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Surface Effects in Metallic Iron Nanoparticles
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Nanoparticles of metallic iron on carbon supports have been studied in situ by use of Massbauer spec-
troscopy. The magnetic anisotropy energy constant increases with decreasing particle size, presumably
because of the influence of surface anisotropy. Chemisorption of oxygen results in formation of a surface
layer with magnetic hyperfine fields similar to those of thicker passivation layers, and with a ferromag-
netic coupling to the spins in the core of the particles. In contrast, thicker passivation layers have a non-

collinear spin structure.

PACS numbers: 75.60.Jp, 75.30.Gw, 76.80.+y

Nanosized magnetic particles have properties that are
significantly different from those of the corresponding
bulk materials. They are single-domain particles and the
magnetization direction fluctuates spontaneously (super-
paramagnetic relaxation) with a relaxation time given by

(1]
T =t19exp(AEL/kT) , 1)

where T is the temperature and k is Boltzmann’s con-
stant. 7¢ is of the order of 10 ~'%~10 713 s and AE, is the
anisotropy energy barrier, which can be expressed as the
product of an effective anisotropy energy constant Kg
and the volume V.

A large fraction of the atoms in nanoparticles are sur-
face atoms; this has a significant influence on the magnet-
ic properties. Studies of thin films have, for example,
shown that the magnetic hyperfine fields of surface atoms
can differ considerably from the bulk value [2,3]. Nano-
particles of transition metals have a great affinity to oxy-
gen and studies of such particles must therefore be per-
formed in situ in a reducing atmosphere, in ultrahigh
vacuum or in an inert atmosphere. The intrinsic magneti-
zation and the magnetic hyperfine fields in the core and
at the surface may depend on both the particle size and
the temperature. Such effects are difficult to measure un-
less the superparamagnetic relaxation is slow [4]. There-
fore, in order to study the magnetic properties in detail it
is necessary to perform measurements both at low and
high temperatures in large applied magnetic fields.

Here we report on Mossbauer studies of a-Fe particles
with average diameters down to 2 nm. The measure-
ments were carried out with the samples kept in an in situ
cell consisting of a small glass cylinder with very thin
windows, which allow transmission of gamma radiation.
Two tubes connect the cell to a gas handling system via a
pair of glass-to-metal seals. This allows a flow of
different high purity gases to pass through the cell, to
evacuate it to high vacuum, or to seal it off. The setup is
sufficiently flexible that the cell can be placed in an oven
for reduction in hydrogen at a high temperature and it
can be placed in a liquid helium cryostat with a supercon-
ducting magnet in which Mdssbauer measurements can
be made at temperatures between 5 and 300 K and with

applied magnetic fields up to 4.3 T.

Metallic iron particles were prepared on carbon black
supports (Monarch 1300, 560 m?g ~" and Black Pearl
2000, 1475 m2g ™', both from Cabot Corp.). The ac-
tivated carbon supports were impregnated with aqueous
solutions of ferric nitrate enriched with 3’Fe and dried
carefully in ambient air at temperatures up to 400 K as
described elsewhere [4,5]. The sample was then placed in
the in situ cell and reduced in a flow of high purity hy-
drogen (99.9995%) at temperatures of the order of 600
K. We prepared a number of samples. The average par-
ticle size was varied by changing the iron concentration
and the reduction temperature.

The particle size was determined from the magnetic
field dependence of the Mossbauer spectra above the su-
perparamagnetic blocking temperature 7, defined as the
temperature at which the magnetic hyperfine splitting in
zero field spectra has collapsed because of fast super-
paramagnetic relaxation. Above T the magnetic field at
the nucleus, observed when a magnetic field B is applied.
is for uB/kT 2 2 given by [6,7]

Bobs=Bo(l"‘kT/yB)‘—B. ()

Here By is the saturation magnetic hyperfine field and u
is the magnetic moment of a particle. A plot of Bops+ B
as a function of B ~! thus gives a straight line. From the
slope and intercept the values of u and Bg can be deter-
mined. Even for relatively large values of the magnetic
anisotropy this procedure can be used to obtain reliable
values of u [7]. If one assumes that the saturation mag-
netization M, of the particles is known the particle
volume, V =u/M,, can be calculated.

Figure 1 shows Mdssbauer spectra of a sample with an
average particle diameter of 2.4 +0.3 nm. At 5 K the
main component has Mdssbauer parameters similar to
those of bulk a-Fe. The spectrum also contains a com-
ponent due to an amorphous iron-carbide phase with a
magnetic hyperfine field of about 25 T and a component
with magnetic hyperfine fields of 36-40 T, which can be
attributed to surface atoms. The two latter components
are better resolved in spectra obtained in large applied
fields [4,5]1. Even in a sample with 2 nm Fe particles.
which contain only about 350 atoms, a large fraction of
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FIG. 1. Mdssbauer spectra of 2.4 nm iron particles at the in-
dicated temperatures.

the atoms were found to be in environments similar to
those in bulk a-Fe [8].

The spectra obtained at 15 and 30 K (Fig. 1) show a
gradual broadening of the lines with increasing tempera-
ture and an enhanced absorption near zero velocity. This
shows that the superparamagnetic relaxation time is
shorter than about 10 ~¥ s even below 30 K. The magnet-
ic hyperfine field of the a-Fe component below 15 K is
slightly smaller than that of larger single-domain parti-
cles. This is because of the influence of collective mag-
netic excitations [9] (fast fluctuations of the magnetiza-
tion direction around an easy direction of magnetization)
which results in a reduction of the observed magnetic
hyperfine field given by [9,10]

Bobs=BO(] —kT/ZKéﬂ‘V) s (3)

where K is related to the anisotropy field. Values of
Kex were determined from measurements below T for
a-Fe particles with different sizes using Eq. (3). It was
found that the value of K¢ increases with decreasing par-
ticle size. Earlier studies of metallic particles have shown
that the value of K¢ changes when different molecules
are chemisorbed on the particles [11,12]. This shows that
surface anisotropy gives an important contribution to
Ke. We have analyzed the results on the basis of a sim-
ple model in which the total energy barrier is written as

AE,=KlgV =K V+K.S, 4)

where K, and K are the volume and the surface anisotro-
py energy constants, respectively, and S is the surface
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FIG. 2. Magnetic anisotropy energy constant of a-Fe parti-
cles as a function of the reciprocal particle diameter.

area. Assuming that the particles are spherical with di-
ameter d, Eq. (4) can be written as

Kig =K.+ %K; . (5)
Figure 2 shows a plot of Keg as a function of d ~1. The
size dependence of K¢ is in accordance with Eq. (5) and
the straight-line fit yielded the values K,=(0.3+0.3)
x10% Jm ™3 and K,;=(0.09%+0.03)x107* Jm 2 The
estimated value of K, is close to the value of the cubic
anisotropy energy constant K, for a-Fe (=0.5x10°
Jm 3), as expected if magnetocrystalline anisotropy is
predominant [10]. However, this result does not give evi-
dence for the absence of other contributions to the anisot-
ropy. It is likely that both shape anisotropy and stress
anisotropy contribute to the total anisotropy, but the
different contributions may partly oppose each other.

Studies of thin a-Fe films have shown that K;
~1.0x10? Jm 2, and that the surface anisotropy is per-
pendicular to the surface [13]. The value of K found for
the iron particles is much smaller. However, if the parti-
cles are assumed to have perfect spherical shape, symme-
try arguments show that the total contribution to AE,
from surface anisotropy is zero. The net contribution to
Keg from surface effects in small particles is a result of
deviations from spherical symmetry and can therefore be
expected to be much smaller than the value found in thin
film studies.

The influence of chemisorption of oxygen was studied
in a sample with an average particle diameter of 4.0 nm.
The hydrogen was first removed by heating at 550 K for
2 h while the in situ cell was evacuated. Mdssbauer spec-
tra at 5 K of samples in H; and in vacuum were found to
be essentially identical. The sample was then exposed to
a flow (7 cm3min ~!) of argon containing 80 ppm oxygen
at room temperature. If all oxygen reacted with the a-Fe
particles this would correspond to one oxygen atom per
surface iron atom after approximately 3 h flow. Mea-
surements were made after exposure for 2, 6, and 26 h.
A new component with a magnetic hyperfine field larger
than 40 T was found to appear. After 2 h the relative
area of this new component was about 10% and after 6 h
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FIG. 3. Méossbauer spectra of 4 nm iron particles. (a) After
exposure to the gas flow for 6 h; (b) before exposure to the gas

flow; (c) the difference between spectra (a) and (b) after multi-
plying (b) with a scaling factor (see text).

it was about 20%. (If the particles are spherical about
25% of the iron atoms are in the surface layer.) The pa-
rameters of the components were essentially identical
after 2 and 6 h.

Figure 3 shows the Mdssbauer spectra of the nonex-
posed sample and the sample exposed to oxygen for 6 h in
a magnetic field of 4.3 T applied parallel to the y-ray
direction. Both spectra indicate the absence of absorption
lines corresponding to the Am =0 transitions; i.e., all
phases seem to have either a ferromagnetic or a ferrimag-
netic structure. The oxygen exposure is seen to give rise
to a magnetically split component with very broad lines

and with an average hyperfine field which is larger than
that of a-iron. In order to study this component in more
detail we have subtracted the spectrum of the nonexposed
sample [Fig. 3(b)] from that of the oxygen-exposed sam-
ple [Fig. 3(a)l. A scaling factor was used such that the
a-iron component disappeared completely from the dif-
ference spectrum [Fig. 3(c)]l. Two sextets could fit the
difference spectrum well [the solid lines in Fig. 3(c)l.
Within the uncertainties lines 2 and 5 of the both sextets
had zero intensities. The fitting parameters are given in
Table I together with the corresponding hyperfine param-
eters of the difference spectrum for the samples measured
in zero applied field. From Table I it can be seen that for
both magnetically split components the total magnetic
field at the nucleus is almost exactly 4.3 T smaller when a
field of 4.3 T is applied parallel to the y direction than
when no field is applied. This shows that the surface lay-
er is ferromagnetically ordered. This magnetic structure
is different from those of known bulk ferric-oxide phases,
which are ordered ferrimagnetically (Fe;Os and y-
Fe,03) or antiferromagnetically (a-FeyOs3). Further-
more, these known oxide phases have magnetic hyperfine
fields of the order of 50-55 T at 5 K, quite different from
the magnetic hyperfine fields of the iron nuclei in the oxi-
dized surface layer (see Table 1). There was no indica-
tion of the presence of FeO in any of the spectra.

Studies of an oxidized Fe(001) surface by use of spin-
polarized photoemission [14,15] also indicated that initial
chemisorption of oxygen did not affect the magnetic or-
dering at the surface; i.e., the oxidized surface atoms
were ferromagnetically coupled to the substrate. This is
in agreement with our observations.

After the exposure to the gas flow for 26 h all the iron
was oxidized. Figure 4 shows Mdossbauer spectra ob-
tained at 5 K in zero applied magnetic field and in a 4.3
T field applied parallel to the gamma ray direction. In
the 4.3 T spectrum lines 2 and 5 have the same relative
intensity as in the zero-field spectrum. The only effect of
the applied field is a broadening of the lines. The widths
of lines 1 and 6 increase by about 0.35 mms ™' Al-

TABLE I. Maossbauer parameters of the oxide components for 4 nm iron particles. Isomer
shifts are given relative to a-Fe at 295 K. The uncertainties in the isomer shifts and quadrupole
shifts are £0.1 mms ~', for the magnetic field the uncertainty is = 0.5 T, and for the relative

areas *+ 5%.
Quadrupole
Isomer shift shift Magnetic field Relative area

(mms™") (mms™") @)) (%)
Surface B=43T 0.56 —0.01 42.8 46
layer 0.54 —0.06 36.5 54
B=0 0.44 —0.04 47.2 44
0.43 —-0.01 41.2 56
Fully B=43T 0.51 —-0.01 46.9 58
oxidized 0.45 —-0.03 41.4 42
B=0 0.48 -0.02 46.9 57
0.37 —0.02 41.7 43
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FIG. 4. Mossbauer spectra of 4 nm iron particles after expo-

sure to the gas flow for 26 h. The spectra were obtained at 5 K
in a magnetic field of 4.3 T (a) and in zero applied field (b).

though electron diffraction studies of similar surface ox-
ide phases on metallic iron particles have shown that a
spinel phase (y-Fe,O3 or Fe;O4) [16-18] is formed, the
small size of the crystallites results in a noncollinear mag-
netic structure, presumably because of extensive spin-
canting effects [19,20]. The Madssbauer parameters of
the fully oxidized particles, obtained from a fit with two
sextets, are given in Table I. It is interesting that the
magnetic hyperfine fields are nearly identical to those of
the oxidized surface layer in zero applied field. The mag-
netic hyperfine fields of thick passivation layers of bigger
iron particles are slightly larger (= 50 T), but the value
decreases with decreasing thickness of the layer [16-
18,21-23].

The main conclusions of the present work can be sum-
marized as follows: (1) Metallic iron particles with di-
ameters down to about 2 nm have properties similar to
bulk a-Fe. (2) The magnetic anisotropy energy constant
increases with decreasing particle size, presumably be-
cause of the influence of surface effects. (3) Chemisorp-
tion of oxygen results in formation of a surface layer,
which is ferromagnetically coupled to the core of the par-
ticles, but with magnetic hyperfine fields similar to those
found in thicker passivation layers, which have a disor-
dered spin structure.
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