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We have carried out in-beam time-differential perturbed angular distribution experiments on
Fe implanted into single-crystal Gd and Tb hosts, where it is found to occupy both substitutional
and interstitial sites. For comparison, the simpler systems Sc in Gd and Tb were also studied.
Calculations of the local electronic structure, magnetic moments, and hyperfine fields Bhf were
performed using the real-space LMTO-ASA method for Fe at both sites in Gd and for Sc in Gd,
which implants substitutionally. The results of the experiments and calculations of Bhf at 0 K
agree well and permit a qualitative explanation of the local magnetism. The calculations show an
antiferromagnetic coupling of the local Fe moments to the host moments in Gd which is confirmed
by the experiments; it persists to temperatures well above Tz. The temperature dependence of Bhf
and the damping of the spin-rotation spectra are also discussed.

I. INTRODUCTION

Studies of the local electronic structure and magnetism
of impurities in metals have proved fruitful in the past
for enhancing our knowledge of magnetic materials. How-
ever, experiments have been limited to thermally stable
systems (i.e. , those with a sufficient solid solubility of
the impurities in the given host) and theoretical inter-
pretations usually involved phenomenological models.
Recently, there have been important new developments
in ab initio theoretical approaches, as well as in exper-
imental techniques, which have made the investigation
of magnetism under "extreme conditions, " e.g. , in non-
alloying systems, accessible to both measurements and
calculations. This broadens the base of the entire field
of study, allowing critical tests of theoretical approaches
and promising to reveal new physical phenomena.

Among such nonalloying systems are the dilute alloys
of transition metals (TM) in rare-earth (B) hosts: the
limited solubility of many TM elements makes these al-
loys thermally unstable and thus difIicult or impossi-
ble to investigate by conventional means. A number of
such alloys have been studied in the past using nuclear
techniques, such as Mossbauer effect, perturbed angu-
lar correlations, and nuclear orientation, ' which can
be applied at very low impurity concentrations. How-
ever, the results have often been inconclusive and have
not been accompanied by information on the lattice lo-
cation or the chemical state of the impurities. Samples
were in general prepared with the aid of thermal meth-
ods or separator implantation followed by thermalization
at room temperature or by annealing. For example, the
Mossbauer effect measurements on FeB alloys reported
in Ref. 9 were carried out with samples made by melting
trace amounts of radioactive Co (the parent of the ~Fe

Mossbauer isotope) into rare-earth ingots, which might

well have resulted in the Co (and Fe) occupying intersti-
tial sites or forming intermetallic compounds. The value
of the isomer shift (IS) observed, compared with system-
atics and theory (see below), rather clearly rules out an
interstitial site for Fe in Gd, but the possibility of an
intermetallic compound (with an IS similar to that of
substitutional Fe in Gd) remains, and could in fact ex-
plain the observed vanishing of the hyperfine field near
100 K, which was not detected in the present work.

Here, we report experiments on single Sc and Fe atoms
in Gd and Tb monocrystalline hosts using the in-beam
time-difFerential perturbed angular distribution (IBPAD)
method following recoil implantation of the impurities.
This technique involves creating the impurity atoms to
be studied by a nuclear reaction, usually induced by en-
ergetic heavy ions, and allowing them to recoil into the
desired host material, where the precession of their nu-
clear moments in the local magnetic field is observed via
time-resolved p-ray spectroscopy. It permits the study
of extremely dilute systems, including those which are
thermally unstable, since the measuring time is of order
of psec.

We also report calculations of the local electronic struc-
ture at Fe and Sc impurities in Gd, including both sub-
stitutional and interstitial sites for the Fe impurity. They
were carried out by applying the RS (real space)-LMTO-
ASA scheme ' to calculate the local electronic structure
at Fe and Sc impurities in Gd. In these self-consistent,
local density functional calculations, the 4f electrons of
Gd were treated as a half-filled core state, with all spins
aligned. We obtain values for the local magnetic mo-
ments and the hyperfine parameters (isomer shifts and
hyperfine magnetic nelds) of the impurities. The results
are in general agreement with the observed hyperfine
fields and shed considerable light on the magnetic struc-
ture of these systems.
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A preliminary account of some parts of this work was
given in Ref. 13.

II. PH.C)CEI3UB.ES

A. Ewperimental methods

The IBPAD method has been described in detail in the
literature. ' BrieHy, the impurity atoms to be investi-
gated are produced by heavy ion reactions, leaving their
atomic nuclei in excited, aligned nuclear states and with
large recoil energies which allow them to escape from
the target foil and implant deeply into the desired host
material, positioned behind or beside the target. Fol-
lowing the decay of short-lived electronic and nuclear ex-
citations, the impurities arrive at a relatively long-lived
(typically 500 ns), aligned nuclear isomeric state, whose
magnetic moment precesses around a local magnetic field

B~, ——B, q+B;„q, given by the vector sum of an applied
field B,„& (perpendicular to the beam axis) and internal
magnetic fields B;„t.Deexcitation p-rays from the decay-
ing nuclear isomeric state are detected in two directions
as a function of time after a beam pulse. The result-
ing time spectra, which are referred to as spin rotation
spectra, are corrected for nuclear decay and background,
giving a function which resembles the time development
of a damped harmonic oscillator. Figure 1 shows exam-
ples for Sc in Gd, Tb at difI'erent sample temperatures.
Analysis of these spectra yields three quantities: an am-
plitude A, a precession frequency u, and a damping time

Each implantation site is represented in the spec-
trum by a characteristic set of these quantities, with ~
equal to twice the local Larmor frequency; it is usual to
define a reduced local frequency as P = cu/cup, where Ldp

is the corresponding frequency in the applied field alone,
and to employ the quantity P —1 as a measure of the
relative strength of the internal fields, P —1 = B;„&/B,„t.

After several lifetimes, a new beam pulse replenishes
the supply of decaying nuclear isomers, and this cycle is
repeated until the desired statistical accuracy of the spin
rotation spectrum has been obtained. The concentration
of impurity atoms in the sample at the end of such a
measurement is of the order of 10 cm, corresponding
to a relative atomic concentration of about one ppb. The
impurities are thus in fact isolated and do not interact
with one another; the probability of their interacting with
the defect cascades produced by the implantation is also
low, as is confirmed by the results. Within the short
measuring times, practically no dift'usion of the impurities
or defects can occur.

In the present experiments, Fe impurities were pro-
duced by the nuclear reaction Sc( 2C,p2n) 4Fe on a Sc
foil target and recoiled into polished crystals of Tb or
Gd directly behind the target foil. A pulsed beam of

C ions at 43 MeV from the ISL Cyclotron of the Hahn-
Meitner-Institut, Berlin, was used to induce the reaction.
Decay p-rays from the I = 10+ isomer of Fe, with a
360 ns halfIife and a. nuclear g factor of 0.728, were ob-
served as a function of time following each beam pulse.
Scandium ions were produced in a similar way by the re-

action C( Ar, np)4 Sc using a pulsed Ar hearn at 130
MeV on a natural carbon foil target, yielding the 19/2
473 ns isomer of Sc with a g factor of 0.329. Both
of these isomeric states are useful for the determination
of magnetic interactions at the impurity sites because
of their suitable halfIives, high yields, relatively large @-

factors, and favorable p-ray anisotropies. We note that
electric quadrupole interactions play no significant role
in these studies: the moderate quadrupole moments and
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FIG. 1. Spin rotation spectra of Sc implanted into Gd
(above) and Tb (below). The normalized counting-rate dif-
ference from two p-ray detectors is plotted against time fol-
lowing a beam pulse at the temperatures indicated and at an
applied field of B', t ——2.05 T. The heavy lines are fits to the
theoretical spin-rotation function (damped sine wave).
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high spins of the nuclear isomeric st;ates employed make
them relatively insensitive to quadrupolar effects. This
was veriBed for Fe in Gd by the absence of any depen-
dence of the observed spectra on the crystal orientation
(compare Ref. 14).

The host crystals were made from high-purity Gd and
Tb. The Gd crystals were obtained from a commercial
supplier and had a nominal purity of 5 N (at. %) with re-
spect to other metals; they were in the form of disks of 5—
6 mm diam and about 1 mm thickness, having the hexag-
onal c axis in the plane of the disks, and were mounted
in most cases with the c axis parallel to the applied Beld.
The Tb crystals were obtained from Ames Laboratories
and were in the form of slabs of 5 x 5 mm size and
about 1 mm thickness. Their preparation and character-
ization has been described in detail previously. They
were mounted with the easy axis of magnetization (the b

axis, which was in the plane of the slab) parallel to the
applied Beld. The precision of orientation of the crystal
faces and axes was of order 1 —2 . The applied Beld was
in the range 1.95—2.05 T in most cases, and the target-
host combination was mounted in a cryostat or a furnace
which permitted temperature stabilization and control.

B. Theoretical calculations

there has been no experimental evidence. These levels,
present when the 4f electrons of Gd are included as va-
lence electrons in the calculations, are probably due to
limitations of the local density functional approximation
when applied to highly correlated systems. More details
of our calculation procedure can be found in Ref. 24.

Finally, we have used clusters of around 1300 atoms,
cut in order to keep the atoms of interest at a maxi-
mum distance from the surface, for both substitutional
and interstitial impurities. In the case of interstitial Fe,
the impurity was placed at the center of the octahedral
site and the six first neighbors to the impurity were re-
laxed outwards by 9% of their distance from the impu-
rity. In the absence of experimental data for relaxation
distances, Lennard-Jones pair potentials were used to es-
timate this quantity. We note that the lattice relaxation
cannot be derived directly from the present calculations;
however, systematic variation of the assumed degree of
relaxation has shown that the derived moments, particu-
larly those of trivalent impurities, are not very sensitive
to this quantity. Details of the effects of lattice relaxation
will be given in a forthcoming paper. In the present case,
the uncertainties in the degree of relaxation are included
in the quoted uncertainties in the calculated hyperBne
Belds.

The RS-LMTO-ASA scheme is a first-principles, self-
consistent procedure based on the well known linear
muon tin orbital formalism in the atomic sphere ap-
proximation (LMTO-ASA), which uses the recursion
method to solve the eigenvalue problem in real space.
A detailed description of its application to impurities can
be found elsewhere. ' The RS-LMTO-ASA scheme has
been used to investigate several metallic systems and the
results are in good agreement with those obtained by well
established methods. When applied to substitutional im-
purities, it yields results which agree well with those ob-
tained in the KKR-Green's function formalism. Fur-
thermore, in addition to being an efficient computational
method for electronic structure calculations, it has the
advantage of allowing the straightforward treatment of
sites with low symmetry, such as interstitial sites, and
permitting the inclusion of lattice relaxation around the
impurity site, as was demonstrated in Ref. 19.

Here, we are interested in calculating hyperBne Belds
and local magnetic moments at the impurity site. We
have carried out a simple nonrelativistic treatment using
an exchange correlation term of the form proposed by
von Barth and Hedin. In all calculations, a cutoff pa-
rameter L „=20 was taken in the recursion chain; to
obtain occupations and higher moments of the local den-
sity of states (LDOS), a Beer and Pettifor terminator2i
was used. The 4f electrons of Gd were treated as a half-
filled core state, with all spins aligned, but the 4f lev-
els were not frozen in the atomic conBguration; instead,
they were recalculated for the appropriate valence con-
figuration at each step of the self-consistent process, as
were the 1s —38 inner shells. This approach treats the
deep 4f shells well, while preventing the appearance of
(mostly empty) 4f levels near the Fermi level, for which

III. RESULTS AND DISCUSSION

A. Scandium in Gd and Tb

Expev ivnental results

We Brst discuss the simpler case of Sc in Gd and Tb.
Since Sc forms solid solutions with both hosts, it is ex-
pected to implant preferentially into substitutional sites
and give thermally stable alloys; furthermore, Sc should
be trivalent in these valence-isoelectronic hosts and thus
has formally a closed-shell [Ar] electronic configuration,
so that it should not form an intrinsic local moment and
its hyperBne Beld should be due to the host conduction-
electron polarization alone. This picture is somewhat
oversimplified, as we shall see below.

The spin-rotation spectra for Sc in both hosts exhibit
a single component (i.e. , one set of the parameters A,
u, and vD) at all temperatures (cf. Fig. 1). The am-
plitude A was found to reach a maximum of about 0.22
just above the Curie temperatures T~ in both hosts; this
value is comparable to the largest value observed for

Sc and indicates that essentially 100% of the implanted
ions arrive at similar sites and that no loss of anisotropy
(e.g. , due to rapid relaxation in defect-associated sites)
occurs. In reducing the temperature through T~, we ob-
serve a sudden decrease of the amplitudes by a factor of
2 in both hosts; this effect will be discussed below.

The observed values of P are strongly temperature-
dependent, and the internal field, proportional to P —1,
follows a Curie-Weiss law above T~.

T —Oi
C),
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This is shown in Fig. 2 for both Gd and Tb hosts, where
similar results are obtained, but with the temperature
scale shifted due to the different values of T~. The
figure also contains data for Fe in both observed im-
plantation sites, and for the host magnetizations from
Ref. 26. Note that the Curie constant C~, for Sc in Gd
and Tb is negative, corresponding to a negative slope in
Eq. (1) and a negative hyperfine field; the data points
have been plotted in Fig. 2 with the signs reversed to
allow direct comparison with the magnetization and the
Fe data. If the values of the gneiss temperatures are
similar (as is seen from Fig. 2 to be the case), taking
the ratio of the Curie constants t i, and CM (from the
magnetization data) allows the calculation of the inter-
nal field B;„q, using the known magnetization curve of
the host and the external field B, t. From the relation
Bint = Bpf +BI,oren&z+Bpipo&ar DM, magnetic hyperfine
fields Bhf can then be extracted from the measured B;„t
after corrections for the Lorentz, dipolar, and demag-
netizing fields. The hyperfine field can also be derived
directly at each temperature by inserting B,„t into the
definition of P —1. At the lowest temperatures, Bi,i(0)
is found to be —5.22(l) T for Sc in Gd and —3.91(3)

T in Tb host, using the values of Bz, „„q, from Ref. 10
and taking Bd;~ ~, to be negligible; the quoted errors are
purely statistical. These values agree well with those de-
termined previously by nuclear orientation, -5.50(65)
T and -3.35(40) T for Sc in Gd and Tb, respectively.

At higher temperatures, the hyperfine fields deviate
from proportionality to the host lattice magnetization
M(B, T); these deviations can be described by a "reduc-
tion factor" f, which would be unity for strict propor-
tionality of Bhf to M(B, T'}. Above T&, f is roughly
constant, as can be seen from Figs. 3 and 4. In Fig. 3,
the derived values of Bgf are plotted against tempera-
ture and compared to the magnetization data from Refs.
26 and 27. Figure 4 shows the reduction factor f for Sc
in both hosts; the constancy of 1' above Tc leads to the
Curie-Weiss laws, but because f is less than unity, Bhf(0)
derived from the Curie constants is reduced by a corre-
sponding factor compared to the values determined di-
rectly from the low-temperature data and quoted above.

Theoretical calculations for Sc in Gd

Here we use the RS-LMTO-ASA scheme to obtain the
electronic structure around a Sc impurity in Gd. In the
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FIG. 2. The Curie-gneiss behavior of the internal fields

(P —1 = B;~t/B,„t) of Sc (triangles) and Fe (circles: solid
= interstitial and open = substitutional sites) impurities in
paramagnetic Gd host (above) and in Tb host (below). The
slopes of the lines for Sc impurities are in fact negative and
have been reversed here for compactness. The dashed lines
labeled Gd and Tb refer to the inverse relative host magne-
tizations, [M(B,T)/M(sat)], which also obey Curie-Weiss
laws in the applied field B,„t ——2 T. The arrows at 8„indicate
the paramagnetic gneiss temperatures of the hosts.
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FIG. 3. Reduced magnetizations of Gd and a ScGd alloy
(upper plot) and of Tb along the easy axis (lower plot) vs
reduced temperature, compared to the reduced hyperfine field
Bhr/Bgr(sat) of Sc in the two hosts. The dashed line is a
smooth curve connecting the Bhf points; the solid and chain
curves are from Refs. 26 and 27.
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present calculations, the potentials at the Sc impurity
and at the 12 Gd atoms in the first neighbor shell were
included self-consistently. For the remaining sites in the
large 1300-atom cluster, Gd bulk potentials were used.
To obtain the Gd bulk potential and the Fermi energy to
be used in the impurity calculation, we performed RS-
LMTO-ASA calculations for bulk Gd in the hcp struc-
ture, using the experimentally observed lattice parame-
ter and c/a ratio. In Fig. 5(a), we show the LDOS of
Gd obtained from the real-space calculations. We note
that the shape of the LDOS is in good agreement with
others given in the literature, which were obtained using
the more traditional A:-space methods. As pointed
out above, the 4f electrons of Gd were treated here as a
half-filled core state with all spins aligned, giving a 7@~
contribution to the local magnetic moment at the Gd site.
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FIG. 5. Local density of states (LDOS) plots for (a) hexag-
onal Gd and (b) substitutional Sc impurities in Gd obtained
by the RS-LMTO-ASA method.

FIG. 4. The reduction factor f, defined as the ratio of the
reduced hyperBne field of Sc to the reduced magnetization of
the host at the given temperature, vs reduced temperature,
indicating deviations from strict proportionality of the hyper-
fine Beld to the host magnetization. The circles refer to Gd
and the triangles to Tb host; the dashed line is a guide to the
eye.

We find that the valence electrons are polarized by the
core 4f states, resulting in a total magnetic moment of
7.67@~ per Gd atom, in good agreement with experiment
and other calculations.

Figure 5(b) shows the LDOS at the impurity site for
substitutional Sc in Gd. The LDOS of spin-up and spin-
down states at the impurity are slightly difI'erent due to
the interaction with the distinct up and down states of
the magnetic host; this is a clear example of an induced
local impurity moment. This behavior is to be expected )

by analogy with the impurity behavior in Y, since the
substitutional Sc impurity in Y does not show a local
magnetic moment (Y is very similar to Gd in size, num-
ber of valence electrons and structure, but since it does
not have a polarized core, it is not magnetic). For the Sc
impurity in Gd, we find a small induced local magnetic
moment of 0.24@~ aligned parallel to the host moments
and arising mainly from p and d valence polarizations.
A very small s moment (of order 0.01@~),antiparallel to
the host moment, is also present at the Sc site. This has
an interesting consequence for the behavior of the hy-
perfine fields: we find, as expected for such a small local
magnetic moment, a rather small core contribution to the
hyperfine field at the site, which is negative and of order
of —1 T. Normally, the 4s valence contribution would be
positive, partially canceling the core contribution. Here
however, the antiparallel alignment of the Sc 4s polar-
ization gives rise to a negative valence contribution of
around —4 T to the hyperfine field. The resulting value
of —5 T for the net hyperfine field at the Sc impurity is
in excellent agreement with experiment.

B. Fe in Cd and Tb

Experimental v esults

We now turn to the more complex case of Fe implanted
into Gd and Tb. The vanishing solubility of Fe-group ele-
ments in lanthanide hosts has led to the prediction that
they may form stable interstitial alloys in thermal equilib-
rium. This is supported by the rapid difFusion suggested
for Fe in Y host. A recent study of the FeY system
combining IBPAD, the in-beam Mossbauer spectroscopy
(IBMS) technique, and theoretical calculations estab-
lished clearly that Fe implants to a considerable extent
(about 60'%%up) into interstitial sites in this host, most of the
remainder being in substitutional sites. The comparison
with the present results is relevant and instructive, owing
to the similarity of the Y host to Gd and Tb: Y can be
considered to be a nonmagnetic analog of the heavy rare
earths.

In Tb and Gd, as in Y, Fe is observed to implant
into two lattice sites, as can be clearly seen in Fig. 6,
which shows spin rotation spectra for these cases. The
two sites, with difFerent amplitudes, precession frequen-
cies, and damping times, give rise to beats in the time
spectra; these beats shift as a function of temperature.
As in the Y host, the amplitude ratio of the two sites is
about 60:40 and is constant over the temperature range
observed. By analogy with the Y host, the two signals
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can be identified with some confidence as arising from
interstitial (majority, site 1) and substitutional (minor-
ity, site 2) locations, respectively. In the following, we
therefore denote site 1 as the "Fe-i" site, and site 2 as
&&F

The combined amplitudes Aj + A2 are similar to those
observed in Y or Yb hosts, being in the range 0.15—0.17
for Gd and 0.12—0.15 for Tb host (0.16—0.18 in Y 0.10—
0.13 in Yb host ). They remain constant up to 900 K;
however, as T~ is approached from above, the damping
times decrease drastically, and the signals become unob-
servable for both hosts in the ferromagnetic region, even
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FIG. 6. Spin rotation spectra of Fe in Gd host (above)
and in Tb host (below) at various temperatures and
R ~ ——1.95 7; similar to Fig. 1. Note the clearcut beats
resulting from the two implantation sites for Fe impurities.

at the lowest temperatures obtainable ( 15 K). This is
similar to the sudden decrease in A and rapid damping
seen for Sc impurities, but leads here to a complete loss
of signal within the available sensitivity.

In the paramagnetic regime, the local susceptibilities
of both sites again follow Curie-Weiss laws similar to that
obeyed by the host magnetization (Fig. 2). The hyperfine
fields obtained from the Curie constants or from direct
evaluation of P are small and positive on both sites, but
distinctly larger for Fe-8. Their low-temperature limit-
ing values Bhg(0) can be estimated from comparison of
the Curie constants Ci, and C~ and the known host
magnetization curves, assuming the reduction factor f
to be unity; this leads to Bhi(0) of about +2 T for the
Fe-i site and +6 T for the Fe-8 site in Gd host, and +3
T for the Fe-i site, +6 T for the Fe-8 site in Tb host.
The experimental errors are around 0.1 T in all cases,
but are not cited due to the uncertainty of the extrap-
olation to T = 0 assuming f = 1. The quoted values
can be considered to represent lower limits in view of the
possibility that f ( 1. These fields are close to those
obtained from Mossbauer efFect studies of thermally pre-
pared samples9' without site identification: Bhr(0)
+1.85(30) T in Gd and +1.20(20) T in Tb. Again, all
of these fields were corrected for the demagnetizing and
Lorentz fields of the host. It is tempting to identify the
earlier results with interstitial Fe sites in the thermally
prepared samples, but this is contradicted by the isomer
shift quoted for Fe in Gd in Ref. 9, which agrees well with
that calculated here for the Fe substitutional site (see be-
low). Reference 9 also reported a drastic decrease in the
reduction factor f for Fe in Tb, with f going from near
1 at 50 K to zero at 100 K, which is not indicated by the
present results.

The usual negative core-polarization hyper6ne fields
here appear positive, indicating an antiferromagnetic
coupling of the local Fe moments to the host magneti-
zation. This is typical of TM-B alloys with a transition
metal from the second half of its d seriess2 (R is a heavy
rare earth), and has previously been observed (as a ferri-
magnetic coupling in concentrated systems), for example
in amorphous TM//B compounds and for thin TM/B
Alms. It is reproduced by the O,b initio calculations for
Gd host (see below). A striking feature here is its per-
sistence up to temperatures of several hundred K above
the host's ordering temperature in both Gd and Tb, as
evidenced by the Curie-Weiss laws for the local suscepti-
bilities (which were verified up to 900 K, where the host
magnetization is quite small even in our applied field of
2 T).

2. CalcuEations for Ee in Cd and Tb

We have applied the RS-LMTO-ASA scheme to ob-
tain the electronic structure for both substitutional and
interstitial Fe impurities in Gd. In both cases, the po-
tentials at the Fe impurity and 12 Gd neighbors were
included self-consistently, while the potentials at the re-
maining Gd sites in the large 1300-atom cluster were kept
at the bulk value. For the substitutional case, these 12
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FIG. 7. LDOS plots calculated for Fe impurities in hexag-
onal Gd at (a) substitutional a.nd (b) interstitial sites. The
"spin up" subband is here the minority band due to the anti-
ferromagnetic alignment of the impurity spins.

Gd sites included the first shell of neighbors. In the case
of' interstitial Fe, the impurity was placed at the cen-
ter of the octahedral site in the hcp structure, and two
shells (of six Gd atoms each) around the impurity were
included self-consistently. We note that the six neighbors
of the first shell around the interstitial Fe impurity were
relaxed outwards by 9%%uo of their original distance to the
impurity. The bulk potential for Gd and the Fermi en-
ergy used. in the calculations were obtained as described
above (Sec. III A 2).

Since Y and Gd have similar electronic structures, it
is interesting to consider what is to be expected for Fe
impurities in Gd, based on their behavior in Y host.
Several calculations have shown that a substitutional Fe
impurity in Y exhibits a large local magnetic moment
of about 3p~, while the interstitial Fe impurity in Y is
nonmagnetic. Experimentally, two impurity sites (one
magnetic and the other not) are also clearly observed.
Based on this evidence, we should expect a strong lo-
cal magnetic moment for substitutional Fe in Gd and a
weak induced local moment (similar to that of Sc) for
interstitial Fe in Gd.

In Fig. 7(a), we show the LDOS at the impurity site
of substitutional Fe in Gd. We find a local moment of
—3.0p~, aligned antiferromagnetically relative to the Gd
moments. This value is much larger than assumed previ-
ously (Refs. 9 and 10), and modifies the curve of pI, vs
impurity Z for TM impurities in Gd so that; it becomes
a nearly exact mirror image of that for TM impurities
from the 3d series in Ni host (compare Refs. 10 and 32).
The local moment of Fe in Gd is similar to that of Fe
in Y and is clearly not induced by the host magnetism
(i.e. , by the fact that the spin-up and -down electrons of
the host have diferent densities of states). It is inter-
esting (see Ref. 13) that in the case of substitutional Fe
impurities in Gd, a solution (of higher energy) with fer-
romagnetic alignment and similar magnitude of the local
moment can also be found.

In Fig. 7(b), we show the LDOS at the impurity site
for interstitial Fe in Gd. We note that, as in the case

of interstitial Fe in Y, Sc, Ti, and Zr, the resonant peak
which appears in the LDOS is part of a broad d-band
which extends far above the Fermi level. Both peaks of
the LDOS (for up and down states) are below the Fermi
energy. A local magnetic moment of —l.lp~, aligned an-
tiferromagnetically relative to the host, is obtained from
the calculations. This local moment is not small, and the
magnetic behavior seen here is very different from that
discussed in the preceding section for a Sc impurity in
Gd. But we will give arguments to the eBect that the
local moment at the interstitial Fe site in Gd is in fact
induced, and would not be present if the density of states
of the up and down bands of the Gd host were the same.
When a moment (or a finite hyperfine field) is observed
at an impurity site, the question arises as to whether it
is intrinsic or induced in nature. To address this ques-
tion, we suggest that three criteria can be applied: (i)
experimentally, one can place the same impurity into a
host with similar electronic and lattice structure, which
however does not order magnetically, to see if its moment
persists under these conditions; (ii) as a theoretical test,
a calculation for the non-spin-polarized. impurity can be
performed to determine whether the LDOS at the Fermi
energy satisfies the Stoner criterion for the appearance of
a local moment; and (iii) as a computational check, the
host polarization can be artificially reversed with respect
to the impurity to see if, as we self-consistently converge
the calculation, a new stable solution with reversed po-
larization will result (if the impurity moment converges
to the original configuration found before the reversal of
the polarization, we can presume that the moment is in-
duced). In the case of substitutional Fe in Gd, all three
criteria point to an intrinsic moment: substitutional Fe in
Y is found to be magnetic, the nonpolarized calculations
give high values for the LDOS at the impurity site sat-
isfying the Stoner criterion, and two numerically stable
solutions (one ferromagnetic and the other antiferromag-
netic with respect to the host moment) are found. But,
as already pointed out, the interstitial Fe impurity in Y
is nonmagnetic, indicating that the local moment of in-
terstitial Fe in Gd is likely to be induced. We therefore
performed calculations for a nonpolarized interstitial Fe
impurity in Gd. We observe that, as in the case of Y, Sc,
Zr, and Ti hosts, the resonant peak in the LDOS ap-
pears below the Fermi level and the Stoner criterion is not
satisfied. We have also reversed. the impurity polarization
with respect to that of the host: as the self-consistent
solution converges, the impurity moment returns to its
original antiferromagnetic configuration, indicating that
the interactions with the distinct up and down bands of
the host play a major role in determining the moment.
All evidence suggests that in the case of interstitial Fe in
Gd, what we observe is an unusually large induced local
moment, which would not be present if the up and down
states of the host had. the same LDOS.

We next present results for the hyperfine fields Bhf and
the isomer shifts (IS) at Fe impurity sites in Gd. Details
of the calculational methods can be found in Ref. 24.
The present calculations yield for Bhp at the substitu-
tional impurity site a core contribution of +30 T and a
valence contribution of —26 T, resulting in a net field of
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+4 T. At the interstitial site, we find a core contribution
of +11T and a valence contribution of —8 T, resulting in
a positive net field of +3 T. We note that in both cases
the core contribution is roughly proportional to the lo-
cal magnetic moment, with a proportionality constant of
10T/p~. The calculated Bhf values are compatible with
experiment; but, as explained below, our errors are large,
and the theoretical results cannot be used for site iden-
tification. The local magnetic moments, isomer shifts,
and the core contributions to Bhf are rather stable and
insensitive to cluster size, the method of terminating the
recursion chain and other details of the calculations. Un-
fortunately, in the case of Fe impurities in Gd, the val-
ues of the valence contribution to Bhg are not so reli-
able. Very small variations, of the order of 0.01@~ in the
4s-polarization, can produce large changes —of order 5
T—in the resulting valence contribution to the hyperfine
field. Errors of this magnitude are thus possible in the
numerical results for Bhf presented here. We note that
this instability with respect to details of the procedure
was not seen in the Sc impurity calculations. Finally,
we give our calculated IS values: they are +0.25 mm/sec
for the substitutional Fe site and —0.30 mm/sec for the
interstitial Fe site in Gd. As in the case of Fe in Y, we
obtain large positive shifts at the substitutional site and
large negative values at the interstitial site. This could
be helpful for site identification if Mossbauer experiments
are carried out.
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FIG. 8. Damping constants rD for Sc and Fe (two sites) in
Gd and Tb hosts as indicated. The chain curves are fits of
straight lines to the Sc data (only lower temperature points
shown), the solid lines are fits to the Fe data, and the horizon-
tal dashed lines indicate the constant values of ~~ observed
for Sc in the ferromagnetic regime of the host below T~.

C. The damping of the spin-rotation spectra

The observed damping constants w~ as functions of the
sample temperatures are summarized in Fig. 8. For Sc in
both hosts as well as for Fe in both implantation sites and
both hosts, they increase linearly with temperature in the
paramagnetic region. Below T~, 7~ for Sc impurities is
constant, as indicated by the horizontal dashed lines in
the figure. The damping rate 7D is given by the sum
of the nuclear relaxation rate 7N and the line broadening
Aw; the latter is due to a spread in frequencies for nuclei
at different locations, causing a rapid dephasing of their
precession spectra which results in an effective damping:

(i.e., more than several ps). The observed damping is
thus dominated by inhomogeneous broadening, at least
in the paramagnetic region. Since the Beld dependence
was not determined for Sc, no direct conclusions can be
drawn about the origin of the damping in this case, but
the very similar temperature dependences found for Sc
and Fe in both sites and both hosts suggests that a sim-
ilar mechanism may be at work here, also. The linear
temperature dependence shows similar intercepts on the
T axis for each host and site, with values close to the
Weiss temperatures observed for the impurity local sus-
ceptibilities and for the host magnetizations (Fig. 8). The

1 + Lcd
N

(2)
Fe in Gd

I e-i

In the Abragam-Pound limit which applies to the present
measurements above T~, the magnetic relaxation rate

is field independent, while Lu is proportional to the
applied field (it gives the relative spread in Larmor fre-
quencies); plotting r~ against B thus yields a straight
line with its B = 0 intercept equal to 7N . This field
dependence was measured for both sites of Fe in Gd at
a temperature of 358 K; the results are shown in Fig. 9.
Equation (2) is seen to be obeyed, with b,u showing the
expected linear dependence on B and having a slope of
1.2 MHz/T at the Fe-s site and 1.6 MHz/T at the Fe-i
site. The B = 0 intercept is zero within errors in both
cases, indicating that the true dynamic relaxation times
vN are long on the time scale of the present experiments
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FIG. 9. The dependence on external field B of the damping
rates vD at the two Fe sites is approximately linear and ex-
trapolates to zero at B = 0. The data were taken at T = 358
K.
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temperature dependence of the Sc and Fe damping rates
shown in the Bgure can be explained on a common ba-
sis by assuming the inhomogeneous broadening Lw to be
proportional to B;„t.The ratio of the damping constants
in the ferromagnetic region is roughly equal to the ratio
of the 0 K hyperfine Belds in the two hosts, as would be
expected if the line broadening were a constant fraction
of the average Beld. Note that our spin-rotation spectra
were fitted using an exponential damping for each compo-
nent, corresponding to the assumption of I orentzian line
shapes; an inhomogeneously broadened line, in contrast,
would in all probability have a Gaussian shape. Thus
the precise values of' vD and the amplitudes A quoted
here are subject to some uncertainty, which however does
not afI'ect our conclusions, since they are not based on a
quantitative evaluation of these parameters, but rather
on their qualitative behavior.

In passing through T~, Sc in Gd and Tb exhibits a
notable decrease in the amplitudes of the spin-rotation
spectra (by about a factor of 2), and a constant value of
the damping rate (Figs. 1 and. 8), while the spin-rotation
of Fe in both hosts becomes unobservable. Most likely,
these features are due to a further increase in damping
rate wD for some fraction of the impurities and/or to
the presence of a high-frequency component in the spec-
trum which cannot be resolved by our apparatus (corre-
sponding to net fields above about 20 T). Similar effects
were observed in the only other complete study to apply
IBPAD to ferromagnetic hosts both above and below T~,
performed by Fahlander et at. on F implanted into
Ni, Fe, and Gd hosts. There, reductions of about 40% in
observed amplitudes were seen on passing through T~,
with roughly constant damping rates at lower tempera-
tures. The damping was attributed mainly to a spread
Au in local frequencies. A direct comparison with the
present work is not reasonable in view of the very difer-
ent physical, chemical, and electronic properties of Hu-

orine as compared to Sc or Fe. The authors of Ref. 36
suggest a spread in dipolar Gelds, due to varying angles
of the crystalline symmetry axes relative to the external
Geld in their polycrystalline samples, as a possible origin
of Lu; this explanation is ruled out in the present case
owing to the use of single-crystal samples and to the small
values of the dipolar Geld expected at both substitutional
and interstitial sites in Gd and Tb.

IV. CONCLUSIONS

We have observed the local magnetic Belds and damp-
ing rates for dilute Sc and Fe impurities implanted into
Gd and Tb single crystals as a function of temperature
between 15 K and 900 K using the IBPAD method. For
Sc impurities in both hosts, the results support a substi-
tutional implantation site, and give T = 0 hyperfine Belds
in agreement with earlier work which employed thermally
prepared samples. ' The net field calculated by the
first-principles RS-LMTO-ASA method, Bhf(0) = —5 T
for Sc in Gd, also agrees well with the experimental value,

as does its decomposition into a core-polarization contri-
bution from an induced, ferromagnetically aligned local
moment of +0.24@~ and a negative s-electron contribu-
tion of about —4 T (estimated in Ref. 10: +0.29@~, —4.4
T). Deviations from strict proportionality of Bhg to the
host magnetization at higher temperatures are seen in
the experiments for both hosts, but they become roughly
constant above T~, so that P —1 is fit well there by a
Curie-Weiss law similar to those found for the host mag-
netizations. The observed damping rates and amplitudes
of the spin rotation spectra show strong anomalies at T~
and are both constant in the ferromagnetic temperature
range of the hosts; the damping rates are roughly in the
ratio of the observed Bhr(0) values. Above T~, the damp-
ing rates decrease with increasing T and are probably
attributable mainly to inhomogeneous broadening.

For Fe impurities, two implantation sites are observed,
and. they can be identified with some certainty as being
interstitial (majority site) and substitutional (minority
site), by comparison with the well-studied, analogous
alloy Fe in Y. The hyperfine fields B~i (0) at both sites in
both hosts are small and positive, and are strongly cor-
related to the host magnetizations, with similar values in
Gd and Tb at the Fe-s sites (about +6 T), and somewhat
smaller ones at the Fe-i sites (+2 —+3 T).

This is explained consistently by the first-principles
calculations. They indicate a strong, intrinsic local mo-
ment of —3.0@~ for substitutional Fe in Gd, aligned anti-
ferromagnetically relative to the rare earth moments and
thus giving a positive core-polarization contribution to
the hyperBne Beld; it is largely canceled by the strong
negative s-electron contribution. This result is qualita-
tively similar to the previous interpretation, ' but the
Fe local moment is much larger than previously assumed.
Above T~, Curie-Weiss laws are obeyed for both sites and
both hosts, with intercepts close to those found for the
host magnetizations. This is the first clearcut verifica-
tion of the antiferromagnetic coupling of local impuHty
moments to the rare-earth host and provides a consistent
experimental and theoretical description of the TM-R im-
purity system.

The calculated hyperBne Beld at the interstitial Fe im-
purity in Gd is also in reasonable agreement with the
present experimental value; however, its decomposition
is quite diferent from that of the substitutional-site Geld:
it results from a surprisingly large, antiferromagnetically
aligned but induced local moment and a moderate, neg-
ative s-electron contribution to Bhi(0).

The damping rates at Fe impurities show a similar be-
havior to those at Sc in the same hosts, but are consider-
ably faster; their applied Beld dependence in Gd host
supports an origin mainly due to inhomogeneous line
broadening. Spin-rotation signals were not observable
below T~ for either Fe site, and the quoted experimen-
tal values of Bgr(0) were extrapolated from the param-
agnetic region. Finally, the calculated isomer shift for
substitutional Fe in Gd is in good agreement with sys-
tematics and with the shift at Fe in Gd reported from
earlier Mossbauer work, but the sudden decrease of Bhf
above 100 K reported in Ref. 9 is not conGrmed by our
experimental results.
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