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The Mossbauer effect was used to unequivocably identify and measure the effective internal magnetic field
at the Fe nucleus in monovalent iron in its D, 3d 4s state isolated in a xenon matrix. The monovalent iron
was produced by depositing the iron atoms in a matrix doped with HI and the subsequent electron transfer
between the electron donor (Fe') and the acceptor species promoted by photoexcitation. For an applied
external field of 28 KOe, an induced pnisotropic magnetic hyperfine field at the "Fe nucleus was measured
with H, = 350+10 kOe and H„= 700+10 kOe. The ground-state Kramers doublet was uniquely
determined from the value of both the magnetic hyperfine field and the quadrupole splitting, using a crystal-
field-theory analysis and results of ab initio spin-polarized Hartree-Fock calculations for the 3d '4s '( D) and
3d 4s '('D) terms of monovalent iron. The agreement between theory and experiment was found to be
excellent. A systematic study of the possible molecular compounds in the Fe-Xe (HI) mixtures was carried
out. For high HI concentrations FeI, and FeI, were observed. For low iron concentrations and 1% HI in
xenon only, the monovalent iron ion was observed after photodissociation of HI.

I. INTRODUCTION

Recently reported Mossbauer absorption experi-
ments with rare-gas matrix isolated "Fe,' '"Sn, '
and' "'Te atoms and molecules together with op-
tical absorption experiments on rare-gas matrix
isolated atoms" have shown that the we& binding
of the matrix does not change the electronic con-
figuration from that of the free atom or molecule
and that only small changes in atomic levels and
in the hyperfine interaction occur due to the cry-
stal- field produced by the neighboring rare-gas
atoms. "' Further, it has been found that under
certain conditions, charged species can be gen-
erated and trapped within the matrix. ' Mossbauer
studies' with "Featoms following the decay of "Co
in solid Xe found two states, Fe'(3d'4s') and
Fe'(3d'), each identified by its respective isomer
shift (IS). Micklitz and Litterst' reported the
Mossbauer spectrum of Fe' in the 3d'4s' configur-
ation —an ionic state produced by applying Kasai's
technique for the production of Cd', Cr', and Mn'

in a rare-gas matrix. ' The process requires the
trapping of both electron donor and acceptor spe-
cies within the matrix, and thenpromoting anelec-
tron transfer between them by photoexcitation.
Once the photoexcitation is completed, the return

of the electron from the anion to the cation is
stopped by the local-potential trap imposed by the
electron affinity of the species. Migration of the
oppositely charged ions towards each other is pre-
vented by the matrix lattice.

In this paper we report a study of the monovalent
iron trapped in a rare-gas matrix. The purpose
of our study was to establish in a more definite
way, using the nuclear Zeeman effect, whether
the spectrum observed can be unequivocably iden-
tified as that of the Fe'('D). By applying a large
external magnetic field we were able to observe
the internal field at the "Fe nucleus and compare
the observed value with that expected from ab ini-
tio spin-polarized Hartree-Fock calculations for
the free-ion species. This method has been suc-
cessfully applied before to iron monomers in xen-
on,' argon, " and nitrogen. " To study all the pos-
sible molecular compounds in the Fe-Xe (HI) mix-
ture, we carried out a systematic study of the con-
centration dependence of Fe', and identified all the
possible molecules that could be observed in the
matrix for different iron and HI concentrations.
We have also carried out measurements of Fe'
in Xe (HI) at two different temperatures, so as
to determine its effective Debye temperature,
which gives a measure of the strength of the bond-
ing between the isolated ion and the matrix.



HYPERFINE FIELDS AT THE Fe NUCLEUS IN. . .

II. EXPERIMENTAL PROCEDURES

The samples were made in a liquid-helium cryo-
siat, evacuated to a pressure better than 10 '
Torr. The iron atomic bea.m (90%%uo enriched "Fe)
was produced in an alumina crucible contained in
a resistance-heated tantalum furnace. The iron
atomic beam was co-deposited with a stream of
Xe gas containing HI. The Xe and HI mixtures
were prepared in a stainless steel container by
monitoring their partial pressures. A stream of
the mixture was introduced into the cryostat
through a needle valve on the side and the sample
was deposited at about 4.2 K onto a Be disk mount-
ed within a superconductor magnet. Th'e rare-gas
deposition rate was continuously monitored by the
attenuation of the 14.4-keV gamma ray of a "Co-
Cu source mounted on the Ta internal shield of
the furnace. 'The iron deposition rate was cal-
culated through the experimentally determined
collection efficiency of the Be disk by weighing
the crucible before and after a run. Mossbauer
spectra was obtained with a conventional constant
acceleration spectrometer using a "Co-Pd source.
An enriched "Fe foil was used for calibration
purposes, and the zero velocity is given with re-
spect to this absorber. Kasai's method was used
to produce the monovalent state in the matrix. '
For the uv irradiation of the matrix we used a
high-pressure xenon lamp together with a filter
combination consisting of uv filter and a solution
filter of NiSO, '6H, O (0.3 g/ml H,O, 5-cm absorp-
tion length). This filter combination is transparent
for wavelengths from 2500 to 3100 A. The samples
were irradiated through a quartz window on the
side of the cryostat. Micklitz and Litterst' pro-
posed that a two-step process takes place during
uv irradiation: (i) photodissociation of HI, and
(ii) photoexcitation of Fe accompanied by a charge-
transfer process between the excited Fe and the
I atom. The net reaction can be summarized as

Fe+ HI""Fe'+ I '.+H.

III. EXPERIMENTAL RESULTS

Several experiments at-different iron and HI con-
centrations were carried out to investigate all the

. possible molecular compounds that can be formed
in the matrix, such as FeI„FeI„FeI, and FeH,
since their presence would, of course, obscure
the identification of the monovalent iron.

We'observed the formation of iron-iodine com-
pounds by co-deposition of iron with Xe containing
6% HI onto a Be disk at 4.2 K. At the iron concen-
tration used (O. V at. %%d), the probability of iron dim-
er formation is negligible.

In Fig. 1, the Mossbauer spectrum of that sam-
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FIG. 1. Mossbauer spectrum of Fe-Xe (8% HI) at
4.2 K.

pie before uv irradiation shows a single very
broad asymmetric line with an IS of -0.75 +0.05
mm/sec. Its width (around 2.5+0.1 mm/sec, or
three times the normal linewidth observed for the
iron monomer in a jure xenon matrix), is prob-
ably produced by perturbation of the monomer
caused by the neighboring HI. Since there will be
different numbers of HI nearest neighbors, a dis-
tribution of slightly perturbed monomers is ex-
pected, effectively broadening the Mossbauer ab-
sorption line.

After the sample was uv irradiated for several
hours, a well-defined doublet with a quadrupole
splitting (QS) of 1.22 +0.02 mm/sec and an IS of
1.06 s0.02 mm/sec, was observed (cf. Fig. 2),
which is characteristic of divalent compounds.
We identified this spectrum with that of the FeI,
molecule. The IS is slightly more positive than in
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FIG. 2. Mossbauer spectrum of Fe-Xe (8% HI) at
4.2 K after uv irradiation. Solid line is the least-square
fit assuming Lorentzian line shape.
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lid -indicating a larger electron density at
the nucleus for solid FeI,. A similar e ec
observed in isolated FeCl, mo lecules. " There is
a sli ht asymmetry in the line in Fig.. 2 that might
indicate the presence of some FeI, . WeI . We observed
that the Mossbauer spectrum of the Fe,the FeI Xe sam-

les in the presence of an external magnm netic field
o epf 28 kOe arallel to the z-ray direction is char-

fieldacteris ic o at' of a compound where the electric
' uted. Ourt (EFG) axes are randomly distribute . :urgradien

fit to the spectrum using the approach o e .
gives an internal field of 80+ 10 kOe at the "Fe
nucleus —a value which is very similar to that ob-

13tained for amorphous FeI,.
Upon warming the samples to a temperature of

78 K, the xenon matrix was lost, but but residual mol-
ecular compounds were left. yThe are shown in
Fig. 3, and can be identified as those of FeI, and

(FeI at 78 K IS=1.00+0.02 mm/sec, and QS
= 2. 13 + 0.02 mm/sec; Fel, at 78 K IS = 0.
mm/sec, and QS=0.87+0.02 mm/sec). Upon
warming oto room temperature the sample was con-
verted to FeI„and the values of the IS an Q

d ith those reported in the literature.agree wi
sible t eThe iron-hydrides represent one possi e yp

f lecular compounds that have not been con-
cularsidered in the analysis, Since such molecu

compoun s o nd d ot exist at room temperature in

any known stable form, one would expect their
forma ion int in the matrix to be hindered by the uv
ir raaia~ion. owd' t' . However as the irradiation is s rong

break the HI bond, an FeH compound
ld be easily dissociated. It is more i e y

the hydrogen will diffuse in the matrix, an
recombined with other hydrogens to form H, . No
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FIG 4. Mossbauer spectrum of Fe-Xe (1 HI 2.5 at;%
iron at 4.2 K after uv irradiation.

evidence of any we ll-defined compounds other than
FeI and FeI, were found in our experiments.

ncentr ation reaterS les containing an iron concen ra '

than 2.5 at. % in a xenon matrix (1% HI) show
bauer spec ra c art h racterized by the formation o
clusters in e min the matrix. Figure 4 shows a typical
example of such a spectrum after 18 h of uv irra-

alent irondiation, the formation of some monoval

trum is no goot good enough for a satisfactory analy-
sis. Consequen y, itl it becomes clear that the mono-

r ver restrict-valent iron can only be observed for very restric-
ed concentration ranges of iroiron and HI in xenon.

A sample was prepared contain' gin 0.9 at. /0 Fe
(200 pg/cm' "Fe) in a xenen matrix doped with

/ HI .The Mossbauer spectrum before irradia-
tion is shown in ig.Fig 5. One observes a sing
line spectrum wi anth IS and width characteristic
of the iron monomer in a rare-ga— as matrix: IS
=0.75+0.02 mm/sec, 21"=0.80+0.02 mm/sec. A
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FIG. 3. Mossbauer spectrum of ththe residual com-
ounds at 78 K of Fe-Xe (8% HI) after uv irradiation.

Solid line is the least-square fit assuming
line shape.

mm/sec

FIG. 5. Mossbauer spectrum of a sample contasnmg
0.9 at. /0 Fe in xenon. 0 l%%u HI). The spectrum shows only
the monomer jne. o iS 1'd line is the least-square fit as-
suming Lorentzian line shape.
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FIG. 6. Mossbauer spectrum of a sample containing
0.9 at. Fe in xenon (1% HI) at 4.2 after 18 h uv irradia-
tion. The solid line is the fit to the spectrum assuming
Lorentzian line shape.
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clean monomer spectrum is obtained with an iron
concentration below 1/g and HI doping of the xenon
of no more than 1/0. After uv irradiation of the
sample in Fig. 5 for 18 h we observed the spec-
trum shown in Fig. 6. For this spectrum we mea-
sured: IS=0.29+0.05 mm/sec, QS= 2. 1+0.1 mm/
sec, and 2I'=1.8+0.1 mm/sec. For this particul-
ar concentration selected, about 10/0 of the orig-
inal monomer is retained after irradiation. The
data was fit using Lorentzian line shapes for three
lines and the monomer spectrum was substracted.
For smaller iron concentrations the monomer is
practically reduced to zero after irradiation (its
detection becomes difficult, the effect is less than
0.1/o. ) However, the resonance effect becomes
too small and presents an experimental incon-
venience. After irradiation the samples always
show the broad doublet seen in Fig. 6. 'The IS
always remains the same within experimental er-
ror for different iron concentrations. The QS var-
ies from experiment to experiment depending on
the iron and HI concentrations. The reproducibil-
ity of the IS as well as its agreement with the ex-
pected value for Fe'(Sd'4s) suggests that the spec-
trum was correctly identified as that of monovalent
iron. ' Molecular compounds of iron and iodine
show completely different spectra.

We also found an effective Debye temperature
for the monovalent iron in the matrix, from the
temperature dependence of the Mossbauer spectral
area. A value of O~ = 80 a 5 K is obtained, higher
than the one observed for iron monomers in xenon
(0„=60 K), but in good agreement with the 6„
measured for Fe'(Sd') in a xenon matrix (for Fe'
Fe'Bd', 6„=90+20K).' The higher value of 6„
for the monovalent ion can be explained by the
polarization of the rare-gas nearest-neighbor
atoms that produce a stronger coupling with the
matrix.

A measure of the strength of the crystal-field

FIG. 7. Mossbauer spectrum of the sample containing
0.9 at.% Fe in xenon (1% HI) at 4.2 K after 18 h uv ir-
radiation in the presence of an external field of 28 kOe.
The dashed curve shows a theoretically calculated spec-
trum with Bz = 350 kOe and II„=II~ =700 kOe.

splitting can be obtained from the temperature de-
penden'ce of the QS. We carried out such measure-,
ments for the monovalent iron between 4.2 and
27 K. For the latter temperature we used liquid
neon as the cryogenic coolant. The QS at 27 K
was 1.7+0.1 mm/sec. Measurements were car-
ried out in the presence of an external magnetic
field. The purpose was to measure the internal
field at the "Fe nucleus in monovalent iron and
to identify completely the ground-state Kramers
doublet. The Mossbauer spectrum for the mono-
valent iron in the presence of an external mag-
netic field of 28 kOe collinear with the y ray is
shown in Fig. V. Mossbauer measurements were
carried out at much higher velocities and they
failed to reveal any other Mossbauer absorption
lines. From the above measurements the ground
state was identified as 3d'4s ('D). The 'D con-
figuration is too high in energy with respect to
the free-ion ground state 'D.

IV. THEORETICAL INTERP RETATION

A. Quadrupole interaction

The quadrupole splitting of the Mossbauer spec-
trum in Fig. 6 is produced. by EFG at the "Fe
nucleus due mainly to the iodine negative ions.
The Fe' is surrounded by 12 nearest-neighbor
rare-gas atoms that produce a cubic-crystal field
at the iron site. The crystal field due to the I
is superimposed on this field and it is probably
stronger than the cubic field. Thus, we can analy-
ze the crystal-field, splitting for Fe'('D) using the
standard crystal-field approximation. For sim-



MOXTANO, BARRETT, MICKLITZ, FREEMAN, A5D MALLO%

4p

I /2
I I/2
2 I/2

3 I/2

MONOVAL EN T IRON (Fe')

CRYSTAL FIELD SPLITTING

IIcr =' &[35J,' —30J(J+ 1)J,' —6J(J + 1)+ 3J '(J'+ 1)'

+25J.', + —',(J', +J']+ 6[3J', -J(J+ 1)], (1)

CL
LIJ
Z
LIJ

4F

6p

&773 K

' I/2'2 I/2

3 I /2—4 I/2

I254K
I/2
I I/2
2 I/2

t 339 K
—3 I/2

4 I/2

SPIN ORBIT j

A&0
8&0 I 8 I» /J g&o

14's&

where & is a measure of the strength of the cubic
field and 5 of the axial field. Figure 8 shows the
ionic-level splittings for the free ion and for the
ion in the presence of cubic and axial field, where
the dj.stance and positions between the Kramers
doublets depend on the sign and relative strength
of the cubic and axial fields.

Table I lists all the eigenfunctions for the dif-
ferent Kramers doublets of Fig. 8. To evaluate
the QS we use the operator equivalent method"

FIG. 8. Fe+ free ion level splitting and ground state
D. The crystal field splitting are shown for D level

in a cubic (d ) and axial (5) crystal fields.

plicity, the crystal field due to the iodine ions is
represented by an axial-field component and it is
assumed, as is usual for atoms and ions isolated
in a, rare-gas solid, that the spin-orbit interaction
is stronger than the crystal field. .The crystal-
field Hamiltonian for this case will be given by"

&I,J IIIoII,J )

[3e'Q/-2I(2I —1)](JIIo. II J))

&&(7 ')Mg (B1 3I(I+1)(J', —6 J(J+ 1), (2)

where Q is the quadrupole moment of the nucleus,
I is the nuclear spin, and J the angular momentum
.of the free ion. The conversion factor (Jll nil J)

63 The qu adrupo le sp litting is given by

TABLE I. First column gives the eigenfunctions for the ground state of monovalent iron
(6D, J = 2) . Second and third columns give the values for the quadrupole splitting and hyper-
fine magnetic field, respectively.

Eigenf'unctions QS (mm/sec)
Effective internal

field (H„= H~)
/

V3 99 v7 91 1 9 7
2v2, 22 2&3 2 2 2&6 2 2

W3 9 9 W7 9 1$ 1 ' 9 7
2&2 2 2 2@3 2 2l 2' 22

H~= 1350 kOe

H„= 2700 kOe

0.6—0.7 Hg= 1840 kOe

v3, 99 vl4 9 1 5 9 7
4 22 4' 22 4v3 2 2

. 0.6—0.7 H~= 613 kOe

VB 9 9 @14 9 1 5 97
4 2 ~ 2 4v3 2 2 4@3 2 2

H„= 1226 kOe

—1.9—2.2 H, = 1104 koe

9 3
2 2

V7 99 1 91 &7 97+ +—
4 22 2v2 22 4 22 1.9—2.2 Hg= 368 kOe
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~Z, = ,',—e'Q(r ')-„(I ft)(Z', -'. Z(Z -1))„(3)
where (J2 —sJ(J'+ 1))r means the thermal average
over all the different levels. In order to evaluate
the QS we need to know the value of (r '),„ for the
monovalent iron in the 3d'4s'('D) configuration.
The value of (r '),„was calculated using the un-
restricted Hartree-Fock approximation and is
given in Table II. The quadrupole moment for the
first excited state of "Fe is taken as that given
by Ingalls, "Q = 0 21b. In. the absence of an accurate
value for the antishi. elding factor R for Fe'we assume
that of free Fe", (1-R=0.V). The onlypossible set
of eigenfunctions listed in Table I consistent. with the
observed QS are g, '» or P, ,; both give the same
magnitude for the QS but are opposite in sign. We
will show that the high-magnetic-field measure-
ment gives unequivocal evidence that the doublet

g, ~„is the ground state. This result will be seen
to be consistent with the case of Fig. 8, where
~5~», 5&0.

A measure of the strength of the crystal-field
splitting can be obtained from the temperature
dependence of the QS. From the temperature de-
pendence of the QS we obtained a crystal-field
splitting between the ground state and the next
Kramers doublet equal to 15 K. The overall split-
ting of all the Kramers doublets in Fig. 8 will be
then around 44 K. %hile these values give only an
approximate measure of the strength of the cry-

stal field, due to the uncertainties in (1-B)(r ')M
and Q (approximately 20/o), we can conclude that
the crystal-field splitting is much weaker than the
spin, -orbit splitting, as has been observed for
other matrix-isolated species in rare gases.

B. Magnetic hype~inc interactions

H y,
——a~I'J,

Qg = f'gQ)+ C

a, =R„aa,'[(m, )'/Mp], g(f),

(4)

3l

where a~ is the magnetic dipole hyperfine interac-
tion constant. x~ can be evaluated from Ref. 17, c
is the s electron's contribution, R„ is the Rydberg
constant, a is the fine-structure constant, a, is

One expects the internal field for the free mono-
valent iron to be larger than for neutral iron mono-
mers, due to the presence of an uncompensated
4s electron. The 4s electron can be coupled to the
d shell in two ways, either as 'd&d44sk ('D), or
d'&d44s& ('D). For the free-monovalent iron the
ground state is known to be 'D (Fig. 8). The next
possible electronic configuration 3d' has to be dis-
regarded because the observed IS is well outside
the expected value for the 3d' ion. '

The hyperfine magnetic interaction for the free
ion is given by

TABLE D. Results of SPHF calculations for the core polarization H~ and orbital and dipolar contribution a, to the
magnetic hyperfine field for the 6D and 4D configurations of Fe'. p(0) is the total electron density at the nucleus.

Fe' electronic configuration

3d~ t 3d h 4s h (4D)

p (0) =g l g„;(0) l
= 11905.919 a.u.

Shell

S2

2S2

3S
4s

47r[lqnst(0)l —lqns)(0)l ]

-2.35
-34.37
+ 14.14
-47.28

-69.86 4.5536

a& (Mc/sec)

x= —'g[IA ((0)l' lq )(0)l']
rl

= -23.29 a.u./unpaired spin 78.4

H, = 294xao'Oe

3d &3d&4st( D)

p(0) = 11906.875 a.u.

1S2

2S
3s
4s

0.78
-29.78

21.52
+ 57.22

. 49.74 4.6909

X = 9.95 a.u./unpaired spin 80.8

H, = 2.09 x 106 Oe
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the Bohr hydrogen radius, m, /M~ is the ratio of
the electron mass to the proton mass, and g(f) is
the nuclear g factor.

In order to interpret the experimental results
in terms of the various contributions to the mag-
netic hyperfine interaction, we have performed
ab initio calculations of the terms 3d'4s'('D) and
3d'4s'('D) in monovalent iron. For both terms,
we have chosen the Hund's-rule state for the d
electrons; namely, 3df'3dt'('D), where the arrows
refer to the direction of electron spin. For the
'D term, the 4s electron has its spin aligned with
the five d electrons in the half-closed shell (spin-
up); for the 'D term, the 4s electron has its spin
aligned with the single spin-down d electron.

Since the hyperfine interaction has magnetic di-
pole, orbital, and contact contributions, including
s-electron core polarization, we have used the
spin-polarized Hartree-Fock (SPHF) method,
which we now summarize.

In the usual restricted Hartree-Fock (RHF),
model, the many-electron wave function is chosen
to be an antisymmetric product of one-electron or-
bitals, each of which is assumed to be a product
of a space eigenfunction (factored into the product
of a spherical harmonic 1' and a radial function
R) and a spin eigenfunction,

(n,m, m, = [R„,(x)Y, „,(e, (f )]y(nz, ) . (5)

In the RHF theory, the radial function is indepen-
dent of both the m, spin and of the m, orbital mo-
mentum projections. While this form of the or-
bital introduces no restriction for closed-shell
systems, this is not the case when one or more
shell is only partially filled. Thus, as is well
known, "since they predict the same density of
spin-up and spin-down core electrons in the re-
gion of the nucleus, RHP calculations give zero
contribution to the hyperfine interaction for closed
inner-shell atoms, even fo'r ions which contain
open valence shells. To introduce the contribution
of these inner-shell electrons, one may remove the
restrictions on the radial function R„, and allow it
to depend on the projection m, of the spin, hand thus
obtain the so called spin-polarized Hartree-Fock
method (SPHF).

A further step is to allow a dependence of R„,
on the projection m, of the orbital momentum and
thus obtain the more sophisticated spin-plus-or-
bit Polarized Hartree--Fock method (SOPHF) in
which each electron has a different radial func-
tion.'relaxing this restriction would have neglig-
ible effect in this work; we have therefore re-
mained within the framework of the SPHF model.

In Table II, we present the results of SPHF cal-
culations for the terms 'D and 'D. In addition to
listing spin densities for each of the s shells, we

have calculated values of core-polarization field
per unpaired spin in a.u. (y), as well as total core-
polarization field in Oe (H, = 4.21 x 10' 2$ && y). We
have also listed total electronic-charge densities
at the nucleus, p(0), and values of {I/x')„, ne-
cessary to obtain orbital and dipolar contributions,
as indicated in Eq. (4) above. Note that these va-
lues of {1/r'),„are for the 3dk electron only: the
five 3d& electrons constitute a half-closed shell,
and therefore make no contribution to orbital and
dipolar fields. We have neglected any difference
in the expectation values of {1/r')M for the dipolar
and orbital terms. A slight difference in the elec-
tron densities at the nucleus fo$ the two configura-
tions can be observed in Table II. Using the va-
lue of a, and c as given in Table II, az or Hz(az or
H~(a~ J I= g„gH~ I) can be calculated. For the
'D configuration (J = —',) H~= 3313 kOe is obtained.
The orbital and dipolar parts give a contribution
equal to 1223 kOe. The s-electron contribution is
2090 kOe. Consequently, the expected internal
field for the free ion should be very large.

'The first striking result of the applied field ex-
periment is the presence in Fig. 7, of a smaller
hyperfine magnetic splitting at the "Fe nucleus
than expected from the free-ion results. We will
show in what follows that this observed magnetic
splitting can be explained by crystal-field effects.
The Fe' ion is in a crystalline matrix and its 'D
levels will be split by the combined effect of the
total crystal field produced by the neighboring
xenon atoms and the iodine ions. If one assumes,
as is generally the case in a rare-gas matrix, that
H„„&~„„„H„„then the evaluation of the expec-
tation value ofH ~ becomes simple. Due to the fast
relaxation time of the electronic magnetic mo-
ments compared to the Larmor nuclear precession
time, one can define R thermal average for H~.
We will further assume, based upon the tempera-
ture dependence of the QS, that at 4.5 K only the
ground-state Kramers doublet is populated. For
this case it is convenient to express the hyperfine
term in the spin Hamiltonian form

H„f=g A;S; I;, i=x, y, z,

where S=- —,
'

for axial symmetry A„=A,.
It is seen that the hyperfine tensor A is propor-

tional to the g tensor of the doublet. We have
neglected in the above relations any mixing of high-
er ionic J states. In the presence of an external
magnetic field the Hamiltonian for the ground-state
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doublet is given by

H = ~ A]S] I] -g p~S 'H „-gsg~I 'H „+H@.
I

(8)

The Zeeman term for the ion will remove all
degeneracies. Since Hz„',„&II~ for each state

~
(), the magnetic hyperfine term can be written

as

HM =gI &NH. gg
'I

'The hyperfine interaction splits the nuclear levels
zn the same way as an external field of magnitude

~H~, ~. The effective field H,«at the nucleus mea-
sured by the Mossbauer spectrum is the sum of the
external and internal fields,

eff Hex'+ H& &

where

- H~= H„'(S)/S.

The saturation value H'„=AS/g~p~ of the internal
field is the hyperfine field value that we will com-
pare with the theoretical calculation in 'Table I.
H,« is a function of the crystalline-field param-
eters, of the magnetic field, and of the direction
of the magnetic field relative to the local crystal-
line-field axes. The hyperfine interaction is dia-
gonalized along an internal direction that need not
be parallel to the external-field direction. For
relatively small magnetization the internal field
will be parallel to the external field. For this
case the calculation of the Mossbauer spectrum
from the Hamiltonian of Eq. (8) is straightforward.

If the internal magnetic field is not collinear
with the external field we will have two independent
angles between the EFG principal axis (only the
axial field case will be analyzed) and the internal
field, and between the internal field and the y-ray
direction. We have selected the Z-ray direction
as the quantization axis and consequently we have
to average over the two angles. From the analysis
of the experimental data we have found that the

low-field approximation is more appropriate. One
of the major difficulties in our calculation is the
distribution of EFG. We will introduce the dis-
tribution in the EFG as producing only a broaden-
ing of the Mossbauer lines. In the following we
will present the results of our calculations using
the approach of Collins and Travis. " The pre-
sence of an asymmetry parameter p, different
from zero will only affect the relative intensities
of the lines and not the overall splitting. The in-
troduction of the asymmetry parameter will only
improve the fit to the spectrum shape.

There are various possibilities for the ground-
state doublet depending on the sign and strength
of the cubic and axial components of the crystal
field. But the Mossbauer spectrum has to be fit
both for the magnitude of the QS and the internal
field. Only one Kramers doublet from Fig. 8 and
'Table I gives the correct fit to both hyperfine in-
teractions, namely,

~
g,) and

~

tJr»). From this fit
we obtained for the internal magnetic field com-
ponents H, = 350 + 10 kOe (theory 368 kOe) and H„
=700+10 kOe (theory f36 kOe). There is a dif-
ference of about 5% between the expected values
from Table I and those found experi. mentally. 'The

sign of the EFG principal axis is positive (e'qQ
&0).

V. CONCLUSIONS

This excellent agreement between theory and ex-
periment is striking especially in view of- the sim-
plicity of the model used. Although our original
purpose was to identify the charge state of the iron
ion, the analysis given above, taken together with
the free-ion spin-polarized Hartree-Fock calcula-
tions, has allowed us to go much further than ex-
pected and by obtaining a detailed description of
the behavior of the monovalent iron in the rare-
gas matrix, to identify the Fe' as being in the
3d'4s(~&) state, and to show which Kramers doub-
let is involved.
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