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Random and exchange anisotropy in consolidated nanostructured Fe and Ni:
Role of grain size and trace oxides on the magnetic properties
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Results of magnetization measurements on nanocrystalline Fe and Ni produced by inert-gas condensation
are presented. The grain size, which is about 10 to 20 nm in the as-prepared state, is increased by annealing the
samples incrementally from 100 °C to 1000 °C. The coercive field shows a pronounced variation with grain
size, with a maximum at around 30 nm and a steep decrease for smaller grain sizes. The coercivity is discussed
on the basis of the random-anisotropy model that predicts that the effective anisotropy constant is reduced by
averaging over magnetically coupled grains. This behavior is observed as long as the grain size is smaller than
the effective bulk domain-wall width. The model also accounts for the approach to saturation in nanostructured
Fe yielding values for the ferromagnetic correlation length and the anisotropy constant of the grains. The latter
is about four times higher than the bulk value of Fe. Hysteresis measurements at 5 K after field cooling show
a shift and broadening of the hysteresis loops for both Fe and Ni, which is attributed to an exchange coupling
between the ferromagnetic grains and antiferromagnetic or ferrimagnetic~oxide! interfacial phases. The hys-
teresis shift decreases and finally vanishes with increasing grain size. This is indicative of a restructuring of the
oxides, which is confirmed by the coercive field of the Fe samples showing a step at about 120 K caused by
a phase transition of Fe3O4. The step vanishes again with further increasing grain size. The saturation mag-
netization of the Ni samples increases with increasing annealing temperature, a fact that is attributed to the
evolution of the oxides also.@S0163-1829~98!00505-0#
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I. INTRODUCTION

In conventional ferromagnetic polycrystalline materia
with grain sizes in themm regime the width of a domain wa
is typically several tens of nanometers. In nanostructu
materials, i.e., in materials with grain sizes in the nanome
range, when the grain size becomes comparable to or is
smaller than the width of a domain wall, the magnetic pro
erties are expected to undergo fundamental changes.

Individual ferromagnetic small particles are generally
vided into three size categories.1–3 To the first category be
long particles that are sufficiently large to contain seve
domains and where the magnetization reversal is determ
by domain-wall motion, a mechanism that is relatively u
impeded by imperfections and leads to low coercive fiel
With decreasing particle size, the particle finally conta
only one domain. This second category contains particles
which a rigid rotation of the magnetization vector is the on
possible reversal process. The rotation of the magnetiza
of the entire particle is in general associated with a la
change in energy~depending on the anisotropy energy of t
particle! such that single-domain particles usually have la
coercive fields. As the particle size decreases further, t
enter into the third category~Ref. 4! where the thermal en
ergy at the temperature of the experiment is sufficient
equilibrate the magnetization of the entire particle in a ti
short compared with that of the experiment. In this case
570163-1829/98/57~5!/2915~10!/$15.00
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ensemble of particles acts as a paramagnet with relati
large but unordered individual moments. Such a behavio
known as superparamagnetism in the literature.1,5–7

The above characterization refers to isolated partic
The situation is different when the particles are in conta
which is the case in consolidated nanostructured materia8

A magnetic exchange interaction across the interfaces is
possible. When the grain size of such materials is com
rable to the effective bulk domain-wall width, the magne
zation may not follow the randomly oriented easy axis
each individual grain, and a common alignment of the m
netization in correlated grains may occur. The magnetoc
talline anisotropy constant may then be averaged over
eral grains with the consequence that the coercive fi
decreases with decreasing grain size. This model is know
the random-anisotropy model~RAM!.9–11 It was originally
developed for amorphous ferromagnetic materials. Recen
it was also applied to nanostructured Fe films obtained
cluster beam deposition.12

In addition to these microstructure-related effects,
magnetic properties may be affected by local structural f
tures in the grain boundaries. The average magnetic mom
of grain-boundary atoms can be different from the one
atoms on regular crystal lattice sites. Indeed, a reduction
the saturation magnetization compared with the bulk va
has been conjectured for nanocrystalline Ni,13 although later
investigations on nanocrystalline Ni with lower oxyge
2915 © 1998 The American Physical Society



za

e
-
ci
p
til

ffu
io

n
n
at
m
fo
e

th

er
te
ha
ia

ga

e
a
t
ry
b
nd
am
ur
re
a
m

he
ca
-
e-

ay
re
r
th

e
l-
ts
e.
6

the
cipi-
e

c-

of

e
ing

ot-

d in

n-
0 °C

and
. 2
rain
ifi-
ain
e

sed
s

re-
cept

ral
d Ni

grain
ty

2916 57JÖRG F. LÖFFLER et al.
content14 did not show a change of the saturation magneti
tion with decreasing grain size.

When transition metals like Fe, Ni, and Co are produc
by inert-gas condensation15,16 the clusters prior to consolida
tion are exposed to the residual gas atmosphere of the re
ent where they can readily absorb oxygen. When the sam
are taken out of the recipient after consolidation, it is s
likely that oxygen~and other non-noble gases! can reach
inner surfaces by migration through open channels or di
sion in grain boundaries. Hence, the influence of oxidat
has to be taken into consideration.

We performed magnetization measurements on na
structured Fe and Ni produced by inert-gas condensatio
order to characterize the magnetic properties of consolid
nanosized grains. We measured the coercive field, the re
nent and the saturation magnetization systematically
grain sizes between 10 and 100 nm at temperatures betw
5 and 300 K. We compared our experimental results with
theoretical predictions of the RAM.9–11 We show that the
RAM can successfully be applied to nanostructured mat
als. We also characterized the presence of oxides by de
ing an exchange interaction between the ferromagnetic p
and antiferromagnetic or ferrimagnetic oxide interfac
phases.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The Ni and Fe samples were produced by the inert-
condensation technique.15,16 The material was thermally
evaporated from a tungsten boat in a 1026 Pa base pressur
vacuum system filled with 100 Pa of 99.999% pure He g
During the inert-gas condensation process the atoms in
vapor phase condense to form small nanometer-sized c
tallites that are collected on a rotating cylinder cooled
liquid nitrogen. The powder is scraped off into a funnel a
transferred to a compaction device connected to the s
vacuum recipient. After reevacuation to the initial press
of 1026 Pa the powder is consolidated by pressing at a p
sure of 1 to 1.2 GPa. Typical consolidation parameters
given in Table I. The samples are disk-shaped with a dia
eter of 8 mm and a thickness of 100–300mm.

B. Sample characterization

The density of the samples was determined by t
Archimedes immersion method. The relative geometri
densitiesrgeo/r lit , which include the density reduction re
sulting from open porosity, are listed in Table I for the r
spective samples in the as-prepared state.

Metallic impurities, measured by energy-dispersive x-r
analysis ~EDX! in a scanning electron microscope, we
found in total lower than 0.5 at. % for all samples. Not su
prisingly, the boat material tungsten was detected as
dominating impurity.

The oxygen contentof the as-prepared samples, also d
tected by EDX~the EDX system was equipped with an u
trathin window allowing the detection of light elemen
down to boron!, was at most 6 at. % in Ni and 12 at. % in F
Hot extraction performed on two Ni samples provided
61 at. % of light elements~H, N, and O!. Obviously, a cer-
-

d

pi-
les
l

-
n

o-
in
ed
a-
r
en
e

i-
ct-
se
l

s

s.
he
s-

y

e
e
s-
re
-

l

-
e

-

tain oxygen content is inherently introduced either during
synthesis procedure, although the basic vacuum of the re
ent is in the 1026 Pa range, or by oxygen resorption in th
consolidated state after exposure to air.

To determine the grain size of the samples, x-ray diffra
tion ~XRD! patterns were recorded with CuKa radiation; for
examples see Fig. 1. Theaverage grain size Dand thelattice
strain e were determined from the most intensive peaks
first and second order, i.e.,~110! and~220! for Fe and~111!
and ~222! for Ni, evaluating the integral breadths of th
Bragg peaks by the method described in Ref. 17, assum
Gaussian strain and Cauchy size broadening@e is a ‘‘maxi-
mum strain’’ and is related to the more commonly used ro
mean-square lattice strain̂e2&1/2 by e51.25̂ e2&1/2 ~Ref.
17!#. The values for the as-prepared samples are include
Table I.

C. Sample processing

In order to induce grain growth, the samples were a
nealed in successive steps up to a final temperature of 70
~1000 °C! in a tube furnace at a pressure of 1024 Pa, for 24
h at each temperature. As an example, the grain size
lattice strain as a function of annealing are plotted in Fig
for the nanostructured sample Fe #2. Up to 200 °C the g
size increases only slightly but the lattice strain is sign
cantly relieved. At higher temperatures a more rapid gr
growth is induced. In conjunction with the grain growth th
relative geometrical density of this sample also increa
from initially 80% to 87.5% for the different annealing step
between 100 °C and 600 °C. The x-ray pattern did not
solve oxygen peaks in any of the as-prepared samples ex

TABLE I. Consolidation conditions and characteristic structu
parameters of representative samples of nanostructured Fe an
used in the present study; the table shows further the average
sizeD and lattice straine as well as the relative geometrical densi
rgeo/rlit .

Consolidation
parameters D @nm# e @%# rgeo/rlit

Fe, sample #1 1.2 GPa, 10 0.52 0.80
as-prepared RT, 2 h
Fe, sample #2 1.2 GPa, 9 0.63 0.80
as-prepared RT, 2 h
Fe, sample #3 1 GPa, 24 0.37 0.84
as-prepared 200 °C, 2 h
Fe, sample #4 1 GPa, 24 0.35 0.83
as-prepared 200 °C, 2 h
Fe, sample #5 0.6 GPa, 21 0.16 0.68
as-prepared RT, 0.25 h
Ni, sample #1 1.2 GPa, 14 0.40 0.85
as-prepared RT, 2 h
Ni, sample #2 1.2 GPa, 15 0.42 0.85
as-prepared RT, 2 h
Ni, sample #3 1 GPa, 20 0.29 0.87
as-prepared 200 °C, 2 h
Ni, sample #4 1 GPa, 20 0.28 0.86
as-prepared 200 °C, 2 h
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57 2917RANDOM AND EXCHANGE ANISOTROPY IN . . .
in one sample that was consolidated at a lower pressur
only 0.6 GPa~Fe #5, Table I!. Here, oxide peaks of Fe3O4
~magnetite! were found.

After annealing, XRD of the Fe samples~except Fe #5!
shows a broad Fe3O4 ‘‘oxide hump’’ developing for low an-
nealing temperatures@inset in Fig. 1~a!#, which narrows to an
Fe3O4 peak for annealing temperatures above 300 °C. A
annealing at 700 °C the Fe3O4 peak vanishes owing to th
formation of FeO that is stable above 560 °C.18 Likewise,
XRD of Ni also develops a broad NiO ‘‘oxide hump’’ tha
narrows to a peak for annealing temperatures above 55
@inset in Fig. 1~b!#.

D. Magnetization measurements

The magnetization measurements were performed wi
commercial superconducting quantum interference de
magnetometer on samples in the as-prepared state and
each annealing step. The coercive field, the remanent an

FIG. 1. X-ray diffraction pattern of~a! nanocrystalline sample
Fe #3, as-prepared~crosses! and after annealing at 700 °C~circles,
intensity scale reduced by a factor of 4!, inset:~311!-peak of cubic
Fe3O4 ~magnetite! as a function of annealing~annealing tempera
tures given in the figure; a.p.5as-prepared!; ~b! nanocrystalline Ni
#3, as-prepared, inset:~111!-peak of cubic NiO~bunsenite! as a
function of annealing.
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saturation magnetization of all samples were measure
temperatures between 5 and 300 K at the different step
annealing. The data presented correspond to sequenc
measurements and accumulative annealing steps perfo
on a given sample.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The general shape of the hysteresis loops did not cha
as a function of annealing or measurement temperature
particular, the low remanent magnetization determined
demagnetizing effects followed the evolution ofHc on which
we concentrate in the following.

We will first present the results obtained from Fe. T
coercive fieldHc was measured as a function of temperatu
following different steps of the annealing process that
duced grain growth~for reasons of clarity, the annealing tem
perature is given in °C and the measurement temperatur
K!. Consider for example sample Fe #1 in Fig. 3~a!. Starting
from the as-prepared state, the coercive field first increa
with increasing annealing temperature, reaches a maxim
after annealing at 200 °C and then decreases after fur
annealing down to a few Oe. This trend is followed at
temperatures at which the specimen was measured. Afte
nealing at 100 °C we observe that the coercive field show
broad maximum around a measurement temperature of 2

FIG. 2. Change of the average grain sizeD ~a! and of the lattice
straine ~b! as a function of annealing for a selected sample~sample
#2! of nanostructured Fe.
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2918 57JÖRG F. LÖFFLER et al.
whereas for all other annealing steps the coercive field
creases or remains constant in this range. A second, rem
able observation is a pronounced step inHc at about 120 K,
which develops with increasing annealing temperature an
largest for the sample annealed at 300 °C. Further annea
leads to a broadening, lowering, and finally to the disappe
ance of the step.

This general trend in the temperature dependence ofHc
occurred reproducibly in all Fe samples investigated. Fig
3~b! shows the example of sample Fe #4 that had underg
a consolidation by pressing at 200 °C~Table I!. This com-
paction yields a coercivity that remains essentially u
changed in magnitude by the annealing at 350 °C but de
ops the same step at 120 K. With further annealing ab
350 °C, the step vanishes and the coercive field decreas
magnitude, tending towards the values of polycrystalline

The coercive fieldHc of nanocrystalline Ni shows trend
similar to that of the Fe samples as shown for example by
sample Ni #2~Fig. 4!. A maximum inHc at about 25 K is
observed in the as-prepared state and after annealin
100 °C ~Fig. 4!. For higher annealing temperatures, th

FIG. 3. Coercive field measured on two samples of nanost
tured Fe@~a! sample #1 and~b! sample #4# as a function of mea-
surement temperature in the as-prepared state and following d
ent annealing steps.
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maximum is less pronounced and finally vanishes. As
posed to the case of nanocrystalline Fe,Hc decreases afte
the first annealing step at 100 °C, compared to the
prepared state. Upon further annealing, however, the c
cive field increases again, similar to Fe, and passes a
maximum with annealing at about 200 °C. The experimen
results have been reproduced for the other Ni samples
Table I.

A. Effect of grain size: Random anisotropy

Each annealing treatment resulted in a grain growth
shown in Fig. 2~a! for the sample Fe #2. We can attribute
grain size to the corresponding annealing temperature
each sample. Thus, the evolution of the coercive field can
expressed as a function of grain size. Figure 5 shows
collected data of all our Fe samples. We find a continuo
increase of the coercive field with decreasing grain size fr
100 nm down to a size of about 30 nm, and then a sh
decrease as the grain size decreases further.

An increase in coercivity with decreasing grain size, a
proximately following aHc;1/D behavior, was observed in
polycrystalline materials and was explained by domain-w
pinning at grain boundaries19 that becomes progressivel

c-

r-

FIG. 4. Coercive field of nanostructured Ni~sample #2! as a
function of temperature in the as-prepared state and for diffe
annealing steps@presented in Figs.~a! and ~b! for the benefit of
clarity#.
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57 2919RANDOM AND EXCHANGE ANISOTROPY IN . . .
more efficient as the volume fraction of grain boundar
increases. A 1/D behavior of the coercive field was measur
on coarse-grained polycrystalline Fe~Ref. 20! and Ni-Fe and
Co-Fe alloys.21 Recalling that the effective width of a do
main wall in coarse-grained Fe is 46 nm@calculated from
dw5pAA/Kbulk,Fe with Kbulk,Fe54.73105 erg/cm3 ~Ref. 22!
and the exchange constantA51026 erg/cm ~Ref. 23!#, we
expect single-domain grains as the stable configuration in
size range around 46 nm, and presumably also up to a
scale several times larger thandw . In this regime in our
nanostructured materials we still find a 1/D behavior down to
a grain size of 30 nm~Fig. 5!. Thus, the observed 1/D de-
pendence suggests that the change in magnetization dire
still occurs via a process similar to domain-wall motion
sizes down to 30 nm.

Below 30 nm, we find a steep decrease ofHc towards
smaller grain sizes~Fig. 5!. This decrease can be explaine
by the random-anisotropy model.9–11,24 In consolidated ma-
terials, exchange coupling between neighboring grains
possible and may overcome the magnetocrystalline an
ropy of each grain. This exchange coupling results in a
duced effective anisotropŷK&, which represents an averag
over the magnetocrystalline anisotropies of the correla
grains. For a random orientation of the anisotropy axes of
grains the effective anisotropy is reduced by a factor
1/AN, whereN is the number of the magnetically correlate
grains. Consequently, one expects a decrease of the an
ropy energy and therefore also a decrease of the coer
field with decreasing grain size.

In the following, we apply the theoretical predictions
the RAM to our magnetization measurements on nanost
tured Fe and Ni. The key parameters of the RAM are
local anisotropy field

Hr5
2Kr

Ms
~1!

and the effective exchange field

FIG. 5. Coercive field for different samples of nanostructured
as a function of grain size, measured at a temperature of 300 K.
solid curve is primarily a guide to the eye visualizing the gene
trend of the data, but also represents a 1/D behavior for grain sizes
larger than 30 nm.
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Hex5
2A

MsRa
2 , ~2!

whereKr is the anisotropy constant of the single grains,Ms
is the saturation magnetization andA is the exchange con
stant.Ra is the distance over which the anisotropy axes
correlated. The ferromagnetic correlation lengthRf tends to
extend over much larger distances thanRa . The value ofRf
is obtained by minimizing the sum of the exchange and
isotropy energy,Eex1Er , with respect toRf . With Eex

;AV/Rf
2 andEr;2KrV/AN, whereN5(Rf /Ra)3, one ob-

tains Rf;A2/(Ra
3Kr

2);RaHex
2 /Hr

2. The minimum energy it-
self is proportional toMsVHr

4/Hex
3 , i.e., proportional toRa

6.
Equating this minimum energy toMsHcV ~as stated for ex-
ample in Ref. 9! leads to an estimate for the coercive field
the form

Hc;
Kr

4

A3Ms
Ra

6 . ~3!

In nanocrystalline materials,Ra is equal to the grain size
The dependence ofHc on grain size in agreement with Eq
~3! was illustrated in Refs. 25 and 26. The data were
tained from nanocrystalline soft magnetic Fe-based all
combining results from different materials with coerciv
fields that are orders of magnitude apart from each oth
From our data based on Fe alone, the range in grain size
coercive field that we were able to cover was too small
verify explicitly a dependence of the coercive field propo
tional toRa

6 (5D6). However, we obtain a sharp increase
the coercive field up to a grain size of about 30 nm, in ge
eral agreement with Eq.~3!.

For a further check of the applicability of the RAM to ou
nanostructured materials we investigated the magnetiza
of nanostructured Fe in approach to saturation. In the form
ism of the RAM the magnetization as a function of the e
ternal fieldH is expected to show a characteristic behavior
the form10

M

Ms
512

l2

30p E
0

`

dx e2pxx2C~x!

with p25
H

Hex
and l5

Hr

Hex
5

KrRa
2

A
. ~4!

C(x) is a correlation function describing the distance ov
which the anisotropy axes are correlated, scaled withC(0)
51 andC(x5r /Ra@1)50. By assuming thatC(x) is a step
function, i.e.,C(x<1)51 andC(x.1)50, we obtain from
Eq. ~4!,

M5MsH 12
l2

30p4 @22e2p~212p1p2!#J . ~5!

A different expression, assuming an exponentially decay
correlation functionC(x)5exp(2x), can be found in Refs
12 and 27.

In order to check the applicability of Eqs.~4! and~5!, we
carefully measured the approach to saturation for the
prepared sample Fe #1 at 5 K. The curves measured
different orientations of the sample with respect to the

e
he
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plied field were corrected using the geometrical demagne
ing factors andMs51040 emu/cm3. This correction led to a
satisfactory superposition of the curves measured for the
ferent orientations in the range of interest, i.e.,M /Ms.0.8.
The so corrected data were fitted using Eq.~5!, extended by
an additional term proportional toH in order to account for
the observed susceptibility at high fields~see also Ref. 27!.
Figure 6~a! shows the results of the fit to the experimen
data, from which we deducel52 and Hex'104 Oe. No
reasonable fit was possible using the exponential correla
function C(x)5exp(2x). From the value ofl, we obtain
Kr523106 erg/cm3 using the bulk valueA51026 erg/cm
~Ref. 23! for the exchange constant andD510 nm forRa .

In the two limiting regimesH!Hex (p!1) and H
@Hex, Eq. ~4! is not sensitive to the form ofC(x) and one
obtains for the change in magnetizationdM5Ms2M for
H!Hex ~Ref. 28!

FIG. 6. Magnetization curve for nanostructured Fe~sample #1!;
~a! linear presentation in which the solid curve represents a fit
cording to the RAM@Eq. ~5!# including the magnetization term
contributing at high fields (H@Hex) and ~b! plotted vs H21/2,
where the straight line represents theH21/2 dependence of the mag
netization. This line@Eq. ~6!# was fitted to the data at intermedia
fields ~cf. inset!.
z-

if-

l

on

dM

Ms
5

V

120p

l2

p
;

1

AH
with V5Ra

3E d3xC~x!. ~6!

V is the volume inside which the anisotropy axes are co
lated. Figure 6~b! shows the magnetizationM versusH21/2

to illustrate the field range where Eq.~6! describes theH21/2

dependence for intermediate fields in the regimeH!Hex.
From the slope of the straight line in this plot, applying E
~6!, we again obtain a value ofl52, consistent with the
result of the entire fit with a step function@Eq. ~5!#.

The anisotropy constantKr523106 erg/cm3 is four
times higher than the value for coarse-grained polycrystal
Fe @Kbulk,Fe54.73105 erg/cm3 ~Ref. 22!# in agreement with
the higher values obtained from investigations on small i
lated Fe particles.7,12,29The characteristicH21/2 behavior has
also been observed in amorphous Fe-Sm-B alloys30 and in
amorphous Fe.31

With our fitted results we can calculate the ferromagne
correlation lengthRf , using the expression10

Rf5
36p

V S A

Kr
D 2

. ~7!

Assuming for C(x) again a step function, we obtainRf
527Ra /l2570 nm (@D510 nm), consistent with the fer
romagnetic correlation length obtained from small-an
neutron scattering performed on the same samples.32

Using the arguments of Ref. 33 it can be shown that w
free boundary conditions no 180° domain-wall-type so
tions can exist on length scales shorter than34 L05pAA/K
(5pRa /Al). Using the bulk values forA andK the critical
length scaleL0 is equal to the effective domain-wall widt
dw546 nm. From the fits in approach to saturation@Eqs.~5!
and ~6!# we obtain (l52) L0522 nm. This grain-size re-
gime represents the upper limit of the RAM and agrees w
with the grain size of about 30 nm for which we observe t
maximum ofHc ~Fig. 5!.

In the case of Ni, the first annealing step at 100 °C
duces a reduction of the coercive field~Fig. 4! as opposed to
the case of nanocrystalline Fe. After this annealing step
grain size increased only slightly~from 15 to 17 nm! but the
value of the strain reduced by one half~from 0.42% to
0.22%!. In terms of the RAM, a decrease inHc indicates an
enhanced magnetic coupling with the consequence that
effective anisotropy constant^K& is reduced further by aver
aging over a larger number of coupled grains. The healing
imperfections at grain boundaries and interfaces after the
annealing step~as also suggested in Ref. 14! is very likely to
be the reason for the reduction ofHc . Upon further anneal-
ing, the coercive field increases, passes a flat maximum
annealing temperatures in the range of 200 °C–400 °C~cor-
responding to a grain size in the range of 30–70 nm!, and
decreases for higher annealing temperatures. Although
maximum is less pronounced than for Fe, the general dep
dence ofHc is again consistent with our description in term
of random anisotropy for small grain sizes and domain-w
pinning for larger grains.

B. Effect of oxidation: Exchange anisotropy

The temperature dependence of the coercive field~Figs. 3
and 4! shows some features that can not be readily attribu

c-
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57 2921RANDOM AND EXCHANGE ANISOTROPY IN . . .
to an effect of grain size or random anisotropy. These are~i!
the pronounced step inHc occurring at about 120 K in Fe
after annealing at intermediate temperatures of 300 °C
500 °C and ~ii ! the coercive field showing a maximum
around 25 K at some stages of annealing. As our specim
have an oxygen content of between 6 and 12 at. % it is lik
that these features result from the presence of oxides.
conjecture is confirmed by the fact that Fe3O4 undergoes a
structural phase transition at 120 K, i.e., at the temperatur
which a step inHc occurs for our Fe samples. The oxides w
predominantly expect are Fe3O4 and NiO, respectively~see
also Fig. 1!. Coarse-grained Fe3O4 is ferrimagnetic with a
Curie temperature of 858 K; coarse-grained NiO is antif
romagnetic with a Ne´el temperature of 600 K.

As a check for the structure and influences of oxides,
measured the hysteresis loop at 5 K after the sample was
cooled in an external magnetic field of 20 kOe~field cooling,
FC!, in contrast to the usually performed zero-field cooli
~ZFC!. After FC, a shift of the center of the hysteresis lo
and an increase in width were observed. Figure 7 gives
amples for the measured hysteresis branches around the

FIG. 7. Hysteresis branches around zero field, measured
temperature of 5 K after field cooling~solid squares! and zero-field
cooling ~open circles!; ~a! as-prepared nanostructured Fe,~b! as-
prepared nanostructured Ni.
to

ns
ly
is

at

-

e

x-
ori-

gin for as-prepared nanocrystalline Fe~a! and Ni ~b!, giving
evidence for a significant field displacement and spreadin
width after FC, compared to ZFC where the loop is cent
and narrower.

We attribute this effect to a two-phase structure where
ferromagnetic Fe or Ni grains are embedded in antiferrom
netic~or ferrimagnetic! interfacial phases of oxides. The shi
of the hysteresis loop is then caused by an exchange an
ropy arising from a spin coupling between the ferromagne
and the antiferromagnetic~or ferrimagnetic! phase. In this
case an additional unidirectional anisotropy affecting the f
romagnet occurs when the sample is field cooled across
Néel temperatureTN of the antiferromagnet. Such an ex
change anisotropy was discovered on fine Co particles wi
CoO surface35,36 and was also observed in several Fe ba
systems.6,12,37 It is well known that the shift reduces, bu
does not necessarily vanish when the field cooling is p
formed from a starting temperature belowTN .36,38 In the
present study, the field cooling was started from room te
perature in order to prevent uncontrolled grain growth in
samples.

Explanations based on considerations of exchange c
pling at planar interfaces have been proposed by Ne´el,39 and
more sophisticated extensions are presented in Refs. 40
41. On the other hand, calculated spin distributions wit
small NiFe2O4 particles showed the existence of disorder
surface spin configurations that differ from the colline
spins in the core.42 These surface spin configurations becom
frozen below 50 K and are expected to be responsible for
observed shift of the FC hysteresis loop.

Figure 8 shows the shift and the change in half wid
between FC and ZFC of the hysteresis loop as a function
annealing temperature for the samples of Fig. 7. The shi
most pronounced in the as-prepared state and does not o
at annealing temperatures higher than 200 °C~Fe! and
500 °C~Ni!; the change in half width shows the same beh
ior.

At intermediate annealing temperatureswhere the hyster-
esis shift has vanished~Fig. 8!, a step of the coercive field
occurs at a temperature of about 120 K~Fig. 3!. At this
temperature, Fe3O4 undergoes a phase transition.43 The same
step of the coercive field was already found in powders
small Fe3O4 particles.44,45 Magnetite (FeO•Fe2O3) at room
temperature has an inverse spinel structure with a tende
towards dynamic disorder because of a rapid electron tra
fer between the Fe21 and Fe31 ions on the octahedral lattic
sites. The magnetic phase transition to the low-tempera
phase is associated with an ordering of the randomly dist
uted Fe21 and Fe31 ions43 and with a change from cubic to
orthorhombic symmetry. In this case, a lower crystal sy
metry leads to a higher anisotropy constant and a hig
coercive field.

Since the step occurs at annealing temperatures of 3
500 °C at which the hysteresis shift has vanished, we sug
that the oxides undergo arestructuring during annealing.
The Fe grains, initially surrounded by oxidized interface
lose their oxide shell during grain growth while the oxid
conglomerate to small grains of Fe3O4. This hypothesis is
supported by the development of an Fe3O4 peak in the x-ray-
diffraction pattern upon annealing@see inset of Fig. 1~a!#.
Also for Ni, one sees a NiO peak after annealing at 550
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@see inset of Fig. 1~b!#, the temperature where the hystere
shift has vanished~Fig. 8!. Obviously, the oxides of Ni also
undergo a restructuring upon annealing comparable to
oxides of Fe.

For higher annealing temperaturesthe 120 K step of the
coercive field in the case of Fe vanishes, either due to
formation of FeO that is stable for temperatures abo
560 °C,18 or to the onset of multidomain behavior. In th
latter case the coercive field is determined by domain-w
motions and does not primarily depend on the crystal ani
ropy.

C. Temperature dependence of the coercive field

A decreasing coercive field with increasing temperatu
which we observe for Fe and Ni for the as-prepared and
low-temperature annealed samples~Figs. 3 and 4!, is also in
general agreement with the predictions of the RAM. Acco
ing to Chudnovsky,10 the ferromagnetic correlation lengt
increases with increasing temperature, with the consequ
that the anisotropy constant is reduced by averaging o
more correlated grains.

However, we see for some of our Fe and Ni sample
pronounced maximum inHc at a specimen temperature

FIG. 8. Shift ~solid squares! and change in half width~open
circles! of the hysteresis loops as a function of annealing, measu
at 5 K; ~a! nanostructured Fe,~b! nanostructured Ni.
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around 25 K. To find its origin, we investigated two a
prepared nanostructured Fe samples, one which showed
maximum and one which did not. For the sample of F
9~a!, Hc passes the maximum at around 25 K in the ZF
case, whereas the mean coercive field decreases mono
cally with increasing temperature in the FC case. The sam
of Fig. 9~b! does not exhibit a maximum inHc but shows a
monotonic decrease with increasing temperature in b
cases. For this sample, the hysteresis shift is less pronou
than for the sample of Fig. 9~a!. We always found the maxi-
mum in Hc correlated with a significant shift of the hyste
esis whereas in the case of monotonic decrease ofHc the
shift was less pronounced. We therefore attribute the pecu
behavior of Hc below 50 K to the influence of oxidized
grain-boundary layers.

A similar temperature dependence of the hysteresis s
~which vanished at about 150 K! and also a maximum of the
coercive field at about 100 K after oxidation were observ
on nanostructured Co powder.46 The vanishing of the shift
was explained by the occurrence of superparamagnetism
the CoO grain-boundary layer with a blocking temperatu
identical with the temperature above which the shift disa
peared. Furthermore, FC and ZFC measurements perfor
on nickel ferrite nanoparticles in an external field of 70 kO
showed a similar temperature dependence of the magne

d

FIG. 9. Coercive field for two samples of nanostructured Fe@~a!
and ~b!# after zero-field cooling~ZFC! and field cooling~FC! as a
function of temperature together with the field displacement of
hysteresis loop after field cooling.
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tion at this field. The magnetization at 70 kOe showed
maximum at around 25 K in the ZFC case in conjuncti
with a hysteresis shift in the FC case.42,47 The behavior was
explained by the freezing of disordered surface spins. An
gous to the present work, these two studies show a c
correlation between the hysteresis shift after FC and
maximum ofHc or the magnetization at 70 kOe after ZFC

D. Saturation magnetization

Figure 10 shows the saturation magnetizationMs of
nanocrystalline Ni as a function of temperature for differe
annealing steps in comparison with the literature values
coarse-grained polycrystalline Ni~obtained from Ref. 48!.
Approaching the Curie temperature, the saturation magn
zation of the nanocrystalline Ni sample decreases with
creasing temperature. However, in comparison with the b
values,48 the magnitude of the saturation magnetization h
is always smaller, but increases with increasing annea
temperature.

In the context of the arguments given above, this incre
with annealing~Fig. 10! may be explained equally well by~i!
grain size and~ii ! oxidation effects:~i! Due to the reduced
atomic density in the grain-boundary region, the avera
magnetic moment of the grain-boundary atoms may
smaller than of those in the crystal lattice. The lowest sa
ration magnetization then occurs in the samples with
highest volume fraction of grain boundaries, i.e., in a
prepared samples;~ii ! The restructuring of the oxides that w
see in Fe and Ni upon annealing would also explain
increase of the saturation magnetization with anneal
When oxygen atoms are located in grain boundaries, the
terface between the ferromagnetic Ni and the antiferrom
netic oxide phases is large compared to the case where
oxides are conglomerated in small grains. In the first case
oxygen atoms reduce the contribution of nickel atoms to

FIG. 10. Saturation magnetization of nanostructured Ni~sample
#2!, as a function of temperature in the as-prepared state and
different annealing steps in comparison with the literature value
coarse-grained polycrystalline Ni.
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ferromagnetism more efficient than in the second case~see
also Ref. 14 and references therein!.

Several controversial results concerning the satura
magnetization of small particle systems are reported in
literature. A reduction of the saturation magnetization co
pared with the bulk value has been observed for example
nanocrystalline Ni~Ref. 13! and Gd,49 and was explained by
the structural distortions in the interfaces. In contrast, inv
tigations of nanocrystalline Ni samples with oxygen conte
reported to be about 0.5 at. % did not show this change in
saturation magnetization after annealing.14 The saturation
magnetization of nanocrystalline Ni and Fe prepared by b
milling @that generally implies less oxide formation in th
interfaces than the inert-gas condensation technique~see,
e.g., Ref. 32!# also showed no significant change ofMs as a
function of grain size.50,51 Furthermore, recent calculation
predict that the average magnetic moment of Ni atoms
structurally different grain boundaries is only slight
reduced.52 The low saturation magnetization in our ca
could therefore also be an effect of the presence of oxide
the grain boundaries apart from a grain-size effect.

IV. CONCLUSIONS

The analysis of the magnetic properties of nanostructu
Fe and Ni showed the influence of grain size on the magn
properties, and also the effect of oxides which are inhere
present in our material. In our consolidated samples
change interaction across the interfaces is possible.
random-anisotropy model was successfully applied
samples with small grain sizes. It explained the grain-s
dependence ofHc and allowed to fit the approach to satur
tion of an as-prepared Fe sample with a grain size of 10
From this fit we deduced the magnetocrystalline anisotro
constant and the ferromagnetic correlation length of
sample. The anisotropy constant we obtain from this sam
is four times higher than the one known for coarse-grain
Fe. The ferromagnetic correlation length, determined as
nm, is seven times higher than the grain size itself. F
samples with grain sizes larger than 30 nm on average,
grain-size dependence of the magnetic properties is com
rable with that of coarse-grained ferromagnetic materia
The coercive field follows a 1/D behavior, a relation that is
generally ascribed to the pinning of domain walls at int
faces.

The hysteresis shift measured after cooling the materia
an external field is accounted for by a two-phase mo
where the ferromagnetic Fe or Ni grains are embedded
antiferromagnetic~or ferrimagnetic! interfacial phases of ox-
ides. Upon annealing we find a restructuring of the oxid
such that the Fe and Ni grains, originally surrounded by o
dized interfaces, lose their oxide shell during grain grow
while the oxides conglomerate to small grains. This hypo
esis is confirmed by x-ray diffraction and magnetizati
measurements.

The temperature dependence of the coercive field as
as the reduced saturation magnetization of the as-prepare
and Ni samples is also explained by grain size and oxida
effects. For some of our nanostructured Fe and Ni sam
we observe a maximum in the coercive field at about 25
correlated with a pronounced hysteresis shift after field co

for
r
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ing. We explain this observation by the influence of oxidiz
grain-boundary layers. The reduced saturation magnetiza
of the samples with small grain sizes may also be attribu
to the two-phase structure of the system, in addition to
possible influence of the small grain size itself on the sa
ration magnetization.
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