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We show that the implantation and A»eal behavior of Gd implanted into iron is strongly
affected by the process of "internal oxidation. " This result is used to clear up discrepan-
cies in earlier measurements on rare-earth ions implanted into iron.

Since the advent of the channeling technique'
for determining the location of impurities in sin-
gle crystals, a great deal of research has been
performed to study the location in the lattice,
and change of that location under annealing, of
implanted ions. Recently, such measurements
have been combined with studies of the hyperfine
(hf) structure of implanted ions.

I attice location, hf fields, and annealing be-
havior of rare-earth (RE) ions implanted into
iron have been extensively studied. ' ' We report
here new experimental results, based on the
Mossbauer spectroscopy of Ile:Eu'" (Gd"' is the
implanted species) which show that internal oxid-
ation of the implanted Gd ions dominates the ob-
served behavior. The chemical and metallurgical
properties of the RE ions are rather similar;
thus these findings can be extended to explain the
results of many previous measurements per-
formed on RE ions implanted into iron.

The conclusions from previous work on Ee:RE
systems can be summarized as follows: (l) Chan-
neling lattice-location measurements' ' show
that about 60% of implanted Yb ions are substitu-

tional in Fe, but the remaining 40% do not occupy
well-defined interstitial sites. (2) Off -line time-
integral perturbed angular correlation (PAC)
measurements" (using radioactive Yb implanted
into Fe, with the hf field measured for the Tm
daughter) indicate an "average" hf field which is
substantially less than would be expected for Ee:
Tm. (3) Both the substitutional fraction (mea-
sured by backscatter experiments) and the aver-
age hf field go to essentially zero after a brief
anneal at 500'C. '4 After the anneal, the Yb ions
do not occupy well-defined sites. (4) On-line im-
plantation PAC (IMPAC) measurements, in which
hf fields of the implanted RE ions are measured
within 10 9 sec after the ions stop, suggest that
one hf field is produced by the RE ions of a given
species, ' and that the observed fields are con-
sistent with expectations. (5) The electron relax-
ation rate for Tm PAC measurements (implanted
Ee:Yb) for an annealed (500 C) source is the
same as that for Yb,Q, :Tm, and one-third that
for an unannealed source. '

We present here the result of Mossbauer mea-
surements on sources of Gd"' implanted (4 &&10' /
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FIG. 1. MOssbauer spectrum of Eu ~ from Ee:Gd
implanted. source. A least-squares fit (line through
the data points) was made using the known ground- and
excited-state magnetic and electric quadrupole moment
ratios, known transition probability ratios for the
eighteen lines in the hf spectrom, and assuming that
there was one split and one unsplit component. The hf
field is 4 times larger than normally observed in Eu
spectra; the four groups of lines at +20 and +60 mm /
sec correspond to the four strong lines normally ob-
served in Eu MOssbauer spectra.

cm', 50 keV energy) into polycrystalline iron
foils. ' The Gd "decays to Eu"', and the hfs of
the 21.7-keV y rays emitted by the Eu'" has been
studied using the Mossbauer effect. The chem-
ical and metallurgical properties of Ge" and
Yb'+ should be similar enough for results of our
measurements on the I'e.Gd system to be applic-
able to phenomena observed in Ee'.Yb.'

A sample spectrum is shown in Fig. 1, and the
results can be briefly described as follows:
(1) Measurements of the isomer shift show that
all the Eu ions are Eu" (4f' configuration).
Since Eu" would appear -14 mm/sec to the right
of Eu", divalent Eu would be easily distinguished.
(2) The unannealed source spectrum (Fig. 1) can
be resolved into two components, cor responding
to two sites for the Eu ions. One component is
split [hf field Bhf=1.31 MG, isomer shift (IS) 3.5

mm/sec versus EuF, ]; the other is a broadened
but essentially unsplit line (B„&&50 kG, IS 1 mm/
sec versus EuF, ). The split hfs comprises about
60% of the total intensity of the spectrum. (3) A

15-min anneal (in H, ) at 430'C decreases, and

a 15-min anneal at 480'C completely eliminates
(see Fig. 2), the split component of tbe spectrum.
(4) Further annealing (including 30 min at 500'C
in air, which results in massive oxidation of the
source) does not significantly alter the spectrum
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FIG. 2. Composite plot of MOssbauer, location, and
hf field results versus e»eal temperature, from Ref.
3 (open points) and Ref. 4 (filled points) . Some of the
original data points have been averaged or smoothed
to make the plot legible. The lines have been drawn
only to connect the data points. Implantation energies
were 50-80 keU (MOssbauer and Ref. 3) and 400 keV
(Refs. 4, 5), corresponding to depths of 180 and 580 A
for the implanted HE ions. Anneals for all experiments
were 15 min long. PAC measurements have been
plotted implicitly assuming that there is one site with
a large hf field and one site with a negligible hf field,
and that only the relative fraction of atoms between
these two sites changes under anneal. Thus, the high-
field fraction equals the ratio of the average hf field
to the hf field expected for substitutional ion.

(see Fig. 3).
The large hf field and the isomer shift of 3.5

mm/sec are exactly what would be expected" for
Eu in an Fe metal matrix. (In metallic surround-
ings, conduction-electron density normally in-
creases the IS for Eu"' by 2-5 mm/see over that
in ionic compounds. ") The relative intensity' of
the split spectrum, 60$, is the same as that of
the substitutional site population seen by lattice
location studies of Ie:Yb, suggesting that this
spectrum arises from substitutional Eu ions, and
that the unsplit spectrum arises from the ions
observed (by lattice-location measurements) to
be nonsubstitutional. The anneal behavior (Fig.
2) of the split component of the Mossbauer spec-
trum is the same as that observed for substitu-
tional ions in the location experiments, confirm-
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ing this hypothesis.
The evidence is also very strong that the Eu

ions producing the unsplit line are not in an inter-
stitial or defect-associated site, but are inter-
nally oxidized: (I) Both the isomer shift and the
lack of hf field are exactly what would be expect-
ed for Eu in an oxide environment [IS(Eu,O, ver-
sus EuF, ) = 0.6-0.8 mm/secj. Other ionic Eu"
compounds with similar IS values are composed
of elements which are not present in this system.
(2) Interstitial ions should have even greater con-
duction-electron IS contributions than substitu-
tional ions. Although defects associated with
the implanted ion might slightly reduce the size
of the conduction-electron contribution to the iso-
mer shifts, they should not completely eliminate
it. (3) The complete lack of hf field would not be
expected for an interstitial site"; even accident-
al cancellation of different contributions to the
hf field (for a dissolved Eu ion) could not lead to
the observed behavior, since the various contri-
butions would have different temperature depen-
dence, and the observed hf field is zero (within
the limit of measurement) from 20 to 400 K.

The analysis of the Mossbauer data suggests

FIG. 3. Spectrum of source of Fig. 1, curve Q after
anneal at 480'C in H~-, 8, after anneal in air {500 C,
30 min) to assure complete oxidation. Curve C, com-
parison spectrum of Eu from Sm203 source, which
is chemically similar to other trivalent-rare-earth
oxides. The spectrum of the annealed Ee:Gd source is
the same as that obtained from Ku3+ in an oxide environ-
ment.

the following picture: When RE ions are implant-
ed into iron, the vast majority of them initially
stop at substitutional sites. (Thus, the IMPAC ex-
periments measure a hf field corresponding to a
high substitutional fraction. ) During the course
of the implantation, which may take several hours,
some of the stopped RE ions are internally oxi-
dized and removed from the regular lattice sites
on which they stopped.

Recently, Moline, Reutlinger, and North" have
observed and measured the 'driving in" of sur-
face oxygen into silicon by incident Ne, Ar, and
Kr ions in the 3-48-keV range. They showed that
the operative mechanism was recoil implantation,
in which relatively large amounts of recoil ener-
gy were given to oxygen ions in the surface oxide
layer, and the oxygen ions recoiled into the sub-
strate with a range approximately the same as
that of the incident heavy ions. This process is
dependent on nuclear kinematics and cross sec-
tions only, and should be completely insensitive
to the details of host-properties chemistry.

Extrapolating from the conditions studied by
Moline, Reutlinger, and North to those present
in our implantation, we would expect approximate-
ly one oxygen atom to be implanted into the iron
for each incident RE ion. Within the accuracy to
which the surface-oxide-layer thickness and re-
coil-implantation efficiencies are known, we con-
sider this adequate quantitative confirmation of
oxygen recoil implantation as the primary con-
tributor to the internal oxidation. Anneals after
the implantation, then, do not simply drive RE
ions off the substitutional sites into interstitial
sites (as happens in other systems"), but mobi-
lize additional oxygen, which oxidizes the re-
maining substitutional RE ions.

7his analysis is fully supported by the relevant
systematics. The basic requirements for inter-
nal oxidation" that the dopant (RE) oxide is
thermodynamically more stable than the host
(Fe) oxide, that the oxide is insoluble in the host,
and that a source of oxygen is present=-a, re
strongly fulfilled, and this process would be ex-
pected to occur.

The new results we are reporting here using
the Mossbauer hf spectra of Eu'" in Fe show di-
rectly that both oxidized and unoxidized sites
exist, and that the "anneal" process actually
oxidizes formerly substitutional RE ions. This
analysis appears to explain the apparent contra-
dictions among a number of RE lattice-location
and hf-field measurements which have been pub-
lished in recent years, and can be extended to re-
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suits obtained with other highly oxidizible (e.g. ,
Hf and Ta) ions.

We are greatly indebted to L. C. Feldman for
many fruitful discussions and helpful comments
on the manuscript, K. W. West assisted with the
experimental work and data reduction. We thank
D. E. Murnick and his collaborators for com-
municating results of their IMPAC measurements
prior to publication.
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Thermoreflectance of Tetrathiafulvalinium Tetracyanoquinodimethanide (TTF-TCNQ)
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We report. the first observation of a marked temperature dependence in the optical proper-
ties of TTF-TCNQ, based on thermoreQectance spectroscopy. The structure just above the
plasma edge exhibits sn abrupt 259o drop with e lib ss the temperature is lowered past 45-50
K; simultaneously, a strong response for this transition with e&1 emerges. This supports
the suggestion that a librational distortion of the TCNQ ion may be responsible for a Peierls
transition in the complex.

The molecular charge-transfer salt TTF-TCNQ
behaves electrically' and optically' like a one-di-
mensional metal at room temperature, with per-
haps a tendency toward Frohlich superconductivi-
ty which is frustrated by a Peierls transition. '
Physical measurements as functions of tempera-
ture have been employed to study this hypothesis,
although the mean-field T, may be much higher

than 60 K, the temperature of maximum conduc-
tivity. ' Bright, Garito, and Heeger and Grant
et a/. 4 report. ref lectivity spectra spanning the
range 0.1-4.0 eV. The major structure is asso-
ciated with a screened plasma resonance at 1.2-
1.3 eV, ' with additional weak structure at higher
energies arising from interband' or molecular4
effects. The temperature dependence of the di-
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