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Paramagnetic hyperfine interactions of iron in solid ammonia from Mossbauer spectroscopy
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Méssbauer studies on highly dilute *’Fe in solid ammonia are reported. The hyperfine parameters
of the paramagnetic reaction product FeNH; point to a nearly atomic configuration of iron
[Ar]3d74s. The electronic spin relaxation slows down rapidly under application of an external mag-
netic field. The field dependence of the magnetic hyperfine patterns indicates a strong axial magnet-

ic anisotropy.

I. INTRODUCTION

Mossbauer studies of the hyperfine interactions on
atoms, small clusters, and molecules isolated in inert
frozen gases have been reported for various species.!?
Reaction products of atoms in frozen gases have been
studied less often.!™* Small molecules formed in ma-
trices are of interest for lowest-temperature chemistry’
and chemistry on surfaces.® In addition, the combined
information on electron densities, electric field gradients,
and magnetic hyperfine fields allow critical tests for first-
principles molecular-orbital calculations of the hyperfine
interactions in relatively small molecules. Mostly, only
the isomer shifts and quadrupole interactions were stud-
ied. The magnetic hyperfine interaction in isolated
species could usually not be observed unless a magnetic
field was applied, since electronic relaxation is faster than
nuclear Larmor precession. Mossbauer studies of the
magnetic hyperfine interactions under applied external
magnetic fields were reported for isolated atomic iron,’
iron dimers,® and ionic states of iron.’

We have studied the hyperfine interactions on the reac-
tion product of atomic iron isolated in solid ammonia.
The experiments were performed under applied external
fields and at various temperatures. Previous matrix isola-
tion studies on Fe in NH; and Fe in NH; mixed with Xe
revealed the formation of a small molecule, presumably
FeNH,.>* This was also supported by ir studies and uv
photolysis.® From isomer shift and quadrupole interac-
tion a diamagnetic ground state of the molecule was con-
cluded.’ In our present study we can show, however,
that the molecule is in fact paramagnetic. Under
moderate applied fields the paramagnetic relaxation at
iron is relatively slow (108 s™1).

These experiments were extended to more dilute ma-
trices (0.1 mol %) than the previous ones (0.1-0.6
mol %) in order to avoid problems with clustering.

II. EXPERIMENT

The matrix isolation setup is shown in Fig. 1. The
high-purity NH; gas, which was additionally precleaned
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FIG. 1. Matrix-isolation cryostat, the sample is moved from
position 1 (preparation) to position 2 (MGssbauer measurement
in applied magnetic field) by a gear-drive system sealed by bel-
lows.
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from water contamination by cooling, was condensed
onto a Be disk (position 1 in Fig. 1) cooled by liquid heli-
um. High-purity >’Fe was codeposited from an alumina
crucible which was heated via a resistance heated tan-
talum boat. The proper deposition rates of iron and am-
monia were controlled via the change of frequency of os-
cillating quartz crystals by the deposition and the at-
tenuation of the 6-keV x-ray intensity from a Mossbauer
57Co source. Samples were prepared with concentrations
ranging between 0.01 mol % to 0.1 mol % of Fe in NH;.
The prevacuum before preparation was better than 108
torr. The time needed for lay-down of a matrix was typi-
cally 1-6 h leading to Mdssbauer absorbers with about
0.005-0.1 mg3"Fe/cm? The colors of the doped ma-
trices were whitish pink to metallic brown depending on
concentration.

For experiments in applied magnetic fields the absorber
was moved down to the center (position 2 in Fig. 1) of a
superconducting solenoid (B ,,, =5.5 T). We used a con-
ventional Mossbauer spectrometer with sinusoidal veloci-
ty sweep. The source (°’Co in rhodium, about 50 mCi)
was moved by a vertical transducer arrangement, with
the source at about 10 K. The magnetic hyperfine split-
ting by stray fields at the source proved to be negligible in
this configuration.

III. RESULTS

For all studied concentrations the Mdssbauer spectra
at 4.2 K reveal a quadrupole pattern with parameters
close to those earlier found for Fe in NH; and NH;/Xe
mixtures.* In no case were there found indications of un-
reacted isolated Fe (with its typical isomer shift of about
—0.8 mm/s versus alpha iron*!°) or clusters of metallic
Fe. For Fe concentrations <0.05 mol % the doublet is
riding on a broad but weakly pronounced spectral back-
ground which vanishes for 7220 K (see Fig. 2). The
quadrupole splitting is constant up to about 120 K. At
this temperature the vapor pressure of NH; is already
1072 torr and the matrix is gradually evaporating.
Whereas at low temperatures the intensities of the two
lines of the quadrupole pattern are roughly identical, one
finds for matrices kept for prolonged time above 100 K a
clearly asymmetric pattern with the line at more negative
velocity being stronger (Fig. 2). Closer inspection reveals
that this pattern is composed of the original doublet and
an additional other doublet with slightly higher splitting
and isomer shift. The latter doublet has already been
found in the earlier studies* and was related to the possi-
ble formation of a complex with residual impurities in the
matrix which occurs upon onset of diffusion at elevated
matrix temperatures. We found that this process is
indeed irreversible with temperature. In the following
only spectra will be considered which do not reveal this
additional species.

Figure 3 shows spectra obtained under various applied
external magnetic fields. The matrix temperature was 4.2
K. Note that even at external fields of several Tesla the
nuclear moments are not yet polarized along B,,, (this
may be traced from the nonvanishing intensity of the
AI, =0 nuclear transitions).
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For the evaluation of the hyperfine spectra we assumed
an electronic ground state made up by an effective spin
triplet which is split by an axially symmetric crystal field
into a doublet and a singlet. The doublet is necessary to
describe the magnetic part of the spectra in the applied
field, the singlet is necessary to account for the pro-
nounced intensity in the center of the spectra especially
for small applied fields.

The hyperfine interaction for the spin doublet is de-
scribed by the following Hamiltonian

H=H,+Hy+H+Hyp. , (1)
Hy=1eXqQ[I2—1I(I+1)], (1a)
Hope=I-A-S= 4 LS, + A ,(LS, +LS,) , (1b)
Hy..=SgBB.y—18,8,B: - (1c)

H, stands for the electric monopole part of the hyperfine
interaction leading to the isomer shift. H ;. describes
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FIG. 2. Mossbauer absorption spectra of 0.04 mol % Fe
in solid NH; at different temperatures (source: *’Co in Rh at
10 K).



39 PARAMAGNETIC HYPERFINE INTERACTIONS OF IRONIN . . . 6405

TRANSMISSION (%)

1000 £
9951
9.0

98.5

980 -| T T T T
-20 -10 0 10 20
VELOCITY {(mm/s)

FIG. 3. Mossbauer absorption spectra of 0.04 mol % Fe in
solid NH; at different applied magnetic fields B,,, (directed
parallel to the y ray).

the magnetic and Hy, the quadrupolar interactions, S and
I are electronic and nuclear spins, 4, and A4, are the
components of the magnetic hyperfine tensor A parallel
and perpendicular to the z axis which is locally deter-
mined by an axial crystal field, and le 2gQ is the quadru-
pole splitting (e is the elementary charge, egq the electric
field gradient, and Q the nuclear quadrupole moment).
The Zeeman Hamiltonian H,,, accounts for the electron-
ic and the nuclear Zeeman interaction in the external
field B,,;, B and B3, are the Bohr and the nuclear magne-
tons, the electronic g “tensor” consists of g and g, with
8,/8.=A,/4,, and g, is the nuclear g factor. An aver-
age over all angles between B, (parallel to the direction
of the ¥ ray) and the local z axis as determined by the
crystal field was performed.

From the relative population of the crystal-field singlet
and its decrease under applied field one may estimate the
energetic distance A between doublet and singlet and the
magnetic moment of the doublet (Fig. 4). Addition of
further spin doublets could certainly improve the quality
of fits (Fig. 3); the fit results turned out, however, to be of
no higher relevance, since the simpler triplet model is al-
ready very involved.

The above-given Hamiltonian refers to static hyperfine
interactions. Relaxation between the electronic levels
was allowed in a Wickman-type!' fluctuation model.
This is necessary to describe the transition from fast re-
laxation (B.,,=0) to slow relaxation under the applied
field. The essential information from our fits with a spin
doublet and a singlet follows.

(i) The spin doublet is magnetically anisotropic with
8./8,<0.1 with a magnetic moment along z of about
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FIG. 4. Simplified model of the atomic spin levels of Fe in
FeNH; used for data analysis.

6-7 B; the singlet spin state is about A=5-7 K below the
doublet for B.,, =0 (Fig. 4).

(ii) The quadrupole interaction is %equ =—2 mm/s,
independent of temperature.

(iii) The electronic fluctuation rates in applied fields
B, 20.6 Tare S10°s~ .

(iv) The hyperfine parameter A corresponds to B,;=80
T if a positive hyperfine field is assumed (B,,, adding to
By¢). For negative By; (B, subtracts from Bj;) one
yields —90 T for high applied fields.

(v) The isomer shift is 0.67 mm/s with respect to iron
metal at room temperature.

IV. DISCUSSION

Solid NH; has a cubic crystal structure.!> Deviations

from this stable structure were reported for vapor-
quenched NH; at substrate temperatures around 100 K.!3
The preparations of our matrices were done around 5-8
K. The practically identical Mdssbauer spectra of Fe in
solid NH; and NH;Xe mixtures* show, however, that the
symmetry of the surrounding matrix is of no importance
for the hyperfine interaction at the iron which rather
reflects the electronic state of the small molecule.

By now the structure of FeNH; is not known. It ap-
pears, however, reasonable to assume a point symmetry
C,, at Fe with the threefold axis given by the connection
line between Fe and N. The N is closest to Fe, the three
H are directed off from the Fe. Under this axially sym-
metric condition one would expect that for a free-iron ion
3d orbitals are of nearly clean o, 7, and 6 type. Mixtures
may occur due to higher symmetry (e.g., cubic) back-
ground fields from the matrix.

Recent MO calculations on similar small molecules
(FeH,0, CuNH;, NiNH;)!'* have shown that the bonding
is mainly established by a strong polarization of the cat-
ion 4s electrons by the nearby lone pair from the ligand
molecule which causes a strong electronic dipolar in-
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teraction. 3d-4s and 3d-4p hybridization seem to play a
minor role. The iron remains in a nearly atomic
configuration. Back donation from the ligand is expected
to be weak. We now discuss the hyperfine data of FeNH;
and their implications on the electronic ground state of
the molecule.

The isomer shift

The isomer shift of 0.67 mm/s excludes an atomic
ground state of Fe close to the usual 3d %452 configuration
which has an isomer shift of —0.76 mm/s. From calcu-
lated electronic charge densities!>!® together with the
isomer-shift data from the various iron species isolated in
rare-gas matrices'®!""!® one finds that the atomic elec-
tronic configuration with a calculated isomer shift com-
ing closest to the measured isomer shift is 3d 74s (the cal-
culated shift is 0.9—-1.0 mm/s for electron densities from
Ref. 16, and 0.75-0.85 mm/s for densities from Ref. 15; a
slight negative deviation may be caused by weak back
donation from NH; to Fe). This atomic configuration
can be expected to occur in strongly bound molecules,
e.g.,on surfaces.!*

The quadrupole interaction

The explanation of the quadrupole interaction with
1e 290 = —2 mm/s is not straightforward. In the axially
symmetric molecule one would expect that the 3d states
of lowest energy are mainly built up from dg orbitals in
order to diminish the repulsion from the lone pair of
NH;. In this case any high-spin or low-spin
configuration with six or seven 3d electrons would result
in a strong positive quadrupole interaction [one 3d elec-
tron with orbital quantum number /, =12 corresponds to
%equ ~4 mm/s (Refs. 19 and 20)]. Admixtures of wave
functions with different /,, e.g., by cubic crystal-field con-
tributions might decrease the quadrupole interaction.
This, however, appears improbable since the quadrupole
interaction is insensitive to the composition and symme-
try of the matrix. The contribution to the quadrupole in-
teraction from the lone pair may be estimated from point
charge calculation to be at most —0.4 mm/s. This value
might, however, be strongly increased by the polarization
of the 4s electrons away from the lone pair and by popu-
lation of the 4p orbitals.

The value of the quadrupole interaction could be for-
mally explained by a configuration 3d°13d*l4s with a
mixture made from a state with two spin | electrons in
levels with d character with a weight of %, and a state
with one electron in d,, and one in d; with a weight of 1.
The reason why in this case d,, levels are stronger occu-
pied than the dg cannot be explained in a free-ion model.
It is, however, obvious that the simple approximation of
a free atom in an axial crystal field cannot reproduce the
electronic structure of Fe in the molecule. Thermal repo-
pulation of orbitals with different expectation values of /,
apparently play no role up to at least 120 K since the
quadrupole interaction is constant.
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The magnetic hyperfine splitting

The application of an external magnetic field results in
a big magnetic hyperfine splitting already at moderate ap-
plied fields. The saturation value corresponds to 80 T if
B, is assumed to be positive and to —90 T if B, is nega-
tive (Fig. 5). In both cases the field dependence of B,
cannot be explained by a Brillouin curve. From the miss-
ing polarization of the nuclear moments one concludes
that the hyperfine fields caused by the electronic shells
are randomly oriented, i.e., that also the atomic moments
are not aligned by application of the external field. The
appearance of a magnetic hyperfine splitting under these
circumstances may have the following causes.

(i) The electronic relaxation of the isolated paramag-
netic atoms is slowed down by application of the external
field and becomes slower than nuclear Larmor precession
(=~10° s7!). The electronic ground state has to be mag-
netically anisotropic with an anisotropy energy which
cannot be overwhelmed by the dipolar interaction with
an external field up to 5.5 T.

(i) The FeNH; molecules are forming magnetic clus-
ters; application of the field may induce a blocking of the
magnetization of these clusters or a rise of the ordering
temperature to about 5 K. The type of order in the clus-
ters has to be antiferromagnetic or spin-glass-like to ex-
plain why no alignment of moments is observed in ap-
plied fields.

Possibility (ii) appears improbable for the following
reasons. Even matrices with Fe concentrations up to 0.6
mol % show no magnetic hyperfine splitting down to 4 K
without application of a field. The studied low-
concentration matrices also give no magnetic splitting
down to 2.5 K. They reveal, however, a broad un-
resolved background which gradually develops below 20
K which is not observed for higher concentrations. This
leads us to favor interpretation (i). For slow paramagnet-
ic relaxation the field dependence of B, indeed will not
follow a Brillouin curve. The spectra under applied field
are then composed by contributions due to the various
populated electronic levels with their different hyperfine
interactions which are not averaged to an effective split-
ting. As already indicated, it is then necessary to take
into account the anisotropy of the magnetic moments for

By (1
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FIG. 5. Field dependence of the magnetic hyperfine field By,
at 4.2 K (+ and — refer to positive and negative By, respec-
tively). For comparison the drawn line gives a Brillouin curve
forg=2,S= %, and a saturation value of 80 T.
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the different electronic levels, i.e., the electronic Zeeman
splitting will depend on the angle between the applied
field and the local preferred anisotropy axis.

An increased Zeeman splitting apparently slows down
relaxation, whereas only weakly split levels are still relax-
ing rapidly (as in the case without a field) thus exhibiting
only the quadrupole doublet. This can explain part of the
strong intensity in the center of the magnetic patterns
especially in small fields.

Note also that in case of nearly uniaxial anisotropy one
may expect that the Zeeman interaction at ions with the
anisotropy axis at angles around 90° with respect to B,,,
is very weak. Lacking a picture of the electronic level
scheme of the iron in FeNH;, we had to make an ad hoc
assumption for the evaluation as described by the
effective Hamiltonian introduced above. For B, X3 T it
was in principle sufficient to assume an effective spin-1
doublet with slow relaxation. For smaller fields, howev-
er, an increased relaxation rate and the population of oth-
er spin states with rapid relaxation had to be included
(for simplicity we introduced only one singlet) which are
not populated for stronger Zeeman splitting. The relaxa-
tion rate of the spin doublet varies from 10° s™! to 10®
s~! for B,,, varying from O to 3 T. These numbers
have, however, only qualitative character since they are
very model dependent. The following facts need closer
discussion: (a) the magnitude of the hyperfine field, (b)
the magnetic anisotropy of the electronic ground state,
and (c) the reason for slow relaxation.

(a) The magnetic hyperfine field is relatively large com-
pared to those commonly met for iron compounds. It is,
however, quite close to those of other matrix-isolated
species like atomic Fe(3d ®4s?), B,;=83 T,” and the dimer
Fe,, B;,;=66 T.}

The origin of these large hyperfine fields is the strong
contact contribution by the 4s electrons. One 4s1 elec-
tron produces a hyperfine field of the order of 200 T.° A
negative hyperfine field of —90 T which also can describe
the data may arise from a 4s electron with opposite spin.
Instead of a quintet (for 4s 1) the spin state would then be
a triplet. In fact MO calculations'* for FeH,O showed
that the triplet is energetically more favorable. In this
case, however, the negative contact contribution has to
be strong enough to overcome the orbital contributions
which are positive.?!

(b) The strong magnetic anisotropy of the electronic
ground state (g, /g, S0.1) is in contradiction to an orbital
singlet ground state. This would be expected for a
3d°13d%l4s1 (or 4sl) configuration with the 3d?! in a
d, or dg like doublet. A finite anisotropy may, however,
arise from a population of both d, and dj states which
has already been inferred when discussing the quadrupole
interaction; i.e., there is also a contribution by an orbital
quartet.

The spin state would be in any case a quintet for 4s 1
(triplet for 4s ). In this case, one may describe the elec-
tronic ground state by an effective spin 2 (or 1) multiplet
which is split by the axial crystal field which arises from
the nonvanishing orbital momentum of the orbital quar-
tet.

The crystal-field levels are then two (or one) uniaxial
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doublets and a singlet. According to the strength of the
anisotropy the overall splitting by the crystal field should
be =10 K. This is higher than the estimate for the ener-
gy difference between the spin singlet and the doublet in
our simplified model (effective spin 1) but in accord for an
order of magnitude guess. The magnetic moment es-
timated for the axial doublet from our data (=78) also
hints to a relatively high spin and a nonvanishing orbital
momentum. Fits to the data with the assumption of a
spin quintet are not very sensitive but reproduce the re-
sults as well as the previously-assumed simpler model
with a triplet.

(c) The rapid transition from fast to slow electronic
spin relaxation under the applied external field is surpris-
ing. The rapid relaxation without the applied field first
shows that the orbital momentum in the ground state
cannot be completely quenched, and second that a conju-
gate spin doublet is improbable to be the lowest crystal-
field state. In this case, one would rather expect an in-
crease of spin-lattice relaxation rate for the direct pro-
cess?? upon application of the external field which is not
observed. The slow down of relaxation may, however, be
explained in the previously-sketched model. If the spin
singlet is the lowest state and the magnetic doublet. is
several K higher in energy, one will observe a nonmag-
netic pattern down to low temperatures. In the applied
field the Zeeman splitting will bring one component of
the doublet below the singlet and the indirect processes
between them will slow down exponentially. This may
happen already at moderate fields since the magnetic mo-
ment of the doublet is high.

V. CONCLUSION

We have studied highly dilute solutions of iron in solid
ammonia. The reaction product FeNH; is paramagnetic.
The high value of the magnetic hyperfine field found un-
der the external applied field together with the value of
the isomer shift point to a nearly atomic configuration of
iron 3d74s. The strong axial anisotropy speaks against a
pure singlet orbital ground state. The Mossbauer spectra
under the applied field can be described by a superposi-
tion of the spectra due to a spin singlet and a doublet
with a magnetic moment around 73 with the singlet lying
below the doublet for zero external field. The observed
slow paramagnetic relaxation under the applied field can
be explained in this model by the slow down of indirect
processes. A higher spin multiplicity (e.g., a quintet) can-
not be ruled out.

The information on the electronic ground state derived
from the hyperfine data may be taken as a test for first-
principles molecular-orbital calculations for the small
molecule FeNH;. Calculations of this type are under pro-

gress.?
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