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Light-induced absorption changes by excitation of metastable states
in Na,[ Fe(CN)sNO]2H,0 single crystals
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The ground state and the light-induced metastable states HFBIECNENO]-2H,0 were investigated by
polarized optical absorption spectroscopy on single crystals. An orbital level scheme is proposed for the ground
state and the two metastable states S| and Sll. Based on polarization analysis of the electronic transitions and
density of states calculations using density functional thébyT), three electronic transitions were tenta-
tively assigned to the calculated transitions of the orbital level scheme of Sl and four to that of Sll. Isosbestic
points at 562 and 375 nm in the absorption spectra during the population of Sl indicate that anions are
transferred from the ground state into SI. No optical depopulation process from Sl into the ground state is
observed between 375 and 562 nm. An effective transfer from Sl into SlI can be performed by irradiation with
light of wavelength above 770 or 910 nm and polarization of the light parallel tactbea axis of the
orthorhombic crystal, respectively.
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[. INTRODUCTION time in the antibondingr* orbital is long enough, e.g, in the
range of nanoseconds to microseconds, the structure relaxes
Light-induced metastable states are of fundamental iminto a stable configuration and the excited electron thermal-
portance for basic research and technological applications iizes into the long-living metastable states. Such a charge
the field of holographic information storage as well as energytransfer transitiond— =*) is necessary for the formation of
storage. In long-living photoexcited molecules the electrorthe metastable states. This rule is supported by calculations
density is adjusted to the relaxed nuclear configurations posssing density functional theor§DFT).X2~* Up to now two
sibly combined with a change of the dipole or higher elec-metastable states Sl and SlI, which can be excited by irra-
tronic moments of the whole system. This is the reason for aliation with light below characteristic temperatures, are
kind of photorefractive effe¢f that opens the possibility of known. The maximum decay temperature of 273 K for Sl
volume holographic data storage. Concomitant with the reawas found in [Ru(NH;)sNO]Cl,.° [Decay temperature
ranged electron density new electronic transitions appear ishould not be understood as a sharp transition temperature. It
the near infrared and ultraviolet spectral rafigs that ho- is determined by dynamic differential scanning calorimetry
lograms can be written in this very large spectral range(DDSC) measurements and describes the temperature of the
yielding a modulation of the refractive inderf An=1.14  peak maximum of the heat flow and is therefore dependent
% 103, which is an order of magnitude higher than in pho-on the heating rate. The decay follows an Arrhenius Jaw.
torefractive oxides such as Baj® Nay[ Fe(CNxNO]-2H,0 (SNP is the most investigated
Such extremely long-living metastable states can be exsystem and the up to now obtained experimental and theo-
cited in anions or cations containing a nitrosyl-ligand N-Oretical results are covered by two recent review artictes$.
such ag ML,(NO)]", M being a transition metal, e.g., Fe, In SNP the decay temperatures of S| and SIlI are lying at
Ni, Ru, Os, Mo, andh being the formal charge of the anion/ about 198 and 147 K, respectively. These states are separated
cation. The ligand4., vary from atoms(F,CIl,Br,J, eto. to  from the ground state by potential barriers of 0.7(&¥ and
complex-ligands (CN,NK,NO,, etc).>~® Compounds con- 0.5 eV (SIl).}” They can be excited by irradiation with light
taining N, instead of NO as the active ligand were found in the spectral range of 350—580 nm. The maximum of about
recently!® showing that they base on a general physical ef50% of the[ Fe(CN)xNO]?>~ anions can be transferred into
fect. The fundamental and necessary electronic transition fd8l using a light polarization perpendicular to the quasifour-
the excitation produced by the illumination is the excitationfold N-C-Fe-N-O axis and a wavelength between 440 and
from occupied(mainly d) orbitals of the central atom into 470 nm. Deexcitation into the ground state takes place by
the empty antibondingz* orbital of the active ligand illumination with light in the spectral range of 600—1200 nm
(NO,N,, etc) from which a relaxation into the metastable or by increasing the temperature to overcome the potential
states occurs. As a general rule we propose, that if the lifebarriers. lllumination with light in the region of 900-1200
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nm below the decay temperature of Sll transfers about 30-
35% of the anions from Sl into Sl and the rest into the
ground staté® Irradiation with light excites the electrons
from the GS into ther* (NO) orbital. These “hot” electrons
relax into the minimum of ther*(NO) potential. At the
crossing point of the potentials of GS and Sl the relaxation
back into GS or into Sl occurs together with the thermaliza-
tion process, since no luminescence is observed in the spec

5
tral range of 300—3000 nm. The high potential barrier of 0.7 ¢ =15.516(2) A %

N-C-Fe-N-O

%§

2.623A

\>;.325 A

eV (Sl) and of 0.5 eV(SII) causes the stability of SI/SII at
sufficiently low temperatures. The irradiation of Sl in the
range of 600—1200 nm leads again to the excitation of the
7*(NO) orbital, from which a relaxation into GS or into SlI
occurs, as detected and discussed below. The four-level sys
tem GS,#*(NO), SI, SlI (for illustration see Fig. 2 in Ref. ]
19 explains the population, depopulation, and transfer be- ' b=11.836(2) A
tween GS, SlI, and Sl completely.

The new states SlI, Sl are lying energetically about 1 eV
above the ground staté.From the structural point of view
there are two different results: Neutron diffraction proposed FIG. 1. Unit cell of SNP. Arrows indicate the direction of the
that only the Fe-N and N-O bond distances are elongated byuasifourfold axis N-C-Fe-N-O of the anida=37.29.

a small amouri??! whereas x-ray diffraction proposed an

inversion of the N-O ligand to Fe-O-N for SI and a 90° to reach the maximum population of 50% of the metastable
rotation of the N-O ligand for SI%2 so that the reaction State Sl a total exposure of aboQt=1 -t=2800 W s/cm
coordinates for the two excitations are either the rotatior{for a sample of 0.25 mm thicknesis needed and the laser
anglegg=180° from Fe-N-O to the inverted Fe-O4Sl) or ~ beam has to be polarized parallel to thexis of the crystal,

the rotation angleps,=90° from Fe-N-O to the bent con- perpendicular to the quasifourfoltN-C-Fe-N-O axis of the
figuration Fe(NO). For Sl the quasE,, (4m) symmetry of anion (see Fig. 1 The absorption spectra were measured
the [Fe(CN)NO]2~ anions is conserved, whereas for SlI it With a two beam spectrophotomet&erkin-Elmey equipped

is reduced taC (m), thereby lifting all degeneracies of vi- With a Glan-Thompson polarizer and a quartz Dewar. The
brational bands and electronic orbitals. This can be detecte@favelength resolution was 4 nm over the whole spectral
by vibrational or polarized absorption spectroscopy, which igange of 220-1200 nm. The spectra were deconvoluted by
the topic of this paper. fitting a sum of Gaussian curves to the corresponding elec-

We performed po|arized absorption Spectroscopic meatronic transitions together with a horizontal baseline, since
surements in order to determine the symmetry and the eneyt€ have not made any corrections of the transmission by the
getic positions of the electronic transitions of the groundreflection given by the refractive indices.
state and the two metastable states SI and SIl of lrradiation with a wavelength ok=476.5 nm produces
Na,[ Fe(CNXNO]- 2H,0. We present the orbital-level dia- Simultaneously about 2% of Sl and about 45% of SI. By
grams of the ground state and the two excited states arf@eating the crystal td =150 K, SlI can be completely de-
construct a potential-energy scheme on the basis of DFT caPopulated so that only absorption caused by GS and Sl is
culations using the N-O-inversion for SI and the bent con-measured. The transfer of Sl into SlI can be performed by
figuration for SlI. From the area of the absorption bands werradiation with light of the wavelength =1064 nm'® With
further get a first view inside the lifetimes of the chargesan exposure o@=250 W s/cni the maximum population of

excited into ther* (NO) and the energetically higher orbitals. about 35% of Sl is reached and Sl is completely depopu-
lated, so that only GS and SlI are present. As evidenced by

isosbestic point§points where the absorption coefficienis

IIl. EXPERIMENTAL AND THEORETICAL DETAILS independent of the population of the different staiesthe

Single crystals of orthorhombic sodium nitroprussidePlue red’® and infrared spectral rangsee below; the popu-
(SNP Nay[ Fe(CN)X;NO]-2H,0, space groufPnnm four Ia_ltlon of Sl and S_II re_sults in a decrease of the number d_en—
molecules per unit cef?*were grown from aqueous solu- sity ngg of the_ anions in the ground state so that there exists
tion and cut perpendicular to the crystallographic axes2 spectral region, where only the behavior of the grou_nd state
Specimens of dimension 20 mMO mm were ground to Can be detected. The populati®{Q), e.g., of Sl, is given
thicknesses between 0.5 and 0.04 mm using a mixture dfY the ratio of the number density of the anions
Al,O; and propanol and finally etched with a mixture of
water and propanol. They were mounted on a sample holder ng(Q)
diving into a nitrogen-filled quartz Dewar. The temperature (Q)=—
is kept constant at 100 K. The expanded beam of an Ar
laser(A=476.5 nm strikes the sample perpendicular to the and depends on the expos@e=1, -t, given by the product
entrance face with an intensity bf=80 mW/cnft. In order  of constant light intensity, and irradiation time. The total

€y
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density of anions,; must be constant

nt0t= nGs+ n5|= const.

)

At Q=0, n,; is the number density in the ground state

Nior=Nes(Q=0) )

known from the structufé as nu=2Z/Vynitce= 3.5
X 10P*cm™ 3. Therefore

_ Mot~ Nes _ Nes(Q=0)—ngdQ)
Nes(Q=0) '

P(Q) (4)

Niot

By measuring the absorption coefficieatin the spectral
region where only the ground state is present:

agy(Q)=ngg(Q)-o(N), ©)

wherebya(\) is the wavelength-dependent cross-section, th
population can be determined as a function of exposure by

aggQ=0)—agdQ)

P T @=0)

(6)

e
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wherem ande are the electron mass and charge, respectively.
The assignments of the measured transitions are based on
polarization analysis of each observed transition and on cal-
culations of the total and partial density of states, using den-
sity functional theory(DFT). For the polarization analysis
we make use of elementary symmetry arguments. The
nitrosyl-anions are lying with their quasifourfold axiN-C-
Fe-N-O in antiparallel couples in tha-b plane of the unit
cell as shown in Fig. 1. The angke between the C-Fe di-
rection and thea axis is 37.2°. Other angles are
/ (Fe-Na axis)=34.0° and/ (Fe-Oa axis)=32.4°2! As
thec axis is perpendicular to the N-C-Fe-N-O axis, light with
the electric field vector parallel to the axis represents a
special polarization direction. Undem{C,,) symmetry al-
lowed electronic transitions occur f&E|c axis ase symme-
try and for E||(Fe-N-O) asa; symmetry. Using the same
notation as in earlier DFT calculatiorigor the ground state,
the following transitions are symmetry allowed:b2
~»7e(E|c), 6e—7e(E|Fe-N-O), 6—3b,(Ellc) and 6
—5a;(E[|c). The transitions B,—3b, and %,—5a, are
dipole forbidden, but vibrationally allowed when coupling to
modes with corresponding symmetry.

The density of state$DOS and the partial density of
statePDOY were calculated for the SNP crystal in GS, S,

With this information the deconvolution of the decreased ab@"d SIl conformation using themoL® density functional

sorption bands of the ground state and the bands of Si or S[[!

is straightforward.

The measured spectra are evaluated by fitting Gaussianarducci et a

ethod™?"28 An inversion of the N-O bond for SI and a
90°-bent configuration for Sll was assumed as proposed by
122 in order to have well defined potential

functions on every absorption band. Neglecting the almosflinima by the defined structure and to compare the calcu-

isotropic refractive indiceSwe can estimate the lifetime of
excited charges in the* (NO) and the energetically higher

orbitals, using®

()

n; (i=GS,SI,Sll) is the number density of the anioms;

=7, is the wavenumber at the maximum of the absorptio

band,c is the velocity of light,/ a(v)dv is the integral over
the measured absorption coefficiéBaussian bandv is the

wave number in cm?!, andg; ,g, are the degeneracies of the

lated results with our measurements. The BP functfSril
was used. Integration ik-space was done with an unshifted

4 4 4 mesh, and the PDOS was calculated from the Mulliken
analysis with the tetrahedron integration method. The PDOS
gives information about the orbital character and overlap as a
rough estimate of the matrix elements, yielding therefore in-
formation about the observability of the transitions. The en-
ergy separations are first order estimates for the excitation
energies, whereby the final state electronic relaxation is ne-
glected.

n

IIl. EXPERIMENTAL RESULTS

A. Transitions of the ground state

starting and excited state, respectively. A sum of Gaussian The electronic absorption spectra of SNP in the ground
bands is fitted to the wave number dependent absorption c@tate are needed for the comparison with those of the meta-

efficient a(7):

n - RY:
a(v)=2, (V) paxi€X —Inzm. (8)
=1 : r?

wherea(?)max,- is the maximum of theth absorption band
andI’; is the full width at half maximun{FWHM) of theith
band. The spontaneous transition probabilty, is con-
nected with the oscillator strength; by

stable states and for the explicit assignment to the group
theoretical considerations. Absorption spectra of a solution
of SNP in water at room temperature are presented in Refs.
31 and 32. These spectra exhibit all the possible transitions
which can be resolved and detected over the whole spectral
range at room temperature. First polarized absorption spectra
of single crystals were measured by Manoharan and &ray.
We have measured polarized absorption spectra of single
crystals of SNP as shown in Fig. 2 at room temperature as
well as atT =100 K. All absorption bands are polarized. Due
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FIG. 2. Transitions of GS in single crystals of SK# E| c, (b)

Ela FIG. 3. Temperature dependence of the area of the5a,

transition in GS of SNP.

to the strong absorption in the UV region, transitions at =1
higher energies than 4.5 eV were not detected. The prepa about 31700 cm

tion of single crystals is limited to a minimum of 40m therefore to the vibrationally allowed transitiorb2-5a;.
tf_n_ckngss. In Table | we present the refined parame(tms. As the phonons freeze in with decreasing temperature the
sition vyay, FWHM T', and areaA) of the observed transi- apsorption strength of this band decreases. In order to under-
tions using the polarization of the probing light along ther  |ine the assignment of theb2— 5a, transition we have mea-

a axis of the crystal. Further, using Eq&l) and (9), the  syred the temperature dependence of its interisitga, as
lifetime 7 of the excited states and the oscillator strength shown in Fig. 3. Fitting a simple Debye behavior

can be determined, knowing the degeneragigs. Our as-
signments are given in the first column. The observed tran-

sition energies2¥[eV] are compared to the calculated en- A=A, cos?{ i) (10)

ergy differences/%2C in the last two columns. The transition 2keT

at about 20 000 cm' is twice as strong foE| c compared to -
El|la, therefore we assign it to thebg— 7e transition which ~ to the given temperature dependence, a wave number of
is symmetry allowed perpendicular to the fourfold axis of the=153+12 cm ! is obtained, which is in agreement with the
molecule. The second transition at about 26000tns  wave numbers of thé(C-Fe-N) andd(C-Fe-C) deforma-
slightly stronger forE|a. We assign it to 8—7e, being tion modes withe symmetry>* We know from the spectrum
much broader than the first transition. The third transition aimeasured on a solution of SNP that the fourth band is lying

is narrower and shows a distinct tem-
rﬁ'erature dependence of its position and size. We assign it

TABLE |. Refined parameters to the absorption spectra of GS in single crystals of SNP18I0 K.

llc Tmalem Y] A[10Pcm ] Tlem™']  Aws]  f[107%]  TPrev] @7V
2b,—7e 20196+ 80 0.32:0.02 3775100 72 0.051 2.50 2.204
6e—7e 25753+ 100 1.12:0.04 538G 200 6.3 0.36 3.19 2.638
2b,—5a; 31776100 1.72-0.08 3560-100 2.7 0.55 3.94 4.156
6e—5a; 37700+ 100 5.5:0.5 4220+300 0.30 1.8 4.67 4.59

lla Tmalcm 1] A[1Ccm™?] Tlem '] rws]  f[107°]  32%rev]  389ev)
2b,—7e 19792+ 80 0.16:0.01 3745-100 150 0.026 2.45 2.204
6e—7e 25956+ 100 1.36:0.04 5060 200 54 0.42 3.22 2.638
2b,—5a; 31754100 1.210.08 3333100 3.8 0.39 3.94 4.156
2b,—3b; 33800+ 100 0.84-0.06 190a- 100 4.9 0.27 4.19 4.799
6e—5a; 37600 9.5-0.8 4700300 0.17 16.1 4.66 4.59
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FIG. 4. Q dependence of the transitions of GS and Sl in theEHC' (b) Ella.

visible and near infrared spectral ranga. E||c, (b) E|a. ' . '
values given in Table | for the deconvolution. No further

absorption bands could be observed at wavenumbers below
approximately at 37 700 cnt. We therefore fitted the mea- ggoQ cnv L.
sured part of this absorption band using constraints for its The analysis of the spectra measured with light polariza-
position, thereby getting the presented result. We tentativelyion along thea or b axis is more involved. As presented by
assign it to the 6—5a; transition. In the measurements |Imlau et al3® holographic gratings are written by irradiation
with E[la one further narrow transition is observed as awith only one laser beani.e., without a reference beam
shoulder in the fourth absorption band. We can assign it tavhich can be read with light polarization along theor b
the 20,— 3b; (dipole forbidden, because it is narrower than axis. This effect is of technical interest, but has also to be
all other transitions and also exhibits a strong temperaturéaken into account when analyzing our data. Reading these
dependence. gratings means that the incoming light is diffracted around
the primary beam, which is detected by the spectrometer as
an additional extinction, because the diffracted light misses
B. Transitions of the metastable state Sl the area of the photomultiplier. As can be seen from Fig.
. . . 4(b), in addition to the characteristic decrease and increase of
For the assignment of the new electronic transitions anqhe absorption bands of GS and SI, the baseline increases

for the understanding of the metastable states it is importargver the whole spectral range and a narrow extinction band

to detect the decrease qf the absorpt!on bands .of GS ar_ld t%(re'ises a4 —=20267 et and shifts =19 914 cm ® dur-
increase of new absorption ba.nds while populapng the smgIan the population of SI. A systematic study of this extinc-
crystals. In Fig. 4 the absorption spectra for different expo'tion, which is characteristic for reading holographic gratings,

suresQ are .sh'own. The crystal thickness was 0.06 mm. Aftfarvvill be presented elsewhe?@We use its shift to determine
every irradiation cycle the crystal was heated to 150 K inge nonyation of SI, because the decrease of GS is too much
order to eliminate SlI, therefore only GS and Sl are presentnqenced by the increasing baseline, which is also produced
For the measurement with the polarization of the probing,y the holographic light scattering. For the deconvolution of
light E|c [Fig. 4@)] we observe two characteristic isosbestic the spectra, shown for a population of 40% in Figb)5(a
points at 17 800 cm" and 26 650 cm*. Within this interval  new crystal with a different population of S| was used for the
the absorption bands of GS decrease, whereas at lower apgeasurement witl||a), we have chosen a horizontal base-
higher wave numbers the new bands of Sl appear. Clearly wine. The fit deviates from the measured spectrum in the
can assign the new band at 13000 ¢nto SI. As explained range of the narrow extinction band and the strong UV
above the existence of the isosbestic points allows us to ddsands. We assume that the holographic light scattering is
termine the population of Sl directly from the absorption more pronounced as we have considered by describing it
spectrum by using Eq6). No wavelength shift of the ab- with a constant baseline. The narrow extinction band shows
sorption bands can occur, only the area of the bands can le asymmetric behavior on its high-energy side, which is a
changed. Figure (8) shows the absorption spectrum @t clear indication for the existence of further scattering contri-
=2500 W s/cmi measured|c and its deconvolution. The butions. Further the very strong increase of the absorption
population of S+45% was determined using E@). There-  above 22 000 cm!, compared to the measurement withc

fore the areas of the GS transitions were fixed at 55% of thexis, prevents a more precise fit to the data in this spectral

085103-5



SCHANIEL, SCHEFER, DELLEY, IMLAU, AND WOIKE PHYSICAL REVIEW B66, 085103 (2002

TABLE Il. Refined parameters to the absorption spectra of Sl in single crystals of SNP HI0 K.

lle vmalcm™ ] A[10Pcm™?]  T[em™']  rus] f[107°] 32Plev] eV
2b, 6e—7e  13230-80  0.16-0.01% 4288+100 75 0.12 164  1.257,1.734
2b,,6e—5a; 30900-500 0.63-0.05° 3600+500 0.23 6.7 3.83  3.8154.292
2b,,6e—3b; 35200:500 0.61-0.05° 4300+500 0.09 13 436  4.823,5.300
la vmelem™ A[1Cem 2] Tlem™']  ous] f[10°°] 320ev]  3%9ev]
2b,,6e—7e  13050-80  0.36-0.02° 5490+100 31 0.28 162 1.257,1.734
2b,,6e—5a; 29300:500 0.73-0.05% 3400:500 0.15 12 363  3.8154.292
2b,,6e—3b; 32000:500 0.73-0.05¢ 3000:500 0.06 23 3.97  4.823,5.300
3506
P40%.
3.

9296 population.

range. We have therefore used the known bands from thepectra. Nevertheless for both polarizations two new absorp-
ground state, weighted by their population of 60%, and oneion bands can be found by looking at the differences be-
new band for Sl as indicated in Fig(®. In this spectral tween consecutive spectra. Figui@7hows the deconvolu-
range an absorption of amplitude 20 thremains unas- tion of SI at an exposure @ =126 W s/cn for E||c. Using
signed. The refined parameters for the transition of Sl ar@q. (6) we determined the population of SI as 3%. Therefore
summarized in Table II. we subtracted the GS, weighted by 97%, from the experi-
Figure 6 shows the absorption spectra in the UV regionmentally observed spectrum, thereby obtaining the presented
Here it is impossible to measure the spectra in the fullydifference spectrurfFig. 7(b)]. This figure shows the decon-
populated crystals as the absorption is too strong. Thereforgplution of the difference spectrum of SI measured viffa
we measured again the increase of Sl as a function of thend a population of 2%. The populatithwas determined
exposureQ, whereby at every cycle Sl was depopulated byfrom the exposure® [as we have determined tiQ) de-
heating to 150 K. For the measurement with polarizai)a  pendence for the spectra in Fig(b¥ from the shift of the
[Fig. 6(@)] we find again the isosbestic point at 26 650 ¢m  narrow extinction banH The refined parameters for Sl in the
whereas for the measurements wifia the appearance of UV regime are summarized in Table II. The final assignment
holographic light scattering complicates the analysis of theof the transitions, which are indicated in Table I, will be
made in the discussion and are based on the DFT calcula-

|||||||||||||||||||||I||| ||||||||||IIIIIII|IIIIII tIOnS.
a) Ell ¢, GS+SI, b) Ell a, GS+851,
L2005 eea76.50m /7
pop 400
, 1 _III TT | TTT TTT TTT TTT IIII|||||||||||III||||||||||||||||||I|||||I|
—— GS+SI for increasing Q: [ a)Ellc [ b)Ella 1
1000 increasing7 1=42 - [ 4
Q [Wsfem™]; %f ?;‘7 [— SI, T=100K T — SL T=100K .
1= 21 1o [ fit [ fit 7
2= 48 M 300 o T 2by6e > Sa, ST} = [ 2by.6e ->5a;, ST
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FIG. 7. Deconvolution of the spectra of Sl in the ultraviolet

FIG. 6. Q dependence of the transitions of GS and Sl in thespectral range, obtained by subtracting the contribution of @S.
ultraviolet spectral rangda) El|c, (b) E|a. Ellc, (b) El|a.
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FIG. 8. Q dependence of the transitions of GS, SlI, and Sll in the FIG. 9. Deconvolution of the transitions of Sl in SNB) El|c
visible and near infrared spectral range during the transfer Skb) Ela '

—SiIl. (a) E|c, (b) E|a.

C. Transitions of the metastable state S| mum and decre_ases _afterwards. At an exposure pf about
. . . o _ =2400 W s/cr it vanishes and the broad absorption band,
Sl can be partially transferred into Sll by irradiation with \ynich is present in the beginning of the transfer-S8lI, is
: _ 18 \nsi : : ,
light of wavelengthh =1064 nm.” With this technique & reestablished. The origin of this plateau is not understood
maximum population of about 35% of Sll is reached. Figureye; Therefore, we fitted two Gaussians to the difference
8 shows the d.evelgp.ment.of the spectra during the tranSfeé'pectrum a=42 W s/cn? (corresponding to 27% popula-
SI—SlI, when irradiating witfE||lc and\ =1064 nm. Due to  yjo of S|I), shown in Fig. 9b). The difference spectrum was
the increase of Sl and the decrease of Sl an EOSbeSt'C POIBbtained by subtracting the weighted contributions of Sl
appears in the hear infrared regicat 13200 cm* for Ellc (g9 and GS(65%) as described earlier. The two bands at
and at 11000 cm for Ef|a) which again demonstrates the 14000 and 16 400 cfit are almost independent of this sub-
change of the number density of absorbing anions. There igaction as the bands of GS and SI do not contribute much in
no isosbestic point in the visible or UV region. This is due tog spectral region. The area of the band at 22 200'cm
the fact that in the near infrared only two stat& and SI)  genends on the accuracy with which the amount of GS is
contribute to the absorption. In the visible and UV the mix- yetermined, therefore the error made in the determination of
ing of the three states GS, SI, and SlI, which all change theif,e area is larger than for the other bands. As for the mea-
absorption behavior, prevents the existence of isosbestig,.ement withE||c the influence of the energetically higher
points. The deconvolution fdg|c is straightforward. Figure pands was taken into account, by adapting one Gaussian to
9(@) shows the deconvoluted difference spectrum of Slie giope on the high-energy side of the spectrum. Its influ-
(weighted GS subtractgdt Q=252 Ws/cnf, corresponding  ence on the fitted area of the band at 22 200 &iis of the
to a population of 38%. The band on the high energy side ok, me order as the error made by the subtraction of GS, due to
the measured spectra was not refined, but a Gaussian Wag, fact that the slope is very steep and the overlap therefore
adapted to the curve in order to estimate its influence on thgery small. Consequently the existence of this band may be
area of the refined Gaussian at 17 850 ¢t turned out to questioned. Near the small extinction band, the fit to the data
be small, as shown in Fig(8). _ was not improved, because we do not know the exact form
The absorption behavior fdE|a has again a more com- of this band, as mentioned earlier. All in all the absorption

plicated structure. It starts with the increase of a broad abpsnds of SII in the red and near infrared region are much
sorption band, fitted by two Gaussians. A third transitionstronger than those of S.

appears in the region between the small extinction band of Sl
and the steep slope, caused by the strong bands in the UV,
which could not be measured. After a certain population of
SIl is reached, a broad plateau builds up between Since the seminal calculations and absorption spectro-
13000 cm* and 18000 cm?® when further irradiating with  scopic measurements on SNP of Manoharan and tager
A=1064 nm. At the exposure where Sl is completely de-by Fenske and DeKocK, and Bragaet al3® the possible
populated, indicated by the disappearance of the small exelectronic transitions of the ground state are known. How-
tinction band at 19900 cit, this plateau reaches a maxi- ever, the density functional theory provides nowadays a use-

IV. DISCUSSION
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FIG. 10. Partial density of statd®PDO9 for Fe and N(of N-O) for the three different states GS, SI, and SlII.

ful tool to determine the orbital level ordering and energeticvalues as energigsogether with the observed transitions and
positionst! UnderC,, symmetry(GS,S) we obtain the en- their experimentally determined energgero energy is set to
ergetic level ordering: 6<2b,<7e<5a;<3b; in which  the Fermi level as in Fig. 20 The assignment and level
the a; and b, levels are interchanged with respect to theordering of GS corresponds to that already suggested by
earlier calculationg®3738 Following the proposal of Car- Manoharan and Gra¥, except for the interchange ofa
ducciet al,?2 Sl is characterized by an 180° inversion of the @hd ;. For SI, 7 lowers its energy whereashz and 6
nitrosyl ligand as Fe-O-N witiC,, symmetry and Sl has a [ncrease slightly, leading to a redshift of this two transitions
90°-bent NO-ligand withC, symmetry, in which all degen- N the calculation. _Thls redshift is observed expgrlme_ntally,
erate levels are split inta’ anda”. Nevertheless it is not but only one transition could be found. No transition is ob-
enough to know the energy levels for the assignment of théerved below 9000 cnit and no other transition of Sl is

: . . llowed between 17800 and 16 650 cinas indicated by
measured polarized absorption bands to corresponding trap- - . : . B . .
sitons. But from the PDOS of GS, SI. and SIl for e isosbestic points. The polarization analysis of the transi

. tion at 13000 cm® shows that it is about twice as strong
Fe,N,OCax,Nax, Ceq,Neq it beCOmes apparent that the start- \ pon measured witk|a compared tcE|c. Since in SIC,,

ing levels for the measured transitions are lying at the Ce”traéymmetry of the[ Fe(CN);NOJ?~ anion is conserved, this
Fe atom and the unoccupied levels are contributions of thg st pe the 6— 7e transition. because thebg—>7e' is

Fe, N, and O(Fe-N-O. In Fig. 10 the PDOS over Fe and N gironger forE|c, as seen in GS. This may have two reasons:
are presented for GS, Sl, and SlI. The highest PDOS in thgijiher the two levels B, and 6 are coincidentally degener-

experimentally available energy range are lying at the Fe, Nate or we observe for the two different polarization direc-
and O atoms so that we are starting with our assignmentgons two different transitions, i.e., fd||c the 2b,— 7e and
from the HOMO of the 8 levels (€e,2b,). In Fig. 11 we  for E||a the 6e— 7e transition. In the second case the two
plot the calculated orbital level schenfi€ohn-Sham eigen- |evels 2, and 6 are again almost degenerate. In both cases
the antibonding B, orbital should not shift and the shift of
3b, a" the 6e orbital should be stronger by about 0.4 eV, which is in

4.0

35 ibl—4f20_ _E the range of uncorrected Kohn-Sham Eigenvalues. Neverthe-
" sa, : a' E less, if we try to fit the experimentally observed absorption
30 33 E band with two transitions, we can estimate their maximal
25F 465 = difference in energy to be about 0.04 eV.

— 20E | 4.04.4 3 The energy of the two transitions of S| observed in the

s 3 36 38| 3 UV roughly matches the calculated energy differences of the

% e ' a’ —— 3 (6e,2b,)—5a,; and (6,2b,)— 3b, transition. Their experi-

g 1'0;—2% 201|275 3 mentally observed energies show quite large differences
05 55 Te 2 S06l 3 (Table 1l) for the two different polarization directions when
0.0E 3 compared to the polarization differences in the GS. If the
o0sE 1.6 1.74 3 2b, and & orbitals are almost degenerate, the observed tran-
o S 2b, | a- i E sitions at 3.97 eV E|a) and 4.36 eV E||c) have to be as-

o e 6e & — 3 signed to the (B,,6e) —3b; transition, whereby the differ-

GS SI SII ence of a'bout' 0.4 eV can not origin in the excitation of
different vibrations. All in all the observed and calculated
FIG. 11. Calculated orbital level diagram for GS, SlI, and SlI. orbital level scheme for SI show distinct differences, which
Arrows indicate the observed transition and their experimentallydoes not allow an unambiguous assignment of the transi-
determined energy. tions.
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TABLE lll. Refined parameters to the absorption spectra of Sll in single crystals of SNP &0 K.

lle vmplcm '] A[1Pem ?]  Tlem™]  dus] f[107°]  32Prev] T8 ev]

a’—a’ 17850+ 80 0.91+0.03% 5450+ 100 6.2 0.76 2.21 2.352

la vmalom ] A[1Pem™?]  Tlem™]  sws]  f[107°]  32°lev]  @Tev)

a’—a" 14000+ 100 0.86-0.05° 3000+ 200 7.5 1.0 1.74 1.633
a'—a’ 16350+ 100 2.4-0.2° 4700+ 200 2 2.8 2.03 2.066
a’'—a’ 22200+ 200 0.6-0.3° 4400+ 300 4.2 72 2.75 2.580

a38% population.
b27% population.

For the polarization analysis and assignment of the tranthe assumptioli.e., the inversion of the Fe-N-O to Fe-O-N
sitions of SIl inCg only one symmetry element is léfnirror ~ made for the DFT calculations is correct. Indicated by the
plane perpendicular to the axis). There are only selection isosbestic points in Fig. 8 an effective transfer-SlI via
rules forE|c, where transition®’' —a” anda”’—a’ are al- 7 (NO) is possible at wave numbers lower than
lowed. ForE|a no selection rules apply, i.e., we may ob- 13200 cmi* (Efc) and 11000 cm' (El|a), since the larger
serve all possible transitions in the measured energy rang€/0ss section for the transfer Str*(NO)—GS depopulates
This is reflected in experiment by the fact that we observed!! for higher wave numbers. This is the reason why for

T . . . _1 _
three transitions foE|a whereas foiE||c only one transition lllumination of SI with 9398.5 cm” (\=1064 nm an effec-
is found. In principle thregsix) transitions would be pos- tive population of Sl of about 35% is obtained. In principle

sible for E|c(a) in the energy range from 1.35 to 2.60 eV this transfer should be maximal when illuminating with a

following the calculated energy splittingig. 11). Therefore wav_elength where c_)nly Slis e>_<C|ted, but no transition out of
we suggest the assignment indicated in Table 11l and Figs. go(')scrill?wed' This is possible at wavenumbers below
and 11 following the calculated energy differences. Efic '

the highest calculated energy difference of 2.352 eV is as- V. CONCLUSIONS

signed to the observed transition from the three possible tran-

sitions at 1.347, 1.861, and 2.352 eV. The assignment for Polarized absorption spectroscopy revealed the light-
Ella opens even more possibilities. We assign the observelfduced absorption changes in SNP caused by the excitation
transitions to the three calculated energy differenegs ©Of the two metastable states Sl and Sll. The assignment of
—a’ at1.633 eVa'—a’ at 2.352 eV, and’'—a’ at 2.580 the f.lve .obs<1ar3\éed GS transitions is in agreement with earher
eV, since a furthem’—a” transitions would be observed publicationg!3* and wlth the.c.;alculated orbital Ievel_dla—
also withEl|c. For a more comprehensive assignment, calcudram: Three electronic transitions are observed during the

lation of matrix elements and the measurement of transitior’?Opulatio.n of SI. Their tentative; assignme.nt to the calculated
at higher energies is necessary energy differences of the orbital level diagram undy,

In addition to the determination of the electronic :structureSymmetry is not unambiguous and opens the questions if the

we can also draw conclusions about the population dynamic@ssumpt'on' that the Fe-N-O bond is inverted to Fe-O-N, is

of the metastable states from the absorption spectra: eveﬁ?"eCt' . . .
light-induced excitation or de-excitation of GS, S, and Sl Four electronic transitions are observed during the trans-

involves as an intermediate state #&NO) orbital. We can fer SI—SIl. Their assignment to the calculated orbital level
excite the transitions GSw*(NO)—>SI. and diagram yields reasonable agreement, indicating that the

GS—a*(NO)—SII by illumination with light in the spectral POINt symmetry of the anion in Sil is indeed reduceda
region A\~375-562 nm. A deexcitation SIGS via The appearance of isosbestic points during the population

7*(NO) is not observed, since no absorption bands of gprocess of Sl indicates that single anions are excited from
appear between the isos1bestic points. On the other hand QRe state to the other. All optical excitation and deexcitation
excitation Sli—*(NO)—GS is possible. Following the or- processes involve ther*(NO) orbital as an intermediate

bital level diagrams of the DFT calculatidisSI is always s_,tate._An optical depopulation of S via"(NO) IS very un-
excited via SlI. First the 90°-bent configuration of Sil is built K€l in the spectral rang&A~375-562 nm, since the ab-
and afterwards the 180° inverted geometry of &-O-N is sorption cross section of Sl is very small or even vanlshes:
reached. Since we do not observe an optical deexcitation Isosbestic pomts in the near mfrgred spgctral range indi-
process Sk* (NO)—GS in the spectral range between the Cate that an effective transfer-SBll is po_55|bl_e fo_r wave-
isosbestic points, it should be possible to transfer all anionE’ngths}\>770 nm and}‘>910 nm when illuminating with
into the metastable state SI, if just illuminating long enoughElc andE[a, respectively.

in this wavelength regime. This is not observed in experi-
ment, where a maximum population of SI of approximately
50% is found. Therefore there may be other mechanisms Financial support by the Swiss National Science Founda-
involved, which enable the deexcitation-SGS, provided tion (Grant No. 21-57084.99s greatfully acknowledged.
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