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Angle-dependent M@sbauer spectroscopy in the ground and metastable electronic states
in Na,[ Fe(CN)sNO]-2H,0 single crystals
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Upon excitation of the metastable electronic s&ltby irradiation with light in the blue-green spectral range
at temperatures beloW= 200 K the electron density in tH&e(CNXNO]?~ anion is rearranged mainly in the
region of the Fe-N-O bonds, resulting in the drastic increase of the quadrupole splitting and a more positive
isomer shift. But the local symmetry of the first coordination sphere around the Fe central atom is conserved.
The positive sign of the electric-field gradient is unaffected by the new electron density #Ftheentral
atom. The direction of the component of the electric-field gradient with respect to the crystallographids
increases only by 0.4°. The degeneracy of the Bg{3,) and Fe(4, ) orbitals is not changed. The optically
excited anions are independent from each other and have no influence on the anions in the ground state. At
every value of the population, the Msbauer parameters of both states are not altered, only the number density
of transfered anions is changed. These results are determined by measuring the sign and orenfatien
electric-field gradient, the asymmetry parametgrthe 5’Fe Debye-Waller factors,, f,, f. of the ortho-
rhombic crystal and the mean-square displacement tensor in the ground and metastaBlesiate30 K by
angle dependent Msbauer spectroscopy. Additionally these parameters are also determine@%4 K for
comparison. The dependence of the linewibitlon the crystal thickness, measuredrat 294 K, yields again
the Debye-Waller factors and at thickness zero the deviation from the natural linelgdtlyiven by the
linebroadening of they source.

[. INTRODUCTION single crystals are used as a calibration standard for the ve-
locity of the Massbauer drive systefriTwo metastable con-
For many years extremely long-living metastable elecfigurations SI, Sll) can be excited by irradiation with light
tronic states, which can be excited by light, have been ofn the spectral region of 350—-580 nm at temperatures below
fundamental interest for technological applications such agoo K (SI) and 150 K @SII). A maximum population of 50%
information or energy storage elements and for investigapf the anions inSl can be obtained with the wavelength
tions of the correlation between electron density and struce450+ 10) nm and the polarization of the electric-field vector
tural properties in molecules and solids. They are suited fobarallel to the crystallographic axis (E|c) of the ortho-
serial (bit-by-bit) and paralletholographig information stor- 5 nie crystal. Polarization along tizeor b axis yields a
age, with extremely high capacity?. No external dopants or maximum of the population at (5225) nm with about 20%.

defects are needed for photorefractive behavior inR . T .
2 . . | eversible recombination into the ground ste®&S) is pos-
holography™* An interesting kind of energy storage can be sible by irradiation with light in the spectral range of 600—

obtained, transforming the excited electron density into 00 nm or by heating above 150 kSif) and 200 K ),

charge transport by applying an external voltage. Since th . . .
electron density is changed upon optical excitatior séo respectively. The stability of the new states can be explained

bauer spectroscopy provides a special tool for investigatingy the high activation energy of 0.68 e\SIg f‘rl‘d 0.52 eV

structural as well as electronic properties and lattice dynam(S!) with a frequency factor of about§10'°s™*. They are

ics with high accuracy. The Ksbauer nucleus is influenced Ying energetically about 1 eV above the ground sfefe

by the excited electron density, which can be seen in th@opulation is a linear one photon absorption process, starting

isomer shift(IS) and quadrupole splittingQ9). Rotating the  from the occupied mainly &, , or 3d,, crystal-field orbit-

sample with respect to the incoming beam, structural as als of the Fe central atom, exciting the empty antibonding

well as electronic details and the mean-square displacement*NO orbital of the NO ligand and then occupying

tensor can be obtained. the new states by a radiationless relaxation process.
It is a lucky chance that such nearly infinitely long-living Analogous results are observed in a lot of Ru

metastable electronic states discovered by Hauser, Oestreigtgmplexes  like  K[RuCENQO], Ko[RU(CN)NO],

and Rohrweckexist in the molecular iofiFe(CNxNO]? ™, K,5[ RU(NG,) ,(OH)(NO)], [RuCl(en),NQO]Cl,,

since Na[ Fe(CN)%NO]- 2H,O (sodium nitroprusside, SNP  [RuBr(en),NO]Br, and [Ru(H,0)(en),NO]CI;.5*° Ra-
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man and IR spectra combined with the Badger rule reveal athickness dependence af b, andc cuts at room tempera-
elongation of the Fe-N and N-O bonds $h, which is con-  ture. Extrapolating the sum of the absorber and source line-
firmed by neutron and x-ray structural analysis™ The re-  width (I'y+T's) to thickness zero, we obtaifig by three
arrangement of the electron density on the Fe central atorimdependent series of measurements, assuming Khat
upon excitation ofSl or SlI is connected with new absorp- =I"y, wherebyl' is the natural linewidth. The quanta are
tion bands in the red- and UV spectral rartgi all three  detected with a N4T1) scincillator of 0.1 mm thickness. The
states, GSSI, and SlI, single crystals of SNP are diamag- temperature of the source was kept constant at £28%) K
netic, as determined in EPR measurem¥rifsand through  and that of the absorber at (284.7) K and at (86:1) K.
the temperature dependence of the quadrupole spliftisg, The temperature dependence of the crystal thickness and
that no triplet or quintet state is excited. In contrast to thedensity was considered by measuring the thermal expansion
proposal of Gdef*” and recent EPR results of Tritt-Gdtno  along thea, b, and ¢ axis. The samples were fixed on a
low spin—high spin transition takes place and no free spircopper-gold finger with silver paste inside a vacuum cry-
density could be found on the central Fe atom. Recentlypstat. At 80 K the vacuum was better than £0Torr. At
Carducci, Pressprich, and CoppEhkave proposed on the room temperature the crystals are at normal pressure due to
basis of x-ray analysis that the metastable sBitis formed  the lack of crystal water at about 10 Torr. The cold finger
by rotation of the N-O ligand: could be rotated with an angle accuracy00.1°. The di-
(GS): Fe-N-O—(Sl): Fe-O-N ameter of the sample wak=6 mm. The distance between
The main argument is the large mean-square displacemesburce and detector was 40 cm, so that the aperture of the
of the oxygen atom, which can be reduced after the rotatiobeam is 0.5°. Every sample was rotated fronb0 to
of the N-O ligand. The energetic stability of the Fe-O-N —50°, so that an angle overlap exists between the crystals of
configuration could be demonstrated by density-functionak andb cut by rotation around the axis. The population of
calculations? in which the Masbauer parameters QS, IS, S| was performed with an At laser, using the wavelength
and » of GS andSI can be reproduced with sufficient accu- \ =457.9 nm, in order to get a population of about 50% by
racy. However, contrary to this calculation, a hyperfine split-irradiation with the electric-field vectoE parallel to thec
ting (triplet) could be found in the EPR spectra after pre-axis of thea or b cut. Thec cut was irradiated with\
exposure with x rays and subsequent irradiation with blue=514.5 nm to reach a population of about 18 % vii[a or
light at T=80 K,****producing formally Fe(8’). This trip- b axis. The background corrections of the line intensities
let state results from the coupling of the free electron spin ofere measured with thelack filter technique. The black
the Fe(31")-central atom with the nuclear sp8=1 of N, filter consists ofS’FeOOH (14 mg/cn?), embedded in poly-
which would be impossible, if the Fe-O-N configuration-  venylalcohol, placed in front of the detector. Two measure-
version existed. Because of all these partly contradictoryments are necessary for the background corrections:
results and interpretations, it is necessary to obtain more (i) Source and black filter moving with high velocity,
structural details, more information about the electron den=w, so that ally quanta from the source can be detected
sity around the Fe central atom and about the vibrationajresonant and nonresonanivhich yields the countsl().
behavior of the Fe atom in the anion. Therefore in this article  (ji) Source and black filter are at rest=0 mm/s, so that

we have analyzed the following properties of the ground angnly  quanta with recoil are detected, yielding the counts

metastable stat8l by angle dependent Msbauer spectros- N(0).

copy: N _ o Taking the recoilless absorption of the black filtes (
(i) structural conditions by measuring the direction of the— g 96) into account when it is at rest with respect to the

electric-field gradien(EFG) with respect to the crystallo- gsoyrce, we obtain the recoilless part of thequanta in the

graphica axis; _ _window of the differential discriminatog form,
(i) the electron density around the Fe central atom, given
by QS and IS, the asymmetry parametesind the sign of the N(o0)—N(0)

(i) lattice dynamic and vibrational behavior of the Fe
atom detected by the Debye-WaIIer factors and the direction With ﬁ we can Separate the recoilless and nonrecoilless
of the principal axis of the mean-square displacement tensqiarts in the measured dsbauer spectr@ was determined
(MSD) with respect to the crystallographicaxis. twice per day. More details about the black filter are given in
Ref. 21. With this result we can determine the Debye-Waller
factorsf,, f,,, andf; of the GS with respect to the crystal-
lographica, b, andc axes. For the calibration of our spec-

Deep red single crystals of SNP with high optical quality trometer we have taken the value of the quadrupole splitting
and dimensions of 10050x 50 mn? can be grown by slow from Ref. 22, Q$-1.7034 mm/s at room temperature. Every
evaporation at temperatures of 320 K. Orientated crystaspectrum is evaluated using the transmission integral proce-
plates(100), (010, and(001) were cut, ground with a mix- dure described in the Appendix. The accumulated counts of
ture of AlL,O; and propanol to the desired thickness and fi-every spectrum were always higher tha? tunts/channel,
nally etched with a mixture of propanol and wa(8rl). The  so that the statistical error can be neglected in the discussion
Mdssbauer sourc@’Cd Rh] of about 40 mCi activity was of our results. In order to obtain an estimate of the quality of
moved with constant acceleration by an electromagnetic vievery single spectrum, we have calculated, from more than
brator. The linewidth['g [full width at half maximum 30 single spectra for one angle dependent measurement, the
(FWHM)] of the source was determined by measuring thet 3.6- o error bars for every determined parameter, whereby

Il. EXPERIMENTAL DETAILS
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o denotes the standard deviation. Every single spectrum lies
within this error region, indicated by the error bars in the
corresponding figures.

Ill. STRUCTURAL AND THEORETICAL
CONSIDERATIONS

Structural details have to be known for angle dependent
measurements and calculations of the cross sections. A com-
plete structural analysis of SNP was performed in 1965 by
Manoharan and Hamiltof?. In the theoretical part we derive
all effective thicknesses and polarization factors for our
evaluation, starting from the basic work of Grant, Housley,
and Gonsef® We discuss their sensitivity by varying the
significant parameters.

A. Structural details

SNP crystallizes in the orthorhombic space gréupnm
with four molecules per unit cell. As a consequence of the
inversion symmetry, thed Fe(CNxNO]?~ anions lie in
couples in tha-b-mirror plane in antiparallel directions with
their quasifourfold N-C-Fe-N-O axes. Structural data are
taken from Ref. 11, measured at 80 K. Data at room tem-
perature are given in Refs. 24 and 25, at 150 K in Ref. 26, at
138 K in Ref. 13, and at 50 K in Ref. 19. The morphology of
the single crystal is shown in Fig.(d. The natural grown
(001) face is important and allows a precise preparation of
the crystallographia and b plates. Both optical axes are

lying in the (101) and (10) faces. The optical character of
SNP is 2. The anion with quasi#h symmetry is drawn in
Fig. 1(b).!* The Fe central atom is surrounded in the first
coordination sphere by five carbon and one nitrogen atoms.
The symmetry of the fourfold axis is broken by the C1-
Fe-N4 angle (176.7°) and the Fe-N4-O1 angle (176.1°). A
small difference between the equivalent Fe-C and C-N bond
lengths exists. The unit cell with only two anions is drawn in
Fig. 1(c). The quasifourfold axis of the anions, symbolized
by arrows, are shown, in order to elucidate the two orienta-
tions of the anions in tha-b mirror plane, so that two groups

of anions (1,2) have to be considered. The angle: is
formed by the C1-Fe axis trans to the N4-O1 ligand and the
angle ¢y by the Fe-N4 axis with respect to the crystallo-
graphica axis. At room temperature their values akg;
=37.48°, ¢=34.28°, measured by x-r&dy and ¢¢
=37.38°, ¢y=34.12° detected by neutron diffraction.
These angles can be compared with the direction of the EFG
in GS, discussed below. As shown in Figc)l the propaga-
tion vectork, of the 14.41 keVy quanta determines the
rotation angle() with thea andb axes starting af=0° for
k7|| a axis. The measurement bfyll c axis is a special case,
in which the propagation dof,, lies always perpendicular to
thea-b mirror plane. In this case one cannot decide betwee
the two groups of anions. The polarization directions ofthe
guanta, coming from an unpolarized source, are denoted bf
e; ande,. The whole lattice is built up by the crystal water
and the Na cations, which are connected to the anions via
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1. Details of the structure and symmetry of

Nay[ Fe(CNxNO]- 2H,0. () Morphology of the grown crystalb)

The [Fe(CNxNO]2~ anion in the ground state. The atomic dis-
tances are given in Alc) Unit cell with only two positions of the
ﬁmions. Drawn are the N-C-Fe-N-O quasifourfould axes symbolized
by arrows. 1,2 determine the two groups of anions, énés the
rotation angle lying in the—b mirror plane. The angleg. , ¢, are
Hrmed by the C1-Fe and Fe-N4 directions, respectively, with re-
spect to thea axis.

the negativglC-N) ™~ ligands. The shortest ligand-cation dis- these distances the Nacations have considerable influence

tance has an amount of 249.0 pm, formed by the axat

on the amount of the EFG of the Fe central atom by polar-

N1)~ ligand and the Na cation. The distance between equa-ization of the 2I, 4p electron density via thgC-N)~
torial (C-N)~ and N& is 249.8 and 250.8 pm. Because of ligands. This effect is confirmed by the difference of QS in
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structural equivalent cation substituted nitroprusside like
Li,[ Fe(CNxNQO]-4H,0, (space grouPnnm, Z=4) where
QS=1.86 mm/s at room temperaturecompared to 1.7034
mm/s for SNP?? so that a precise calculation of QS has to
consider such a polarization effect, which exceeds QS of
SNP by about 9%.

B. Theoretical details

The electric-field gradierq=V,,/e can be determined by
measuring the quadrupole splitting QS, knowing the nuclear
quadrupole momen®, calculated recently in Ref. 28, and
the asymmetry parameter:

2
es="2ay1+ 2, 3.y

wheree s the electron charge,is the EFG, and; is defined

as 7= (Vxx— Vyy) V5, with |V, |<|V,,|<|V,], so that O
<p=<1, and the second derivatives of the poten¥gl,
Vyy, V, are the components of the diagonalized EFG tensor.

2 = —
o1=5 oof

1
022= 20'0

2 _
Uzz—EO‘ofz

.22
; 01,=05,=0,

(3.9

l+l 3 L
2 5%7 \/3+772~( 7)

1 1
Ei‘z [1 3S|r\2(Q a)

+nco§(9—a)]], (3.5

1+1\/ 3 1-3sirf(Q
E_Z 3+772-[ —9 Sl ( +a)

+ncof(Q+a)]|.

1

(3.6

The negative sign describes thel/2— *+1/2 and the

An accurate determination of can be performed by angle positive sign the+1/2— 3/2 nuclear transition, respectively.
dependent measurements, which also reveal the sigmofl ~ 0y=2.57x<10 '8 cn?? is the nuclear cross section for reso-
in addition in SNP the direction 0¥,, with respect to the nant absorption anti,, f, are the>’Fe Debye-Waller factors
crystallographi@ axis, denoted by the angteas orientation of the two groups of aniond) is the rotation angle of the
parameter. Emission of an unpolarized source consists of tweample betweek,, and the crystallographla axis given in
independent polarization directions ¢f quanta with equal Fig. 1(c). The average cross sections, o and fractional
intensity as depicted in Fig.(d. In a single crystal, how- polarizationsa,,,, as, are defined as

ever, the absorption lines of a quadrupole doublet have po-
larization dependent cross sections, which are sensitive to the
angle of incidence of ther quanta, with respect to the direc-
tion of the EFG. In many articles, the angle dependence of
the area of the Mssbauer lines and the polarization depen-
dent cross sections are discussed for the ground state of
SNP?°-3% Grant, Housley, and Gons&rhave calculated
these cross sections and they have determinegl, o, f,,

fy, f. as defined below at room temperature by measuring at
four different angles. In the following, we will explicitly
evaluate, on the basis of Ref. 30, the effective thicknesses
tio, tap, and all equations, which we have used in order to
determinea, 7, w, f,, f,, f. and the fractional polariza-
tionsay, agp. The evaluation of the measured spectra by
the transmission integral procedure and the self-consistent
iteration algorithm for the determination of all above given
parameters are presented in the Appendix.

C. k, lying in the a-b-mirror plane

The cross sectionr is given by the 22 density matrix

_ |011021
012022

Upon transformation on EFG main axes and from there into
the crystallographic system the following equations for the
two groups of anions 1 and 2 shown in Fig(bll are

obtained®
alZEa'f }+1 3 (1-9)|; oL=03,=0
17 5%l115 =7 342 )| O12= 0217 Y,

1
ZUOfl(liAl)!

1_ 1 1, _
o —E(Ull-i- 05)) =

1

A=y > [2=(B+psif(Q-a)], (3.7

1o, 5,1

o 25(011+U'22)220'of2(1iA2)1

1

Ao=7 > [2=(B+psif(Q+a)], (3.9
_‘711_‘7%2"'0%1_0%2

e (3.9
01T 05t 01t 0%

1/2,3/2

The indices 1/2 and 3/2 denote the transitiand/2—
+1/2 and = 1/2— =+ 3/2, respectively. The effective thick-
(3.2 nesst is given byt=n,- o , wherebyn, is the number of
5’Fe nuclei per crh Therefore

_ 1, 1, 2, 2
typ=na(011F 020t 011+ 039172, (3.10

_ 1, 1, 2, 2
tap=na(0111+ 020t 011+ 099 |32 (3.11

The ratiot,,,/t5, of the effective thicknesses is a function
of the rotation angl€) and depends on the parametersy,

(3.3 andg=f,/f,:
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tiz 20+ 0%y, 1 3
P Li=-—- [1-3sif(Q—a)+ ncog(Q—a)],
tae 2(ot+ 0?)|ap 172" V35 7 [ ( )+ ncos|( )]
2
B 2-(g+1) ) 612 (3.22
T g (LHAD +H(1+A) . . 1 3 - 3P+ ) &0+ a)
=—- [1—3slI +a)+ nco +a)l.
in which A ( neostitra)]
3.23
f
ng—lzexp(—Go-sin 20) (3.13 The polarization factors depend an 7, andG, in an
2 equivalent way as the effective thicknesses. The self-
and consistent iteration algorithm for the calculationtgh and
ts, together witha,,, andas, is given in the Appendix. The
Go= k§(<22>_ <y2>) .sin 2w. (3.14 area of every Mesbauer line in our spectrum is composed by

the cross sections of the two groups of anions in the effective

Here, w is the angle between the main axis of the meanthickness and the fractional polarization.
square displacement tengdSD) and the crystallographia
axis andk2y=5.334>< 10 cm™2 is the square of the wave D. ky|| ¢ axis (perpendicular to the a-b mirror plane )
v%ctor Ofdth‘??’ quhanta. If lth‘? electriri‘l—fileld \;]ector of }Ihe Iighrt]_ In this special case the cross sections are the same for the
vibrates during the population parallel to the crystallographi —f
C axis (perpen%iculapr tF()) the mifror plarma) the t?//vo grogupg two groups of molecules an} =f,~f
of anions are equally excited, so that the number of excited 1 1 1
anionsny, n, are the samen( /n,=1) and this ratio is not  o1,=o02,==0,f| 5+~
considered in E¢(3.12. (z%) and(y?) are the MSD’s of the 27|24 ]
Fe nucleus in the coordinate system of the anions. The (3.24
and y coordinates are lying in thea-b mirror plane,z is

defined by the N1-C1-Fe direction agds perpendicularto ~ ; _ , 1 ¢ 1.1 1-3 cola+ nsir?

z. Upon transformation into the crystallographic system we?22~ 922~ 5% 5=} + 772[ cosatpsiral|,

obtain ) (32'5)
Go=K2((a?)—(b?))-tan 2. (3.19 ol=0%=ak=02=0. (3.26

The MSD’s(a?) and(b?) are received by measuring with  The ratiot,,/ts, is only a function ofy:
k, parallel to thea and b axis, respectively. In this case,

considering the small line broadening, the sum of the effec- 1 3
tive thicknesses is 1+ — (1-7)
iz 4 V3+y
Iy —= . (3.27
tizt tanla=Nacofap (3.16 tar2 1 3
A
1-- (1-7)
I 4 3+ 172
- N
t1’2+t3’2|b_nAU°beA (3.17 Again from the sum of the effective thicknesses,

. . , +1t5,, the Debye-Waller factof . and the mean-square dis-
from which we obtain the MSD’s by placement(c?) can be determined:

(a?)=—In(f,/k?) and (b%)=—In(f,/k%) (3.18 r

. Y L ’ tl/2+t3/2|c:nA0'0ch_N, (3.28
if ny andI'y are known. The polarization factoes, and A
as, can also be calculated from the cross sections (c?)=— In(fclki). (3.29

ay,=— (@+1)-W=(L1g+Lo) , (3.19 The polarization factors, however, depend prand «,

(9+1)-(1-W)—(L1g+Ly) but not onw andQ:
B — (9+1)-W—(Lig+Ly) (3.20 1 3
%27 (g+1)-(L+W)+(Lg+Ly) ' *— (3+ n)(sirfa—coga)
4 3+ 772
with the abbreviations Ay 3= .
1 3
1x—1/ (n—1)
1 3
W= (1-7), (3.21) 4 ¥V 3+q?
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11— T T T T T
i 1.0
1 0.9
0.8
107 FIG. 2. Sensitivity of the angle dependent
LY Mossbauer spectroscopy for the parameters,
G, . (a) Variation of @ from 34 to 36°,7%=0.05
1.70 . . and Go=0.1 are fixed.(b) Variation of 7 from
16667 ccut (d) 0.0.tol 0.1,«=35°, andGy=0.1 are fixed.(c)
] Lesh T Variation of G, from 0.0 to 0.2,a=35° andn
1F ] =0.05 are fixed(d) Dependence df;,,/tz, 0n 7
in the c-cut direction.
1.60} .
1.5794
1.55} 4
0.00 0.'05 0.10 0.15
n
Obviously,w cannot be determined from this special di- I(t)=(Ts+TA)+TA-Ci-t;, (i=a,b,c). (3.3

rection. There exists no polarization effecteat 45°, which,

however, is not the case in SNP. The sensitivity ofl's andI's are the FWHM of the source and absorber, re-
ty2/t3(Q) with respect to the three parameters 5, and  spectively,C; depends on the polarization factas, as.,

G, can be demonstrated by varying one of them, using Eqandt; is the effective thickness, given by

(3.12 as given in Figs. @—(c). In addition, Fig. 2d) shows

the dependence of,/ts;, on 7 for the special case d,| ¢ ti=(L-d-p/M)-Nee_s7-00-fi-I'n/Ta. (3.32
axis, in the range of & »=<0.15. In thea andb cut the ratio i

t,,,/ts), lies between 0.6 and 1.0. If the sign of the EFG is L is the A\éogadro numbeme_s;=0.0214 the natural
positive the lower value 0.6 is reached wit| a axis, so ~abundance of’Fe, p=1.7247(4) g/cm the density of SNP
that the sign of the EFG can be determined unambiguousi§it T=297 K, M=297.955 g/mold is the thickness of the
by angle dependent measurements. The maximum sensitiviffystal, and’y=0.0972 mm/s the natural linewidth. Varying
of ty,/ts, for a and % occurs at)=90° and forG, atQ  the thicknessd, we get fron_1 the slope the Debye-Waller
=45°. In Fig. 2a), « is varied only from 34 to 36° with factors f; and. by 9xtra_pollat|ng to thickness zero the sum
constanty=0.05 andG,=0.1, whereby af)=90° the ratio  (I'stT'a), which, in principle, has the value off%,. A
t10/ts), decreases from 1.042 to 0.98 by 6%. In Fip)ahe ~ Small deviation is given by the line broadening of the source.
asymmetry parameter is changed frops 0.1 to »=0 with ~ FOr the two line absorber SNP, the linewidth is
constanta=35° andGy=0.1 andt,,/ty, decreases from = 1/2('yz+T'3). Correction for possible scattering pro-
1.041 to 1.005 by 3.5%. In Fig.(®, the paramete, is  C€SSes are not considered. The constantéi =a,b,c) are
varied from 0.0 to 0.2, and = 35° andz=0.05 are fixed. At cglculgted by the procedure of thg transmission .|ntegral,
Q=45° the ratioty,/ts, decreases by 7%. An interesting 9iven in the Append|x, o] that the different pplarlzatlons for
fact is thatty,/ts;, depends in a different way of for all a, b, gnd C axis are taken into _account. L_Jsm_g the known
three parameters. The ratig,/ts, does not depend om at effec_tlve thicknesses and fractional po!arlzatlo_ns from the
Q1 =45°, it varies over the whole rotation range fgrand is rotation spectra we have produced S|mulated.smuer
constant a)=0° andQ =90° for G,. These different be- spectra for the dependence bft;) and from this linear
haviors guarantee a clear and distinct evaluation,of, and ~ SIOP& We can calculate the paramet€s We have taken
Gy. The special case mcy” c axis is drawn in Fig. @), in a, 7, and_fi from Table | calculatmg_wnh the transmis-
which ty,/ts, depends only ony. If =0 the ratio of the sion mteg_ral S|mula_ted spectra, from which we have.ta]Ren
effective thickness is,,/ty,= 1.6667 and fom=0.1 we get andt for different thicknesses. The linear slopeldft) gives

tyo/te="1.5794. Such a decrease of 5.2% can easily be deVith the corresponding,;,as; the parameters;; .

tected, especially in comparison between GS @inthecause However, the differences are very smll;=0.270, C,
both states are simultaneously in one and the same spectru:.o'286’ andC.=0.269.
However, the evaluation of; with k.|| ¢ axis results only

from one spectrum. Therefore we have taken it as a separate IV. EXPERIMENTAL RESULTS

determination ofy. The temperature shift of QS and IS in GS afidis ex-

tensively discussed in Ref. 16. The main result is the fact that

SNP remains diamagnetic B, due to the very small tem-
The linear dependence of the linewidthon the crystal perature dependence of QS. Furthermore, the normalized be-

thickness is restricted to the range of the effective thickhesshavior of QS is the same for GS aftland the difference of

of 0O<t=<4. The general formula for SNP witixt,,,t+t3,iS  both isomer shift§GS, Sl) is constant over the whole tem-

E. Thickness dependence of the linewidtl®
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TABLE I. Comparison of the evaluated Msbauer parameters =90° with an amount of about 0.5. A& =0° they differ by
detected af =294 K with recent measurements. a factor of 1.7, wherebg,,=0.34 anda,,=0.2. Due to the
angle «a the polarization behavior of SNP is not very pro-

This work Ref. 27 Ref. 19 hounced. Ifa=7=0, which is the case in (CMg),[NP],
sign (q) + + + we get at() =_0°: ap=az,=0 andQ.=90.°: aq o= 3{5 and
a 35.91)° 36.66)° as,=3/7. Using Eq.(3.12 and our iteration technique we
7 0.021) 0.01(1) obtain the parameters, 7, Gy. The Debye-Waller factors
Ne 0.032) are calculated according to Eq8.16) and(3.17) usingI'p
1) 14(6)° 1(7)° =TI'y. From the measurements bf| c axis we have sepa-
fa 0.391) 0.3672) 0.361) rately determined and », using the Eqs(3.27) and(3.28).
fy, 0.351) 0.3324) 0.331) The fractional polarization factoms,, andas, depend orw
fe 0.391) 0.3774) 0.381) and 7, so that we have takem from above. All parameters
50, 1.2(3)° are summarized together with those of Grant, Housley, and
50, 0.7(3)° Gonset® and our recent measureméiitin Table |. Addi-

tionally, we have determinedy, from the c-cut crystal,
which coincides withy within the error limits. The deviation
perature range, which is a clear demonstration of a pure quaf the preparech- and b-cut crystal plates from the ideal
dratic Doppler shift. Consequently, tiseelectron density at (100 and (010) faces in thea andb direction can be calcu-
the Fe nucleus decreases, but not due to any screening effegted utilizing the symmetry condition of E¢3.12, that the

of the d-electron density. QS increases from ©QB7034  maximum and minimum of the rotation curve lie exactly at
mm/s atT=297 K (Ref. 22 to QS=1.716(3) mm3/75 al (0=90° and2=0°, respectively. These errors, produced by
=80 K and to Q$=2.755(3) mm/s irl at T=80 K> Fix-  cytting and preparing the crystal plates, are giveA@s and

ing IS to zero in the GS al =80 K, IS increases 10 50 we cannot obtain such an error in teedirection,
+O.178_(3) mm/s irSl and the I|n_eW|dths are broadened in gjnce the(001) face is a natural grown face, which can be
Sl at thickness zero by 1.4% with respect to &SThese precisely cut.

results are considered for the evaluation of our spectra. The errors written in brackets are given as plus-minus

values. The differences of the Debye-Waller factors show
that they can be reproduced with an accuracy of about 5%.
However, the data of Grant, Housley, and Goffsare cal-
culated from only four single spectra at four angles indahe

3(a), and the corresponding polarization factess,,as, are b plane, which leads to an underestimation of the errors and
plotted in Fig. 3b), calculated by Eqg3.12, (3.19, (3.20, 0 anuncorrect value ab due to the nearly identical Debye-
and the iteration procedure, given in the Appendix. TheWaller factorsf, andfy. In order to determine the accuracy
minimum valuety,/ts,=0.617 lies atk,| a axis and the with which we can really determine the Debye-Waller fac-
maximum value,,/ts,=0.989 is reached & b axis. The ~ tors using the black absorber technique, we have determined
fractional polarizationsa,,,as, are nearly identical afy ~ With a second independent measuremigntf,, andf. by

the thickness dependence of the linewidth. The linear slopes

of thea, b, andc cuts are shown in Fig. 4.

A. Angle dependence afl =294 K

The ratiot,,,/t3, of the effective thickness as a function
of the observation angl@ in thea-b plane is shown in Fig.

L7 T
. The effective thicknesses lie in the range ef 0<3.6, so
0.9 “fzs(;g :(?'011 ] that the linear relation of Eq3.31) is valid 3¢ By extrapo-
& nzl;‘.ﬂ.,' lating to thickness 0, the sum dfg and I', is given as
=08 ®” £,=038£0.01} 1 0.221), 0.242), and 0.221) mm/s for thea, b, andc cut,

£,=035+0.01
£=03920.01

respectively. Assuming that the absorber has natural line-
width I'y=T"y the source line is broadened by about 14%,
which is typical for good sources. The Debye-Waller factors

{a .
0.6 T T T T T f,=0.3711), f,=0.341), f,=0.38(1) are calculated using

g 05 y Eqg. (3.31) with the parameter€,=0.270, C,=0.286, C,

:ﬁ =0.269. They are in good agreement with our present and

50-4 earlier results given in Ref. 21. We have calculated

é‘ =0.37(1) from the powder spectrum and g&j=0.36(1)

£ 03 from the mean value of the data given above which is again

E in good agreement with the earlier data. The sign of the EFG

e
o

is positive and the orientation parameter has an amount of
a=35.941)°. Sincef, and f,, are not very different from
each other, the projection of the MSD tensor into thb
plane is nearly a circle which explains the large erromwof

FIG. 3. (a) Angle dependence of,/ts,at T=294 K.(b) Angle  and the difference between our results and that of Grant,
dependence of the fractional polarizaticag, andas, at T=294  Housley, and Gonséf. The directions of the EFG and the
K. main axis of the MSD tensor do not coincide.
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30 (2 30 60 9;,9 120
4.0 ¢ @
To 100 200 300 _4;10 500 600 FIG. 6. Dependence df;;,/t5, on the rotation angl€) at T
crystall thickness (um) =80 K for (a) pure ground statep) ground state of the irradiated

FIG. 4. Linear dependence &f on the crystal thickness at crystal together with the metastable staite

=294 K for thea, b, andc cut. . .
=n,+ngs, called the populatio®=n, /n, can be determined

knowing the Debye-Waller factors. In GS the Debye-Waller
B. Angle dependence all =80 K for GS and S factors can be calculated, since we knovSubsequently, in
The Mosshauer spectra of GS aitlat T=80 K for a-, the irradiated sample, the population of GS can be found
b-, andc-cut crystals are shown in Fig. 5. The dotted lineswith the Debye-Waller factors of the unirradiated samples.
represent the curves fitted with the quadrupole splittings, th@he Debye-Waller factors of the ground state are not influ-
evaluated populations and the isomer shifSbfvith respect  enced by the coexistence of the metastable Siateenoting
to GS as inputs. The angle dependence of the cross sectiondth t®°=t$2+t$9 the sum of the effective thickness of the
can be seen in the difference of the absorption lines on thanirradiated sample, with®' the thickness of the ground
left and right side in the spectrum. Going from theut to  state after the irradiation antf' the thickness ofSI, we
thec cut the areas of the right lines decrease and those of thebtain the population from the rati¥'/t®°=(n—n,)/n=1
left lines increase. An important result is the fact that the— P. As pointed out by Carducé?, the lattice constants of
population does not exceed 50%, so that the ground state iRe crystal should be changed with the population. In order to
always present as a calibration standard. The number densike independent of this alteration and to get the Debye-Waller
of anions inSI (n;) normalized to all anions given by factors of Sl with higher accuracy, we have calculated the
ratios f>Y/f2'=(t5/P)/(t®'/1—-P) and f3Vf°=(tSYP)/
(t®%1—P) with i=a,b,c. These equations are independent
of the crystal thickness. The ratig,/ts, as a function of}
in thea-b plane is given in Fig. @ for pure GS and in Fig.
6(b) for GS andSlI of the irradiated crystals.
85} a-cut . . K .
Pop 41.9% a All spectra are nearly identical in the ratio of,/ts,.
I L L 2 L L There exists only a very small difference between GS@ind
in the range ok, /|| b axis where the valuets,/tg, in Sl are
systematically lower and in the regidxr;,|| a axis, where they
are systematically a little higher compared to GS. All pos-
sible parameters which can be obtained by angle dependent
Mossbauer spectroscopy are given in Table II.
It is unambiguously proven that the sign of the EFG is
positive in GS andl. The orientation parameter increases
from 35.3 to 35.8° and the main axis of the MSD tensor

95|
90

85} c-cut . decreases from 14 to 7°. However, only the increase of

ol § Pop 16.4% c lies significantly outside of the error limit. The asymmetry

70 . . . . . . parameteryn decreases inside the error limit. The Debye-
2 A 0 1 2 3 Waller factorsf,, f. increase by 3.1 and 1.6% 8I, respec-

Veloci ; . .
elocity (/) tively, andf, decreases by 1.3% i8l. In the ratiosI'g/T"y

FIG. 5. Mossbauer spectra of the irradiated b-, andc-cut ~ andI'x/T'y the line broadening of the source and the line
crystals, with perpendicular incidence of tireguanta to th€100), broadening of the absorber 8i is considered. We have used
(010), and(001) faces. two different crystals for the measurement of GS 466,
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TABLE II. All Mo ssbauer parameters, the population, the ratio of the linewldgi§, I's/T"y, the
errors of the crystal preparatia®),, Q) , and the ratios of the Debye-Waller factors firand GS.

Pure GS GS Sl
sign (q) + + +
a 35.31)° 35.41)° 35.91)°
n 0.0218) 0.0248) 0.0188)
e 0.0299) 0.0279) 0.01Q9)
) 14(6)° 14(6)° 7(6)°
fa 0.691) 0.581) 0.7011)
fp 0.661) 0.651) 0.651)
fe 0.691) 0.691) 0.7011)
pop (a) [%] 100 58.19) 41.99)
pop (b) [%] 100 52.69) 47.49)
pop (c) [%] 100 83.69) 16.49)
I's/Ty 1.2129) 1.2039) 1.2039)
I'g/Ty 1 1 1.0499)
80, —2.3(6)° -0.1(6)° —0.4(6)°
5Qp —1.4(6)° 0.5(6)° 0.7(6)°
f ratios (meta/groung a b c
fS!/§G1 (1.031+0.005) (0.987% 0.005) (1.016:0.014)

Sl), which is the reason for the differences in the errors of+ 1/2— * 3/2 transition. This result is valid in GS ar&l.

00, and 5Qy,. The comparison of,, fy, fc in GS shows The direction ofg is determined by the axial symmetry of
that they can be reproduced with an accuracy of about 5%the anion, formed by the first coordination sphere C1-Fe-N4
at the central Fe atom. Comparing the angdss and ¢¢
V. DISCUSSION with the parametera, we can propose the relatiow

. =1/2(¢pn+ Pc) for GS. At T=294 K the anglea has an
All parameters of GS an8l detected by Mesbauer spec- amount of «=35.8°. From x-ra§* and neutron daf we

troscopy are nearly identical, except QS and IS. Therefor . _ o _ o NS
we have to discuss the small changes of the structure and tﬁ)é)tam ax"ay_.35'9 anda”e“”"”_.SSB , Which is in good
lattice dynamics, produced, however, by a considerable dea}greement with our result. Cooling down To=80 l< én
crease of thes-electron density at the Fe nucleus and a newAd éc decrease by theo same amognm,pray=3.5.4 (Ref.
distribution of the - and 4p-electron density, and keeping 13 @Nd @neutron=35.2° (Ref. 1) in comparison of
in mind thatSl is lying about 1 eV above the ground state. = 32-4° found by Mssbauer spectroscopy. During crystal
Since the measured rotation spectra show very small devi&ooling the anion rotates by about 0.4° with its C1-Fe-N4
tions from each other, we can assume, in agreement with thXis towards the axis. But inSl it turns back by about 0.4°
results of structure analyst&**°that no phase transition of t0 @=35.8°. This increase is not in agreement with direct
the first or second order occurs by the excitationSbfas  structural methods. It is found in Ref. 11 thatdecreases by
proposed by Morioca and co-workers*°Especially the pre-  0.04°, in Ref. 13« increases by 0.11°, and in Ref. 19, in
dicted transition from the point symmetry group mmm to which the nitrogen N is replaced by oxygen & decreases
mmz2 on the basis of probably measured optical activity canby 0.21°, which is the worst case, in contradiction to our
not be confirmed. On the contrary, the discovery of strongesult. The reason for this discrepancy can be possibly found
isotropic and anisotropic holographic light scattefirtfcan  in the following problems: We can independently determine
simply explain the rotation of the polarization of the trans-with Mossbauer spectroscopy the populationSbfand GS
mitted light, detectable by an othogonal polarizer with re-from the effective thicknesses, and we obtain details of the
spect to the incoming beam. Consequently, due to the stitructure from the angle dependence of the cross sections.
existing symmetry planeRnnm) the two different anions 1 The structure factoF is determined using x-ray or neutron
and 2 in Fig. 1c) are equally excited by irradiation with|| diffraction, but it consists simultaneously of electron density
c axis, which was assumed for our evaluation. or nuclear positions of atoms in both states GS 8hce.g.,

The sign ofq is positive in GS andsl andq increases in  F=(1—-P)-Fgs+P-Fg, wherebyFgg and Fg, are the
SI. Housley"! has unambiguously demonstrated with mag-structure factors of GS an@l and P is the population. Un-
netic perturbation al =297 K thatq is positive, so that in fortunately, P cannot be determined independently by the
agreement with our results the ratig,/t5, for ky|| aaxisis intensity of the measured reflexes, it must be taken from
smaller thanty,/ts, for k.|| b axis. Consequently, the left other measurements, which opens a large uncertainty, espe-
line in the spectrum at negative velocity is thel/2— cially if P is introduced into the refinement procedure as a
+1/2 transition and the right line at positive velocity is the further fit parameter, sinc& depends linearly orP. The
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goodness of the determination of the atomic positions oabout 50% ofSl leads to a softening of all elastic constants

electron density distributior_l_ depends considerablyomhis by about 2.5%, compared to GS, so that the phonon spectrum

problem does not exist in Misbauer spectroscopy. is significantly changed. Therefore it is impossible to use in
Considering the asymmetry parametgrit is clear that the refinement procedure of the structure analysis, the

due to the small structural asymmetry in the equatorial planground-state thermal parameters for all atdmscept N and

of the anion and the deviation of the Fe-N-O axis from theQ) in the metastable sta®, as done by Pressprict all®

180° geometry, cannot be zero. From the ratio of and Carducci, Pressprich, and Copp&hshis restriction is

7% 7°'= (V= V) O (Vo= V) *'- QS1QSPS we get  very problematic in Ref. 19, where the authors have rotated

(Vax— Vyy)®'=1.16 (Vyx—V,y) 5, so that inside the error the N-O ligand,

limit no asymmetric structural changes occur in the equato-

rial plane of the anion by excitation &l. Note that already GS:Fe-N—0O—Sl:Fe—O—N, (5.2

75,=0.016 instead ofy5,=0.018 gives the value of 1.0 in-

stead of 1.16 in the ratio above. With this result we obtain arin order to get better thermal parameters for the nitrogen and

important view inside the electron density distribution of theOXygen atoms. Additionally, Fe is fixed at=50 K to the

3dy,y, and 4p,, orbitals. Since the #h symmetry is not isotropic ground state value @fis,=0.003 16 K. The iso-

exactly fulfilled in the anion, the degeneration of the orbitalstropic thermal parameter of Fe received from ourddloauer

with e symmetry (3l,,,, and 4p,,) is slightly lited as parameters in GS al=80 K is Uj5,=0.0072 K. The dif-

given by the following equatiof® ference by more than a factor of 2 is much too high for a
temperature difference & T=230 K. It seems that thermal
o= (1—Ra)(r 3 -.6/7(m3d..— m3d parameters obtained b_y least-squares f|tt|ng of x-ray data are
a-n=( 30)(1")56/7(M3d, 2 not useful for such an important assertion of changing N and
+(1—R4p)<r*3)4p6/5(mpy—mpx) (5.2 O. The same problematic situation arises in the determina-

tion of the d-orbital population, derived from the Fe multi-
in which Rgy, Ry, are the Sternheimer factdf¢°for the 3d  poles of the electron density maps. Neglecting the
and 4p electrons(r ~3)34 and(r~3),, are the expectation 4p-electron contributions the electric-field gradiemtan be
values ofr 2 of the 3d and 4p wave functiond® andmis  calculated from the equatiap=4/7(1— Rgq)(r 3)34- An, in
the population number of the different orbitals. We cannotwhich An=[(nd,2_,2—nd,2) + (ndy,—1/2nd,,,,)] is the
calculatem in detail, but using the ratig®S. °%qg5'- %' Fe(3d)-orbital population. Considering onln, we get in
=QS®S. »9Qs’!. %, which is unity inside the error limit, GS from Ref. 13An=1.66 and from Ref. 4An=0.84.
we can conclude that the orbital population of theThese results differ by a factor of 2. Braga, Pavao, and
3d,,, 3dy,, 4p,, and 4, orbitals is unaffected irSl, Leite®® have performed MSX calculations, receiving\n
which means that the degeneration is not changed and the0.45, from which they have reproduced ©%$.78 mm/s,
symmetry of GS is conserved, providedy, Rsp, (r3sq neglectingR;4. Using (1-R34)=0.881 we get QS 1.57
and (r~3),, are constant. However, due to the increase oimm/s>® QS=2.93 mm/<'® and QS=5.79 mm/s® QS of S
QS®!, a drastic transfer of electron density between the oreannot be calculated, since in Ref. n8,, is negative and no
bitals 3d,y, and 3,, or 3d,2 and 3,2 2 occurs. From evaluation is made in the other references. This discussion
differential scanning calorimetry measurements it is knowrshows that it is very hard to detect special features of the
that Sl is lying energetically about 1 eV above GStis  electron density on the Fe-central atom from x-ray analysis
possible that the orbitals Fed3,,,) and Fe(8,) are and multipole refinement. From our ‘Msbauer results we
shifted to higher energies. In this case the small degeneragannot confirm the rotation of the N-O ligand to Fe-O-N. A
is unchanged and both orbitals Fel(3,,) and Fe(3l,,) lie  strong hint of this structural modification is given by density-
at higher energy. Consequently, the possible splitting of théunctional calculatiorf’ with which a stable Fe-O-N con-
m*NO orbital can be detected by measuring the chargefiguration reproduces the Mebauer parameters QS, kpof
transfer transition 8,, or 3d,,,,—7*NO by absorption GS, andSl with an uncertainity of about 5%.
spectroscopy’ In the ground state the energetic difference In conclusion, from the nearly identical Msbauer pa-
between the 6(3d,,,,) and 2,(3d,,) orbitals is about 0.7 rameterse, 7, o, f,, f,, fc in the ground and metastable
eV and the excitation energy between thig@d,,) and the  stateSI we assume that the charge in the range of the Fe-
7e(7*NO) orbitals has an amount of about 2.5 eV. TheseN-O quasifourfold axis is rearranged 8 and as shown in
differences are the reason for the temperature independen&ef. 11 the atomic distances Fe-N and N-O are somewhat
of QS, detected by Hauset al® Since this result is also elongated. But the symmetry of th&e(CNxNO]?~ anion
valid in SI,® the energetic separation of these orbitals museand that of the crystal are unaffected by the populatio8lof
exist in Sl, too. In contrast to Tritt-Goc, Pislewski, and The space groupnnmis present in both states GS a8t
Hoffmannt® no change in the temperature dependence of Q®ue to these results we have proposed tigit has
could be found even after an irradiation time of more than 48he same electronic configuration as GS, formally
h, so that the results of both experiments are in contradictiorbe(3d,y,,,)*, 2b,(3dy,)?, and %(7*NO)°, only the ,

The small increase of the Debye-Waller factégs f., orbital or probably the & and 2b, orbitals are shifted to
and the decrease 6f as well as the difference of the direc- higher energies, whereby an exchange of electron density
tion of the MSD main axis with respect to tlaeaxis provide  between these orbitals are possible, which can explain the
a clear hint that the lattice dynamics is involved going fromlarger QS and more positive IS i8l. Unfortunately, we
GS toSl. This observation is confirmed by the detected de-cannot clearly decide with Misbauer spectroscopy between
crease of all elastic constants in Ref. 48. The population ofthe proposed two configurations Fe-N-O and Fe-O-N. This
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open question will be resolved by infrared and Raman spec-

ANGLE-DEPENDENT MCBSBAUER SPECTROSCOPY IN . ..

troscopy using isotopic substitution of the oxygen and nitro-

gen.
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APPENDIX

1. Evaluation of the measured spectra

Every single spectrum was fitted by the transmission in-

Therefore in this case the experimental spectrum is given
by a sum of two transmission integrals due to the two polar-
izations 1,2:

T1(n)+Ty(n)

5 (AB)

N(n)=N.|1-3

tegral procedure. The shape of the spectrum obtained with a

single line, emitted from the source, without any polarization

effect is given by
N(n)=N.[1-8-T(n)], (A1)

whereN(n) is the number of counts in channel 8 is the
recoilless fraction, and (n) is the transmission integral:

©

1 l-exp(—A) TIg
—| ————— 5dx
) —w(x—n)2+(I'g2) 2

HereA is given for the quadrupole splitting of SNP by

T(n)= (A2)

_ IPatyf4 NI Atz 4
T2/4+(E—Pyp? Tal4+(E—Pgp?

(A3)

E is the energy ane,,, and P, are the positions of the

In GS the linewidthl" 5 is exactlyl'y and inSI the small
line broadening has been taken into account.

2. Iteration algorithm

The self-consistent iteration algorithm, which is used for
the determination of, »,w,f,,f,f; and the fractional po-
larizationsa,,,as,, is calculated in the following steps: Af-
ter reading of all data for each spectrum, the fractional po-
larizations are set to 0. The effective thicknedsgs ts, and
their errors are calculated from the transmission integral. The
ratiost,,/ty, are fitted to Eqs(3.12) or (3.27), obtaining the
unknown parameters, n,G, and the errors of the crystal
orientation 6}, 6Q),. With these parameters the polariza-
tions ay),,as;, are calculated, fitting agaity,,/ts, to Egs.
(3.12 or (3.27 obtaining new values of, ,G, as long as

two lines. In the case of an unpolarized source but polarizethe corrections are sufficiently small. In the last step we have

absorption with diagonal, matrix it is necessary to intro-
duce an effective thickness for each polarization 1,2 and
=1/2, 3/2:

calculated the Debye-Waller factoirg, f,, f., andw. We
need about three iteration cycles with this procedure to re-
veal a stable configuration of all parameters.
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