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Size-induced moment formation on isolated Fe atoms embedded in a nanocrystalline Ta matrix:
Experiment and theory
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Employing the time differential perturbed angular distribution (TDPAD) technique, we have measured the
local susceptibility (χloc) of isolated Fe probe atoms implanted in nanocrystalline α-Ta as well as β-Ta host
matrices. While Fe dopants in bulk Ta and β-Ta exhibit no magnetic response, the temperature dependence of
χloc in nanocrystalline α-Ta reveals the emergence of a local magnetic moment on Fe below a critical size of
≈8 nm. Using ab initio electronic structure calculations, we show that the moment formation in nanocrystalline
α-Ta occurs due to Stoner enhancement arising from an unusual size-dependent lattice expansion that results in
a shift in the Fermi level.
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I. INTRODUCTION

The plethora of proven and potential applications of
nanocrystalline materials makes it imperative to achieve a
sound conceptual understanding of the size dependence of
a variety of physicochemical properties. While the influences
of quantum size effects [1,2] and surface effects on various
physical properties of nanoparticles are relatively well under-
stood, the often crucial effect of size-dependent changes in
the lattice symmetry and lattice parameters [3] have not been
investigated in detail. Size-dependent structural modifications
have been known to play a key role, for example, in controlling
the ferroelectric properties of perovskite materials [4]. Though
the magnetic properties of nanoparticles have been studied in
detail [5], finite size effects in the formation and stability of
local magnetic moments, especially for isolated impurities,
have received very little attention. Interestingly, the formation
of local moments on isolated dopant atoms in a nanocrystalline
host lattice have recently been found to show a marked
size dependence that appears to be governed principally by
structural modifications of the above type [6].

Over the past decades, extensive studies have been carried
out on the magnetic behavior of many 3d, 4d, and 4f

impurities in several bulk metallic hosts [7–11]. In comparison,
much less is known about the nature of moment formation
on single impurity atoms in naonostructured metallic hosts.
Some of the basic issues that need to be addressed in this
context are: (i) Does the finite size of the host matrix in
general affect single impurity local magnetism, particularly
when the same dopant is nonmagnetic in the same host matrix
in the bulk? (ii) What is the underlying mechanism of moment
formation (in the cases where it does occur)? (iii) And will such
a moment be stable against spin fluctuations? The formation
of a localized magnetic moment for an impurity embedded
in a metallic host is governed by the condition INl(EF ) � 1,
where I is the Stoner exchange parameter and Nl(EF ) is the
impurity paramagnetic local density of states at the Fermi
energy EF [12]. The stability of the moment depends on the
spin fluctuations arising from Kondo interaction between the
impurity-d (or f ) electrons and the conduction band electrons
of the host.
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Nuclear techniques such as γ -ray time differential per-
turbed angular distribution (TDPAD) in conjunction with ion
implantation have proved useful in the study of quasi-isolated
impurity magnetism in a variety of hosts including, lately,
nanocrystalline solids [6,13]. Finite size effects on local
magnetism and Kondo interaction of isolated Fe dopants has
been studied in nanocrystalline Cu, Ag, and Nb hosts [6,13].
The results revealed a strong influence of the particle size
on the local magnetism of the Fe dopant, especially on the
Kondo temperature. More interestingly, an investigation of
Fe-implanted nanocrystalline Nb showed the emergence of a
local moment below a critical size of 11 nm [6]. In spite of
a few such recent developments, the amount of data available
is not sufficient to settle basic questions on the precise role
of lattice size on the magnetism of a dopant atom. It is
therefore important to carry out studies of 3d magnetic atoms
dispersed in other nanocrystalline hosts. The electronic and
crystal structure (body centered cubic, bcc) of elemental α-Ta
are similar to those of Nb. The metastable β-Ta phase with a
body centered tetragonal (bct) structure can be stabilized when
prepared in the form of thin films [14]. It is also known that Fe
impurities in bulk Ta host are nonmagnetic [9]. Thus, a dilute
dispersion of Fe atoms in nanocrystalline Ta hosts is a system
well suited to the investigation of the possible formation of
size-dependent local moments.

In this paper we report the magnetic behavior of isolated
dilute Fe dopants in nanocrystalline α and β phases of Ta, as
revealed by measurements of the local susceptibility using the
TDPAD method. While Fe atoms in bulk and β-Ta show clearly
nonmagnetic behavior, we observe a Curie-Weiss type local
susceptibility for Fe in nanocrystalline α-Ta thin films with
a mean grain size �8 nm, reflecting local moment formation
on Fe. The observation of local moments below a critical size
is independently supported by ab initio electronic structure
calculations which indicate a Stoner enhancement arising from
a size-dependent tuning of the Fermi level, leading to moment
formation at and below ≈8 nm.

II. EXPERIMENTAL DETAILS

Nanocrystalline Ta thin films (≈1 μm thick) were deposited
on 250 μm thick Si (111) substrates by rf (for α-Ta) and dc (for
β-Ta) magnetron sputtering from a 99.99% pure Ta target in an
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argon atmosphere. In this process, the mean particle sizes can
be varied by controlling the sputtering gas pressure, applied
power, and substrate temperature [15]. The α-Ta films were
deposited at an applied rf power of 100 W with a fixed target-to-
substrate distance of 50 mm. The mean particle size was varied
by changing the deposition pressure (5–100 mtorr) and the
substrate temperature (25–600 ◦C). dc magnetron sputtering
at room temperature with a high deposition current (250 mA)
and low Ar pressure (5 mtorr) was used to deposit β-Ta thin
films. Within the parameter space explored, it was not possible
to vary the mean size of the β-Ta films to any large degree.
The mean particle size of the samples was obtained in terms
of the coherently diffracting domain size (dXRD) from x-ray
diffraction (XRD) line broadening of the [110] reflection, after
subtracting the instrumental broadening and strain broadening
using the Scherrer formula [16].

TDPAD experiments were carried out at the Pelletron
Accelerator Facility at TIFR. The magnetic response of Fe
atoms in the host of interest was studied via hyperfine
interaction of the 10+ isomeric state of the 54Fe nucleus
(T1/2 = 360 ns, gN = 0.728) [17] produced by the reaction
45Sc(12C,p2n)54Fe. The recoiling 54Fe nuclei were implanted
deep (≈1 μm) inside the host matrix at concentrations well
below 1 ppm [6]. Measurements were performed within a time
window of 10 ns to 1 μs immediately after implantation. These
experimental conditions ensure negligible impurity-impurity
interaction and the results reflect the magnetic response of
a truly isolated impurity. Observations were made in the
temperature range of 15–300 K and in an applied magnetic
field of 2 T and the data were collected using high purity Ge
γ -ray detectors placed at ±45◦ and ±135◦ with respect to the
beam direction. The energy gated time spectra of the γ rays
decaying from the isomeric state were used to construct the
spin rotation spectra R(t) defined as [6]

R(t) = N (+θ,t) − N (−θ,t)

N (+θ,t) + N (−θ,t)
.

Here N (θ,t) is the background corrected and normalized count
rate for the detector placed at an angle θ . The spectra obtained
for the detector pairs at ±135◦ and ∓45◦ were summed and
fitted to the function

R(t) = (−3/4)A22e
−t/τN sin(2ωLt − φ)f (ωτr )

to extract the Larmor precession frequency ωL and nuclear
relaxation time τN . Here A22 is the anisotropy of the angular
distribution pattern and φ is the phase factor arising from
a finite bending of the incoming beam in the applied field.
The factor f (ωτr ) = exp(−ω2τ 2

r /2) accounts for attenuation
of R(t) due to finite time resolution of the detectors. Using the
relation ωL = (gNμNBeff/�), one can estimate the effective
magnetic field Beff = Bext + Bhf and hence the hyperfine field
Bhf at the probe nuclear site. For paramagnetic systems, Bhf is
proportional to the external field, while the ratio β = Beff/Bext

gives a measure of the local susceptibility χloc(≡ β − 1) of the
probe. Further details about the TDPAD experiments can be
found elsewhere [18,19].

FIG. 1. (Color online) X-ray diffraction patterns of three α-Ta
films and one β-Ta film. The Scherrer size (coherently diffracting
domain size, dXRD) corresponding to each sample is indicated.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of three α-Ta samples with
4 � dXRD � 34 nm and one β-Ta sample with dXRD ≈ 110 nm,
which were subsequently used for TDPAD measurements. The
diffraction line in the 2θ range 36◦–40◦ was identified to be the
[110] reflection of α-Ta (bcc, space group 221), while the sharp
line near 2θ ≈ 33.75◦ corresponds to the [002] reflection of
β-Ta (bct, space group 113). The tetragonal lattice parameters
of the bct phase (β-Ta) were found to be a = 10.194 Å and
c = 5.131 Å, in good agreement with earlier results [14]. In
the case of α-Ta, it is clear from Fig. 1 that with a reduction in
the particle size, the (110) diffraction line shifts consistently
to lower 2θ values, indicating a size-induced expansion of the
unit cell. The lattice constant of this phase increases from
3.301 Å in bulk Ta to 3.495 Å in nano-Ta with dXRD = 4 nm.

The microstructure of the α-Ta samples was also examined
using field emission electron microscopy (FESEM). Typical
electron micrographs for the three samples are displayed in
Fig. 2. Note that the microstructure reveals the aggregate
particle size, which is usually larger than the crystallographic
domain size given by dXRD.

Figure 3 shows the typical spin rotation spectra R(t) and
their Fourier transforms for 54Fe in bulk and nanocrystalline
Ta hosts. The spectra exhibit well defined oscillations with
high anisotropy, suggesting that the implanted Fe atoms came
to rest at regular, probably substitutional lattice sites. The
spectra recorded for the nanocrystalline α-Ta samples could
be fitted with a single Larmor frequency ωL, which indicates
that most of the Fe atoms were located at regular lattice sites
within the nanoparticles. We point out that the depth profile
of the implanted Fe ions obtained from the Monte Carlo
simulation package SRIM [20] was found to be ≈0.8 μm, with
a distribution width of 0.2 μm due to straggling. This suggests
that most of the 54Fe atoms stop inside the nanocrystalline
Ta films. Figure 4 shows the local susceptibility of Fe,
χloc(T ), in bulk and nano-Ta. The local susceptibility data
observed for bulk Ta and the nanocrystalline sample with
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FIG. 2. Field emission scanning electron micrographs of three
α-Ta films corresponding to the Scherrer sizes: (a) 34 nm, (b) 8 nm,
and (c) 4 nm.

particle size = 34 nm reflect nonmagnetic behavior of Fe
with β(T ) ∼ 1. However, on further reducing the particle
size, the local susceptibility showed significant deviation from
the nonmagnetic behavior with β(T ) < 1. Furthermore, for
the smaller nanoparticles (�8 nm), β(T ) showed a strong
temperature dependence. This clearly indicates the presence
of a local magnetic moment on the Fe atoms in nanocrystalline
Ta with dXRD � 8 nm. The spin rotation spectrum recorded for
the β-Ta film showed a nonmagnetic response with β(T ) = 1.
Importantly, this indicates that the magnetic response observed
in the smaller-sized α-Ta samples cannot be due to the presence
of small amounts of β-Ta impurity that might have remained
undetected by XRD.

The χloc(T ) data for Fe in the α-Ta nanoparticles could
be fitted to the Curie-Weiss law: χloc(T ) = C/(T + TK ),
where the Curie constant C = gμB(S + 1)B(0)/3kB provides
a measure of the Fe magnetic moment μFe = gS. Here TK is
the Kondo temperature, B(0) is the magnetic hyperfine field at

FIG. 3. Spin rotation spectra R(t) recorded at 15 K (left panel)
and their Fourier transforms (right panel) for 54Fe in nanocrystalline
Ta with varying particle size dXRD. The bottom panel corresponds to
Fe in β-Ta.

FIG. 4. (Color online) Temperature dependence of the local sus-
ceptibility β(T ) of 54Fe in bulk and nanocrystalline Ta. Data for Fe in
5 nm nano-Nb (stars) taken from Ref. [9] are shown for comparison.
The solid and dotted lines represent a fit to Curie-Weiss law discussed
in the text.
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TABLE I. Curie constant C, Kondo temperature TK , and magnetic moment μ
expt
Fe of Fe in nanocrystalline Ta obtained from TDPAD. The

Fe moments (μcalc
Fe ) and hyperfine fields (Bcalc

hf ) are obtained from ab initio calculations (see text). m1, m2, and m3 are the induced moments on
the host Ta atoms in the three nearest neighbor shells of the Fe probe atom.

C TK μ
expt
Fe μcalc

Fe Bcalc
hf m1 m2 m3

Host (K) (K) (μB ) (μB ) (kG) (μB ) (μB ) (μB )

Bulk Ta 0 – 0
34 nm α-Ta 0 – 0
12 nm α-Ta 0 – 0
8 nm α-Ta −3.2(7) 89(20) 0.6(2) 0.76 −56 0.02 −0.03 −0.003
4 nm α-Ta −8.0(4) 35(10) 1.7(2) 1.83 −97 0.06 −0.05 −0.007
110 nm β-Ta 0 – 0 0

T = 0, and S is the effective spin on Fe. The derived values of
C and TK are summarized in Table I. It is interesting to note that
a reduction in the size causes an increase in C and decrease
in TK . The magnetic moments μFe of Fe in nanosized α-Ta
were estimated (see Table I) using the values of B(0) obtained
from ab initio calculations, discussed below. Our data clearly
indicate that the local moment that appears on the Fe atoms
in nano-Ta at and below 8 nm progressively increases with
a reduction in the particle size, while the Kondo temperature
TK decreases, reflecting suppression of the spin fluctuation
rate.

Information regarding the spin fluctuation of Fe-3d mo-
ment in the Ta nanoparticles can be obtained from nuclear
spin relaxation time τN extracted from the damping of the
spin rotation spectra [6]. For an isolated magnetic impurity
embedded in a metallic host, the observed damping is related
to the spin fluctuation rate τ−1

J via the Abragam-Pound
relation [21] τ−1

J = 2(gNμN/�)2B(0)2(S + 1)S−1τN , whose
temperature dependence follows the Korringa relation τ−1

J =
4π�

−1(Jexρ)2kBT [22]. Here Jex is the exchange interaction
between the magnetic moment of the impurity atom and ρ is
the density of states at the Fermi energy EF . The temperature
dependence of the observed nuclear relaxation times (τN ) for
54Fe in bulk and nanocrystalline Ta samples are displayed

FIG. 5. (Color online) Temperature dependence of the nuclear
spin relaxation time τN of 54Fe in nanocrystalline Ta samples. The
solid line correspond to a linear fit reflecting Korringa behavior.
Symbols have the same significance as in Fig. 4.

in Fig. 5. From the R(t) spectra shown in Fig. 3, we notice
that the nuclear spin relaxation times for bulk and larger
Ta nanoparticles (34 nm) are quite long (τN � 3600 ns). In
contrast, the spectra recorded for the smaller nanoparticles,
especially for the 4 nm sample, show strong damping with
τN becoming smaller at lower temperatures. While τN (T )
for the bulk and larger sized (34 nm) nanoparticles remain
temperature independent, the damping observed for small
particle sizes (�8 nm) linearly increases with decreasing
temperature reflecting Korringa type behavior: τN ∝ τ−1

J ∝ T .
We note that the observed damping parameter could have
a contribution from the static broadening of ωL due to the
nonidentical local environment of the probe atoms. However,
considering the Curie-Weiss type local susceptibility and the
Korringa-like temperature dependence of τN , it is reasonable to
assume that dominant contribution to the relaxation of the spin
rotation comes from dynamic fluctuation of the Fe moment.
From the relation [22] TK = TF e−1/(Jexρ) and using the value
for (Jexρ) obtained from the slope of the τN (T ) data, we
estimate the Kondo temperatures as TK = 30 and 81 K for the
4 and 8 nm samples, respectively, which are close to the values
extracted from the χloc(T ) data (Table I). The above analysis,
though based on the Kondo model valid for nondegenerate d

impurities, reproduces the observed values of TK reasonably
well. This indicates that corrections due to on-site Coulomb
correlation, applicable for degenerate Fe-d states, may not
be significant enough in these systems to influence the main
conclusions of our study.

To complement and understand the experimental results,
we have performed ab initio electron structure calculations
within the framework of density functional theory (DFT)
[23–25], using the all electron full-potential augmented plane
wave + local orbital (APW + lo) technique [25–27] as
implemented in the WIEN2k package [28]. The calculations
were carried out using a 54-atom supercell (53 Ta + 1 Fe)
constructed with 27 units (3 × 3 × 3) of bcc Ta with the ex-
perimentally observed lattice constants for the nanoparticles.
In the APW + lo method, the wave functions are expanded
in spherical harmonics inside nonoverlapping atomic spheres
of radius RMT, and in plane waves in the remaining space of
the unit cell (the interstitial region). The muffin-tin radii for Fe
and Ta were chosen as RMT = 2.3 and 2.5 a.u., respectively.
The maximum angular momentum for the expansion of the
wave function in spherical harmonics inside the atomic spheres
was taken to be �max = 10. The plane wave expansion in the
interstitial region was made up to a cut-off wave vector set to
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be Kmax = 7.5/Rmin
MT = 3.26 a.u.−1. The charge density was

Fourier expanded up to Gmax = 16
√

Ry. For the sampling
of the Brillouin zone, a k mesh of size 10 × 10 × 10 was
used. As exchange-correlation functional, the Perdew-Burke-
Ernzerhof [29] generalized gradient approximation (GGA)
was used and calculations were performed with and without
spin polarization, the latter corresponding to the nonmagnetic
situation. In each of the cases studied, full lattice relaxation
was allowed to minimize the force below 0.1 Ry/Å and
self-consistency was obtained with the energy and charge
convergence criterion set to 0.1 mRy and 0.0001, respectively.

Figure 6 displays the local density of states (LDOS) for
the Fe impurity obtained from unpolarized and spin polarized
calculations. We first discuss the results from the nonmagnetic
calculations and examine the Stoner condition for moment
formation. Taking the Stoner exchange parameter I = 0.9 eV
for Fe [12], we find that a local moment can exist only when
NFe(EF ) � 1.1 states/eV atom. The LDOS results (Fig. 6)

FIG. 6. (Color online) Projected nonmagnetic density of states
(DOS) for Fe impurity in bulk and nano-Ta hosts. Colored lines
represent: black = Fe-d , green = t2g , blue = eg , and dotted black =
Ta-d (×5). The pink line in the topmost panel corresponds to Fe in
bulk Ta and the red line in the lowest panel represents Fe-d DOS in
β-Ta. Vertical dotted line shows the position of the Fermi energy EF .

show that the occupied 3d-t2g states of Fe in the bulk Ta host,
strongly overlapping with the Ta-4d band, are piled up near
−1.5 eV, while the empty d-eg states are pushed above EF .
As a result, the DOS for Fe at the Fermi energy turns out to
be rather small, NFe(EF ) ≈ 0.9 states/eV atom. In the case
of nano-Ta, the Fe LDOS does not show appreciable change
down to 34 nm (see Fig. 6). Since NFe(EF ) is less than the
Stoner limit, the Fe atoms are expected to be nonmagnetic in
nano-Ta down to ≈10 nm, in agreement with our experimental
results. With a further reduction in size, the Fermi level
shifts to lower energies, resulting in a shift of the Fe 3d-t2g

band towards EF together with a decrease of its bandwidth
(Fig. 6). Note that for the 8 nm case, the LDOS shows a
weak resonance (virtual bound state) at EF , whose spectral
weight increases with decreasing size. Consequently, NFe(EF )
increases to values larger than the Stoner limit: NFe(EF ) = 2.2
and 1.4 states/eV atom for particle size of 4 and 8 nm,
respectively. These calculations, shown in Fig. 6, clearly
indicate that local moment formation is favored for Fe in
nanoparticles of cubic Ta with size �8 nm, corroborating our
TDPAD observations.

FIG. 7. (Color online) Spin resolved d-projected density of states
for Fe impurity in bulk and nano-Ta hosts. Color lines represent:
black = Fe-d , green = t2g , and blue = eg . Vertical dotted line at zero
energy shows the position of the Fermi energy.
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The onset of a local moment for Fe in nano-Ta (�8 nm) is
more clearly visible in the spin polarized LDOS of Fe (shown
in Fig. 7), which begins to exhibit an exchange splitting that in-
creases with decreasing size. The magnitude of the Fe moment,
shown in Table I, increases from 0.76 μB at 8 nm to 1.83 μB at
4 nm, closely agreeing with the values of μFe estimated from
the local susceptibility data. This also lends strong support to
our earlier assertion that the Fe atoms occupy substitutional
sites in the Ta hosts. We have also calculated the magnetic
hyperfine field Bhf of Fe (Table I), which appears with the onset
of local moment and expectedly increases with decreasing
size. Thus, our ab initio calculations reveal a strong influence
of the Ta lattice size on the magnetism of Fe, exhibiting a
crossover from nonmagnetic to local moment behavior below
a critical size of ≈8 nm. Similar calculations performed for
Fe in β-Ta (see top panel in Fig. 7) show no spin splitting
for Fe-d, corroborating the nonmagnetic behavior reflected by
our experimental results. This is consistent with the expected
behavior, considering that the near neighbor distances in β-Ta
are much smaller than in α-Ta, which would lead to much
stronger d-d hybridization and hence higher spin fluctuation
leading to the observed absence of magnetic response.

In order to test the validity of our simple model, we carried
out calculations within the GGA + U formalism for the
4 nm nano Ta sample. These took account of the on-site
Coulomb correlation with self-interaction correction (SIC)
and spin-orbit interaction [30,31]. We assume the Coulomb
correlation U for Fe to be in the range 2–3 eV and the
exchange energy J = 0.9 eV [32,33]. We find that, within
the atomic sphere of the Fe impurity, the calculated value of
the orbital moment is negligible (≈0.04 μB), while the spin
moment is almost the same (≈1.68 μB) as obtained from pure
GGA. We therefore conclude that the effect of on-site Coulomb
interaction is unimportant for the system considered here.

Figure 8 displays the size-dependent evolution of the Fe
magnetic moment (μFe) in the nano-Ta host, together with the
experimentally measured Curie constant and the calculated
N (EF ). The crossover from nonmagnetic to local moment
behavior of the Fe probe atom below a critical size of ≈8 nm
is clearly brought about by the size-dependent narrowing of the
Fe-d band coupled with a shift of the Fermi level that results
in a large increase in N (EF ), thereby satisfying the Stoner
criterion. It is instructive to compare the magnetic response

FIG. 8. Dependence of the Curie constant (•), Fe moment (◦),
and N (EF ) (	) with a particle size of nano-Ta samples. Lines are
visual guides.

of Fe in nanocrystalline Ta with that in nanocrystalline Nb
[6], a closely related system. Though the behavior of Fe
in nano-Ta and nano-Nb are qualitatively similar, there are
subtle and interesting differences. For instance, as shown in
Fig. 4, the local susceptibility of Fe in nano-Ta is significantly
lower than that in nano-Nb with comparable crystallite size,
indicating a smaller local moment in the former. This is also
corroborated by our calculations. A similar trend is seen for
the Kondo temperatures listed in Table I. These observations
are in accordance with the fact that hybridization of Fe-d
in Ta is higher than that in Nb. Second, the critical size for
local moment formation in nano-Ta (≈8 nm) is slightly lower
than that in nano-Nb (≈12 nm). This can be traced to the
hybridization of Fe-3d with Ta-5d states being much larger
than that with Nb-4d states. Hence, it requires a larger lattice
expansion (smaller particle size) for the Fe moment to appear.

Next we examine the effect of lattice size on the spin
fluctuation of the Fe moments and argue that the host spin
polarization has a strong influence on the Kondo temperature
TK . According to the Kondo model [22], the local moment
of the impurity atom produces a negative spin polarization
of the host conduction electrons, resulting in an effective
loss (screening) of the moment below TK . Alternately, the
antiferromagnetic exchange interaction between the local
moment and the conduction electrons causes the local moment
to fluctuate and the time averaged moment appears to diminish
below TK , whose value depends on the interaction strength
Jρ ≈ |Vkd |2ρ/εd . Here Vkd is the hybridization strength, εd is
the position of the Fe-3d resonance relative to EF , and ρ is
the host DOS at EF . A rough estimation, using the formalism
given in Refs. [33,34] yields |Vkd | ≈ 0.52 eV for Fe in 4 nm
nano-Ta, in accordance with the width of the Fe-d band in
Fig. 6. For larger Ta particles, Vkd is expected to be even
higher because of smaller interatomic distance. Assuming εd

to be ≈0.6 eV (centroid of the Fe-3d band) and taking ρ to be
the same as that of bulk Ta, the exchange interaction Jρ comes
out as ≈−0.40. This implies that Fe atoms in nano-Ta hosts
should be nonmagnetic with a high TK � 5 × 103 K, which
contradicts our observation of a large μFe and low TK in 4 nm
Ta nanoparticles.

How do we understand the reduction of Kondo temperature
in spite of a large hybridization strength? We believe that
a positive spin polarization of the host conduction band
electrons gives rise to a ferromagnetic exchange interaction
between Fe-3d host conduction electrons and effectively
lowers the Kondo temperature. Information regarding host
spin polarization produced by Fe in nano-Ta can be obtained
by examining the induced moments at the host-Ta atoms
surrounding the Fe impurity. Referring to the results obtained
from our ab initio calculations (see Table I), we note that the
Fe impurity moment induces a small but positive polarization,
indicating ferromagnetic d-d interaction between Fe and host
conduction electrons. The host atoms further away from the
impurity show negative spin polarization. The magnitude of
the ferromagnetic spin polarization increases with decreasing
particle size. These calculations qualitatively support our
proposition that a positive host spin polarization can effectively
diminish the Kondo coupling Jρ and thus suppress spin
fluctuations resulting in a lower TK , as also observed in several
other dilute systems [6,10,11,13,35].
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In summary, we have studied the local magnetism of
isolated Fe probe atoms in nanocrystalline Ta hosts. Measure-
ments of the local susceptibility and 3d spin relaxation rates,
combined with ab initio electronic structure calculations, show
a strong influence of lattice size on the Fe magnetism. We have
shown that a size-induced lattice expansion in nano-Ta shifts
the Fermi level and causes large enhancements in the local

density of states, allowing the formation of local moments on
Fe atoms below a critical size of 8 nm. The relatively low value
of the Kondo temperature observed for Fe in nano-Ta possibly
arises from a ferromagnetic spin polarization of the host con-
duction band electrons. These results should prove to be impor-
tant for an improved understanding of the magnetic behavior
of isolated impurities in metallic hosts at reduced dimensions.
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[9] D. Riegel, L. Büermann, K. D. Gross, M. Luszik-Bhadra, and
S. N. Mishra, Phys. Rev. Lett. 62, 316 (1989).

[10] S. Khatua, S. N. Mishra, S. H. Devare, and H. G. Devare, Phys.
Rev. Lett. 68, 1038 (1992).

[11] A. A. Tulapurkar, S. N. Mishra, R. G. Pillay, H. G. Salunke,
G. P. Das, and S. Cottenier, Phys. Rev. Lett. 85, 1978 (2000).

[12] T. Beuerle, K. Hummler, C. Elsässer, and M. Fähnle, Phys. Rev.
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