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Using implanted sources of I"' and I'" in iron, the hyperfine (hf) fields and recoilless fractions of
the daughter nuclei, Xe"' .and Te'", respectively, have been investigated by means of the Mossbauer
efFect of their first-excited-state y transitions. In both cases, the Mossbauer spectra consist of different
components, indicating that the implanted atoms occupy a number of inequivalent sites. We performed
measurements at different temperatures to deduce recoilless fractions for the observed components and
the relative occupations of the different sites. The data for both cases have been fitted with a model

that assumes three different hf spectral components, identified as having high (h), intermediate (i) and
low (l) hf fields. For FeXe"', values B'„", = 1,55+ 0.10 MG, B'„", = 1.16 + 0.15MG, and
B'„", = 0.3 + 0.1MG were found for FeTe"'. B'"' = 681 + 4kG & =540+15ko, and
B'„", = 190 + 60kG. In agreement with channeling results, the h component is ascribed to Xe or Te
atoms in substitutional sites. A calculation of hf fields for various defect clusters makes it probable that
the i component corresponds to impurity atoms associated with one vacancy in a nearest-neighbor
position. The l component is not sharply defined; it is assumed to correspond to several difFerent

vacancy clusters, consisting of an impurity atom associated with two or more vacancies.

I. INTRODUCTION

In recent years the amount of information on
magnetic hyperfine (hf) fields ot dilute impurities
in magnetic metals has been growing rapidly. The
information is important both for a better under-
standing of the origin of the fields and for nuclear-
physics experiments in which these fields are used
for the measurements of magnetic moments of
short-lived nuclear states. Measurements of hf
structure by spectroscopic techniques also provide
information on the existence and population of dif-
ferent sites for the impurity ions.

Four techniques have been widely used for em-
bedding impurities in magnetic hosts for hf studies.
The tmo traditional techniques, melting the host
and impurity together and diffusion, can only be
used mhen the impurity forms a solid solution with
the hoSt, and this solid solution can be metastably
retained at the measuring temperature. These
techniques fail if the solubility of the impurity in
the host is very lorn, or if the impurity reacts
chemically with the host material. In these cases,
the impurities can be introduced by implantation of
energetic (10 keV-10 MeV) impurity iona into the
host. Iona may acquire these energies either by
the recoil from nuclear reactions or directly,
using electrostatic acceleration.

Normally, samples produced by implantation
techniques contain so fem impurity atoms that it is
not possible to study the hf interaction by nuclear-
resonance or specific-heat techniques. Instead,
radioactive ions have been implanted, and the

hyperfine interaction studied by means of its ef-
fects on the nuclear radiation emitted. Basically,
there are three different techniques for measuring
these effects. In the experimental work me report
here, the hf splitting of the nuclear states is di-
rectly determined using Mossbauer spectroscopy
to study the emitted y rays. The second technique
that has been used to determine the hf interactions
of implanted radioactive nuclei is that of lom-tem-
perature nuclear orientation, in which the nuclear
spin system is cooled to temperatures such that
kT is of the order of the hf coupling energy. This
results in a net nuclear orientation, which can be
measured from the anisotropy of the emitted radia-
tion. Finally, the rotation of y-ray angular dis-
tributions resulting from the precession of the y-
emitting nuclei in the hf field may be measured
[this is the perturbed angular -correla-tion (PAC)
technique] .

To a certain extent, these three techniques are
complementary, and information from all of them
must be combined to obtain a systematic under-
standing of the origin of the hf fields. In this light,
we should emphasize that while the nuclear-orien-
tation experiments yield the hf interaction of the
parent nucleus, the PAC technique measures the
hf interaction of an excited state of the duughter
nuclues. Mossbauer spectroscopy is the only
technique from mhich information about the hf in-
teraction of an excited state as mell as the ground.
state of the daughter nucleus can be obtained. Thus,
in many cases hf fields can be directly deduced
from the ground-state nuclear moments, which
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are usually well known.
In hf interaction measurements on implanted

sources, complications often arise because not all
implanted iona are in equivalent sites. This has
been clearly shown by recent hf measurements and

by back-scatter channeling measurements to de-
termine lattice locations.

In some cases, e.g. , Sb(Z=51)~'~ and Te(Z
= 52} ' implanted in iron, measurements indicate
that all the impurities have the same hf field, and
therefore are probably in the same sites. The
substitutional character of these sites has been
confirmed by channeling measurements. ' In other
cases, e. g. , Xe{Z=M) implanted in iron, ' the
complex structure of Cs Mossbauer spectra (ob-
tained with Iie Xe sources) demonstrates the
existence of at least three different sites. These
results have also been supplemented by channel-
ing studies that show rather low substitutional
fractions (0.3-0.5) for Xe in iron single crystals,
implanted to doses comparable with those used for
the Mossbauer measurements. The presence in
implanted sources of sites with different hf fields
seriously complicates the interpretation of nu-
clear orientation and perturbed-angular-correla-
tion measurements, which can usually be analyzed
only in terms of one value of the hf field.

In this paper, me present results of nem Moss-
bauer spectroscopy measurements on Xe' in iron
and Te in iron. The spectra for each of these
systems show the presence of three different hf
fields. The hf field results are discussed both in
terms of a microscopic model of mave-function
overlap between host and impurity, and systemat-
ics of hf fieMs for other iona. The sources for
the two experiments mere made by implanting I'3'

and I, respectively, into iron. The site popula-
tions and symmetries for the implanted I atoms are
discussed in the light of the Mossbauer measure-
ments on the daughter species. %e have tried to
bring together the results of a number of different
hf and lattice-location measurements to construct
as complete a picture as possible at this time of
the results of implanatation of the elements Sb(Z
= 51) to Cs(Z = 55) into iron.

II. EXPERIMENTAL PROCEDURES

A. FeXe

Mossbauer investigations with xenon isotopes
have been reported by Perlom et ul. 9 They
mainly used the 40-keV transition in Xe (T»&
=1 nsec), fed in the decay of 1.6x10'-yr I . This
transition mas preferred over the 80-keV transi-
tion in Xe (T~&3= 0. 5 nsec), fed in the decay of
8-day I, because of its much higher recoilless
fraction and its narrower linewidth. Only one
measurement on the 80-keV transition, using a

NamHII Oe source and a XeF4 absorber, mas
carried out by Perlom. For our investigation me
had to use I' ' as the source activity because no
usable implanted source can be made mith the long-
lived I'" activity.

Of the different absorber materials investigated
by Perlow, sodium perxenate (Na4XeO8 xHzO) has
the largest recoilless fraction. Accordingly, we
used a N~xe06 2H&O absorber (Peninsular Chemi-
cal Research Inc. , Gainesville, Fla. ) of 18-mm
diameter, containing 700 mg/cm of the compound.
Electronic processes absorb 60% of the incident
80-keV y rays in this absorber. The absorber mas
tested with a 5-mCi source of NaqH3I 06 (New
England Nuclear} to determine its bnewidth and
resonance absorption. In the cryostat used for the
first Xe'~' experiments (carried out at Bell Labs),
the absorber, immersed in liquid helium, is at 4. 2

K, while the source, connected to the helium res-
ervoir by copper braids is at a temperature of 8-10
K. Later experiments (at Groningen) were per-
formed in a cryostat where the absorber mas also
in liquid helium but the source was contained in a
small vacuum chamber immersed in the liquid. Its
temperature could be varied from 4 to 120 K with
the aid of a temperature-controlled heater. Strong
sources are needed because only 5f& of the I ' de-
cay feeds the 80-keV transitions. The presence of
a 364-keV line 20 times more intense than the 80-
keV line necessitates the use of a planar germani-
um detector with optimum pulse shaping and care-
ful collimation of the y rays to minimize the back-
ground under the 80-keV line. Counting rates in
the &0-keV channel betmeen 1 and 5 kHz mere ob-
tained, with photopeak-to-background intensity
ratios ranging from 1:0. 8 to 1:2.

A background-corrected absorption effect Io = (1.0
+0. 2)%%u& was obtained with the paraperiodate test
source and the sodium perxenate absorber. The
error in the dip is almost entirely due to the in-
accuracy of the background correction. The width
of the Lorentzian line that fits the measured spec-
trum is 1'= 9. 5+1 mm/sec. The increase over the
natural linewidth I'~= 6. 8 mm/sec probably arises
largely from an unresolved quadrupole splitting in
the source. Under this assumption, me should cor-
rect the measured absorption dip by a factor I'/I'0,
which yields Io= 0, 014 +0. 0032. Since the inter-
atomic distances and the crystal structure of the
paraperiodate and the perxenate are very similar, '
it appears reasonable to assume that the source
and absorber recoilless fractions are not very dif-
ferent. Assuming them to be equal, a value f(0)
= 0.049 +0. 007 is found for the recoilless fraction
at T = 0 by solving the equation

Io f0{1—e ~' '"~'~1'Zo[-,' if(0)n, o,])
for the line intensity, using n, cr, =15. (n4, is the
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number of Xe atoms/cm in the absorber, o, the
resonant cross section of the 80-keV level). If the
effect of line broadening due to absorber thickness
is taken into account in the argument just presented,
a slightly smaller value, f(0)=0.047+0. 007, is
found. This corresponds to a characterisitc tem-
perature 0„=150 K. From this value off (0), a
value for the T = 0 recoilless fraction f(0) ' of the
40-keV transition of Xe' in a perxenate absorber
can be derived; f(0)'4 ' = 0.47+0. 02 in good agree-
ment with the value given by Perlow.

The Ee I sources were made by implanatation
of I'3 ' ions accelerated to 110 keV, each into three
30-p-thick 99. 999%%u&&-pure iron foils (held at room
temperature) with the isotope separator of the
Natuurkundig Laboratorium, Groningen, Nether-
lands. The sources were not heated after the im-
plantation. Source strengths of 6. 3 and 14.4 mCi
were obtained starting from a 100-mCi sample in
the ion source consisting of NaI 3 in 5-mg NaI
carrier. Because of the high specific activity of
the starting material and because there is a mass
difference of four units between the only stable
iodine isotope (I ) and the radioactive implanted
isotope, the dose of stable iodine in the implanted
source was relatively small. It is estimated at
less than 4x10' /cm, the initial I does being
1 x10 /cm for the first source and 2. 3x10 /cm
for the second source.

8. FeTe'"

The Te' ' source preparations and experiments
were carried out at Groningen. The 35. 6-keV
level of Te (T, &z= 1.5 nsec) is fed both in the de-
cay of 2. Vy Sb and of 60-day I . Mossbauer
spectra of the 35. 6-keV transition were measured
both with a diffused Ee Sb source and an im-
planted Ee I source.

The Sb activity, obtained as a carrier-free
solution of SbC13 in HC1, was precipitated as Sb&03
after addition of 2-mg SbCl3 carrier. The oxide
was reduced at 600 'C in a hydrogen stream and the
metal vapor condensed in a quartz tube containing
a 100-mg iron foil. The tube was subsequently
evacuated and sealed at both ends. The antimony
was then diffused into the iron at 800 'C for 5 h.
In this way, a 400- pCi Ee Sb source containing 1%
Sb was obtained.

The Ee I source was implanted at an ion energy
of 120 keV using 25-mCi I~2 in 6-mg NaI in the ion
source. The total implanted iodine dose was about
10 '/cma, the source strength 450 WCi. A 22-mg/
cm ZnTe absorber, enriched to 71% in Te, was
used both for the measurements with the Ee I'~

and with the Ee Sb ~ source. The measurements
were carried out in a liquid-helium cryostat in
which both source and absorber are immersed in
the refrigerant. An intrinsic Ge detector was used
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FIG. 1. M5ssbauer spectrum obtained with implanted
FeI 3 source and 5'a4Xeos absorber at liquid-helium tem-
perature. The line drawn through the measured points
represents a. least-squares fit to a three-component mod-
el. Separate components are given by lines h (high
field}, i {intermediate field), and l (low field).

to measure the 35.6-keV line, which was com-
pletely resolved from the x rays accompanying the
capture decay of I and the conversion of Te
y rays.

III. RESULTS AND MEASUREMENTS

A. FeXeI31

Mossbauer spectra of the 80-keV y transition in
Xe were recorded for source a, of strength 6. 3
mCi, with source and absorber at liquid-helium
and liquid-hydrogen temperatures and for source
5, of strength 14.4 mCi, at 4. 2, 40, 60, 80, and
115 'K while the absorber was kept at 4. 2 'K. The
result of a measurement with source a at liquid-
helium temperature is shown in Fig. 1, that of a
measurement with source 5 at 60 Kin Fig. 2.
Because the spectrum is complex and incompletely
resolved, an unambiguous analysis is only pos-
sible after giving some of the parameters fixed
predetermined values. Under a pure magnetic hf
interaction with hf field B„~, the I~ =

~
—I= 2 80-

keV M& transition would be split into six Zeeman
components with energies given by

E(m„m, ) = y gB„,(g, m, -g, m, ),
m~-m, =0, +1.

Here, g~=0. 4606 is theg factor and m~= ——', , ——,',
+ —,', + —', are the possible magnetic quantum numbers
of the ground state; g, and m, = ——,', + —,

' are the
corresponding quantities for the 80-keV state and

p~ is the nuclear magneton. Normally the ratio
g, /g can be determined from Mossbauer hf spec-
tra, but in this case the large linewidth and pres-
ence of inequivalent sites do not allow this.
Therefore, we have estimated the unknown g fac-
tor of the excited state from known magnetic-mo-
ment values of —,

"states in nearby even-Z nuclei.
The —,

' ' ground state of Xe has g~ = —1. 5538 and



10 MOSSBAUER STUDIES ITH I131 A+D I13~ SOURCES. . . 3763

—).000- "

X
~ 0.998

K

~ 0.996

~ 0.994-
CL

Xe 3 hfs FROM I
~

IMPLANTED IN Fe

o
I I I I I I I I )

-40 -30 -20 -10 0 10 20 30 40
SOURCE VELOCITY mrn I sec

0
I& r)

FIG. 2. Mossbauer spectrum obtained with implanted
FeI'3' source at 60 K and Na4XeO& absorber at 4. 2 K.
The line drawn through the measured points represents
a least-squares fit to the three-component model. Sepa-
rate components are shown by lines h (high field), i (in-
termediate field), and l (low field). The resonance effect
plotted here appears as large as that in Fig. 1 because
the background under the p-ray line is smaller, compen-
sating for the reduced f.

an inspection of the —,
"states of three isotopes of

48Cd, four of MSn, and two of &ITe shows that the
absolute value of the g factor increases by amounts
varying from 0.05 to 0. 30 for each pair of neutrons
added to a nucleus. %e therefore consider —1.55
&g, & —1.S to be a range within which g, should
lie (corresponding to a range —3.35 &g, /g, & —4. 1
for the g-factor ratio).

For the spin states, multipolarity, andg factors
encountered here, the intensity ratios of the Zee-
man components are given in order of increasing
energy as 3:x:1:1:x:3, where x depends on the
angle betmeen the magnetic hyperfine field and the
direction of y-ray emission. For hf fields oriented
at random, x=2, while x=4 for complete orienta-
tion of the hf field perpendicular to the direction of

y emission. The EeXe 3 measurements were car-
ried out without the use of an external field to mag-
netize the source, but, as is mell known, near the
surfa, ce of a foil, an appreciable magnetic align-
ment in the plane of the source foil is usually
present. Earlier measurer ents on Ee Te'",187 13

using an unmagnetized source foil of the same
thickness and the same iron, yielded a value x &2. 5
while our measurements on Ee I'~ and I"e Sb'~, to
be described in Sec. III 8 carried out in a trans-
verse field of 420 6, yielded x-2. 7. %e there-
fore assume x to be in the range 2. 5 &x & 3 in the
present case.

For predetermined values of g, /g and x within
the ranges just indicated, most of the measured
spectra could not be least-squares fitted to a
reasonable X value with less than three 6-line
components, corresponding to three fractions h,
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FIG. 3. Results for hyperfine magnetic fields Bhf and
relative intensities with three-component model. The
shaded ellipses represent the correlated errors for the
case of midrange choices of the parameters, x (for degree
of source magnetization) and gag (for g-factor ratio):
x = 2. 7, gggz= —3.74. The squares are obtained for x
=2.7, gag~=-4. 1; the triangles for x=2. 7, gag~=- 3.35; and the circles for x= 3, gag~= —3.74.

i, and E of the implanted atoms, with high, inter-
mediate and lorn hyperfine magnetic fields. The
symmetry of the spectra suggests that there is no
appreciable quadrupole splitting and that the three
components have about the same isomer shifts.

In all least squares fits we have given fixed val-
ues to the parameters g, /g, and x while one com-
mon isomer shift for all components and one com-
mon width for all lines were chosen as variable
parameters. The hyperfine fields B&~"""and the
relative intensities l(h, i, I) of each of the 3 com-
ponents are further variable parameters for the
measurements with source a and for the measure-
ments at 4. 2 and 40 K with source b. Fewer free
parameters were chosen for the higher-tempera-
ture measurements with source b (at 80, 80, and
115 K), because of the reduced effect. In the
analysis of these runs, the field(s) and the common
linewidth were kept fixed at the average values
resulting from the 4. 2- and 40-K measurements.
Moreover, only two components (h and i) were
used at 80 K and only one (it) at 115 K.

All results have been summarized in Table I
while in Fig. 3 results for source a are shown,
obtained for several different values of the pre-
determined parameters x andg, /ge. The shaded
regions give an indication of the correlation be-
tween field and intensity values that follows from
the error matrix produced by the computer pro-
gram. The centers of the ellipses give the fields
and intensities for x=2. 7 andg, /g = —3.74, i. e. ,

parameter values in the middle of the allowed re-
gions. The circles, triangles, and squares cor-
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TABLE I. Parameters obtained from Mossbauer spectra of Fees~ sources vs Na4XeO& absorber, using
the 80. 16-keV transition in Xe~s'.

20.4

4 2 10.4d

40 10.4

80

115

10.4'

10.4~

Temperature (K) Linewidth
Source Source Absorber (mm/sec)

8 4. 2 10+1

Isomer shift
(mm/sec)

0.0~0. 2

O. 0+0.2

0.0+0.2

—0.1+0.2

-0.4~ 0.3

—0.8+0. 5

+1.5+1.0
Proposed values

(7=4.2 K)

Component
Intensity~

Vo, Wo)

4.8~0. 5
l. 3+0.5
0.8+0.3'
4. 0+0.4
1.6+0.8
0.6+0.3
5.8+0.4
1.7+0.3
1.2+0. 1

4.6+ 0.4'
l.5'~0. 4
0.7+0.1
3.6~0. 3
l.3+0.2

0.6~+ 0. 1
1.7+0.3
0.7+0.2

1.2+0. 1

5.3+0.8
1.5+0.7
1.0~0. 5

Hyperfine
field~

N~, MG)

l. 51+Q. 03
l. 05+ 0. 14
0. 3+0.1
1.55+0. 03
l. 16+0. 12
0. 3+0.1
l. 54+0. 03
1.13~0.07
0.27~ Q. 05
l. 59+0.03
1,23+ 0. 07
0. 39+ 0. 06

1 56c

l. 18
0.32'
l. 56
1.18
1.56

l. 55+ 0. 10
l. 16+0.15
0. 31 + 0. 10

aValues given are for parameter choices gJgr= —3.74 and x=2. 7 (except proposed values in three bot-
tom rows).

Total intensity (sum of six lines) after background and linewidth correction.
eFixed parameter (average of values from listed fits of 4.2- and 40-K spectra, obtained with source b).
~Fixed parameter (average of values from unlisted fits of 4.2- and 40-K spectra, obtained with source b).

respond to some parameter values at the limits of
the allowed region (see figure caption).

In the bottom roms of Table I, proposed values
for the hyperfine fields 8„,and relative intensities
I,, at liquid helium are given. The limits of er-
ror given to these values take into account the un-
certainties in x and g, . If an accurate value of g,
becomes available, the value of B„"~may be re-
estimated and the nem error mouM be reduced to
about 20 kG.

In the column of Table I marked "Intensity, "
total absorption depths (summed for six lines) of
the different components are given. These have
been obtained by multiplying the background-cor-
rected depths by I' /I' s, where I' is the mea-
sured width (column 4 of Table I) and 1's = I'„(1
+ 0. 185T,), the width expected if there were only
absorber thickness broadening (1'„=0. 88 mm/sec
is the natural width of the 80-keV line, T,=o,f,n,
= 0. 72 (4 K) or 0. 51 (21 K) the reduced absorber
thickness).

The absorption depths given in Table I mill be
used in Sec. IV to derive lorn-temperature recoil-
less fractions for the different components of the
source spectra.

8. FeTe'

Mossbauer spectra of the 35. 6-keV y transition
in Te 3 mere measured both mith a 400- pCi dif-
fused Ee Sb source and a 450- pCi implanted
Es I source in combination with a 22-mg/cm
ZnTe (enriched to 71o/c in Te' ) absorber. Sources
1 and 2 (see Table II) were mounted in a small per-
manent magnet producing a field of 420 0 in the
plane of the source foil. The magnet mas fixed to
the moving source rod. The transverse magnetic
field serves to reduce uncertainties caused by pos-
sible differences of the magnetization of the 3b'~
and I'~5 sources. The spectrum obtained mith the
Ee Sb'~~ source is shomn in Fig. 4. It can be fitted
very mell to a six-line pattern representing a sin-
gle magnetic-field component.

The appearance of the spectrum is very similar
to that of one component of the EeXe ' spectrum
(see Fig. 1). This is not surprising because the
80-keV transition in Xe' and the 35. 6-keV transi-
tions in Te are both transitions betmeen —,

"and
—,
"shell-model states mith opposite magnetic mo-
ments and similar magnetic-moment ratios.

In the fitting procedure of the spectrum obtained
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FIG. 4. M5ssbauer spectrum obtained at 4.2 K with
diffused FeSb'2 source and ZnTe absorber. The line
drawn through the measured points represents a least-
squares fit to a six-line pattern expected for one unique
value of the magnetic hyperfine field Bhf = 678 kG.

with the Ee Sb' ' source, the hyperfine field Bhf,
the absorption depth Io, theg-factor ratiog, /g„
the isomer shift Q, and the value of x in the inten-
sity ratios 3:x:1:1:x:3 of the six lines of the
spectrum were chosen as variable parameters.
The fit yields g, /g = -O. 21+0. 01, in good agree-
ment with the value obtained by Frankel et gl.
andx=2. 75+0. 15, the values of the other parame-
ters are given in Table II, The quantity Io in this
table is the total absorption depth (summed over
the six lines) after correction by a factor 2. 1 for
the background under the 35. 6-keV line that is
caused by x rays and other y lines.

The fit of the single-component Ee Sb spectrum
is used to facilitate the analysis of the more com-
plex spectra obtained with the Ee I source.
These spectra, taken at 4. 2 and at 78 K, are
shown in Fig. 5. They contain at least two more
components than the Ee Sb spectrum, as is clear
from Fig. 6 which gives the difference of the
Ee I' spectrum and the properly normalized
Ee Sb spectrum. The form of the difference
spectrum prompted us to fit the gross spectrum
with the following three components: two six-line
patterns for high- and intermediate-field fractions
(h and i,) and a third six-line pattern with a larger
width of the individual lines, representing fractions
of Te atom in sites with lower fields (I). The line-
widths of components h and i are chosen equal. In
the least-squares-f itting procedure all parameters
are left free, except sometimes one of the line-
widths which otherwise may tend to an unphysical
value while there is no significant improvement of

The intensity-ratio parameter x in the ratio
3:x:1:1:x:3was taken equal to that found for the

Te hfs FROM t
I MPLANT E 0 IN Fe

1.000- 42 K

0.990

0.980

g 0,970

~ 0.960

-40
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t 1.000—
UJ

0.995

c
I l t I

-30 -20 -10 0 10 20

78 K

30 40

0.990

0980

0.975
i l l I
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FIG. 5. Mbssbauer spectra obtained with implanted
EeI 5 source and ZnTe absorber at 4. 2 and at 7S K. The
line drawn through the measured points represents a
least-squares fit to a three-component model. Separate
components are given by lines h (high field), i (inter-
mediate field), and l (low field).

EeSb' source: x=2. 75. The drawn lines in Fig.
4 represent the fits thus achieved. The relevant
parameters obtained from these fits are given in
Table G. The quantity Io"'" for the components h
and i again is the total background-corrected ab-
sorption depth; for component l, Io"' is obtained
by multiplying the absorption depth by the ratio
I', /I'0 of the widths of component f and the other
two components.

In order to obtain more information about source
magnetization, two spectra measured with the
EeI source, one with the source in the transverse
420-0 field, and the other outside were analyzed
without using the intensity ratio parameter x= 2. 75
obtained from the Ee Sb spectrum as a fixed pa-
rameter. As expected, the fits are not very sensi-
tive to the value of x and the errors therefore
rather large: For the unmagnetized source we find
x=2. 4+0. 3 and for the magnetized source x=2. 8
+0.3. A completely magnetized source in our geo-
metry should yield x= 3. 7. This shows that the
transverse field of 420 0 that we have used only
produces a partial orientation of the magnetic mo-



3766 D E %'AARD, COBE N, RE INT SE MA, AND DRENT JE 10

OIFFERENCE SPECTRA

1.000

0.998—
0

0.996—

I Fe (4.2 K) Sb Fe

0
00

0.992-

0.990-

o 0.988.

~ 0.986-
x
~~ 0.984

-40

0 0

0
0
0 0 00

oooo 00 o
0

-30 -20 -10

0
0 0

0 0 o o
0 0 0

0 00 0
0 0 0
00 0

0
0 0 0
00

0 10 20 30 40

4J

UJ 0

1.000--
0

0 0
0 0

0
0 0 0

0 0
0998—

0 0

0996-

0.994-

0
0 00

c 0
25 Fe (78 K) Sb125Fe

0 oo

0
0

0 I 00

0 0 QQO
Co

00 0 0
co 0 0

0 0

0
0

0

0
0

I I I

-40 -30 -20 -10 0 10 20 30 40
SOURCE VELOClTY mm / sec

ments of the iron near the impurity, even though
the bulk magnetization of the foil is close to satu-
ration.

FIG. 6. Difference of M5ssbauer spectra obtained with
FeI~ 5 and FeSb 2 sources at 4. 2 and at 78 K. The nor-
malization of the FeSb~25 spectrum was obtained from
the three-component fits represented in Fig. 4 by the
drawn lines.

IV. DISCUSSION AND INTERPRETATION OF RESULTS

A. Hyperfine fields

The values measured. for the magnetic hyper-
fine fields of impurities with atomic numbers from
50 to 56 in iron are collected in Fig. 7. In some
cases, high-, intermediate-, and low-field com-
ponents (h, i, f) have been observed. The shaded
region (labeled f) indicates the possible field range
for the components l. The fields for Te and Xe
were obtained in the investigations reported here,
the other values were taken from a recent com-
pilation.

For the nonmagnetic impurities in the region
considered, the hyperfine field is almost entirely
due to the Fermi-contact interaction resulting from
the net electron spin density at the nucleus. It can
be expressed as

a„,=II-, l s(ll(, (O) I'- lq, (O) I'), (l)
where ($, &, &

(0) i is the density of the spin-up
(-down) electrons at the nucleus, assumed to be
constant over the nuclear volume. Because only
s electrons contribute significantly, we will write
0 =4~ ~

So far, there exists no theory that starts from
first principles to calculate impurity hyperfine
fields in ferromagnetic metals, but several models
have been put forward to account for the observed
trends of the fields. The first of these was orig-
inated by Daniel and Friedel ' and modified by
Campbell. In these approaches, the effect of ex-
change-polarized conduction electrons, scattered
from the impurity and setting up a screening
charge around it, is considered. The impurity is
represented by a square potential well. It has an
effective ionic charge difference Z relative to the

TABLE II. Parameters obtained from Mossbauer spectra with FeSb and Fe I 2~ sources vs a
ZnTe~ absorber, using the 35.6-keV transition in Te 2 .

Source
and

external
field

Source
and

absorber
temp (K)

Linewidth~
{mm/sec)

Isomer
shift

(mm/sec) Compo n.ent
Intensity

(t'p, %)

Hyperfi ne
field

(8, kG)

No. 1: FeSb
in 420 G

10.3+0.5 0.4 + 0. 2 17.9+ 1.3 678+ 5

No. 2: FeI~25

in 420 G

4.:2
9.0+0.4
9.0+ 0.4

15+ l. 5

9.1+0.4
9.1+0.4

15b

-0.1~0.2
0. 5+ 0.2

—1.9+0.4
—0.4+0. 2

0.0+0. 5
—5.7+1,0

9.7+0. 5
4. 9+0.4
3.4+ 0.4

7.1+0.4
1.4+0.3
1.3+0.2

690+7
560+ 20
200 + 100

674+ 7
520+ 30
190+100

No. 3: Fe1~2~

no field 4.2
9.2b

9.2b

15+2

0.4+0.2
0, 5+0.2
0.4+0.3

9.3+0.5 692+7
4. 2 + 0. 3 540+ 20
2. 4 + 0.4 170 + 100

~Natural width 5. 0 mm/sec. bFixed parameter.
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the surrounding iron atoms (In the Daniel, Friedel,
and Campbell models such interactions are not con-
sidered. Shirley, on the other hand, does not con-
sider the contribution of the delocalized 4s elec-
trons in the iron. ) If overlap occurs, the e-type
Xe wave functions must be hybridized with the 3d
Fe wave functions of the same spin in order to
maintain the orthogonality of the electron orbitals.
Shirley restricted his calculations to Xe 5s or-
bitals. In that case the new norma, lized 5s spin-up
wave function due to overlap with one spin-up 3d
orbital is given by

q,', = (1 —(3d~ 5s) ) '~

x {g„—(3d
i
5s) rp„),

where (3d [5s) denotes the overlap integral. Due
to the orthogonality of the spin functions, the spin-
down wave function gz„remains unchanged:

Thus, a spin-up density excess

FIG. 7. Magnetic hyperfine fields of impurities with

atomic numbers from 50 to 56 in iron. For Te, Xe, and

Cs at least three different components 9), i, and l) of
the fieM have been observed.

host ions that is compensated by the screening
charge. The hf field at the impurity nucleus is
calculated from the contact interaction of the
screening electrons. Sign and magnitude of the
field depend on the depth of the potential well,
which in turn is determined by Z. Assuming (with

Campbell) that the ionic cores of the host atoms
carry a charge Z„=+1, we must make an appro-
priate choice for the charge Z, of the impurity
core in order to fix the screening charge Z =Z;

~h'
For the particular case of the noble-gas xenon,

we may choose Z; =0 (Z = —1) or Z;= 8 (Z = 7), de-
pending on whether we attribute the eight electrons
in the 5sP shell to the core or not. For both

choices, Campbell's approach leads to small (or
zero) hyperfine fields ((Bh~) & 50 kG), very different
from the observed value of 1.5 MG. Qualitatively,
this can be understood as follows: If Z = -1, the
impurity acts as a potential chimney instead as a
well, repelling rather than attracting a screening
charge, while for 8 =7 the s-type states of the
screening electrons lie well below the conduction
band and are only slightly polarized. This con-
duction-electron polariza, tion model, therefore,
cannot account for the large positive hyperfine
fields observed for impurities with filled (or al-
most filled) sP shells. Another approach toward
understanding these fields was made by Shirley,
who considered the direct polarization of impurity
s orbitals due to their overlap with 3d orbitals of

per 3d electron results at the impurity nucleus.
The s —d overlap integral, however, is zero (due
to the orthogonality of the orbital terms of the s
and d wave functions) except for the I,= 0 3d elec-
trons. Thus, the calculated matrix element comes
entirely from the 3d electrons in the m, =0 state.
Under I.—S coupling, one would expect the spin-up
(or spin-down) electrons to be etlually distributed
among the five possible m, states. The eQ'ective
number of 3d spins producing the exchange is then
only & the net electronic spin polarization. Ac-
cording to Eq. (1) the contact hf field per 3d elec-
tron is (fr)gs lg, (0) I (3d!5s) and the total con-
tact hf field due to the 5s shell is

Bhi-~sv ~s~ts.{0)~ ~3.
xp(M ~5s)(, (3)

where the summation over the surrounding 3d elec-
trons is replaced by a summati. on over the sur-
rounding iron atoms and a multiplication with Lhzs„,
the effective number of 3d electrons with spin up

in one iron atom. For the case of a substitutional
impurity the summation over nearest-neighbor iron
atoms can be replaced simply by multiplication
with a factor 8.

Shirley found Bh&{EeXe)=3 MG, taking into ac-
count the relaxation of the iron lattice around the
large Xe impurity. A possible effect of charge
transfer due to covalent bonding is neglected. This
appears to be a reasonable assumption for the case
of a noble-gas impurity.

More complete overlap calculations for EeXe
were performed by Hafemeister, and subsequent-
ly by Sondhi, who took into account all impurity s
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shells. In this case, apart from squares of over-
lap integrals for the different shells, cross prod-
ucts between different shells appear in the expres-
sion for the hyperfine field. Since the cross prod-
ucts between shells with dn odd are negative and
rather large, the final result for the overlap field
is reduced by a factor of about 2. 3 relative to the
value found if only M-Ss overlap is considered.
The fields found from Hafemeister and Sondhi's
calculations are B h(Eel) =0. 10 MG, Bh,(EcXe)
= 0. 11 MG; far smaller than those given by Shirley.
Apart from the fact that Shirley did not take into
account inner-shell contributions this discrepancy
results from Shirley's considerably higher esti-
mates of [gz(0) [ and (3d )5s) in Eq. (3).

There is at least one serious theoretical short-
coming in the overlap calculations just discussed,
namely„ the use of free-atom wave functions.
There are good reasons to believe that the 3d elec-
trons in iron metal are less localized than in a free
atom, which would lead to an increase of the over-
lap integral. Also, the outer-shell 8 orbitals of the
large xenon impurity are considerably modified
in the small space available in the iron host, lead-
ing to an increase of the 8 density at the nucleus.

Finally, the exact amount of lattice relaxation
around the impurity is unknown. This also has
a large influence on the field: An increase of the
Fe-Xe distances by 10% leads to a decrease in the
overlap field by a factor of about 2. Further theo-
retical investigations are needed to clear up the
large discrepancy between the overlap calculations
and the experimental values.

According to Hafemeister and Sondhi's calcula-
tions the hf fields of impurities below xenon de-
crease with atomic number, but somewhat more
slowly than the experimental values. The sudden
drop of the field for cesium B (EheC )=s0. 18
xB~(EsXe) presents a special problem.

Shirley's overlap calculation yields a decrease
of the field to only about 0. 5 of the xenon fieM and
Hafemeister even reports a slight increase. An

additional large negative contribution to the hyper-
fine field must be invoked to explain the small value
of B ( heEC } sThe conduc. tion-electron polarization
model does yield a negative contribution for this
case (Zc, = 1, Zr, =1, so Z= 0), but it is much too
small: according to Campbell,

Bhp= —0. 072 xBS,(Cs)= —150 kG,

if a free-atom value Be,(Cs) = 2. 1 MG is used for
the contact field of one 68 electron. One may ques-
tion, however, if this is correct since the space
available for a substitutional cesium atom in the
iron lattice is much smaller than that occupied by
a free cesium atom. If charge neutrality is re-
quired within a signer-Seitz cell around the im-
purity, the screening charge must be confined to

a much smaller region than available for a 6s va-
lence electron in a free atom. This mould increase
the screening charge density at the nucleus and
hence the effective value of B(Cs). This idea is
supported by the large value measured for the iso-
mer shift of the 81-keV transition of Cs sub-
stitutionally imbedded in iron. This shift cor-
responds to an increase of contact charge density
Sp,(0)= 2x10 /cm relative to a Cs' ion as com-
pared to a free-atom 6s contact density pz, (0) = 2. 6
x10 /cm . It can be shown that only a relatively
small fraction of this large charge density increase
is caused by the overlap distortion of the 5s or-
bitals. The major part must, therefore, be due to
the screening charge. If we take into account that
a part of the charge density increase hp, (0) must
be attributed to overlap effects, the contact densi-
ty of the screening charge is estimated to be a fac-
tor 4-6 larger than that of a Gs electron in a free
Cs atom. Assuming the same degree of polariza-
tion of the screening charge as Campbell, we then
derive a 4-6 times larger negative value of the
conduction-electron polarization contribution to the
field: Bh~f'= —600 to —900 ko. If we sum this with
a positive-overlap- polarization contribution of the
order of 1 MG, a total field in the range of the ex-
perimental value B&(EeCs}= 2'73 + 10 kG is obtained.

Our discussion so far has only been concerned
with the field ascribed to purely substitutional im-
purities, i.e. , impurities surrounded by a regular
iron lattice. %e now turn to the interpretation of
the lower-field components observed in the Moss-
bauer spectra. In earlier work on the hyperfine
interaction of Cs in iron, we have qualitatively
interpreted these components as being due to im-
purity atoms associated with one or more va-
cancies. ' For the case of xenon in iron we may
now place this interpretation on a somewhat more
quantitative basis, if we assume the hyperfine
field to be mainly due to overlap polarization. In
order to do so, we must know (i) the Xe-Fe dis-
tances both for the pure substitutional case and
for various Xe-vacancy clusters and (ii) the func-
tional dependence of the overlap polarization on
the Xe-Fe distance. The first item of informa-
tion is obtained from lattice-relaxation calcula-
tions of Drentje and Ekster for e-iron containing
small xenon-vacancy clusters. Their model is the
same as used by Anderman and Gehman, 3 who

made similar calculations for xenon-vacancy
clusters in copper. Some of the clusters con-
sidered here are shown in Fig. 8. The nearest-
neighbor (nn) Fe-Xe distance for a purely substi-
tutional xenon atom is calculated as 2. 70 A, the
next-nearest-neighbor (nnn) distance as 2. 96 A.
In an undistorted lattice these distances would be
( v 3/2) a = 2.48 A and a = 2. 68 A, respectively (a
hei~ the lattice constant of o.-iron). In the xenon-
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FIQ. 8. Three xenon-vacancy clusters arising from
the initial configuration of (a) Xe plus one nearest-neigh-
bor vacancy; (b) Xe pl.us one nearest- and one next-
nearest-neighbor vacancy; (c) Xe plus two nn and one nnn

vacancy. Equilibrium positions reached by xenon atoms
after lattice relaxation are indicated. Iron atoms are in-
dicated at their positions in an unrelaxed lattice. Num-
bers near iron atoms give distances between these atoms
in the relaxed lattice and the xenon atom (in A.).

vacancy clusters both the xenon atom and the sur-
rounding irons atoms relax from their initial posi-
tions. Some of the relaxed Xe-Fe distances are
indicated in Fig. 8. We shall only take into account
contributions to the hyperfine field of the nearest-
neighbor (nn) and next-nearest neighbor (nnn) iron
atoms; those of higher-order neighbors turn out to
be quite small. Further restricting ourselves to
3d-Ss overlap we may write for the hyperfine field
[see Zq. (3)]

BÃc=kv @2f2ns~l tls. (0) I' ZS~

where S, = (3d ( 5s), denotes the overlap integral per
spin-up 3d electron with the ith iron atom. The
summation is carried out over nn and nnn neigh-
bors. i/5, (0) [ is the contact density at the Xe nu-

cleus of one atomic Ss electron. Hafemeister has
shown that overlap integrals for small overlaps
can be approximated very well by

S,(7'() = S(7 0) e '"~ "O' I' .

In our case, r, is the distance between a xenon im-
purity and the ith-neighboring iron atom. The val-
ue of the characteristic distance p depends on the
particular overlapping orbitals, but in most cases
not very strongly. Hafemeister gives, for instance,

the following values of p for some s, d overlap in-
tegrals: Cu(3d, 4s), p = 0.45 A; Ag(4d, 5s), p = 0. 43

A; Au(5d, 8s), p = 0.44 A.. For 5s, 5s overlap in

xenon he finds p =0. 52 A. Shirley finds a field-vs-
distance dependence for the 3d, 5s overlap of Fe-
Xe pairs that corresponds to p= 0. 52 A. Using this
value of p and Drentje and Ekster's relaxed values
of r, we have calculated the ratio of the sums PS~2

for some xenon-vacancy clusters and the sum PS20
for a purely substitutional xenon atom in a relaxed
lattice. The results are compared in Table DI with
the measured ratios B~'/Bh,"' and B~'/B„',"' for
EeXe' '. The experimental ratios for EeTe' are
also given in the table, but a comparison with the
calculations has limited validity since the inter-
atomic distances for the Xe-vacancy clusters were
used in those calculations.

The hf field ratios calculated from this model
suggest that the intermediate-field component is
due to an impurity associated with one nearest-
neighbor vacancy, while the low-field component
probably is a sum of contributions of impurity
atoms associated with at least two vacancies. Most
of the ratios of squares of overlap-integral sums
given in Table III were found to be remarkably in-
sensitive to the value of the parameter p in Eq.
(5). If we double this value (p= 0. 88 A) the ratios
change as follows: cluster 1, 0.80- 0. 79; cluster
2, 0. 96-0.94; cluster 3, 0. 41-0.44, cluster 4,
0.22-0. 33. For this reason, the calculated hf

field ratios also do not depend sensitively on the
absolute values of the interatomic distances.

It should be noted that we have excluded from the
start the existence of interstitial sites for the Xe
atoms. We feel justified in doing so on the basis
of the results of channeling measurements on
xenon implanted in iron, that do not give evidence
for the existence of such sites.

TABLE III. Comparison of hyperfine-field-component
ratios for FeXe and EeTe with squares of overlap-inte-
gral sum ratios for some xenon-vacancy clusters.

Cluster

1. subs. imp. -1 nn vac.

2. subs. imp. -1 nnn vac.

3. subs. imp. .- I nn ~ac.
—1 nnn vac.

4. subs. imp. -'2 nn vac.
- 1 nnn vac.

Z&!/E«
0. 80

0. 96

gy 4')/g (&)

FeXe FeTe

0. 72 0. 1 0. 80~0.04

(). 2 ~ u. 07 O. :)0+0. 15

8. Comparison with other results

The results on implanted I 3 and I sources
reported here and other recent work mentioned in
connection with these results show a complex be-
havior for these systems; it is useful to reexamine
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older work in this light.
The value first published for the hf field of Xe in

Fe, B„~(EeXe)=1.01+0.04 MG, for example, was
derived from a nuclear-orientation measure-
ment, ' using implanted FeXe 33 sources, under
the assumption that all of the implanted Xe ions
were in equivalent sites. Niesen later analyzed
the original measurement in terms of two sites,
one in which the hf field is large and another in
which it is too small to lead to any significant nu-
clear orientation. For a fractional population of
the high-field sites in the range 0. 5-0. V5 he found
a field in the range l.2-1.6 MG.

Recently, Pattijn et aE. investigated the nuclear
orientation of Xe ' and Xe' implanted in iron.
They measured the (strong) anisotropy of the M4

y transitions from the isomeric transitions in the
temperature range 11-100mK. Using the same
simplifying assumption as Niesen, viz. , one high-
field and one low-field fraction, they fitted their
data with a high-field value 8'"' and a high-field
fraction a„as adjustable parameters and found
B~+(EeXe) = 1.51+0. 16 MG and a„ in the range
0.4-0. V depending on the particular source used.

Both of these analyses are consistent with our
new results as well as with the channeling results
of Feldman and Murnick. From their location
experiments it is known that approximately 50'P() of
the implanted ions are in substitutional sites, with
the remainder in uncharacterized nonsubstitutional
sites. The results are also consistent with those
obtained from Mossbauer spectra of the 81-keV
transition in Cs obtained with implanted FeXe
sources, '7 which showed a high-field site contain-
ing (40+5)% of the Cs iona. It is clear that the
existence of an intermediate-field site cannot be
concluded from the nuclear-orientation results,
since a two-site model already gives a satisfactory
fit to the data. In this respect the Mossbauer mea-
surements allow a further differentiation, ' for none
of the cases studied {EeI' ', EeI' ', and EeXe' )
does a two-site model give a satisfactory fit of the
spectra.

C. Recoilless fractions and site population

The relative populations a& of the impurity sites
are related to the intensities I, and recoilless frac-

tions f& of the different components by

a, = (I, /f, ) Q(f, /f, ) .

The intensities are given in Tables I (EeXe '
) and

II {EeTe ); in order to determine the populations

a& we must inquire first what information can be
obtained from these measurements about the re-
coilless fractions.

For FeTe', measurements were carried out
at 4. 2 and V8 K. The line intensities for the in-
termediate- and low-field components decrease
faster with temperature than those for the high-
field component. This suggests a lower Debye
temperature for the lower-field components. If
we assume that the temperature dependence of the
recoilless fractions is sufficiently well given by
a Debye-%aller factor, we can derive low-tempera-
ture recoilless fractions for the source from the
intensity ratios of the different components at V8

and 4. 2 K. In order to do this, the intensities
given in Table II must be corrected for the dif-
ference in temperature of the ZnTe' absorber.
Using the value 0 = 180 'K measured by Blattner
et a/. for the characteristic temperature of
ZnTe, and the known absorber thickness and Te
resonance cross section, we find that the resonant
absorption increases from 0. Vl at V8 K to 0. V9 at
4. 2 K. The corrected source component intensi-
ties for 78 and 4. 2 K and their ratios Ir/Io are
given in Table IV. From these ratios characteris-
tic temperatures of the different components are
derived by solving for z =8/T the equation

fr/Io= exp [- ,'{E„k/O)P(z)-],

with

P(z) = I+(4/z ) i

[xdz/(e"-1)],
0

inserting T = V8 K and E„=5. 44&&10 eV. The val-
ues of 0 thus found are given in column 5, the low-
temperature recoilless fractions fo= e-&' 'z"~"" in
column 6, and the site populations, given by Eq.
(5), in column 7 of Table IV. It is interesting to
note that these site populations are about the same
as those found earlier for Fexe sources (see

TAQI, E Ip. Parameters obtained from Mossbauer spectra of a EeI~ source and used for calculation of
site populations.

Component
Intensity g, %)
78K 4.2K

7.1+0.4 9.7+ 0. 5
1.4+0.3 4. 9+0.4
1.3+ 0.2 3.4+0.4

0.81+0,10
D. 33+ 0.05
0.42+ 0. 08

Charact. temp.
ecK)

250~700

135+10
145+ 15

Recoilless fraction.
f() at T=D

0.68+ 0. 04
0.50+0, 02
0.52+ 0. 03

Site
population

a(%)

46+5
32+4
22+ 6

~Absorption corrected for different absorber temperature.
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FIG. 9. Plots of the logarithm of the recoilless frac-
tion vs the square of the source temperature for high {h),
intermediate E'i), and low-field Q) components of Moss-
bauer spectra obtained with an EeI 3' source. Drawn
lines: fits for components i and l, assuming Debye-
%aller-factor temperature dependence. Broken line:
Debye-Wailer-factor dependence of recoilless fraction
for a characteristic temperature 8&=300 K derived from
the measured low-temperature recoilless fraction of the
high-field component.

In(Ir/Io) = ln [f(T)]+const

', (E„/ke) [1+ 3 go(T/6—)o] .

This suggests a linear dependence between lnl~
and T . Plots of lnIz vs T are shown in Fig.
9 for each of the three spectral components k,

also Table VI).
The characteristic temperature of the pure sub-

stitutional site agrees with the expectation based
on I ipkin's rule

e =8,.(m,./m, .p~'= 3OO K.

This rule is valid if the force constant between an
impurity atom and a host atom is the same as that
between two host atoms. The lower characteristic
temperatures for the lower-field sites (8-200 K)
indicate smaller force constants or increased space
for the impurity. These observations are in agree-
ment with the hypothesis that the impurity in the
lower-field sites is associated with vacancies.

For the case of FeXe'3', where results are avail-
able at a number of different source temperatures
(see Table I), a more complete analysis in terms
of Debye-%aller factors should be possible, but
unfortunately the accuracy of the results turns out
not to be quite satisfactory. At temperatures well
below the Debye temperature, Eg. (7) can be ap-
proximated by

i and E, using the data for Table I. We have
fitted components i and l' with straight lines,
from which Debye temperatures 8& = 260+30 K
and 8, = 220+20 K and low-temperature recoilless
fractions f,(0) = 0. 17 + 0.04 and f,(0) = 0. 12 + 0. 03
follow.

The high-field component, however, shows a
markedly nonlinear behavior: It does not obey a
Debye model. This deviation is probably due to
a strong anharmonicity of the motion of the large
Xe atom in a substitutional position. Therefore,
we do not trust the value 6= 300 K derived from a
Debye-model fit to the lowest three points (see
Fig. 9). In itself, the peculiar behavior of the re-
coilless fraction of the substitutional xenon is in-
teresting, but it complicates our task of finding the
low-temperature recoilless fraction f„(0)for the
high-field component. This quantity can be derived
in principle by using the estimate of the recoilless
fractions of the other components. We may write
for the background- and linewidth-corrected low-
temperature intensities I+ (j= k, i, I) of the three
components, given in Table I:

Iog=ayfy(0) [1 —e o~ Jo(o iT,)]

=a,f~(0)r, .

Using the value

T, = n, ag, = 0. 72 +0. 10

derived in Sec. IIA for the absorber at T = 4. 2 K,
we find v', = 0. 28+0. 03. We have calculated the
relative site populations a, and a„using the pro-
posed values of Io& in Table I (bottom). Since a„
+a, +a, =1, we also find a„and f„(0). The results,
collected in Table V, are not very accurate, due
to the large errors in the intensities of the three
components of the Mossbauer spectra. Within
their limits of error, the site populations agree
with the more accurate ones derived from the
Eel' ' spectra. The recoilless fraction f„(0)= 0.48
+0. 24 can be related to a characteristic tempera-
ture

6„=—
o E, /k lnf „(0)= 620'oooo K.

A somewhat more accurate estimate of this char-
acteristic temperature may be obtained if we as-
sume the site populations for the FeI ' sources
to be the same as those for the EeI 3 sources. In-
serting the value a„=0.46+0. 05 obtained for the
I' 'Fe source (see Table IV) into Eq. (9) we find
f„=0.41+0.08 and 8„=510+120 K. This value is
higher than the one thai follows from the Debye
model as well as that expected according to Lip-
kin's rule. This indicates that the low-tempera-
ture Xe-Fe force constant is much larger than the
Fe-Fe force constant, which points to a large com-
pression of the xenon atom in the substitutional
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TABLE V. Low-temperature recoilless fractions and

site populations for implanted EeI 3' sources.

0.48+ 0.24
0.17~0. 04
0.12 + 0.03

0.39+ 0.20
0.31+0.14
0.30+ 0.15

site. The atomic volume of a xenon atom is about
6x the volume of an iron atom in the iron lattice.
For the Te impurity discussed before, where Lip-
kin's rule works well, the volume excess is only
a factor of about 1.5. The smaller values of 8
for the intermediate- and low-field sites again in-
dicate thai the available space has increased, con-
sistent with vacancy association.

In Table VI, some of the results obtained in this
and earlier investigations for Sb, Te, I, and Cs
impurities in iron are reviewed. %bile Sb im-
plants ' and Te implants3' yield unique hyperfine
fields, I and Xe implants clearly do not. This
striking difference can be attributed to the change
in size of the impurities. According to Flynn Sb
and Te are imbeddedas neutral atoms in a metal
with a conduction-electron density like that found
in iron. The highly electronegative iodine, how-
ever, forms I ions. If this is true, the atomic
(ionic) radius, jumps from about 1.6 A for Sb and

Te to 2. 2 A for I and Xe. The process of site for-
mation can now be described as follows: %hen an
impurity comes to rest at a substitutional position
in the lattice it has just created several vacancies
and interstitials by collisions near the end of its
track. Some of the vacancies are trapped by the
impurities, while others may be annihilated by in-
terstitials or form stable clusters. If the implanted
atom is large, the trapped vacancies cannot be an-
nihilated by interstitials because the "binding en-
ergy" of the vacancy to the impurity exceeds the
annihilation energy. For the smaller impurities,
the annihilation energy may exceed the binding
energy so that vacancies initially present close to

the impurity are annealed, leaving the impurity
atom in a pure substitutional site.

The requirement of a small size, however, does
not always seem to be sufficient for obtaining pure
substitutional implants: Rare-earth ions implanted
in iron, which are believed to be in a 3 ionic state,
certainly have a small enough ionic radius
(R = 0.93-1.11 A). Yet, channeling measure-
ments' 3 yield a substitutional fraction of only
about 50%%u& for the case of Yb implanted in iron (R
= 0. 94 A). The different character of rare-earth
implants on the one hand and the Sb and Te implants
on the other, might be connected with their different
electronegativities; further investigations will be
needed to clear up the different substitutionality.

Finally, some remarks are in order about the
assumption made so far that the impurity location
is not affected by the P decay. The recoil energies
imparted to the implanted atom are 0. 1 eV for the
I -Te' capture decay and at most 3. 2 eV for
the I' '- Xe' '

P decay. These energies are cer-
tainly too small to displace the daughter nuclei if
the parent iodine nuclei were imbedded in the normal
lattice of some iodine compound. It may be ques-
tioned, however, if in the thermodynamically high-
ly unstable situation encountered here, a much
smaller amount of energy could suffice to cause a
displacernent. An indication that the relative site
populations of parent and daughter impurities are
about the same is obtained from recent nuclear
orientation experiments with sources of I 3 im-
planted in iron, performed by Koene and Postma. .
These authors analyze their results for the degree
of orientation of the I' nuclei, obtained from the
anisotropy of the y rays emitted in their decay, in
terms of a two-component model for the hyperfine
field acting on the I nuclei. It is assumed that
a fraction aQ of the nuclei experience the full hy-
perfine field, and a fraction a, = 1-aQ, zero hy-
perfine field. As an average for various sources
a value QQ 0. 6 is found. The authors have also
analyzed their measurements using our results for
the site populations: a„=0. 4 (high field, B„,= B„',"'),

TABLE VI. Summary of hyperfine fields and site populations obtained for Te, I, Xe, and Cs impurities
in iron.

Source
Mossbauer line

kev Impurity
Fields (kG)

Site
occupation Plo)

z l

1% Fe81 2~ 35.6

10 /cm I'eI 35.6

1015/cm2 y eTef29m

Tei25

Tei25

I129

678+ 5

685+ 5

1150+15

540 + 15

100

190+60 46 ~ 5

100

3x10"/cm' S'eI"' 80

10 4/cm Eexe~33 81

Xe"' 1550~ 100 1160+100

130+10

300+100 39+ 20 31 + 14 30+15

& 30 40+ 5 20+ 5 40+10
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a, =0. 2 (intermediate field, 8~=0.Q Ith',"'), and s,
= 0. 4 (low field, B~-0.2 8~ ) and find a reasonable
agreement with their experimental value of the
gamma ray anisotropy.

V. CONCLUSIONS

Mossbauer spectra of y transitions excited in the
decay of implanted sources of I ~~(- Te~~') and
I' '(- Xe' ') in iron show that the implanted iodine
atoms occupy at least three different nonequivalent
sites in the iron lattice. As in previous measure-
ments on sources of Xe'33 implanted in iron, 4'~

high-, intermediate-, and low-field components
are observed in the Mossbauer spectrum. The new
results can again be interpreted by assuming that
the high-field component corresponds to substitu-
tional impurities while the intermediafe- and low-
field components correspond to impurities as-
sociated with one or more vacancies. Apparently,
the method of ion implantation makes it possible
to obtain dilute solutions of elements that are at
least partly substitutional for cases ~here the
usual methods of alloying or diffusing fail, due to
insolubility or chemical reactivity of the element
concerned with respect to the host. From the
Mossbauer spectra, reliable values can be ob-
tained for the hyperfine fields of the high-field
(substitutional) and intermediate-field components.
A consistent semiquantitative interpretation for
the hyperfine-field ratios between pure and damage
sites can be given for both EeXe and EeI . The

high sensitivity of the hyperfine-field values to va-
cancy trapping opens important possibilities for
radiation-damage annealing studies.

The high low-temperature recoilless fraction
f„(0)=0.41+0.08 of the substitutional impurities
indicates a substantial increase of the Xe-Fe force
constant as compared with the Fe-Fe force con-
stant. ProbaMy, this can be ascribed to a strong
compression of the large Xe atoms in the iron lat-
fice. This interpretation is supported by the anom-
alous temperature dependence of the recoilless
fraction of Xe in Fe.

Thus, the thermodynamically highly unstable
systems that can be produced by ion implantation
appear to have some unique and interesting prop-
erties, worthy of further investigation.
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