.<10™* (Ella), respectively. Fig- Ella, Q7'=99.1 Jecmd, Q;'=14.0 J/er.

Ellc, Q7'=52.1 Jierd, Q3'=50.0 J/crA,
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1.15 DISCUSSION

BaNP, d=395um, b-cut 5 o . . . .

A,,=632.8 nm. E || a An=38%10 =0 Elementary holographic gratings can be written with large
— 1101 Ao =385m"  4.=0 diffraction efficiencies in the erase mode. The fact that these

efficiencies may exceed 709Fig. 2(b)] and the results of
the beam-coupling experiments prove that phase gratings are
dominant. This identifies BaNP as the second single-
crystalline material with the property that phase gratings can
be written by excitation of metastable electronic states. The
domain structure of BaNP in the acentric point grdipa2;
has no influence on the photorefractive behavior. A poling
procedure is not necessary. The diffraction efficiencjgs
and g are equal, so that the Borrmann efféatan be ex-
cluded. In contrast to NaNP we observe a modulation of the
refractive index in BaNP foEllc axis. In this special condi-
tion of NaNP as shown in Fig.(lt), the N-C-Fe-N-O axis
FIG. 4. Beam-coupling analysis with an externally inducedlies in thea-b mirror plane, and witlElic axis (perpendicu-
phase shiftpe,,. The coupled intensitiel.; andl ., are measured lar to the mirror plangno modulation of the refractive index
atA=632.8 nm with polarization parallel to theaxis in ab cut of ~ can be observed. However, gratings can be detected with a
BaNP with a preexposure @=900 J/cnd atA\=476.5 nm. Crys- probe beam polarized along theor b axis, so that gratings
tal thicknessd=395 um. are written withElc axis but cannot be the readout wHlic
axis.

They specify the exposure which is needed to reach the In BaNP there is no restriction because there is no mirror
e~ ! value of the diffraction efficiencies. However, the re- plar)e. Phase gratings can be written and deteqted with polar-
vealed ratios for the population®, /P, =1.2 for readout ization along all three crystallographic axes. Since the angle

- ) e . between the N-C-Fe-N-O axis and the crystallographic axes
polarization parallet axis andP, /P, =6.3 parallela axis,

Do 71 isvery small, only the | f the mirror plan nber n-
indicate a more complex dependence of the refractive mdexS ery small, only the Joss of the or plane can be respo

; : . Sible for this behavior. The direction of the grating vedtar
on the population, which has to be analyzed in further ex1K|:4Tr sind/\, is not important for the v?ritinggof holo-
periments. !

The formation of the grating by the transfer-SSIl (Fig. graphic gratings, as we measured equal diffraction efficien-

3) can be fitted with the single-exponential expressidn cies forK|la andKllc at the same polarization of the writing

C beamsElla andEllc for each direction oK.
_ —_o/0S" Sii_ )
gxp( Q/Qy")] resulting inQ;"= 138'0 Jferh The satu The different behavior of the diffraction efficiency in the
ration value ofp=4% corresponds with the maximum of SlI

- g ; red and infrared spectral range can be explained by the de-
in Fig. 2, considering the different preexposures and the coryjq jation of SI and SI(A=632.8 nm and the transfer
dition that only about 2/3 of Sl is transferred into SlI. SISl (\=1047 nm: In the red spectral range both SI and
Sl are exponentially depopulated by irradiation into the
ground state, but with different depopulation velocities.
Therefore, two independent modulations of the refractive in-
Beam-coupling experiments reveal the contribution ofdex are built up with exposure, leading to the total measured
refractive-index and absorption gratings to the diffraction ef-diffraction efficiency. Irradiation with light in the near-
ficiency » and the possible phase shifts between the interferinfrared spectral range results in a transfer of about 1/3 of SI
ence pattern and the gratings in the crystal. In Fig. 4 thénto GS and 2/3 into Sll. In BaNP we could not find a de-
experimental results of the beam-coupling experiments arpopulation of Sl with an exposure up =600 J/cr, so
shown for a grating written in the erase moda at632.8 nm  that Sll is responsible for the holographic gratings. In the
and for polarization Elic after preexposure ofQ  beginning of the writing process in the red spectral range the
=125 J/cnd with A=476.5 nm,Ellc. The transmitted inten- modulation of the refractive index results by the decrease of
sities |, and |, are plotted versus the externally induced SllI. The fit for both polarizationgFigs. 2a) and 2b)] shows,
phase shifip.,. Both intensities show a sinusoidal behavior. that with increasing exposure the main contribution for the
Evaluating this spectrum according to the procedure offiffraction efficiency is made by Sl. In the infrared spectral
Kahmannt! which is in principle a Fourier analysis of the range only Sl is responsible for the build up of a modulation
measured data, we obtain the following results: the modulaef the refractive index leading to a low value of the refractive
tion of the refractive index is given bn=3.8x10" 5% the index up toAn=1.6x10"%. This result is in accordance
modulation of the absorption coefficient Byv=3.85 mi'l,  with the measurements at=632.8 nm, where also low
the phase shift of the refractive-index grating with respect teamounts of diffraction efficiencies result by the depopulation
the incoming light interference pattern la,=0°, and that of Sll. In both cases the absorption coefficien{Q) de-
of the absorption grating bys,=0° and the ratio of the creases exponentially ta=0.1 cm ! due to the complete
incoming beams byg/1s=1. In comparison to the results of depopulation of SI. Since(Q)=N(Q)a(\) is given by the
the diffraction efficiency the light-induced modulation of the product of the densityN(Q) of the anions and the cross
refractive index is about one order of magnitude smaller besectiono(\), we detect ah=632.8 nm only the disappear-
cause of the lower preexposUr@=125 J/cm]. ance ofN in the metastable state S| until GS is reached,

intensity [arb.units

T 2 4t 6 st 10% I2x
externally induced phaseshift

Beam-coupling analysis
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which explains the erasure of the phase gratingh\AtL047  formulaN-p=3(n?—1/n?+1), wherebyN is the concentra-
nm «(Q) also approaches exponentially=0.1 cm* due  {jon andp the polarizability of the anions, the reason for the
to the complete depopulation of Sl, but this behavior showsnodulation of the refractive index can be found in the dif-
that the absorption band of SlI lies in the visible spectralfering electronic polarizabilitpS' andpS! of the anions and
range and that BaNP is completely transparenkal047  the change of the densitiés™, NS" of the metastable states
nm, so that only eqa}se gratings exist. The small residuag| anq si| and the analog quantities in the ground state. The
value ofa=0.1 cm " in GS, measured by absorption spec- consequence of the local photorefractive effect is that the
troscopy, is a_result of m_homogenemes of the crystal s_urfa(_:%igna| wave is not amplified by two wave mixing, and there-
produced during the polishing procedure. The probe light igore the high diffraction efficiencies result from the large
scattered and therefore an extinction is measured add't'onau}ght-induced modulation of the refractive index. Because of
to the material absorption. o _ _ the electronic nature of the photorefractive effect no dark
From the fact that the phase grating is unshifted with reecay of the gratings exists if the temperature is sufficiently

spect to the intensity pattern, we conclude that the photorgse|ow the decay temperatures of the electronic states.
fractive effect is a local response of the light modulation and

most probably results from the local excitation of
[FE(CN)sNOTJ?>~ anions, but not by the conventional elec-
trooptical effect. No migration of charge carriers by diffusion  This work was supported by the Deutsche Forschungsge-
or drift and no photovoltaic effect could be detected so farmeinschaft Wo 618/1-2 and SFB 225, project A6. Th. Woike
Considering in a rough approximation the Lorenz-Lorentzis very indebted to the SFB 225 for his stay in Osnakru
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