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Abstract. Mössbauer studies were performed on single crystals of guanidinium nitroprusside with different
orientations of their principal crystallographic axes (a,b, c) with respect to the incident radiation. The
markedly anisotropic Lamb-Mössbauer factor fLM, i.e. f

(a)
LM = 0.118(8), f

(b)
LM = 0.174(8), f

(c)
LM = 0.202(8)

is in contrast to that of nitroprussides with inorganic anions. The observed anisotropy is ascribed to the
anisotropic vibrational mean-square displacement of the nitroprusside anions as a whole which is due
to the specific packing of both, anions and cations, as well as the very weak chemical bonding between
the ions, typical only for guanidinium nitroprusside. The vibrational anisotropy of iron atoms in barium
nitroprusside that has been observed by X-ray structural investigations has a different origin and therefore
does not result in an anisotropic Lamb-Mössbauer factor. We have also investigated metastable states
in guanidinium nitroprusside that have been populated by means of incoherent irradiation from light-
emitting diodes. With a specific orientation of the guanidinium nitroprusside single crystal a population
of the metastable states up to 26% could be achieved. Populations of comparable size on lithium, sodium
and potassium nitroprussides have only been reached using coherent laser irradiation.

PACS. 63.20.Dj Phonon states and bands, normal modes, and phonon dispersion – 76.80.+y Mössbauer
effect; other γ-ray spectroscopy – 39.30.+w Spectroscopic techniques

1 Introduction

Previous measurements on powder samples [1] of nitro-
prussides with inorganic cations, e.g. Na+, K+, Ca++,
or Ba++, exhibit Mössbauer absorption spectra with a
quadrupole doublet of equal line intensities. However, ni-
troprussides with organic cations, including the guani-
dinium ion (CN3H6)+, show a pronounced asymmetry in
the intensities of the two quadrupole lines. This asym-
metry cannot simply be explained by texture in the ab-
sorber. Samples of guanidinium nitroprusside carefully
prepared without pressing always yield an asymmetric
quadrupole doublet, while samples of nitroprussides with
inorganic cations prepared the same way show symmet-
ric quadrupole doublets. When comparing these results
it is tempting to speculate that the observed asymme-
try in the quadrupole doublet of the powder sample of
guanidinium nitroprusside is caused by the Goldanskii-
Karyagin effect [2]. The absence of this effect in nitroprus-
sides with inorganic cations is a strong evidence that both
intra- and intermolecular vibrations are isotropic while in
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guanidinium nitroprusside the vibrations in the crystal
lattice are strongly anisotropic which results in the pro-
nounced Goldanskii-Karyagin effect.

In 1977 Hauser and coworkers [3] discovered the
existence of long-lived metastable states in sodium
nitroprusside by Mössbauer investigations. Since then
numerous nitrosyl complexes were the subject of intensive
studies by means of many other methods [1,4–7]. Two
long living metastable molecular conformations (MS1

and MS2) can be generated by irradiation with light in
the spectral range 350-580 nm at temperatures below
200 K (MS1) and 150 K (MS2). The existence of these
states has been evidenced by Mössbauer spectroscopy
also in other nitroprussides [1,8]. While such states
are of great interest for optical information storage
with extremely high capacity at the same time the
phenomenon itself is of great interest for fundamental
research. Carducci et al. [9] offered an explanation of
the nature of the observed metastable states MS1 and
MS2. In the MS1 state the (NO)+-group is inverted and
in the new so-called isonitrosyl structure the bondings
are N− C− Fe−O−N instead of N− C− Fe−N−O
in the ground state (GS). For the case of the MS2 state
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a side-on molecular conformation of bondings,
N

N− C− Fe
〈∣∣
O

has been proposed. The proposition

provided by Carducci et al. [9] is, however, in contra-
diction to the results obtained from neutron diffraction
studies of deuterated sodium-nitroprusside single crystals
in MS1 state [10], because in this study the (NO)+-group
is reported not to be inverted.

In this contribution we present an investigation of the
lattice vibrational anisotropy by Mössbauer measurements
on powder samples of barium and guanidinium nitroprus-
side as well as on single-crystalline guanidinium nitroprus-
side. Guanidinium nitroprusside is especially suitable for
angular-resolved measurements since all nitroprusside an-
ions have almost the same orientation within the single
crystal [11]. These structural features and the absence of
crystal water determine this nitroprusside as especially
promising for investigations of long-lived optically excited
metastable states. In our work these states were populated
using a simple illumination device.

2 Material and methods

2.1 Guanidinium nitroprusside

(CN3H6)2[Fe(CN)5NO] is one out of numerous nitroprus-
side iron complexes, the best studied of which is the
sodium nitroprusside Na2[Fe(CN)5NO]2H2O often used
as a velocity calibration standard for Mössbauer spec-
troscopy. The raw material for growing guanidinium ni-
troprusside single crystals has been synthesized from silver
nitroprusside, which was produced from aqueous solution
of sodium nitroprusside by adding AgNO3:

Na2[Fe(CN)5NO] + 2AgNO3

→ Ag2[Fe(CN)5NO] + 2NaNO3.

Treatment of the washed precipitate Ag2[Fe(CN)5NO]
with guanidinium hydrochloride CN3H5ClH in water yiel-
ded an aqueous solution of (CN3H6)2[Fe(CN)5NO]:

Ag2[Fe(CN)5NO] + 2CN3H5ClH
→ (CN3H6)2[Fe(CN)5NO] + 2AgCl.

The barium nitroprusside was synthesized following the
known procedure of cation exchange reaction between
Ag2[Fe(CN)5NO] and BaCl22H2O.

Single crystals of (CN3H6)2[Fe(CN)5NO] with a size of
10 × 10 × 50 mm3 could be grown from the aqueous so-
lution by slow evaporation of the solvent at about 310 K.
(Space group: Pnma; lattice constants: a = 8.943(1) Å,
b = 10.240(2) Å, c = 16.143(2) Å with four nitroprus-
side anions per unit cell; density: D = 1.511 g/cm3). The
conditions of the crystal growth, as well as chemical and
structural properties of guanidinium nitroprusside are dis-
cussed in detail elsewhere [11,12]. For Mössbauer absorp-
tion measurements single crystals of about 1 mm thickness

have been used. The samples were cut from larger crys-
tals of high quality with the surface normal being parallel
to the crystallographic a-, b-, and c-direction (a-, b- and
c-cut, respectively). Though it is relatively easy to ob-
tain single crystals of barium nitroprusside, they were not
grown for Mössbauer purposes because of the absence of
Goldanskii-Karyagin effect, and because the very high ab-
sorption coefficient of the 14.4 keV Mössbauer radiation
prohibits the application of this nitroprusside to further
investigations. Our calculations of the absorption coeffi-
cient for 14.4 keV γ-quanta based on data from [13] show
that barium nitroprusside has a much greater coefficient
of absorption (µe = 32.94 cm2/g) than guanidinium ni-
troprusside (µe = 11.99 cm2/g).

2.2 Mössbauer absorption spectroscopy

Mössbauer spectra were recorded with a spectrometer
in constant-acceleration mode with a 57Co[Rh] source
(∼ 1.1 GBq). The velocity calibration was performed
with a Na2[Fe(CN)5NO]2H2O single crystal for which the
quadrupole splitting (∆EQ) and the isomer shift (δ) are
known with high accuracy [14,15]. The measured isomer
shifts are referred to an α-Fe standard at room temper-
ature. The experimental spectra were fitted by a sum of
Lorentzian lines by means of a least-squares procedure.
Measurements on oriented single crystals of guanidinium
nitroprusside at room temperature were performed by
mounting the single crystals on a goniometer which was
placed between source and detector of the Mössbauer spec-
trometer.

The probability of recoilless absorption (Lamb-Möss-
bauer factor, fLM), may be calculated from the area of the
Mössbauer absorption lines. The experimental area A(t)
depends on the effective thickness t as [13]

A(t) =
1
2
N∞RπtΓA exp(−t/2)[I0(t/2) + I1(t/2)]

t = nσ0fLMΓN/ΓA (1)

where N∞ is the number of counts at infinite velocity
of the source (the absorber being fixed), R is the recoil-
less part of the γ-quanta in the window of the differen-
tial discriminator, ΓN is the natural line width for 57Fe
(0.097 mm/s), ΓA is the line width of the absorber, I0
and I1 are modified Bessel functions of the first kind and
zeroth and first order, respectively, n is the number of 57Fe
nuclei per cm2 (the natural abundance of the 57Fe isotope
is 2.19%), and σ0 = 2.57 × 10−18 cm2 is the maximum
resonant absorption cross section.

In general, the absorption cross section σ of a partic-
ular line in a hyperfine spectrum of a single-crystalline
absorber is given by a 2× 2 matrix [14,16]

σ =
∣∣∣∣σ11 σ12

σ21 σ22

∣∣∣∣ , (2)

where σ11 and σ22 represent the absorption of the
two basic polarization directions, and σ12 and σ21
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the cross section of birefrigence effects (Faraday effect,
double refraction etc.). These cross sections are zero only
for specific highly-symmetric directions in the crystal, oth-
erwise analytical expressions of the cross sections have to
be taken into account [14]. For example, at measurements
in the mirror plane ac (the wave vector of the γ-quantum
kγ lies in this plane) where there are two nonequivalent
groups 1 and 2 of nitroprusside ions the analytical expres-
sions for the cross sections are:

σ1
11 =

1
2
σ0f

1
LM

[
1
2
± 1

4

√
3

3 + η2
(1− η)

]
σ1

12 = σ1
21 = 0

σ2
11 =

1
2
σ0f

2
LM

[
1
2
± 1

4

√
3

3 + η2
(1− η)

]
σ2

12 = σ2
21 = 0

σ1
22 =

1
2
σ0f

1
LM

[
1
2
± 1

4

√
3

3 + η2

×
(
1− 3 sin2(Ω − θ) + η cos2(Ω − θ)

)]

σ2
22 =

1
2
σ0f

2
LM

[
1
2
± 1

4

√
3

3 + η2

×
(
1− 3 sin2(Ω + θ) + η cos2(Ω + θ)

)]
.

(3)

f1
LM and f2

LM are the Lamb-Mössbauer factors of the two
nonequivalent groups of nitroprusside ions in the ac plane
which have slightly different orientations to the c-axis
(±8◦) according to [11,12]; η is the asymmetry param-
eter of the electric field gradient; θ is the angle between
the main component of the electric field gradient tensor
and the c-axis and Ω the angle between the wave vec-
tor of the γ-quantum kγ and the c-axis. The upper index
of σ is for the two groups of nitroprusside ions, the up-
per sign in ± is for 3/2 → 1/2, and the lower sign for
1/2 → 1/2 transitions. For this highly symmetric plane
the σ12 and σ21 cross sections are zero. One can find more
details and an extensive discussion on this case in [14].
From measurements with the γ-beam directing along the
crystallographic a-, b- and c-axes and from additional
angular-dependent measurements rotating the single crys-
tal around a crystallographic axis perpendicular to the
γ-beam direction, the values for f (a)

LM, f (b)
LM and f

(c)
LM and

other parameters such as the electric field gradient (EFG)
tensor and the mean-square displacement (MSD) tensor
have been derived by a multiparameter fit.

2.3 Population conditions

MS1 and MS2 states have been populated in a- and c-
cut single-crystal samples of guanidinium nitroprusside.
The efficiency of the generation of excited states depends
on the angle between the N− C− Fe−N−O axis of the
nitroprusside anions and the electric field vector of the in-
cident light. This angle should be close to 90◦ [8] which

implies that only suitable crystal cuts can be studied and
the illumination must be preferably by polarized light.
Laser light in the blue spectral range (frequently chosen
457.8 nm) populates about 50% of the sodium nitroprus-
side molecules in MS1. In other single crystals the popu-
lation was not so high: in Li2[Fe(CN)5NO]4H2O 25% and
in K2[Fe(CN)5NO]2.5H2O only 13% [1]. The important
polarization condition to achieve high population was ful-
filled in all experiments. For population experiments with
guanidinium nitroprusside a very simple and cheap self-
made irradiation cell of twelve light-emitting diodes (LED
product of Marl) was used. The diodes emit unpolarized
light in the blue spectral region 450±35 nm with an inten-
sity of about 200 mcd each. The twelve diodes were con-
nected in parallel, six diodes on each side of the crystal,
using a 140 mA current source. A very precise determina-
tion of the light intensity was not achievable because the
irradiation cell worked under conditions of a continuous-
flow helium cryostat at 78 K. If suitable molecular ori-
entations are met this irradiation system can successfully
substitute the expensive and heavy Ar+-laser equipment
that is commonly used.

3 Results and discussion

3.1 Mössbauer absorption studies on powder samples
of barium and guanidinium nitroprussides
and comparison of the vibrational anisotropy
with X-ray structural analysis

Figure 1 shows Mössbauer spectra of barium and guani-
dinium nitroprusside taken from powder samples at room
temperature. We chose this couple of nitroprussides
because it has also been studied by X-ray structural anal-
ysis [11]. Thus, our Mössbauer spectroscopic investiga-
tions on the vibrational anisotropy of barium and guani-
dinium nitroprusside can be compared with the X-ray
results. The values of the Lamb-Mössbauer factors fLM

are related to the thermal parameters Uii(Fe) yielded by
the refinement procedure of X-ray diffraction investiga-
tions. The vibrational anisotropy follows from the rela-
tion f iiLM = exp

(
−k2

γ〈x2
ii〉
)

assuming for the mean-square
displacement parameters 〈x2

ii〉 ≡ Uii(Fe). Here kγ is the
γ-quantum wave vector. Table 1 summarizes the available
data about the Lamb-Mössbauer factors fLM extracted
either from Uii or derived by Mössbauer spectroscopy.

The results from the powder sample in [1] as well as
the results given in Figure 1 show that barium nitro-
prusside has a comparatively high Lamb-Mössbauer factor
fLM = 0.30 and does not show anisotropy (Goldanskii-
Karyagin effect). Usually, the fLM-factors of nitroprus-
sides with an organic cation are two times smaller, i.e.
for guanidinium nitroprusside we obtain the mean value
fLM = 0.16 and a well pronounced asymmetry in the crys-
tal. In both crystals the individual f iiLM, as determined
from Uii, are different which makes one expect that both
crystals should exhibit strong Goldanskii-Karyagin effect.
The results in Figure 1 disproves this expectation. Only
guanidinium nitroprusside exhibits this effect.
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Table 1. Thermal parameters Uii for barium and guanidinium nitroprusside [10], Lamb-Mössbauer factors fLM extracted from
Uii and Lamb-Mössbauer factors measured with powder samples and single crystals by Mössbauer absorption spectroscopy [1]
(and this work), and line intensity ratio I+/I− for power samples.

Parameter U11 in Å2 U22 in Å2 U33 in Å2 Orientation of Vzz

fLM f
(a)
LM from U11 f

(b)
LM from U22 f

(c)
LM from U33 I+/I− from Uii

Compound f
(a)
LM from Mö f

(b)
LM from Mö f

(c)
LM from Mö I+/I− from Mö

Barium
nitroprusside

powder sample
0.30(2)

zero Goldanskii-
Karyagin effect

162× 104

0.421
−

251× 104

0.262
−

145 × 104

0.461
−

Vzz ‖ b
0.94
0.99(2)

Guanidinium
nitroprusside

powder sample
0.16(2)

strong Goldanskii-
Karyagin effect

361× 104

0.145
0.118

293× 104

0.209
0.174

275 × 104

0.230
0.202

Vzz ‖ c
1.06
1.08(2)

Fig. 1. Mössbauer spectra of (a) barium nitroprusside and
(b) guanidinium nitroprusside recorded from powder samples
at room temperature. The measured relative intensity ratio
I+/I− as indicated.

In the following we use the f iiLM values as derived
from Uii to calculate Mössbauer line intensity ratios. The
main component Vzz of the electric field gradient in bar-
ium nitroprusside is parallel to the b-axis and the crystal

has the smallest f iiLM-factor along this crystal direction
(Tab. 1). In guanidinium nitroprusside Vzz is parallel to
the c-axis, but in this direction the f iiLM-factor has its max-
imum. The relative intensity ratio I+/I− of the right hand
(3/2→ 1/2, I+) and of the left hand (1/2→ 1/2, I−) line
of the quadrupole doublets for crystals with anisotropic
Lamb-Mössbauer factors can be received by integrating
over the total solid angle taking into account that fLM-
factors are different for the different crystal directions.
We calculated the expected anisotropy of the quadruple
doublets of barium and guanidinium nitroprussides fol-
lowing the theory of the Goldanskii-Karyagin effect [2]
and using values for f‖ along Vzz and for f⊥ perpendic-
ular to Vzz as derived from Uii (Tab. 1). According to
this procedure the doublets of both nitroprussides have
to be asymmetric: in the case of barium nitroprusside
I+/I− = 0.94 (the right hand line has lower intensity)
and for guanidinium nitroprusside I+/I− = 1.06 (the left
hand line has lower intensity). The line intensity ratio in
guanidinium nitroprusside, measured by Mössbauer spec-
troscopy (Fig. 1b) I+/I− = 1.08(2) is in good agreement
with the predicted value of 1.06. However, the quadrupole
doublet of barium nitroprusside (Fig. 1a) is practically
symmetric, I+/I− = 0.99(2), and therefore this crys-
tal possesses negligible vibrational anisotropy. This pre-
tented contradiction between X-ray and Mössbauer results
has been reported earlier. Grant et al. [14] have com-
pared the mean-square displacement parameters 〈x2〉 of
the iron sites in sodium nitroprusside measured by Möss-
bauer spectroscopy with the corresponding thermal pa-
rameters Uii extracted from an X-ray structure determi-
nation by Monoharan et al. [17]. The two methods have
yielded considerably different results. Parak et al. [18]
have observed similar discrepancies in myoglobin. They
have provided an explanation which also holds for the
present case: for X-ray diffraction the typical time of in-
teraction (Rayleigh scattering) is of the order 10−13 s,
for Mössbauer spectroscopy this time range is larger, i.e.
10−7 ÷ 10−8 s. Evidently, the two methods yield infor-
mation about vibrational anisotropy and dynamical pro-
cesses in two totally different regions of the time scale.
In the short time scale (∼ 10−13 s) the vibrational
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Table 2. Mössbauer parameters of guanidinium nitroprusside
single crystals for different axis orientations, recorded at room
temperature: isomer shift δ, quadrupole splitting ∆EQ, and
left and right line widths Γ− and Γ+, respectively, in mm/s,
and line intensity ratio I−/I+.

Parameter δa ∆EQ Γ− Γ+ I−/I+
Sample [mm/s] [mm/s] [mm/s] [mm/s]

a-cut −0.252(3) 1.852(3) 0.248(3) 0.244(3) 1.62(1)
b-cut −0.249(3) 1.850(3) 0.256(3) 0.257(3) 1.62(1)
c-cut −0.252(3) 1.854(3) 0.233(3) 0.266(3) 0.44(1)

a relative to α-Fe at room temperature.

properties of the iron atoms in the nitroprusside cations
are detected and found to be anisotropic in both crys-
tals, as it is shown by the X-ray analysis. In the long time
scale (10−7÷10−8 s) the long-wavelength, low-energy lat-
tice phonons, causing a low Lamb-Mössbauer factor, re-
flect the vibrational anisotropy of the crystal as a whole.
Thus the considerably smaller Lamb-Mössbauer factor of
guanidinium nitroprusside provides evidence that only in
this case (and not in barium nitroprusside) anisotropic
lattice vibrations are detected and cause a measurable
Goldanskii-Karyagin effect. At the low-frequency limit the
Debye approximation should hold. When using the equa-
tion for the Debye temperature [2], θD =

√
−6ERT
k ln(fLM) , T ≥

ΘD/2, where ER is the recoil energy of the iron nucleus, k
the Boltzmann constant, T the absolute temperature and
fLM ∼ 0.1 the mean value of the Lamb-Mössbauer fac-
tor for guanidinium nitroprusside, the Debye temperature
takes the value ΘD ∼ 130 K. The corresponding shortest
phonon wavelength λ ∼ 7 Å is derived from λ = hc/kθD,
with h being the Planck constant and using for the ve-
locity of sound the value c = 2 000 ms−1. A correspond-
ing calculation for barium nitroprusside with fLM ∼ 0.3
yields a slightly shorter phonon wavelength (∼ 5 Å). Thus,
the low-frequency vibrations, with wavelengths & 7 Å
(and also & 5 Å) are susceptible to structural anisotropies
which affect the vibrational mean-square displacement of
the nitroprusside anions as a whole.

3.2 Mössbauer absorption studies on single-crystalline
guanidinium nitroprusside

Figure 2 shows Mössbauer spectra of guanidinium ni-
troprusside single crystals recorded at room temperature
with the a, b, and c crystallographic axes parallel to the
incident radiation. The Mössbauer parameters δ and ∆EQ

obtained for guanidinium nitroprusside (Tab. 2) are very
close to the parameters of a large number of iron nitroprus-
sides already published [1]. The measured line-intensity
ratio I−/I+ of the a- and b-cut crystals are practically
identical, whereas for the c-cut crystal a significantly dif-
ferent intensity ratio of the two quadrupole lines is ob-
served (Tab. 2 and Fig. 2). In case of threefold or higher
molecular symmetry, which applies for guanidinium ni-
troprusside [11], the asymmetry parameter of the EFG is

Fig. 2. Mössbauer spectra of guanidinium nitroprusside sin-
gle crystals recorded at room temperature with the a, b, and
c crystallographic axes parallel to the incident radiation and
with thicknesses as indicated. Least-squares fits (solid lines)
using Lorentzians yield hyperfine parameters as summarized
in Table 2.

zero (η = 0) and hence the intensity ratio of the right
hand (3/2 → 1/2, I+) and the left hand (1/2 → 1/2, I−)
line of the quadrupole doublets is (in the thin absorber ap-
proximation and for positive EFG component Vzz) given
by [14]

I−
I+

=
2/3 + sin2 β

1 + cos2 β
, (4)

with β describing the angle between the γ-beam prop-
agation and the symmetry axis of the EFG tensor. For
β = 90◦ the intensity ratio is 5:3, which is close to the ob-
served ratios for the a- and b-cut crystals (∼ 1.6) whereas
for β = 0◦ the ratio is 1:3, from which the observed value
for the c-cut crystal (0.44) slightly deviates. From these
results it is evident that in guanidinium nitroprusside the
symmetry axis of the EFG tensor of the [Fe(CN)5NO]2−

anions is close to but not completely coincident with
the crystallographic c-axis. This is consistent with
the X-ray structure determination of the guanidinium
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Fig. 3. Angular-dependent ratio t−/t+ of the effective thick-
nesses of the left and right lines, t− and t+, of the quadrupole
doublet of guanidinium nitroprusside as obtained from a mea-
surement (open squares) rotating the single crystal by Ω (see
Eq. (3)) around the crystallographic b-axis (which in this case
is perpendicular to the γ-beam) and keeping the γ-beam within
the ac-plane. The angle of 90◦ corresponds to the situation of
c-axis perpendicular to γ-beam. The inset shows the experi-
mental setup. The solid line results from a multiparameter fit
of the experimental data.

nitroprusside crystal [11,12] which yields two differ-
ent orientations of the intramolecular symmetry axis
(N− C− Fe−N−O) of the [Fe(CN)5NO]2− anions
which deviate by about ±8◦ from the crystallographic c-
axis. Consequently, all [Fe(CN)5NO]2− anions in the crys-
tal have nearly the same orientation, which is an excel-
lent prerequisite to study the vibrational anisotropy in
the equatorial and axial direction.

Figure 3 exhibits the angular-dependent ratio t−/t+ of
the effective thicknesses of the left and right hand lines, t−
and t+ of the quadrupole doublet of guanidinium nitro-
prusside as obtained from rotating the single crystal by
Ω around the crystallographic b-axis which in this case
is perpendicular to kγ . The solid line in Figure 3 results
from calculating t−/t+ according to equation (1) taking
into account polarization effects and the precise cross sec-
tion equations for σ21 and σ22, equation (3). In order to
increase the accuracy of the fit parameters f (a)

LM, f (b)
LM and

f
(c)
LM, this procedure requires as many as possible differ-

ent crystal orientations. The necessary angular-dependent
changes of geometrical thickness, which the γ-beam has to
transmit, were carefully included. The fit procedure also
requires the careful determination of the recoilless part R
of the γ-quanta in the window of the differential discrim-
inator.

We have applied the “control absorber” method with
“black filter” (Fig. 3, inset) to determine R. Moving the
“black filter” (57FeOOH), which was placed in front of the
detector, at very high velocity (±200 mm/s) excludes res-
onance absorption in the “black filter” (only nonresonant
absorption in the “black filter” decreases the beam inten-

sity by about 10%). Under these conditions Mössbauer
absorption spectra, such as those presented in Figure 2,
were accumulated. With both source (±30 mm/s) and the
“black filter” (±200 mm/s) moving at high velocity reso-
nance absorption in the guanidinium nitroprusside single
crystal and in the “black filter” is excluded. In this case
the detector registers both the transmitted resonant and
nonresonant radiation of the source (N1). For both source
and “black filter” being fixed (0 mm/s) the detector counts
only the nonresonant radiation (N2) because the resonant
component is absorbed in the “black filter”. Hence, R is
obtained from the expression

R =
N1 −N2

εN1
, (5)

with ε being the “black filter” resonance absorption abil-
ity [19]. This correction must be taken into account since
the “black filter” (15.4 mg/cm2 57FeOOH with an effec-
tive thickness of about 100) cannot absorb all resonant
γ-quanta. The measured counts N2 are the sum of non-
resonant radiation and a very small fraction of resonant
γ-quanta which pass through the “black filter”. Given the
value of the “black filter” effective thickness, we can cal-
culate the resonance absorption ability or the so-called
“blackness” of the filter using equation (1). Calculations
show that the measured values of R are about 5% lower
than the theoretical ones. For the “black filter” used here
the values of R should be corrected with ε = 0.95.

In addition to the measurements shown in Figure 3
angular-dependent measurements have been performed
keeping kγ within the ab- and the bc-plane, respectively
(not shown). The combined experimental data obtained
from the various single-crystal orientations with respect
to kγ provide the information for a successful multipa-
rameter fit of Mössbauer parameters among which the
significant anisotropy of fLM is the most striking re-
sult: f (a)

LM = 0.118(8), f (b)
LM = 0.174(8), f (c)

LM = 0.202(8).
The average of these values is consistent with the Lamb-
Mössbauer factor fLM = 0.16 that has been determined
for a powder sample of guanidinium nitroprusside [1]. The
large difference between f

(a)
LM and f

(c)
LM provides clear evi-

dence for lattice vibrational anisotropy.
Although all [Fe(CN)5NO]2− anions have almost same

orientation their stereostructural surroundings in the
three principal crystal directions are quite different, e.g.,
the normals of the two planar guanidinium cations, which
are not related to one another by a symmetry transforma-
tion, lie in the ac-plane having angles 35◦ and 55◦ with the
c-axis, respectively [12]. In addition the chemical bonding
between the large organic guanidinium cations and the
nitroprusside anions is very weak because of the large
distance of 3.12 Å between the H-atoms in (CN3H6)+

and the N-atoms in [Fe(CN)5NO]2− [12], in contrast to
the situation of nitroprusside with inorganic counteri-
ons where the distance between cations and anions is
much smaller. Hence, it is the large and anisotropic vibra-
tional mean-square displacement 〈x2〉 of [Fe(CN)5NO]2−

as a whole which causes the relatively small but strongly
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Fig. 4. Mössbauer spectra of guanidinium nitroprusside single
crystals with ground state (GS) and light-excited metastable
states MS1 and MS2 at 77 K. (a) Crystallographic c-axis par-
allel to the incident radiation; inset shows the illumination cell.
(b) Crystallographic a-axis parallel to the incident radiation;
inset shows population saturation observed for c- and a-cuts.

anisotropic Lamb-Mössbauer factor in guanidinium nitro-
prusside. Since the Lamb-Mössbauer factor is the prod-
uct of an intra-molecular contribution fmol

LM and an inter -
molecular (lattice) contribution f lat

LM it is clear that the
observed asymmetry of line intensities in powder samples
of guanidinium nitroprusside (Fig. 1b) is solely due to the
anisotropy of f lat

LM, while fmol
LM is isotropic as in the ni-

troprussides with inorganic cations. Therefore the initial
guess, that this asymmetry of line intensities of powder
samples cannot be explained by texture in the absorber
but is caused by the Goldanskii-Karyagin effect, is con-
firmed by these measurements on single crystals.

3.3 Population of the metastable excited states

The structural features of guanidinium nitroprusside make
it possible to achieve maximum population of the ex-
cited states even when irradiating the crystal with un-
polarized light. In a c-cut crystal all molecular axes

C−N− Fe−N−O of the nitroprusside anions are ori-
entated almost perpendicular to the crystal surface. Thus
when illuminating the crystal at an angle of nearly 90◦
to its surface the light electric field vector will always be
perpendicular to the molecular symmetry axes despite of
the fact that the illuminating light is not polarized. In this
case the crystal can be populated close to the maximum
attainable saturation. The Mössbauer beam propagates
through an opening of the diode circuits and is also ori-
ented normal to the crystal surface (Fig. 4a, inset).

In accordance with our estimate, the c-cut al-
lows to achieve considerable population of excited
states (Fig. 4a). Assuming equal values of the Lamb-
Mössbauer factors for all states the following popu-
lations are derived: IGS

∼= 74%, IMS1+MS2
∼= 26%.

The Mössbauer parameters of the excited metastable
states MS1 and MS2, δ = −0.010(3) mm/s and
∆EQ = 2.929(3) mm/s, are in accordance with
data published for other nitroprussides [1,3,5,8].
Heating the target up to 150 K (temperature higher than
that at which MS2 decays [20]) and after one hour cooling
to 77 K resulted in a change of the spectrum. About 7%
of MS1 and MS2 is transferred back to the ground state.

For the other crystal orientation (a-cut) the molec-
ular symmetry axes are perpendicular to the direction
of the illuminating light. In this case the percentage of
molecules in metastable states MS1 and MS2 is only 10.5%
(Fig. 4b). In the inset of Figure 4b the saturation be-
haviour of the population, observed in a- and c-crystal
directions is shown. Hauser et al. have obtained satura-
tion populations of ∼ 50% for single crystals and about
1/3 of that for frozen solution of sodium nitroprusside,
using laser light [8]. Keeping in mind that the molecular
symmetry axis is not completely parallel to the c-axis in
guanidinium nitroprusside and that the LEDs do not ir-
radiate exactly along the normal of the crystal surface the
ratio of populations obtained for “polarized” (c-cut) and
“unpolarized” (a-cut) conditions (Fig. 4b, inset) is close
to the value 1/3 observed for sodium nitroprusside us-
ing laser light (vide supra). The energy density needed to
achieve saturation of excited states (∼ 2 500 Ws/cm2) is
in both experiments, using laser or LED irradiation about
the same. In summary, we note that a simple LED cell can
successfully substitute the Ar+-laser equipment that is so
far used for populating excited states in nitroprussides.

4 Conclusion

Guanidinium nitroprusside exhibits a pronounced aniso-
tropy of the Lamb-Mössbauer factor fLM as observed in
single crystals with different orientations of their prin-
cipal crystallographic axes with respect to the γ-beam.
The anisotropy of fLM is ascribed to the anisotropic vi-
brational mean-square displacement of the nitroprusside
anions as a whole. This behaviour proves that the ob-
served asymmetry of line intensities of powder samples is
due to the Goldanskii-Karyagin effect. The small values of
fLM result from the very weak chemical bonding between
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the guanidinium cations and the nitroprusside anions. The
anisotropy of the thermal parameters Uii for the iron atom
in barium nitroprusside observed in X-ray structural stud-
ies does not manifest itself in Mössbauer spectroscopy:
powder samples of barium nitroprusside do not exhibit
the Goldanskii-Karyagin effect. This difference in observ-
ing crystal anisotropies is due to the different time scales
of the two methods.

The recently discovered metastable states of the ni-
troprusside anions which can be optically excited were
populated up to 26% in c-cut guanidinium nitroprusside.
This makes guanidinium nitroprusside besides sodium ni-
troprusside a favorable candidate with respect to its pop-
ulation coefficient. Optical pumping in our experiments
was carried out by means of a simple self-made illumina-
tion cell with twelve LEDs.

V. R. gratefully acknowledges the support by the Volkswagen-
Foundation and by the Alexander von Humboldt-Foundation.
We thank K.-H. Finder for the technical assistance with the
population experiments.
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