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Abstract. The magnetic properties of Co and Ni nanosized aggregates formed after implantation of nickel
and cobalt ions in magnesium oxide single crystals were investigated. The influence of the implantation
energy and annealing treatments was characterized. The particle size distribution was determined from
the combined analysis of the magnetic moment dependence on both magnetic field and temperature, and
used to determine the magnetic anisotropy constant of the aggregates. The results for nickel aggregates
indicate the presence of an antiferromagnetic layer after the annealing treatments.

PACS. 75.50.Tt Fine-particle systems; nanocrystalline materials — 61.72.Ww Doping and impurity
implantation in other materials — 75.50.Dd Nonmetallic ferromagnetic materials

1 Introduction

Semiconductors and oxides doped with magnetic ions are
nowadays an increasingly important group of materials
since they are good candidates for spin controlled trans-
port. Included in this class of materials thin films of cobalt
doped anatase were reported in 2001 as the first ferromag-
netic semiconductor at room temperature [1]. The nucle-
ation of cobalt rich magnetic particles was claimed to be
associated with its ferromagnetic behaviour [2]. In the case
of magnesium oxide, other new possibilities are opened if
it can be endowed with magnetic properties. Magnesium
oxide is an important material for optical applications and
as such the existence of an ordered magnetic state can be
used to control optical polarization effects. It is also im-
portant as a substrate for growing magnetic semiconduc-
tor and oxide films and, consequently, magnetically doped
MgO may offer the possibility of acting as a magnetic
substrate. This will allow the control of the film growth
direction, via magnetic anisotropy, selective doping, and
possibly even magnetic patterning.

In this work we study the behaviour of nickel and
cobalt implanted in MgO. We use ion implantation to in-
troduce a high concentration of ions into single crystals of
MgO aiming at producing magnetic metallic precipitates.
The ion implantation technique was chosen because it is a
suitable doping technique that is not limited by thermo-
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dynamic constraints allowing the introduction of a spec-
ified amount of ions in a shallow region of the material.
High fluence ion implantation frequently leads to the di-
rect formation of aggregates and nanosized particles of the
implanted ions in a wide class of materials. The influence
of the implantation energy and of subsequent annealing
treatment on the final system is analysed.

2 Experimental details

MgO single crystals grown by an arc-fusion technique [3]
and cleaved in {100} orientation were implanted with flu-
ences of 1x10'7 cm~2 of either Co or Ni ions, with energies
of 100 and 250 keV. A subsequent annealing treatment
was carried out in vacuum, in two steps of one hour, at
1073 and 1273 K, to promote lattice recovery and diffu-
sion of the implanted ions. In the following figures and
tables, the MgO samples will be referred to by the symbol
of the implanted ion followed by the implantation energy
in keV, e.g. Co250 refers to a single crystal implanted with
cobalt ions at 250 keV. Suffixes Asl and Ann refer to as-
implanted and annealed samples, respectively.

Rutherford backscattering spectrometry (RBS), and
RBS in combination with the channelling effect (RBS-C),
performed with a 2 MeV Het beam, were used to charac-
terize the depth profiles of the implanted species as well
as the recovery behaviour of the host lattice before and
after the annealing treatment.
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Fig. 1. Isothermal curves of the variation of the magnetic mo-
ments with the applied field for the Co250Ann sample. The
main graphic displays the experimental magnetic moments af-
ter subtracting the diamagnetic contribution, while the inset
displays the experimental results before this operation.

To characterize the magnetic behaviour of the sam-
ples, magnetic moment measurements were made using a
Quantum Design MPMS magnetometer, for applied mag-
netic fields up to 5.5 T and temperatures between 2 and
400 K. For all implanted samples, the magnetic moment
results are interpreted as the sum of two independent
components: a diamagnetic contribution assigned to the
unimplanted MgO matrix, and the contribution of the im-
planted region. From the characterization of several unim-
planted crystals the magnetic susceptibility of MgO was
determined to be —4.9 x 1072 m? /kg. Since the implanted
region is only a very small fraction of the total sample
volume (<0.1 %), the diamagnetic contribution was sub-
tracted in all the experimental data presented. Figure 1
illustrates the isothermal magnetic moment data before
and after this subtraction.

3 Experimental results

For the same energy of implantation, samples implanted
with either Co or Ni ions yield similar results. Table 1 sum-
marizes the profiles parameters obtained from the RBS
and RBS-C measurements. A comparison of the 250 keV
and 100 keV implantations shows that the former leave
the implanted ions at depths that extend for 500 nm,
with maximum atomic concentration of 4.5 at.%, for both
Co and Ni, while the latter leave the ions at shallower
depths (=250 nm) with maximum concentrations of the
order of 15 at.%. In the case of the 100 keV implantations,
although the nominal values were identical, the retained
fluence of Ni is higher by 20 % than that of Co, thereby ex-
plaining the differences found in the local maximum con-
centrations. A large amount of defects and the consequent
amorphization of the implanted region was deduced from
the RBS-C measurements and attributed to the high flu-
ence implanted. After the annealing, there was no signif-
icant modification of the depth profiles of the implanted
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Table 1. Depth profile parameters for the implanted ions, ob-
tained by RBS spectrometry: maximum concentrations (¢maz),
depth of maximum (demae) and maximum range (dmaz)-

Sample  Retained fluence Cmaz demaz  Amaz

(ions/cm?) (at.%) (nm) (nm)
Co100 0.96 x 107 13 50 270
Co250 0.95 x 107 4.5 95 500
Ni100 1.20 x 10*7 18 60 250
Ni250 0.98 x 107 4.5 100 500

ions and only a marginal recovery of the host lattice struc-
ture was detected. No correlation was found between the
location of the implanted ions and the structure of the
host lattice, both in the as-implanted samples and after
annealing.

Previous experimental results indicate that there is a
clear correlation between the magnetic behaviour and the
concentration of the implanted ions [4]. For this reason,
the results will be grouped and discussed according to the
implantation energy. Since the implantations with higher
energies result in lower local concentrations, this case will
be discussed first.

3.1 250 keV implantation

The results of Zero Field Cooled/Field Cooled (ZFC/FC)
measurements of the magnetic moment versus tempera-
ture for MgO crystals implanted with either Ni or Co ions
are presented in Figure 2. In both cases a Curie law fits
the temperature dependence of the experimental data.

In nickel implanted MgO, assuming that all Ni ions
are paramagnetic, the magnetic moment per Ni ion ob-
tained from the Curie constant is 3.8 pp. This value is
comparable with the magnetic moment of free Ni ions and
consistent with the presence of diluted ions.

For MgO implanted with cobalt, the temperature de-
pendence can also be described with a paramagnetic Curie
type behaviour, but added to a positive and temperature
independent magnetic moment. The magnetic moment de-
duced from the Curie constant is 8.0 up per Co ion, even
higher than the Co?* non-quenched ionic moment, indi-
cating that some aggregation of the implanted ions may
already exist. The temperature independent magnetic mo-
ment is attributed to the presence of ferromagnetic aggre-
gates which represent a fraction of cobalt ions not larger
than 1%.

The results obtained after annealing are displayed in
Figure 3. For both implanted species, the temperature de-
pendence of the magnetic moment can still be described
by a Curie law, but with too high values of the magnetic
moment per implanted ion (=30-60 up), indicating that it
cannot be explained through the paramagnetic response of
individual ions. This behaviour, together with the detec-
tion of a maximum in the m(7T") ZFC curves at low field
(indicating the existence of a blocking temperature), is
one finger print of the presence of superparamagnetic ag-
gregates [5]. The blocking temperatures, Ts, determined
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Fig. 2. Magnetic moment versus temperature obtained at
100 mT for a) Ni250AsI and b) Co250Asl. The solid lines are
the fitted Curie laws.

from the position of the maxima, are 5 K and 11 K, for Ni
and Co respectively. Measurements of the magnetic mo-
ment as a function of applied field are consistent with the
existence of metallic nanosized aggregates of these ions:
above T, the isotherms display no hysteresis and scale
with H/T (Fig. 4), whereas below T, hysteresis exists
(Fig. 5). Coercive fields of 13 mT, for nickel at 2 K, and
32 mT for cobalt at 3 K are derived.

The dependence of the magnetic moments with the
applied field (Fig. 4) can be described by one component
that is linear with the applied field and another that sat-
urates. It is this latter component that is associated with
the presence of metallic nanosized aggregates.

The saturation moment measured at 10 K in the
Co implanted sample (not shown in Fig. 4) increases from
0.6 up/Co-ion in the as-implanted state to 1.8 pp/Co-ion
after annealing, indicating that all cobalt ions become as-
sociated in metallic aggregates (the saturation moments
are 1.72 pp/Co-ion and 1.75 pp/Co-ion for the hep and
fce metals, respectively). For the nickel implanted sam-
ple, the measured saturation moment is 0.25 pp/Ni-ion
after annealing, and corresponds to 40 % of the Ni ions
in metallic aggregates (the saturation moment of Ni fec
metal is 0.62 p/Ni-ion).

3.2 100 keV implantation

The results of a similar set of measurements for the
case of 100 keV implantations are displayed in Figures 6
through 8.
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Fig. 3. ZFC/FC magnetic moment data at 5 mT: a) Ni250Ann

and b) Co250Ann. The solid lines represent the theoretical fit
to ZFC data.
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Fig. 4. Isothermal magnetic moments plotted as a function of
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values in the fcc ferromagnetic metals, 0.62up/Ni-ion and
1.75u /Co-ion.
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Fig. 5. Hysteresis data taken below and above the blocking
temperature for the annealed samples: a) Ni250Ann and b)
Co250Ann. The lines are drawn to guide the eye.

The temperature dependence of the ZFC/FC magnetic
moment obtained for Ni and Co as-implanted MgO are
presented in Figure 6. Both systems already exhibit the su-
perparamagnetic behaviour associated with the presence
of nanosized magnetic aggregates, together with a param-
agnetic contribution attributed to diluted ions. Blocking
temperatures were found to be 8 K and 13 K for Ni and
Co respectively. Accordingly, hysteresis exists below the
blocking temperatures and disappears above. The coer-
cive fields obtained for Ni and Co are 22 mT (T = 2 K)
and 75 mT (T = 3 K), respectively.

After annealing, important modifications are detected
in the magnetic behaviour of these 100 keV implanted
MgO crystals. As the data displayed in Figures 7 and 8
show, the behaviour is still essentially superparamagnetic.
However, there is a marked increase of the average mag-
netic moment of the aggregates, evidenced by the displace-
ment of the blocking temperatures to higher values: 125 K
for Ni and above 300 K for Co samples (Fig. 7). This dis-
placement can be explained by the growth of the metallic
aggregates. Furthermore, the asymptotic values of m(T)
are positive and can be accounted for by the presence of
larger aggregates with Tz above the highest temperatures
achieved experimentally.

The fraction of implanted ions in aggregates becomes
nearly 100% in both cases.

Fig. 6. ZFC/FC magnetic moment data at 5 mT: a) Nil00AsI
and b) Col00AsI. The solid lines represent the theoretical fit
to ZFC data.
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Fig. 7. ZFC/FC magnetic moment data at 5 mT: a) Nil00Ann

and b) Col00Ann. The solid lines represent the theoretical fit
to ZFC data.
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Fig. 8. a) Isothermal magnetic moment plotted as a function
of poH /T for Nil00Ann. b) Isothermal magnetic moment as a
function of poH for Col00Ann. Since no measurements above
T were possible for this system the H/T scaling regime was
not accessed.

4 Discussion

The results presented in the previous section show that
Co and Ni ions implanted into MgO single crystals form
aggregates, their sizes being controlled by the local im-
planted concentration. In the case of the 250 keV im-
planted samples, the formation of nanoscale aggregates
is only clear after the crystals were subjected to the ther-
mal annealing. For the 100 keV implanted samples, the
presence of aggregates was already detected after implan-
tation, indicating that the higher local concentrations are
sufficient to promote aggregation.

To characterize these nanoclusters, namely their size
distributions, magnetic anisotropy and fractions of in-
corporated ions, the magnetic results were analysed by
combining the field and temperature dependence of the
magnetic moments.

In the paramagnetic regime, a scaling of the mag-
netic moment, m, with H/T is expected when consider-
ing isothermals m(H) measured at different temperatures.
Since m takes large values, a Langevin model was used to
fit the experimental results. This model was weighed by
a log-normal moment distribution [6] to account for the
aggregate size distributions (the theoretical fit curves are
displayed as solid lines superimposed on the experimental
data in Figs. 4 and 8). The log-normal distribution repro-
duces our experimental results better than a symmetric
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one and implies a larger number of smaller moments when
compared with the average magnetic moment. Since the
magnetic field dependence is very sensitive to the distribu-
tion of magnetic moments, this fit was used to determine
the standard deviation o of the log-normal distribution
and the median of the magnetic moments distribution, m,.
These parameters were then introduced in the theoretical
function used to fit the experimental ZFC temperature de-
pendence to obtain the effective magnetic anisotropy con-
stant (see the Appendix). The corresponding theoretical
fits are shown superimposed on the experimental results
as solid lines (cf. Figs. 3, 6 and 7). Above the blocking
temperature Tz, the superparamagnetic aggregates were
assumed to have a magnetic susceptibility that follows a
Curie-Weiss law, x = C/(T+6). In every case, whenever
was left as a free parameter, its value always became very
close to zero, indicating that the interactions between ag-
gregates are very weak. Consequently the #-values were
always set to zero in the final fits. Below Tz the blocked
aggregates are assumed to contribute with the initial sus-
ceptibility of magnetic domains [7], considering a cubic
structure with negative anisotropy constant Kj. This is
the case for both Co and Ni fcc particles [8,9] (X-ray
diffraction measurements in our samples showed that the
structure of the Co particles is fcc [10], in agreement with
other works [11,12]. Nickel fcc aggregates were also iden-
tified). The results of the theoretical fits are summarized
in Table 2.

From the derived average magnetic moments (my), it
is possible to determine a mean diameter d for the aggre-
gates, considering the bulk density of each metal and as-
suming a spherical shape. These values are also presented
in Table 2 and indicate that the dimensions of our mag-
netic aggregates range from 2 to 7 nm in diameter, i.e.
they are indeed magnetic nanoparticles.

The anisotropy constants, K., of the nanoparticles,
derived from the fits, can be discussed in comparison with
the values expected for bulk fcc Co and Ni. For cubic
structures with negative K1, the effective anisotropy con-
stant for the superparamagnetic behaviour is given by [5]
Keg = —K1/12 — K5/27, and using the K; values pub-
lished for Co [8] and Ni [9], K;(Co) = —2.5x10° Jm~3 and
K1(Ni) = —1.2 x 105 Jm ™3, the resulting bulk values are
K. (Co) ~ 2x10* Jm =3 and K g (Ni) ~ 1 x 10* Jm~3 in
the low temperature range. Since no exact values of K5 are
available at these low temperatures and there are indica-
tions that they are smaller than K [8,9], the correspond-
ing contribution was neglected. Our experimental values
obtained for K g are always significantly higher than the
bulk values. This difference is expected as the surface
anisotropy plays an important role in magnetic nanopar-
ticles. Assuming that the bulk and surface anisotropy en-
ergies add independently and that the aggregates are ap-
proximately spherical with a diameter d, the anisotropy
constant values should follow the relation:

Kefj‘ = Kbulk + 6Ksurface/d- (1)

The results for the cobalt precipitates are well described
by this dependence (Fig. 9), implying that Ky face(Co) <
0.1 mJ/m? and Kpyux = 2 x 10* Jm=3.
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Table 2. Experimental blocking temperatures and fitted parameters for the samples where superparamagnetic aggregates were
identified. The symbol f stands for the fraction of implanted ions in aggregates, and K.z represents the anisotropy constants
of the aggregates. The mean magnetic moment (m) was calculated from mo (derived from the fit) using equation (A.4) given
in Appendix. The mean diameter d was then calculated from this value, assuming metallic spherical aggregates.

Sample Ts(K) mo(us) o fmuymysic (%) fmeypa (%) Keg(108m™®)  (m)(pp)  d(nm)
Co0250Ann 11 680 1.0 85 85 21 1121 2.4
Col100AsI 13 785 0.66 35 35 37 976 2.3
Col100Ann >300 10000 1.4 100° 100 18 26275 6.8
Ni250Ann 5 1600 1.0 33 14 2.0 2638 4.5
Nil00AsI 8 1700 0.5 45 20 4.1 1926 4.1
NilOOAnn 125 7000 0.65 75 70 18 8647 6.7

@ In this case the magnetic moment was derived only from the experimental temperature dependence
b Since no scaling with H/T exists below 380 K this fraction was derived using the saturated magnetic moment at 35 K

5 -3
K., (10° Jm®)

0 T T
0.2

0.6

0.4
d’ (nm™)

0.8

Fig. 9. Anisotropy constants as a function of the inverse di-
ameter of the Co particles. The full symbol refers to the bulk
metal.

The surface anisotropy constant is to be compared
with the experimental value of 0.33 mJ/m?, obtained for
cobalt particles in Al;O3 [12,13]. This difference can be
attributed to the particle shape, the lower value found
in our case indicating that particles are highly symmetric
in MgO.

In the case of nickel precipitates the experimental value
of the anisotropy constant is higher for the larger parti-
cles (see Tab. 2), indicating that factors other than the
surface anisotropy are more important. To confirm how
the magnetic anisotropy constant values change with par-
ticle size, we also estimated these parameters using the
temperature dependence of the coercive field below T.
Assuming that the magnetic particles are randomly ori-
ented and considering:

H, =0.52K .5/ ppoMsar(1 — (T/TB)") (2)
with n having a value between 0.5 and 1 [5,14], the
K g7 values presented in Table 3 were obtained. These cal-
culated anisotropy constants are based only on two values
of the coercive field determined for different and very large
width distributions, but they corroborate the evolution of

Table 3. Blocking temperatures and effective anisotropy con-
stants determined using equation (2).

Sample Te(K) Ke(10* Jm™3)
Co250Ann 11 10
Col100AsI 11 26
Co100Ann 300 5.4
Ni250Ann 13 1.1
Nil00AsI 10 2.0
Nil0OAnn 110 2.7

the ZFC fit parameter K.z with the aggregate size: it de-
creases with the size of the aggregates in Co implanted
MgO and increases for Ni implanted MgO. This result
implies that the anisotropy constant of nickel aggregates
must have a different origin other than the surface. The
possible formation of an oxide layer was investigated mea-
suring the hysteresis curves in the blocked regime after
lowering the temperature through T in a field of 5.5 T.
The resulting hysteresis curves are asymmetric with re-
spect to zero magnetic field, as illustrated in Figure 10.
This is an indication of the presence of an antiferromag-
netic layer surrounding the nickel aggregates, possibly a
nickel oxide layer [11]. Such a layer can explain the anoma-
lous behaviour of the anisotropy constants and also the
general trend of the fitted fractions of nickel in nanosized
aggregates: the fractions obtained from the temperature
dependence fits are always lower than when derived from
the field dependence fits. The non-saturating behaviour of
the high field magnetic susceptibility m(H) in the Ni im-
planted samples is also an indication of the presence of
such an antiferromagnetic layer.

5 Conclusions

The experimental results presented show that ion im-
plantation of Co or Ni into MgO single crystals results
in the formation of magnetic nanoparticles of these ions.
The number and size of these aggregates depend on the
atomic concentration of the implanted ions and the sub-
sequent annealing treatments. In the case of the 250 keV
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Fig. 10. Comparison of the hysteresis data taken below T
for the Ni implanted samples after annealing: a) Ni250Ann and
b) Nil0OAnn. The lines are drawn to guide the eye.

implanted samples, the presence of nanosized aggregates is
only identified after annealing at 1273 K. For the 100 keV
implantations, aggregates are already detected in the as-
implanted state. These differences can be explained on
the basis of the higher local concentrations attained at
lower implantation energies (for the same implantation
fluences). The general behaviour of the so formed aggre-
gates is superparamagnetic, indicating that these are sin-
gle domain magnetic particles with average dimensions in
the range of a few tens of nanometers. Particles sizes in-
crease after annealing at 1273 K, and no detectable loss
of the implanted ions was observed, showing that they are
stable in MgO (the more diluted ions diffuse towards these
particles and do not leave the crystal). From the charac-
terization of the exhibited superparamagnetic behaviour,
the anisotropy constants were derived. For cobalt aggre-
gates, the dependence of these constants on the average
size of the precipitates makes it possible to determine the
surface anisotropy constant, and conclude that the aggre-
gates must be more symmetric in MgO than in sapphire.
For nickel aggregates, the behaviour of the anisotropy con-
stant and hysteresis curve is attributed to the formation of
an antiferromagnetic layer at the surface of the particles.
No similar behaviour was detected in cobalt precipitates.
This indicates that although the aggregation of metallic
nickel and cobalt is similar, the interfaces between the ag-
gregates and the MgO matrix are different.
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Our results show that ion implantation of either Co
or Ni into MgO is a suitable way to obtain magnetic
nanoparticles with a controlled size distribution. By an-
nealing, these particles grow and maintain their magnetic
behaviour. This indicates that magnetic patterns can be
drawn in MgO using Co or Ni implantations, with the
added possibility of modulation of the size of the aggre-
gates within the same sample, by using different implan-
tation energies and fluences (to achieve the desired lo-
cal concentration levels), and/or different local thermal
treatments. The study of the stability of the magnetic ag-
gregates subjected to further annealing treatments is in
progress.
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Appendix

The magnetic moment of each sample is calculated using:

m(T) = o fms
M.H oo
% W Jo " 12 P(p)dp + aiar] Jup P (11)dp
fooo pP(p)dp

where p1, is the magnetic permeability, f is the fraction of
the implanted ions in aggregates, ms; = MV is the sam-
ple saturation moment, H is the external magnetic field
and M, the metal saturation magnetisation, K g is the
effective magnetic anisotropy constant, K; is the usual
anisotropy constant parameter, considered dependent of
K through |K| = 12K .5 and P(u) stands for the log-
normal distribution. The integration variable y represents
the magnetic moment of the individual aggregates. The
integration limit pr = 30kgTM /K. is the magnetic
moment that separates blocked from non-blocked aggre-
gates at each temperature. This cut-off value is determined
by the relaxation time of the particles, 79, which depends
on the anisotropy energy barrier K.V with V' standing
for the particle volume and K. for the effective magnetic
anisotropy constant:

(A.1)

kT In(t/m0) = KegV = Kegp/Ms (A.2)
t is the characteristic time of the measurement, around
100 s, and the relaxation time is assumed of the order of
5x 10712 s, value obtained from relaxation measurements.

0 was assumed equal to zero in all final fits.

For nickel aggregates the temperature dependence of
the anisotropy constant [9] was approximated by a lin-
ear dependence by taking K.z(T) = K.z(1 — T7/300) for
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T < 300 K. The K. value obtained from the fit is the
anisotropy constant in the low temperature limit.

The log-normal distribution used for the magnetic mo-
ments has the expression:

P()dh = = expl=1u(s/mo) 20%) . (A3)

1
V2o
Here o stands for the standard deviation of the normal
distribution of the logarithm of the magnetic moments and
myg is the median of the magnetic moment distribution.
To obtain the average magnetic moment one must use the
relation:

(m) = mgexp(c?/2). (A4)
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