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Size effect on the crystal phase of cobalt fine particles
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We have synthesized Co fine particles with the average dian®)eof(less than 500 A by sputtering Co in
a somewhat high inert-gas pressure. It has been found that there is a close relationship between the particle size
and the crystal phase; that is, pure f@ phase forD=<200 A, a mixture of hcpa) and 8 phases foD
~300 A, anda phase with inclusion of a very small amount gfphase forD=400 A. Precise structural
characterizations have revealed that ghparticles are multiply twinned icosahedrons and shparticles are
perfect single crystals with external shape of a Wulff polyhedron. In order to explain the size effect on the
crystal phase of Co fine particles, we have performed theoretical calculations for total free energies of an
single crystal, 8 single crystal, and a multiply twinne icosahedron. The present calculations well explain
the size dependence of the crystal phase of the Co fine particles, and have revealed that the stabil@ation of
phase, confirmed by previous studies, is the intrinsic effect caused by the small dimensionality of fine particles.
Moreover, the phase transformations that occurred in annealing experiments can also be explained by the
theory.[S0163-18207)05145-X]

INTRODUCTION size effect on the crystal phase from the standpoint of the
total free energy including surface free energy.
Numerous studies in the past five decades have revealed

that fine particles of several elements often show anomalies EXPERIMENT
in the phase transformation and the phase stability, resulting _ _ i
in metastable and unique crystal phase quite different from Fine Co particles were prepared in a homemade dc mag-
bulk specimend=8 For example, Cr particles as small as sey-hetron sputtering systemﬁe;t ambient temperature, with a base
eral hundreds of nanometers exhibit an abnormal A15 metd2reéssure less than 110" Torr and argon gas pressure
stable phase that has been later found as a high-temperatdf@ar) f 0.1-0.5 Torr. The details of the sputtering apparatus

phase in bulk fornd~2° Analogous behavior has been found @1d  the — experimental conditions are  described

3-15 ; ; ;
also for Cot~3781lwhere the particles always crystallize in elsewheré: Ann_e?hng of the parUcIes was performeq in
f~1X 10 ° Torr at various temperatures. Particle

the high-temperature fcc phase that is only stable abov¥acuum o ral ,
420 °C in bulk form*? The origin of such an unusual behav- SiZ€ and shape were checked by transmission electron mi-

ior found in Co still remains ambiguous in spite of intensive S"0SCOPY(TEM) and scanning electron microscopSEM).
efforts. Some authors have speculated that the highThe crystal struct_ures (_)f the Co p_artlcles were examined by
temperature face-centered culifcc) phase appeared as a Mmeans of x-ray diffractioXRD) with CuKe« line and se-
metastable state as a consequence of rapid cooling in tHgcted area electron diffraction. In the x-ray diffraction ex-
growth process of the fine particlé8According to our re- periments, no dlstmct'dlffractlons other than t_hose fram
cent experiments, Co fine particles with a diameter of 10 nnnd 8-Co were found in all samples prepared in the present
prepared by sputtering also have a pure fcc phase, and sugtudy. The pole figure measurementsagfLl010), (0002),
seqguent annealing above the bulk fg)-hcp (@) transfor-  (1011), and (111, (200 reflections have revealed three-
mation temperature and very slow cooling to ambient tem<dimensionally random orientation of the particles. For ran-
perature do not cause any phase chafga@herefore, it is dom orientation, integrated diffraction intensity is given by
unlikely that theB phase is simply produced as a nonequi-
librium state by rapid cooling in the fine particle growth 1 e 2M
process. Moreover, the allotrops— « transformation is en- I=C| 2 2u |’ @
tirely inhibited down to 28 K, thus th@ phase seems to be
energetically stabl&* In a previous paper, we have reported where C is a constant determined by measurement condi-
success in the synthesis afCo fine particles with a diam- tions, v the volume of a unit cell,F| the structure factorp
eter of about 40 nm, and found the close relationship bethe multiplicity factor, # the Bragg angleg ?M the Debye
tween the crystal phase and the particle $fze. temperature factor, and the linear absorption coefficieft.
The aim of the present study is to explore the phase sta=or the mixture ofe and 8 phases, the diffraction intensity
bility of a- and3-Co fine particles and to discuss the particlecan be simply expressed as

FP? 1+cos’-26)
p

sinf 9 cos
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. . . FIG. 3. A multiply twinned (MT) icosahedron composed of
FIG. 1. Particle size dependence of volume ratio of twep) to twenty tetrahedrons each of which is surrounded by Buf11)

fec (B-) phaseV,g for Co fine particles. It is clearly noted that faces. The icosahedron consists of one nucleus, three primary, six

a-phase becomes dominant with increase in the particle d'ametes,recondary, six tertiary, three quartic, and one quintic twRef.

D. 17).
preferential growth ofx phase instead g8 phase, and there
Imix( ) = EB cili(9), (2)  is a close relationship between the particle size and the crys-

tal phasé? From Fig. 1, the crystal phase apparently de-
pends on the particle sizddj: namely, pureB phase for
D=<200 A, mixture ofa and 8 phases foD~300 A, anda
phase with inclusion of a small amount @f phase forD

wherec; andl; are the volume fraction and the diffraction
intensity. Using Eqs(1) and (2), we can calculate relative

intensity ratios of all diffractions from botk and 8 phases .
as a function of the volume fractions. It was found that the2400 A. 'Detalled structpral analyses have revealed that
o o . most particles prepared in the present study possess well-
relative intensities calculated by the above equations can b(?efined crystal habits and structures. Figuré® and 2b)
well .fitted to all experimental data by varyi_ng the volume show the bright and the dark field images of pg@rparticles
fra_ct|on ofa phase €,). Thus, we can determine the volume (V.5=0) grown atP,=0.15 Torr. The dark field image
ratio of a phase toS phase as/,/3=Ca/Cs=Co/(1-C4).  was formed using3(111) diffraction spots. From these fig-
The fitting_ procedures were performed far(1010), ures, it can be noticed that most particles exhibit butterflylike
(0002), (101), andB(111), (200. contrasts in the dark field image as shown in Fign)2Pre-
vious studies have revealed that such image contrasts can be
well explained by the multiply twinnedMT) icosahedrons
RESULTS AND DISCUSSION that are commonly observed in various fine particles with a

In the previous paper, the particle size and the crystafcc structuré’ (Fig. 3). In fact, the diffraction pattern from
phase of Co were found to be considerably influenced byhe each particle perfectly coincides with that of the multiply
their growth condition€? That is, the increase in the sputter- twinned icosahedron originally pointed out by fhdFig. 4).

ing gas pressure increased the particle size as well as tHdws, we can safely conclude that very fige particles
smaller than 100 A mainly consist of MT icosahedral par-

ticles. This result agrees well with the previous theoretical
prediction that states that MT icosahedron is energetically
stable for very small fcc particlé§.With increasing the sput-
tering gas pressure, the particle size increases andvrthe
phase becomes dominant, as shown in Fig. 1. Figufas 5
and 3b), respectively, show the bright and the dark field

FIG. 2. TEM micrographs of the purg-Co particles V5
=0) grown at Ar gas pressure of 0.15 Tofe) the bright field
image, and(b) the corresponding dark field image formed By
(111) diffraction spots. Each particle exhibits a butterflylike con-  FIG. 4. (a) A bright field image andb) the corresponding dif-
trast in the dark field image. fraction pattern of a MT icosahedron particle.
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FIG. 5. TEM micrographs o&-Co particles with inclusion of a

small amount ofg particles ¥,,;=5) prepared at Ar gas pressure
of 0.35 Torr,(a) the bright field image, an¢b) the corresponding
dark field image formed by portion @f(0002) and (101) diffrac-
tion spots. Each particle possesses a well-defined crystal habit ar
seems to be single crystal.

. . FIG. 7. (a) A bright field image (b) the lattice image, an(t) the
images of nearly pure-Co particles V. s=7) grown at  gjactron-diffraction pattern taken alofg001] of an a-Co particle
Pa=0.35Torr._The dark field image was formed using agrown at Ar gas pressure of 0.35 Torr. These results indicate that
portion of «(1010), (0002), and (101) diffraction spots. the particle is a perfeat single crystal.
It can be clearly noticed that most particles possess well-
defined crystal habits and seem to be single crystals. Their |n order to investigate the phase stabilities of the abheve
external shape$Fig. 6a)] coincide well with the Wulff  andg particles, we performed annealing experiments at vari-
polyhedron ofa-Co [Fig. 6(b)] constructed by the following ous temperatures. Figure 8 shows the change in the volume
Gibbs-Wulff relation:® ratioV,,z as a function of annealing temperatufig) for Co
particles(V,,z=3.5, average particle diamet&~ 300 A).
E ¥:S =minimum, (3)  As can be noticed in this figur&/,,; slightly increases and
then abruptly decreases with increase in annealing tempera-
where, is the specific surface free energy of ittle crystal  ture. This result indicates th@t— « transformation proceeds
face whose surface area$s. Furthermore, the high resolu- at low annealing temperature and then the reverse transfor-
tion TEM observations and the corresponding diffractionsmation («— ) occurs at higher temperature. For a pyre
have revealed that eact+Co particle is an exactly pure sample ¥,5=0), XRD measurements showed that the dif-
single crystal. Figures(@—(c) are, respectively, the bright fraction peak fromg (111) becomes sharp abruptly as,
field image, the enlarged lattice image, and the correspondxceeds 300 °C. This change is not due to coalescenge of
ing diffraction pattern taken alorf@001] of the « particle. ~ particles but due to the fact that multiply twinngdparticles
Thus, the particles prepared at somewhat high sputtering gdeansform into single crystals. In fact, a lot gfsingle-crystal
pressure arex-Co single crystals, although stacking faults

are sometimes included in theparticles. 6
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FIG. 6. (8 An external shape of an-Co particle grown at Ar

gas pressure of 0.35 Torr, arfd) the Wulff polyhedron ofa-Co
constructed by the Gibbs-Wulff relation. Both external shapes look FIG. 8. Variation of volume rati¢/ ;4 as a function of anneal-
very similar. ing temperatureT,).
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of (hk-1) plane, S.; is the surface area of eactK:I)
plane,ys; is the stacking fault energy per unit area, &agis
the surface area of each stacking fault plane. Assuming that
eacha-Co particle contains seven stacking fault planes in it,
the total area can be derived 3§;=6.932. This assump-
tion gives rise to no serious errors, since the third energy
term in Eq.(4) is trivial compared with the other terms. In
evaluating the energy terms in EqS) and(7), we used the
bulk values ofa-Co for E._, (Ref. 20 andys;.2* For evalu-
ation of the surface energies in E), we adopted the the-
oretical values determined by a spin-polarized Green'’s func-
tion method?? which almost agree with experimefitand
FIG. 9. A B-Wulff polyhedron surrounded by eigtit1l) and  the thermodynamically estimated valtfésOn substituting
six (100) faces, which satisfies the Gibbs-Wulff relation Eg) in  these values into Eq$5)—(7), Eq. (4) can be rewritten as
the text.

Uwuiti- o= — Ec_ o V(D) +9.56x 1072°D?+0.16x 10 2D?
particles with ideal Wulff polyhedral shapéig. 9 were — _E,_V.(D)+9.72<10° D2 (Jouls.  (8)

found in those annealed samples, as shown in Figs) 4dd

10(b). Here, D is in angstroms. Similarly, the total energy for a

We discuss the particle size effect on crystal phase ang-wulff polyhedron shown in Fig. 9 can be expressed as
stability of Co fine particles. The total free energy for @n

particle with the Wulff polyhedron shape shown in Figa)6 Uwuitr- g= —Uc— gt Us_g

can be expressed as
=—Ec—gVa(rw) + v1112 S111+ ¥100> S100:
Uwulft-o= —Uc— gt Us— o+ Usgs, (4 (9)

whereU,_,, U,_,, andUg; denote the cohesive energy, whereE,_ 4 is the cohesive energy ¢Co per unit volume,
the surface energy, and the stacking fault energy, respes(rw) is the volume of the polyhedron and is given by
tively. Since stacking faults parallel to the (0001) planeVg(rw)=0.37%y,. Under the condition o¥ (D) =V4(ry),
were frequently observed in theCo particles, we added the r, is equal to 1.0B. Since there is the slight difference in
third term, although this term is trivial compared with the free energies betweem and g-Co at room temperature, the
other terms. The energy terms in Hg) are given by first term in Eq.(9) is rewritten as

Ueo y=E._Vo(D), (5) ~Ee p=—Ec ot AEs , (10)

where AE;_, is the free energy difference estimated to be
Us- = Y0012 Soo1+ Yor12 Sor1 (6)  0.06 kcal/moP® The total energy of th@-Wulff polyhedron
in Eqg. (9) can be derived as

Ust=7si2 Ssf (7) Uwuiti- g= — Ec—oV(rw) +AEg_,Vp(ry) + v111=S111
whereE,_, is the cohesive energy ofCo per unit volume, * 7100~ S100
V,(D) is the volume of the Wulff polyhedron in Fig.(& = —E¢_oVp(ry,) +1.54% 10 22D3+7.97

and can be calculated as 0.4D9 v, is the surface energy
X1072%D2  (Joule. (1)

Here we used the theoretical surface energy values deter-
mined by the spin-polarized Green’s function metdd.
Next, we consider the total energy of AMT icosahedron
shown in Fig. 3. In this case, both the elastic strain energy
U, and the twin boundary enerdy, are added to the total
energy of Eq(9). Therefore, the total energy is given by

Ug-mr=—Uc_urtUs_pur+Ue+U;

=—Ec_gVur(rur) + v11:2S111+ U+ Uy,
(12

whereV 1 (ryr) is the volume of the MT icosahedron and is

FIG. 10. (@) A bright field image andb) the corresponding diven byVr(rwr) =5v2/3ryyr, and3 S44=5v3r§yr. Under
diffraction pattern taken along01] of a S-Wulff polyhedron. We  the condition oV (D) =Vyr(rur), vt is equal to 0.55B.
note that the particle is a perfegtsingle crystal and its external If we assume uniform straining in the particle, the elastic
shape well coincides with the Wulff polyhedron shown in Fig. 9. strain energyJ, in Eq. (12) is given by
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energy ofB-Co causes preferential growth gfphase for a
= very small size region. In contrast, phase becomes pre-
E #-MT leosahedron dominant as the particle size increases, because contribution
£ L a-Wulff polyhedron . of the surface free energy reduces with increase of particle
o M’: size. We note from Fig. 11 that the relationships of the three
Q ! B-Wulff polyhedron | energy leveld . g, Ug.mr, andUyg., are given as
= |
3 l I
RENEN | ] Uwuitr- 5<Ugur<Uwui. for 60<D<180 A,
. P I
& : i : UWquf—B<UWquf—a$U,8—MT for 180<D<1100 A,
~ |
Pl '
0 L L 1 . l UWUIf‘f— a$ UWquf- B< UB-MT fOI’ D = 1100 A
0 500 1000 1500

Particle diameter D (&) Since apB-MT icosahedron is the intermediate energy state
for 60<D <180 A, thes-MT icosahedron particles found in

FIG. 11. Calculated energy diagram of a Co fine particle adhi9s. 2 and 4 are considered to be metastable. In fact, they

functions of particle diameteD for three different crystaliine ransform into the most stable-Wulff polyhedrons by an-
states, that is, #-MT icasahedron, g-Wulff polyhedron, and an  N€aling treatmentFig. 10. For the Co particle samples with
a-Wulff polyhedron. In this figure, the suffiX stands forg-MT, average diameter ob=>180 A, a-Wulff polyhedron par-
B-Wulff, and a-Wulff, and theU_, represents the cohesive energy ticles are dominant with inclusion of a certain amountgof
of an a-Co particle. It can be noticed th# phase becomes more particles, as can be noticed in Figs. 5-7. They exiBbit «

stable tham-phase as the particle size reduces. transformation at low annealing temperatiitgg= 300 °C and
subsequentlyr— B transformation occurs at high&r, (Fig.
Ue=Vyr(ryr)Ee= 5‘/7/3V3MTEe- (13) 8). Such an unusual transformation behavior can be ex-

) _ ) plained if we assume that th@ particles included in the
whereE, is the strain energy per unit volume. ficaccu-  a5-made samples aMT icosahedrons. According to Fig.

rately c;’:llculated the strain energy and obtainBg= 17 B-MT icosahedrons possess higher energy thanulff
28.1x 107 J/n? for the B-MT icosahedron. The twin bound- polyhedrons, hence annealing will caye-a transforma-
ary energyl, in Eq. (12) is given by tion, resulting in a slight increase in volume fraction @f

phase. Finally, all these particles will transform into the
Uy= v Sugn— 15&/3/2rf,w7min. (14 I_Ic_):\./est energy state, namelg;Wulff polyhedrons at higher
As mentioned above, we can understand most of the
where i, denotes the energy per unit area and is evaluategresent experiments and other previous experimental results
as yuwin=4.5x 103 J/n?.?® On substituting Egs(10), (13),  based on simple considerations of particle free energy. How-
and(14) into Eq.(12), the total energy for thg-MT icosa-  ever, the present discussions can give no clear answers to the
hedron can be expressed as guestion why as-made Co fine particles favor metastable
states(such as multiply twinned icosahedrons efWulff
B PP polyhedrong instead of the more energetically favoraltie
Up-mr=—Uc-o+13.0<10" =D+ 7.29 Wulff polyhedrons. In order to answer this question, we have
X1072°D2  (Joule. (15) to elucidate the dynamics of each phase transformation that
has occurred in Co fine particles as well as quantitative

From Eqgs.(8), (11), and(15), we can calculate and compare evaluation of the activation energy required for each phase
the total free energies of amWulff polyhedron, aB-Wulff transformation.

polyhedron, and @-multiply twinned icosahedron as a func-
tion of particle size. Calculated results are shown in Fig. 11.
It can be noticed that both g-MT icosahedron and #-
Wulff polyhedron are energetically more stable thanaan The authors sincerely thank K. Fukamichi for invaluable
Wulff polyhedron for particle sizes of less than 200 A. This discussions, T. Sakurai for technical assistance, and H. Dai-
fact means that fine Co particles prefe@iphase toa phase, mon and K. Adachi for performing some TEM observations.
and well explains numerous experimental results so far obThis work was supported by RFTF of Japan Society for the
tained as well as the present result shown in Fig. 1. Such aRromotion of Science under Grant No. 97R14701 and Grant-
unusual behavior found in Co fine particles comes from arin-Aid from the Ministry of Education, Science, and Culture
intrinsic size effect. That is, a slightly smaller surface freeunder Grant No. 08650763.
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