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Nuclear magnetic resonance on oriented nuclei (NMR-ON) on Y as a dilute impurity in Fe was ob-
served for the first time. As all attempts to observe NMR-ON resonances on Y Fe samples prepared by
conventional techniques had failed, a new sample-preparation technique was applied. After the implan-
tation of radioactive precursor isotopes and their in situ decay to Y, narrow NMR-ON resonances were
observed. Our results indicate that all previous values for the hyperfine field of Y Fe in the literature do

not represent the field at substitutional lattice sites.

PACS numbers: 75.50.Bb, 76.60.Jx, 76.80.+y

The magnetic hyperfine fields of most elements as di-
lute impurities in a ferromagnetic Fe host lattice are
known with high precision. These hyperfine fields are in-
teresting (i) per se for the understanding of magnetic
properties of ferromagnets,' and (ii) for the determina-
tion of magnetic moments of short-lived nuclei from
magnetic hyperfine-splitting frequencies using on-line
nuclear-orientation techniques. Most known hyperfine
fields originate from NMR measurements of the hyper-
fine splitting of stable isotopes as dilute impurities in Fe.
For the detection of NMR a macroscopic amount of im-
purity nuclei is necessary; typical impurity concentra-
tions are 0.1-2 at.%. An alternative technique is nuclear
magnetic resonance on oriented nuclei detected via the
anisotropy of radiation (NMR-ON).? Here, extremely
small concentrations in the ppm region and below are
sufficient for the resonance detection.

The measurements of dilute-impurity hyperfine fields
require the preparation of stable or, at least, metastable
alloys. With thermal methods, i.e., melting or diffusion,
only metallurgically stable alloys can be prepared.
Metastable alloys may be prepared with implantation
techniques (recoil or mass-separator implantation), the
stability of such alloys depending on the temperature.
Such metastable alloys may have too short a lifetime
even at room temperature. Low-temperature implanta-
tion might solve this problem. It is known, however, that
with low-temperature implantation, lattice defects re-
main frozen, which, depending on the specific properties
of the impurity-host system, may strongly influence the
hyperfine interaction. Thus, a method would be desir-
able which allows the healing of the lattice defects, while
simultaneously the impurity nuclei remain bound at the
substitutional lattice sites with an undisturbed surround-

ing. These two requirements seem to be contradictory:
On the one hand, thermal energy is necessary for the
healing of the lattice defects. On the other hand, this
thermal energy may be sufficient so that the impurity nu-
clei can leave the substitutional lattice sites or that lat-
tice defects (or other impurities) are now trapped at the
impurity nuclei.

Here we propose a new method to solve this problem:
If the binding of the isotope of interest at substitutional
lattice sites is too weak or if the probability for the trap-
ping of lattice defects is too large so that a sample can-
not be prepared by direct warm implantation, we im-
plant a radioactive precursor for which the binding at
substitutional lattice sites is strong enough and which
does not trap lattice defects or other impurities. At
lower temperatures, the precursor is allowed to decay to
the isotope of interest, which remains bound with some
probability at the substitutional lattice site with an un-
disturbed surrounding. The correct dilute-impurity limit
for the hyperfine interaction can then be determined with
NMR-ON.

The hyperfine field of dilute Y in Fe has been the sub-
ject of several spin-echo and nuclear-orientation mea-
surements,>~? the results being inconsistent. Attempts to
confirm the spin-echo result failed as it was found to be
impossible to prepare dilute YFe alloys.® (Intermetallic
compounds such as YFe, and YFes exist, however, for
which the magnetic properties are well known.) Sys-
tematic nuclear-orientation studies by Eder, Hagn, and
Zech'® showed that depending on the sample preparation
and heat treatment different results are obtained, indi-
cating that it is impossible to determine the substitution-
al hyperfine field of YFe with an integral measurement
technique. '°
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The series of 4d elements (Y, Zr, Nb, Mo, Tc, Ru,
Rh) as dilute impurities in Fe shows the following trend:
Rh, Ru, Tc, and Mo are very soluble, and the alloys are
thermally stable. NbFe alloys are less stable; NMR-ON
measurements on “>NbFe prepared thermally showed
narrow resonance lines but weak resonance amplitudes,
indicating that only a small fraction of Nb nuclei were
substituted onto undisturbed lattice sites.!' For implant-
ed NbFe samples this fraction was found to be consider-
ably larger.'? Zr and Y are not soluble in Fe; it is not
possible to prepare dilute alloys by thermal methods.
Thus, samples of Y and Zr as dilute impurities in Fe can
be prepared only by implantation techniques. As the
binding of Y and Zr onto undisturbed substitutional sites
in Fe seems to be rather weak, the new idea was to im-
plant suitable radioactive Mo and Nb isotopes as precur-
sors, for which the stability at substitutional sites is
guaranteed, and let them decay to Y at lower tempera-
tures. It could then be expected that a considerable frac-
tion of the Y daughter nuclei remain at substitutional
lattice sites with an undisturbed surrounding, allowing
then the precise measurement of the hyperfine splitting
with NMR-ON.

In this Letter we report the successful observation of
NMR-ON on Y, 39"y and °'™Y in Fe. The samples
were prepared by in situ decay after implantation of
8Mo and %Mo, 8’Nb and ®*Nb, and °'Rb. Our experi-
ments show that all previous values for the hyperfine
field of Y in Fe in the literature are erroneous.

In NMR-ON experiments, the anisotropy of the y ra-
diation is used as the detector for resonance; the reso-
nance condition is given by

v=vy+ (|g|,uN/h)sgn(BHF)(l +K)By,
()

vi =|gunBur/hl|,

where vy is the magnetic hyperfine-splitting frequency,
g is the nuclear g factor, Byr is the hyperfine field, By is
the external magnetic field, and K is a parameter includ-
ing the Knight shift and diamagnetic shielding. The
measurement of the resonance frequency as a function of
the external magnetic field By yields vy from the extra-
polation to By=0, and g(1+X) from the slope. Thus
the g factor can be determined from the resonance shift,
independent of the knowledge of the hyperfine field, the
uncertainty being given by the uncertainty of K. The pa-
rameter K has been measured for many different systems
to be |K|<0.01. Thus, with the assumption of |X]|
<0.01 for YFe, the g factor and the hyperfine field can
be determined from NMR-ON measurements with an
accuracy of ~1%.

Samples of 37789"Y Fe were prepared with the recoil-
implantation technique using a target stack consisting ei-
ther of sixteen natural Y foils (thickness 5 um) or six-
teen °°Zr foils (1.2 pym; enrichment 99%) each of which
was followed by an Fe foil (1.5 um; purity 99.999%).

The target stacks were irradiated at the cyclotron in
Karlsruhe with a particles: the Y-Fe stack (denoted in
the following as sample I) for 2.5 h with an energy of 59
MeV and a current of 2.5 uA, and the °°Zr-Fe stack
(sample II) for 4 h with E,=100 MeV and I =2.5 pA.
The following decay chains lead finally to Y nuclei:

22min o 20h o T84 16ls oo
m
Nb Zr Y Y,

I5s 2.6 min

87Nb

87Sr

The compound nuclei with the kinetic energy of 3-4
MeV have a range of 0.2-0.3 um; thus all nuclei which
are produced in the rear surface area of the target foils
are implanted homogeneously into the Fe foils.

The °'™YFe sample (sample III) was prepared with
the mass separator ISOLDE at CERN, implanting °*'Rb
with an accelerating voltage of 60 kV into a 4-um Fe
foil. Here the following decay chain is relevant:

58s 9.5h 49.7 min
9le 9]Sr 9le 9]Y

1.6h 13h
87M0 87Zr 87mY

After the implantations, the samples were soldered
with Galn to the Cu cold finger of a 3He-*He-dilution
refrigerator with top-loading facility, and cooled to tem-
peratures below 10 mK. The ferromagnetic domains of
the Fe foils were polarized with an external magnetic
field Bo=0.1-2.0 T. The y rays were detected with four
Ge detectors placed at 0°, 90°, 180°, and 270° with
respect to the direction of By.

Sample I was cooled to temperatures below 10 mK
within 4 h after the end of the irradiation. With By =0.1
T, at 7=9.0(5) mK the following y anisotropies
e=WI(0°)/W(90°)—1 were observed: *™Y, 381 keV,
—0.62(4); ¥™Y, 909 keV, —0.59(2). Taking into ac-
count the NMR-ON resonance frequencies as given
below, this is about 45% of the anisotropy which would
be expected if all Y nuclei were on substitutional lattice
sites. The NMR-ON resonances were searched for in
the frequency region 210-330 MHz (frequency steps 3
MHz; modulation bandwidth =3 MHz) and detected at
313.8(5) MHz (¥"'Y) and 322.6(2) MHz (¥*"Y). In
comparison to %*"Y the resonance amplitude for °””Y
was smaller by a factor of 4.7(7), which is probably due
to the shorter half-lives of the Nb and Zr precursors in
the 4 =87 decay chain. Despite the small resonance
effect, further measurements of the ¥’”"Y resonance were
performed with a higher frequency resolution and a
smaller frequency modulation bandwidth, for Bo=0.1
and 0.2 T. The resonance was found to be shifted from
313.56(16) MHz at 0.1 T to 312.7(2) MHz at 0.2 T,
proving that a correct NMR-ON resonance had been ob-
served. For ®™Y the resonance centers were measured
for Bo=0.1, 0.6, 1.1, and 1.6 T to be 322.69(4),
317.49(9), 312.13(36), and 306.87(21) MHz, respec-
tively. Two NMR-ON spectra are shown in Fig. 1 (mid-
dle).
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FIG. 1. Top: NMR-ON resonance of 8""YFe (sample II,
prepared via recoil implantation with a *°Zr target at the cy-
clotron in Karlsruhe); linewidth I'=2.2(3) MHz. Middle:
NMR-ON resonances of Y Fe (sample I, prepared via recoil
implantation with a Y target); '=3.7(1) MHz. Bottom:
NMR-ON resonance of °'"YFe [sample III, prepared with
mass-separator implantation at ISOLDE (CERN) after im-
plantation of *'Rbl; I'=2.2(2) MHz.

With sample II (prepared with the °°Zr target) the y
anisotropies of 87"Y and ¥*"Y were only ~50% of the y
anisotropies observed with sample I (prepared with the
Y target). An NMR-ON spectrum for ¥7"'Y Fe is shown
in Fig. 1 (top). In comparison to the results obtained
with sample I, the resonant anisotropy destructions were
nearly doubled, the linewidths were smaller by ~30%,

but the center frequencies coincided well within the sta-
tistical errors (see Table 1). This demonstrates that, in
contrast to the temperature dependence of the y anisot-
ropy, which, as an integral technique, yields an average
value for the hyperfine interaction, NMR-ON as a
differential technique is highly sensitive only to nuclei on
undisturbed substitutional lattice sites.

Two NMR-ON spectra for °'"YFe (sample III) are
shown in Fig. 1 (bottom). Measurements were per-
formed for Bo=0.1, 0.5, 1.0, 1.5, and 2.0 T, with results
of 309.02(3), 305.03(3), 300.00(7), 294.68(6), and
289.95(16) MHz, respectively.

The zero-field splittings v(Bo=0) and the slope pa-
rameters dv/dB, were determined with least-squares fits;
the results are compiled in Table I. The hyperfine fields
as given in column 4 of Table I are derived with K =0.
The good agreement for 7Y and °'”Y with their
different precursor chains indicates that the hyperfine in-
teraction of Y at undisturbed substitutional lattice sites
in Fe has been observed. Assuming now that the uncer-
tainty of K is 1% and adding the errors quadratically we
get

BHF(YFE) = _30.67(36) T N

which is different from all values in the literature. The
only literature value which has to be considered seriously
is the spin-echo result of 28.5(5) T.** The relative
difference between these two values is 7.6(2.3)%, which
must be explained. The following scenarios can be
offered: (i) The spin-echo field is correct. Then the
difference of 7.6(2.3)% has to be attributed to physical
effects, such as hyperfine anomaly or Knight shift. An
estimate of the hyperfine anomaly between the 3 ~ 8%Y
and the 3" states yields an upper limit of 2%. Thus, at
least 5.6% of the difference would remain. In principle,
this could originate from an anomalously large Knight
shift of YFe, which cannot be excluded a priori but
which, in our opinion, is highly improbable. (ii) The
spin-echo field does not represent the dilute-impurity

TABLE I. NMR-ON results for the hyperfine-splitting frequencies and resonance shifts.
The hyperfine fields given in column 4 have been derived assuming K =0 (see text).

vm dv/dB, Bur

System (MHz) (MHz/T) (T u/u(®myY)
87my Fe 314.65(13) ®

314.58(12)°

314.61(9) © 0.9718(3)
89my Fe 323.74(4) * —0.1051(11) —30.80(32)

323.73(5)° —0.1034(19) —31.31(57)

323.74(3) ¢
oImy Fe 310.06(5) —0.1017(8) —30.49(24) 0.9577(2)
Average —30.67(18)

“Sample I: Y target.
bSample II: °Zr target.

98

‘Average value.



VOLUME 66, NUMBER 1

PHYSICAL REVIEW LETTERS

7 JANUARY 1991

hyperfine field of Y in Fe. In the following we show that
nuclear-physics arguments strongly support the second
possibility.

The g factors derived with the hyperfine field of
Bur=—30.67(36) T for ¥™Y, ¥™Y, and °'"Y are
1.346(16), 1.385(16), and 1.326(16), respectively, while
for Buyrp=—28.5(5) T, 1.448(25), 1.490(26), and
1.427(25) would be obtained. From a brute-force
nuclear-orientation experiment, Marest, Haroutunian,
and Berkes'? report for ¥"Y g=1.36*], which does not
allow us to rule out one of the above possibilities.
Hiusser et al.,'* however, reported measurements of
magnetic moments in the 4 =90 region, which they
could explain well with shell-model calculations. For ex-
ample, for 8+ *"Zr they report gexp=1.356(7), which
is in excellent agreement with their theoretical value
Ziheor =1.361. Using their matrix elements, the subse-
quently measured g factor of 5~ °*"Zr could also be ex-
plained well.'> Assuming now ®!Sr to be the core, 3"
89my is a one-proton and 8 °*"Zr a two-proton state.
Hausser et al. quote dg.,= —0.016 for the additivity-
violating contribution to the g factor of |(zggs)2)g+
0mzr. According to their calculations, g=1.372(7) is
expected for #"Y, in excellent agreement with our value
of 1.385(16), which is strong evidence that our hyperfine
field Byr= —30.67(36) T is correct. These calculations
exclude a g factor of 1.49 for ¥"Y, as would follow from
the spin-echo field.

Thus we finally conclude that all hyperfine fields re-
ported for YFe (Refs. 3 and 5-8) up to now do not rep-
resent the dilute-impurity hyperfine field, most probably
due to metallurgical problems with the sample prepara-
tion. As demonstrated by our experiments, such prob-
lems can be overcome by in situ sample preparation via a
suitable radioactive precursor combined with the highly
efficient NMR-ON measurement of the hyperfine split-
ting. This new technique can probably also be applied to
other elements for which no reliable data on the
hyperfine fields exist up to now.
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