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Magnetic anisotropy and order parameter in nanostructured CoPt particles
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The correlation of magnetic anisotropy energy with order parameter in the crystallites of CoPt
nanostructured particles prepared by thermal decomposition and further annealing has been studied
by investigation of the approach magnetization to saturation curves and x-ray powder diffraction
pattern profiles. It is shown that magnetic anisotropy energy value in partially ordered CoPt
crystallite could be described as an intermediate case between two extremes, corresponding to
either single or several c-domains of L1, phase in crystallite. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824973]

Huge magnetocrystalline anisotropy in ordered CoPt
and FePt alloys makes them good candidates for overcoming
the superparamagnetic limit—the main barrier to the pro-
gress of magnetic memory development.' Unfortunately
magnetic anisotropy energy (MAE) in CoPt nanoparticles
turns out to be much smaller than in the bulk alloys.®”'" In
nanoparticles within the size below 4 nm the MAE reduction
is attributed to the thermal instability of ordered L1, nano-
crystals.® In nanoparticles with the size about 10 nm there is
no structural and magnetic instabilities, but MAE is still
smaller than the bulk value due to the presence of several or-
dered L1, domains inside.'? Another origin of MAE reduc-
tion is the incomplete conversion from Al to L1 structure,
i.e., the value of order parameter S is lesser than 1. The crys-
tal field theory predicts correlation of MAE (K) and order pa-
rameter as K ~S* for partially ordered homogeneous CoPt
alloy.l3_15 The correlation K ~ S is assumed for the particles
with the co-existence of full-ordered L1, and disordered Al
regions within one crystalline nanoparticle.'” The correlation
K ~ 5% has been observed in the bulk crystal in the range of S
from 0.8 to 0.9."° However there is still no direct experimen-
tal data present on this correlation in CoPt nanoparticles
undergoing transformation from Al to L1,. Few reports are
available on the dependence of the coercive force in the
CoPt and FePt nanoparticles and nanoalloys on the order pa-
rameter. %17 However, it is hard to use the coercive force
value for direct estimation of the magnetic anisotropy energy
in nanoparticles because of the interparticle interaction
effects. It is appropriate to measure MAE by the methods
that are not sensitive to the interparticle interactions, such as
the approach magnetization to saturation law in high field
regime.lg_22 This paper is devoted to the experimental study
of the correlation of magnetocrystalline anisotropy energy
and order parameter by means of investigation of the
approach magnetization to saturation law in CoPt nanostruc-
tured particles.

The samples of equiatomic CoPt nanoparticles were
prepared by thermal decomposition of precursor compound
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[Pt(NH;)4][Co(C504)>(H,0),]-2H,0.% As-decomposed par-
ticles were annealed in helium atmosphere at 400°C and
500°C during 2, 4, 8, and 16 h. The CoPt powder was
studied over the 20 range 5°-120° on a DRON RM4
powder diffractometer equipped with a Cu Ko source
(A=1.5418 A) and a graphite monochromator. Silicon pow-
der was used as a line profile standard. Instrumental broad-
ening contribution was modeled using pseudo-Voigt peaks
with FWHM’s and weight coefficients parameterization
according to the Caglioti formula.?* Indexing of powder dif-
fraction patterns and estimation of unit cell parameters was
performed using Fityk® software package according to
space group constraints. Estimated parameters were then
used as initial values for Whole Powder Pattern Modeling
(WPPM)?® procedure using the PM2K package.”” WPPM is
an advanced line profile analysis technique, which allows
one to simultaneously take into account various broadening
sources. Refinement is performed in terms of real physical
parameters—crystalline size distribution, dislocation den-
sity, faulting probabilities, etc. Unlike Rietveld method
which we have used in the preliminary work,”® no system-
atic error arising from choice of arbitrary bell-shaped func-
tions is introduced. To estimate order parameter we use
ratio of superlattice (h+k+1=2n+1) to fundamental
(h+k+1=2n) reflection intensities, e.g., lo1) 0 Io2)
Several pairs of reflections could be used in order to
improve accuracy, c.g., 1(001)/1(002) and 1(003)/1(002). The
order parameter is computed according to the following

equation:
5\ 05
Toon) (;Co +fPr )) 0
002) Co S()()l S()Ol) ’

where  sp = (sinOp) /4, f(s) = 2?21 a;exp(—b;s*) + ¢
(atomic scattering factor for the corresponding reflections,
which is calculated using interpolation coefficients* a;, b,
and c). Interpolation is valid for Cu K, radiation in the whole
scanned 20 range. Intensities used in Eq. (1) are corrected
for Lorentz-polarization factor, and x-ray absorption is
neglected.

© 2013 AIP Publishing LLC
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Magnetic measurements were made by SQUID MPMS
(Magnetic Property Measurement System) and VSM PPMS
(Physical Property Measurement System) - Quantum Design
magnetometers in the fields up to 90kOe at 5K and 300 K.
The powder sample was fixed in wax matrix to avoid particle
displacement in VSM cell. In order to eliminate the effects
of thermal fluctuations on the measured value of MAE,12 we
analyze the data measured at 5 K only.

Magnetocrystalline anisotropy in polycrystalline and
nanoparticle systems with randomly oriented easy magnet-
ization axes could be investigated via study of approach
magnetization to saturation curves. According to Refs.
18-20, the high- and low-field regime for the approach mag-
netization to saturation law should be distinguished.
Magnetization curve in H > Hp = 2A/M R range is deter-
mined solely by competition between the energy of the exter-
nal magnetic field and the magnetic anisotropy energy and
thus allows to determine the latter from the experimental
M(H) curve by fitting it with Eq. (2) given below.'®? Here
A is the exchange constant, R. is “structural correlation
length” or the average crystallite size D =2R,., and M, is
saturation magnetization.20 Using A=1x 10 “erg/cm,
M, =800 Gs' and the crystallite size from XRD for CoPt
particles, we obtain for the samples Hr < 6 kOe (D > 10 nm).
Thus, performing measurements in the fields close to 50 kOe
(by MPMS) and close to 90 kOe (by PPMS), we are working
in the high-field regime. According to the approach to satura-
tion law in the high-field regime M(H) curve behaves as'20

M(H) = M,[1 — (C/H)?], )

where C = aH, is the product of magnetic anisotropy field of
crystallite or nanoparticle H, and coefficient a which
depends on whether nanoparticle has uniaxial or cubic
anisotropy.'®

We have to discuss whether the applied field (up to
90kOe) is enough for using Eq. (2) which is obtained in the
limit of H>> H,,, taking into account that for CoPt L1, fully
ordered phase H,(L1y)~ 120kOe. Figure 1 shows that re-
versible part of well-known Stoner-Wohlfarth magnetization

MM,

1 H/H 10

a

FIG. 1. Approach magnetization to saturation curve for Stoner-Wohlfarth
particles with randomly oriented easy axis. Inset shows hysteresis loop for
Stoner-Wohlfarth particles. Thin solid line represents Eq. (2) with
C:(]/IS)I/ZH(,. Bold black line represents Eq. (2) with corrected C
coefficient.
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FIG. 2. TEM images for (a) as-decomposed and (b) annealed at 400 °C for
2 h CoPt nanostructured particles.

curve for particles with random orientations of easy magnet-
ization axes®’ is described by Eq. (2) for the fields H >3 H,,.
In the case when applied fields are in the range (0.7-1) H,
(that approximately corresponds to our case) magnetization
curve could be fitted by M ~H 2 too (bold line in Fig. 1).
Thus we correct C obtained from fitting M(H) in the fields
between 0.7 S-H,(L1y) and S-H,(L1) by the factor of 1.12 to
offset the shift of the bold line in Fig. 1.

Individual particle of the as-decomposed CoPt powder
is sponge-like agglomerate of crystallites with size about
10nm (Fig. 2(a)). The annealing of CoPt powder results in
growth of crystallites and formation of several distinguished
nucleation sites inside single crystallite (Fig. 2(b)).
According to XRD patterns (Fig. 3) as-prepared CoPt nano-
particles are characterized by disordered fcc structure.
Superlattice reflections appear and grow on XRD patterns
during annealing (Fig. 3).

The hysteresis loop is significantly transformed by the
annealing (Fig. 4). The increase in value of the coercive
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FIG. 3. X-ray powder diffraction patterns for as-decomposed and annealed
CoPt nanostructured particles.
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FIG. 4. Hysteresis loops for as-decomposed and annealed CoPt nanostruc-
tured particles at 5 K. Inset: the magnetization curve fitting by Eq. (2) for the
CoPt particles annealed at 500 °C for 16 h.

force during annealing (from 0.4 kOe in as-decomposed sam-
ple up to 14.5kOe after annealing at 500 °C for 16 h) for the
investigated CoPt samples is caused by formation of the L1,
regions.

Parameter C obtained from fitting M(H) by Eq. (2) is
C = (1/15)"H,, for uniaxial and (2/105)"”°H, for cubic anisot-
ropy.'®?° In the case of the investigated particles there are both
uniaxial and cubic contributions in MAE for L1, and Al
regions, respectively. The expression for the combined
magnetic  anisotropy  case  C = [1/15- (f - H,(L1p))*
+2/105((1 — f) - Hy(A1))?]"/? should be used where f is the
fraction of the ordered phase.%_33 Given that H,(L1)
> H, (A1) we obtain C~ (1/15)"?H, = (1/15)"*H(L1,)f. The
effective magnetic anisotropy constant is calculated as
K=H, M/2=C-M;15"%/2.24, where M, is assumed to be
800 G as in the bulk crystal.' We have determined the MAE by
the fitting M(H) curve with the approach magnetization to satu-
ration law in the field range 85-90kOe (see inset in Fig. 4), i.e.,
in the high-field regime Eq. (2) that corresponds to the averag-
ing of MAE inside regions with the size below 10 nm,” being
close to the size of crystallite. Thus the estimated MAE corre-
sponds to the single crystallite.

Assuming homogeneous partially ordered L1, phase
spreading over the whole crystallite the experimental points
in Fig. 5 should be consistent with the curve K =K(L1y)-S*
(K(L1y)=4.7 x 10’ erg/cmS), but that is not the case. We
then examine more realistic model of the CoPt powder con-
taining both ordered L1, and disordered Al regions. There
are several distinguished nucleation sites in one crystallite
(Fig. 2(b)). It has been experimentally shown that even
2-10nm sized CoPt nanocrystal can contain several L1,
regions.34_36 Taking into account the size of our crystallites
about 10nm, we consider the existence of several
c-domains with different c-axis directions inside single
crystallite to be a plausible assumption. In this case experi-
mentally determined order parameter S depends both on the
fraction of the ordered phase (f), and the degree of the solid
solution ordering in the tetragonal L1, domains (S, q.):
S=fSorder It is established for FePt particles that the
magnitude and major changes in the average order

Appl. Phys. Lett. 103, 152404 (2013)
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FIG. 5. Magnetic anisotropy energy at 5K in a crystallite of nanostructured
CoPt particles with different degree of ordering.

parameter S during annealing are associated mostly with the
changes of the fraction of the ordered phase (f) while
Sorder~1 and remains almost constant during structural
transformations.'” Therefore, we assume S=f. We then
consider two extreme cases: one or many completely or-
dered L1, domains inside disordered fcc matrix.

In the first case K =K(L1p)-S (Fig. 5 top straight line).12
Points lying below line K= K(L1()-S are assumed to corre-
spond to the presence of several c-domains of L1, phase in
CoPt particles. It was shown that if there are multiple L1,
domains oriented along one of the three orthogonal axes of
the initial fcc structure, with the full conversion from Al to
L1y, one should expect the magnetic anisotropy to be
K(L1)/3."* In the second case K = K(L1,)-S/3 (Fig. 5 bottom
straight line). This result is obtained under the assumption
that the volume fraction of L1y domains occupying each of
the 3 possible orientations is the uniformly distributed ran-
dom number. This assumption is plausible if large number of
L1y domains is located inside nanoparticle. Intermediate
case, when the particle has few L1, domains imply depend-
ence K =K(L1p)-S-¢, where ¢ is ranging from 1 to 1/3. This
clarifies the distribution of data points in Figure 5 between
the top and bottom lines and means that the crystallites of
the studied CoPt particles contain few L1, domains.

To sum up, we have experimentally shown that the
effective MAE value of a crystallite in CoPt partially ordered
nanostructured particles could be represented as an interme-
diate case between two extremes, corresponding to the exis-
tence of either single or several c-domains of L1, phase in
crystallite.
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