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Study by X-Ray Crystallography and Méssbauer Spectroscopy of the
Hexacyanoferrate(in) Compounds Cs.M[Fe(CN),] (M = Li, Na, or K)

By Steven R. Fletcher and T. C. Gibb,* Department of Inorganic and Structural Chemistry, The University,

Leeds LS2 9JT

The crystal structures of Cs,Na[Fe(CN),e] (I) and Cs,K[Fe(CN)¢] (1I) have been elucidated by single-crystal X-ray
analysis and compared with that of Cs,Li[Fe(CN)g]. Crystals of both are monoclinic, space group P2,/n, with
Z =2 in unit cells of dimensions: (I), a =10.870(1), b = 7.709(1), ¢ = 7.5673(1) A, B = 89.994(6)°; (II),
a =11.140(1),b6 = 8.131(1),c = 7.660(1)A, B = 90.165(7)°. The Mdssbauer spectra of the series are discussed
with particular reference to lattice dynamics, and to electronic spin-relaxation of the 1,5 S = 3 configuration.

PorassiuM hexacyanoferrate(it1), Ky[Fe(CN),], has been
extensively studied ! as the prototype material for the
T, (ta,%) configuration of low-spin iron(ir). However,
the symmetry of the ligand field at the iron site is only
rhombic, and in consequence the compound is difficult to
study. The recently prepared? compound Cs,Li[Fe-
(CN)g] has a cubic Fm3m structure in which Li* and
[Fe(CN)g]3~ ions occupy alternate corners of a cube and
Cs* ions occupy the body centres. The structure 3 of
Kj[Fe(CN)g] can be considered as a highly distorted
version of this cubic lattice, and presents the possibility
that other double salts might exist which are less
distorted with perhaps a tetragonal symmetry at the
iron site. This paper reports the preparation and
crystal structures of Cs,Na[Fe(CN)g] and Cs,K[Fe(CN)g],
and a detailed study by Mossbauer spectroscopy of the
series Cs,M[Fe(CN)g] (M = Li, Na, and K).

EXPERIMENTAL

All three compounds were prepared from K,[Fe(CN)g],
the appropriate cations being introduced by ion-exchange
separations,? and were crystallised from aqueous solution.
Cs,Na[Fe(CN),] proved to be comparatively insoluble.
The sample of Cs,Li[Fe(CN)]s was examined by X-ray
powder diffraction and found to have the Fm3m structure
as published 2 with no impurity lines. The stoicheiometry
of Cs,Na[Fe(CN),] was initially characterised by a caesium
analysis {Found: Cs, 52.7. Cs,Na[Fe(CN);]requires 53.29%,},
and that of Cs,K[Fe(CN)g] by allowing it to react with
excess of KI and titrating the liberated iodine {Found:
[Fe(CN)g]*, 41.2. Cs,K[Fe(CN)g] requires 41.0%,}.

Mbssbauer spectra were recorded in the temperature
range 4.2—295 K by use of a Ricor MCH 5 variable-
temperature cryostat, and calibrated by use of an enriched
iron metal foil at room temperature.

Both Cs,Na[Fe(CN),] and Cs,K[Fe(CN),] crystallise as
good optical quality yellow polyhedra. Preliminary ro-
tation and Weissenberg photographs showed that the
crystal lattices of both compounds were very closely related
to that of the cubic Cs,Li[Fe(CN)y].2 More careful in-
spection, however, revealed that in both cases the sym-
metry was lowered to monoclinic. The unique axis and
one other are related to the ‘ cubic ’ repeat distance by a
factor of ca. 1/4/2, giving a monoclinic unit cell of half the
volume of the pseudocubic cell. Accurate unit-cell dimen-
sions were obtained by a least-squares fit of sin values (30
for each crystal) measured on a diffractometer.

Crystal Data.—(a) C4Cs,FeNgNa (I), M = 500.8, Mono-

! 'W. T. Oosterhuis and G Lang, Phys. Rev., 1969, 178, 439.

2 B. I. Swanson and R. R. Ryan, Inorg. Chem., 1973, 12, 283.

8 B. N. Figgis, M. Gerloch, and R. Mason, Proc. Roy. Soc.,

1969, A309, 91.
4+ W. R. Busing and H. A. Levy, Acta Cryst., 19517, 10, 180.

clinic, @ = 10.870(1), b = 7.709(1), ¢ = 7.573(1) A, B =
89.994(6)°, U = 634.6 A%, Z =2, D,=262 g cm™.
Space-group P2,/n. Cu-K, radiation, A = 1.540 51 A;
w(Cu-Ky,) = 541.8 cm™.,

(b) Ce¢Cs,FeKNg (II), M = 516.9, Monoclinic, a =
11.140(1), b = 8.131(1), ¢ = 7.660(1) A, B = 90.165(7)°,
U=26938 A3, Z =2, D,= 247 g cm™. Space-group
P2i/n. p(Cu-K,) = 518.3 cm™,

The crystals selected for intensity data collection
measured ca. 0.2 X 0.15 X 0.1 (I) and 0.3 x 0.3 x 0.1
(II) mm respectively. Data were measured on a Nonius
CAD 4 automatic four-circle diffractometer by use of
monochromatised Cu-K, radiation. Intensities were re-
corded in the 6—20 scan mode using a scintillation counter
and pulse-height discrimination. Control reflections,
measured at intervals of 50 reflections during both data
collections, did not vary by >+29%. In the case of
Cs,Na[Fe(CN),] a total of 1 202 independent reflections (to
6 70°) was measured, of which 897 having I > 2.580()
were considered observed, where I = P — 2(B, + B,) and
o¥I) = P + 4(B, + B,) + (0.05I)2.  For Cs,K[Fe(CN),]
these values were 1 315 independent reflections measured
and 1118 observed. The intensities were corrected for
Lorentz and polarisation factors.

Solution and Refinement of the Structure.—The structures
were solved by using metal-atom co-ordinates derived from
the structure of Cs,Li[Fe(CN),] as starting parameters for
least-squares refinement. From subsequent difference-
Fourier syntheses the carbon and nitrogen atoms were
located. Inclusion of these in the isotropic least-squares
refinement gave R factors of 0.127 (I) and 0.061 (II).
Data were now corrected for absorption by use of the
Gaussian integration technique ¢ with crystal pathlengths
determined by a vector-analysis procedure.® Refinement
as before gave R 0.111 (I) and 0.110 (II). When the metal
atoms were allowed to refine with anisotropic thermal
parameters R values were reduced to 0.090 and 0.094, and a
fully anisotropic refinement converged with R 0.067 (I) and
0.083 (II). Finally an extinction correction was applied,®
the coefficient g being varied in the least-squares refine-
ment. Final values of g were 5.6 X 107 and 8.6 x 10
respectively, and the final R factors 0.060 and 0.075. The
reflections were assigned weights of 1/o2 in the least-squares
refinement, derived from the expression for ¢ already given.

Full-matrix least-squares refinement was used through-
out. Atomic scattering factors were from ref. 7, and the
real and imaginary parts of the anomalous dispersion
corrections for the metal atoms were from ref. 8. Calcu-
lations were carried out using the University of Leeds ICL

5 P. Coppens, L. Leiserowitz, and D. Rabinovich, Acta Cryst.,
1965, 18, 1035.

¢ W. H. Zachariasen, Acta Cryst., 1967, 28, 558.

? D. T, Cromer and J. T. Waber, Acta Cryst., 1965, 18, 104,
8 D. T. Cromer, Acta Cryst., 1965, 18, 17.
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1906A and the University of Manchester CDC 7600 com-
puters with programs listed in ref. 9.

Table 1 lists the final fractional co-ordinates with their
estimated standard deviations. The coefficients in the
expression for the anisotropic temperature factor,
exp[—2n2(U, h%a*? + Uyk?b*? 4 U,yl2c*? + 2Uhka*b* +
QU ghla*c* ++ 2U ,kilb*c*))], and the root-mean-square ampli-
tudes of vibration along the principal axes of the thermal
ellipsoid are listed, together with observed and calculated
structure amplitudes, in Supplementary Publication No.
SUP 21901 (15 pp., 1 microfiche).*

TABLE 1

Fractional co-ordinates, with estimated standard
deviations in parentheses

x y z
(a) Cs,Na[Fe(CN)], (I)
Cs 0.249 96(8) 0.459 60(11) —0.009 18(11)
Na 0.0 0.5 0.5
Fe 0.0 0.0 0.0
c(1) 0.019 2(10) 0.142 2(14) —0.205 9(13)
c(2) 0.024 2(9) —0.205 4(14) —0.143 5(13)
C(3) 0.174 7(10) 0.006 1(14) 0.040 5(14)
N(1) 0.032 8(11) 0.227 4(14) —0.329 9(13)
N(2) 0.037 8(10) —0.323 2(14) —0.230 7(12)
N(3) 0.278 7(9) 0.014 7(16) 0.068 0(16)
(b) Cs,K[Fe(CN),], (I1)

Cs 0.250 55(7) 0.432 51(10) —0.020 65(11)
K 0.0 0.5 0.5
Fe 0.0 0.0 0.0
c(1) 0.029 6(10) 0.128 0(15) —0.207 6(14)
C(2) 0.038 7(11) —0.199 1(14) —0.123 4(13)
C(3) 0.165 4(10) 0.019 3(15) 0.068 3(15)
N(1) 0.049 7(12) 0.203 1(14) —0.332 6{14)
N(2) 0.060 8(12) —0.319 8(15) —0.197 2(15)
N(3) 0.262 9(10) 0.035 7(15) 0.113 1(17)

DESCRIPTION OF THE STRUCTURES AND DISCUSSION

Figures 1 and 2t show the crystal structures of
Csy,Na[Fe(CN),], (I), and Cs,K[Fe(CN)g], (II), in pro-
jection down the a4 and b axes. More important inter-
atomic distances and angles are listed in Table 2. Both
structures are similar to that? of the cubic Cs,Li-
[Fe(CN)g] but there is a lowering of symmetry and a
progressive distortion as the lithium ion is replaced by
first sodium and then potassium. In both cases the iron
atom and the smaller alkali-metal cation occupy in-
version centres in the space group P2,/#, while the
caesium jon and the cyano-ligands are in general
positions.

The lower symmetry in these structures clearly results
from distortion due to the different sizes of the cations
substituted for lithium. This distortion may be con-
sidered as a combination of three concerted effects. In
both cases the unit cell, which is pseudo-tetragonal with
the pseudo-four-fold axis parallel to the crystallo-
graphic a axis, has & slightly longer than ¢, such that
b > af+/2 > c¢. The caesium ions, initially positioned
at (1/4,1/2,0) as derived from the cubic structure, moved
away from these positions during the course of least-
squares refinement by 0.32 A for the Na and 0.57 A for

* See Notice to Authors No. 7 in J.C.S. Dalton, 1976, Index
issue.

t In Figures 1(a) and 2(a) the Na and K ions, as given in Table
1, are hidden by the iron atom in the centre of the projection,
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the K salt. In addition the hexacyanoferrate ions are
forced to rotate to adopt a favourable orientation
between the alkali-metal cations. This rotation may be
defined by the angles made by each of the three in-
dependent Fe—C-N vectors with the closest crystallo-
graphic axis. These angles are 10.1, 34.9, and 36.3°
(Na) and 16.5, 33.0, and 34.3° (K) relative to the a, b,

Ficure 1 The structure of Cs;Na[Fe(CN),] viewed in projection
along (a) the @, and (b) the b axis. Thermal ellipsoids are
scaled to enclose 50%, probability

and ¢ axes respectively. In a situation approaching
cubic symmetry these angles would, of course, tend to
0, 45, and 45°.

. There appears to be much less free space in the two
crystal structures reported here than in Cs,Li[Fe(CN)4].%
There the caesium ion occupies too large a cavity, with
the Cs- -+ N distance being 3.762 A. In both the Na
and K salts, however, the Cs - - - N distances are much
closer to the sum of the combined atomic radii (3.24 A).1
The Na---Nand K - - - N distances are also near to the
predicted values (2.45 and 2.85 A). While the Li
structure is basically held together by strong Li-N bonds,

? ¢ X-Ray '70,’ system of programs, eds. J. M. Stewart, F. A.
Kundell, and J. C. Baldwin, 1970 revision of University of Mary-
land Technical Report 67-58; also 1972 version, Technical

Report TR 192.
10 1, C. Slater, J. Chem. Phys., 1964, 41, 3199.
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it would seem that in the present structures there are
bonds from the cyano-ligands to both alkali-metal
cations. It is interesting that the K - - - N distances in
CsK[Fe(CN)g] are all less than the mean K:--N
distance of 3.03 A in K,[Fe(CN),).3

There is no significant distortion from octahedral
geometry in the hexacyanoferrate ion, and the Fe—C and

(b)

FIGURE 2 The structure of Cs,K[Fe(CN)4] viewed in projection

along (a) the a, and (b) the b axis. Thermal ellipsoids are

scaled to enclose 509, probability

C-N bond distances are in good agreement with those in
Cs,Li[Fe(CN)g] and Kg4[Fe(CN)g]. As shown later, it
seems most probable that the principal factor causing
the observed splitting in the Mossbauer spectra is the
unsymmetrical caesium environment of the iron atoms.
In Cs,Li[Fe(CN)g] each iron atom is surrounded by eight
caesium ions at the corners of a cube. In the present
two structures that cube has become distorted to a
parallelepiped with Fe - - - Cs distances varying between

311

4.466 and 4.974 A in Cs,Na[Fe(CN),] and between 4.493
and 5.395 A in Cs,K[Fe(CN),).

Although the symmetry of the lattice is lowered from
cubic to monoclinic when lithium ions are substituted
by sodium or potassium, the monoclinic 8 angles remain
very close to 90°, indeed not significantly different in the
case of Cs,Na[Fe(CN)s]. This may be compared with
the situation in Kg[Fe(CN)¢] ® which crystallises in the
monoclinic space group P2,/c, with one potassium ion in
a general position and one on an inversion centre, and
with a unit cell of similar axial lengths to those in the

TABLE 2

Interatomic distances (A) and angles (°) for Cs,M[Fe(CN),]
with estimated standard deviations in parentheses

M Li* Na K
Fe—C(1) 1.917(10) 1.930(11)
Fe—C(2) 1.926(3) 1.939(10) 1.924(11)
Fe—C(3) 1.924(11) 1.921(11)
C(1)=N(1) 1.155(14) 1.158(16)
C(2)-N(2) 1.148(5) 1.133(15) 1.159(17)
C(3)-N(3) 1.152(15) 1.146(16)
C(1)~Fe-C(2) 89.8(4) 90.6(5)
C(1)-Fe—C(3) 90 90.5(4) 90.8(5)
C(2)~Fe—C(3) 89.5(4) 89.2(5)
Fe—C(1)-N(1) 178.8(10) 178.5(11)
Fe—C(2)-N(2) 180 178.4(10) 179.2(11)
Fe—C(3)-N(3) 177.7(11) 177.4(11)
Cs- N§2)l) 3.307(11) 3.215(13)

s--- N3 3.493(13) 3.388(13)
Cs - - - N(31) 3.762(1) 3.382(12) 3.237(13)
Cs - - + N(111) 3.365(11) 3.327(12)
M- - N@W) 2.487(10) 2:824(12)
M- N(Y) 2.212(3) 2.491(10) 2.789(11)
M- - - N(31) 2.462(10) 2.797(11)

* From ref. 1. Roman numeral superscripts refer to atoms
in the following positions:

Ix,14+9,2
Mi—xi+yt-=2
III*“M&"‘}':—-Q"‘Z

IVx14+y 142
Vaxyl+z

present study. However, in K4[Fe(CN)g] the longest
axis is the unique monoclinic b axis, and the 8 angle is
107°.

MOSSBAUER SPECTRA AND DISCUSSION

Typical Mdssbauer spectra of the three compounds
are shown in Figures 3—5. At 292 K the M0ssbauer
spectrum of Cs,Li[Fe(CN)g] comprises a single line
appropriate to strict 0, symmetry of the [Fe(CN)g3-
anion as indicated by the Fm3m crystal structure.
However, the #2,% configuration is in principle subject to
a weak Jahn-Teller effect, and the possibility of a dis-
tortion or phase change at low temperatures was ex-
amined. A gradual broadening of the resonance line
begins at ca. 200 K (Figure 6), but as shown later this
can be attributed entirely to spin-lattice relaxation, and
is unlikely to be due to quadrupole splitting from a
small distortion. The linewidth increased from 0.29
mm s at 292 K to 0.43 mm s at 87 K, but an ex-
ploratory measurement at 4.2 K confirmed that there is
no further broadening or significant change in the
spectrum below 87 K.

In contrast, Cs,Na[Fe(CN)¢] shows a small tem-
perature-dependent quadrupole splitting. This is clearly
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seen at low temperatures, but is barely resolved at 293 K
Each spectrum was curve-fitted with two

(Figure 4).

c
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FicurRE 3 Mdossbauer spectra of CsyLi[Fe(CN)¢] at (a) 87,
(b) 162, and (c) 292 K
c
2
2
E
e
o
-
1 1 1

-1 0 4]
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FIGURE 4 Mossbauer spectra of CsyNa[Fe(CN),] at (a) 84,
(b) 162, and (c) 293 K

J.C.S. Dalton

Lorentzian lines constrained to have equal widths and
intensities. This procedure resulted in values for the
quadrupole splitting (Figure 7) and linewidths (Figure 6)
which were self-consistent. Although the finite thick-
ness of the absorber will introduce a small systematic

Transmission

1 L 1

-1 0 +1
1

Velocity /mm s~

FiGURE 8 Mbossbauer spectra of Cs,K[Fe(CN),] at (a) 87,
(b) 162, and (c) 293 K

ot Li Na K
el 040- ﬁ F L
e f } }
E , }
% { f 4
g 0300 L ! T
3 + 4 h + '} * *
4##’4 R
020

0 100 200 3000 100 200 3000 100 200 300
T/K

FiGURE 6 The experimental linewidth of the Mdssbauer
spectrum of Cs,M[Fe(CN)¢] (M = Li, Na, or K) as a function
of temperature. (Values shown as open circles were obtained
using a different absorber and are therefore not fully self-
consistent with the other data)

error because of saturation, it is considered that a more
accurate °‘transmission-integral ’ analysis is an un-
necessary complication, and in practice the absorbers
were made as thin as possible to minimise the errors.
The spectra of Cs,K[Fe(CN)q] are similar, but with a
more pronounced splitting. The presence of a tem-
perature-dependent quadrupole splitting in these two
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compounds confirms the non-cubic symmetry of the
ligand field at the iron site.

[ )
T 03
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©

S °% o
2 . %o
s o
£ oo * °o
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-§‘. te .n *
3 L ]
g
S 01+

; 1 1 i

0 100 200 300

T/K

FiGure 7 Temperature-dependence of quadrupole splitting
in CsgNa[Fe(CN),] and Cs,K{Fe(CN),]; open circles K, closed
circles Na

Lattice Dynamics.—A self-consistent set of data for
the temperature dependence of the spectrum area was
obtained for each compound (Figure 8), together with
values for the chemical isomer shift (Figure 9; with
respect to Fe metal at room temperature). These can
be related to the lattice dynamical properties of the
resonant nucleus.

The recoilless fraction f (which for a thin absorber is
related linearly to the spectrum area) is determined by
the mean-square vibrational amplitude <x2) such that
f = exp{—E,*x%y/(hc)?}, where E, is the energy of the
v ray, cisthe velocity of light, and % is Planck’s constant.
The second-order Doppler shift, 3E/E,, which accounts
for the temperature-dependence of the chemical-isomer

\

-Q4-

-06-

In {area)

0

T/K
FiGure 8 Temperature-dependence of spectrum area for

CssM[Fe(CN)y] (M = Li, Na, or K).
squares fit

Solid lines are a least-
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shift (neglecting thermal expansion effects) is related to
the mean-square velocity <(v2): 3E[E, = —{v¥)/2

In a molecular solid it is often found that (x%) is
weighted towards the lower frequencies (i.e. the lattice
or intermolecular vibrations) while (v*) is weighted
towards the higher frequencies (i.¢. the intramolecular
vibrations). For this reason Hazony devised a simple
two-frequency model 1* which he applied to experi-
mental data for K,[Fe(CN)g], and in view of the similar
nature of the new compounds it is interesting to con-
sider them by use of the same model.

Following his nomenclature the low and high fre-
quencies and the corresponding ‘ lattice temperatures ’
are denoted by ke, = k8 and %, = kO respectively.

-0-04:

-008,

“n-010)

§ /mm

-012

-014

0 100 200 300
T/K
Ficure 9 Temperature-dependence of the chemical-isomer
shift. Solid lines represent a theoretical fit using a two-
frequency model

At intermediate temperature where 6, < T < 8; it is
possible to show 11 that:

Soinf & —(RE M1 (k0))
and
SEJE, = —3E,[(B8M')(} -+ 1) + (#04/M"e3)(} + )]

where =, = [exp(8;/T) — 1], M’ is the molecular mass,
M is the mass of the resonant nucleus, and M"' =
M'M|M' — M).

The linear dependence of In f (and hence the spectrum
area) on temperature can be used directly to determine
the lattice temperature 6, The data of Figure 8 have
been analysed in this way, giving values for 6, in
Cs,Li[Fe(CN)g] (57 K), Cs,Na[Fe(CN)y] (63 K), and
Cs,K[Fe(CN)g] (54 K). Although the variations are
comparatively small, the higher value for the sodium
compound is commensurate with its lower solubility
and presumably higher lattice energy. The value

11 Y, Hazony, J. Chem. Phys., 1966, 45, 2664.
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obtained by Hazony ! for K,[Fe(CN)y] was 75 K, which
presumably is higher because of the increase in overall
charge on the anion.

The values of 6, were used to deduce 6; from the
chemical-isomer shift data. In all three compounds a
value of 65 650 4 50 K was found, compared to a similar
value of 700 4- 50 K in K,[Fe(CN);]. When the zero-
point motion is taken into account by extrapolation of
the observed shift data to 0 K using the experimental
values for 6, and 6, it is possible to calculate ‘ true’
values for the chemical-isomer shift. The extrapolated
values at 0 K are —0.049, —0.043, and —0.038 mm s,
and the ¢ true values ' are 0.129, 0.135, and 0.140 mm s1
for Cs,Li[Fe(CN)gl, Cs,Na[Fe(CN)g], and Cs,K[Fe(CN)g]
respectively. The small progressive increase along the
series is a reflection of the decreasing covalency of the
cation with the anion, although the mechanism by
which this influences the iron atom can only be con-
jectured. The corresponding ‘true’ value in K,
[Fe(CN)g] is 0.441 mm s, which is much larger, as
expected for the change in oxidation state.

Spin-relaxation and  Line-broadening.—The line-
broadening seen in all three compounds can be attri-
buted to slow relaxation of the electron spin [the #,,°
configuration of iron(1mr) has S = 4]. The relaxation is
caused by the combined effects of spin-lattice relaxation
(correlation time <;) and spin—spin relaxation (rg), and
the effective correlation time is given by: 1/t = 1/v; +
1/~s.

In most circumstances tg is independent of tem-
perature and v increases with decreasing temperature.
It is therefore possible to attribute the initial broadening
to the slowing down of spin-lattice relaxation. Both
Cs,Li[Fe(CN)q] and Cs,Na[Fe(CN),] were shown to have
an effectively constant linewidth below 80 K, and similar
effects have been recorded! in K [Fe(CN)g]. This
limiting behaviour is determined by the values of <.

The problem of spin-relaxation broadening in a
single-line absorber with no quadrupole interaction has
been treated by Bradford and Marshall.'* The hyper-
fine interaction for the nuclear ground-state spin I with
the electron spin S is given by: 5, = AI.S and is
isotropic so that 4 can be treated as a scalar. With
their nomenclature and writing the corresponding
equation for the nuclear excited-state spin J as o, =
A'J . S, the final expression for the absorption as a
function of frequency e is given by their equation 3.16 as:

Aw) ~

I+ b/R b b (' + R)

o T (T + b/RE P (‘R‘z) TR T RY
where b = [S(S + 1)/3A%)(34% 4+ 1EA'2 — §44"), 2T
is the unbroadened natural linewidth, and R is the
relaxation rate (R = 1/r). When 5/R? is small, which
applies in the present instance, then this equation may
be reduced to: A(w) ~ (I'+ b/R)/[w? 4 (T + b/R)?],
which corresponds to a Lorentzian line of width:
2T, = 2T' 4 2b/R. Thus the linewidth varies directly
as R™! and increases at = increases,

J.C.S. Dalton

A and A’ are in the ratio of the nuclear g-factors, and
it is possible to relate the broadening quantitatively to
the relaxation time. If we were to consider an S = }
ion in the effective-field approximation with very slow
relaxation, so that & = A,I. 8 = guyBlz then A ~
2guyB where g is the nuclear g-factor and py is the
nuclear magneton. The effective magnetic-flux density,
B, due to the S =} state can be approximated by
B = —22¢S;> = —11 T (this is an empirical value
based on the observation that the saturation value of
B is ca. —11 T per unpaired electron in many different
iron compounds). This results in values of 4 =
20.0 x 1027 J and A’'= —11.6 x 10°% J, so that
b/R = 1.10 x 107 » mm s! and 2T, ~ 2T 4 2.20 x 107
vmm s

The temperature-dependence of t; is complex because
it is compounded of three competing processes for spin—
lattice relaxation.® Values of t; can be deduced from
the experimental data in the region of intermediate
broadening by using the low-temperature limiting value
of 4. However, although it is clear that < varies
approximately as 75, a more detailed analysis is not
possible on the present data.

The relaxation time ry is determined by the dipole-
dipole interaction of the electronic spin S on the resonant
nucleus with all the other spins S; and can be represented
by the well-known formula:

1 - A A
:}fd‘[ = ﬂ g2B2 Z -3 [_(S . Sj) — 3(S . 'r_,,)(SJ . T])]
4 7 fj
where g is the electronic g-value, #; is the distance
separating the 7’th ion from the Mdssbauer nucleus (with
corresponding unit vector #;), B is the Bohr magneton,

and p, is the permeability of a vacuum. This can be re-
written as the sum of six terms:

md=(%2)g2@2(fl +B+C+D+E+F)

where A =73 7—15 (1 — 3 cos* 6,)S.S;,
FIRE

-ig,
C=—-%> ;15 sin 8; cos 0j¢  ’(S,S;, + S, S;)
i’i

3 1 g
E = —Ig’?sm eje S+Sj+
D=2t
F = Et

For the 2T, (2,5 configuration in octahedral symmetry,
the ground state is a Kramers’ doublet which is ca. 300
cm™ below the next excited state because of the large
value of the spin-orbit coupling. At low temperatures
the spin-spin relaxation can be considered as taking
place within an S, = 41 level. Energy-conserving

12 E. Bradford and W. Marshall, Proc. Phys. Soc., 1966, 87, 731.
13 V, V., Svetozarov, Soviet Phys. Solid State, 1970, 12, 826.
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transitions can be induced ** by the terms C, D, E, and
F in addition to the normal ‘ flip-flop ’ term B, and using
the ‘golden rule’ of time-dependent perturbation
theory 415 which gives the transition probability as
being proportional to the square of the matrix element
one obtains:

4n? ,
Ry ==~ [<m'| Haglm %
where
(1= (67 o3 s
77
[(1 — 3 cos?;)? + 18 sin%6; cos®0; + 9 sintf;]

and ¢ is a proportionality constant which has the
dimensions of J and can therefore be referred to as a
‘ density of states ’ parameter.

In the absence of a preferred orientation we can

[lxo280)/ S 5
j 3

The relaxation rate is therefore dependent on the iron—
iron distances (this explains why the low-temperature
linewidths of Kg[Fe(CN)¢], Cs,Li[Fe(CN)g], and Cs,Na-
[Fe(CN),] are so similar). For Cs,Li[Fe(CN)g] the
value 16 of the isotropic g-value is 2, the value of ) 1/

average over all 6 to obtain: Rs =

is 8.279 x 10 m™, and with the observed rela%ation
time at 4.2 K of v ~ 5 X 10? s gives a value for the
density of states, g, of 2.7 x 102 J1,

In Cs,Na[Fe(CN)y] and Cs,K[Fe(CN)g] where a
quadrupole interaction is present, the lineshape as a
function of relaxation rate can be expressed by equations
4.8, 4.9, and 4.10 of ref. 12. The hyperfine interaction
is no longer isotropic, and the equations given are
appropriate to axial symmetry only, but are useful in
the present context. The interaction is: 5 = AI,S, +
B(I,S; + 1,S,), where the z axis refers to the principal
axis of the electric-field gradient tensor. The general
expressions for the lineshape!? can be simplified in
certain limiting cases as follows.

If the hyperfine tensor is highly anisotropic such that
A # B =0 then the initial broadening can be re-
presented by:

I 4+ %/R
N+ T+ AR
'+ y/R

@ T TR

Aj(0) = ©

1 T 4 z/R
3@+ L+ (T

where x = [S(S -+ 1)/34%](3A42 + 542 — §44")
= [S(S + 1)/3A%)(}4> + 34" — $44")

2 = [S(S + 1)[3W(}42 + 34" + 344")

+ z[R)?

and 2x = ¢%¢Q/2 is the quadrupole coupling constant.
Taking A'/A = g'[g, the ratio of the nuclear g-factors
(= —0.104/0.1812), we find xa(4 — 34')%, ya(d — 4')2,
za(A + A’)%2 which are in the ratio 1:0.34:0.02.

1 S Dattagupta, Phys. Rev. B., 1975, 12, 3584,
15 M., Blume, Phys. Rev, Letters, 1967, 18, 305,
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Thus the 43->4-% transition (at o = 1) broadens more
rapidly than the 44—>43%, +3->TF} transition (at
W = -—)\).

If, on the other hand, we have B £ 4 = 0 (i.e. the
field is perpendicular to z) an essentially similar equation
is obtained but with

% = [S(S + 1)/3%2)(3B2 + 3B")
= [S(S + 1)/3#%)(3B? + 1B'® — 2BB')
z = [S(S + 1)/3%2](4B% + 1B"?)

So that xa(B% + 3B'%), ya(B? - 7B’ — 4BB’), 2a(B? +
7B'?) which with B'/|B =g'lg gives the ratios
0.35:1:0.59. Thus in this instance the +4->4% tran-
sition broadens more slowly, but the asymmetry is less
marked. These results can be predicted independently
from the stochastic theory of relaxation by Blume and
Tjon.l? However, the intermediate situation where
A # B = 0 can only be treated using the perturbation
equation.1?

If for example we again consider 4 = B = 0 then the
initial broadening can be described with:

x = [S(S + 1)[3A*)(}4® + P4 — $44")
¥ =[S(S + 1)B#*) (34 + 1£A — 344
z =[S(S + 1)3%)(34° + 124" + }44))

which are in the ratios 0.53:0.24:1. The two lines
will broaden more evenly and more rapidly.

Note that anisotropy in the hyperfine interaction
results in a slower initial broadening which becomes
asymmetric. The fact that broadening commences at a
higher temperature in Cs,Li[Fe(CN),] may therefore be
attributed, at least in part, to the fact that the relax-
ation is isotropic, and need not imply a significant
difference in the spin-lattice relaxation rates. How-
ever, the comparatively symmetric broadening in
CsyNa[Fe(CN)g] and Cs,K[Fe(CN),] suggests that the
hyperfine tensor is of the form A # B 3£ 0, and that it
is not possible to deduce values of t; from the line-
broadening without further information about the
relative magnitudes of 4 and B. However, the indic-
ations are that 4 and B are approximately equal because
the low-temperature spectra in Figures 4 and 5 are
symmetrical within experimental error.

Ligand-field Considerations.—The quadrupole splitting
is produced by a combination of two effects. A non-
cubic array of ionic charges external to the atom can
produce a finite contribution to the electric-field gradient
tensor which is only weakly temperature-dependent (by
thermal expansion). Secondly, the electronic con-
figuration of the resonant atom is a #,° configuration
which gives three Kramers' doublets in the ligand field
as a result of spin—orbit coupling; although there is no
electric-field gradient in a cubic ligand-field, distortion
of the [Fe(CN)g]3~ unit will cause state mixing and a
gradient which is strongly temperature-dependent be-
cause of thermal population of the levels.18

18 H. Kamimura, J. Phys. Soc. Japan, 1956, 11, 1171.
17 M. Blume and J. A. Tjon, Phys. Rev., 1968, 1685, 446.
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In Cs,Na[Fe(CN)y] and Cs,K[Fe(CN)4] the contribu-
tion of the cation charges to the electric-field gradient
will be dominated by the Cs* cations as these are more
irregular than the Na* or K* cations. Approximate
estimates of this ‘lattice’ term have been made and
suggest that it may well be significant.

The ‘valence’ contribution is determined by the
relative magnitudes of the spin—orbit coupling constant
and the ligand-field splitting. The comparatively
strong temperature-dependence observed confirms that
the ligand field is non-cubic, but the overall splitting is
much less than that of K;[Fe(CN),] in both cases. At
100 K the splittings in Cs,Na[Fe(CN)g] (A 0.261 + 0.003
mm s7) and Cs,K[Fe(CN)g] (0.266) are almost identical,
but at 293 K corresponding values are 0.138 and 0.194
mm s1. The most obvious explanation is that both the

18 T, C. Gibb, J. Chem. Soc. (4), 1968, 1439.
19 Y. Hazony, J. Phys. (C), 1972, 5, 2267.

J.C.S. Dalton

ligand-field splitting and the ‘lattice ’ contribution are
markedly different and probably of opposite sign. A
full analysis of the data is hampered by the low sym-
metry of the ligand field, and the difficulties experienced
in understanding the data for K [Fe(CN)¢] apply equally
to those for the new compounds.-1%-# A more detailed
analysis is therefore inappropriate at the present time.
However, Cs,Li[Fe(CN)¢] has been shown to be a good
‘ prototype * material for the #,% configuration in O,

symmetry.
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