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Separated Co-granules, of an average diameter as small as D=2.0 nm, of FCC crystal
structure have been synthesized by co-reducing Co?* cations dispersed in a liquid. They
exhibit an enhanced saturation magnetization o5 by as much as ~34% with a more than an
order of enhanced magnitude for the effective anisotropy constant Ky over the bulk values
at 4.2 K. An irreversibility in the ZFC-FC (zero field cooled-field cooled)
thermomagnetograms occurs at temperatures T < Tg, where Tg is their blocking
temperature. The ZFC thermomagnetogram peaks at Tg according to their Ky and volume
V. Tg =152 K has been found for D= 10 nm granules in an applied magnetic field of
H=1kA/m. The sample, which is superparamagnetic (coercivity H,=0) in nature at T > Tg,
develops H, at T < Tg with a unique dependence on temperature, H,(T) = H.(0)[1 — T/ Tgl"/?,
with H.(0) =40.0 kA/m. The results are discussed with a two-phase model structure of
granules. In this model, the grain-surface atoms have a modified magnetic structure of the
core atoms. An inter-coupling between the magnetic spins in the two regions occurs in a
ferromagnetic or antiferromagnetic manner according to their interface that mediates their
exchange interactions through it. The studies of o, Kef, or H; as a function of temperature
(4.2 to 380 K) and/or size D (2 to 20 nm) demonstrate their strong correlation with the
dynamics of the surface spins (DSS). An enhanced surface anisotropy with large total
interface-energy in small granules governs the DSS. An average value of the surface
anisotropy constant K; =2.28 mJ/m? is determined by a linear plot of Ky with D" at

D < 2.9 nm. Larger granules follow a modified Ky — D~ plot with an order of smaller
Ks-value. The surface spins form a surface-spin-glass, which undergoes a magnetic
transition to a spin-frozen state at a critical temperature T =71 K. The Tr evolves following
the well-known de Almeida-Thouless line, §Tr o« H?/3, at H < 42 kA/m. © 2000 Kluwer
Academic Publishers

1. Introduction a modified electronic or magnetic structure of the core
Small magnetic particles of size of a nanometer scalatoms [17, 18] that leads to a significant change in their
are a subject of intense research in these days owinb, and Hg anisotropies and magnetic momeny. It
to their unique magnetic properties which make thenis well established from first principles self-consistent
very appealing from both the theoretical and the techiocal spin-density calculations that the magnetic mo-
nological points of view [1-10]. They are widely used ment in the topmost layer(s) in magnetic 3d-transuition
as permanent magnets [1, 6, 11], information storagenetals is generally enhanced as much as 50% over the
systems [3, 12, 13], magnetic toner in xerography [14]bulk value [8, 22]. This is ascribed to the reduction in
ferrofluids [15], contrast agents in magnetic resonanceoordination number and coordination symmetry of the
imaging [12, 14], magnetooptic or magnetoresistanceurface atoms. It causes the bands narrow and hence, in
devices [8, 16], and chemical catalysts [17, 18]. Belowgeneral, enhances the paramagnetic density atthe Fermi
a critical sizeDc, i.e. ~20 nm for cobalt or iron [1], level Er [22]. Considerably modified magnetic hyper-
they become single domain in nature in contrast withfine fields of the core atoms have been shown in the
the usual multidomain structure of the bulk materialsurface atoms [23]. Chegt al. observed that as small
and exhibit unique phenomena of quantum size effect€o-granules as 1.8 nm have30% increaseg., over
[19], superparamagnetism [14, 20], quantum tunnelinghe bulk value [5]. Recently, there has been a consid-
of magnetization [21], and unusually large surfag)(  erable work on atomic clusters [24—-26]. The cluster of
and magnetocrystallindH;) anisotropies [3, 5]. iron, cobalt, or nickel assumes a similar increasgjn
Alarge fraction of 20 to 60% atoms in such small par-as the number of atoms in it falls from several hundred
ticles are the surface atoms. These surface atoms hatea few tens of atoms. Rhodium, which is paramagnetic
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in the bulk, becomes ferromagnetic in the clusters of 3Gize. In this investigation, we successfully synthesized
atoms or less [25]. such granules of pure FCC cobalt by a chemical reduc-
Obviously, the surface structure and surface spirtion of highly dispersed Go cations in a liquid. The
magnetism in so small crystallites are primarily gov- liquid medium provides a strict control of their size and
erned by their enhanced surface-spin-density (SSDinorphology through its concentration and/or pH.
by the enhanced surface or total surface-enélgs, In this article, we report on their saturation mag-
which controls their morphology, attenuates the distri-netizationos, He, and uniaxial or surface magnetic
bution of the surface spins and their exchange interacanisotropies. The samples in shape of thin platelets of
tions through the core spins. In process of magnetizaselected 2 to 20 nm diameters were studied at selected
tion (which occurs througll; andHg) in an assembly temperatures between 380 and 4.2 K by characteriz-
of randomly oriented single domain particles, the sur-ing the surface and/or temperature dependence of these
face magnetism controls the dynamics of the surfacenagnetic properties. The results are discussed in corre-
spins as well as of the particle as a whole according tdéation with the magnetism and dynamics of the surface
its size. The direction of the magnetization fluctuatesmagnetic spins which have an inherent relation with
spontaneously (superparamagnetic relaxation) with ¢he surface structure, size, and morphology in sepa-
relaxation timer = 1o exp(AE5/kT), wherekT isthe  rated granules. The surface spins undergo a magnetic
Boltzmann’s constark times the temperatur€ [23].  transition to a frozen surface-spin-glass (SSG) state at
79 is of the order of 0.1-0.0001 ns am§lE, is the  Tg=71Kif measured in alow magnetic field as 0.8
anisotropy energy barrier, which can be expressed asthie 42 kA/m. Their dynamics is established by tHe
product of an effective anisotropy energy constdgg  dependence OF.
and the particle volum¥. A particle exhibits a coerciv-
ity Hc as long as the\ E; dominates over its thermal
energykT. In the classical theory of magnetism [14,

27], Hc =0 for the superparamagnetic particles With2 1. Synthesis of the Co-granules

KT > AE, The cr|t_|cal temperature at Wh'.Ch their The Co-granules were synthesized by a controlled
metastable hysteresis response disappears is called t@@-reduction of C& cations dispersed in a di-
bl(;(‘:k!?g ttimgelriturlé*g [zi:].f balt (588.9 KA/ lute DDAB/toluene solution. Here, DDAB (didode-
tshl IS the ut' \gzute 0 "’{ or co tal ( ¢ ’ T)ﬂ cyldimethyl ammonium bromide), which is an estab-
orothermagnetic sd-ransition metals 1S too smal [ ]Iished cationic surfactant [5], traps the reagent in empty
to maintain a S'mp'e spin conﬂgu_ratlon (of ideal Slnglemicelles of it and forms a transparent solution. It helps
magnetic domain particles) w|th|n a nanometer ScaleEhe formation of stable Co-granules by preventing their
magne_t._lt causes the analysis pf the experimental da rface oxidation. The process is described as follows.
to be difficult. If it becomes possible to prepare so smal The C&* cations (CoGl.6H,0) were dissolved in a

pa.rticles of a significantly .improveEHa, their simple 10 wt % DDAB solution in toluene at a predetermined
Spin structures, c_:urrently viewed as a two-level SYSteM.oncentration of the order e¥10-2 M. It forms a blue

[5. 11’. 1.8’ 2.5]’. will promote our g_eneral unOIerStanq".1gtransparent solution. Then argon is bubbled through it
of their intrinsic magnetic behaviors. Fortunately, it is (solution A). A highly concentrate#5 M aqueous so-

achieved with Co-granules of the nanometer size witq - ; - ;
. ; ution of NaBH;, (reducing agent) is made and argon is
an order of improved magnitude bk of the bulk value also bubbled through it (solution B). To reduce A into

5] 2 oh it |
. . . -granules, solution B is added drop by drop to it by
Since the pioneering work of Neel [28], the underly- tirring the mixture. The whole reaction is carried outin

ing mechanisms of magnetism, magnetization reversa n inert argon atmosphere. A highly exothermic reac-

andHc in single domain particles have been ”.‘“Ch dIS'tion occurs between Aand B andresultsinblack slurries
cussed. The knowledge of these processes is very b

@t reduced C8&" into the Co-granules of a nanometer

sic in magnetism and'ls bas_ed onthe S_toner-WohIfartIgize. Average temperature of the solution is controlled
model [29] or numerical micromagnetic calculations at~273 K with an ice bath with NaCl impurities. Oth-

[9, 22]'tTheS¢t pr:_ocesseas have eﬁsentlal gnpllcatlol_ns 'Brwise, that unwantedly raises up as high as its boiling
magnetic switching and magnetic recording app |ca—Iooint and reoxidizes the sample.

tions[12, 13]. The rapidly increasing growth of technol- The slurries of the Co granules are filtered, carefully
ogy of high-energy-density magnetic storage poses thﬁ/ashed in deionized water and toluene an’d then im-
question of how far the reduction of volume-to-surfa(:emediately dried in vacuum or Nyas at room temper-
ratio can continue without inducing new sources of in'ature. A thermal annealing at500 K in N, gas in a

forlmatl_c;n e][rt%rs. tensi wdi fth i ubsequent step causes a stable grain-surface passiva-
thn spite ot the ex enswet_s u 'fe;‘ (I)k ebml?gne Iﬁ't?ln ion/hardening that supports an improved stability of
other macroscopic properties of bulk cobail, Very littie , sample. The sample was stored in an inert gas or

information is avallalgle about the microscopic Struc'hydrocarbon liquid as toluene all the times. It was taken
ture, surface magnetism, and dynamics of the surfacgut only for the measurements

spins, and their relation to the magnetic properties in
small particles of the nanometer size [5, 8, 9, 14, 22, 30—

32]. This is important to develop a clear understanding2.2. Measurements of microstructure and

of the bulk to atomic transition. A major problem in this magnetic properties

effort has been the synthesis of a single phase samplehe formation of the Co-granules and their size/ mor-
of separated granules of a high SSD of the nanometgrhology were analyzed with their X-ray diffractogram
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TABLE | Morphology and lattice parameters of small granules of FCC allotrope of cobalt metal obtained from the chemical-reduction of the metal
cations

Samplé Morphology a (nmp V (10-3nmP)2 A (nn?)2
Amorphous Platelet — — —
FCC Bulk Platelet 0.3545 44.6 0.754 (16.91)
FCC nanocrystalline
D~2.0nm Spherical 0.3577 45.8 0.768 (16.77)
D ~10 nm Platelet 0.3535 44.2 0.750 (16.97)
D ~20 nm Platelet 0.3525 43.8 0.746 (17.02)
HCP Bulk Platelet a=0.2507 66.5 0.939 (14.12)
c=0.407C

aThe structure and lattice parameters, i.e. lattice aximlumeV, and surface areA, of the sample are analyzed from its x-ray diffractogram. The
Figures given in the parentheses refer to the value of A per unit volume of the lattice.

bThe morphology of the granules is determined from the scanning/transmission electron micrographs.

®The lattice parameters are reported for the standard FCC and HCP cobalt from Ref. 39.

and transmission electron micrograph (TEM). X-ray - RE 71 XM Itl ALY N
diffractogram was recorded with an x-ray diffractome- D:; e Q .? ";. ..c..o ‘0 :. ®
ter by exciting the sample with a filtered Cukadiation | g% ‘.'.‘ e 00, e ®°
of wavelength. = 0.15406 nm. All the peaks observed ® :0 6‘!’:‘ ‘..' 9?9000
in it belong to a single FCC crystal structure of a pure PA "-\2.. .”..Q‘....o ue
cobalt. We carefully studied several samples and all @ N KR .-'.. (N PR @
have shown the same diffractogram. The positions o?, .: % " 40 & ..‘ .~!
. 200 c5an0 S

the peaks were used to calculate the lattice paramete'.. P £
which are givenin Table |. The half-bandwidth&6,, ‘e ..9 a®
in the peaks are in accordance with the crystallite size /' 3 5. @
determined independently by the TEM.situanalysis .".-‘ .. .‘ £
of the compositional maps with an electron microprobe ) e & ..‘
analyzer confirmed a better purity of the sample tharlg @ & “’.
98.5%. No other elemental impurities, except 12 at % . 9.2 ©_ @ @45" &
chemi-absorbed oxygen atoms at grain-surfaces, were
found in a detectable amount 0.1 at %. Figure 1 Transmission electron micrograph of the Co-granules of an

The magnetic properties were measured of 0.1 tGverage 10 nm diameter. The scale bar refers to 50 nm.
0.2 g sample, encapsulated in a plastic capsule, at se-
lected temperatures between 4.2 and 380 K with a vi-
brating sample magnetometer using a magnetic field tehation and reorganization of their structure at atomic
~6.5 MA/m. A low temperature cryostat, with liquid scale [30, 33].
helium as COOIant, was used in ConjunCtion with the The Crysta”ine structure of the Sample or its

magnetometer to perform the measurements at tempesize/morphology solely depends on the experimental
atures as low as 4.2 K. The magnetometer was caliconditions of its preparation. The reduction of an ex-
brated to give the results in SI units using a standargremely dilute 103 M) Co?*-solution thus results
sample of pure iron metal ofs = 2175 Am?/kg at  in an amorphous Co sample characterized with a broad
295 K. Other details are described earlier [2, 6, 10].  x-ray diffraction halo (Fig. 2a), Wit 261, ~ 7.5°, at
26 = 43.8° or scattering vectok = 5.7 nnm %, which is
defined byk =4x sin6/A, with A the wavelength of

3. Results and discussion the radiation used to measure it [35—-37]. A recrystal-
3.1. Microstructure and X-ray diffraction lization of it into the FCC cobalt with a well-defined
analysis x-ray diffractogram (Fig. 2b or ¢) of three characteristic

Fig. 1 shows a typical TEM micrograph of a nanocrys-peaks in reflections from (111), (200) and (220) lattice
talline sample of Co-granules obtained by a co-planes occurs on annealing it at 800 K ip ¢hs. This
reduction from Cé" cations as described above. The FCC structure is stable over a wide range 0-1023 K of
granules are in shape of well-separated thin plateletemperature. Note that the most stable allotrope of pure
of an average diametd& ~10 nm, volumeV = AS=  cobalt, as prepared by other methods[1, 38],isthe HCP
150 nn¥, and aspect rati® /8 ~ 5, with A~75 nn?  cobalt and it undergoes a martensite transformation to
the surface area for one of the two flat faces. A similaf=CC structure around 700 K [38].

microstructure of separated Co-granules of nanometer The FCC Co-granules of size as smallas- 2.0 nm

size is not so easy to fabricate by other methods of &ave lattice volume/ =0.3577 nn3, which is~0.9%
pure mechanical attrition or a thermomechanical attridager than the bulk value reported by other methods
tion [30, 33], or a gas condensation process[1, 3, 34]. A38, 39]. This excess volume has regularly decreased
mechanical attrition of a ductile metal as cobalt hardlyto V = 0.3525 nn3, i.e. below the/ = 0.3545 nn3 bulk
reduces its size below a micrometer scale. On attritiorvalue (Table 1), on increasing their size Bb~ 20 nm
small particles rather expand in thin sheets by deforby annealing the sample at 1023 K for 30 min ia H
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lower co-ordination number and a lower symmetry of
atoms than the core, assumes a lower atomic density on
a larger interatomic distance according to the thermo-
dynamics [34]. It results in two structural components;
(i) the crystalline component (CC) of the core atoms
and (ii) the intercrystalline component (IC) of the sur-
face atoms, in such small grains. The IC includes the
boundaries between the crystallites.

The atoms in CC share their electronic charges by
regular co-ordinations with the neighbors so that there
is no unbalance electronic charge, p&. Ag =0. This
is not true with the IC atoms in their incomplete co-
ordinationsn; with the neighbors. The presumed gra-
dient of Ag; or An; in distributions of atoms in the two
regions in an isolated grain causes a redistribution of
Figure 2 X-ray diffractograms of (a) amorphous and (b) or (c) nanocrys- promlne_r)tl)_/ IC atoms Iﬁcsurface_energy Stat_es above
talline Co-metal powders. Samples (b) and (c) are deduced by annealini1€ €quilibrium bulk energy-statg or nc. In view of
sample (a) for 30 min at 800 K and 1023 K, respectively, in a pure H thermodynamics [10, 27, 34], itinvolves a modified set
gas. of state functions of internal energy volumeV, en-

thalpy H, or entropyS of usually enhanced values of

.- U.e w @ O oW, their equilibrium bulk values. They ascribe modified
..:...0...0.000 .. .. .. 0080."’0‘;:' magnetic structure and magnetic properties in small
® ....00‘. O OOO ) OO(.)‘.‘::C‘ granules as discussed below.
'S 0000 O%:oo 00000000092
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3.2. Magnetic properties

Opn O 3.2.1. Surface magnetization
[ 14 O 9

.OQOOOOOOOO:’ OOOOQOQQOO O‘ o® The Co granules of averag® ~10 nm diame-
00502 T 869 o o) ) : et

00 .%O o 0g 0, 9980 °® ® 'S ter have saturation magnetization=173 Ant/kg
p.... 009, %...‘0...00 OO0 O'g ® ... (163 Ant/kg at RT) at 4.2 K. This value, which is
,'000.‘.'.0000 Og.‘.‘.oog 00% ®®g  ~42% larger than the bulle,= 1661 Am?/kg value
,‘.‘.' 000¢ olole) O..OO °o® .. o ® .. P [27,41], is further enhanced tq = 178 An?/kg on an-
.....‘... ...OO L3 % °o® °o® L] o nealing the sample at 1023 K inpidas. The annealing
.00“:.'0:...‘00@0 Oe® ® e ® o o' reduces grain-surface-passivation (GSP), ifany, formed

by surface oxidation of the granules during the synthe-
Figure 3 A model distribution of atoms in a nanocrystalline metal. The sis process. As the GSP is less magnetic in comparison
atoms forming the core and surface of the grains are shown by the fille . . . _
and open circles. The surface atoms have a slightly off positions of thgO the. Stror.]g ferrom.agnetlc core [4]’ Its reductlon re

sults in an increase in the tot& value. Childress and
Chien reported a similar enhancet) = 175 Anv/kg

(at 4.2 K) for FCC cobalt by extrapolation &f(t) with

gas. It is clearly reflected in shift of the x-ray diffrac- X = 1 in Co.Cu_ intermetallics, which maintains a
tion peaks in Fig. 2c, in respect to those in Fig. 2b,single phase FCC structure upte- 0.8 [42]. The FCC
towards the lower 2-values with reducec 26;, val- structure also in this series could be fabricated only by
ues according td. An average value ob =85 nm, a&nonequilibrium method of magnetron sputtering [42].
against the observed value of 10 nm from the TEM A change in the totabs(t) with a change in GSP in
(Fig. 1), is calculated using tha2d;, values in the this example can be described with a simple relation,
Debye-Scherrer relation [40]. Its small difference with
the observed value indicates a significant lattice strain
in the separated Co-granules. That add$% value
in the total A261,,. It supports their enhanced lattice
volume, as much as 1.5%, as mentioned above.

In 2 to 20 nm granules of FCC cobalt, a significant
60 to 20% fraction of the total atoms forms their sur-
face with an essentially modified distribution of the core g4(t) =
atoms [17, 18]. A model distribution of atoms, as pro-
posed by Gleiter [17], is shown in Fig. 3. According to
it, the core atoms (the filled circles) occupy their regu-where,os(c) is theos value for the core of volum¥/.
lar crystallographic interstitial sites while the atoms atand densityp. while o4(S) is theos value for the GSP
the surface (the open circles) assume their slightly ofbf volumeVs and densityps in a Co-granule of the to-
interstitial positions in order to attain a thermodynam-tal volumeV =V, + Vs and average density. If the
ically stable equilibrium configuration of the system magnetic moment of the GSP is assumed to be neg-
of internal-energyn.. The grain surface, which has a ligibly small in comparison to that for the core, i.e.,

core atoms [after Gleiter in ref. 17].

0s(C)Vepe £ 05(S) Vsps
(Ve + Vs)pt

os(t) = ; )

0s(C) Ve % 05(S) Vs

y f ~ ~ y 2
Vet Vo) it ps~pc~p, (2)
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GSP 180 Hs GSP removed

Jg (c) Og (c)
Core 4
Os (s) -
b—
(a) (c) £
Og (t) 0 | | | 1 L L
A 1 2 3 4 5 6
Magnetic field {MA/m )
O (t) , o
Figure 5 o vs H magnetization in Co-granuleB,= 10 nm; (a) before,
4 _—_ and (b) after hating the sample at 700 K for 30 min ind#s to remove
[}
I the GSP. Ther in (b) saturates at a lower field, ~3.6 MA/m than
AF : F 5.9 MA/min (a).
[}
(b) (d)

in 10 nm Co-granules by heating inlgas. A presumed
Figure 4 A model distribution of magnetizations in the carg{c) and value Qfas(s) as small as 143 AMKQ reveals a_n as _thm
grain-surface-passivation (GS&Ys) of equal volumes in a small Co- GSP film as of a monatomic layer. Such a hig{s) in
granule withos(c)/os(s) = 0.2. Their resultants(t) = 0.5{0s(c) —os(s)}  GSP is plausible in an enhanced magnetic momgnt
presents a lower value in an antiferromagnetic (AF) coupling over aof Co atoms in it on their partial surface oxidation. For
ferromagnetic (F) coupling, shown by the arrow with the dash, in (b). _ .
(c) A removal of GSP results in a more pronounced increase iag(ie example,/,Ln - ]815 M‘? for a free Co atom while 4.2
in (d) in the AF coupling. us for afree C C_atlon [27]. )

In a non-magnetized sample, the magnetic sgins
andS; in the two regions likely order in opposite direc-

0s(C) « a5(s), this relation further simplifies to tions in a low energy equilibrium spin-configuration,
ij S.S; =0. Application of a magnetic fielt, to
Ve measure itsrg(t), excites them along it in their high-
os() = mas(c) (3) energy spin states. At a sufficiently enough value of

H to attain theog(t), the spins in the two regions are

It yields a fractional volume of GSP as smallds=  Set-up essentially in a single direction along thei.e.,
2.8% for D ~ 10 nm granules, using the observed val-os(t) = 0s(C) + o5(s). As can be inferred from the(t)
ues ofo(t) = 173 Anf/kg andos(c) = 178 Ant/kg for  VS. H magnetization curve (Fig. 5a), the surface spins
the sample before and after annealing itindds tore-  in GSP excite and align at relatively high, extending
move the GSP film. This small value &% reveals an the saturation of their magnetizatiex(t) to as highH
extremely small thickness~ 0.02 nm, i.e. smallerthan asHs ~5.9 MA/m. The spins in the core, which impart
expected in a monatomic layer, for it, with(s) ~0, & major part ob(t), magnetize rather easily at much
in this sample of thin platelets of = A= 150 nn$,  lower fieldsH; <3.6 MA/m (Fig. 5b) in the sample
width § ~ 2 nm, and surface area (for one of the flat sur-after cleaning up the GSP by heating it ia g&s.
faces)A= 75 nn? (Fig. 1). In the fact, it can neverbea  As mentioned above, the increaseoigt) in small
thinner than a monatomic layer. A over simplification Co-granules over the bulk value indicates formation
of its os(s) ~ 0 led to this difference. of more unpaired electromsin the Co : 3d*?45%% va-

In fact, theos(s) in GSP has a significant value. It is lence band. For FCC bulk cobadt(t) = 1661 Am?/kg,
coupled withos(c) in the core in a ferromagnetic (F) or Which corresponds ta, = 1.75 ug magnetic moment
antiferromagnetic (AF) fashion according to exchangePer atom, gives an effective value 0t=0.94, or § =
interactions (EXI) between the magnetic spins in thel-94, according to the spin magnetic moment of the
two reigns. The EXI in this case depends on thg  €lectrons [27], i.e.
or Hs anisotropies, the relative magnitudeog(s), and
the thickness of the GSP file The distribution of the mn=(9us/2)}y/n(2n + 1) (4)
spins in the GSP and GSP-core interface designs ac-
cording toe and it ultimately controls their dynamics with g=2.17 the Landey-factor [27]. It ascribes a spe-
and exchange coupling with the spins in the core. Agific electronic structure of 8 paired and 0.94 unpaired
demonstrated in Fig. 4, in either case of F or AF distri-electrons in the 3d band, leaving 0.06 electrons in the
bution of the spins, a decreasecifeads to an increase 4% conduction band. A similar electronic configu-
in the totalog(t) value. The effect is less pronounced ration with 0.06 holes in the 3d band, i.e. 5 spins up
in the F distribution in the two regions, in consistentand 4.06 down, leaving 0.06 electrons in the conduc-
with the experimental observation, which reveals onlytion band, ascribes the sameor u, value, but it is
asmall 2.8% increase i(s) on reducing the GSP film not a feasible electronic structure of cobalt. It involves
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a larger number of 9.06 valence electrons than a tc = A
tal of 9 ones available in it. In larger Co-granules of

D ~ 20 nm, all the nine valence electrons occupy only 3}y | el
the 3d band, witln = 1 unpaired d-electron, according s 2f
to their observeds(t) = 178 Ant/kg or 1.88.g. ol s

T2k i J®
3.2.2. Surface-spin-glass (SSG) structure S i S
The large IC region, with a large surface a®aor = a ,'—%13’33—5———
interface energ¥ c = Qyic (with yc the interface en- < = o e
ergy density), in Co-granules of an average 10 nma ' o' tnm™
smaller diameters configures a modified spin distribu
tion of it than in the core, forming a biphasic magnetic | Hlotelet P
(BPM) structure. The atoms in this presumably atom A T Buk vaiwe T
ically thin region are reordered according By and 00 : 1'0 1‘5
the structure of the core so that its final structure has Diameter, D {nm)

minimal E,c value. It does have a locally short range
order structure of a droplet of a highly viscous liquid. Figure 7 Anisotropy-energy constartes as a functiqn of average di-
It, therefore, presents a spin-glass like surface StructurélmeterD of Co-granules of (a) platelet and (b) spherical shapes. Extrap-

A bel itical e i | olation of its straight line part of AB to the bulKe value at point C
t temperatures elow a critical valug, In ana ogy determines the criticdD* = 2.9 nm value ofD, below which it has the

to amorphous structure in a supercooled liquid, it canineard dependence. The figures in the inset are the linear pldtspf
be regarded as to be frozen in a high magnetic viscoswith D! according to relation (8). Points Q and &e intersections of
|ty state (metastable). This is exactly demonstrated by“le experimental lines of OP and®to the K¢g-axis The data marked
ZFC-FC (ZFC: zero field cooled and FC: field cooed)?s (1) and (2) are taken from ref. 5, 14].
thermomagnetograms in Fig. 6.
The Z.FC thermomagnetogram (Fig. 6a) 1S thamedlndicates a sudden increasei(t) at Tg ~ 70 K, which

by hea’qng a sar_nple dd =10 nm granules (initially ascribes the onset of the freezing process of the mag-
cooled |nl_—| = 0 field) between .4'.2 and 389 K unqler A hetic spins in the SSG layer. AS— Tg, part of mag-
g?oncslzﬁ]mf'?ég;t?g}”;;;:ﬂg?'tz? S%eiﬁll?;%p;ile“%etic spins excited in high-energy thermal activation

xing pre o y Of superp 9"Utates relax and ultimately set-up aligned in the direc-
particles with a distribution of blocking temperaturestion of H at Tr, and result in the increased(t). The

— 1 _ F» .

atT.B N 15.2 K. In the classical theory of stperparamag ferromagnetic (F) core changes its orientation by co-
netic particles .[27]’ thd represents the C.”tlcal tem- herent rotation with a SSG layer that slowly relaxes in
perature at W.h'Ch the mefcastable _hysteretlc FeSPONSE I3 1 _direction according to its anisotropy energy
lost for a particular experimental time frame. The hys-

. ; An average value of effectiué = K = 0.42 MJ/n?
teretic response is observed only o¥ex Tg because : : . . N
thermal activation is not sufficient to allow the imme- (Fig. 7a) is estimated using the obserxee- 150 nn¥

diate alignment of spins with the applied field. Fur- andTg = 152 K for D = 10 nm Co-granules (platelets)

thermore, the FC curve is measured during cooling the” the well-known relation [5, 27],
sample back to 4.2 K with the field. Thet) in it mono- 30KaT,
tonically increases as temperature decreases, deviating Keff = BB
from the ZFC curve alg. Nevertheless, a close-up of v
the FC curve (Fig. 6¢) at an expended scale-@ixis

: ®)

with Kg =1.3807x 10-22 J/atom-K the Boltzmann’s
constant. Co-granules of a spherical shdpe; 7.8 nm
[14], although have a simildfz = 160 K, do not show a
significant change i ¢ over the bulk value. A mani-
fested value oK ¢ in this case appears at much smaller
D below 5 nm [5] (cf. Fig. 7b). AKeg = 2.25 MJ/n?
thus has been found at as smBllas 2.0 nm, con-
sistent with K = 3.0 MJ/n? reported for spherical
Co-granules oD = 1.8 nm [5]. As shown in Fig. 7,
the Keg involves two distinctD-dependence in this
region of curve of OP in the platelet or the curve of
ABO'P in the spherical morphology. The slope of the
Kef — D curve changes prominently in the latter case
atD = D*=2.9nm. Here D* defines the critical value

=4
w

o
~

o

Magnetization (Amz/kg )

0.0

o S0 1 150 200 20 300 3%0 of D below which the value oK ¢ is rapidly boosted
Temperature (K] up by the quantum-confined size effect of it. It is deter-

_ o mined by extrapolation of thK.¢ — D straight line of
Figure 6 (a) ZFC and (b) FC (at =1 kA/m applied field) thermomag-

netograms of Co-granules of diamel2e 10 nm. A peak appearsin (a) AB to the _bUIkKeﬁ value at point c (Flg. 7b)' .
atTg = 152 K in their blocking process. (c) A close-up of (b) inthe inset A peculiarly enhanced surface amSOtropy determines
indicates a sudden increase in the magnetizatior7&tK. the enhanced¢ in so small granules. In this case, the
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total anisotropy energy for a granule of voluiecan
be written as [23]

Ea = Keffv
=K,V + KA. (6)

On dividing byV it results in
Keit = Ky + Ks(A/ V), @)

whereK, and Kg are the volume and surface-energy
constants. A spherical or cubid geometrical shape ¢

diameter or sidd hasA/V =6/D. A thin platelet of

a large aspect ratioB /8, as in this example, gives a
further largerA/V ratio. Thus in a more specific and

realistic form Equation 7 can be expressed as

6P
Keff = KV + {_:| KS7 (8)

D

where® defines deviation from its ideal value of unity

in a perfect spherical or cubid shape.
According to Equation 8, a linear plot ¢ with
D1, in Fig. 7c, determine&, = 0.09+ 0.01 MJ/n?

and Ks=0.26+0.03 mJ/nt in the spherical and

Ky =0.27+0.01 MJ/n? andKs=0.23+ 0.03 mJ/n?
in the platelet morphology (assuming the saine 1
as in the spherical one) of Co-granules Df> D*.

3.0F
Q,
_20F
mE
=
=
3
1.0
7
Ve
-
b’
L ___= Buli value _ _ _ _ __ _ ___|
0.0 I 1 1 {
0.0 0.05 0.10 0.15 0.20
' inm "

Figure 8 A linear plot of K¢ with reciprocal of reduced diametdrof
the Co-granules according to Equation 11.

as the reduced value & in Co-granules of confined
sizeD < D*, then it simplifies Equation 9 as

6P
Keﬁ = KV + [—} Ks. (11)

d

This is phenomenologically similar to Equation 8
discussed above. It is plotted in Fig. 8. As ex-
pected, it yields a more or less the same value of

The value ofK, estimated by the extrapolation of the K;=2.2840.03 mJ/n? as obtained by a diredfe

straight line of OP to point Q witlD 1 — 0 for effec-

vs D1 plot according to Equation (8) within the ex-

tively large granules of platelet morphology is essen-perimental errors.
tially the same as the bulk value. A spherical shape in The value of Ks=2.28+0.03 mJ/n¥ for Co-
so large granules is not feasible crystallographicallygranules is as larger as30 times a value of 0.09 mJm

A similar extrapolation ofKeg to D-1- 0 in this

analyzed for similar spherical granules @fFe by

case, therefore, results in an erroneously much smalleheir Mossbauer spectrum [23]. Also the valuegf=

value of K, =0.09+0.01 MJ/n? by the intercept of
the straight line of 7 Q.

At D~! above its critical value ob* = 0.35 nnt?,
a similar linearK ¢ vs D~ plot of ABC appears with
an order of enhanced value Kt = 2.27+ 0.03 mJ/n¥
(Fig. 7c¢). Its extrapolation to point C on the bidkline
specifies thé®* ' = 0.35 nnt * value only above which
it obeys the involved process Bf-dependence df ¢.

0.27 MJ/n? is roughly six times larger in cobalt [5,
27]. A dramatically improveds = 1.0 kJ/n? appears

in a-Fe thin films of a submicrometer thickness [43].
Unfortunately, no other report is available on cobalt to
perform a direct comparison ¢fs obtained by an in-
dependent method. Nevertheless, altogether the results
demonstrate, qualitatively, that the surface anisotropy is
inherently related with the structure, morphology, and

In a more practical form this relation can be rewritteneffective size of the sample. A small sample of quantum
by shifting the origin of the co-ordinates from (0, 0) to confined size of a largely modified original crystallo-

(D*, 0) so that theKe reads aky at D1 =D*".
The replacement ob~1 by D~1 — D* according to

graphic shape of it by its largé,c surface-energy thus
exhibits a large value of itKs.

itin Equation 8 and then a minor re-arrangement of the In terms of the micromagnetic structure, in these

terms yields
6P
Keff = Kv + DD*(D* - D)K&
6d [ D*
=Kv+§|:3—1j||<s» 9)

with D < D*. Obviously, in this relation, aB — D*,
Kef = Ky, i.e. the bulkK -value. Now, if we define,

o-[(5-

(10)

small granules, in which 20 to 60% of the total atoms
form the grain surface [18, 44], the total magnetic spins
in IC becomes compatible to that in the core. A redistri-
bution of the spins, if it is different in the two regions,
occurs in this case, forming a sample of a more or less
single spin distribution. It accords with its enhanced
K value from 0.42 to 2.25 MJ/fn(Fig. 7) with an en-
hanceds(t) from 173 to 216 Am/kg (or 2.28ug per
atom), in Fig. 9, in a decrease of its sikefrom 10

to 2.0 nm. Such a highs(t) in Co: 3d %453 can be
ascribed using the mixing between the d and s-valence
bands. For example, the averagét) = 2.28 ug mag-
netic moment observed per Co atom in 2.0 nm granules
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TABLE Il Observed magnetic moment, calculated spin and orbital magnetic moments;'8ds*~% band structure, and number of unpaired
electron spinsr() in the 3d-band in the FCC Co-granules

3d"—%4s~% Band Spin-orbit (S-O) S-@ Orbital
structure coupling(ug/atom) polarizatiof (ug/atom)
Mn
Sample {te/atom ) 3d+e 489 n Spin Orbital Total Spin Orbital Total
Bulk
1.75 8.94 0.06 0.94 1.595 0.079 1.674 1.596 0.122 1.718
Granules
D =20 nm 1.88 9.00 0.00 1.00
D=10nm 1.83 8.97 0.03 0.97
D=2.0nm 2.28 8.75 0.25 1.25

aThese calculated values of the magnetic moments are reported from ref. 8.
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Figure 9 Saturation magnetizatiorwd) of Co-granules at 4.2 K (bulk

Figure 10 Magnetic field dependence of the spin-glass transition
0s=166.1 Am?/kg). 9 9 ) dep pin-g

temperatur@r showing the AT line, i.esTr oc H%/3. Te(H =0)~ 71 K
is obtained by extrapolating the AT line backkb=0.

gives an average = 1.25 unpaired electrons in the d-

band according to relation (4). As described above, itthe variation ofTe with H follows the de Almeida-
ascribes 1.25 holes in the d-band, i.e. 5 spins up andhouless (AT) type power dependence [45], i.e.,
3.95 spins down, leaving a total of 0.25 electrons in the

conduction (4s) band. It might have a correlation with T %2

a small~4.6% expansion of the lattice and/or atomic Har(T) = B[l - T_J +C (12)
volume observed in small granules.

The spin-orbit (SO) coupling and SO and/or orbitalwhere B andC are arbitrary constants. As plotted in
polarization, which, in fact, are modified with the mod- Fig. 10, it represents a best fit to the experimental data
ified 3945’ band structure, are two other impor- points with a straight line. Its extrapolation kb — 0
tant parameters which modify the tow|(t) in small  determines the absolute valueTef=71 K atH = 0.
granules. Gaschet al. [8] calculated spin and orbital  This T transition appears a general feature of single
magnetic moments for FCC cobalt from self-consisteninagnetic domain particles of siZ#< D.. We studied
energy—band calculations. The result (Cf. Table ||) isthatg Variety of samples of pure metals [46], rare-earth (R)
they have a very little 5 to 8% effect of these paramebased RFgor R.Fe4B intermetallics [9, 47, 48], or
ters. Their resultant value, 1.60 to 1./48, of course, ferrites [2, 11] and all of them have been found to have
is far smaller thar(t) = 2.28 g observed per atom a T transition in the 0-300 K range [46]. Its position,
in D=2.0nm Co granules. shape and size is determined primarily by their size,

morphology, surface structurégs andKy anisotropies,
and other experimental conditions.

3.2.3. Dynamics of the SSG transition Amongst all these examples, peculiarlyifFe,0s,
The SSG transition temperatufie at which the ir-  Tg persists to a relatively large field as 4.4 MA/m (few
reversible magnetization, defined asr =orc(T) —  kA/min others) [49]. A smaller field does not break up

ozrc(T), differs from its zero value, demonstrating the the strong coupling between the spins in the SSG layer
onset of the freezing process of the magnetic spin in thas the origin of the high field irreversibility. STM (scan-
SSG layer, decreases Hsincreases in the 0—-42 kA/m ning tunneling microscopic) images of surfaces studied
range. AtH > 42 kA/m, both ZFC and FC thermo- for stable iron oxides reveal a fascinating and complex
magnetograms follow a common path wifv =0.  surface topology of a biphase ordering of atomically
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of H. at selected temperatures with relation (13). As
shown in the inset to Fig. 11, it accords with a linear
variation ofHc with T2 at earlyT < Tg temperatures.
The power increase dfic over T < Tg indicates a
close relation of it with the freezing of the magnetic
spins in the SSG layer in a preferred orientation at low
temperatures, especially at< Tg, which follows the
Tg, with AT = Tg — Tg found to be 81 K. It can be at-
tributed to the extra energy required for the switching
of the magnetic spins that are pinned by the strong ex-
change interactions with the frozen SSG layer. The SSG
layer surrounds the CC core which is single domain in
nature. In a randomly oriented assembly of separated
nanosized granules, it mediates as strong pinning barri-
ers to the CC single domains. It inhibits local magnetic
coupling between the granules in intimate contact, at
low fields H < H, so that they behave to be ideal sin-
Figure 11 Temperature T) dependence of coercivitilc. The inset  gle domain magnetic particles with a locally pinned
showsH(T) to obey a Iinear'l'l/z—dependence with a blocking tem-  structure of magnetic Spins at the interface with the
peraturefg =152 K. SSG surface. Magnetically, the SSG layer is more hard
to magnetization than the core as evident by its high
thin oxide surfaces [10, 50]. This is confirmed from field magnetization which saturates at a field as high as
their low energy electron diffraction (LEED) patterns °-9 MA/m (Fig. 5). In a strong ferromagnet, as in this
[50]. Heijdenet al.[10] reported that Fg, magnetic  ©@se, in absence of the pinning barriers at grain bound-
layers separated by a thin nonmagnetic surface as @S, the domain walls run continuously from grain to
MgO of a nanometer thickness have a strong ferromaggrain without an interruption through several grains,
netic coupling. The coupling strength increases dramatlo'ming an extended domain structure with a Iéty
ically with decreasing its thickness below 1.3 nm, con-value [48, 51]. i
firming the existence of ferromagnetic bridges through The He=39.5 kA/m (at 4.2 K) observed for thin
the spacer. platelets is considerably smaller even than a value of
A controlled partial surface oxidation of Co-granules ~103.5 kA/mreported at RT for spherical shaped gran-
in this example results in a similar biphase layered surtes Of similar size of FCC cobalt [1]. Cheat al. [5]
face structure. An oxygen content of 1 to 2 at % hasStudiedHc in spherical particles of much smaller diam-
been analyzed in as small Co-granules a@ef 10 nm  ©ters of 1.8 0 4.4 nm at selected temperatures between
by elemental analysis. This is of current interest in the? @nd 300 K. AH. as large as 91.5 kA/m (at 10 K)
growth and properties of a short of mesoscopic magWas found aD as small as 4.4 nm. This marked dif-
netic structure, especially important as high-densityference inHc in the two morphologies can be ascribed
storage media [12, 50]. Desirably modified magneticP¥ invoking in contributions of théis (surface) and,
properties with the ordered biphase magnetic structur€Shape) anisotropies. It can be formulated using Stoner-
in small granules are promising the development ofVohlfarth theory [29], which predicts its value of

novel magnetic materials and their devices.
g He(0) = P{Ha — Hs — Hp)

Coercivity, He (kA/m)

0 40 80 120 160 200

Temperature (K}

3.2.4. Coercivity = P{Ha— He, (14)
The coercivityHc, which is zero afl > Tg, monoton-  with

ically increases with a decrease in temperatlriee-

low Tg, as portrayed in Fig. 11. It follows an empirical Hsb = Hs + Hp, (15)

relation, ) ) S
for an assembly of non-interacting uniaxial single do-

" main particles, wherd® is a geometrical parameter
He(T) = HC(O)[l_ {T_B} ] +C (13) [52]. The P takes a value of 0.48 for thin platelets
(single domain) with a larg® /8§ > 3 aspect ratio [12,
atT < Tg, with the exponenh ~ 1/2 and the constant 52]. An average value dfls,~ Hp, with Hs~ 0, suc-
C =0 for thin platelets of FCC cobalt of average diam- cessfully describes its contribution i in hard mag-
eterD =10 nm andlig = 152 K. The same relation was netic particles [2, 29, 52] in which it is very small as
proposed by McHenrgt al.[14] to describe tempera- compared to théd, = 2K1 /05 value, withK; the first
ture dependence oi; in carbon coated Co granules of anisotropy-energy constari, = O for a perfect spher-
a spherical shape. Far=0, it gives 0—K value of co- ical and 4r o5 for a thin platelet shape (in the direction
ercivity Hc(0)=40.0 kA/m, in a close matching with of K; perpendicular to its flat surface). Other shapes
an observed value of 39.8 kA/m at 4.2 K. The valuehave the values in between these two values.
of n=1/2, which is most likely related to process of For similar particles of a soft magnetic material, in
excitation/de-excitation of strongly co-related surfacewhich Hg, or H, > H,, a modified relation (14) can be
spins in SSG layer, is obtained by a numerical analysisised. According to our experimental results, it can be

3569



TABLE Il Saturation magnetizatian, coercivity He, and effective anisotropy-energy constint for small granules of FCC allotrope of pure
cobalt metal obtained from the chemical-reduction of the metal cations

os(Am?/kg)
Structure RT 42K Hc (KA/m)?2 Ketr (MI/mB)2
Amorphous 135 150 0.80 —
FCC structure
(a) Bulk 164.8 166.P — 0.27d
(b) Nanocrystalline
D= 10nm 161.0 173.0 39.8 —
D= 20nm 165.0 178.0 35.0 —
D= 1.8nm <40° 216° 0 3.C
HCP structure 1618 163.P 0 0.53

(Single crystal)

aThe values for theH; or Keg are reported at 4.2 K.
b. ¢ and9 These values are taken from references 41, 5, and 27, respectively.

written as metal of a new FCC crystal structure of a controlled
H size of a nanometer scale. A proper adjustment of
He(0) = P Ha|:1 _ {_Sb}A} (16) their concentration and pH permits a desired control
Ha of size and morphology of the granules. Small gran-
; : les of an average diamet& below 5 nm assume
Here, the functionf (Hsp) = (Hsp/Ha) A in the second Y | )
(Hsp) = (Hso/ Ha) a spherical shape. A platelet shape appears at bigger

term defines an effective structural fractional value®, . . 4
of He, Which imparts the totaH,. The coefficientA sizes. The FCC structure with a quantum confined size
S C-

has a positive value between 0 and 1 so that it dei_n small granules is peculiarly thermally stable over a
fines a positive fractional (Hsy) < 1 value. In the case wide range of temperature, 4.2-1023 K. Aconvennonal
of a hard magnetic material, in whicH,/Ha ratio bulk sample of pure cobalt metal obtained by other
is already smaller than 1, this relation applies Wi'[hrn‘aﬂ.1OdS has a HCP structure and that undergoes.a re-
A=1. With the standardi,=5889 kA/m value (as versible HC_P@ FCC martensite phase transformation
for the HCP cobalt) [27], it gives an optimal value of at~700 K with achangeoofenthalpyH :44.0 kd/mol
He(0)= 2827 kA/m for spherical particlesHy = 0), or vqumeAV(V ~0.36% [30, 32]. According to the .
with the same value oP =0.48 as for the platelets t_hermodynamlcs, the small gr_a_mules assume a modi-
[12, 52]. That is still as lager as twice the experimen—]cled morphology and/or a mOd.'f'eq qrystal structure so
tal value. In fact, the particles in question have somethat their total surface-energy is minimum [46]. The

magnetostatic interactions, which further lowers its ﬁ_lczlggratnuk:sD = 29[ nm, Im this exf:?mgzle lsupporlghe
nal value as follows: structure as it involves an effectively smalfer

than the HCP structure. That determines a lower value
He(p) = He(0) — aBos (17) of enthalpy of its formation over the HCP structure.
Therefore, it is substantially stable and does not trans-
where « is the packing fraction and the coefficient form to the HCP structure which is the most stable
B=217/4x for randomly packed particles [53]. It allotrope of cobalt otherwise.
yieldsH¢(p) = 120.9 kA/m, with the experimental pa-  The atoms in the grain-surface forms a spin-glass like
rametersy = 0.82 andos = 165 An?/kg (cf. Table Ill),  metastable magnetic structure with a high configura-
consistent with an optimal 119.4 kA/m value reportedtional entropy of the core according to the basic princi-
by Gonget al. on single domainD. =20 nm, Co gran-  ples of the thermodynamics. As expected, the atoms in
ules of a spherical shape [1]. the surface-spin-glass (SSG) have a presumably lower
For the morphology of a thin Co platel®,=10nm, co-ordination number in a reduced symmetry of the
with shape anisotropMs, = 4 pos, the same parameters core atoms. This results in a modified electronic struc-
with an empirical value off (Hsp) ~ 0.1, i.e. A~0.1, ture of the Co:36&4s~% valance band, which in-
resultin adecreased valuetdf(P) ~ 40.8 kKA/mwhich  volves a more number of unpaired’3é electrons than
accords with the observed 39.8 kA/m value (at 4.2 K).thatinacore atom. As a matter offact, a surface atom as-
Whatever the basis of the selection/fthe result en- sumes a larger value of the spin-magnetic moment than
visages that it sensitively modifies the find} if the  a core atom. The magnetic spins in the SSG layer are
morphology differs a perfect spherical shape. Its knowl-ferromagnetically coupled to those in the core. The cou-
edge is important for designing of highs, single do-  pling strength increases drastically with increasing sur-
main particles of an extremely sméll, especially use- face area in small granuleB, < 20 nm, and is ascribed
ful for magnetic switching applications [12, 13, 48].  to the existence of ferromagnetic bridges through the
interface. It successfully explains their enhanced value
of saturation magnetizatian(t), by as much as34%,
4. Conclusions observed over the bulk value. The effective anisotropy
A chemical co-reduction of dispersed €ocations in  energy constanKey is monotonically increased by a
a liquid results in separated granules of pure cobaltnore than an order of magnitude with a decrease in
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D from 10 nm to 2.0 nm. A chemisorption of oxygen 15
atoms at the grain-surface form a similar surface layer

of partially oxidized Co atoms with a ferromagnetic &

coupling to the spins in the core.

. . .17,
The SSG undergoes a magnetic transition to a spingg
frozen metastable magnetic state at a critical temperg

ature T =71 K. The Tg evolves following the well-
known de Almeida-Thouless line [453]TF o« H%/3, for
H <42 kA/m. The thermomagnetograms in ZFC-FC

(zero field cooled-field cooled) processes show an irre?2-

versibility below the blocking temperatutg, which is
foundto be larger thafe. At T < Tg, the SSG supports
a high value of coercivityH (T), which monotonically
increases with decreasing the temperatlirdollow-

ing a unique temperature dependendgT) = Hc (0)
[1—T/Tg]", withn=%2 andH. (0)= 40.0 kA/m. The
studies of the magnetizatieanand anisotropy constant
Kest @s a function of temperature (4.2—380 K) and/or

the grain size (2—-20 nm) demonstrate that these havg

a strong correlation with the density of the surface

spins (DSS) and their dynamics. A large DSS in smalks.
granules determines an enhanced surface-anisotrop¥?:

energy (SAE). An average value of the SAE constrain
Ks=2.28+ 0.03 mJ/m is determined by a linear plot

of Keff againstD 1, atD < 2.9 nm. The larger granules 31

have an order of smaller magnitudekd.

32.
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