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ABSTRACT

57Fe in solid ammonia are

M8ssbaver studies on highly dilute
reporﬁed. The hyperfine parameters of the paramagnetic reaction
product FeNH, point to a nearly atomic .configuration of iron
[Ar]3d74s. The electrbnic spin relaxation slows down rapidly un-
der application of an external magnetic field. The field depen-

dence of the magnetic hyperfine patterns indicates a strong axial

magnetic anisotropy.

Key-words: M8ssbauer; Paramagnetic hyperfine interaction; Matrix
isolation; Electronic spin relaxation; Criochemistry;
Solid gas matrix.
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1 INTRODUCTION

M8sgbauer studies of the hypérfine interactions on atoms, small
clusters and molecules isolated in inert frozen gases have been re

ported for various sPecies1‘2. Reaction products of atoms in frozen

gases have been studied less often]‘é. Small molecules formed in
matrices are of interest for lowest temperature chemistry5 and che-
mistry on surfacesﬁ. In addition the combined information on elec
tron densities, electric field gradients and magnetic hyperfine
fields allow critical tests for first principle meolecular orbital
calculations of'the hyperfine interactions in relatively small mo-
lecules. Mostly only the isomer shifts and guadrupole interactions
were studied. The magnetic hyperfine interaction in isolated spe-
cies could usually not be observed unless a magnetic field was ap-
plied since electronic relaxation is faster than nuclear Larmor pre
cession. M8ssbauer studies of the magnetic hyperfine interactions
under applied external magnetic fields were reported for isolated
atomic iron7, iron dimers8 and ionic states of irong.

We have studied the hyperfine interactions on the reaction pro
duct of atomic iron isclated in solid ammonia. The experiments were
performed under applied external fields and at various temperatures.

Previous matrix isolation studies on Fe in NH, and Fe in NH, mixed

3 3
with Xe revealed the formation of a small molecule, presumably Feal\IH3 3'4.
This was also supported by IR studies and UV photolysis3. From i-
somer shift and quadrupole interaction a diamagnetic ground state
of the molecule was concluded3. In our present study we can show,
however, that the molecule is in factrparamagnetic. Under mode=-
rate applied fields the paramagnetic relaxation at iron is relati-
1) _ :

vely slow (1088_
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These experiments were extended to more dilute . . matrices
(0.1 mole%) than the previous ones (0.1-0.6 mole%) in order to

avoid problems with clustering.

2. EXPERIMENTAL

The matrix isoclation set-up 1s shown in fig. 1. The high pu

rity NH, gas, which was additionally pre-cleaned from water conta

3
mination by cooling, was qondensed onto a Be disk (position 1 in
£1g. 1) cooled by liquid helium. High purity °’Fe was co-deposited
from an alumina crucible which was heated via a resistance heated
tantalum boat. The proper deposition rates of iron and ammonia
were controlled via the change of frequency ofIOScillating quartz
crystals by tﬁe depositicon and the attenuation of the 6 kév X-ray
intensity from a Mdssbauer 57Co source. Samples were  prepared
wifh concentrations ranging between 0.0l mole% to 0.1 mole% of
Fe in NH,. The pre-vacuum before preparation was better than
10-8 torr. The time needed for lay-down of a matrix was typical
iy 1-6 hours leading to MBdssbauer = absorbers with about 0.005-0.1 mg
57Fe/cmz. The colours of the doped matrices 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 supercon-
ducting solenoid (Bmax=5.5T). We used a conventional Mdssbauer
spectrometer with sinusoidal velocity sweep. The source (5700
in rhodium, about 50 mCi) was moved by a vertical transducer ar-

rangement, with the source at about 10 K. The magnetic hyper-
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fine gplitting by stray fields at the source proved to be negli-

gible in this configuration.

3 RESULTS

For all studied concentrations the M@ssbauer spectra at 4.2 K
reveal a quadrupole pattern with parameters close to the earlier

found for Fe in NH, and NHS/Xe mixtures“. In no case there were

3
found indications of unreacted isoclated Fe (with its typical  i-
somer shift of about -0.8mm/s vs. alpha iron4’10) or clusters of
metallic Fe. For Fe concentrations <0.05 mole% the doublet is
riding on a broad but weakly pronounced spectral background which
vanishes for T > 20K (see fig. 2). The quadrupcle splittingl is
constant up to about 120K. At this temperature the vapour pres

sure of NH, is al::‘eady-lo_2 torr and the matrix is gradually eva-

3
porating. 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 asymme
tric 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 latterldoublet has al-
ready been found in the earlier studies4 and was related to the
possible formation of a complex with residual impurities in the
matrix which occurs upon onset of diffusion at elevated matrix tem
peratures. 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.
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Fig. 3 shows spectra obtained under various appiied external
magnetic fields. The matrix temperature was 4.2 K. Note that
even at external fields of several Tesla the nuclear moments are

(this may be traced from the non-

not yet polarized along ﬁext

vanishing intensity of the aIz=0 nuclear transitions).

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 crystai field into a doublet and
a singlet. The doublet is necessary to describe " the  magnetic
part of the spectra in applied field, the singlet is necessary
to account for the pronounced intensity in thé. center of _the spec

tra especially for small applied fields.

The hyperfine interaction for the spin doublet is described

by the following Hamiltonian

H = E;Eg;ﬂmhf';ﬂzee (1)
E= % ezéQ [_Ié—%I(I;l)] | (1a)
Bane = 125 = A8, + ALLS, TS,) (1b)
Hzee = EEBEE?E.- In Bn ext (1e)

Ho_stands for the electric monopole part of the hyperfine in-

teraction leading to the isomer shift. Hmhf describes the mag-

netic and H, the gquadrupolar interactions, S and I are electronic

-Q

and nuclear spins, A" and A| are the components of the magnetic

hyperfine tensor A parallel and perpendicular to the z-axis which
is locally determined by an axial crystal field, % equ is the

quadrupole splitting { e is the elementary charge, eq the elec-
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tric field gradient, Q the nuclear quadrupocle moment). The Zeeman
Hamiltonian Hzee'accounts for the electronic and the nuclear Zeeman
interaction I;_;he external fieldzﬁext, B and Bn are the Bohr and
the nuclear magnetons, the electronic g "tensor" consists of g”
and g; with g“/§l==A"/AL, g 1is the nuclear g factor. An average

over all angles between ge:ﬁ (parallel to the direction of the y-ray}

t
and the local z-axis as determined by the crystal field was per-

formed.

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 sim-

pler triplet model is already very involved.

The above given Hamiltonian refers to static hyperfine inter-
actions. Relaxation between the electronic levels was allowed in

a Wickman-type11

fluctuation model. This is necessary .to des~-
cribe the transition from fast relaxation (Bext=0) to slow relaxa

tion under applied field.

The essential informations from our fits with a spin doublet

and a singlet are:the following:

i) the spin doublet is magnetically anisotropic with gl/g"éo;l.
with a magnetic moment along z of about 6-7 B, the . singlet
spin state is about A =5-7 X below the doublet for Bex:=0
(fig. 4); . |

1i) the quadrupole interaction is % equk=-2 mm/s, independent
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of temperature;

iii) the eélectronic fluctuation rates in applied fields zgxtgo.er
are ;5'109' s~t;

iv} the hyperfine parameter A corresponds to Bhf=80 T if a posi-

adding to B

tive hyperfine field is assumed (Be ), for ne

xt hf

gative B, . (Be substracts from Bhf) one yields -90 T  for

xt
‘high applied fields:
v) the isomer shift is 0.67 mm/s with respect to iron metal at

room temperature.

4 DISCUSSION

Solid NH, has a cubic crystal structurelz. Deviations from

3
this stable structure were reported for vapour quenched NH3 at
substrate temperatures around 100 K 13. The preparations of our
matrices were done around 5-8 K. The practically identical Mdss-
bauer spectra of Fe in solid NH, and NH,Xe mixtures4 show, how-
ever, that the symmetry of the surrounding matrix is of no impor-
tance for the hyperfine interaction at the iron which rather re-

flects the electronic state of the small molecule.

By now the structure of FeNH3 is not knowﬁ. It appears, how-
ever, reasonable to assume a point symmetry C3v.at Fe with the
three-fold 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 symmetric condition one would expect that for
a free iron ion 3d orbitals are of nearly clean ¢,m and ¢ type.

Mixtures may occur due to higher symmetry (e.g. cubic) background
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fields from the matrix.

Recent MO calculations on similar émall molecules EEHfL CulNH,, ,
NiNH3) 14 have shown that the bonding is mainly established by a
strong polarization of the cation 4s electrons by the closeby lone
pair from the ligand molecule which causes a strong electronic di

polar interaction.

3d-4s and 3d-4p hybridization seem to play a minor role. The
iron remains in a nearly atomic configquration. Backdonation from

the ligand is expected to be weak.

We now discuss the hyperfine data of FeNH, and their implica-

3
tions on the electronic ground state of the molecule.

4.1 The isomer shift

The isomer shift of 0.67 mm/s excludes an atomic ground state
of Fe close to the usual 3d64s2 configuration which has an isomer

shift of -0.76 mm/s. From calculated electronic charge densi- -

tiesu”16 together with the isomer shift data from the various i-

10,17,18

ron species isclated in rare gas matrices one finds that

the atomic electronic configuration with a calculated isamer shift
coming closest to the measured isomer shift is 3d74s (calculated
shift 0.9-1.0 mm/s for electron densities from ref.16, 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 confi-

3
guration can be expected t¢ occur in strongly bound molecules e.

g. on surfaces14.
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4.2 The quadrupcle interaction

The explanation of the quadrupole interaction wit.h%— equ: -2my/s
is not straight-forward. 1In the axially symmetric molecule one
would expect that the 34 states of lowest energy are mainly buiilt
up from d6 orbitals in order to diminish the repulsion from the

lone pair of NH In this case any high spin or low spin configu

3'
ration with six or seven 34 electrons would result in a strong po
sitive quadrupcle interaction (one 3d electron with orbital gquan-

19’20); Admixtures

tum number 1z=¢2 corresponds to-% ezqog:4mm/s
of wave functions with different 1z e.g. by cubic crystal field
contributions might decrease the gquadrupole interaction. This,
however, appears improbable since the gquadrupole interaction is
insensitive to the composition and symmetry of the matrix. The
contribution to the quadrupole interaction from the lone pair may
be estimated from point charge calculation to be at most -~0.4mm/s.
This value might, however, be strongly increased by the polariza-

tion of the 4s electrons away from the lone pair and by popula-

tion of the 4p orbitals.

The value of the guadrupole interaction could be formally ex-
plained by a configuration 3d5+3d2+4s with a ﬁixture made up from
a state with two spin+ electrons in levels with 4  character with
a weight of 2/3 and a state with one electron in 4, and one in ds

with a weight of 1/3.

The reason why in this case d1T levels are stronger occupied
than the dTS cannot be explained in a free ion model. It is, how-
ever, obvious that the simple approximation of a free atom in an

axial crystal field cannot reproduce the electronic structure of
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Fe in the molecule.

Thermal repopulétion of orbitals with different expectation
values of lz apparently play no role up to at least 120 K since

the quadrupole interaction is constant.

4.3 The magnetic hyperfine splitting

The application of an external magnetic field results in a
big magnetic hyperfine splitting-already at moderate applied fields.
The saturation value corresponds to 80 T if_Bhf is assumed to be
positive and to -90 T if B¢ is negative (fig. 5). In both cases
the field dependence of B, . cannot be explained by a Brillouin
curve. From the missing polarization-df 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 reasons:

i) the electronic relaxation of the isolated paramagnetic atoms
is slowed down by application of the external field and be- .

comes slower than nuclear Larmor precession ("=-‘1095_1

); the
electronic ground state has to be magneticéllf anisotropic with
an anisotropy energy which cannot be overwhelmed by the dipo-

lar interaction with an external field up to 5.5 T;

ii) the FeNH, molecules are forming magnetic clusters;  application
of the field may induce a blockiﬁg of the magnetization of
these clusters or a rise of the ordering temperature to about

5 K; the type of order in clusters has tc be antiferromagnetic
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or spin-glass like to explain why no alignment of moments is

observed in applied field.

Possibility ii) appeérs:improbable for the following reasons:
Even matrices with Fe concentrations up to 0.6 mole% show no mag-
netic hyperfine splitting down to 4 K without application of a
field. The studied low concentration matrices also give no mag-
netic splitting down to 2.5 K. They reveal, however, a broad un-
resolved background which gradually develops below ZOK which is
not cbserved for higher concentrations. This leads us to favour
interpretation i). For slow paramagnetic relaxation the field de
pendence 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
splitting. As already indicated it is then necessary to take in-
to account the anisotropy of the magnetic moments for .the differ
ent electronic levels, i.e. the electronic Zeeman splitting will
depend on the angle between applied field and the local preferred

anisotropy axis.

An increased Zeeman splitting apparently slows dow relaxation
whereas only weakly split levels are still relaxing fast as in
the case without field thus ekhibiting only the quadrupole doublet.
This_can éxplain part of the strong intensity in the center of

the magnetic patterns especially in small fields.

Note also that in the case of nearly uniaxial-anisotropy' one
may expect thap the Zeeman interaction at ions with .the aniso-
tropy axis at angles around 90° with respect to ﬁéxt is very weak..

In lack of a picture of the electronic level scheme of .the iron
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in FeNHB-had to make an ad hoc assumption for the evaluation as
described by the effective Hamiltonian introduced above. For
Bextg;BT it was in principle sufficient to assume .an effective
spin 1/2 doublet with slow relaxation. For smaller fields, how-
ever, an increased relaxation rate and population of fast relaxing
other spin states had to be included (for simplicity we introduced
only one singlet) which are not populated for stronger Zeeman
splitting. Theﬁrelaxation rate of the spin doublet wvaries from
1093f1 to 1088~ for Bext;varyihg from 0 to » 3T. These numbers
have, however,'énly qualitative character since they are very mo-

del dependent. Following facts need closer discussion:

a) the magnitude of the hyperfine field
b} the magnetic anisotropy of the electronic ground state

.c} the reason of slow relaxation

a) The magnetic hyperfine field is relatively larqe compared
to those commonly met for iron compounds. It is, however, quite

close to those of other matrix-isolated species like atomic Fe(3d64sz),

7 8

Bhf=83T , and the dimer Fez,-Bhf=66 T .

The origin of these large hyperfine fields is the strong con-

tact contribution by the 4s electrons. One 4s+4 electron produces

a hyperfine field of the order of 200 T °.

A negative hyperfine
-field of -90T which also can describe the data may arise from a
4s eleétron with opposite spin.. Instead of a quintet (for - 4s+t)
the spin state would then be a triplet. 1In fact MO cahnﬂatﬂx514
for FeH20 showed that the triplet is energically more favourable.
In this case, however, the negative bontact contribution has to
be strong enough to overcome the orbital contributions which are

positiveZ1.
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b) The strong magnetic énisotropy of the electronic ground state
(gl/guf,f-o.l) is in contradiction to an orbital singlet ground state. '
This would be expected for a 3a°+ 3a’v 4st (or 4s¥) configuration
with the 3a%+ in a d_or d 5 like doublet. A finite anisotropy may,
however, arise from a population of both d_ and d; states which
has alreddy been inferred when discussing the quadrupole interac-

tion., I.e. there is also a contribution by an orbital quartet.

The spin state would be in any case a quintet for 4st+ (triplet
for 4s¥). 1In this caée one may describe the electronic ground state
by an effective spin 2 (or 1) multiplet which is split by the a-
xial crystal field which arises from the non-vanishing .orbital mo

mentum of the orbital guartet.

The crystal field levels are then two (or one) uniaxial doublets
and a singlet. According to the strength of the anisotropy the
overall splitting by the crystal field should be >10K. This is
higher than the estimate for.the energy 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 mag-
netic moment estimated for the axial doublet from our data (7 8)
also hints to a relatively high spin and a non-vanishing orbital

momentum.

Fits to the data with the assumption of a'spin guintet are not
very sensitive but reproduce the results as wéll as the above as-

sumed simpler model with a triplet.

c) The rapid transition from fast to slow electronic spin relaxa-
tion under applied external field is"surprising. The fast relaxa
tion without applied field firstly shows that the orbital momentum

in the ground state cannot be completely gquenched and secondly
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‘that a conjugate spin doublet is improbable to be the lowest crys
tal field state. In this case one rather would expect an increase
of spin lattice relaxation rate for the direct proce3322 upen  ap-
plication of the external field which is not observed. The - slow
down of relaxation may, however, be explained in the above sketched
model. If the spin singlet is the lowest state and the magnetic
doublet is several K higher in energy one will observe a non-mag-
netic pattern down to low temperatures. In applied field the Zeeman
splitting will bring one component of the doublet below the singlet
and the indirect processes between them will slow down exponential
ly. This may happen already at moderate fields since the magnetic

[

moment of the doublet is high.

5 CONCLUSION

We have studied highly dilute solutions of iron in solid am-
monia. The reaction product FeNH3 is paramagnetic. The high value
of the magnetic hyperfine field found under external applied field
together with the value of the isomer shift point to a nearly a-
tomic configuration of iron 3d’4s. The strong axial anisotropy speaks
against a pure singlet orbital groudstate. The M8ssbauer spectra
under appiied field can be described by a superposition of the spec
tra due to a spin singlet and a doublet with a magnetic moment
7 8 with the singlet lying below the doublet for zero external field.
The observed slow paramdgnetic relaxation under applied field .can
be explainedlin this model by the slow down of indirect processes.
A higher spin mﬁitiplicity (e.g. a quintet) cannot be ruled ocut.

The information on the electronic ground state derived from
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the hyperfine data may be taken as test for first principle mole-
cular orbital calculations for the small molecule FeNH,. Calcula

tions of this type are under progresszs.
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CAPTIONS

Matrix-isolation . cryostat, the sample is moved from posi

tion 1 (preparation) to position 2 (M8ssbauver measurament

.in applied magnetic field) by a gear drive system sealed

by bellows.

M8ssbauer absorption spectra of 0.04 mole% Fe in solid

3 at different temperatures {source: 5?Co in Rh at 10 K).

M8ssbauer absorption spectra of 0.04 mole% Fe in  solid

3
parallel to the y-ray).

NH, at different applied magnetic fields B_ (directed

Xt

Simplified model of the atomic spin levels of Fe in.FeNH3

used for data analysis.

. Field dependencé of the magnetic hyperfine field B£f at

4.2 X (+,- refer to positive and negative B s respecti-
vely). For comparison the drawn line gives a Brillouin

curve for g=2, S=7/2 and a saturation value of 80 T.
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