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A number of organometallic and related iron-containing
compounds have been examined by transmission 57Fe Möss-
bauer spectroscopy in modest (0–2.4 T) magnetic fields in or-
der to determine the sign of the quadrupole-splitting hyper-
fine parameter (QS) as well as the internal magnetic field in
derived paramagnetic solids. A computer program has been
developed to extract these parameters from the spectroscopic

Introduction

Diamagnetic and paramagnetic iron compounds may
display 57Fe Mössbauer spectra composed of a pure quad-
rupole doublet. The quadrupole splitting (QS) of this doub-
let is given by:

QS = ½ e2qQ(1 + 1/3η2)½

where e2qQ is the quadrupole interaction and η is the value
of the electric field gradient anisotropy [η = (Vxx – Vyy)/
Vzz]. It is well known that magnetic fields acting on the
Mössbauer absorber nuclei will change the spectra in such
a way that the sign of the quadrupole interaction can be
obtained. However, perturbations that will yield definite
and readily observable results require magnetic fields above
2 T. Such measurements have been carried out in the past
and the underlying theory has been worked out to various
degrees of approximation.[1]

Here we present a theoretical treatment for the case of
an applied magnetic field perpendicular to the γ-ray. The
theory contains the diagonalization of the full Hamiltonian
for any orientation of the local electric field gradient (EFG)
main axis to the magnetic field. For powder samples an
averaging over all possible random orientations is per-
formed, taking into account the anisotropy of the Möss-
bauer recoil-free fraction. A computer program has been
developed that uses this theory to least-square fit the simu-
lated spectra to the experimental spectra, yielding the sign
of the quadrupole interaction even for the low applied mag-
netic fields available in most laboratories. In addition to the
value of the quadrupole interaction and η, the spectra yield
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data. The sign of the QS is found to be positive in the neutral
ferrocenoid solids and negative in the derived cationic com-
plexes. The internal hyperfine field makes a positive contri-
bution in the cationic ferrocenoids and a negative contri-
bution in FeF2 and Fe(phen)2(SCN)2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the effective magnetic field acting on the nucleus. In para-
magnetic compounds this is not necessarily equal to the ap-
plied magnetic field, and yields the value and sign of the
induced magnetic internal hyperfine field. For axial cases (η
= 0) the analysis also yields the mean square vibrational
anisotropy parameter N = k2(‹x2

par› – ‹x2
per›).[2] If the sam-

ples studied contain texture effects, the theory will take this
into account and determine the fraction aligned in the
plane of the absorber. The method is applied to the study of
powders of diamagnetic and paramagnetic iron-containing
organometallics.

Theory

We have chosen the laboratory coordinate system (x, y,
z) in which the γ-ray is along the “x” axis, and the magnetic
field is in the plane of the absorber, along the “z” axis. The
orientation of the randomly distributed axial EFG is along
(sin θ cos φ, sin θ sin φ, cos θ), defined as the local coordi-
nate system z� axis (see Figure 1). For calculating the Möss-
bauer nuclear level energies and transition probabilities the
quantization axis is chosen to be that of the magnetic field,
the laboratory “z” axis. This simplifies the considerations
of the absorption line intensities’ dependence on the direc-
tion of the γ-ray.

Thus the Hamiltonian H for the 57Fe excited level (I =
3/2) has the general, non-axial quadrupole form (1):

H = gexcHeffIz + (e2qQ/12)[3 Iz�
2 – I(I + 1) + η(Ix�

2 – Iy�
2)] (1)

Here the magnetic term is defined in the laboratory sys-
tem, whereas the quadrupole interaction is in the local co-
ordinate system. In the case of axial symmetry, when η = 0,
the calculation of the matrix elements of the quadrupole
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Figure 1. The experimental layout in the laboratory coordinate sys-
tem. The γ-ray is in the z = 0 plane; its direction is chosen to be
the x axis so that the absorber is in the x = 0 plane.

interaction term in the laboratory coordinate system be-
comes very simple. The formulas for the matrix elements
have all been calculated.[3] The Hamiltonian matrix is real
symmetric, and its eigenvalues and eigenvectors do not de-
pend on the angle φ, as is also obvious from the symmetry
of the experimental situation shown in Figure 1. Thus the
diagonalization of this Hamiltonian and that of the ground
state (in the particular choice of quantization axis chosen
here, no diagonalization is required for the ground state, I
= ½) yields the energies Eexc(i) (i = 1, 4) and Egr(j) (j = 1,
2) and the corresponding wave functions |ψexc,i› and |ψgr,j›,
where all depend on Heff, eqQ, and θ. These wave functions
are mixtures of pure |I,m› nuclear wave functions. The nu-
clear transition probabilities for the nuclear magnetic dipole
transition operator Tq, where q = ∆m = –1,0,1 correspond-
ing to the ∆m = 0 and ∆m = �1 pure nuclear transitions,
is given by: |‹ψexc,i|Tq|ψgr,j›|2. The matrix elements
‹mex|Tq|mgr› are proportional to the Clebsch–Gordan coeffi-
cients yielding the 3:2:1 line intensities for a normal mag-
netic powder Mössbauer spectrum. As our quantization z
axis is at an angle π/2 relative to the γ-ray, the γ-ray is along
an arbitrary chosen “x” axis, and the electric field gradient
z� axis is at angle β [cos(β) = sin(θ) cos(φ)] relative to the γ-
ray, the total Tij intensity, considering angular dependence
of the various nuclear transitions, will be given by the equa-
tions in ref.[4] or ref.[5], which leads to (2):

Tij(θ, φ) = Σq = –1,0,1 |‹ψexc, i|Tq|ψgr, j›|2 Pq exp(–Ncos2β) (2)

Here the constants Pq are: P0 = 1 and P�1 = ½. The
exponent exp(–Ncos2β) reflects the anisotropy in the recoil-
free fraction defined earlier.[2] The Mössbauer spectrum for
a perfect powder sample is now given by the double integral
over all orientations of the EFG, namely (3):

SP(ω) = (1/4π)�0�π sin θ dθ Σi,j L[ω, Γ, Eij(θ)] �0�2π Tij(θ, φ) dφ
(3)

where L(ω, Γ, E) is the Lorentzian Mössbauer absorption
line shape, and ω and Γ are the γ-ray energy and the natural
absorption line width, respectively. In the case of non-axial
symmetry (η � 0), the full Hamiltonian of Equation (1) has
to be diagonalized and then the energies and wave functions
depend on all three Euler angles of the transformation be-
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tween the local and the laboratory coordinate system, which
makes the situation more complicated and will be discussed
below.

The Texture Effect

If intentionally (or unintentionally) the crystallites in the
absorber holder are aligned in the plane, namely their local
z� axis (Figure 1) is randomly distributed in the x = 0 ab-
sorber plane, the calculation of the expected Mössbauer
spectrum is simplified. In the present case the angle φ is
fixed to the value ½π, which means that in Equation (2) we
have to replace φ by ½π (cos φ = 0), and the formula for
the final spectrum (3) takes the form (4):

STex(ω) = (1/π) �0�π Σi,j L[ω, Γ, Eij(θ)] Tij(θ) dθ (4)

If the texture effect is partial, then the observed experi-
mental spectrum is a superposition of Equations (3) and
(4), namely (5):

STotal(ω) = a SP(ω) + (1 – a) STex(ω) (5)

Thus if a texture effect is present it adds only one extra
parameter (a) to the least-square fitting procedure.

Non-Axial Quadrupole Interactions

In the general case where η � 0 in Equation (1) one has
to transform the electric field gradient second-order tensor
expressed as a diagonal matrix (Vx�x�, Vy�y�, Vz�z�) in the
local (x�, y�, z�) coordinate system into the (x, y, z) labora-
tory coordinate system by three Eulerian angles (φ, θ, ψ),[6]

and one obtains a nondiagonal, though symmetric, matrix
(Vij). Then it is necessary to calculate all the matrix ele-
ments of the Hamiltonian in Equation (1), which is now a
complex, Hermitian matrix. The quadrupole Hamiltonian
has now its more general form (6):

HQ = ½ Σij Vij Qij (6)

where the nuclear operators are:[7] Qij = ½ (Ii Ij + Ij Ii) –
1�3 δij I(I + 1)

If we identify V�z�z� with e2qQ/12 and V as the rotational
second-order tensor matrix transform of V�, then the matrix
elements of HQ are as shown in (7):

‹m |HQ| m› = Vzz (3m2 – I(I + 1))
‹m + 1 |HQ| m› = (Vxz – iVyz) (2m + 1) (I(I + 1) – m(m + 1))½

‹m + 2 |HQ| m› = ½ (Vxx – Vyy – 2iVxy) ((I(I + 1) –
m(m + 1)) ((I(I + 1) – (m + 1)(m + 2)))½ (7)

After diagonalization of the total Hamiltonian it is pos-
sible to calculate the associated spectra and average out
over all possible orientations of the electric field gradient
(z� axis in Figure 1). Here an additional averaging over the
angle ψ has to be performed. The angle between the quanti-
zation axis and γ-ray is still π/2. The anisotropy in the re-
coil-free fraction is now non-axial and the parameter N is
not enough to represent the real situation. However we in-
clude this term in the program, as it is better than to ignore
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it completely. The angle β between the local z� axis and the
γ-ray is still cos(β) = sin(θ) cos(φ), as is obvious from Fig-
ure 1. This procedure was converted to two computer pro-
grams. One program is very simple, used only for η = 0, and
works very fast (five least-square fit iterations with eight
free parameters and 400 points on the unit sphere), within
less than a second on an HP AlphaServer DS20E computer.
The other program, used for η � 0, also works well, though
it consumes much more (several minutes) computing time
than the former. In order to test the programs, simulated
spectra for various η values (keeping a positive quadrupole
interaction QS = 2.5 mms–1 and Hext = 2.4 T) have been
calculated and are shown in Figure 2. One observes that for
η = 1 the spectrum is symmetric and for η = 3 the spectrum
is identical to the η = 0 case but with a negative quadrupole
interaction. These observations are in agreement with those
expected theoretically, and thus show that the program
yields correct results.

Figure 2. Mössbauer spectra simulations, for various η values, em-
ploying the program described in the text.

Paramagnetic Compounds

In the case of paramagnetic compounds, the effective
magnetic field (Heff) acting on the nucleus is not equal to
the external magnetic field (Hext). Hext can be accurately
measured by a diamagnetic compound situated with iden-
tical geometry in the field. The unpaired electrons, which
produce a fluctuating magnetic field averaged to zero in the
absence of an external field, contribute in the presence of
an external field at a temperature T the additional term Hp

given by (8):

Hp = Hhf BS(gµBSHext/kT) (8)

where gµBS is the total magnetic moment of the ground
state of the magnetic ion (µB is the Bohr magneton and g
is the gyromagnetic factor), BS is the spin S Brillouin func-
tion, and Hhf is the hyperfine magnetic field produced by
this electronic state. For µBHext/kT �� 1, one can write the
simple approximate relation (9):
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Hp = [gµB(S + 1)Hhf/3kT]Hext (9)

Namely, the effective field acting on the nucleus is given
now by (10):

Heff = {1 + [gµB(S + 1)Hhf/3kT]}Hext (10)

In the cases where the magnetic ion has a ground-state
Kramers doublet with an effective spin S = ½, common in
the magnetic organometallics, formula (10) obtains the
form (11):

Heff = [1 + (geffµBSHhfa/kT)]Hext (11)

where in powders geff = 1�3 g� + 2/3 g� and Hhfa is a similar
average of Hhf. Thus a measurement of a paramagnetic
compound in an external magnetic field may yield the
average value of Hhf with its sign (12):

Hhfa = (kT/geffµBSHext)(Heff – Hext) (12)

In strongly covalent systems, such as diamagnetic orga-
nometallics, Hhf can be very large and positive. Indeed we
observe, for example, in paramagnetic octamethylferrocen-
ium tetrafluoroborate (OMFc+BF4

–) and decamethylferro-
cenium hexafluorophosphate (DMFc+PF6

–), that Heff is
much larger than Hext, as will be discussed below.

Results and Discussion

As a test case for the procedure, a sample of FeF2, con-
taining an impurity (probably FeF3·3H2O ≈ 10%), whose
hyperfine interaction parameters are known,[8,9] has been
studied. The spectra in zero external magnetic field and in
an external field of 2.13 T are displayed in Figure 3. Using
the known starting parameters (isomer shift, quadrupole in-
teraction, and saturation magnetic hyperfine field) of both

Figure 3. Mössbauer spectra of (predominantly) FeF2 in Hext = 0
(upper trace) and Hext = 2.36 T (lower trace). The solid curve repre-
sents the program least-square fit, yielding the parameters given in
Table 1.
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Table 1. The hyperfine interaction parameters obtained from the Mössbauer spectra in zero external magnetic field (1) and in a field of
2.13 or 2.35 T (2).

Compound IS1 QS1 Γ1 IS2 QS2 η Γ2 Heff Hhf sign
(mms–1) (mms–1) (mms–1) (mms–1) (mms–1) (mms–1) (T) (T)

OMFc 0.413(3) 2.512(3) 0.299(2) 0.411(3) 2.505(3) 0.284(4) 2.13(5) 0
OMFc+BF4

– 0.40(2) –0.21(2) 0.32(5) 0.40(2) –0.21 0.32 2.32(9) 38 P
DMFc 0.420(5) 2.478(5) 0.339(2) 0.412(9) 2.473(9) 0.302(2) 2.36(4) 0
DMFc+PF6

– 0.411(6) –0.272(6) 0.485(6) 0.416(6) –0.240(6) 0.420(10) 2.59(14) 46 P
Fe(phen)2(SCN)2 0.951(2) 2.669(2) 0.30(1) 0.976(3) –2.587(3) 0.2(1) 0.33(1) 2.07(2) –28 N
FeF2

[a] 1.35 2.826 0.29 1.35 2.81 0.6(1) 0.29 2.14 –20 N
Na2Fe[(CN)5NO]·2H2O –0.273(10) 1.711(1) 0.337(4) –0.275(5) 1.713(5) 0.5(1) 0.302(4) 2.332

[a] Contains 10% impurity, probably FeF3·3H2O.

FeF2 and FeF3·3H2O (averaged over the two phases[9]), we
obtain, from the computer least-square fit, the solid curve
shown in the lower trace of Figure 3. The fit to the experi-
mental spectrum is quite satisfactory, and the numerical
data, including the hyperfine parameters η, Heff, and Hhf,
are summarized in Table 1. It is noted that η of FeF2 is
determined to relatively good precision. As both com-
pounds have significant ionic character in the iron–ligand
bonding, the magnetic hyperfine fields are negative, and the
effective field acting on the metal atom nuclei is smaller
than the external field.

Turning next to the application of this methodology to
the study of primarily covalent iron organometallics, a typi-
cal application of transverse magnetic field measurements
to decamethylferrocene is summarized graphically in Fig-
ure 4. The upper ME spectrum is in zero applied field and
yields the parameters IS = 0.420�0.003 mms–1 and QS =
+2.478�0.004 mms–1 in good agreement with the pre-
viously published values.[10] The line width (Γ, FWHM) =
0.339�0.002 mms–1 is slightly broadened from its theoreti-
cal value because of the effect of the long (38 cm) source
drive rod. The lower spectrum is that recorded with the
same sample in a transverse applied field. The hyperfine

Figure 4. Mössbauer spectra of decamethylferrocene, in Hext = 0
(upper trace) and Hext = 2.36 T (lower trace). The solid curve repre-
sents the program least-square fit, yielding the parameters given in
Table 1.
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parameters obtained from the least-square fit to the
above outlined theoretical calculations are: IS =
0.412�0.009 mms–1, Γ = 0.302�0.002 mms–1, QS =
+2.473�0.009 mms–1, Hext = 2.36�0.04 T, η � 0.02, and
N � 0.05. It is immediately obvious from the lower trace
that the peak at negative velocities consists of three lines,
while the peak at positive velocities is composed of an
asymmetric doublet. Comparing these results with those of
Collins and Travis[1] (for ferrocene), it is clear (even visually)
that the QS is positive in DMFc, as it is in ferrocene itself.

In order to test the sensitivity of the computer program
in determining the sign of the quadrupole interaction, we
repeated the measurement in external fields of 0.81, 1.34,
1.86, and 2.34 T. In the case of the lowest field, one notices
in Figure 5 that the sign cannot be determined visually, or
by measuring the line width of the two components. How-
ever the computer program least-square fit yields quite a
large difference in χ2 values between assumed positive and
negative quadrupole interactions, with QS consistently pos-
itive. An obvious extension of these results is to the para-
magnetic decamethyl ferricinium tetrafluoroborate
(DMFc+BF4

–). In zero field, the resonance spectrum con-
sists of a broadened absorption line, which can be fitted to
a spin relaxation model calculation and corresponds to IS =
0.401�0.006 mms–1 and QS = –0.272�0.006 mms–1. This
spectrum is shown in the upper trace of Figure 6. When

Figure 5. Mössbauer spectra of decamethylferrocene in a series of
external magnetic field values. The ordinate offsets were arbitrarily
fixed at 5% but all spectra were accumulated under identical condi-
tions.
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this sample is examined in a transverse magnetic field the
resonance line is broadened to give an asymmetric doublet,
as shown in the lower trace of Figure 6. The internal field
is Heff = 2.58�0.03 T. The value of the QS was frozen to
its zero-field value of –0.272 mms–1. The negative sign of
the quadrupole interaction is derived not only from the
zero-field spectrum (Figure 6), but also from the fact that
the χ2 value of the computer fit is consistently smaller for
a negative value of this parameter than for a positive value
also in the in-field spectrum. It should be noted that Heff

for the cationic complex, under identical conditions, is
larger than that observed for the neutral complex by
≈0.19 T, which, according to Equation (12), leads to a posi-
tive value for the internal magnetic hyperfine field, Hhf ≈
+38 T.

Figure 6. Mössbauer spectra of decamethylferrocenium tetrafluo-
roborate (DMFc+BF4

–), in Hext = 0 (upper trace) and Hext = 2.36 T
(lower trace). The solid curve represents the program least-square
fit, yielding the parameters given in Table 1.

A comparable set of experiments has been carried out
with 57Fe OMFc and 57Fe OMFc+BF4

–, and the parameters
extracted from the corresponding Mössbauer spectra are in-
cluded in Table 1. As in the case of the DMFc complexes,
the QS parameter is clearly positive in the neutral com-
pound and negative in the cationic homologue.

We observe in paramagnetic OMFc+BF4
– that Heff is sig-

nificantly larger than Hext, and yields a magnetic hyperfine
field Hhf (assuming that geffµBS is about 1 µB) of about
+40 T. Such large positive hyperfine fields have been pre-
viously observed and interpreted as due to orbital contri-
butions to the hyperfine field.[11,12] Once Hhf is estimated,
one can use this value for the analysis of the zero external
field Mössbauer spectra from which spin relaxation rates
can be derived, using a simple spin ½ up down formula.[13]
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The reduced hyperfine interaction parameters from the le-
ast-square fitting of the various Mössbauer spectra are all
summarized in Table 1.

The above experiments were carried out on 57Fe-enriched
ferrocenoid complexes in which the shape of the electric
field around the metal atom is expected to be oblate, be-
cause of the C5v symmetry of the ring ligands.

These measurements have been further extended to an
iron complex in which the shape of the electric field around
the metal atom is expected to be prolate, of which Fe-
(phen)2(SCN)2 (phen = 1,10 phenanthroline) is a represen-
tative example. This compound has been extensively studied
by Mössbauer effect spectroscopy[14,20] in view of its inter-
esting high spin–low spin transition at ca. 175 K. At room
temperature the iron is in a high-spin state and has an effec-
tive moment of ca. 5 µB, indicating the presence of four un-
paired electrons (S = 2). The two SCN ligands occupy cis
positions, and hence the asymmetry parameter η � 0. These
experiments were carried out with natural abundance iron,
so that relatively long data acquisition times (up to 72 h)
were required to record statistically significant data. The
brass sample cavity in this case was 0.4�0.4�1 cm3, and
typically holds 0.7–1.0 mmol of solid. As before, the pole
piece gap was 0.6 cm. A typical data set is summarized
graphically in Figure 7, where again the zero-field reso-
nance spectrum is shown in the upper trace, and the in-field
absorbance in the lower. Although the magnetic splitting is
smaller than that observed in the ferrocenoid complexes, it
is clear that in an applied field of 2.36�0.04 T the ab-
sorbance at negative velocities is due to an asymmetric
doublet, while that at positive velocities arises from a trip-
let, in agreement with the existence of a negative QS. The
least-square fit analysis yields the hyperfine interaction pa-
rameters given in Table 1. The striking result is that in the
present case, Heff is smaller (!) than the external field,

Figure 7. Mössbauer spectra of bis(phenanthroline)bis(thiocyan-
ato)iron(II), in Hext = 0 (upper trace) and Hext = 2.36 T (lower
trace). The solid curve represents the program least-square fit,
yielding the parameters given in Table 1.
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namely the induced internal hyperfine field is negative and
leads according to Equation (10) to the value of Hhf ≈
–28 T.

An example of a compound in which η is expected to be
equal or close to zero is provided by Na2Fe[(CN)5NO]·
2H2O, SNP, which has again been thoroughly investigated
by Mössbauer techniques,[15,21] in part because of its inter-
esting optical properties and ease of preparation of high-
purity single crystals. An early high-precision study of very
thin samples has been published by Grant et al.[16] Single-
crystal X-ray diffraction studies[17] have shown that the lo-
cal site symmetry is C4v and the space group is Pnnm and η
� 0.04. A magnetic field experiment carried out on a finely
crushed powder sample is summarized graphically in Fig-
ure 8 and the derived hyperfine parameters are included in
Table 1. From Figure 8 it is evident that the quadrupole
splitting (1.713�0.005 mms–1 at room temperature) is posi-
tive, in consonance with the results reported by Grant.[18]

The η value obtained from the data processed by the η � 0
program is 0.5, although the χ2 value is not very much
smaller than for η = 0.

Figure 8. Mössbauer spectra of sodium nitroprusside dihydrate
[FeII in Hext = 0 (upper trace) and Hext = 2.36 T (lower trace)].
The solid curve represents the program least-square fit, yielding the
parameters given in Table 1.

Conclusions

Using a standard laboratory electromagnet having 3-cm
pole pieces and operating at about 7 A, in conjunction with
transmission Mössbauer spectroscopy it has been possible
to determine the sign of the quadrupole splitting in a series
of organometallic iron compounds at room temperature. In
addition, the application of a complete diagonalization pro-
gram of the full Hamiltonian for powder samples averaging
over all possible random orientations makes it possible to
extract the internal hyperfine field in both diamagnetic and
paramagnetic complexes. While the use of enriched (57Fe)
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samples reduces the required data acquisition time, even
natural abundance samples employing in the order of
1 mmol of iron complex permits the acquisition of statistic-
ally reliable parameter information in reasonable data-ac-
quisition times. The quadrupole splitting is positive in dia-
magnetic complexes such as OMFc, DMFc, and Fe-
(phen)2(SCN)2 (as it is in ferrocene itself), and negative in
the associated one-electron oxidation products. In addition,
corresponding data are presented for FeF2.

Experimental Section
A sample of natural abundance FeF2, produced by microwave irra-
diation of Fe(NO3)3·9H2O in the presence of BMIBF4,[8,19] was
generously made available to us by Prof. A. Gedanken of Bar Ilan
University and used as received. Samples of 57Fe-enriched decame-
thylferrocene (DMFc), decamethylferrocenium hexafluorophos-
phate (DMFc+PF6

–), octamethylferrocene (OMFc), and octame-
thylferrocinium tetrafluoroborate (OMFc+BF4

–) were generously
made available by Prof. H. S. Schottenberger of the University of
Innsbruck. Bis(phenanthroline)bis(thiocyanato)iron(II) [Fe(phen)2-
(SCN)2] was prepared by literature methods[9] and its purity was
checked by FTIR measurements. Sodium nitroprusside
[Na2Fe(CN)5NO·2H2O][10] was taken from high-purity single-crys-
tal material. All solids were ground with Pyrex powder and mixed
with BN to assure the absence of texture-induced asymmetry in the
spectra. The powdered enriched Fe57 samples were transferred to a
rectangular brass holder of 6 mm width and 2 mm thickness (unless
otherwise noted), having a sample cavity of 0.08 cm3, which will
hold (typically) about 0.4–0.6 mmol of an organometallic solid.
The sample space was windowed with 5  Al foil and the holder
assembly clamped between the pole pieces of an electromagnet. The
DC electromagnet used in this study was a Newport Instruments
model 369 having gap-adjustable shaped pole faces, which allowed
variable field intensities to be investigated. The standard pole piece
gap was 0.6 cm. Normal operating conditions were 55 V and 6–7 A
at room temperature. The Mössbauer effect measurements were
carried out in transmission geometry, with the 100 mCi 57Co (Rh)
source mounted on a 38 cm long stainless steel tube driven by a
standard triangular wave velocity drive. As was noted above, this
arrangement leads to only a small (less than 0.05 mms–1) broaden-
ing of the resonance lines. Spectrometer calibration was effected in
magnet geometry (H = 0) by standard α-Fe absorption, and all IS
are reported with respect to the centroid of this spectrum.

Data analysis was effected in the usual manner, by the above-de-
scribed programs. These computer programs are available upon re-
quest from the corresponding author.
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