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Size effects on the local magnetism and Kondo behavior of isolated Fe impurities in nanocrystalline
metallic hosts
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Measurements of the local susceptibility ardispin relaxation rate of single Fe impurities embedded in Cu
and Ag nanoparticles indicate a strong influence of lattice size on the magnetism and Kondo tempiggature,
With a reduction in particle sizelx increases in nanocrystalline Ag, but decreases in nanocrystalline Cu.
Supported by macroscopic host susceptibility data that indicate enhanced Pauli paramagnetism for Cu nano-
particles, we suggest that size-induced host spin polarization stronglyinfluences the Kondo behavior.
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Local magnetism of @ impurities in nonmagnetic metal- tibility data for the host matrix, which reflects an enhanced
lic hosts is a subject of intense experimental and theoreticdPauli paramagnetism for nanocrystalline Cu, we show that
investigations. A key problem is the study of Kondo effectthe sign and strength of the size-induced spin polarization of
arising from antiferromagnetic exchange interaction betweemhost conduction band electrons play an important role on the
the impurity moment and host-conduction electrons leadingnagnetism and Kondo behavior of Fe in nanocrystalline ma-
to moment instability below a characteristic temperaflye  terials.

While extensive studies have been carried out for many  The TDPAD experiments were carried out at the Pelletron
andf impurities in bulk metallic host¢ little information is ~ Accelerator Facility at TIFR. The magnetic response of Fe
available on the Kondo behavior of single magnetic impuri-atoms in the hosts of interest was studied via hyperfine in-
ties in nanocrystalline materials. Recently resistivity studiederaction of the 10isomeric state of thé'Fe nucleus(T, ),

in thin films and nanowires of Alfe), Cu(Cr), and CuFe) 5536(1 ”SQN:2-4728 prodgped4 by ~the  reaction
alloys have revealed the suppression of Kondo interaction Sd ’C,p2n)>*Fe. The recoiling*Fe nuclei were implanted
below a critical thickness and widthThe results, initially ~deep(~1 to 2 um) inside the host matrix at concentrations
interpreted as being due to confinement of the Konddvell below 1 ppm. Measurements were performed within a
screened electron cloud, were later shown to arise from sizdime window of 10 ns to 2us immediately after implanta-
induced magnetic anisotropy effeéts. tion. These experimental conditions ensure negligible

Nanocrystalline materials have recently attracted considimpurity-impurity interaction and the results reflect the mag-
erable attention due to their novel physicochemical properhetic response of a truly isolated impurity. Observations were
ties and practical applications. Since the energy bands of @ade in the temperature range of 17-300 K and applied
bulk solid split into discrete levels with a reduction in sfze, magnetic field of 2 T usingy-ray detectors placed at +45°
physical properties of nanoparticles show marked differencewith respect to the beam direction. Further details on the
from those of bulk materials. Size dependent changes iTDPAD method can be found in Ref. 8.
structural, electronic, and magnetic properties have been ob- Nanocrystalline samples of Cu and Ag were prepared by
served in many metafsin this context, one can ask: Does dc magnetron sputtering from a target of 99.99% pure metal
finite host lattice size affect single impurity local magnetism?onto thin(0.05 mm Al or Cu substrates cooled te100 K.

If so, how does it influence spin fluctuation and Kondo in- The sputtering was carried out in flowing argon at a pressure
teraction? We approach this problem by studying the locabf ~100-200 mTorr. The deposition thickness was
magnetism and@spin dynamics of isolated Fe impurities in ~5 mg/cn?. We also prepared a thin disk of the nanocrys-
nanocrystalline Cuand Ag hosts using theay perturbed talline sample by scraping and mildly pressing the sputter-
angular distribution TDPAD) technique. Fe in noble metal deposited particles. The samples were characterized by x-ray
hosts is a typical local moment system for whith values diffraction and electron microscopy. Details of nanoparticle
have been measured accurafely.By comparing the mag- Synthesis and characterization are available in Ref. 9. The
netic behavior of Fe in bulk and nanocrystalline noble met-mean crystallographic domain sizd”*was calculated from
als, we can obtain crucial information on finite size effectsthe instrument-corrected Scherrer broadening of 144] re-

on local moments and Kondo interaction. Preliminary result§lection of Cu/Ag using the formuld=0.94\/B cos6.1° The

for Fe in Ag-nanoparticles have been reported eaflier. virgin (unpressednanocrystalline films had an average crys-

In this Brief Report we show that the local susceptibility tallite size of 72) and 3@4)nm for Cu and 1@)nm for Ag
and 3l spin dynamics of“Fe implanted in nanocrystalline while the particle size for the pellets was20 nm. The lat-

Cu and Ag reveal a strong influence of particle size on thdice constants of the nanocrystalline samples were close to
magnetic moment of Fe, particularly on the Kondo temperathe bulk values within £0.25%.

ture T¢. While size reduction in Ag leads to enhancement of Figure 1 shows typical spin rotation spectr&(t), and

T, data on Cu nanoparticles indicate a drastic suppression dfieir Fourier transforms fot*Fe in bulk and nanocrystalline
the Kondo interaction. With the help of macroscopic suscepCu and Ag hosts. All the spectra exhibit a single frequency
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FIG. 1. Spin rotation spectr&(t) (left pane) and their Fourier
transforms(right pane) for °*Fe in bulk and nanocrystalline Cu and

Ag hosts.
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TABLE |. Summary of Curie constant, Kondo temperatiiig
and magnetic momengtg, for Fe in bulk and nanocrystalline Cu
and Ag.

Host Curie constan€ (K) Tk (K)  upe (4p)
Cu(bulk) -11.010 25.515) 2.92
Cu(nano:7 nm -17.510) 8.5(15) 5.82

3.5
Cu(nano:30 nm -14.910) 16.615) 4.66
Ag(bulk) -5.25) 2.38) 3.05
Ag(nano:19 nm -5.0(10) 17.28) 2.86

% e moment estimated using the maximum valueB@)=-14 T
(Ref. 12.

properties of Fe embedded in nanocrystalline metals differ
significantly from that in the corresponding bulk metal. Fur-
ther, the size-induced changeT) relative to bulk hosts is
different for Cu and Ag. Whiley,,.(T) is reduced in nano-
Ag, it shows a substantial increase in nano-Cu. &)
could be fitted to the Curie-Weiss laws—-1=C/(T+Ty)
where the Curie constai@=gug(S+1)B(0)/3kg provides a
measure of the Fe magnetic momet.,=gS and T is the
Kondo temperature. HereB(0) is the magnetic hyperfine
field at T=0 K and S=S,,+ S,ost is the net spin due to the
impurity atom(Sy,,,) and possible spin polarization of host

with high anisotropy suggesting that the implanted Feconduction electron$S,.s). The derived values fo€ and
atoms occupy a well-defined lattice site that is likely to Tx are summarized in Table |. Thag, estimated using
be substitutional. The narrow frequency distribution alsoB(0)=-46 kG for Ag andB(0)=-100 kG for Cu Refs. 11
indicates that a large majority of the Fe atoms are embeddeahd 12 are shown in Table |. For Fe in bulk Cu and Ag the
within the nanoparticles rather than in the grain boundariesmagnetic momenijug.~ 3ug corresponds to impurity spin

The spectra were fitted to

the

functidn: R(t)
=(3/4) Ay, exp—t/ 7y)sin2(w t— ¢)] to extract the Larmor
frequencyw, and the nuclear relaxation timg. The local
susceptibility of Fe, xi,c=8-1 calculated frorh®

S-.=3/2 which agrees with earlier resuft5:'2 In nano-Ag,

the ure is slightly smaller than its value in the bulk metal.
These results suggest that the host spin polarization in bulk
Cu and Ag is negligible, and that tf&, for Fe in nano-Ag

=% tgunBexX B is shown in Fig. 2. In both bulk and nano- is small and negative. In contrast, the Curie constant ob-
crystalline samplesy,. shows a strong temperature depen-served for nano-Cu yieldgg.=5.82up for 7 nm and 4.66g

dence, which indicates a large local moment for Fe.

for 30 nm. TakingB(0) to be as high as —140 k& the Fe

To examine the effect of lattice size on the local magne-moment in nano-C¢7 nm) comes out to be 3.58 which is
tism of Fe, we now compare thg&(T) in nanocrystalline and still much larger than the value Qire=2.9ug in bulk Cu.
bulk hosts. The datéFig. 2) clearly show that the magnetic This clearly indicates a large ferromagnetic spin polarization
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FIG. 2. Local susceptibility3(T) of Fe in bulk (open symbols
and nanocrystallinéclosed symbolsCu and Ag as a function of
1/T. The solid lines correspond to fits by Curie-Weiss 1g®(T)
—-1=C/(T+Tg). The data for Fe in CuQA) and CyO (V) indicate

nonmagnetic behavior.

(Shos? for nano-Cu. We point out that measurements in CuO
and CyO show nonmagnetic behavior of Fe wigr 1.0
which assures us that the results observed in the nanocrys-
talline samples cannot be ascribed to extrinsic impurities but
are genuine lattice size effects.

Figure 3 shows the temperature dependence of the mac-
roscopic magnetic susceptibility) of the unimplanted bulk
and nanoparticle samples measured using a superconducting
quantum interference device magnetometer. Clearly, the
nanocrystalline metals show a much higher susceptibility
than their bulk counterparts. In particular, nano-Cu shows a
strongly enhanced, Pauli-type susceptibility with a magni-
tude comparable to that for exchange enhanced metals such
as Pd and PtSinceyxp~ u3p(Eg), the nano-Cu data imply a
high density of states at the Fermi energy(Eg)
~ 1.7 states/eV atom, probably due to a large contribution
from the Cud-band electrons which move closer to the
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~ b1 T | Kondo interaction in nano-Cu while there is a large increase
g 4 t gur_ggm of Tk in nano-Ag? The Kondo temperature of Fe expressed
) Heetnm ad® Ty~ T exp{—1/[Ip(EF)]} can increase or decrease, de-
g 2 pending on the magnitude of the effective antiferromagnetic
T . g—‘* Cu:bulk exchange interactiodp(Eg) between Fe-8 and host conduc-
<o Zi\w Ag:20nm tion electrons. HereJ~—Vﬁd/ed is the exchange constant
0.0% | , , Ag:bulk which depends on the hybridization strenifly and the po-
0 100 %&% 300 sition of the Fe-8 level (ey) with respect to the Fermi energy

Er, and p(Eg) is the density of state®OS) at E¢. As dis-

FIG. 3. Temperature dependence of macroscopic susceptibilitgussed earlier, the DOS for the nanocrystalline samples is
for unimplanted bulk and nanocrystalline Cu and Ag. arger than their bulk value$.Assuming the Fe-@level to

be pinned neaEg due to a higher DOS and the consequent

Fermi level with decreasing particle size. Note that Fe in Pdncrease in the-d exchange interaction, thB of Fe in the
and Pt is known to cause strong ferromagnetic spin polarizaranocrystalline samples is expected to be larger than its cor-
tion of hostd-band electron&!° It is therefore not surprising responding bulk value. The observed magnetic behavior of
that Fe in nanocrystalline Cu induces a similar effect. InFe in nano-Ag withT,=17 K is consistent with such a
nano-Ag, the incremental susceptibiliy=xnano—Xouk~2  Model. The higheil, of Fe in nano-Ag is also supported by
X 10°® emu/mol is much smaller than in Cu. Since the 4 recent Mossbauer dat&.An increase inT¢ has also been
band in Ag metal is located-4 eV belowEg,'® a small shift  reported for Ce in nanosizede,Al) alloys?® Extrapolating
in its position due to size reduction does not contribute muclthis trend and assuming to be antiferromagnetic, one ex-
to the p(Eg). The y data in this case is consistent with a pects Fe in nano-Cu to be nonmagnetic withs> 10° K.
slight increase ip(Eg) mainly due tos-electrons. This also Instead, theTy for Fe in 7 nm-Cu turns out to be-8 K,
explains the weak negative host polarization observed in théuggesting a sharp decrease in the effective exchange inter-
B(T). We will show that the spin polarization of host con- action strengthlp(Eg). This is confirmed from our spin re-
duction electrons plays a crucial role in the Kondo behaviofaxation data(Fig. 4). Using 75" =4mh~{Jp(Ep) 1%ksT, 18 the
of Fe. data yieldJp(Eg) ~0.06 for nano-Cu as compared 460.11

Next we discuss the spin fluctuation of Fe in nanocrystalin the bulk metal. From the trend of Fe magnetism in bulk
line Cu and Ag hosts which scales with the Kondo temperaand nanocrystalline materials, particularly the observation of
ture Ty obtained from the Curie-Weiss fitting of the local large S0t @and the concomitant decrease Tf in nano-Cu,
susceptibility data. The3(T) response of Fe in nano-Ag we believe that the induced spin polarization of the host
yields a Kondo temperatufB ~ 17 K which is substantially ~conduction band electrons leading to a ferromagnetic cou-
higher than the valug=2 K observed in bulk Ag. On the pling with the Fe moment can effectively redug(Er) and
other hand, compared 6~ 26 K for Fe in bulk Cu, the result in lower spin fluctuation and dimishdg. The sup-
B(T) data in nano-Cu yields a significantly smaller (~8 K pression of Kondo interaction observed for Fe in nano-Cu is
for 7 nm) concomitant to the substantial increase of the Cu<onsistent with the basic features of the results of thin films
rie constantC=-17.5 K) discussed earlier. The high of ~ and nanowire$,though the disagreement with respect to the
Fe in nano-Ag suggests a large enhancement of thedFe-3size dependence dix needs to be investigated further.
spin fluctuation rates;*. In contrast, our data for nano-Cu  The magnetic behavior of Fe in nanocrystalline Cu shows
indicate a drastic suppression »',@1, A reduction 0f7-31 in a striking similarity with that of &8 impurities in exchange-
nano-Cu is also visible from they data shown in Fig. 4. enhancedd-band metals such as Pd and Pt, in which the
Compared to bulk Cu, the strongly dampR@) spectra in ~ ferromagnetic spin polarization of the hasband electrons
nano-Cu reflects a significantly lower value gf which in  leads to giant moments with extremely smia{.> Suppres-
turn implies a sharp reduction of* Ref. 17 that exhibits a Sion of the Kondo temperature due to ferromagnetic host
Korringa-like temperature dependeneg > 75 o T). spin polarization is also observed fod #mpurities in differ-

What is the physical reason for the suppression of th&nt metallic host8!#Itis quite plausible that the ferromag-
netic spin polarization causes a strong interatomic interaction

6000 ' ' I pg(bulk) between the impurity and host conduction electrons and
5000 ? % {f\%::(lgm) competes with the usual antiferromagnetic exchange interac-
_ 4ooo§E cutbulk) ¥ cu(3onm) tipn_, Fhe_reby succ_essfully suppressing spin fluctuation and
£ 3000 diminishing Tx. This model is also consistent with recent
& 2000 - Ccu(7nm) theoretical calculation®, which predict that the ferromag-
1000 |- netic interaction between the impurity and host conduction
ol 5 o5 o5 electrons drastically reduces the Kondo resonance Bear

T(K) In conclusion, we have studied the local magnetism and
Kondo behavior of isolated Fe impurities in nanocrystalline
FIG. 4. Nuclear relaxation timey as a function of temperature noble metals by the TDPAD method. A comparison of the
for %*Fe in bulk (open symbolsand nanocrystallinéclosed sym-  local susceptibility and @ spin dynamics of Fe in nanocrys-
bols) Cu and Ag. The linear dependencemfwith T (solid lineg is talline Cu and Ag with similar data from the respective bulk
indicative of the Korringa-like relaxation process. metals reveals a strong influence of particle size on the Fe
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magnetism, and especially the Kondo temperafligeWhile  impurities in metallic hosts including nanocystalline materi-
the magnetism of Fe in nano-Ag, with a high, is consis-  als. This also illustrates the important common role of ferro-
tent with enhanced antiferromagnetied interaction, we Magnetic host spin polarization on the spin fluctuation and
have shown that the magnetism and Kondo temperature ¢pe Kondo behavior of@and 4 magnetic impurities in bulk
Fe in nano-Cu are strongly influenced by the ferromagneticnetals as well as nanosized solids.

spin polarization of the conduction band electrons of the We thank S. M. Davane and N. Kulkarni for help during

host. The interpretation of our results provide an importanthe experiments and the Pelletron accelerator staff for their
basis for the understanding of Kondo interaction of magneticooperation.
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