VoLUME 33, NUMBER 8

PHYSICAL REVIEW LETTERS

19 Aucust 1974

Determination of the s-Electron Contact-Density Ratio for the Fe Configurations 3d®4s?
and 3d®4s from Matrix-Isolation Mdssbauer Spectroscopy
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SFe* (3d%s) ions have been produced by uv irradiation of a xenon matrix containing
0.65% 5"Fe. The stabilization of these ions was accomplished by mixing ~1% of HI into
the Xe matrix gas. The Mossbauer isomer shift of the 'Fe* (3d®s) resonance is +0.26
£0.03 mm/sec against iron metal at 300 K. From this we obtain the ratio of the elec-
tron densities at the "Fe nucleus, [0(0)346552~ £ (0)348]/ [P (0) 34645 — P (0) 546] =1.80 0.15.

Mossbauer studies of neutral atoms have been
performed as absorption experiments using the
rare-gas-matrix—isolation (RGMI) technique.!
Mossbauer source experiments with RGMI %Co?2

and RGMI ''°"Sn ® extended these studies to charged

ions (°*"Fe* and '*°Sn*). The electronic configura-
tion of these ions, however, depends on the spe-
cific recombination mechanism of the highly
charged ions created by the Auger cascade fol-
lowing the radioactive decay. These ions are not
stable against recombination with free electrons
(Trecomp ~3 X107 sec at 4.2 K).2 A method for the
production of these ions as stable species is of
great interest, especially in connection with the
problem of isomer-shift (IS) calibration. Stable
ions then can be well specified and measured in
absorption experiments.

We have generated and stabilized (for more
than three weeks) *"Fe*(3d%4s) ions in a xenon
matrix at ~4.5 K. The measured IS of this ion,
together with the known IS of 5"Fe(3d%4s?) and
57Fe?*(3d%), gives an experimentally determined
value for the ratio p(0),,2/p(0),, [here p(0) is the
difference in the relativistic electron density at
the iron nucleus between the electron configura-
tion given as the subscript and the Fe?*(3d°) con-
figuration]. This ratio is a sensible test for ex-
isting self-consistent-field (SCF) calculations of
p(0).

The generation and stabilization of the >Fe*
ions was accomplished by uv irradiation (wave-
lengths ~ 2500-3100 A or photon energies ~4-5
eV) of a xenon matrix containing (0.65+0.15)%
S’Fe as electron donor and ~1% HI as electron
acceptor. This method has already been used by
Kasai* for EPR studies of RGMI ions. Similar to
Kasai we propose the following two-step process
taking place during uv irradiation:

(1) Photodissociation of HI. HI shows contin-
uous absorption between 2500 and 3100 A leading
to the 3 and 'II excited states of HI, which spon-
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taneously dissociate into H and 1.°

(2) Photoexcitation of Fe accompanied by a
charge-transfer process between the excited Fe
and the I atom: Fe*+I-Fe'+I". Fe atoms in a
xenon matrix have six strong absorption bands
between 2500 and 3100 A leading to the different
configurations of the excited states 3d%4s4p and
3d"4p, respectively.® The charge-transfer pro-
cess probably occurs between the 3d®4s4p excited
Fe states and the I” state, since there is an en-
ergy resonance between these states [Eion(Fe
3d%4s4p) ~E,;(17)]; such charge-transfer pro-
cesses due to “energy resonance” between the
two electronic levels involved have been reported
earlier.?"

The resulting charged species Fe® and I” should
be separated by an average distance of ~ 20 A.
Such a separation is considered large enough that
the influence of I” on p(0) of Fe* can be neglected
provided both charged species are in their ground-
state configuration.® The electric field gradient
(EFG) at the iron nucleus due to the splitting of
the Fe*(°D) state in the axial electric field of the
I, however, is not negligible and will be dis-
cussed below.

The "Fe-doped Xe(HI) matrix was obtained by
evaporating an iron foil (~80% enriched " Fe) out
of an alumina crucible, and mixing the iron atom-
ic beam with a stream of Xe gas containing ~1%
HI. This mixture was condensed on a liquid-heli-
um-cooled beryllium disk (~4.5 K). Deposition
rates were determined as described elsewhere.®
In this way a Xe(HI) matrix with an iron atomic
concentration of (0.65+0.15)% corresponding to
an amount of 65+ 15 pg/cm?® >Fe or ~6x10'7 5"Fe
atoms/cm? was produced. For the uv irradiation
of the matrix we used a 450-W high-pressure
xenon lamp together with a filter combination con-
sisting of an uv filter (Schott UG5) and a solution
filter of NiSO,+6H,0 (0.3 g/ml H,0, 5 cm absorp-
tion length); this filter combination is transpar-
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FIG. 1. Mossbauer absorption spectra of a xenon
matrix containing (0.65 £0.15)% *Fe (65 =15 pg/cm?
5"Fe) and 1% HI. Matrix temperature ~4.5 K. Doppler
velocities with respect to a ’Co(Cu) source at 300 K.
(a) Spectrum before uv irradiation; (b) spectrum taken
after ~5 h of uv irradiation; (c) spectrum taken after
~15 h of uv irradiation.

ent for wavelengths from 2500-3100 A. The uv
photon flux was ~5x10'® sec 'cm™2 at the matrix.
Figure 1(a) shows the Mdssbauer absorption
spectrum of the *"Fe-doped Xe(HI) matrix before
uv irradiation. The spectrum shows a single res-
onance line (linewidth I'=0.70+ 0.02 mm/sec)
with an IS of —0.74+0.02 mm/sec with respect
to iron metal at 300 K. This spectrum is identi-
cal with that found earlier for 5"Fe atoms in a Xe
matrix without HI admixture.®® The M&ssbauer
absorption spectra taken after ~5 h (~10%° pho-
tons/cm?) and ~15 h (~3x102° photons/cm?) of uv
irradiation are shown in Figs. 1(b) and 1(c), re-
spectively. After ~5 h of uv irradiation a small
fraction of the resonance line due to neutral
STFe(3d%4s®) atoms can still be seen. After ~15
h of uv irradiation this resonance line is com-
pletely replaced by a quadrupole doublet with an
IS of 0.26+ 0.03 mm/sec against iron metal at
300 K and a splitting of AE;=1.39+0.03 mm/sec.
We interpret the quadrupole doublet in Figs.
1(b) and 1(c) as the resonance of the charged
Fe*(3d%s) state. The quadrupole interaction is
caused by the EFG of the Fe*(°D) level split in
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FIG. 2. Correlation between the relativistic electron
density p(0) at the ®Fe nucleus and the isomer shift
for ¥Fe. Isomer-shift values are given with respect
to iron metal at 300 K. p(0) values as calculated by
Blomquist, Roos, and Sundbom, Ref. 11, and Shenoy,
Ref. 13.

the axial electric field of a neighboring I°. This
splitting of the Fe*(°D) level has been estimated
to be ~10 cm™ for an Fe*-I" distance of ~20 A.2°
The distribution of the Fe*-1" distances results
in a variation of the Fe*(°D) level splittings, and
therefore in a distribution of the EFG at the iron
nuclei. This is reflected in the large linewidth,
I'=1.42+0.02 mm/sec, of the quadrupole doublet.
Figure 2 shows a plot of the observed IS of
RGMI *"Fe(3d%4s?), RGMI *'Fe* (3d%4s), and RGMI
*TFe* (3d") together with the IS of %’Fe in FeF,
versus the charge densities p(0) of the corre-
sponding configurations as calculated by Blom-
quist, Roos, and Sundbom!! [nonrelativistic Har-
tree-Fock procedure corrected by a uniform re-
lativistic enhancement factor S’(Z)=1.2912] and
as calculated by Shenoy*? (Dirac-Fock-Slater pro-
cedure). With the charge densities calculated by
Shenoy the three RGMI “calibration” points of
Fig. 2 are essentially consistent with a value of
A(r®)==(14.1£0.7)x1073 fm2?. This is not the
case if we use the values obtained by Blomquist,
Roos, and Sundbom. In this case one finds A{72)
==(22.3+0.5)x10"2 fm® from RGMI Fe*(3d") and
RGMI Fe(3d°4s?) and A{72) = —(16,5%0.5)x10"2
fm? from RGMI Fe*(3d") and RGMI Fe*(3d%4s).
The A(7?) value obtained from the p(0) calcula-
tions by Shenoy is in agreement with those ob-
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tained by Duff'* [A{7?) = =(15.5+1.5)x 1073 fm?]
from a critical re-evaluation of the existing IS
calibration attempts and by Kalvius and Shenoy*®
[A{#?) = =(15£5)x 1072 fm?]. It also is in less
disagreement with those obtained from measure-
ments of the change in the lifetime of the 14.4-
keV state in Fe with the chemical environment:
A(7?) = =(8+1.,5)x107% fm?® and —(6:7)x10"3
fmz.l’l

Effects of the rare-gas matrix on p(0),. in the
Fe(3d%4s?) atom seem to be <5% as estimated
from the observed IS differences of Fe atoms
isolated in different inert matrices (Ar, Kr, Xe ®'9;
N, !%; CH,, CO,'®). Matrix effects on the spin den-
sity (hf-coupling constant) of RGMI Cu(3d'%4s) as
measured by EPR experiments®® are of the same
order of magnitude (s +5%). Matrix effects on
RGMI ions can be estimated from EPR experi-
ments with RGMI ions; the observed effects on
the hf-coupling constant in Mn* (3d°4s) and Cd*-
(4d*%5s) again are =-=5%.* From these experi-
mental facts we conclude that the rare-gas-ma-
trix effects on p(0) are < 5% for all Fe configu-
rations.

From the IS data of Fig. 2 we derive the ratio
[ 0(0)452/P(0)45 ]exp =1.80 £0.15. Taking into ac-
count possible influences of the rare-gas matrix,
as discussed above, would lower this value by
maximal 5%, that is, to [p(0)452/p(0)43]exp =1.65
£0.15. This value is in good agreement with the
-calculations of Shenoy which give [ p(0),2/
p(0)4s]carc =1.6. It is, however, in serious dis-
agreement with the ratio [ p(0),2/p(0),]ca1c =1.3
as obtained by Blomquist, Roos, and Sundbom.
From optical isotope-shift measurements on 6s-
and Ts-electron configurations one finds [ p(0),s2/
P(0),s]ors =1.6£0.1 for =62 and n="T22 again in
excellent agreement with our measured value
for n=4.

Therefore we come to the conclusion that the
calculated value of Blomquist, Roos, and Sund-
bom for the Fe(3d®4s?) configuration is probably
~35% too low, i.e., the s shielding within the 4s
shell seems to be overestimated in these calcu-
lations. This could be caused by the use of a
single relativistic enhancement factor S’(Z) for
all Fe configurations despite the known fact that
relativistic contributions to the shielding ratios
can be important.??

Our measurement shows that SCF calculations
have to be treated with care. The relatively
good agreement of our experimental data with
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the Dirac-Fock-Slater calculations by Shenoy
could be just fortuitous. More SCF calculations
of ratios of charge densities of different iron
configurations are needed. Their comparison
with various density ratios from experiments
provides a crucial test for the quality of such
calculations.

We acknowledge helpful discussions with G. M.
Kalvius, K. Luchner, G. K. Shenoy, and F. Wag-
ner.
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