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3D TRANSITION FERROMAGNETIC METAL NANO-CRYSTALS
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Abstract -- The application of gas deposition method (GDM) to the formation of 3d
transition metal nano-crystals and their structure is reported. A He circulation system was
installed in order to purify the inert gas used during the preparation.  The metals of Fe, Co,
and Ni were evaporated by RF heating using a ZrOp linear set in a tungsten crucible and a
carbon crucible.  X-ray diffvaction study reveals the same crystal structure as those of bulk
states for Fe and Ni (bec and fee), while the Co nanocrystal has modified structure from the
Jec structure.  The averaged grain sizes are ranged about 5 nm. The magnetization are
more than 95 % of bulk except for samples with loose packing, which were prepared with
lower pressure difference between the evaporation and deposition chambers. It is found that
oxidization is remarkably suppressed during the fabrication process.
©1999 Acta Metallurgica Inc.

INTRODUCTION

Gas deposition Method {(GDM)(1) is known as a technique to handle ultra fine particle
produced with gas evaporation method(2). In this technique, small sized particles are first
made similarly to the gas evaporation and are formed into a bulk as in a packing method(3).
We have been interested in an aspect of GDM as a novel fabrication way of nano-crystals(4,5),
The advantage of this technique is the simple process where the particles are immediately
deposited afler the formation and the degree of oxidation is considered to be remarkably
depressed. To realize it, GDM requires two chambers which are evaporation chamber and a
deposition chamber, _

Gold nano-crystals made by this method depicted extraordinary mechanical properties
such as the enhancement of the mechanical strength(6). This is speculated to be the high
density of lattice defects and the mechanism may resemble to that for amorphous materials,
On the other hand, transition metal GOM nanocrystals have been investigated in expectation
of new electric and magnetic properties. The characteristic feature of the method is the low
oxidization rates. Fe nano-crystals were studied with Mossbauer study, X-ray diffraction and
magnetometry(5). Each result suggested the low degree of oxidization. The saturation
magnetization was atmost the same order of that of bulk Fe. To realize such condition, the
special attention is paid for the inert gas used during the gas deposition.

In this paper, the fabrication technique of 3d nanocrystal is described and the magnetic
properties of Co nanocrystal is mainly reporied. 3d ferromagnetic metal nanocrystals are
compared.
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EXPERIMENTAL PROCEDURE

" Figure | shows a schematic illustration of the GDM system, The system is almost the
same as that described elsewhere(4). A He circulation system is installed because high
purity and high rate of He gas supply (40 L/min) are required. To obtain the He gas flow of
40 Lisec with 5 kglcmz, two all metal bellows pumps(MBP in Fig.1) are set.  He gas used for
GD is returned to the circulation system and is purified by two SAES® getter pumps, The
oxygen concentration is monitored with a ZrO2 monitor. The part of oxygen was decreased
down to 107 after | hour from the circulation system started to operate,

Deposition chamber  Pump He clrculation system
Substrate | O
9
Nozzle I
[
Transfer pipe ;‘:a He
Evacuation pipe 9 B I,_J__-__ O g:;
: . 4 g
b
& ° 2rQ2
%  liner
[~—0 o
RF a o He
gowelr 0 U ° R:gﬁr-
upply o e (60 1)
o Mo e s et
° He gas ‘

Evaporation chamber

Fig. 1. Schematic illustration of GDM system for the fabrication of 3d transition .
ferromagnetic nanocrystals. MBP, SGP and SP mean mechanical bellows
pumps, SAES getter pump, and a sorption pump, )

The pressure difference (Pe) between the evaporation and deposition chambers and the
temperature of the hearth (Th) are major factors for the sample fabrication. In this study, Co
nano-crystals (n-Co) were produced with changing the pressure difference (Pe), Related to
the deposition temperature, the combination.of hearth materials and evaporating materials is
important. Because the evaporation temperature is needed to elevate over the melting point,
alloy formation may take place in some combinations for example Fe versus carbon crucibles
and Ni versus W crucibles. The use of ceramics liners such as ZrOj and Al;O3 can prevent
the alloy formation between the metallic crucibles and evaporating materials. We used C
crucibles for Ni and a W crucible with ZrO; liners for Fe and Ca. The substrates for the
deposition were Si wafers and polyimide films, ,

X-ray diffraction study was carried out with using Cu-Ka radiation, Magnetization
was measured with a vibrating sample magnetometer at room temperature, The amount of
ferromagnetic elements were determined with an inductively coupled plasma (ICP) photo-
emission spectroscopy in order to estimate the magnetization per ferromagnetic elements,
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RESULTS AND DISCUSSION

‘Figure 2 shows the X ray diffraction patterns of n-Co prepared with various pressure
difference from 500 to 1500 Torr. Strong and broad peaks are seen at around 2 6=45°,  The
peaks are considered to be from fec (111) refrection, however it is difficult to decide because
hep (002) gives almost the same diffraction angle. There are some structure around 50,
The particle size was estimated to be around 5 nm from the line width of fcc (220) peaks.
Particle sizes slightly decrease with the increase of Pe.

fee (111)hep (002)
« b FT 1 L Ti. I T
b ol i HEEE I\
= RS \ A Y M T
S iEE L o Pe
h e . | L
N=g] . | | . ol I

Intensity (arb.unit)

40 60 80 100 120
20 (deg.)

Fig. 2. X-ray patterns of n-Co prepared with Gas-deposition method.
The hearth temperature is kept at 1900 °C,

From the magnetization measurements, magnetizations are well saturated at low
magnetic field around 100 Oe. The amplitudes of saturation magnetization for n-Fe, n-Ni
and n-Co prepared with various Pe are shown in Fig.3(a). The hearth temperature were kept
at constant temperatures; 1500 °C for Ni, 1950 °C for Fe and 1900 °C for Co. The difference
in the hearth temperatures for Ni and others are due to the difference in the usage of liners.
The amplitude were normalized by the value of bulk at room temperature. From the figure,
the amplitudes are almost the same as those of bulk. The dependence of magnetization on
the Pe seem to be small.  In case of n-Co, the magnetization is larger than the bulk value by 5
—7 %, however, the definite data which prove the enhancement have not been obtained yet.

Figure 3(b) shows the coercivity for the same samples as used in Fig.3(a), Small
coercivity is obtained for all nanocrystals, especially about 1 Oe is obtained for n-Co with
1000 Torr of Pe. There are trends to decrease the coercive force as increasing Pe. In the
casé of n-Co, however, the coercive force raised to 15 Oe. It may be caused by the imperfect
crystalline structure of fcc type.  As is seen in Fig.2, the main lines are assigned by those of
fee structure and weak reflection lines from hep are observed around hep (100), (101} peaks.
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Especially for the sample made with the Pe of 1500 Torr, those peaks are more obviously seen.
The existence of the hep phase could be a origin of higher coercive force. When the ultra-
fine-particies of Co were produce with a gas condensation technique (gas evaporation method),
the high temperature phase, the fcc structure, tends to be realized(2). This result suggests a
difference in growth process beiween gas evaporation and gas deposition.

120_III_I_|IIIT]E]'II[1I||_ SOlllllllllIlllllllll
» A Fe & Fi
E @ RT g 1 sl e (0) RT & Fe
1O * N4 e N
g [ 7 138 20p —
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g 10—y 5 15 .
= L . 4 o
@ F ®a . § 10 A * -
= 90:. -] A\
- ] ST v a b I
Bomnnlnnlunlnn' 0 l||\|-llv||Y'll'l\l’-l‘i
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Fig, 3, (a) Satwration magnetization of n-Co, n-Fe and n-Ni versus the pressure difference,
Pe. (b} Coercive force of n-Co, n-Fe and n-Ni versus the pressure difference, Pe.

The degree of oxidation in the GDM nanocrystals is concluded to be remarkably small
compared with the case of UFP prepared with gas evaporation(7), which are about 70 % of
bulk, from the data of magnetization. This is also supported by the result of Méssbauer study
for n-Fe prepared with this technique(5). In conclusion, GIBM is found to be an appropriate
technique to deal with the 3d transition metal UFP preventing surface oxidization.
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Abstract

Ni nano-crystals were prepared with Gas-deposition method. As deposited films were composed of fins
particles with approximately 10 nm in diameter. Thermal annealing was applied to increase the grain size.
Coercive forces of the nano-crystals vary in accordance with the — 6 powers of grain size. This is explained by
the Random Anisotropy Model, Effective local magnetic anisotropy is deduced to be 1.9~3.5 x 10* J/ m® and
this magnitude is 2~5 times larger than that of bullk Ni. From the field cool magnetization measurement, He
shift due to exchange anisotropy was not observed. The antiforromagnetic layer around grains originated from
oxidation seems not to be responsible for the anisotropy

i. Introduction

Nano-crystalline materials have been investigated from both fundamental and application view points
according to thelr advantages as novel materials.{I) In the magnetic materials, both size in isolated particles
and grain size in bulk materfals often determine key properties as magnetic materials. High magnetic
permeability was one of the most important features of ferromagnets with nano-meter order grain size, Such
nano-structures for soft magnets were realized by the thermal treatment from an amorphous state(2,3) and the
magnetic properties were explained by Random Anisotropy Model (RAM).(4) The RAM, however, basically
stands on a single element system and thermaily crystallized nane-structure materials were compesed of more
than two phases, crystalline and amorphous parts, The detailed discussion of RAM for such systems was
reported by Suzuki and Cadogan.{3)

Ni and Fe nano-crystals prepared with gas-condensation and compaction method do not contain other
phases except for small amount of oxygen atoms and their magnetic properties were elucidated in terms of
RAM.(6) We have been investigating an application of the Gas Deposition Method (GDM)(7) to produce
nano-crystals in a simple process and less oxidization is realized in the nano-crystals.(8,9)

In this paper, magnetic properties of Ni nano-crystals prepared by Gas Deposition Method, which is
composed only of Ni crystalline phase, are reported and RAM s discussed with the magnetic anisotropy in the
nano-crystal,

2. Experimental

Ni nano-crystalline samples were prepared by a Gas-deposition Method. The pressure of He in an
evaporation chamber was kept at 0.1 MPa (760 Torr) and ultra-fine particles were prepared in the chamber by
induction heating Ni metal in a carbon crucible in a similar manner to inert gas evaporation. Crucible
temperature was kept at about 1400 °C. A deposition chamber was connected with a transfer tube to the
evaporation chamber, The chamber was evacuated with a mechanical booster pump to several hundreds Pa
(several Torr) and fine particles were transferred with He gas flow caused by the pressure difference between two
chambers, A nozzle with 0.6 mm in inner diameter was attached at the end of the transfer tube. Details of the
fabrication system was described elsewhere.(9) In order to prevent oxidization during the process, closed



circulation system was used for a He gas supply with a bulk getter purifier. Polyimide (Kapton®) films and Si
wafers were used as substrates,

Magnetization curves were obtained with a vibrating sample magnetometer (VSM) and a SQUID
magnetO{neter. Thermal annealing with an infra-red lamp after the preparation was carried out for 5, 30 and 60
minute.s in order to increase particle sizes, An inductively coupled plasma (ICP) photo-emission sl;ectl'osc0py
was utilized in order to determine the amount of Ni in the film. Auger Electron Spectroscopy (AES) was used

to i'nv.estigate the: depth profile of oxygen distribution, X-ray diffraction studies were performed with Cu-Kot
radiation and grain sizes were deduced from the Scheirer’s equation,

- B ) = o
c 8 g 5 §
I T 11 T 11
, o P
i | GDM n-Ni  annealed for 30 tin.
! P b
n ..,.l e i | laso%
g i v
R W A jsoeow
8 A | o
% | Lo
E = : 1 *"E\““_‘ _)E‘~—JE 15 OOC
i E P
| ; i ! i ! | Las P[;EparEd

30 40 50 60 70 80 90 100 110
26  (degrees)

3, Results and discussion

Figure | shows the change in X-ray diffraction patterns of Ni nano-crystals resulted by thermal annealing.
The peaks were identified to be those of the fcc structure and diffraction peaks due to oxides were not observed.
Peak intensities of patterns are stightly different from those of powder patterns and suggest preferred orientation
of <111> direction normal to the substrate, Similar trend has been reported in Au nano-crystals which show
strong [111] orientation.(10) Particle sizes were obtained from the width of diffraction peaks, The size
estimated from different peaks were slightly scattered and the averaged values were used as particle sizes. The
grain size of an as-deposited nano-crystal was about 10 nm and was increased up to 15 nm with the thermal
annealing up to 350 °C after the film growth,
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Depth profiles of oxygen in the nano-crystal films prepared on 8i wafers were measured with AES, Figure
2(a) shows the resuit for the sample without Ag coating and one for the sample with vacuum deposited Ag
protection layer in a load rock chamber is shown in Fig.2(b). In a latter case, the Ni nano-crystals are not
directly exposed to the air. In the present preparation condition, the oxygen content is found to be around 5%
and there is small difference in both samples with and without protection layer, This means the nano-crystal
film has small portion of pores and degree of oxidization dose not proceed after the preparation. The oxygen
concentration did not change so much through annealing up to 350 °C. It is noted that high oxygen
concenfration only in the surface region was detected in a non-coated Ni nano-crystal prepared in a condition
with lower pressure difference between the evaporation and deposition chambers, The magnitude of saturation
magnetization also supports this low degree of oxidization.(9) A small particle with 10 nm in diameter has the
ratio of approximately 10% of interface atoms to whole atoms under the assumption of one mono-layer of
interface region. The degree of oxidization, 5 %, suggests that the oxygen atoms do not fully cover the surface.
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Coercive forces of the Ni nano-crystals obtained from magnetic field dependence of magnetization are
shown in Fig. 3 and are ranged from 10 to 80 Oe. The data were fitted to a test function of D% and 5=5.9 was
obtained. The coercive force derived from the RAM(4) is expressed as follows;

K!.D*

H. = p.r (D
& p{. Ms , A]
Here, K, Ms, A and Pc are a local anisotropy constant, saturation magnetization, an exchange stiffhess constant
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and constant factor, respectively. The present cogrcive forces are almost proportional to D® relation and the
refationship agrees well with the RAM.  Since a magnitude of Pe is roughly ranged from 0.2 to 2 in the
previous report(4), we can estimated the value of K, to be 1.9~3.5 x 10" J/ m® (in case of Pe=1, 2.3 x 107 J/ m®).

From the RAM, saturation process of magnetization in a middle range magnetic field is also affected by the
nano-structure and is expressed as follows(1);

|
L(Hg\?

Measured magnetization data for GDM Ni nano-crystals were fitted to the sum of £q.(2) and a linear term of the
magnetic field. Figure 4 shows a saturation curve for a Ni nano-crystal where the linear part in the
magnetization curve is subtracted. A solid line expresses the result of fitting with parameters of Hs and M,
Hs is given as a functien of a local magnetic anisotropy constant, &,,(6) which is deduced from the magnitude of
Hs to be K, of 3.2x10* J/ m’,

Magnitudes of the local magnetic anisotropy constants deduced from two ways were larger than that of bulk
Ni, 5.7 % 10° J/ m®, A few origins are proposed to explain the magnitude of the anisotropy. The stress can
induce an additional anisotropy, however if it is a coherent uniaxial anisotropy, Hc may have D' dependence on
the grain size.(5) Another possibility is that averaging of local anisotropy is weakened by the nature of
interface region. When the interface region includes oxygen atoms, nonmagnetic impurities and vacancies,
these can be an origin of the decrease in the exchange coherence length and averaging effect is suppressed, The
oxide formation at the interface ofien causes an exchange anisotropy, From the preliminary magnetization
measurement of as-prepared sample, He increased to 60 Oe at 4.2 K, however MH loop did not shift after
magnetic field cooling from room temperature at 0.5 T, This fact suggests that the influence of oxygen on the
magnetic properties is not large in the present nano-crystal and also supports the low oxidization feature of this
fabrication technique. It is noted that a clear hysteresis loop shift was observed in & compaction
nano-crystals.(6) Another possibility is that the small amount of oxygen atoms between grains may decrease
the magnitude of the exchange stiffness, 4. In this case, the local anisotropy can be the same order of buik
according to eq.(1). Further detailed structural analysis and experiments related to magnetic coherence are
desired to elucidate clearly.

Figure Captions

Figwre 1. X-ray diffraction patterns of Ni nano-crystals prepared with GDM. As-prepared samples were
thermally annealed up to 350 °C for 30 min.

Figure 2. Results of Auger spectroscopy in Ni nano-crystals prepared with GDM. (a) without Ag overlayer
and (b) with Ag overlayer.

Figure 3. Coercive force of Ni nano-crystals prepared with GDM. - Solid line in the figure denotes D°
dependence, :
Figure 4, Magnetization process of Ni nano-crystals at room temperature. The sample was prepared with the
condition of 1400 °C of hearth temperature and 1 atom of evaporation chamber pressure. Solid line in the
figure is a fitting result based on the eq. (1) in the text.
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