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Near-neighbor defect contribution to the hyperfine field of Fe in Fe
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The magnetic hyperfine fields at isomeric **Fe nuclei have been measured in Fe and Ni at 85
and 295 K by observation of the spin precession time-differentially with high time resolution fol-
lowing recoil implantation. In iron at 85 K a unique defect structure has been detected by its
well-resolved magnetic hyperfine field which differs considerably from the value for the substitu-
tional site. This defect is tentatively assigned to be a monovacancy in the next-nearest neighbor-
hood of the probe atom. The change of the hyperfine field by such a vacancy is similar to the
change caused by adjacent impurity atoms in dilute Fe alloys.

Nuclear methods have become effective tools for study-
ing point defects in metals on a microscopic scale. Point
defects in the neighborhood of a nuclear probe have been
identified by the change of the charge distribution around
the probe atom. In cubic lattices the electric field gradient
(efg) observed via hyperfine interaction with the nuclear
quadrupole moment is different for each type of defect,
while in noncubic lattices the inherent efg may be altered
in characteristic ways by defects. With various micro-
scopic methods such as Modssbauer spectroscopy, per-
turbed angular correlation, and positron annihilation
many kinds of defects have been investigated in different
metals over the last decade.! ~3

In ferromagnetic materials near-neighbor defects do
not only change the charge distribution but also the spin
distribution, which may result in different magnetic fields
at the probe atom next to the defect. In total, a combined
interaction, magnetic and electric, has to be expected. It
would greatly help to understand the origin of the internal
magnetic field to know the magnetic behavior of an iron
probe in a well-defined altered iron environment. So far
the defect’s influence on the magnetic field was detected
only at nonmagnetic impurity atoms in defect-impurity
configurations (see Refs. 1 and 2): In the case of iron
different magnetic fields have been observed for different
defect configurations at the site of the impurity atoms Cs
and Sn; in nickel unique configurations have been
identified for the impurity atoms Cd and Sn. In both ma-
terials the defects are observed because of their trapping
at an impurity atom. At the self-atom, however, no
unique defect structure could be observed so far, although
many attempts have been made especially by Mdssbauer
spectroscopy on >'Fe in Fe.* ¢

In the case of iron there exists a very favorable alterna-
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tive to Mdssbauer spectroscopy in >’Fe. We have applied
the high-resolution perturbed angular distribution’
(PAD) of the 10% isomer of **Fe to determine the
characteristic change of the magnetic field due to a well-
defined nearby defect. The larger nuclear g factor and the
longer lifetime of the **Fe isomer [T/, =357 ns, g =0.73,
Q=28 fm? (Ref. 8)] yield a factor of 30 improvement in
terms of resolving different magnetic fields as compared to
the Méssbauer nucleus 3"Fe. The 3*Fe isomer is produced
in a heavy-ion reaction, the excited probe nuclei recoil out
of the target foil and can be deeply implanted into the host
material. During the implantation the recoiling atoms
produce correlated defects in the host lattice which may
be observed nanoseconds after their production.

To take full advantage of the sensitivity of **Fe a high
time resolution is necessary to resolve the fast modulation
caused by the spin precession in the magnetic field at the
nucleus. The experiment which we report here was done
with a pulsed 40-MeV '?C beam (repetition time was 1.3
us) from the tandem-superconducting linear accelerator
at Stony Brook to produce the isomeric **Fe in the
#8c(12C, p,2n) reaction. Using the linear accelerator
modules not as a post accelerator but rather two single
resonators as beam bunchers an overall time resolution of
At = 800 ps was achieved when detecting the 3.4-MeV 7y
radiation from the decay of the isomer with BaF, scintilla-
tors of 3.8x2.5-cm size. The iron sample, an annealed
natural Fe foil of 99.998% purity (metallic impurities),
had a thickness of 2.1 mg/cm? to allow the beam particles
to go through but to stop all nuclei recoiling out of the 1-
mg/cm? Sc foil. The beam was stopped in a Pb foil
behind the Fe sample. The sample with the Sc foil on top
was mounted on the cold plate of a Joule-Thomson cryotip
to vary the temperature between 77 K and room tempera-
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FIG. 1. Modulation spectra of *Fe in Fe at room temperature (top) and at 85 K (bottom).

ture, and it was magnetized with SmCo permanent mag-
nets. The experiment was performed in the so-called ““45°
geometry”® in which the plane of the iron foil (and the
direction of the magnetizing field) is positioned in the
detector plane to yield an angle of 45° with respect to the
beam direction. In this arrangement the fundamental
Larmor frequency is observed in PAD rather than a har-
monic due to the symmetry of the angular distribution.
From the measured time spectra in the detectors at the
positions of 0° and 90° with respect to the beam, the in-
tensity modulation is extracted in the usual way.

In both hosts, iron and nickel, we observed a single un-
damped Larmor precession of the nuclear spins at room
temperature corresponding to the interaction of the nu-
clear magnetic moment with the effective field at the nu-
cleus. The amplitude of the modulation was slightly
larger in the case of nickel as compared to iron. At 85 K
the total amplitude of the modulation is reduced in both
hosts. In nickel, again a single undamped precession fre-
quency is found, shifted according to the temperature
dependence of the bulk magnetization. In iron, however,
the modulation spectrum showed a significant beat pat-
tern due to a superposition of two cosinelike modulations
of different intensities with slightly different frequencies.
The more intense component showed the expected small
frequency shift according to the temperature dependence
of the magnetization. The less intense fraction is strongly
damped and its frequency is reduced. Figure 1 shows the
modulation spectra at the two different temperatures.
The fitted curve to the low-temperature data assumes two
fractions, f and f,, with different frequencies, v, and v,.
For the fraction f, a Lorentzian-like damping parameter
was fitted as well. A better illustration of the two com-
ponents is given by the Fourier transform of the modula-
tion spectra as presented in Fig. 2, where the second com-
ponent shows up as a small satellite at 168.5 MHz. The
extracted parameters are summarized in Table I. The
internal field values Hi, were determined by using the

value for Fe in Fe at 298 K from Violet and Pipkorn '°

calibration for the nuclear g factor [g=0.730(1) in agree-
ment with the previous determination®]. The values for
the internal magnetic fields of iron in nickel are also in
good agreement with a recent Mossbauer study.!! The
achieved accuracy of the present work is considerably
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FIG. 2. Fourier transforms of the modulation spectra of >*Fe
in Fe and Ni at room temperature and 85 K. Intensity in arbi-
trary units.
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TABLE 1. Effective anisotropies A2, fractions f;, Larmor
precession frequencies v;, and hyperfine magnetic fields Hin (i)
of the component i of **Fe in Fe and Ni with an external mag-
netizing field of 0.15(1) T. Exponential damping times zdgamp(i)
of significant value were obtained only for the second com-
ponent.

S4FeFe S4FeNi

T (K) 85 300 85 300
An 0.041(3) 0.070(3)  0.059(3)  0.085(4)
S 0.8(2) 1 1 1

vi (MHz) 187.3(1) 183.05(15) 156.36(15) 146.95(10)
f2 0.2(1) 0 0 0
Taamp(2) (us)  0.30(8) RN cee R

v2 (MHz) 168.5(3) ce S S
Hin(1) (T)  33.81(6) 33.04 28.25(6)  26.56(6)
Hin(2) (T)  30.5(2) R R R

higher, mainly due to the better sensitivity of the >*Fe
probe.

The overall agreement with the Mdssbauer data clearly
indicates that the modulation in nickel and the modula-
tion of the major component in iron originate from >*Fe
substituted for a lattice atom. The satellite peak in iron at
85 K is then associated with a >*Fe atom decorated with a
well-defined defect. This defect structure is thermally
healed out upon raising the temperature to room tempera-
ture. The annealing processes for simple point defects
such as vacancies and interstitials in iron have been well
studied with conventional and also with nuclear methods
(see Ref. 3). The free migration of interstitials (step 7, in
the one-interstitial model) sets in at temperatures higher
than 120 K. Vacancies are mobile above 220 K. But
these annealing steps were determined in experiments
with annealing times of several minutes. The observed
recovery temperatures in an in-beam PAD experiment,
however, are considerably raised: The Larmor period sets
the time window during which the annealing has to take
place. This means that several nanoseconds rather than
several minutes are characteristic for the annealing time.
Assuming a simple Arrhenius-type temperature behavior
for the jump frequency the annealing steps in a PAD ex-
periment are shifted to temperatures about two to three
times higher. 1?

It then follows that the observed disappearance of the
satellite peak in iron is related to the migration of intersti-
tial atoms. These defects are immobile at 85 K but are
able to make enough jumps during the Larmor period at
300 K so that they could be regarded as freely migrating
in this very short time range. Therefore three simple
probe-defect configurations are possible: (i) the *Fe
probe sits at a regular lattice site decorated with an
interstitial-like defect, (ii) the probe is sitting at a regular
lattice site with a vacancy next to it, and (iii) the nuclear
probe itself is part of an interstitial-like defect. In all
three cases the free migration of interstitial atoms would
reduce the fraction of the respective configuration, not
only in cases (i) and (iii), but also in case (ii) by annihila-
tion of vacancies.'>!* Although no direct proof can be

presented configuration (ii) is the most likely one for the
following reasons: The implantation of iron atoms into an
iron host leads to a much higher probability for landing at
a regular lattice site than for an impurity atom; therefore,
configuration (iii) seems very unlikely. Furthermore,
since the >*Fe probe atom is a self-atom in the iron ma-
trix, there is no trapping of defects or interstitial impuri-
ties such as O,, N, and C by the probe atom itself. In-
stead, several studies of lattice damage by recoiling nuclei
have shown that the probe atom is surrounded by a
vacancy-rich zone, which itself is surrounded by a region
of increased interstitial density. This picture is derived
from the preferred Frenkel pair production at the end of
the collision cascade.!>!® These arguments strongly favor
the vacancylike configuration (ii) over the interstitial-like
configuration (i) for the observed defect structure.

Our assignment is supported by a similar observation
following the implantation of Cd probe nuclei into Pd
metal. Bertschat ez al. found in a similar PAD experi-
ment that about 4% of the recoiling nuclei showed a
modulation pattern due to the quadrupole interaction of
the Cd probe with a vacancy in the next neighborhood; the
defect structure was confirmed by neutron irradiation ex-
periments.'” The fraction of nuclei which experiences the
unique defect structure of a next-neighbor vacancy is close
to that observed in the present experiment.

The fraction of probe atoms contributing to the mea-
sured modulation signal is reduced over the theoretically
possible value. The maximum anisotropy found experi-
mentally is 4,,=0.21(3) using other, nonmagnetic host
materials.'® The observed anisotropy in iron, however,
was found to be less than half of that value, even at room
temperature. The reason for the reduced signal is not
clear, especially since several mechanisms could have con-
tributed. But it should be added that the observed frac-
tion for the substitutional site in iron is in good agreement
with a computer simulation for the implantation of Fe into
Fe by Doran. !4

In the nickel host, we have found no additional satellite
peak and also no significant damping at liquid-nitrogen
temperature. A possible explanation might be that be-
cause of the smaller size of the implanted iron ion the iron
probe atoms are tending to repel vacancies. Then the
fraction of probe atoms decorated with a vacancy is some-
what smaller compared to the iron case, becoming too low
for our present detection efficiency.

Our assignment of the observed satellite peak in iron to
a nearby vacancy can now be taken to compare its mag-
netic field with the magnetic behavior of Fe probes in di-
lute Fe alloys. Up to now no one has observed the direct
influence of a point defect on the magnetic hyperfine field
in pure iron or other pure systems. Instead, many
Mossbauer and also NMR experiments have been per-
formed to investigate that question using dilute alloys and
a general trend has been found: The magnetic field at the
site of the Fe probe is smaller than in pure a-Fe if the
probe is surrounded with at least one nonmagnetic impuri-
ty in its near neighborhood. This has been measured in di-
lute nonordered FeX alloys (X=V, Ti, Al, and Si).!>%
The magnetic hyperfine field at the Fe site with an alumi-
num atom in the nearest-neighbor shell was measured to
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be about 7% smaller than the field at the Fe site with no
impurity atom nearby. For an aluminum atom in the fur-
ther remote shells this reduction was somewhat less.

This behavior suggests that a vacancy should also
behave as such a “magnetic hole.” Indeed, the observed
reduction in the hyperfine field is quite similar to the
change found in the dilute iron alloys with nonmagnetic
partners. In addition, Fe atoms in the (110) surface of Fe
also experience a reduction in the magnetic field of similar
size.?! Besides the changes in the arrangement of the sur-
rounding atomic moments the charge distribution is also
affected and an electric field gradient has to be expected.
Indeed, the observed damping of the modulation of the
second fraction can be interpreted as a quadrupole fre-
quency?® of approximately e 2¢gQ/h =40(10) MHz for the
>*Fe probe which translates into an efg of V., =6x10"’

V/cm?. While the efg on Fe in Fe-interstitial config-
urations in other bcc metals is considerably larger,22 the
efg at a Fe (110) surface is of similar magnitude (see Ref.
21 after recalculation with the proper quadrupole mo-
ment$).

In summary, we have observed for the first time in the
pure Fe system, the modification of the internal magnetic
field by a nearby defect. The change in the internal mag-
netic field observed is similar to the change observed for
Fe atoms next to nonmagnetic impurities and Fe atoms on
the surface. Based on the implantation dynamics, the ob-
served change is due to a vacancy adjacent to the Fe atom.

This work was in part supported by the National Sci-
ence Foundation.
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