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NMR  
–  
nuclear  
magnetic  
resonance.
Efficiency  
–  
efficiency  
factor.
Analytical  
grade  
–  
pure  
for  
analysis.
TEM  
–  
transmission  
electron  
microscopy.
5
NS  
–  
nanostructure.
HPU  
is  
a  
hexagonal  
close-
packed  
lattice.
BCC  
–  
body-
centered  
cubic  
lattice.
ICP  
–  
inductively  
coupled  
plasma.
BET  
–  
Brunauer-
Emmett-
Teller  
method.
FCC  
–  
face-
centered  
cubic  
lattice.
NGR  
–  
nuclear  
gamma  
resonance.
TGA  
–  
thermogravimetric  
analysis.
HF  
–  
high  
frequency  
field.
List  
of  
abbreviations  
and  
conventions  
used  
in  
the  
dissertation
PCM  
–  
planetary  
centrifugal  
mill.
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macroscopic  
samples.  
It  
is  
known  
that  
cobalt  
carbides  
are  
more  
difficult  
to  
form
and  
are  
less  
stable  
,  
[44]
unlike  
iron  
carbides,  
and
saturation  
magnetization  
is  
higher  
than  
for  
Me@C  
particles.  
Studies  
of  
Fe-
Co  
alloys  
using  
59
Co  
NMR  
and  
Fe  
57
NMR  
methods  
were  
carried  
out  
in  
a  
series  
of  
works  
,  
[42
  
43]
on
alloys  
can  
help  
solve  
the  
problem  
of  
the  
formation  
of  
carbide  
phases  
or
  
1.3.3
Nanoparticles  
from  
iron-
cobalt  
alloys
reduce  
the  
content  
of  
impurity  
Me-
C  
phases  
and  
obtain  
the  
values
Using  
alloy-
based  
nanoparticles,  
such  
as  
FexCo1-
x,  
it  
is  
possible
18
ordered  
region  
near  
equiatomic  
compositions,  
which  
can  
affect
dissolved  
carbon  
concentration  
.  
[46]
Therefore,  
the  
use  
of  
binary
Figure  
1.1
  
–  
Phase  
diagram  
of  
Fe-
Co  
alloys  
[47]
The  
phase  
diagram  
of  
the  
Fe-
Co  
alloy  
(
Figure  
1.1)
  
contains  
structural
metal-
carbon  
solid  
solutions.
complex  
carbon  
compounds  
are  
difficult  
to  
form  
under  
ordinary  
conditions  
[45].
Machine Translated by Google


A)
b)
  
2.4
to  
2.8
  
µB,  
while  
the  
magnetic  
moment  
Co  
is  
constant  
and  
equal  
to  
1.9
  
µB  
[43]
.  
This
leads  
to  
an  
increase  
in  
the  
resonant  
frequency  
value  
by  
approximately  
  
10
MHz  
for  
each
When  
the  
Fe  
concentration  
in  
the  
alloy  
changes,  
its  
magnetic  
moment  
varies  
from
frequency  
scale  
remains  
virtually  
unchanged.
When  
studying  
Fe-
Co  
alloys  
using  
nuclear  
magnetic  
resonance,
in  
the  
alloy,  
the  
value  
of  
the  
resonant  
frequency  
increases  
Figure  
(
1.2).
works  
[43
,  
48-50]
  
it  
was  
found  
that  
with  
increasing  
iron  
concentration  
in
19
the  
Larmor  
frequency  
increases  
linearly  
up  
to  
%  
80
iron,  
at
further  
increase  
in  
iron  
concentration,  
the  
position  
of  
the  
resonance  
peak  
on
Figure  
1.2
  
–  
(
a)  
59
Co  
NMR  
spectra  
in  
disordered  
alloys,  
b)  
(
spectra
Co  
59
NMR  
of  
disordered  
alloys,  
with  
increasing  
iron  
concentration,
NMR  
of  
alloys  
that  
have  
undergone  
ordering  
annealing  
[43]
an  
additional  
iron  
atom  
surrounded  
by  
cobalt  
in  
a  
bcc  
lattice.  
In  
the  
spectra
Machine Translated by Google


possible  
configurations  
of  
the  
immediate  
environment  
in  
a  
bcc  
lattice,  
which
Currently,  
there  
are  
many  
ways  
to  
synthesize  
various
studied  
in  
detail  
for  
nanoparticles  
in  
this  
work.
20
Fe  
57
for  
the  
original  
and  
annealed  
alloys  
are  
similar,  
and  
also  
have  
a  
maximum  
at
flaws.  
The  
main  
disadvantage  
of  
most  
methods  
is  
their  
high
75
%  
iron.  
Such  
changes  
in  
hyperfine  
fields  
are  
associated  
with  
various
cost  
and  
complexity  
of  
technological  
processes.
nanostructures  
that  
make  
it  
possible  
to  
obtain  
nanoparticles  
with  
a  
given  
size,
a  
maximum  
is  
reached,  
after  
which  
the  
induced  
field  
decreases  
Figure
(
.  
1.3)
Dependence  
of  
the  
local  
field  
on  
the  
composition  
of  
samples  
according  
to  
NMR  
data  
on  
the  
nucleus
composition  
and  
properties  
[51]
.  
However,  
each  
method  
has  
its  
own  
advantages  
and
Figure  
  
1.3
–  
Dependences  
of  
the  
average  
hyperfine  
field  
Hf  
on  
the  
composition  
on  
Fe  
57
and  
Co  
59
nuclei  
in  
ordered  
ÿ)  
(
and  
disordered  
•)  
(
Fe–
Co  
alloys  
according  
to  
NMR  
data  
[43]
After  
annealing,  
the  
alloys  
are  
ordered,  
and  
at  
low  
iron  
concentrations
  
1.4
Methods  
for  
the  
synthesis  
of  
nanoparticles
a  
sharp  
shift  
in  
the  
hyperfine  
field  
values  
is  
observed:  
at  
75
%  
Fe
Machine Translated by Google
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(
Figure  
1.4)
.  
Therefore,  
in  
formula  
1.3
  
it  
has  
a  
negative  
value.
and  
(
b)  
single-
domain  
particles  
[21]
b)
31
means  
that  
the  
external  
and  
hyperfine  
fields  
are  
antiparallel,  
or,  
in  
other  
words
In  
the  
frequency  
range,  
this  
difference  
is  
approximately  
1
  
MHz  
for  
iron
in  
words,  
the  
direction  
of  
the  
hyperfine  
field  
is  
opposite  
to  
the  
magnetization
nanoparticles
Difference  
between  
resonant  
frequencies  
of  
single-
domain  
and  
multi-
domain  
particles
indicates  
that  
the  
total  
magnetic  
field,  
which  
is  
the  
sum
superfine  
and  
external  
field,  
decreases  
with  
increasing  
external  
field.  
This
corresponds  
to  
the  
demagnetizing  
field,  
which  
is  
7.3
  
kOe  
Figure  
(
1.5).
A)
The  
resonant  
frequency  
decreases  
linearly  
with  
an  
external  
field  
above  
  
7.5
kOe,
Figure  
  
1.4
–  
Ultrafine  
Hn  
and  
external  
H0  
field  
for  
(
a)  
multi-
domain
which  
indicates  
the  
formation  
of  
a  
single  
domain.  
Negative  
slope  
of  
a  
straight  
line
Machine Translated by Google


iron  
nanoparticles
superparamagnetism.
to  
measure  
the  
magnetization  
of  
nanoparticles,  
much  
longer  
than  
the  
time
relaxation  
according  
to  
Néel,  
their  
average  
magnetization  
value  
turns  
out  
to  
be  
equal  
to
Nanoparticles  
in  
a  
single-
domain  
state  
become  
uniformly
32
less  
than  
  
100
nm,  
it  
is  
necessary  
to  
take  
into  
account  
not  
only  
the  
possible  
transition  
from
The  
typical  
time  
between  
two  
inversions  
is  
called  
the  
relaxation  
time
multi-
domain  
into  
a  
single-
domain  
state,  
but  
also  
such  
a  
phenomenon  
as
according  
to  
Neel.  
In  
the  
absence  
of  
an  
external  
magnetic  
field,  
when  
the  
time  
used
exposure  
to  
thermal  
energy,  
can  
randomly  
change  
direction
1.6.3
  
Superparamagnetism
When  
analyzing  
the  
results  
of  
measuring  
the  
magnetic  
properties  
of  
nanoparticles  
of  
size
magnetic  
moment.
magnetized  
throughout  
the  
entire  
volume,  
that  
is,  
their  
electronic  
magnetization
Figure  
  
1.5
–  
Dependence  
of  
the  
resonant  
frequency  
on  
the  
magnetic  
field  
  
[21]
for
lined  
up  
in  
one  
preferred  
direction,  
which  
is  
called
zero:  
they  
are  
said  
to  
be  
in  
a  
superparamagnetic  
state.  
In  
that
uniaxial  
anisotropy.  
Nanoparticles  
with  
uniaxial  
anisotropy,  
under
Machine Translated by Google
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35
Figure  
1.6
  
–  
Transition  
of  
nanoparticles  
to  
the  
superparamagnetic  
state  
[81]
Machine Translated by Google
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cobalt  
and  
iron  
in  
the  
required  
proportions,  
pre-
treated  
in
vibrating  
mill.  
Then  
the  
resulting  
powder  
was  
pressed  
and  
sintered  
at
To  
obtain  
FexCo1-
x@C  
nanoparticles ,  
a  
mixture  
of  
powders  
was  
used
The  
previously  
obtained  
powder  
material  
was  
supplied  
using  
a  
dispenser.
improvement  
of  
magnetic  
characteristics.
Figure  
  
2.1
–  
Scheme  
of  
gas-
phase  
synthesis  
of  
nanopowders  
[8]
.  
  
1
–  
flow  
of  
Ar  
buffer  
gas,  
  
2
–  
zone  
of  
cooling  
and  
condensation  
of  
particles,  
  
3
–  
drop  
of  
superheated  
metal,  
4
  
–  
quartz  
tube.  
The  
hydrocarbon  
can  
be  
supplied  
mixed  
with  
a  
buffer  
gas  
Ar  
either  
into  
the  
zone  
  
(1)
or  
into  
the  
condensation  
and  
cooling  
zone  
(2)
a  
slight  
increase  
in  
particle  
size  
[41]
,  
homogenization  
of  
the  
composition  
and
38
wires  
with  
the  
same  
mass  
ratio  
as  
for  
the  
precursor  
powder.  
For
further  
maintaining  
the  
synthesis  
process  
into  
a  
molten  
drop  
of  
metal  
with
metal  
weighing  
  
1.2-1.4
g  
was  
made  
from  
sheet  
cobalt  
and  
iron
temperature  
  
1320
K  
and  
crushed  
to  
a  
size  
of  
0.35-0.6
  
mm.  
Initial  
drop
Machine Translated by Google


Mechanical  
synthesis
mills,  
however,  
in  
addition  
to  
rotation  
around  
its  
own  
longitudinal  
axis,
Planetary  
mills  
are  
the  
only  
type  
of  
industrial
mills  
where  
it  
is  
possible  
to  
carry  
out  
mechanochemical  
processes
the  
drum  
is  
given  
movement  
around  
the  
axis  
of  
portable  
rotation  
(
Figure  
2.2)
.  
Behind
39
is  
its  
simplicity  
and  
reliability.
thanks  
to  
centrifugal  
overloads  
and  
high  
speed.  
Multiplicity
According  
to  
the  
principle  
of  
operation,  
planetary  
mills  
are  
similar  
to  
ball  
mills
grinding  
in  
PCM  
is  
10-20
  
times  
higher  
than  
in  
classic  
ball  
mills.
The  
efficiency  
of  
planetary  
centrifugal  
mills  
(
PCM)  
is  
due  
to
Fe3C  
nanoparticles  
were  
obtained  
by  
mechanical  
grinding  
with
using  
planetary  
mills.  
The  
main  
advantage  
of  
this  
method
high  
kinetic  
energy  
of  
grinding  
media,  
which  
they  
acquire
Due  
to  
this,  
inside  
the  
drums,  
grinding  
occurs  
at  
high  
centrifugal
2.2
overloads  
(
up  
to  
).
g
60
transformations  
for  
significant  
volumes  
of  
starting  
materials  
into  
the  
shortest
deadlines.  
The  
energy  
intensity  
in  
planetary  
mills  
can  
reach  
  
8
MW/
m3,  
thereby  
providing  
the  
best  
conditions  
for  
mechanical  
activation.
Figure  
  
2.2
–  
Planetary  
ball  
mill
Machine Translated by Google

[image: ]

[image: ]

[image: ]

[image: ]

[image: ]


from  
mesh  
holes  
with  
nanoparticles
gamma  
radiation  
containing  
information  
about  
the  
state  
of  
the  
nucleus  
and,  
indirectly,  
about
obtain  
information  
about  
hyperfine  
interactions  
and  
local  
electronic
directed  
spins  
in  
the  
nucleus.
and  
magnetic  
field  
in  
the  
core.  
The  
hyperfine  
field  
is  
mainly  
due  
to
  
2.3.5
Nuclear  
gamma  
resonance
45
b)
magnetic  
fields  
present  
in  
the  
nuclei,  
and  
therefore  
to  
changes
Figure  
2.3
  
–  
(
a)  
Grid  
with  
a  
thin  
layer  
of  
sample,  
(
b)  
TEM  
image  
of  
one
chemical  
bonding,  
valency  
and  
magnetic  
ordering.  
JGR  
allows
interaction  
between  
the  
nucleus  
and  
electrons.
imaging  
was  
carried  
out  
at  
an  
accelerating  
voltage  
of  
up  
to  
275
  
kV.
A)
Energy  
levels  
of  
nuclei  
are  
sensitive  
to  
electrostatic  
and
The  
nuclear  
gamma  
resonance  
(
NGR)  
method  
is  
based  
on  
the  
Mössbauer  
effect,  
with
State  
budgetary  
institution  
of  
science  
Institute  
of  
Metal  
Physics
in  
which  
the  
nuclear  
decay  
of  
a  
radioactive  
nucleus  
emits  
low-
energy
Fermi  
contact  
interaction  
between  
the  
electron  
density  
on  
the  
nucleus  
and
the  
nucleus  
itself  
and  
arises  
due  
to  
different  
electron  
densities  
with  
opposite
named  
after  
M.N.  
Mikheev  
Ural  
Branch  
of  
the  
Russian  
Academy  
of  
Sciences.  
Record
Machine Translated by Google

[image: ]

[image: ]

[image: ]


ÿs,  
pulse  
sequence  
repetition  
time  
t  
=
  
5
  
ms.
Registration  
of  
NMR  
spectra  
on  
C  
13
nuclei  
was  
carried  
out  
in  
an  
external
pulse  
duration  
tÿ/
  
2
=
  
from  
  
1
ÿs,  
time  
between  
pulses  
tdelay  
  
=
11
magnetic  
field  
H0  
  
=
117.468
  
kOe  
at  
a  
temperature  
of  
  
300
K.
field  
in  
the  
temperature  
range  
77
  
-
  
  
300
K.  
The  
spin  
echo  
signal  
was  
excited
sequence  
of  
radio  
frequency  
pulses  
“tp/
  
2
–  
tdelay  
–  
tp/
  
2
–  
tdelay  
–
echo”  
with
NMR  
spectra  
on  
Co  
59
nuclei  
were  
recorded  
in  
a  
zero  
external  
magnetic  
field
49
Machine Translated by Google
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thirty
O2
40
C2
O3
O1
C1
60
70
  
90
  
100
110
50
80
q
2
(220)
(200)
(111)
(222)
(211)
  
0.3538
±
Average
nm
0.0002
0.0002
22
  
±
  
3
40
  
  
±
2
  
50
±
  
12
Sample
Ni@C
0.0002
diffraction),  
nm
Ni@C
Meaning
after  
annealing
Ni+NiO
51
gratings,
17.5
  
  
±
1
0.0003
37
  
±
  
1
  
33
  
±
10
Parameter
-
saturation,
0.0008
  
27
±
  
10
Ni
  
50
  
±
2
magnetization
The  
average  
size
5
  
  
±
3
original
  
0.3530
±
  
0.3531
±
Ni+NiO
33
  
  
±
2
Table  
3.1
  
–  
Characteristics  
of  
the  
studied  
particles
BET)  
(
,
[84]
nm
size
  
0.3534
±
-
47
  
±
  
2
-
X
(
ray
Aÿm2 /
kg
  
34
  
±
2
0.3531
  
±
11
  
  
±
3
Figure  
3.1
  
–  
Results  
of  
X-
ray  
diffraction  
measurements  
at  
T=295  
K
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60
100
20
60
40
0
120
  
10
  
20
  
30
40
  
50
100
40
20
40
0
80
60
60
0
0
20
70
80
80
80
Fraction  
volume,  
%
r  
Numb
of  
articles,  
pcs
V)
b)
A)
resolution  
(
a),  
size  
distribution  
(
b)  
and  
volumetric  
distribution
fraction  
c)  
(
for  
the  
Ni@C  
sample  
after  
annealing
Figure  
3.2
  
–  
Results  
of  
high-
quality  
electron  
microscopy  
measurements
Ni+NiO  
nanoparticles  
  
(22
and  
  
33
nm)  
and  
Ni  
are  
shown  
in  
Figure  
.  
3.3
Process
coatings  
are  
not  
visible,  
thus  
the  
structure  
and  
phase  
composition  
of  
the  
shell
Magnetization  
curves  
in  
low  
fields  
insert  
(
in  
Figure  
3.3)
  
for
could  
not  
be  
determined.
53
magnetization  
of  
Ni+NiO  
(22
  
nm),  
Ni  
and  
Ni+NiO  
(33
  
nm)  
samples  
is  
typical  
for
saturation  
in  
fields  
up  
to  
10
  
kOe.  
Saturation  
magnetization  
of  
Ni+NiO  
samples  
(22
nm),  
Ni  
and  
Ni+NiO  
(33
  
nm)  
are  
slightly  
lower  
than  
the  
bulk  
magnetization
weakly  
anisotropic  
ferromagnets,  
namely,  
there  
is  
a  
rapid
nickel  
(55
  
Aÿm
/
kg  
[86])
,  
which  
may  
be  
due  
to  
the  
presence  
of  
an  
oxide  
layer  
on
d,  
nm
d,  
nm
2
Machine Translated by Google
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22
  
23
  
25
26
24
58
  
60
  
62
  
64
  
66
  
68
  
70
  
72
  
74
  
76
  
78
  
80
  
82
  
84
  
86
  
27
  
28
  
29
30
32
31
Intensityrelative  
units
Ni  
in  
(
nanoparticles)
NiCx
Ni  
in  
(
bulk  
sample)
Induced  
field,  
kOe
Frequency,  
MHz
coated  
with  
carbon,  
obtained  
in  
zero  
external  
magnetic  
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As auxiliary methods for magnetic and structural
for certification of samples the following were used: Brunauer-Emmett method
Teller (BET), measurement of magnetization reversal curves, measurement
AC susceptibility, thermogravimetric analysis (TGA),
X-ray diffraction (Empyrean 2 in Ky-Cu radiation), transmission
electron microscopy (TEM) (Tecnai G30) and nuclear gamma resonance (NGR) method on

57Fe nuclei (MS-2201 spectrometer).

Scientific novelty.

Comprehensive studies of nanoparticles based on Ni or Fe and FexCo1-x@C
(x=0.4, 0.5, 0.6, 0.7, 0.8) by NMR methods on 61Ni, 57Fe, 59Co, 13C nuclei and 57Fe NGR
made it possible to determine the magnetic state and structure of the samples. Studied
features of the influence of the sizes and types of nanoparticle shells on the composition and
magnetic properties of samples.

In this work, the following were obtained and submitted for defense:
new scientific results and provisions:

1. When the size of ferromagnetic nanoparticles approaches critical
size of single domain, the maximum of the NMR line shifts to the region of larger
frequencies (fields) by the magnitude of the demagnetization field.

2. The size effect depends only on the size and shape of the particles
ferromagnetic material.

3. It has been shown that the cores of Fe@C and Ni@C nanoparticles are heterophasic
system and consist of the main phases bcc-Fe and fcc-Ni, respectively, and
impurity metal-carbon phases.

4. Annealing of nanoparticles at high temperatures leads to homogenization
metal core and reduces the degree of their defectiveness.

5. Proportion of paramagnetic fraction with fcc structure and fractions
superparamagnetic particles in the annealed FexCo1-x@C samples are not in total

exceed 7 at. %.
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The linewidth in the NMR spectrum for the Fe@C sample after annealing is significantly
decreased in comparison with the spectrum for the original sample (Figure 4.14).
Annealing, as can be seen from the spectra in the frequency range 37.5-46.5 MHz, led to
partial decomposition of the metastable phase of iron carbides FeCx. Peak in
frequency range around 43 MHz may correspond to the y"-Fe4C phase or
metastable FeCx carbides and cannot be attributed to the y-, y-, y-phases

iron carbides due to lower Hhf values [113-115].

Induced field, kOe
250 275 300 325 350 375 400

I > I = I

225

0 a-Fe
a-Fe

multi-domain /

single-domain

etidssity,

30 32 34 36 3840 42 44 46 48 50 52 54 56
Frequency, MHz

Figure 4.14 — 57Fe NMR spectra (y) of Fe@C nanoparticles after annealing,

obtained in a local magnetic field at T=4.2 K

The broad line near y-Fe can be attributed to the solid solution of y-

FeCx. However, we cannot exclude the theoretically predicted y'-Fe4C phase [113], which has

a similar value of the hyperfine field on 57Fe nuclei. Line,

describing Fe3C in the Fe@C sample, has a small tail in the low range

frequencies ¥ 31 MHz, which can be attributed to the signal from the y-Fe5C2 phase [114, 116] with
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Hhfy 230 kOe (at T = 4.2 K), observed only in the original sample according to the data
electron microscopy (Figure 4.13, 4.14).

Integrated intensities of identified lines and phase composition
according to NMR data are given in Table 4.5.

It is worth noting that there is a difference in the values of the induced fields,
obtained by NMR and NGR methods. This discrepancy is due to
temperature dependence of the hyperfine field (local electronic
magnetization), which has a similar behavior to macroscopic
magnetization M(T) [117]. Analysis of NMR data at temperature T = 4.2 K,
made it possible to isolate the FeCx line, whereas this was impossible to do with
room temperature.

Phase analysis can be verified by calculating
saturation magnetization (Table 4.6). As you can see, the values
obtained experimentally and calculated based on the analysis of spectra
NMR and NGR have significant discrepancies. Moreover, they turn out to be
overpriced. This is due to both the error in obtaining and processing
results, and with the specifics of resonant research methods. Also,
One of the possible reasons for overestimated magnetization values may be
may be the presence of superparamagnetic clusters in the sample [118-120].

Table 4.6 Comparison of the measured saturation magnetization values of Fe@C nanoparticles
before and after annealing with the calculated values obtained from the analysis of NMR and NGR data.

Sample Mexpected, Mexperimental, Mccalculated Mccalculated
Aym 2/kg Aym kg (YaGR), (NMR + NGR),
[107, 109, (drawing Aym 2/kg Aym 2/kg
110] 4.5) (formula 4.1) (formula 4.1)
Fe@C 194 101+2 108 + 12 13+ 17
(original)
Fe@C 192 132+ 2 155 + 12 162 + 17
(after annealing)
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Table 4.5 Phase composition of Fe@C nanoparticle nuclei before and after annealing, obtained from 57Fe NMR data in zero
external magnetic field at T = 4.2 K.

Sample Phase induced field, Rel. iron fraction Rel. wt. share Rel.wt. share
KE in fer. phases, at. fer. phases, wt. % phases in nuclei
% nanoparticles,
wt. %
Fe@C y-Fe (single domain) 343.0+1.0 19+ 2 751 6+1
(original) y-FeCx 346.5+1.0 24 +2 95+1 8+1
FeCx or Fe4C 313.0+ 2.0 21+2 36+4 30+4
y- Fe3C 246.6 £ 2.0 36**+ 8 47 £ 10 39 + 10
y-Fe+y-FeCx ) 2.3-2.9[121] - - 17"+ 4
Fe@C y-Fe (single domain) 342.8 £ 0.5 11+ 1 531 53+ 1
(after y-Fe (multi-domain) 338.0+0.2 22+2 10.7 £ 1 10.7 £ 1
annealing) y-FeCx 341.0+1.0 22+2 111 10 £ 1
FeCx or Fe4C 313.0+1.0 611 12+ 1 12+ 1
y-Fe3C 246.6+ 1.0 39*** + 8 61+ 12 60 £ 12
y-Fe+y-FeCx* 2.3-29[121] - - 2%+ 1

+Phase was not observed by NMR in this study.

«x 1he fraction was calculated using the NGR data given in Table 4.4.

The relaxation time of the spin lattice, T1, of the iron carbide phase (y(Fe3C) =34.1 MHz) turned out to be longer than in other phases,
T1 y 50 ms. Since the repetition time of the pulse train was t = 20 ms, the intensity of this phase was corrected as | = 10

(1-exp(-YT1)).

S8
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4.4 57Fe NMR in Fe3C nanoparticles

One of the lines in the NMR spectrum for Fe@C nanoparticles in the low frequency region
(Figure 4.14) was assigned to iron carbide, Fe3C, in accordance with gamma
resonance data [96, 122, 123], since 57Fe NMR data in this compound in
There are no literature.

Indeed, previously Fe3C carbide in the far ferromagnetic region
order was intensively studied only by the gamma resonance method [96, 122,
123]. However, the data obtained in these articles is very contradictory. In a number
works in an ordered state reveal only one sextet, which
assumes the equivalence of all crystallographic positions of atoms
iron in the crystalline structure, but it is known that in the orthorhombic
the structure of cementite (Pnma) should be two crystallographically
non-equivalent positions (Fe1, Fe2) [124].

Fe3C nanoparticles were synthesized by mechanical activation (chapter 2.2)
to conduct a detailed NMR study of this compound.

57Fe NMR spectra of the studied cementite sample, obtained in
magnetically ordered state in a local field (Figure 4.15) in the range
temperatures T= 4.2 — 350 K, are inhomogeneously broadened
single lines, the shape of which is close to symmetrical. Weak asymmetry
observed only in the region of helium temperatures. Similar line shape
suggests that ultrafine magnetic fields on 57Fe nuclei for two
nonequivalent iron positions (Fe1, Fe2) in the orthorhombic structure
iron carbide are similar in size. According to literature data (gamma-method
resonance) [112, 122, 125], these induced fields are very close (205-208 kOe at
room temperature), in some works [112, 123] gamma-ray spectra
resonance in an ordered state can be described by one sextet, which
matches equal field values for two non-equivalent positions
iron in cementite. These data are quite consistent with calculations from the first

principles [126], where the obtained magnetic moments for two nonequivalent
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The positions of iron in this compound are close in magnitude. In our case, the maximum of
the 57Fe NMR line (Figure 4.15) at T=295 K corresponds to a frequency of 28.5 MHz, which
is calculated in terms of the hyperfine field on 57Fe nuclei (yhf = 2yy/y, where y /2y =

1.3785 MHz/kOe) corresponds to H = 206.7(5) kOe. This is the value of the induced field
practically coincides with the result obtained in most works on gamma resonance.
Obtained 57Fe NMR spectra of the sample under study

cementite completely confirm the previously made assumption in Chapter 4.2

that iron nanoparticles discovered during NMR studies in

carbon shell additional line with a maximum in the frequency range ~ 34

MHz at helium temperatures refers to cementite. This allows in the future

use the NMR method for phase analysis of hanoparticles in carbon

iron-based shell.
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Figure 4.15 — 57Fe NMR spectra obtained in a local field at
temperatures 4.2 K-293 K
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Temperature dependence of the Larmor frequency corresponding to
the maximum of the 57Fe NMR line is shown in Figure 4.16. Since this value
is proportional to the induced magnetic field, as well as to the sublattice
magnetization [60] in a magnetically ordered state, we can imagine it

temperature dependence in the form of a critical equation:
()= 01y, (4.2)

here yLO is the maximum value of the Larmor frequency near zero
temperature, TC — Curie temperature, y — critical index. After processing
experimental data within the framework of critical equation 4.2, using
In this case, the value TC =488 K [127], the value ¥ = 0.19 was obtained. It
noticeably differs from the experimental data for classical band zones
ferromagnets (Fe, Co, Ni) [118], where the critical index is close to 0.33, which
corresponds to the calculated value for 3d ferromagnets in the model

Heisenberg [60]. This may be due to the anisotropy of exchange

interactions in this connection.
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Figure 4.16 — Dependence of Larmor frequencies of Fe3C on temperature
57Fe NMR data . Red line — treatment at y=0.19, blue line —
treatment at y=0.33
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4.5 Conclusions to Chapter 4.

1. In Chapter 4, phase analysis of Fe-based nanoparticles was carried out using resonance
spectroscopy (NMR and 57Fe NGR ). Analysis of 57Fe NMR spectra allows one to obtain
quantitative information about the phase composition.

A nanoscale effect was discovered, consisting of a shift in the 57Fe NMR line
to the high frequency region for nanoparticles as the size decreases to
critical size of single-domain.
2. Fe@C nanoparticles contain the carbide phase y-Fe5C2 and FeCx.
High temperature annealing leads to thermal decomposition of carbide
phases on y-Fe, y-Fe3C and a significant decrease in the concentration of paramagnetic
y-Fe phase in nanoparticles, which explains the increase in magnetization
saturation.

3. It is shown that hyperfine fields on 57Fe nuclei for two
crystallographically nonequivalent positions of iron atoms in Fe3C are close in
magnitude and are indistinguishable when analyzing NMR spectra obtained in a local
field.

4. Analysis of the temperature dependence of the Larmor frequency in Fe3C, proportional to
the hyperfine field on 57Fe nuclei, allowed us to make estimates
critical coefficient (y = 0.19). This value is noticeably different from
experimental data for classical band ferromagnets (Fe, Co,

Ni), where the critical index is close to 0.33.

The results presented in Chapter 4 were published in [A3, A4].
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5. NMR AND NGR IN FeXCo1-X@C NANOPARTICLES

5.1 Description of samples

Core-shell nanoparticles FexCo1-x@C (x = 0.4 — 0.8) were obtained
by gas-phase synthesis (Table 5.1) [8, 12, 128]. Cobalt powder mixture
(99.98%) and iron (99.99%) in the required proportions in advance
processed in a vibration mill. Then the resulting powder
pressed, sintered at T = 1320 K and crushed to a size of 0.35-0.6 mm.
The powder feed rate into the induction-levitation melting zone was
selected experimentally to stabilize temperature and size
molten drop. The initial drop (1.2-1.4 g) was prepared from leaf
cobalt and iron wire with the same mass ratio as
precursor powder. Inert gas was supplied through the condensation zone
(argon), with propane and butane. The gas flow carried the resulting particles from
the surface of the molten drop into the condensation zone, then into the cooling zone,
after which the powder was collected with a fabric filter. Some of the samples were
annealed at 810 K [43] to transform the metal core of the particles into
structurally ordered phase.
The results of the preliminary certification are shown in Table 5.1.
The exact composition of the nanoparticle cores was determined by thermogravimetry.
Cobalt and iron content according to ICP radiation analysis
(inductively coupled plasma) is given in Table 5.1. Mass fraction of carbon
is about 20% (Table 5.1).
Alloys in the concentration range Fe0.66C00.34, according to the phase diagram [47],
are in an ordered phase and also have high values

magnetization, therefore part of the certification data is given specifically for

of this composition.
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Scientific and practical significance of the work.

1. The results obtained in this work complement and develop
modern ideas about the features of formation, structure, as well as
magnetic state of nanoparticles based on 3d metals (Ni, Co, Fe), including
covered with a carbon layer.

2. The effectiveness of using the NMR and NGR methods for
studying and determining the magnetic state of nano-sized magnetic particles.

The reliability of the results obtained is ensured by using
proven methods for recording NGR and NMR spectra. Certification
of the studied samples was carried out using several methods. Accuracy
results are ensured by the use of standards, standard equipment and
high repeatability of results. Processing of experimental data

was carried out by the author and his colleagues independently, followed by

agreement.

Personal contribution of the author.
The goal and objectives of the study were set by dissertation candidate Prokopyev

YES. together with the scientific supervisor and colleagues from the laboratory

kinetic phenomena. The author personally recorded NMR spectra on 57Fe, 59Co,

61Ni and 13C nuclei for nanoparticles based on Fe or Ni and FexCo1-x@C,

was involved in the processing and modeling of NMR spectra. The author took

direct participation in the discussion of the results presented in the dissertation,

in the formulation of its main provisions and conclusions, in generalization and

publication of the results obtained. Discussions of all results

The research was carried out by the author together with the supervisor

Doctor of Physical and Mathematical Sciences Mikhalev K.N., as well as candidate

Physics and Mathematics Germov A.Yu., Candidate of Physics

Mathematical Sciences Uimin M.A., Doctor of Physical and Mathematical Sciences

Ermakov A.E. and employees of laboratories of kinetic phenomena and

applied magnetism of the Federal State Budgetary
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5.2 Qualification data for the FeCo@C system

The average particle size was obtained from analysis of X-ray results.
diffraction. According to the data obtained, reflexes on radiographs
sample Fe0.66C00.34@C belong to the bcc structure (Figure 5.1 a, b). Parameter
lattice a = 0.28645(9) nm, more consistent with the ordered y2 phase (a =
0.28635 nm) than the y-phase with parameter a = 0.28623 nm at a given concentration

iron [131-139].
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Figure 5.1 — X-ray diffraction results of the original (a) and

annealed (b) Fe0.66C00.34@C nanoparticles

The average size of the region of coherent scattering of nanoparticles in the initial
state and after annealing is 6£2 nm and 9+2 nm, respectively.

To determine the size distribution and thickness of carbon
coatings, transmission electron microscopy images were obtained.
The particles under study consist of a core and a shell, as shown by arrows in
Figure 5.2. The thickness of the carbon coating is, on average, 2-2.5 nm. All
reflections in these figures correspond to the bcc structure [140-142]

Fe-Co alloy. Carbides, as well as fcc iron or cobalt using this method
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were not found. Analysis of the obtained data allows us to build

dependence of the size and volume distribution of nanoparticles (Figure 5.3 a, b)

Figure 5.2 — TEM images (a, b), annular diffraction pattern (c)
initial Fe0.66C00.34@C nanoparticles; and annealed at T = 540 °C (d, e, f);
1 — particle core, 2 — carbon shell.
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Figure 5.3 — Graphs of the distribution of the number of particles (a) and volume fraction
(b) depending on the size for the initial (black) and annealed (red) Fe0.66C00.34@C
samples

Magnetization reversal curves of the samples under study by the nature of their behavior
are similar to each other and correspond to the ferromagnetic state (Figure 5.4,
5.5). For a correct comparison of the obtained magnetization values
saturation of nanoparticles with values for Fe-Co alloys in the bulk state,

it is necessary to take into account the mass fraction of the carbon shell .
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Figure 5.4 — Hysteresis curves of FexCo1-x@C nanoparticles.
The inset shows an enlarged fragment near the zero coordinates
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Figure 5.5 — Magnetization reversal curves for the Fe0.66C00.34@C sample before (black) and after
annealing (red). The inset shows an enlarged fragment near the zero coordinates

The magnetization of nanoparticles in a saturation field is related to the magnetization
bulk alloys as a function of Co content (Figure 5.6). It is worth noting,
that the comparison took into account the proportion of non-magnetic carbon coating: M=

y/(1- Ccarbon shell), where y is the measured specific magnetization, and Ccarbon shell is
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mass fraction of carbon (Table 5.1). Magnetization of nuclei gradually

approaches the values for the massive state as it increases

cobalt content. A significant increase in magnetization is observed

after annealing at T = 810 K. For the composition Fe0.43C00.57@C, magnetization

saturation practically coincides with the volumetric saturation magnetization

alloy Fe0.43Co00.57.
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Figure 5.6 — Relative magnetization (top) and volume
paramagnetic phase according to NGR data (bottom) depending on the Co content in
finished form (black) and after annealing at T = 810 K for 4 hours (red).

The approximation is linear least squares regression

The decrease in magnetization values cannot be explained only

presence of a carbon shell. According to magnetization data, it is possible

assume the presence of additional phases, but analysis of the structure with

using X-ray diffraction and electron microscopy shows that

other phases other than the bcc structure are not observed. It can be assumed, that

most of the nanopowder (at least 20 wt.%) is superparamagnetic,
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however, this is not consistent with the ferromagnetic behavior of the curves
magnetization reversal.
To determine the phase composition, we compare the data of local methods for

nanoparticles before and after heat treatment.

5.3 Nuclear gamma resonance

The NGR spectra of the studied samples are represented by a set of lines,
characteristic of different magnetic states (Table 5.2). For description
obtained results, the model was used as a first approximation,
including a set of lines: sextet, doublet, singlet and background component.

With an increase in the concentration of Co atoms in the sample, in the resulting spectra
an increasing contribution of the unresolved background component is observed with
local fields up to 380 kOe, which prevents an accurate description
experimental results. The magnitude of this contribution after annealing
decreases significantly, and the applied external magnetic field of 6 kOe does not
makes a significant change in the shape and intensity of the line. Similar
a parabolic shape of the spectrum near the blocking temperature Tb is observed
and in works [63,143]. Most likely, the background component can be represented in
in the form of a set of sextet lines characteristic of a highly defective bcc-alloy
FeCoCx with different atomic environments.

The shape of the spectra before and after annealing (Figure 5.7) indicates the presence of
samples of paramagnetic fractions with an fcc structure, expressed by a broadened
singlet line (Singlet + Doublet). With increasing cobalt content,
the intensity of the singlet in the initial particles decreases significantly. After
annealing, in samples with high cobalt content (34% and 57%), this contribution
practically disappears (Figure 5.7, b, d, j), such a change is accompanied
increase in magnetization. The authors of [8] associated the appearance of a singlet in

spectra of Fe@C samples obtained using the same gas-phase
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method, with the fcc phase Fe(C), however, one should not exclude the presence of the fcc fraction
FeCo(C).

Observed hyperfine fields on 57Fe nuclei near 57Hloc = 330 kOe, the most
probably associated with the immediate environment of iron-cobalt atoms (Fe-8 Co
or Fe-7 Co) in the bcc structure [43, 144].

A broadened singlet is observed in the spectrum, part of which disappears when
placing the Fe0.66C00.34@C sample in an external magnetic field (Table 5.3).
The missing component can be attributed to degenerate sextets
superparamagnetic phases of iron carbide (for example, Fe3C with IS = 0.18 mm/s [145]),
fcc-FeCo(C) or to the superparamagnetic phase of bcc-FeCoCx particles. This faction
should contribute less to magnetization than larger ones
ferromagnetic particles in a magnetic field (27 kOe). The resulting spectra and
The simulation results are shown in Figure 5.7 and Table 5.3.

It is worth noting that the model does not take into account the contribution from carbide
connections. However, annealing fcc-Fe or fcc-FeCo(C) should lead to
formation of a bcc structure and carbide of the Me3C type, which were also observed for
Fe@C nanoparticles [54, 96, 143]. Sextet lines are clearly visible in the spectra
NGR (Figure 5.7 d, f, g, h).

Reducing the saturation magnetization values of FexCo1-x@C nanoparticles,
compared to the results for the same alloys in the bulk state,
associated with the appearance of additional paramagnetic and
superparamagnetic fractions. It is worth noting that the concentration of paramagnetic
fractions (Figure 5.6) may be underestimated, since modeling the spectra
NGR is complicated by the presence of a wide unresolved background component,
in addition, the appearance of

FeCoCx solid solution at the core-shell interface.
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Figure 5.7 — NGR spectra of 57Fe obtained at room temperature.
The left column represents samples in finished form, the right column refers to
annealed samples; a) and b) Fe0.43C00.57@C nanoparticles; c) and d) Fe0.66C00.34@C
nanoparticles; e) and f) Fe0.76C00.24@C nanoparticles; g) and h) Fe0.83C00.17@C
nanoparticles; i) and j) spectra of Fe0.66C00.34@C nanoparticles in an external field H = 6
kE. Experimental values are indicated by dots. The arrows indicate
positions of doublets. Continuous colored lines are the result
processing (table 5.2). The line intensities are given in Table 5.3. Difference

between treatment and spectrum is shown at the bottom of the graphs
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Table 5.3 — Results of analysis of the composition of the metal cores of Fe1-xCox@C nhanoparticles according to 57Fe NGR data

Paramagnetic fcc-Fe(C) SPM Ferromagnetic
. Thermal fcc-Fe fcc-FeCx BCC-FeCoCx BCC-
Particles BCC-FeCoCx FeCo
treatment Singlet, at. Doublet 1, at. Doublet 2, at.
background *, at. % Sextet,
% % % at. %
Original 2+1 3+1 - 47+ 5 48+ 5
Fe0.43Co00.57@C
Annealed 2+1 - - 18+ 2 80 +8
Fe0.56C00.44@C Original 51 - - 59 + 6 36 + 4
Original 5+ 1 8+1 7+1 45+ 5 35+ 4
Initial (in mg field
5+1 6+1 - 46 +5 43 + 4
H =6 kOe)
Fe0.66C00.34@C
Annealed 1+ 1 - - 28+ 3 71+ 7
Annealed (in mg.
1+ 1 - - 22+ 2 77 + 8
field H = 6 kOe)
Original 13+ 2 7+1 9+1 38+4 33+ 3
Fe0.76C00.24@C
Annealed 3+1 1+1 2+1 42 £ 4 B 4 5
Original 21+3 8+1 6+1 37+4 28 + 3
Fe0.83C00.17@C
Annealed 4+1 1+1 2+1 32+3 61+6

*) The background line was drawn in the form of a parabola.
The relative error in determining the intensity did not exceed 20%.
The intensities were converted into concentrations taking into account the proportion of iron.

00l
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5.4 Nuclear magnetic resonance in FeCo@C nanoparticles

For NMR studies of FeCo@C nanoparticles, two probe cores were used
( 59Co and 57Fe), which made it possible, based on a joint analysis of the NMR and

NGR provide comprehensive information about the atomic environment and composition of particles.

5.3.1 Dependence of the magnitude of the local field on the nearest

environment of FeCo@C nanoparticles according to 59Co NMR data

59Co NMR spectra of nanoparticles with different Fe and Co contents (table
5.1) were obtained in a local field at room temperature. results
are consistent with NMR data of bulk FeCo samples and films without carbon [42,
43, 146]. It should be noted that the data obtained in the zero field concerns
only the magnetically ordered fraction of particles.

The NMR spectra are greatly broadened, each of the unresolved lines
corresponds to a signal from cobalt atoms with different numbers of atoms
iron in the immediate environment.

The shape of each spectrum of the original nanoparticles shows a binomial
distribution of cobalt atoms in the bcc lattice. It is expected that the spectra
nanoparticles with a higher concentration of iron will be shifted to the side
higher frequencies (Figure 5.8, black dots). For a more precise description
obtained 59Co NMR spectra we use a formula based on

phenomenological model [147]:
yL = (y/2y) Hloc = (y/2y) gy B [Ai ySi y + ¥ Bj ¥Sj 1, (5.1)

where Si is the spin of the electron of the atom, Sj is the spin of the electron of the atom in the nearest environment,
Ai and Bj are hyperfine constants, Hloc is the induced hyperfine field on the nuclei—

probes, vL — Larmor frequency, g — Lande coefficient, uB — Bohr magneton, y —
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Figure 5.8 — 59Co NMR spectra obtained at room temperature in a local field. (a) Fe0.43C00.57@C; (b)
Fe0.56C00.44@C (for comparison, the spectrum (blue line) of annealed Fe0.50C00.50 nanoparticles
without a carbon shell is shown); (c) Fe0.66C00.34@C; (d) Fe0.76C00.24@C; (e) Fe0.84C00.16@C.
The original samples are shown in black, the annealed samples are shown in red. Smooth lines show the
processing of spectra in the Simul program. Frequencies corresponding to different amounts of iron in the

immediate environment of cobalt are shown in the spectrum by dotted lines
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gyromagnetic ratio. The contribution of the first term AiySiy is known from
control sample of cobalt and cobalt-based nanoparticles. Supposed,

that this contribution does not change due to the constant magnetic moment of the atoms

cobalt in various alloy concentrations according to data

neutron diffraction [148].

The linear dependence in formula 5.1 allows us to approximately estimate the change
in the values of the induced fields on the 59Co probe nucleus from the nearest atoms
environment. The contribution of each nearest iron atom BjySjy is on the order of 10 kOe
or 10.1 MHz (59y = 1.0104 MHz/kOe). These estimates do not contradict
experimental data in numerous works, including studies
NMR of bulk alloys [42, 43, 146, 149].

At a temperature T = 295 K, the positions of the resonance lines are known
multi-domain (yL = 212.5 MHz — fcc, yL = 219 MHz — hcp) and single-domain
states (YL = 216 MHz — fcc) of cobalt [9, 15, 149, 150], as well as cobalt-
carbon phase (205-210 MHz). Due to the small size, it can be assumed
that most of the sample is in a single-domain state.

Taking into account the obtained values, the studied 59Co NMR frequency range was
conditionally divided into several parts, in accordance with the 8 atom model in
the nearest environment for a bcc lattice (dotted lines in Figure 5.8).

Each carbon atom that can be located in interstices reduces

the magnitude of the local field on cobalt nuclei. It can be assumed that field changes on
the 59Co and 57Fe probe nuclei should be close or, as

at least have the same order of magnitude. Every intermediate atom

carbon changes Hloc 59Co from y 15 to y 80 kOe, which corresponds to BjySjy in
equation. 5.1, according to NGR and NMR 57Fe [151-153]. This change should

manifest itself as line broadening into the low-frequency region from each set
environments. Field distribution as for the annealed Fe0.66C00.34@C sample
(Figure 5.8c), and for annealed Fe0.50C00.50 particles without carbon, coincides

(Figure 5.8 b). This means that carbon is not in the immediate environment
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cobalt atoms of the annealed Fe0.66C00.34@C sample. According to NMR and NGR data, both
spectrum correspond to an ordered alloy in which cobalt has 7 or 8
iron atoms in the immediate environment and uniformly distributed throughout the volume
particles.
Additionally, to ensure the reproducibility of the data, 59Co NMR spectra were obtained for three
samples with the same composition Fe0.5C00.5@C in
zero external magnetic field at room temperature (Figure 5.9).
The samples were obtained by gas-phase synthesis under the same conditions

synthesis separately from each other. Average size and magnetic characteristics

match up.
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Figure 5.9 — 59Co NMR spectra of three different samples of nanoparticles of the same
composition Fe0.5C00.5@C, obtained in zero magnetic field at room

temperature
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The resulting spectra are a superposition of several lines.
Statistical distribution of each of the atomic environments for three

independently obtained samples coincide with the permissible error.

5.3.2 Atomic environment of Co according to 57Fe NMR data

To eliminate ambiguity in processing NGR spectra relative to
number of ferromagnetic components, the 57Fe NMR spectrum of the sample was obtained with
high iron content Fe0.84C00.16@C in zero external magnetic field

at a temperature of 77 K (Figure 5.10).

Induced field, kOe
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Figure 5.10 — 57Fe NMR spectrum of initial Fe0.84C00.16@C nanoparticles,

obtained in zero magnetic field at T =77 K

The resulting spectrum is greatly broadened and represents a superposition
lines corresponding to different atomic environments of Fe-Co (shown
in different colors in Figure 5.10). In work [144], the authors proposed

model for alloys of FeCo nanoparticles with different contents of Co atoms.
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This model was used to process the obtained spectra.
Local field 57Hloc = 330 kOe, corresponding to 8 iron atoms in the nearest
surrounded by Fe, was not observed. Field distribution from 340 to 370 kOe
corresponds to environments of 1 to 6 cobalt atoms near the iron probe nucleus
(Table 5.2) taking into account a correction for a temperature shift of 9 kOe [117, 154]. The signal
from 57Fe ( 57Hloc= 339 kOe) is not observed in the spectrum, which excludes the presence of a fraction
iron in the sample.
The structural order of the alloy in annealed particles is formed by atoms
cobalt rather than iron atoms. Cobalt evenly distributed in
metal core, prevents the formation of the paramagnetic fcc fraction.
Cobalt atoms begin to be ordered during the annealing process, destroying the fcc
phase, forming a homogeneous bcc lattice. Such changes are accompanied
release of carbon from the alloy into the shell.
Despite the fact that the average size of FeCo@C nanopatrticles is smaller
critical size of single domain (Table 5.1), the size effect is not
observed due to a significant broadening of the spectral lines. Increase
local field by a demagnetizing field value of up to 7 kOe [117,155]

significantly less than the contribution of Co atoms.

5.5 Conclusions from Chapter 5

1. Cores of Fe1-xCox@C nanoparticles obtained by gas condensation,
represented by the disordered phase A2 (Fe-Co). Particles contain areas
consisting of a paramagnetic fcc phase with dissolved carbon.
Presumably, these regions form at the interface between the nucleus and
carbon shell. The contribution of the paramagnetic fraction decreases significantly
with increasing cobalt content.
2. Annealing at T = 810 K leads to the decomposition of paramagnetic regions, which
increases the magnetization of particles as a whole. At the same time it happens

partial ordering of the metal core. In samples close to
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CONCLUSIONS

In this work, 61Ni NMR spectra were obtained and analyzed,
59Co, 57Fe, 13C in a wide temperature range and nuclear energy spectra of 57Fe at
room temperature (with application of an external magnetic field of 6 kOe)
nanoparticles based on 3d metals. It has been shown that a detailed analysis of the spectra
NMR in a local field makes it possible to detect phases that cannot be
discovered by other methods.

The main results can be formulated as follows:

1. As the particle size decreases below the critical size
single-domain, induced magnetic field corresponding to the line maximum
NMR, increasing. Nanoparticles smaller than critical size
single-domain, have a uniform magnetic structure, where the fields
demagnetization is not compensated. In multi-domain state, field data
demagnetizations are compensated.

2. According to 61Ni NMR data for nickel nanoparticles in carbon, oxide
shell and without it, the same distribution of induced fields is observed,
which indicates an insignificant role of the surface in the observed
nanoscale effect. Thus, this effect is volumetric and
depends only on the particle size of the ferromagnetic material.

3. Detailed analysis of 57Fe NMR and NGR spectra of Fe@C and Ni@C nanoparticles
made it possible to determine the concentration of additional ferromagnetic phases in
cores of the nanoparticles under study. High temperature annealing of nanoparticles
leads to decomposition of carbide fractions, partial release of carbon from
core into the shell, reducing the degree of defects and increasing homogeneity
nanoparticle cores. These structural changes are accompanied by an increase
saturation magnetization values and a slight increase in size

nanoparticles
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Publications based on the results of the work.

The results discussed in this dissertation are presented in 7
printed works [A1 — A7], including in journals included in the list
peer-reviewed scientific publications of the Higher Attestation Commission and indexed in Scopus databases,
Web of Science and RSCI. The work materials were presented at 15 Russian

and international conferences [A8 — A22].

Scope and structure of the dissertation.
The dissertation consists of an introduction, five chapters, a conclusion and a list
cited literature containing 155 titles. Full scope of work

is 133 pages, including 12 tables and 43 figures.

The first chapter provides a brief overview of the main features of nanoparticles
and their applications. The most common methods of obtaining and
research of nano-sized objects. Various mechanisms have been described
influencing changes in the magnetic properties of nanoparticles, the manifestation of which
may affect the results of the study using local methods.
Features of methods for studying nanoparticles based on 3D are analyzed

metals, the research objectives were formulated.
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The second chapter describes the conditions for the synthesis of Ni-based nanoparticles
or Fe and FexCo1-x@C (x=0.4, 0.5, 0.6, 0.7, 0.8). A description of the equipment is provided,
used in this work. Registration conditions are detailed

NMR spectra.

The third chapter presents and analyzes the results of certification
studied nanoparticles and nanocomposites, and also analyzed the spectra
NMR on 61Ni, 13C nuclei for Ni-based samples with different compositions
shells. Based on NMR data (together with TGA data), the value was estimated
saturation magnetization for nanoparticles in a carbon shell. Defined
carbon coating structure. The influence of the shell composition on

distribution of induced local fields.

The fourth chapter discusses the results of preliminary qualification and the obtained 57Fe,
13C NMR spectra for Fe-based nanoparticles.
The influence of high-temperature annealing on magnetic properties has been studied.
samples. An analysis of the particle size distribution was carried out. On NMR spectra
57Fe detected a change in the distribution of induced fields for nanoparticles,
less than single-domain size. An analysis was carried out together with NGR data

phase composition of the samples.

The fifth chapter is devoted to the study of FexCo1-x@C nanoparticles (x=0.4, 0.5, 0.6,
0.7, 0.8). The results of the analysis of NMR and NGR spectra are presented, together with
certification data. According to 57Fe, 59Co NMR data , the distribution was determined
induced local fields, depending on the nearest atomic
environment. Analysis of NGR spectra made it possible to identify the fraction of superparamagnetic
and paramagnetic particles. The influence of annealing on the phase composition and
magnetic properties of the sample.

The main results of the work are presented in conclusions at the end of each chapter and

summarized in the conclusion.
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1 CLASSIFICATION AND PHYSICAL PROPERTIES OF NANOPARTICLES

1.1 Nanomaterials

Nanostructured (NS) materials include all objects whose size
does not exceed 100 nanometers, at least in one of the directions [22, 23]. They
are of great interest because they have unique electrical,
catalytic, structural and magnetic properties. Such features
can significantly improve existing technologies in electronics,
medicine and other fields.

Some nanomaterials occur naturally, but most
they are developed in laboratory conditions to achieve certain
properties needed in a particular area. One of the reasons for the unusual
properties of NS materials, is a unique type of disorder with
low-energy regions (crystallites) coexisting with
high-energy border or inter-boundary regions. IN
In the literature, this type of ordering was called heterogeneous disorder [23,
24]. Nanomaterials can have a minimal size (less than 100 nm) in one of
three directions, while the other two remain macroscopic
(nanofilms), they are also called quasi-two-dimensional; in two directions
(nanotubes, nanofibers) — quasi-one-dimensional; or in all three directions
(nanoparticles) — quasi-zero-dimensional. They can also be combined with each other to
formation of various complex structures [25].

Of particular interest are nanoparticles based on group metals
iron, due to their high saturation magnetization. Besides this, they
are chemically active, which increases the possibilities of their use in
medicine and technology. Wide range of applications of metal nanoparticles 3d-
groups in the medical field is also due to their stability and high
effectiveness in modern diagnostic methods (for example, magnetic

resonance tomography, etc.).
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1.2 Nanoparticles in a shell

To avoid environmental influence on magnetic nanoparticles,
it is necessary to isolate their surface from various external influences,
such as air, water, etc. To do this, nanoparticles are coated with a thin
shell. This coating increases the stability of nanoparticles, as well as
provides greater functionality for further use in
medicine, allowing them to be combined with biologically active molecules or
target ligands [26, 27]. Interaction between a particle's nucleus and its
shell can lead to the emergence of qualitatively new structures and properties
materials [28]. Various coatings can be used
organic and inorganic compounds [29]. Variations of materials,
used in core-shell nanostructures, and therefore changes
physical properties may make this class useful in a wide range of
applications: for example, in nanomedicine, micro- and nano-electronics, nano-
optics, magnetic devices, biotechnology and other areas [2, 6,30,31].
One of the most common nanoparticle coatings is
carbon shell. It provides dimensional stability and physical
chemical properties of nanocrystalline materials for a long time
time under the influence of chemicals and temperature [12]. Carbon
coating created in nanocomposites based on transition metals,
protects, on the one hand, the nanoparticles themselves from the effects of aggressive
external environment, and on the other — biological tissues from toxic metals of the group
iron [8-10]. However, when forming a carbon shell it is possible
formation of additional impurity phases: carbides, interstitial solution
MeCx (Me- 3d metal of the iron group), etc. These impurity phases reduce
the value of saturation magnetization. Standard Phase Analysis Methods
(X-ray diffraction, chemical analysis) are practically incapable

identify these phases due to their negligible concentration and small size
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nanoparticles To detect them it is necessary to use more local

techniques such as resonance spectroscopy.
1.3 Nanoparticles based on iron group metals

1.3.1 Iron-based nanoparticles

Iron-based ferromagnetic nanoparticles are widely used in
medicine due to their biocompatibility, biodegradability and ease of synthesis.
Due to their higher saturation magnetization compared to
other materials, they can be used for targeted delivery of drugs,
where a magnetic field gradient is used to apply a force to the particles.
In addition, at the boundary of the transition to the superparamagnetic state,
nanoparticles have magnetization without having coercive force
[32]. One of the main advantages of iron nanoparticles is that
iron is a softer magnetic material than any of its oxides,
thus, the pure sample undergoes a magnetic transition from
ferromagnetic to superparamagnetic at large sizes, in contrast to
oxide compounds. However, a significant disadvantage of iron nanoparticles
is its susceptibility to oxidation when exposed to the external environment.
Ferromagnetic Fe and Fe304 nanoparticles were studied in [33].
10 nm in size. The results showed that the electron spin-spin speed
relaxation in iron nanoparticles is greater than in iron oxide nanoparticles,
suggesting that Fe-based samples could potentially be
more powerful contrasting material than currently used
time iron oxides [34].
Tsurin et al. [8] studied particles with carbon coating Fe@C, where the method
gamma resonance demonstrated the possibility of quantitative
phase analysis of the nanoparticles under study. It was found that when

During the formation of a carbon shell, its interaction with the core can occur




image14.jpg
Machine Translated by Google

17

particles and formation of Fe3C carbides or metal-carbon solid solutions
[35]. Due to the diffusion of carbon atoms from the shell into the particles,
decrease in saturation magnetization, and therefore this also makes it difficult

the use of such nanoparticles. Various heat treatment conditions

make it possible to partially purify the core of particles from carbon impurities [35, 36].

1.3.2 Nickel-based nanoparticles

Nickel nanoparticles have found wide application in various fields
[37]. They can be used as catalysts, in biomedicine, in
creation of sensor devices [37]. Nickel-based nanoparticles successfully
used in areas such as drug and gene delivery, magnetic
resonance imaging, cell separation, biomedical detection and
diagnostics [38].
The use of Ni nanoparticles is due to their strong magnetic response, and
also interfacial properties, which play an important role in effective
adsorption and magnetic separation of elements in liquids [39]. Ni nanoparticles
are currently effectively used as magnetic
nanomaterials in biomedicine, as well as in optoelectronics devices [40].
In [8], Ni@C particles doped with 57Fe atoms were studied
local NGR method, but it was not possible to determine the exact phase composition.
The magnetic properties of pure Ni@C particles were studied in [41]. Was
it is shown that the magnetization reversal curves, in shape and values, differ from
curves for massive samples of pure metal. The authors believe that the core
consists of a supersaturated solid solution of NiC. High
chemical stability of Ni@C nanoparticles after annealing at 1373 K, which

indicates the nanoparticle core hermetically coated with a carbon layer.
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1.4.1 Dispersion methods

Mechanical crushing is one of the simplest and most inexpensive methods
producing nanoparticles, in which macrostructures are separated by
plastic deformation. The main advantage of this method of obtaining
in addition to simplicity, is its scalability, namely, the volume of the original
sample can be several times greater than the volume of the resulting particles. Also this method
can be applied to almost any crystalline materials.
The main disadvantage is the insufficient purity of the resulting product.
During grinding, the material may become contaminated by contact with the grinding
environment or atmosphere. This problem is most often the cause
avoiding mechanical grinding in favor of other methods when required
high quality nanoparticles. Other disadvantages are the wide
distribution of particles by size and complexity of regulating the composition of the product

during the grinding process.

1.4.2 Condensation methods

This class of methods is based on obtaining nanoparticles from solutions and
gas phases. Examples of this group are hydrothermal synthesis,
based on the dissolution of certain substances in aqueous solutions at
high temperatures and pressure, etching of materials in aqueous solutions, and
also sol-gel method. They make it possible to obtain the necessary nanomaterials
by controlled mixing of ingredients to form a colloidal
solution.

The advantage of this method is the possibility of obtaining nanoparticles
small size and high quality. The main disadvantage of chemical
synthesis is the difficulty of completing the reaction in a timely manner when reaching

the required size of nanoparticles, preventing their agglomeration, as well as
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removal of remaining reagents and excipients. Besides,
The rate of obtaining nanoparticles using this method is quite low.
Also, the method is widely used to obtain nanoparticles and nanofilms.
pulsed laser evaporation. In absorbing continuous media,
the use of powerful pulsed laser radiation leads to ablation and
sputtering of target material into the environment. At large
absorption coefficients, the thickness of the layer removed per pulse is small and not
exceeds several tens of nanometers. Off target, material removed
organized into nanoparticles. The resulting nanoparticles are adsorbed on
substrate or on the walls of the reactor, forming a film with the required composition and
properties.
Laser evaporation makes it possible to obtain high-quality nanopowders with
various compositions, including metal, semiconductor and polymer
particles, as well as nanoparticles of complex multi-element alloys. However
the cost of this method is very high, while its productivity
lower compared to other methods. Other disadvantages are
large dispersion of the resulting particles in shape and size, as well as difficulties
when monitoring and controlling the characteristics of nanoparticles during the synthesis process.
The next method is to electrically explode the wire. The essence of the method
is that a short pulse of high electric current
density passes through a thin conductive wire, thereby heating it and
leading to an explosion. Superheated steam condenses into droplets of about
nanometers that are collected in the filter.
The advantages of this method are simplicity and low cost
equipment, high efficiency and relatively low energy consumption, as well as
possibility of flexible regulation of process parameters. To the main
disadvantages include the possibility of using only conductive

materials and a wide particle size distribution.
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1.4.3 Aerosol or gas-phase synthesis

Gas-phase synthesis methods are of increasing interest because
they allow precise control of process parameters in order to have
the ability to obtain nanostructures with the required size, shape and
chemical composition. The gas-phase method is used for the synthesis of nanopowders
metals, alloys or chemical compounds through evaporation and
subsequent condensation of their vapors in an inert gas atmosphere at low
pressure. It can be used to obtain nanoparticles ranging in size from 2 nm to
several hundred nanometers.

To obtain nanoparticles with a protective layer (for example, carbon), into the stream
The reaction gas is introduced into the inert gas. The interaction of this reaction
gas with a certain chemical element leads to the formation
single-crystalline nanoparticles of different morphology. Changing parameters
gas phase, the formation of crystallites of various shapes can be achieved.

The metal enters the heating and evaporation zone in the form
wire or crucible, it can also be provided by injection
metal powder or a stream of liquid. Energy supply is carried out with
using direct heating, passing an electric current through
wire, electric arc discharge in plasma, induction heating currents
high and ultrahigh frequencies, laser radiation (laser ablation),
electron beam heating, etc.

Compared to evaporation in a vacuum, the loss of kinetic energy in
as a result of collisions of atoms of matter and gas in a rarefied inert
atmosphere occurs much faster. To reduce the likelihood
particle collisions, the set temperature and reduced
pressure. Near or directly on a cold installation surface
precipitation takes place. Upon condensation of the resulting atomic clusters

Nanocrystalline substances are formed.
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Gas-phase processes have inherent advantages, the main
of which are:
- high performance;
— control of size, shape, crystallinity and chemical composition;
— relative ease of formation of multicomponent systems;
— simple control of reaction mechanisms.
The disadvantages of gas-phase synthesis are associated with difficulties arising in
the process of collecting condensed nanocrystalline powder. Because the
the size of individual particles is too small, they continue to remain
suspended in gas due to constant Brownian motion and not
settle under the influence of gravity. To solve this problem
special filters or centrifugal sedimentation are used, some
In some cases, liquid film capture is used.
In this work, the gas-phase method was used as the main one.
synthesis, since it allows one to obtain fairly small nanoparticles and
high quality nanocomposites with small size variations. Also
the choice of this method is due to the possibility of studying the physical
chemical processes of formation of hanoparticles in a gaseous medium and their

influence on the structural and magnetic properties of materials.

1.5 Methods for studying nanoparticles

1.5.1 Traditional methods

The main methods for studying magnetic nanoparticles are electron
microscopy, X-ray diffraction and magnetization measurements. However,
Each of these methods has its own disadvantages [52-57].

When working with nanoparticles, optical microscopy is ineffective due to
excessive smallness of objects of study. Translucent electronic

microscopy (TEM) is one of the key methods in studying these




image22.jpg
Machine Translated by Google

25

materials, since it can clearly demonstrate the structural
characteristics of the substance and allows you to work with particles smaller than 100 nm.
Using TEM, it is possible to determine the particle shape and density of the sample,
plot the size distribution of nanoparticles, estimate the spread from the average
values, and also check for the presence of large fractions and shells. These
parameters are of great importance in further research, since
make it possible to evaluate the role of size effects in the obtained experimental
data. However, these data do not allow us to determine the magnetic characteristics
or phase composition of the sample.
Some nanoparticles studied in this work have a size
about 10 nm. Despite the enormous resolution of electronic
microscopes, the maximum permitted resolution of available devices
is not enough to fully describe the internal structure of the studied samples.
More expensive equipment makes it possible to conduct elemental analysis,
however, for large-scale production and use of nanoparticles such
research is inappropriate.
An equally important method for studying magnetic nanopatrticles is
magnetization measurement. Determination of saturation magnetization and
plotting hysteresis loops provides information about the magnetic structure
samples being studied, and can also help in choosing the most suitable ones for
practical use in a specific industry of materials.
Measuring magnetization also makes it possible to identify a transition in
superparamagnetic state. However, when working with nanoparticles, some
which has passed into a superparamagnetic state, while the rest remain
ferromagnets, separate the contributions of different types of magnetic states
very difficult, since magnetization measurements relate to
the entire volume of the test sample. In addition, magnetization data
can provide only qualitative information about the phase composition of nanoparticles.
Finding reflection planes using X-ray diffraction

allows you to determine the type of crystal lattice of the sample being studied, as well as
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identify fractions with different phase compositions and estimate their quantity.
Also, using this method, you can determine the size of the components
crystallite material.

However, the profiles of diffraction reflections of nanoobjects turn out to be
greatly widened. Moreover, in some cases the shape of the line is significantly
differs from the usual, symmetrical profile. The broadening is due to two
factors: size effect and internal stresses. It makes it difficult
study of small nanoparticles (< 10 nm) by X-ray methods, since the peaks
low intensity from minor fractions making up small fractions

sample are difficult to distinguish.

1.5.2 Nuclear magnetic resonance

The phenomenon of nuclear magnetic resonance (NMR) is the absorption
energy of a high-frequency (HF) field by a system of nuclear spins, when the frequency
this HF field coincides with the natural frequency of oscillations of nuclear magnetic
moments of this substance. Magnetic moments of nuclei precess around

magnetic field with the Larmor frequency determined by formula (1.1):
yL=—y HO; yL =yL /2y, (1.1)

where V is the gyromagnetic ratio, and HO is the external magnetic field strength
fields [58, 59].
In cases where traditional methods of studying phase composition and
crystal structure of nanopatrticles are ineffective due to their small
size, obtain information about local magnetic and structural properties
sample can be obtained from analysis of NMR spectra.
When studying magnetic particles using NMR methods, one should take into account
features of the application of this method in a magnetically ordered state [60 -

62]:
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1. In magnets, the local magnetic field strengths are
values of the order of 200-500 kOe, which is much greater in magnitude
external fields used in NMR. This magnitude of the local field allows
observe nuclear magnetic resonance in the absence of any constant
external magnetic field, that is, as the main interaction should
consider the interaction of nuclear magnetic moments with the average
electronic moment.
2. NMR lines in magnets are greatly broadened (inhomogeneous broadening
reaches tens of MHz), since due to the large values of internal fields their
volume distributions will also be significant.
3. When studying ferromagnets or antiferromagnets of the light type
plane there is an increase in the amplitude of the radio frequency field H1 by several
orders of magnitude, and the gain in the absence of an external field can be
estimate how y = hloc/HA, where HA is the anisotropy field [60].
It is also necessary to take into account that NMR signals in the local
fields relate only to the magnetically ordered part of the sample, and in the presence

Dia- or paramagnetic fractions should use complex techniques.

1.5.3 Nuclear gamma resonance

Another effective local method for studying nanoparticles is
Mossbauer spectroscopy or nuclear gamma resonance (NGR) [63]. This
the technique also provides the opportunity to register the distribution
induced magnetic fields near the core - probe and provides information about
structure and magnetic features of nano-sized samples. Besides,
Using NGR, it is possible to isolate fractions with different compositions and phases. IN
differences from NMR, on one NMR spectrum one can observe lines from both areas
with long-range magnetic order, and from paramagnetic fractions.
A significant advantage of this technique (when working with iron-based materials) is

that 57Fe nuclei are used as probes not in
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ground state (as in NMR), but in the first excited state.
What is surprising is that the properties of iron nuclei in this state change
significantly: the nuclear spin | becomes equal to 3/2 (in the ground state |
=1/2). Consequently, the nucleus acquires a non-zero quadrupole moment and we,
Using the gamma resonance method, we can also analyze local
charge environment near iron ions.
When studying metal nanoparticles using the NGR method, one can distinguish the contribution
from the superparamagnetic part of the sample. However, a significant drawback
This technique has a limited number of probe nuclei, which makes

it is impossible to study particles such as, for example, Ni@C without adding

a small amount of 57Fe.

1.6 Dimensional effects

Reducing the crystal size can lead to the appearance of new
size effects in nanoobjects [64]. It has been discussed more than once in the literature
various mechanisms influencing changes in the magnetic properties of nanoparticles,
the manifestation of which can be detected by the nuclear magnetic method

resonance [695]. Let's look at the most important of them.

1.6.1 Surface and size effects

One of these features is the surface effect. At
As the size of nanoparticles decreases, the relative mass of atoms increases,
located on their surface compared to the mass of the entire particle. Atoms
surface layer may be influenced by the environment, as well as
be under the influence of forces different from those acting on the particle nucleus. IN
In NMR spectra, the influence of the surface effect manifests itself in the form of broadening
line and changes in the Knight shift [65, 66].
The quantum size effect manifests itself in particles whose size, although

would in one dimension become commensurate with the de Broglie wavelength
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electrons. It is associated with the quantization of the energy of charge carriers, the movement
which are limited to the surface of the sample, resulting in
discrete quantization levels. A discrete spectrum can appear in any
volume limited by potential walls. However, in massive bodies
decoherence effects lead to broadening of energy levels, and
electronic states merge into a continuous spectrum. Therefore, practical
observation of the effect is possible only at sufficiently small sizes
crystals; for metal particles it is less than 5 nm [21, 67 - 69].
Quantum size effect leads to various unusual phenomena,

such as an increase in the electromagnetic field on the surface, a change

magnetic properties.

1.6.2 Demagnetizing field

An interesting effect characteristic of magnetic nanoparticles is
the appearance of a single-domain state when the particle size is reduced to
some critical, called the minimum single-domain size.

According to Weiss [70], the average domain size is determined by the minimum
the value of the total energy and is proportional to the size of the crystal. Frenkel and
Dorfman [71] predicted that sufficiently small ferromagnetic particles
should become single-domain, since with decreasing particle size D
magnetostatic energy proportional to D3 , decreases faster than
energy of domain walls, which is a surface quantity and therefore proportional to D2

. Therefore small particles cannot
be divided into domains and must have uniform magnetization [71, 72].
By equalizing the free energies of a uniformly magnetized particle and
the same particle, which has at least two of its sections on opposite
sides are magnetized towards each other, the critical size can be estimated
single-domain. Later, Kondorsky developed a model of single-domain

state [73-75], according to which the critical particle size Rc at which
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homogeneous magnetization still remains, determined by the following

way:

RCV%UOVA)HZ(Q— %mg)ym’ (1.2)
where Ms is the saturation magnetization, A is the exchange energy parameter, K is
anisotropy constant, Q is the demagnetizing factor, and H is the strength
fields.

As the particle size decreases to a certain critical value Rc
the existence of domain walls becomes energetically unfavorable, and
the particle becomes single-domain. However, there is no one-to-one correspondence in
available approximate estimates of the critical size, below which all
the particles are single-domain. In various works, theoretical
values for iron vary from 12 to 20 nm [74, 76—79]. In practice
the single-domain limit depends on various conditions, for example, temperature,
shape and structure of particles, external magnetic field and other parameters.
Work [21] shows that the difference in the distribution of resonant frequencies
single-domain and multi-domain particles is associated with the appearance
demagnetizing field. For each nuclear spin of the system during NMR
measurements there are two fields: internal hyperfine and external. IN
In a multi-domain sample, these fields are not parallel and the external field is practically not
affects particles, because it is significantly smaller than ultra-thin. However, in
in a single-domain sample, these fields become antiparallel, and in contrast
externally, a demagnetization field arises, which is added to the internal one.

The resonant frequency is determined by the relation:

y=yn (yn +y0 —yd), (1.3)

where yn is the gyromagnetic ratio of the iron nucleus, yn is the hyperfine field, y0 is

external field, yd — demagnetization field.
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state, an external magnetic field is capable of magnetizing nanoparticles,
like a paramagnetic. However, magnetic susceptibility
There are many more superparamagnets than paramagnets, which may be
useful in their application.
Typically, any ferromagnetic material becomes paramagnetic
state above its Curie temperature. For supermaramagnetic particles this
the transition occurs at temperatures below the Curie point. Consider this transition
in details.
If the particle size is small enough, the barrier between the minima
energy can become comparable to thermal energy. | noticed this for the first time
attention of the French scientist L. Neel in 1949, studying the properties of small particles
magnetite Fe304 in earth rocks [80]. Thermally stimulated process
the transition from a metastable minimum energy to a stable one is called
relaxation. Néel considered the behavior of an ensemble of particles in a sufficiently strong
magnetic field. He showed, in particular, that after turning off the field the residual

magnetization M(t) decreases with time according to an exponential law:
M(t) = M(0) exp(-t/y) (1.4)

where M(0) is the initial value of magnetization, parameter y is the relaxation time

electronic moments. This behavior resembles the relaxation process in

paramagnetic materials, however, there are significant differences. For paramagnetic materials
relaxation time y is approximately equal to 10-7 -10-12 s, and for superparamagnetic
particles, this value is orders of magnitude greater. Both systems differ in size

spin of particles s. In the case of a paramagnetic s y 1 and the elementary magnetic moment
atom y = 2yB, where yB is the Bohr magneton. In an ensemble of superparamagnetic particles
each has a total spin st >> 1 and therefore a large magnetic moment

y = 2yB st >> yB: typical values y y (103-104 ) yB. From formula (1.4) it follows

important conclusion: magnetic characteristics of superparamagnetic materials

can only change slowly over time, this behavior is called

magnetic relaxation (viscosity).
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The main quantity determining the rate of magnetic relaxation follows

Arrhenius law and decreases with decreasing temperature:

7 " =10 exp(—jU/KBT), (1.5)

where kB is Boltzmann’s constant, yU is the energy barrier value, T is

temperature, fO - proportionality coefficient characterizing the frequency

collisions of all reacting molecules (active and inactive) in a unit

volume of the reactant. The magnitude of the energy barrier is expressed

through the particle volume V and the magnetic anisotropy constant K: yU = KV.
Blocking temperature, Tb, below which superparamagnetic particles

become ferromagnetic is defined as follows:

Th = KV /25 kB. (1.6)

Registration of the magnetization reversal curve of superparamagnets often gives
different dependencies - everything is determined by the time scale of the measuring
process. For very small particles, the relaxation time y can be quite short,
therefore, when measured with a small time resolution, the magnetic moment
particles make several transitions between energy minima. In that
case with external fields close to zero, the measured average value
magnetization will also be equal to zero. The behavior of a system of such small
particles in a magnetic field will appear to behave quite similarly
ensemble of paramagnetic atoms, for which the magnetization hysteresis
absent. For fairly fast measurements, when transitions between
energy minima do not have time to occur, on the magnetization reversal curve

hysteresis is observed (Figure 1.6).
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2 SAMPLES AND EXPERIMENTAL PROCEDURES

Me@C nanoparticles (Me= Fe, Ni and Fe-Co) were synthesized by gas-phase
method in the laboratory of applied magnetism of the Federal State
budgetary scientific institution Institute of Metal Physics named after M.N. Mikheeva
Ural Branch of the Russian Academy of Sciences. Samples of iron carbide Fe3C
were obtained by mechanical activation in the same laboratory.
In this work, the following powdered samples were studied.
1. Ni-based nanoparticles:
a) with Ni@C carbon coating before (5 nm) and after annealing (1273 K, 1 h)
(11nm);
b) with oxide coating NiO (22 nm) and (33 nm);
c) without Ni protective shell, (after annealing at 573 K in an H2 atmosphere, 2 h) (34
nm).
2. Fe-based nanoparticles:
a) with Fe@C carbon coating after annealing (1373 K, 1h) (7 nm);
b) with carbon coating Fe@C (19 nm);
c) with carbon coating Fe@C after annealing (1073 K, 1 h) (36 nm);
d) y —iron carbide Fe3C (52 nm).
3. FexCox-1@C nanoparticles (x=0.4, 0.5, 0.6, 0.7, 0.8) before and after annealing.

2.1 Gas-phase synthesis

Nanoparticles of 3d metals were obtained by gas-phase synthesis, with
using an original installation that allows melting to be carried out in
in a suspended state.
To obtain single-component particles, a wire with
appropriate composition. A metal wire was heated to liquid
state in an induction furnace [18, 19] and were continuously fed into the working

induction-levitation melting chamber, feed speed was selected
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experimentally to stabilize the temperature and size of the molten drop.

The drops are kept suspended inside on purpose

constructed induction coils, oppositely connected to each other

with a friend. A superheated (about 2000 °C) drop of liquid metal is blown by a stream
inert gas (argon), which transfers metal vapor from the molten drop

from the evaporation zone to the cooler part of the reactor. Pumping speed

inert gas through the condensation zone was 170 |/hour. System pressure

during synthesis it was maintained at 150 mmHg.

To obtain nanoparticles encapsulated in carbon in the composition of an inert
gas, a hydrocarbon (a mixture of isobutane with propane and butane) was added with
feed rate 20 I/hour. Simultaneous generation and production of particles
were presumably accompanied by the decomposition of hydrocarbons into their
surface, leading to the formation of a carbon shell. Shell
consists of several layers of carbon and can vary depending on
hydrocarbon content in argon.

In the condensation zone, nanopowder is deposited on the fabric
filter. The average size of nanopatrticles is controlled by the droplet temperature,
argon pressure in the system and its flow rate near the molten
drops. It varies from a few nhanometers to ~40 nm depending on
specified parameters and type of metal. With a synthesis duration of about 0.5 hours
the mass of the resulting powder was about 0.5 g. Then the procedure was repeated
to obtain the required amount of nanopowder.

The main advantage of this method is the possibility of obtaining
environmentally stable metal nanoparticles required
size. The synthesis scheme is shown in Figure 2.1.

To improve the magnetic properties and uniformity of samples, additionally
annealing was carried out. Nanoparticles were placed in a special vacuum chamber (10-
4 Pa) with induction heating, temperature and time varied in

depending on the composition of the sample. This heat treatment leads to
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The synthesis of particles was carried out in a centrifugal planetary mill
"Pulverizette-1" (Fritsch GMBH). The starting material was
screening of carbonyl iron powder (99.9%), fraction size in the original
state was less than 100 microns. Since nanoparticles are good
pyrolytics and when interacting with oxygen, spontaneous
ignition, the free volume of sealed vessels was completely filled
toluene (C7H8) of analytical grade (pure for analysis), which prevented
spontaneous combustion.

Carbonization was carried out using a set made of

tungsten carbide composite with the addition of 6 wt. % Co. Rotation

platform and vessels were carried out at a speed of yp=47 and yv=89 r/s,
respectively.

As a result of grinding for 15 hours, particles with an average
sizes from 50 to 70 nm. The ratio of the masses of the resulting iron powder and
grinding balls was 1:45.

To homogenize the sample and reduce mechanical defects, it was
annealing has been carried out. Thermal treatment of the synthesized compound
was carried out in a vacuum chamber (P = 10-4 Pa) with induction heating to

800°C followed by gradual cooling.

2.3 Sample qualification methods

2.3.1 BET methods

The specific surface area of nanoparticles related to the average size is
was determined by the nitrogen adsorption method, or Brunauer-Emmett-Teller (BET) in
laboratory of applied magnetism of the Federal State
budgetary scientific institution Institute of Metal Physics named after M.N. Mikheeva
Ural Branch of the Russian Academy of Sciences. This is one of the most common

methods used for certification of nanoparticles. The BET method is the most
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a reliable experimental method for determining the specific area
surfaces of materials with developed microstructure and porosity.
Powdered samples are placed in an ampoule. Beforehand, to
remove physically sorbed water, the sample is heated in vacuum
to a temperature of 423 — 473 K for 1 hour.
During the measurement process, the prepared sample is placed in a filled
helium ampoule, which is immersed in a Dewar flask with liquid nitrogen.
The external pressure is measured, which corresponds to the saturated pressure
nitrogen vapor at T = 77 K. Next, nitrogen gas is dosed in until
achieving the required pressure in the ampoule in the range p/psat = 0.05-0.30 atm.
Measurements in the flow mode are carried out in a flow of an N2:He gas mixture at
total pressure 1 atm. and nitrogen partial pressure p(N2) = 0.05-0.30 atm.
The mixture of gases is passed through an ampoule filled with a sample at room temperature.
temperature until changes in detector readings occurring in
as a result of changes in the composition of the gas flow after sample preparation, not
will stop. After which the ampoule with the sample is placed in a Dewar flask,
filled with liquid nitrogen. During the process of polymolecular adsorption of N2 on
on the surface of the sample, the nitrogen content in the N2:He mixture decreases , and
the detector registers this. When adsorption equilibrium is reached, the flow
the original N2:He ratio is restored, and the detector readings
return to the original value. Using detector calibration, you can
determine the volume of nitrogen that was absorbed due to adsorption.
Next, the volume of nitrogen gas that was adsorbed at
T =77 K, and then the sample in the ampoule is again heated to room temperature
in air or in a container with water. At this point, nitrogen is desorbed from
surface of the substance, and the instrument detector registers an increase
partial pressure of N2 in the gas mixture N2:He. Based on these readings
the volume of nitrogen released as a result of desorption is recorded and

The surface area of the sample (SBET) is calculated.
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After reaching room temperature, the empty ampoule is preliminarily
dried from moisture condensation, weighed. According to the difference in mass of the ampoule with
sample and an empty ampoule, the sample mass m and specific area are calculated

surfaces:
SBET,sp = SBET/m (m2 /g), (2.1)

where SBET is the surface area of the sample, m is the mass of the sample.

2.3.2 Magnetization reversal curves

The magnetization of the samples was measured using a vibrating magnetometer in
magnetic fields up to 27.5 kOe at temperature T = 295 K. Measurements were carried out
in the laboratory of applied magnetism of the Federal State
budgetary scientific institution Institute of Metal Physics named after M.N. Mikheeva
Ural Branch of the Russian Academy of Sciences. Operating principle
vibrating magnetometer is based on the measurement of magnetization
sample that vibrates in a uniform magnetic field.

Research is usually carried out in uniform magnetic fields,
created by an electromagnet or solenoid (including superconducting).

The sample performs harmonic oscillations, the source of which is
vibrator (generator of mechanical vibrations), the power supply for which is
voltage from low frequency generator.

Alternating signal with amplitude proportional to magnetic moment
of the sample under study, is amplified in a selective amplifier. With help
synchronous detector, its amplitude is determined, after which it occurs
digitizing and sending the received signal to a personal computer via
interface system. The measuring circuit consists of a Hall sensor,
necessary to determine the magnetic field, and a thermocouple, allowing

record the temperature. The latter is connected when
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measurements are carried out over a wide temperature range and it is possible
connect a special temperature attachment to the magnetometer.

The main element of a vibrating magnetometer is the receiving
(measuring) coils. Can be used in vibrating magnetometers
an infinite number of coils of various configurations. However, usually such
systems contain an even number of symmetrically arranged coils. Wherein
the specific choice is dictated by the experimental conditions required

signhal-to-noise ratio, as well as considerations of convenience and symmetry

magnetic field.

2.3.3 X-ray diffraction

To determine the structure and concentration of various phases in the studied
samples, X-ray diffraction analysis was used, which is based on
interaction of X-ray radiation with atoms of matter, as a result
which causes X-ray diffraction. Measurements were carried out in
laboratory of ferromagnetic alloys of the Federal State
budgetary scientific institution Institute of Metal Physics named after M.N. Mikheeva
Ural Branch of the Russian Academy of Sciences.

X-ray diffraction analysis was carried out using the Debye—Scherrer method (recording
polycrystal in a beam of monochromatic radiation), where the investigated
the sample is illuminated by a monochromatic beam at an angle y. If the sample contains
hkl planes satisfying the condition for the appearance of a diffraction pattern

(2.2), then the detector will register a burst of intensity.
2 dhkl siny = ny, (2.2)

where d is the interplanar distance, y is the angle of incident monochromatic
waves (Bragg angle), y — wavelength, n — diffraction order

maximum.
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Thus, by scanning the sample along the angle y, one can obtain
diffraction pattern, the intensity maxima of which will correspond
interplanar distances characterizing the crystal structure
the object under study [20].
X-ray structural studies were carried out on an X-ray
high-resolution diffractometer Empyrean 2 in Ky-Cu radiation at
room temperature. Processing, calculation of lattice parameters and determination
size of coherent scattering blocks were carried out using
HighScore Plus software. The average particle size was determined

Williamson-Hall graphical method.

2.3.4 Electron microscopy

Transmission electron microscopy allows you to observe objects
on the order of several nm in size, which cannot be seen using
light optical microscope [82].

The resolution of an electron microscope is determined
effective wavelength of electrons, i.e. the more accelerating
voltage, the greater the speed of electrons, and the shorter the wavelength and higher
permission. The image contrast is due to electron scattering when
passage of an electron beam through a sample. The thinner the sample, the
the fraction of scattered electrons is smaller. Depending on how it is formed
contrast can be obtained bright-field (straight beam) or dark-field
(diffracted beam) images.

To obtain TEM images, a suspension of nanoparticles in ethanol
placed and dried on a carbon-coated copper grid (Figure
2.3). This sedimentation method avoids the knocking out of individual particles
from the film surface during measurements.

Samples were examined using double electron microscopy

on the Tecnai G2 30 installation in the laboratory of non-ferrous alloys of the Federal
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NGR spectra were recorded using an improved
MS-2201 spectrometer [83] with a 57Fe(Cr) resonance detector in geometry
transmission at temperature T = 295 K. As a source of y-radiation
the isotope 57Co(Cr) with an activity of 30 mCi was used. Experimental
spectra were processed using Univem MS software
fitting. The measurement results for
carbonyl y-iron. The preparation of films with particles was carried out with
using the procedure of depositing samples in a solution of polystyrene in toluene with
subsequent evaporation of the solvent and polymerization of polystyrene into
film.

To measure NGR spectra in a magnetic field of 6 kOe, the spectrometer was
modified with a magnetic system of permanent magnets, creating
a uniform magnetic field perpendicular to the beam of y - rays. For moving
sample in the area of the magnetic system with a minimum slope was used
specialized holder-drive.

The measurements were carried out in the laboratory of kinetic phenomena of the Federal
State budgetary institution of science Institute of Metal Physics

named after M.N. Mikheev Ural Branch of the Russian Academy of Sciences.

2.4 Nuclear magnetic resonance

The main part of the experiments on NMR 57Fe, 61Ni, 59Co was carried out at the Institute
metal physics of the Ural Branch of the Russian Academy of Sciences on the NMR spectrometer of the company “Bruker” AVANCE Il —
500 in zero external magnetic field, in the temperature range from 4.2 K to 450
K. The powdered sample was placed in a fluoroplastic ampoule,
sealed with paraffin stopper. The ampoule was fixed in copper
recording coil of the low-temperature local field cell.

Temperature measurements in the range 4.2 + 300 K were carried out in a cryostat
from Oxford Instruments. Temperature stabilization and measurement

were carried out by a programmable temperature controller ITC-4 from the company
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Oxford Instruments. The set temperature was achieved by
pumping liquid nitrogen/helium vapor through a flow-type cryostat.
Cooling/heating of the sample was carried out from room temperature with
y 100 K/hour with stabilization time at a given temperature at 30 speed

minutes. The accuracy of the set temperature value + 0.5 K was ensured
additional Au-Fe thermocouple sensor located at a distance of 2
cm from sample.

Additionally, 13C NMR spectra were measured in a magnetic field HO =
117.468 kOe, at room temperature T = 300 K. To avoid the appearance
parasitic signal from structural materials, the sample was placed in
thin-walled quartz ampoule. The spin echo signal was recorded at the Larmor
frequency of 13C.

It is worth noting that additional enrichment of samples with isotopes does not
was carried out. Natural contents used in NMR measurements
isotopes 57Fe is about 2.1%, 59Co — 100% (the only stable natural isotope), 61Ni —
1.1%, 13C - 1.1%

2.4.1 Registration of NMR spectra

The method of recording NMR spectra consisted of excitation of the spin signal
echo with a pair of radio frequency pulses with the sequence ty/2 - tdelay- ty/ 2- tdela —
echo and subsequent complex Fourier transform of the second half
echo signal. The time between measurements was chosen according to the time
complete restoration of the spin system to a state of equilibrium. Lines
spectrum had the same gain and were recorded at
optimal power level up to 10 W. To increase the signal-to-noise ratio
The signal was repeatedly accumulated.

When processing spectra with a width greater than the frequency band excited
radiofrequency pulse, two methods were used. First method

consists in summing the obtained Fourier transforms of the signals,
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accumulated in the required frequency range. Step between measured
points Yy, was chosen smaller than the excited frequency band 1/y, where y —
RF pulse duration
The second method was used in the case of very wide spectra or small
signal-to-noise ratio values. The resulting spectra are presented in the form
individual points corresponding to frequencies yi and numerically equal to the integral
spectrum intensity in the frequency range (yi — x) + ( yi + X ), where x is the half-width
at half height.
Due to the very large width of the spectral lines,
integral signal intensity at each frequency point. For correct
recording signals with different amplification effects at each point
the optimal power of radio frequency pulses was selected, with
fixed duration ty/ 2.
NMR spectra on 61Ni nuclei were recorded in a zero external magnetic field
field at temperatures 4.2 K and 77 K. The spin echo signal was excited
sequence of radio frequency pulses “ty/2 — tdelay — ty/ 2 — tdelay —echo” with
pulse duration ty/2 = 1 ys, time between pulses tdelay = 50 ys.
The pulse sequence repetition time t varied within
from 10 to 30 ms.
57Fe NMR spectra were recorded in a zero external magnetic field in
temperature range from 4.2 K to 350 K. The spin echo signal was excited
sequence of radio frequency pulses “ty/2 — tdelay — ty/ 2 — tdelay —echo” with
pulse duration for the Fe@C sample after annealing, obtained in argon
butane environment: ty/2 = 1 ys, time between pulses tdelay = 30 ys,
pulse sequence repetition time t = 5 ms; for samples
Fe@C before and after annealing, obtained in an argon-ethylene environment: ty/2 = 1 ys,
time between pulses tdelay = 70 ps, pulse repetition time
sequences t = 20 ms; for FexCo1-x@C samples: ty/2 = 1 ys, time
between pulses tdelay = 11 ps, pulse repetition time

sequences t = 15 ms;
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3 MAGNETIC PROPERTIES AND PHASE COMPOSITION OF NANOPARTICLES
Ni BASED

This chapter presents the results of the NMR study
Ni-based nanoparticles without shell and with different types of coatings. Given
spectra and temperature dependences of resonance line shifts. Defined
phase composition of samples. The reasons for the shift of the resonance line have been established
central transition and reduction of magnetic characteristics. Data,

presented in this chapter were published in works [A1, A2, AG].

3.1 Certification data for the studied nanoparticles

Nickel nanoparticles and Ni@C nanocomposites were obtained by
gas-phase synthesis. To achieve an equilibrium state of the phase composition,
samples were annealed in vacuum at a temperature of 1273 K for 1 hour [41] (sample
Ni@C after annealing). The synthesis method is described in more detail in Chapter 2.

To obtain nickel nanoparticles without a carbon shell, we used
The carrier gas is argon without butane. By changing the gas pressure in the system and its speed
pumping, it was possible to change the particle size. After synthesis was carried out
passivation of particles by exposure to an atmosphere with a gradual increase
oxygen content. The nickel oxide shell was removed by annealing in
hydrogen at 573 K, and then packed into a Teflon ampoule and closed
paraffin in a dry box under argon atmosphere. Characteristics of the studied
nanoparticles and nanocomposites are given in Table 3.1.

To determine the average size and parameters of the lattice, we carried out
high-resolution X-ray diffraction measurements (Figure 3.1). Analysis
The obtained data showed for Ni@C before and after annealing the presence of only one
Ni phases with fcc lattice (space group Fm3m). In the Ni+NiO sample

(22 nm) a small amount (9%) of nickel oxide is present.
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It should be noted that the reflections on the x-ray from the carbon shell
(Ni@C sample before and after annealing) are not observed. Elementary parameter
Ni@C cell after annealing is a = 0.3531 nm, which is close to the value for
metallic nickel [85]. As can be seen from Table 3.1, the lattice parameter is not
differs for nickel particles with and without a carbon shell. Thus,
it can be assumed that other possible phases (NiCx, Ni3C) are either
absent or simply not visible due to the small size of nanoparticles. How can
notice (Figure 3.1), reflections from particles with a carbon shell are significantly
broadened, this may be due to both the size of the nanoparticles and
defective structure, which gives some error in the determination
medium size.
To complement the X-ray analysis data and the thickness determinant and
structure of the carbon coating, for Ni@C samples before and after annealing were
high-resolution electron microscopy images were obtained, according to
Based on the data obtained, the dependence of the size distribution was constructed.
Figure 3.2 shows the results of electron microscopy measurements
for the Ni@C sample after annealing. It can be seen that the average particle size is close to
value determined using X-ray diffraction analysis. However,
The particle size distribution is wide and includes approximately
half the volume of the coarse fraction.
According to electron microscopy data for the Ni@C sample, the size of the particle core
lies in the range from 2 to 10 nm with a maximum of 4 nm, shell thickness
ranges from 1 to 3 nm [41]. Diffraction peaks describe only
face-centered cubic (fcc) structure (space group
Fm-3m), which refers to the metal core of the particles. However, comparing
the obtained reflections with reference values for Ni, we can say that
in addition to the phase of pure nickel, there may also be a solid solution in the cores of nanoparticles
NiCx, where carbon is an interstitial impurity and leads to an increase

lattice parameter [9]. Also, it should be noted that reflexes from carbon
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surface particle of Ni+NiO samples, since nickel oxide is

antiferromagnet with TN = 523 K [87].

60
6 T iy
K 41 ¥ /{/./
40 | pall f/f s
0 e /
N i Jl
&2} ¥ [
20 |- 4 O F ﬁ
4 L #‘F‘i L 1'..‘ L 1
N ® 0302-0100010203
0 H, kOe
&
20 |—
40 |
L. Fadomaa
-60 ] | 1 | ] ] | ] | ] |
“thirty -20 -10 0 10 20 thirty

H, kOe

Figure 3.3 — Magnetization reversal curves of Ni nanoparticles at T=295 K. Blue
line — Ni+NiO sample (22 nm); red line — Ni sample; black line -
sample Ni+NiO(33 nm). The inset shows a close-up enlarged fragment

zero coordinates

Magnetization reversal curves for Ni@C particles (Figure 3.4) are typical for
ferromagnetic state. The coercive force is negligible (H ¥ 0 Oe).
This value is typical for small particles close to the transition to
superparamagnetic state. However, magnetization curves cannot be
described by the Langevin function (or a superposition of these functions). Costs
note that the saturation magnetization Msat(Ni@C) = 17.5 Aym 2/kg [41]
significantly less than that of pure bulk metallic nickel Msat(Ni) =

55 Ajm 2/kg [86].




image51.jpg
Machine Translated by Google

55
4 L 20 T
1.5} 1 i
I 1.0 : |’ "
wy = 5] jl /
I 0.0 f t
20 | #05¢ |‘
10 ; e
i 1.5} s | =
10FL 20 e
-0.3-0.2-0.10.00.10.20.3
0 H, kOe
&
-10 L
—
-__—-""'""-—-
20 L
“thirty |-
-40 B ST s
1 L 1 M | 1 | 1 |
thity 20 A0 0 10 20 tiry
H, kOe

Figure 3.4 — Magnetization reversal curves of Ni@C nanoparticles at T=295 K.
The black line is the original sample; red line — sample after annealing. On

The inset shows an enlarged fragment near the zero coordinates

If we assume that the cores of nanoparticles with an average size of 5 nm (see.
X-ray diffraction and TEM results [41]) consist only of pure nickel, and
the average thickness of the carbon shell is 2 nm, then this value
saturation magnetization corresponds to mVCore = 36.4 at. % (mCore = 73.7 wt.

%) magnetization of nickel. Then we should expect the magnetization of nanoparticles

Msat(Ni@C)calc1 = 40.5 Aym 2/kg, which is much higher than the measured value

Msat(Ni@C) = 17.5 Aym 2/kg [41].

The saturation magnetization of the Ni@C sample after annealing is 37 + 2
Aym 2/kg. The mass fraction of carbon in this sample, according to data
thermogravimetry, is about 25 wt.%. If we assume that all this
carbon is represented by the shell, and the core consists of pure nickel, then

the saturation magnetization of such particles should be 41 Aym

2/kg.
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Reducing the saturation magnetization values of the nanoparticles under study
compared to the calculated values for a bulk sample [86], it may be
explained by the formation of a defective layer on the surface of particles, which
reduces the magnetization of the sample. Defects in this case may be
of various kinds: both structural and associated with the impurity phase (layer
nickel oxide, for example). The thickness of this layer can be estimated from the expression Ms
= Msbulk (1 -6 YD), where Ms and Msbulk are the particle saturation magnetization values
nickel and their bulk analogue, respectively, t is the thickness of the magnetically dead
layer, D is the diameter of nanoparticles [88, 89]. Indeed, with decreasing size
particles (when moving from a Ni+NiO (33 nm) sample to a Ni+NiO (22 nm) sample)
the thickness of the defective layer, according to estimates from the above expression,
increases significantly (from 0.6 nm to 1.06 nm), but we should assume that this
is not the only reason for changes in saturation magnetization (Table 3.1,
Figure 3.3).

Thus, it can be assumed that this discrepancy may be
associated with the presence of metal-carbon phases or local areas with more
low value of saturation magnetization in particle nuclei.

To more accurately determine the structure and composition of metals

nanoparticles, let us turn to NMR data.

3.2 Phase composition of Ni@C nanoparticles according to 61Ni and 13C NMR data

61Ni NMR spectra for Ni@C samples before and after annealing,
recorded in a zero external magnetic field at a temperature of 4.2K,
consist of several heterogeneously broadened lines (Figure 3.5). The large gain (y ~ 103 ) [60]
for each of the lines indicates that

all phases correspond to a ferromagnetically ordered state.
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Figure 3.5 — 61Ni NMR spectrum (y) of Ni@C coated nickel nanoparticles

carbon, obtained in zero external magnetic field at T = 4.2 K

Line in the spectrum (Figure 3.5) with a maximum at a frequency of 29 MHz

corresponds to the metallic nickel phase. Two additional allowed
lines in the lower frequency range refer to the NiCx solid solution and
metastable carbide compound Ni3C, line maximum about 27 MHz,
24.5 MHz, respectively. Similar statements correspond to earlier
obtained by this NGR method for Ni@C doped nanoparticles
Fe probe atoms [8]. In the case of the formation of a NiCx solid solution with
evenly distributed amount of carbon and nickel in the nearest
surroundings, a lingering pedestal would be observed in the spectrum (Figure 3.5),
demonstrating a continuous distribution of hyperfine fields.

Data on nickel carbide presented in the literature vary greatly.
The magnetic state varies from atiferromagnetic to ferromagnetic.

Nickel carbide, according to article [90], is a ferromagnet and has
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Curie temperature is about 16 K. Gain coefficient when recording NMR
spectra also speaks about the ferromagnetic structure of this compound.
Induced hyperfine fields on 61Ni nuclei decrease as
increasing the carbon concentration in the nickel lattice. Therefore, it should
expect lower values of induced fields in NiCx and Ni3C. Such values
induced fields (Table 3.2) are in qualitative agreement with the values obtained from NGR
data, where 57Fe atoms were introduced into similar nanoparticles as probes [8] (Hhf = 270
kOe for 57Fe in pure nickel and Hhf =

259 kOe for nickel with carbon in the immediate environment at T = 295 K).

Table 3.2 — Phase composition of Ni@C nanoparticle nuclei according to 61Ni NMR data

Fraction
Frequency
Induced field ferromagnetic
Cempound central
(T) phase atT=4.2K
transition (MHz)
(at.%)
Ni
29+0.2 76102 56+ 3
(metal)
NiCx (solid
26.9+0.2 7.1+£0.2 37+3
solution)
Ni3C (carbide) 243+0.2 6.4+0.2 7£3

Figure 3.6 shows the spectrum for the Ni@C sample after annealing. Clearly
two broadened lines are visible. Line with a maximum at 29 MHz,
corresponds to the signal from pure nickel, which is confirmed by measured
relaxation at times. The second line, as in the case of the Ni@C sample,
refers to the NiCx solid solution (Table 3.3). It is worth noting that after
annealing, a significant decrease in the intensity of the second peak is observed, which

indicates the redistribution of carbon within particles.
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Introduction

The relevance of the research topic and the degree of its development.
Magnetic iron group nanoparticles are of particular interest due to
their low cost and ease of use, and also have unique
magnetic and catalytic properties [1 - 5]. A large number of works
is devoted to the production and study of metal-carbon nanocomposites on
based on Fe, Co, Ni in order to develop new catalysts [6], magnetic
materials based on them, gas sensors [3], as well as magnetic media
medicinal substances with the possibility of magnetically controlled delivery to
target organs [1, 2, 6]. However, it is worth noting that, in comparison with massive
samples, 3d metal nanoparticles have lower magnetization values
saturation. Theoretical calculation of this characteristic for nanoparticles, taking into account
non-magnetic carbon coating, gives values different from
experimental. These discrepancies may be due to both
surface effects and indicate the heterophase composition of nuclei
nanoparticles
Fundamental studies of pure metals of the iron group in
nanostates face significant technical difficulties [7],
for example, due to the inability to avoid surface oxidation when
interaction with the environment. This makes it difficult to separate chemically
conditioned surface effects from fundamental physical
properties related to size.
Carbon coating created in nanocomposites based on transition
metals, protects, on the one hand, the nanoparticles themselves from exposure
aggressive external environment, and on the other — biological tissues from toxic
metals of the iron group [8 - 10]. It is important to control not only the thickness, but also
microstructure of this coating, since thin carbon layers can
contain two-dimensional carbon structures (graphene), which are harmful to

living tissues [11]. In works [9, 12], attempts were made to determine
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It can be assumed that the connection with the fcc lattice of nickel, with
carbon nuclei included in it, has a lower magnetization in
compared to pure nickel, which explains the overall decrease in magnetization
compared to the expected value (37 and 41 Aym 2/kg respectively).

The maximum frequency of the line corresponding to fcc Niat T =4.2 K is
should be 28.46 MHz [91], however it is 29 MHZz, and the line width
also significantly exceeds the value observed for macroscopic
nickel samples (Figure 3.6). The most likely cause of line displacement
(and changes in the corresponding induced field) is non-zero
demagnetizing field. In particles smaller than the critical size of a single
domain [92] (for nickel Dcr y 55 nm), it is necessary to take into account the demagnetizing
a field that arises in a magnetized body and depends on the shape of the crystallites.
For large particles (bulk samples), this field turns out to be zero at
as a result of the appearance of areas with different directions of magnetization
(domains).

It should be noted that the observed difference in the induced field, i.e. magnitude
additional induced field is yH ~ 1.8 kOe, which almost coincides
with the calculated value of the demagnetization field for spherical nickel particles.
It is assumed that the magnitude of the demagnetizing field is equal to the calculated

value for an isolated spherical nickel particle in a single-domain

condition:
Hd = 4yIS/3 ~ 2.1 kOe [86, 93], (3.1)

where IS = yMS - saturation magnetization per unit volume for nickel, y -

nickel density, MS - saturation magnetization per unit mass. For /kg [86], y = 8.902 g/cm3 .

constants were used for estimates: MS = 56.4 Aym 2

The thickness of the domain wall in nickel particles at T < 77 K, according to [94],
is about 50 nm. For sizes slightly larger
single domain, but comparable to the wall thickness, in such particles

an inhomogeneous magnetic state is realized [75], which minimizes
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magnetostatic energy in the same way as in the case of multi-domain
condition. Magnetic fields acting inside a particle with an inhomogeneous
distribution of magnetization must also change, which leads to
distribution of hyperfine fields on 61Ni nuclei and, as a consequence, to broadening and
shift of the NMR resonance line.

Taking into account the amount of Ni constituting a particular phase,
Let's numerically calculate the magnetization corresponding to the real phase
composition. Fraction of pure nickel in the core, obtained from NMR data for the sample
Ni@C, equal to m(Ni) = 56 at. % (Table 3.3). Taking into account the mass fraction of nickel in
particle equal to mCore = 73.7 wt. %, and the magnetization of bulk metal

Msat(Ni) = 55 Aym?/kg, we get the magnetization value:

2

Msat(Ni@C)calc2 = Msat(Ni) j DMLy mCoe_ - 55 7 (A ), (3.2)

100 100 kg

neglecting the contribution of the NiCx solid solution. This value is satisfactory
consistent with magnetization measurements Msat(Ni@C) = 17.5 Aym 2/kg [89].
Note that estimates of ferromagnetic phases based on 61Ni NMR data were carried out
at T = 4.2 K, and the magnetization was measured at room temperature.
Calculations agree with experimental values only if
if the Curie point of the NiCx solid solution [91] is close to room temperature TC
< 295 K or below.
To analyze the structure of the carbon coating of the nanoparticles under study, a 13C
NMR spectrum was recorded . Since there is no distant
magnetic order, the NMR spectrum was recorded in an external
magnetic field, HO = 117.468 kOe, at a temperature of 295 K (Figure 3.7).
The obtained data are represented by a non-uniformly broadened line, this
sharply differs from the narrow lines of graphene or graphite chips [95].
A similar spectrum was observed in carbon-coated cobalt nanoparticles
Co@C [9], obtained using the same technique, where the NMR data were supplemented

results of Raman spectroscopy. Thus, it can be argued
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carbide compounds are in a different frequency range. From analysis
NMR spectra shown in Figure 3.8, it can be seen that the type of shell is not
plays a significant role, and the position of the line maximum (Larmor frequency)
depends only on the particle size. Direct proof of the latter
approval for carbon-coated nanoparticles is
recorded spectrum with two peaks for the Ni@C sample after annealing.
The low frequency peak is associated with larger particles (multi-domain or
inhomogeneous magnetic state in nanoparticles), and the second peak
(high frequency peak) is associated with smaller particles (single domain).
Thus, the main factor determining the maximum frequency of the line
NMR of nickel metal in nanoparticles, is their size, which also
determines the magnetic structure inside the particle (single domain or
inhomogeneous multidomain magnetic state).

Another argument in favor of this explanation of the nanoscale effect
is @ comparison of spectra for Ni+NiO (22 nm) and Ni samples. Sample Ni+NiO
(22 nm) was stored in air for a considerable time after synthesis, and
the particles were covered with an oxide shell, as evidenced by
X-ray data (Figure 3.1). Part of this sample was annealed in
hydrogen atmosphere (Table 3.1), this led to the removal of the oxide shell and a
slight increase in the average size of nanoparticles. 61Ni NMR spectra
Ni+NiO (22 nm) and Ni samples are almost identical (Figure 3.8),
there is a slight deviation in the frequencies of the maximum lines, which
can be explained by differences in average particle sizes. The broadening of the 61Ni
NMR lines for samples Ni@C, Ni+NiO (22 and 33 nm), Ni in Figure 3.8 may be

associated with a significant size distribution of the studied particles

(Figure 3.2).
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match up. The Ni+NiO sample (33 nm) has an average particle size (50 nm). By

the intensities of NMR lines in Ni@C after annealing can be approximately estimated
the size of a single domain from experiment, knowing the fraction of particles of a single

domain (the integrated intensity of the single-domain state line is 0.53

rel.un.) and particle size distribution (Figure 3.2 b, c). This size is not

exceeds 58 nm at T = 77 K. This cannot be done for other samples,

since the change in size in them is quite small and is associated with

insufficient spectral resolution.

3.4 Conclusions to Chapter 3

1. In this study, 61Ni, 13C NMR spectra of Ni@C nanoparticles were obtained and
analyzed. Based on joint analysis of 61Ni NMR data and
other local methods determined the phase composition and average size
nanoparticles It has been shown that NMR can detect phases
which cannot be registered by X-ray diffraction due to
for the small size.

2. Analysis of 13C NMR spectra showed that the carbon coating of nanoparticles does not
may consist of multilayer graphene or graphite as proposed
earlier, but consists of amorphous glassy carbon or highly defective
structures.

3. It has been shown that as the particle size decreases below the critical size
single domain, the frequency of the 61Ni NMR line maximum increases, which
corresponds to an increase in the induced magnetic field. The magnitude of this change is
is close to the value of the demagnetization field for spherical nickel particles.

4. Observed nanosize effect in the NMR spectra of 61Ni hanoparticles on
Ni based with different composition of the protective shell depending on the size
spherical particles and is not associated with the contribution from the interfaces.

The results presented in Chapter 3 were published in [A1, A2, AG].
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structure of the carbon layer, however, research results showed
conflicting results. Thus, in [12] it is said that the coverage

is a multilayer graphene, however, in [9] it is stated that

the spherical layer around the metal core consists of an amorphous
glassy carbon.

Traditional methods for studying phase composition and crystalline
nanoparticle structures such as x-ray and neutron diffraction,
not always applicable. Thus, for magnetic nanoparticles with a size less than 10 nm,
the radiograph identifies only one main phase [8, 13].

Resonance techniques such as nuclear magnetic resonance and gamma resonance have successfully
are used to study the magnetic state of nanoparticles [8, 13 - 18] and

In some cases, they make it possible to determine the composition of the cores and shells. However, in
most works, for example, [16-20], devoted to NMR and NGR studies

magnetic nanoparticles and magnetically ordered compounds, it is observed
significant contradictions, in particular, according to data on induced fields.

It has been noted more than once in the literature that when the size is reduced below
some critical value, a change in the properties of the sample occurs,
called the size effect. Thus, in [21], the authors associate
change in the position of the frequency of the maximum of the central transition in the spectra
NMR of iron nanoparticles with transition to a single-domain state. It is worth noting,
that the size of the particles under study was 1-4 microns, which is many times greater than
critical value of single-domain size for iron particles and
the presence of single-domain particles in the sample can be questioned.

The purpose of the work is to determine the structure and magnetic state
nanoparticles based on 3d metals: Ni, Fe, Co and their alloys using nuclear magnetic
resonance and nuclear gamma resonance (NGR 57Fe) methods.

The objectives of this work were as follows:

1. Obtain data on the distributions of induced magnetic fields for
nanoparticles based on Ni or Fe and FexCo1-x@C (x=0.4, 0.5, 0.6, 0.7, 0.8) from the
analysis of NMR spectra (together with 57Fe NGR data).
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4 MAGNETIC STATE, PHASE COMPOSITION AND SIZE
EFFECT IN NANOPARTICLES BASED ON Fe

4.1 Qualification data for Fe-based nanoparticles

Iron nanoparticles Fe@C were obtained by gas-phase synthesis.
During the synthesis of some samples, the butane mixture (C4H10 + Ar) was replaced with gas
ethylene (C2H4 + Ar). To achieve an equilibrium state of the phase composition
the samples were annealed in vacuum at a temperature of 1073 K for 1 hour [41].
To obtain nanoparticles of iron carbide Fe3C, the method was used
grinding in ball mills.
Synthesis methods are described in detail in Chapter 2. Table 4.1 shows
characteristics of the samples obtained from the results of preliminary

certifications.

Table 4.1 — Characteristics of the studied particles

Sample The average size The average size Magnetization
(BET), nm (X-ray saturation,

diffraction), nm Aym?/kg
Fe@C(Bu) 72 : 85+2

after annealing

Fe@C 19+£3 - 1012
original
Fe@C 36+7 46 + 13 132+ 2

After annealing

Fe C } 52+ 13 1022
3

The average size of the samples was determined by measuring the specific
surfaces (BET method). The obtained values are shown in Table 4.1.

However, it is worth noting that this method cannot distinguish between conglomerates and
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single particles, so the actual sample size may be slightly
overpriced
A change in the composition of the gas (hydrocarbon) during synthesis could lead to
changes in the structure of the core and carbon layer, as well as the average size
of the resulting particles under the same parameters. As can be seen from Table 4.1,
there is an increase in the average sample size by 4-5 times, depending on
gas composition [8]. It is likely that pyrolysis in ethylene is less active than in
butane, and the time of particle formation before the appearance of a carbon layer
increases. Also, it should be noted the effect of annealing on the average size
samples. After heat treatment, as in the case of Ni@C nanoparticles,
the average linear size of nanoparticles increases [41].
Since the BET method overestimates the average size of nanoparticles,
X-ray diffraction measurements were carried out (Figure 4.1-4.3). For
initial Fe@C sample, it is difficult to determine the average size of nanoparticles and
phase composition, since only one broadened reflection is clearly visible
(Figure 4.2 a). Presumably, the obtained reflections can be attributed to the phases y-Fe (a = 2.87
A) and y-Fe (a = 3.62 A). For the Fe@C sample after annealing
(Figure 4.2 b) X-ray diffraction analysis revealed the presence of two phases: y-Fe (44 + 1%, a =
2.876 A) and cementite y-Fe3C (56 + 1%, a = 5.090 A, b =6.775 A, c = 4.531 A). Based on the data
obtained, the average size of Fe@C nanoparticles after
annealing (Figure 4.2 b) is 46 £ 13 nm. It should be noted that reflexes from
no carbon coating is observed in the X-ray diffraction patterns.
Analysis of X-ray diffraction results for the Fe3C sample (Figure 4.3)
showed the presence of two crystal structures. A significant part of everything
sample, 87.6£6% of the volume fraction, is the iron carbide phase Fe3C (a = 5.097
b =6.761 c = 4.535), the remaining part, 12.4£6%, belongs to tungsten carbide
WC (a = 2.913, ¢ = 2.845), this admixture was obtained from the structural

material from ball mills in which the sample was synthesized.
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Figure 4.3 — Results of X-ray diffraction measurement of Fe3C sample

at T=295 K

Magnetization reversal curves (Figure 4.4, 4.5) of the nanoparticles under study
typical for a ferromagnet. Previously, this behavior was observed for
similar nanoparticles with cores of iron, nickel or cobalt [9, 14, 41].

Magnetization reversal curves cannot be described by the Langevin function (or
superposition of these functions), as assumed for superparamagnetic
condition. The presence of a hysteresis loop with low coercive values

force, (insets in Figure 4.4, 4.5) also indicates that these particles are not

are in a superparamagnetic state.

Saturation magnetization for Fe@C (Bu) (y 85 Aym 2/kg) much less
expected value (Y152 Aym 2/kg), corresponding to 70 wt.% iron,
obtained as a result of thermogravimetric analysis (TGA). Values
saturation magnetization for the Fe@C sample y101 Aym 2/kg and §132 Aym 2/kg for
Fe@C sample after annealing is significantly lower than the expected value of y193
AYmM 2/kg. Discrepancy between expected and experimentally obtained

values may be due to the presence of ferromagnetic
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metal-carbon phases FeCx with lower saturation magnetization or

paramagnetic phases (y-Fe, y-FeCx) in particle cores.

125

L 45
100 iy | %/
L 151
75 0 /

L 215} /
50 | thirty |
L 451

25 L 2 & 0 1 2

-100 R+

g5 Ly by e
-30-25-20-15-10-5 0 5 10 152025 30

H, kOe

Figure 4.4 — Magnetization reversal curves of Fe@C (Bu) nanoparticles (black
line) and Fe3C (red line). The inset shows a close-up enlarged fragment

zero coordinates
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Figure 4.5 — Magnetization reversal curves for initial Fe@C nanoparticles
sample (black line) and after annealing (red line). The inset shows

enlarged fragment near zero coordinates
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The magnetization reversal curve for the Fe3C sample reaches saturation at the point
y102 Aym  ?/kg. It is worth noting that this value of saturation magnetization
significantly less than for a polycrystalline cementite sample (y144
AYm2/kg, [96]). This discrepancy may be due, according to data
X-ray analysis, with the presence of a portion of the hon-magnetic fraction in the sample
tungsten carbide WC.

Additional data on the multiphase composition of the nuclei of the studied
nanoparticles were obtained by analyzing the temperature dependence
susceptibility on alternating current (Figure 4.6, 4.7).

Nonmonotonic dependence of susceptibility for the Fe@C (Bu) sample
passes through several maxima. The maximum around 460 K should be attributed to
iron carbide phase (cementite Fe3C), the inflection point around 650 K can be
associated with the fcc phase y-Fe2C, and the maximum around 1000 K can be attributed to
solid solution y-FeCx (y-ferrite) with a bcc structure. Thus, the kernels

The nanoparticles may contain at least three iron-based phases.

60

463 K
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20
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Figure 4.6 — Temperature dependence of susceptibility on alternating

current of Fe@C (Bu) sample
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Figure 4.7 shows the temperature dependences of susceptibility on
alternating current for Fe@C samples before and after annealing. Major changes to
susceptibility of the Fe@C sample occurs near the Curie temperature (TC =
1043 K) alpha iron (y-Fe), however, with decreasing temperature, it is observed
phase with a Curie temperature of the order of TC = 973 K. It can be assumed that this
associated with a small amount of dissolved carbon (y-FeCx). Kink
near TC = 473 K on the curve indicates the presence of a cementite phase (y-Fe3C).
This feature at TC = 473 K is not so noticeable on the heating curve
sample Fe@C. It is likely that the y-Fe3C phase of the original Fe@C sample is far from
stoichiometry. After annealing (Figure 4.7 b), inflection near TC =473 K

observed already upon heating, but the transition temperature is shifted from

known value TC =488 K for y-Fe3C.
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Figure 4.7 — Temperature dependence of susceptibility on an alternating

current of Fe@C samples: a) initial; b) after annealing

Susceptibility measurements reveal two phases close to y-

Fe3C and y-Fe in the Fe@C sample. The composition of y-Fe3C becomes closer to
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stoichiometric after annealing. It should be noted that such measurements may
accompanied by a change in phase composition.

To determine the amount of carbon in the powder, for Fe@C samples before and
After annealing, thermogravimetric analysis was carried out. Heating of nanoparticles
in air leads to combustion of the carbon shell, and iron-based phases
oxidize, which leads to a change in the mass of the sample. It is worth noting that
The nature of the change in sample masses before and after annealing is significantly different
(Figure 4.8). The reduction in mass associated with the combustion of the carbon shell
clearly manifests itself only in the original sample. Sample after annealing
reacts more slowly with atmospheric oxygen, and the effect of carbon combustion
sums up with an increase in mass due to metal oxidation. Heat release
when heated (Figure 4.8 b) showed that the annealed sample begins

actively oxidize at a slightly higher temperature than the original

sample.
T % T » T ' 1 ® T 2 T ' T 4 T » T L T
iy - A) original
Te—
20 | after annealing 1073K
i
10 +
0k
1 1 1 1 1 L 1 1 1 1 1
350 |
L b la
s00 [ I B
L ] 1
250 / j ?
3 ) r
< 200 |- [ V
= | . I
[a] / ¢
150 {
100 _ after annealing 1073K
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[\ = . 1 ’ ] " 1 s ] , ] , ] . 1 . 1 " 1
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Figure 4.8 — Results of thermogravimetric analysis of Fe@C samples

(a) before and (b) after annealing
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2. Determine the nature of the change in the distribution of induced fields in
depending on the size of hanoparticles according to NMR data.

3. Based on a detailed analysis of NMR spectra (together with NGR data
57Fe), determine the phase composition of ferromagnetic nanoparticles.

4. Find out the reasons for the change in the magnetic properties of nanoparticles and highlight
samples with the highest saturation magnetization value.

5. Determine the concentration of paramagnetic and superparamagnetic particles in
samples with Fe content according to 57Fe NGR data.

The objects of research are nanoparticles based on Fe or Ni and
FexCo1-x@C (x=0.4, 0.5, 0.6, 0.7, 0.8).

The subject of the study is the magnetic state and distribution
local magnetic fields of nanoparticles based on Fe or Ni and FexCo1-x@C

(x=0.4, 0.5, 0.6, 0.7, 0.8).

Methodology and research methods.
Me@C nanoparticles (Me= Fe, Ni and Co) were synthesized by gas-phase
method in the laboratory of applied magnetism of the Federal State
budgetary scientific institution Institute of Metal Physics named after M.N. Mikheeva
Ural Branch of the Russian Academy of Sciences. Samples of iron carbide Fe3C
were obtained by mechanical activation in the same laboratory.
NMR spectroscopy methods on 61Ni, 57Fe, 59Co, 13C nuclei are
the main ones in this work. High sensitivity of the method to local
magnetic fields on probe nuclei allows one to determine the magnetic state
sample, separate the signals of multi-domain and single-domain states,
obtain a detailed picture of the atomic distribution in the sublattice in
magnetically ordered phases. NMR signals were recorded using the
spin echo on a Bruker AVANCE Il — 500 spectrometer in an external magnetic field ( 13C

NMR) and in local (internal) fields - on 3d nuclei

ions.
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The volume, size and size distribution of nanoparticles are shown in the figure.
4.10 a, b. Uniform log-normal distribution,
no significant emissions are observed. Vertical lines separate the size,
below which Fe@C do not contain the multi-domain y-Fe state, while
the horizontal line in (a) corresponds to the volume fraction of single-domain y-Fe,
obtained using NMR at T = 4.2 K.

The nanoparticle cores consist of a phase with an interplanar distance of 0.205 nm,
which corresponds to the (110) planes of y-Fe. On top of the metal core
a thin layer (of the order of several nanometers) with interplanar
distance 0.365 nm, corresponding to the (002) planes of iron carbide y-
Fe3C.

A thick layer of amorphous graphite forms the carbon shell. Except
In addition, there are weak reflections corresponding to the interplanar
distance of 0.25 nm. They can be classified as iron carbide y-Fe5C2. Besides,
very weak reflections, 0.27 nm, can be attributed to FeC4. Substantial part
nanoparticles in the sample after annealing is too large to obtain direct
resolution and determination of phase composition. However, they were discovered
nanoparticles with d = 0.2 nm, corresponding to y-iron, and with d = 0.168 nm,
corresponding to y-Fe3C carbide. Phases identified by image analysis

FEM are presented in Table 4.2.

Table 4.2 — TEM results for phases found in Fe@C samples before and

after annealing, and their parameters

Phase y-Fe Fe3C Fe5C2 Fe3C FebC2 Fe4C|Graphite
Plane (110) (004) (002) (002) (211) (110) (110)
d- 0205 | 0.168 | 0.252 | 0.365 | 0.285 | 0.274 0.334
interplanar [97] [98] [99] [100] [101] [102] [103]
distance, nm
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4.2 Phase composition of Fe@C (Bu) nanoparticles
in the magnetically ordered phase according to 57Fe NMR data

As shown earlier, quantitative analysis of concentration
ferromagnetic phases in nanoparticles and nanocomposites with a size less than 10 nm
can be carried out using NMR spectroscopy [9, 13].

57Fe NMR spectrum recorded in zero external magnetic field
at T =4.2 K (Figure 4.11), consists of several inhomogeneously broadened
lines. All these lines correspond to ferromagnetic fractions, since the signal amplification
factor is quite large ~102 (for comparison in bulk iron ~103 ). The peak at frequency y =
47.3 MHz can be attributed to the signal from
y-iron. This value is inconsistent with previous results for volumetric
y-iron samples [104, 105]. Early results were obtained by NMR in
Fe-based alloys at low temperatures. It was shown that the peak from y-Fe
is located at a frequency of 46.7 MHz. This discrepancy can be explained
size effect. In [21], studying micron Fe particles using the method
NMR, discovered the dependence of the position of the resonance peak on the magnitude
induced magnetic field. This change was estimated at 7.3 kG and is associated with
the appearance of an uncompensated demagnetization field of single-domain particles.
The line in the high frequency region is probably associated with a defective iron phase
[104] or the hcp y-Fe2C phase, similar to similar carbide phases
metallic cobalt [106]. In [104], studying Fe alloys with various additives, they found that the
57Fe line has an asymmetry in the region of high
frequencies, and the position of this line does not depend on the additional
component in the alloy, this broadening was associated with a defect structure in
the immediate environment of the probe core. In [106], the authors point to
changing the sign of the additional induced field, depending on
concentration of C in the atomic sublattice. Two additional lines in the area
lower frequencies refer to the bcc solid solution y-FeCx (y-ferrite) and

iron carbide y-Fe3C [8]. Studying Fe@C nanoparticles, Tsurin et al. note
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wide distribution of induced fields associated with the appearance of solid

y-FeCx solution and the presence of a sextet of Fe3C with a cementite structure.

The presence of carbon in the lattice reduces the contribution of hyperfine fields due to
increased, compared to pure metal, the distance between the nearest

magnetic ions, therefore the NMR line from the bcc solid solution of the y-FeCx phase
is located in the region of lower frequencies than the signal from y-iron. Costs

note that clearly defined peaks in the low frequency region indicate

absence of equiprobable distribution of carbon in the sublattice, otherwise

a pedestal (superposition of lines) would be visible in the spectrum.

Induced field, kOe
240 255 270 285 300 315 330 345 360 375 390
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Frequency, MHz

Figure 4.11 — 57Fe NMR spectra (y) of Fe@C (Bu) nanoparticles obtained in
local magnetic field at T=4.2 K

Analysis of the obtained NMR spectra showed that the proportion of pure y-iron in
cores of nanoparticles is nFe(NMR) = 54 at.% (Table 4.3). Based on

known mass fraction of iron (70 wt.%), obtained as a result of TGA-
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analysis, and estimates of the proportion of ferromagnetic phases, it is possible to determine the composition

nanoparticles

Table 4.3 — Phase composition according to NMR data of Fe@C (Bu) nanoparticles

Frequency Fraction of atoms
Induced
Compound maximum Fe in fer.
field, kOe
lines, MHz condition, at. %
N . 473 +0.2 341.9+0.2 54 +3
y-Fe (metallic)
y-FeCx (solid 433+0.2 313.1+0.2 25+ 3
solution)
35.7+0.2 258.1+ 0.2 10+3
y-Fe3 C (cementite)
494 +0.2 358.0+ 0.2 11+£3
Fe2C

The data obtained by the NGR method showed the presence of nY = 36 at. % iron
paramagnetic (at 300 K) y-phase in nanoparticles. Pay attention to
magnetization values of compounds (M(y-Fe2C) = 161 Aym 2/kg, M(y-Fe3C) = 150
Aym 2/kg [107], M(y-FeCx) y 205 Aym 2/kg [107-110]) and NGR data, let’s estimate the value

magnetization:

Msat(Fe@C (Bu))calc = nCore(1 y npara)(MFenFe(NMR) + MFeCxnFeCx(NMR) +

m?2
MFe3CnFe3C(NMR) + MFe2CnFe2C(NMR)) = 94 (A 77) (4.1).
The resulting calculated value of magnetization is quite close to
experimental value of saturation magnetization at room
temperature M(Fe@C (Bu))exp = 85 Aym 2/kg. There may be a slight discrepancy

is associated with the unaccounted fraction of superparamagnetic particles.
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4.3 Nanoscale effect in Fe@C nanoparticles obtained in
ethylene environment

To determine the influence of hydrocarbon composition on the formation
carbon coating and phase composition of nanoparticles were obtained
Fe@C nanoparticles in argon-ethylene medium by gas-phase synthesis. For
to obtain particles more homogeneous in composition and structure, annealing was carried out
parts of the sample.
Analysis of NGR data (Figure 4.12 a, b) obtained at room temperature
temperature, showed the presence of both paramagnetic and ferromagnetic phases.
It is important to note that the paramagnetic contribution almost disappears after annealing, and
the concentration of metal-carbon fractions, in particular Fe3C, increases

(Table 4.4).
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Figure 4.12 — NGR spectra of Fe@C, obtained at T = 295 K, (a) spectrum
initial sample, (b) spectrum of the sample after annealing. Multi-colored solid
lines in (a) and (b) show the consistent spectra of the various phases forming

Nanoparticle cores: y-Fe-C (red), Fe3C (blue), y-Fe (purple), y-Fe

(brown). The zero shift in (a) and (b) corresponds to the reference y-Fe
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Table 4.4 — Phase composition of Fe@C nanoparticle nuclei before and after annealing according to 57Fe NGR data at T = 295 K

Sample Phase Induced Relative share of iron Relative share of iron Rel. wt. share Rel. wt. share
field, kOe in phases, at. % in fer. phases, at. fer. phases, wt. phases in nuclei
% % nanoparticles, wt.
%
Fe@C y-Fe 329+ 1 24 £ 2 35+4 14 + 1 12+ 1
(Original) Fe3C + 194 £ 4 44 + 4 6517 8619 7117
FeCx
y-Fe - 16.5+2 - - 8.5+ 1
{-FeCx - 16.5+2 - - 85+ 1
Fe@C y-Fe 329 £ 1 3714 39+4 172 162
(annealed) Fe3C + 198 + 2 50+ 6 61+6 83+8 82+8
FeCx
y—Fe - 4+ 1 - - 2+1
y-FeCx - - - N -

18
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57Fe NMR spectra of Fe@C nanoparticles before and after annealing, obtained in
zero external magnetic field, consist of several inhomogeneous
widened lines (Figure 4.13, 4.14). High gain (y y 103 )
the received signals indicate the ferromagnetic state of the phases under study.

The spectrum of the Fe@C sample is described by a set of four lines. Clearly
pronounced peaks at 47.28 MHz and 34 MHz correspond to y-Fe
(single-domain and multi-domain) and Fe3C, respectively. Central line
the y-Fe transition has a pronounced asymmetry in the high-frequency region,
this feature is associated with the contribution from y-FeCx with the bcc structure [8,
111]. It should be noted that all lines in the 57Fe NMR spectrum of the original sample
(Figure 4.13) are significantly broadened and narrowed after annealing. Can
assume that the sample contains metastable FeCx carbides.
The possibility of the existence of some configurations of metastable
carbides was substantiated in theoretical work [112].

Induced field, kOe
225 250 275 300 325 350 375 400

a-Fe

single-domain

FeCx Fe3C

etissity,

30 32 34 36 38 40 42 44 46 48 50 52 54 56
Frequency, MHz

Figure 4.13 — 57Fe NMR spectra (y) of Fe@C nanoparticles obtained in
local magnetic fieldat T=4.2 K




