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The resistive, magnetoresistive, and magnetic properties for nine compacted CrO, powder samples synthe-
sized by hydrothermal method from chromic anhydride were studied. The proposed new synthesis method al-
lows adjusting the thickness of the dielectric shells on the surface of CrO; nanoparticles. The powders consisted
of either rounded nanoparticles (with an average diameter of = 120 nm) or needle-like crystals (=22.9 nm in di-
ameter and 302 nm long). In all cases, nanoparticles were covered by dielectric shells of varied thickness and
composition (for example, chromium oxide CryO3 or chromium oxyhydroxide B-CrOOH). The effect of material
properties and thickness of the intergranular dielectric layers, as well as the shape of CrO; nanoparticles, on the
magnitude of the tunnel resistance and magnetoresistance (MR) of compacted powder samples was investigated.
For all the samples studied, the nonmetallic temperature behavior of the resistance and the giant negative tunnel-
ing MR were detected at low temperatures. The maximum values of MR at 7= 5 K and relatively small magnet-
ic field (H = 0.5 T) were approximately 37%. With increasing temperature, the MR rapidly decreased (down to

~1%atH=1T, T=200K).
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1. Introduction

Chromium dioxide is a ferromagnet with a Curie temper-
ature 7¢c~390 K and the calculated total magnetic moment
2up per formula unit [1]. This result is consistent with the
experimental value obtained from the measurements of the
saturated magnetization for our CrO, powder samples. It is
almost entirely determined by the contribution of the spins
and, as it is shown in [2], the calculated orbital contribution
is only a few percent.

For a long time, CrO» has widely been used for magnet-
ic recording. And currently, it is considered as a promising
material for use in spintronics and in nanotechnology. The
interest in chromium dioxide is due to the fact that it is a
half-metal [3—5] having a high value of spin polarization at
low enough temperatures:
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where N Tand N iare the density of states for electrons at the

Fermi level with spins up T and down { respectively [6].

The intrinsic magnetoresistance (MR) for CrO; single-
crystal is about 1% at room temperature in magnetic field
H=1T [5]. However, for a composite granular material,
which is the case for our compacted CrO; powder samples
with nanoparticles covered by a thin dielectric layer, the
MR turns out to be giant, reaching over 30% at low tem-
peratures in low magnetic fields [4,7]. And for some of our
samples, the MR value reached ~40% at liquid helium
temperatures. The MR for such granular material is usually
called extrinsic (not pertinent to the material).
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Since the functionality and performance of electronic de-
vices largely depend on the maximum of achievable tunnel-
ing MR, high MR values may be of interest for practical
applications in spintronics and nanotechnology. In this re-
gard, a comprehensive study of the influence of technologi-
cal factors on the magnetoresistive properties of already
known magnetic materials and, in particular, of powder sys-
tems based on CrO; seems to be topical.

The influence of the properties of the dielectric barrier
between ferromagnets, including the properties of the
ferromagnet—dielectric interfaces (and particularly the role
of structural disorder in the barrier) on tunneling resistance
and tunneling MR is one of the important and insufficient-
ly studied problems of tunneling ferromagnetic junctions
[5,8]. In these works, it was shown that the quality of inter-
faces plays an important role in tunneling. And there are
some reasonable assumptions that the degree of polariza-
tion (and, consequently, the magnitude of tunneling MR) is
determined not so much by the properties of a bulk ferro-
magnetic material, as by the properties of the surface mate-
rial near the interface (or even on the verge of the ferromag-
netic metal-insulator) with a thickness of several atomic
layers.

Within the framework of this problem, we studied the
dependence of tunnel resistance and tunnel MR in pressed
CrO; powders on the thickness and composition of the
intergranular dielectric layers, as well as on the shape of the
CrO» nanoparticles [9-11]. The thickness, composition and
properties of the dielectric layers were determined by the
technology of preparation of our compacted nanopowder
samples.

2. Preparation and characterization of pressed
chromium dioxide nanopowders

In industry, modified chromium dioxide powders are
usually synthesized by a hydrothermal method from a mix-
ture of CrO3, Cry03, and HyO at the temperature ~ 350 °C
and pressure ~40 MPa in the presence of antimony and
iron catalytic compounds. In this work, the synthesis of
CrO;, was carried out by the same standard hydrothermal
method. As the main stage, the chromium dioxide was syn-
thesized from a mixture of CrOs, water and special addi-
tives, the number and type of which determine the nuclea-
tion, growth, size and shape of particles [11,12]. We have
prepared and studied several types of pressed chromium
dioxide powders with needle-shaped or spherical particles.
The main characteristics of the investigated powders are
given in Table 1.

According to electron microscopic studies, the needle-
shaped CrO; particles were single-crystal formations, most
of them consisting of two domains, having magnetization
vectors disoriented at a small angle a. The vector directed
along the length of the needle-shaped particle approximate-
ly coincides with the direction of the tetragonal axis c that
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is the easy magnetization axis. When pressing tablets of
particles having a needle-shaped form, these particles are
mainly oriented in planes perpendicular to the applied load.
For this reason, the pressed samples consisting of needle-
shaped nanoparticles acquired an induced magnetic texture.
At the same time, the orientation of particles in the planes
can be quite arbitrary. With such particles’ orientation, the
projection of easy magnetization axis on the direction of the
external magnetic field should be significantly larger for
the longitudinal field.

The nanoparticles of which the studied powder samples
were made were covered with dielectric layers of either
Cr03 or B-CrOOH (chromium oxy-hydroxide) of differ-
ent thickness. Both of these compounds are antiferromag-
netic insulators. It is known that CrpO3 has a rhombohedral
lattice. It has the Neel temperature 7y = 309 K and exhibits
a weak magnetoelectric effect.

3. The effect of the material composition and thickness
of the dielectric layer on the tunnel resistance
of compacted CrO2 powders

Figure 1 shows the temperature dependences of resistivi-
ty for all samples studied. The curves numbering in this
figure correspond to the sample numbers in Table 1. For all
samples, we observed the temperature dependences p(7) of

7,K
3(|)O| IQO 5|0 2|0 1|0 I5

10

p, Q-cm

O.l | 1 | 1 | 1 | 1 | 1 |

Fig. 1. Temperature dependences of the resistivity of the investi-
gated samples of pressed CrO, powders. The curve numbering
corresponds to the sample numbers indicated in Table 1. The
arrows indicate the temperatures at which deviations from the
Mott’s law begin.
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Table 1. The main characteristics of the studied powders

. Shell HC’ T HC’ T Mmaxa MR:
Sample Particle surface shell ] Ssp» Myp, ]
) thickness 2 1 at 2. -1 A-m"kg %
number material m-g A-m kg
d, nm T=293K | T=5K atT=5K at T=5K
Naturally degraded layer 20
1 (mixture of chromic acid ~34 0.0429 - 78.6 - 0.6 T
and B-CrOOH) 06T
-32
2 Cr03 1.6 ~34 0.0421 72.5 -
047
-36.6
3 Cr,03 2.1 ~34 0.0422 0.0615 66.24 82.2
(047T)
Stabilized layer of -18.6
4 3.6 10.5 0.0149 0.033 62.5 88.3
B-CrOOH 0.57)
-38.15
5 B-CrOOH 1.73 0.0432 0.0609 93.6
0.47)
-36
6 B-CrOOH 1.8 0.0429 69.7 91.2
0.157T)
76.6
7 B -CrOOH 1.58 0.0429 0.0730 69.7
27
-36.4
8 B -CrOOH ~0.8 0.0522 0.0848 83.9 101.1
(027)
—26.1
9 B -CrOOH ~1.2 0.0761 0.1138 75.3 76.25
0.28 T)

Notes: Sgp, is a specific surface area; H, is a coercive force (at 7= 295 K and T'= 5 K), My, is a specific magnetization at room tempera-

ture in a field H = 1 T, Mpax — maximum specific magnetization at low temperatures and high magnetic fields (I'=~5 K, H=5T),
MR — magnetoresistance, [R(H) — R(0)]/R(0), at T~ 5 K (in parentheses are the magnitude of the magnetic field). The MR was re-
corded at the measuring current / = 100 pA, the rate of the magnetic field alteration was dH/dt = 0.021 T/s. All samples consisted of

needle-shaped CrO, nanoparticles, except the sample No. 4, consisting of rounded-shaped CrO, nanoparticles with an average parti-
cle diameter of ~ 120 nm. The sample No. 9 was a CrO; + Fe solid solution.

non-metallic type, which suggests tunneling conductivity.
It can be seen that, depending on the type of dielectric lay-
er and its thickness, the resistance of our samples may dif-
fer by two orders of magnitude.

The sample No. 4 with dense stabilized oxy-hydroxide
dielectric shells (thickness 6 = 3.6 nm) covering the round-
shaped CrO> nanoparticles has the highest resistance. The
temperature dependence of the resistance for this sample
significantly differs from one of the needle-shaped samples
(for example, for 7<20K it resembles the exponential
one, but for 7> 20 K it has a lower slope). So the situation
with the sample No. 4 requires additional studies, but up to
now we don’t have other samples with round-shaped parti-
cles to compare.

For the samples with needle-shaped CrO, particles
(Nos. 1-3 and Nos. 5-9), the dependence p(7) at T<68 K
corresponds to the Mott’s law for the 3D variable range
hopping resistance: p(7') = p exp(T /T)1/4. AtT>68K, a
deviation from the Mott’s law appears, and with a further

increase in temperature (at 7> 144 K), a transition to ther-
mally activated conductivity occurs: the law p(7)=
~ po exp(E,/kT) begins to hold (see Fig. 2). Here E, is the
activation energy. The values of E, are given in Table 2,
from which it can be seen that the activation energy does
not depend on the dielectric layer thickness.

Table 2. The values of activation energy E, for CrO, powder
samples with different shell thickness

Sample Shell thickness d, Activation energy E,,,

number nm eV (T, K)
NN
c e [ e
NN
B

1516 Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 12



Conductivity of pressed powders of chromium dioxide with spin-dependent electron tunneling

144 K

0.14

| ! | !
0.010  0.015

7, K"

! | !
0 0.005 0.020
Fig. 2. Examples of p(7) dependences for three samples at high

temperatures. The curve numbering corresponds to the sample
numbers in Table 1.

Examining p(7) dependencies for the samples with nee-
dle-shaped particles you can see that the sample No. 3 with
the thickest CroO3 dielectric interlayer (2.1 nm) has the high-
est resistance, and the sample No.9 with CrO; particles
covered with B-CrOOH dielectric oxy-hydroxide layer with
the minimal thickness (~ 1.2 nm) has the lowest resistance.

At the temperature Tmin = 140 K, the sample No. 1 ex-
hibits a minimum of resistance and with further temperature
rise a transition to metallic-type temperature dependence of
resistance (dp/dT > 0) takes place. Such cases are sometimes
referred to as a dielectric—metal transition with increasing
temperature. Lower resistivity values for the sample No. 1
(compared to the samples Nos. 3, 5, and 6) can be associ-
ated with the thickness inhomogeneity and possible local
discontinuity of the dielectric shells of particles. Such a
minimum of resistance is a rather typical phenomenon in
polycrystalline or granular oxides of transition metals with
dielectric layers of non-uniform thickness. At low tempera-
tures (I'<68 K) the p(7) values closest to those of the
sample No. 1 has the sample No. 8 with the smallest thick-
ness of the dielectric f-CrOOH covering (~ 0.8 nm). Note
that both samples (No.1 and No. 8) have the smallest
thickness of the dielectric B-CrOOH covering, which ac-
counts for the closeness of their p(7) values. The principal
difference in the p(7) behavior for these two samples mani-
fests itself only in the high-temperature region (7> 140 K).
The resistance of the sample No. 8 with further increase in
temperature continues to decrease, while for the sample
No. 1, a transition to a metallic type of conductivity takes
place. This transition can be associated with the degradation
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of the unstable dielectric shell for the sample No. 1 at suf-
ficiently high-temperatures with further transition from acti-
vated mechanism of conductivity (in the temperature region
where the Arrhenius law is fulfilled) to non-activated elec-
tron tunneling due to partial destruction of the CrO; parti-
cles’ shells with increasing temperature that leads to for-
mation above Tin = 140 K percolation channels consisting
of a sequence of metal granules with weak barriers with
non-activated tunneling or even simple metal “short cir-
cuits”. This mechanism of resistance minimum in granular
magnetic metals is described in details in [13]. Some mod-
els of such a minimum of resistance are also known (for
example, [14]).

The method of Mossbauer spectroscopy on 37Fe atoms
has shown that Fe’ ions in chromium dioxide powders
(our powder No. 9) are distributed between three magnetic
solid solutions [15]. In addition to Crj_,FexO solid solu-
tion (this is a massive substance and an iron-enriched sur-
face layer) and inclusions of Cry_»,Fe2,O3 particles on the
surface, iron is also presented in B-CrOOH chromium oxy-
hydroxide, i.e., Fe atoms are also incorporated into the die-
lectric shell. Taking into account the results of Mdssbauer
spectroscopy, we believe that the lower p(7) values for the
sample No. 9 than for the sample No. 8 can be associated
with formation of additional localized states on iron impu-
rities into the B-CrOOH tunneling barrier. Thus the results
of p(T) measurement (Fig. 1) show that the magnitude of
the tunneling resistance depends both on the type of the
particles’ dielectric shell and on its thickness.

The transparency coefficient D for a rectangular tunnel
barrier with width d [16] is defined as

o Ry I
D ~exp —%JVO—EIdx :exp{—%d VO—E},
X

2

where (V) — E) is the height of the barrier, and x; —x1 =d
is the barrier thickness.

However, in the case of a more complex form of the bar-
rier, there is no common analytical solution for calculating
the coefficient D. Therefore, the experimental data on the
effect of the type of dielectric shell of particles on the prob-
ability of electron tunneling (and tunnel resistance) are of
particular interest. Both parameters (thickness of the die-
lectric shell and its type) are the technological parameters
that can be controlled during the synthesis process thus
controlling the value of the tunnel resistance. In Fig. 3 the
results of measuring the temperature dependence of re-
sistance for three samples are plotted in different coordinate
systems.

Figures 3(a)—~(c) demonstrate the temperature depend-
ences p(7) for the samples with the same dielectric materi-
al (Cr03) covering the CrO; particles, but having the dif-
ferent thicknesses (2.1 and 1.6 nm).
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Fig. 3. (a)—(c) Temperature dependences of the resistance for two samples with the same dielectric material of different thickness, built

in different coordinates: 2.1 nm CryO3 shell (sample No. 3) and 1.6 nm Cr,03 shell (sample No. 2). (d)—(f) Temperature dependence of

the resistance for two samples with shells made of different dielectric materials approximately the same thickness shown in different
coordinates: 1.6 nm CryO3 shell (sample No. 2) and 1.58 nm B-CrOOH shell (sample No. 7).
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Figures 3(d)—(f) demonstrate the temperature dependences
p(7) for the samples consisted of CrO; particles with differ-
ent materials (CrpO3 and B-CrOOH) of the dielectric shells,
but having approximately the same thickness (~ 1.6 nm).

According to Fig. 3(a) the sample with a thicker dielec-
tric layer has higher resistance. As it is known a quantum
particle has a finite probability of finding it on the other side
of the dielectric barrier. So the insulating layer can pass a
current which is caused by a quantum tunneling through the
barrier. The probability of tunneling decreases exponentially
with increasing the thickness of the insulating layer (see
Eq. (2)). Thus, higher resistances of the samples with thicker
dielectric coatings of the particles are associated with the
electrons overcoming a wider potential barrier between the
FM CrO; granules.

In Fig. 3(b) the p(7) dependences for the samples with
different materials of dielectric coatings, but with close val-
ues of the thickness of the interlayers, also significantly dif-
fer in magnitude. In this case, the sample with higher re-
sistance has the dielectric shell made of B-CrOOH. This can
be explained either by an increase in the barrier height for
this type of dielectric shells’ material or by larger distortions
on the interfaces in CrO;—f3-CrOOH nanoparticles’ system
as compared with CrO,—Cr,0O3 nanoparticles’ system.

The presented results of p(7) measurements show that
the shell thickness has a more noticeable effect on the
magnitude of the tunneling resistance (see Fig. 3) to com-
pare with material changing. That corresponds to theoreti-
cal calculations of the transparency coefficient D according
to Eq. (2). For example, the samples No. 2 and No. 3 have
the same dielectric material (CrpO; shell) covering the
same CrO, particles with different thickness. At low tem-
peratures the values of p for these samples differ by about
4 times: [ps2k (the sample No. 3)/ps2k (the sample
No. 2) = 4]. The samples No. 2 and No. 7 have dielectric
shells made of different materials, but with approximately
the same thickness, and the p values for these samples in
the same temperature range differ only by ~ 1.5 times
[p4.2 K (the sample No. 7)/ p4.2 k (the sample No. 2) = 1.5].
In this case, the B-CrOOH shell leads to higher resistance
values (Fig. 3(b)).

More clearly, the effect of the thickness and composition
of the dielectric shell on the resistance of our compacted
powder samples can be seen in Fig. 4 that shows the tem-
perature dependences of the relative difference in tunneling
resistance for the samples Nos. 3 and 2 {(p3) — (p2)}/(p2), —
(the same material, but different thickness — Fig. 4(a)),
and Nos. 7 and 2 {(p7) — (p2)}/(p2) — (the same thickness,
but different materials, Fig. 4(b)). A comparison of Fig. 4(a)
and Fig. 4(b) shows that the thickness of the shell has a more
pronounced effect on the value of the tunnel resistance.

This result seems trivial. At the same time, a large differ-
ence in the p(7) values for the samples Nos. 5 and 6 (Fig. 1),
that have the same B-CrOOH shell with a similar thickness,
attracts attention. This result shows that the type and thick-
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Fig. 4. (a) Temperature dependence of the relative change in the
tunnel resistance with a change in the thickness of the CryO3
dielectric shell. (b) Temperature dependence of the relative
change in the tunnel resistance with a change in the composition
of the dielectric shell. The subscripts in the headers of the axes of
the ordinates correspond to the sample numbers in the Table 1.

ness of the dielectric shell are not the only factors determin-
ing the magnitude of the tunnel resistance. A possible reason
for the different values of the tunnel resistance of these two
samples with the same thickness and material of the dielec-
tric layer is the presence of impurities and defects on
CrO,—B-CrOOH interface. The quality of interfaces is not
taken into account by the theory. So, the influence of the
interface properties on the ferromagnet—dielectric—ferro-
magnet junctions requires further study.

From our experiments, it was not possible to determine
the effect of the nanoparticles’ shape on the tunneling re-
sistance value due to the lack of samples with needle-shaped
particles covered by the dielectric shell with the same thick-
ness and material as for spherical particles in sample No. 4
(~ 3.6 nm of B-CrOOH). It should be noted that the density
of samples consisting of rounded CrO; particles is signifi-
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cantly higher than that for the samples with needle-like
particles (60% x-ray density vs. 40%). Based on this fact,
one would expect that a higher pressing density would con-
tribute to lowering the tunneling resistance by reducing the
distance between the CrO; nanoparticles. However, the
resistance of the sample No. 4 turned out to be significantly
higher than that of the samples with needle-shaped parti-
cles (see Fig. 1).

4. Percolation effects in the conductivity of pressed
powders of chromium dioxide

A part of our samples shows a transition from dielectric
to metallic type of conductivity behavior with increasing
temperature (Fig. 1). This transition is clearly seen for the
sample No. 1. As it was mentioned above, the temperature
dependence p(7) for this sample exhibits a minimum of
resistance at Tpin = 140 K. A similar minimum can be ob-
served for the sample No.5 with Ty, =250 K. Above
Tmin, these two samples show a metallic type of tempera-
ture dependence of resistance, and below T, the material
behaves like a dielectric (semiconductor). At the metal-
dielectric (semiconductor) transition point, the derivative
dp/dT changes its sign (see Fig. 5). In addition, it should be
noted that the sample No. 3 also shows a tendency to
changing the sign of derivative: at least the value of dp/dT
tends to zero with increasing temperature (Fig. 5). It is
known that the studied samples consist of metal FM gran-
ules separated by dielectric layers. This implies that the
transition from insulator to metallic type of conductivity
behavior may be percolation by its nature. At sufficiently
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’ i
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1 1 | 1 |

| ! | ! |
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50 100 150 200 250 300
T,K

Fig. 5. The derivative of resistivity by temperature for three sam-
ples. The numbers on the graphs correspond to the numbers of the
samples in Table 1.
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high temperatures, the intergranular conductivity is caused
by two processes: above-barrier penetration and sub-barrier
tunneling. If the activation energy (i.e. the barrier height) E;
is low enough, then at sufficiently high temperature, when
kT >> E;, the conductivity becomes non-activated. And in
this case, the system behaves like a metal (dp/dT > 0). The
lower transition temperature to the metallic type of con-
ductivity behavior for the sample No. 1 is explained by the
worse quality of it’s dielectric shell — this sample has an
unstabilized shell consisting of a mixture of 3-CrOOH and
chromic acid (see the Table 1). With increasing tempera-
ture, this shell may be partially destroyed, which leads to
metallic short circuits between some of the FM granules.
The second reason is the inevitable non-uniform thickness
of dielectric layers, which creates prerequisites for the
formation of preferable current flow channels.

Theoretical calculations do not contradict such ideas.
For example, in [17], numerical simulations were made of
low-field MR and current distribution for ferromagnetic
semimetals by a random grid of resistors. The calculations
performed in this work showed that there is a close rela-
tionship between the magnitude of the low-field MR and
the electrical current morphology. It was shown that an
increase in the degree of disorder leads to an increase in
the localization of the current. In the limit of strong disor-
der, a quasi-one-dimensional transport channel is formed.
Moreover, an increase in disorder leads to the localization
of the current both in the zero field and in the final external
field H = Hext. In our case, the partial destruction of dielec-
tric shells in the system of ferromagnetic granules when
the sample is heated can be considered as an increase in the
degree of disorder. Thus, our measurements show that the
resistivity in the system of FM granules separated by die-
lectric layers may exhibit a percolation character with in-
creasing temperature.

5. Effect of dielectric interlayer thickness on tunneling
MR of pressed CrO; powders

Figures 6(a), (b) show the tunneling magnetoresistance
(TMR) hysteresis loops for two samples with the same die-
lectric shells of different thickness. It can be seen that with
increasing shell thickness at helium temperatures, the TMR
magnitude increases very slightly. It is natural to assume that
an increase in the average thickness of the intergranular lay-
ers should lead to an increase in the tunnel nature of the re-
sistivity and to an increase in the TMR value. However,
these ideas do not correspond to the results of TMR meas-
urements for the sample No. 4 with rounded nanoparticles
coated by the thickest 3.6 nm dielectric shell. The TMR
magnitude for this sample is about 2 times smaller than the
TMR values for the samples Nos. 3 and 5, which have thin-
ner dielectric coatings on their particles (Figs. 6 and 7). Fig-
ures 6(c), (d) show for comparison MR curves for two sam-
ples with approximately the same thickness, but different
dielectric coating material.
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Fig. 6. Tunnel MR hysteresis loops (the magnetic field H is parallel to the sample plane): samples No. 2 and No. 3 at 5 K (a) and 20 K
(b). The dielectric shell is Cr,O3. Samples Nos. 5 and 7 at 4.17 K (c) and 21 K (d). The dielectric shell is B-CrOOH.

In the known published data, the dependence of TMR
on the thickness of the dielectric interlayers is practically
not investigated, therefore, only some assumptions can be
made on this account. With sufficiently thick intergranular
dielectric layers, granulated samples turn into a system of
completely isolated granules, in which tunneling and, ac-
cordingly, TMR should be completely absent.

Based on these considerations, it can be concluded that
increase in the thickness of the intergranular layer to a crit-
ical value shall lead to a decrease in TMR. In particular,
the rather low TMR value of sample No. 4 in comparison
to TMR of the other samples can be explained by a rather
large thickness (3.6 nm) of its intergranular layer. The se-
cond reason affecting the magnitude of the TMR of sample
No. 4 is the degree of spin polarization, or the orientation
of the magnetic moments of the nanoparticles.

TMR of granular ferromagnets, including the pressed
CrO; powders, is determined only by direct tunneling of
charge carriers with preservation of the spin. The processes
of passing of tunnel barriers in which the spin of the charge
carriers is not preserved (for example, due to the spin flips
on impurities and defects or at the boundaries of the gran-
ules) do not make any contribution to the measured TMR.
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According to the works [3,5,18,19] the relative magneto-
resistance is associated with polarization as follows:

AR(H)/ R(0) = P/ (1+B}), (3)

where Pe2 is the effective spin polarization without spin
flips in the barrier during electron tunneling. By following
this formula, for some of our samples (Nos. 3, 5 and 8),
having at liquid helium temperature the maximum TMR
value ~ 36-38%, the calculated spin polarization achieve
75-78%. But with rising temperature, the spin polarization
rapidly decrease which leads to a decreases in TMR down
to1%atH=1T, T=200K.

In [5], the following expression for tunneling MR is
given:

Ap __ IR, [M2(H)-M?(0)] @

p 4kT M2

N

where J is the exchange interaction constant, M is the sat-
uration magnetization. It can be seen from formulas (3)
and (4) that tunneling MR depends primarily on polariza-
tion. The spin polarization of electrons in each individual
granule determines the direction of the magnetic moment
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Fig. 7. Tunneling MR hysteresis loops at 4.17 K and 20.43 K
for the sample No. 4 with rounded nanoparticles. Dielectric shell
is B-CrOOH. The field H is parallel to the sample plane.

of this granule. In [20] it is shown that the orientation of
the magnetic moments of CrO, nanoparticles strongly in-
fluences the TMR magnitude. In textured CrO; samples
with needle-shaped nanoparticles, the magnetic moments
of the granules are predominantly oriented in the plane of
the sample. At the same time, in samples consisting of
rounded nanoparticles, the direction of the magnetic mo-
ments is rather chaotic, which leads to a lower value of
TMR compared to the needle-shaped powders.

From Figs. 6 and 7 it follows that an increase in tempera-
ture leads to a noticeable decrease in TMR (to = 17.5% for
powders with needle-shaped particles at 7~ 20 K). With a
further increase in temperature the TMR decreases down to
~ 1% at 200 K. The main reason for this sharp decrease in
TMR can be primarily explained by the disorientation of the
magnetic moments of the neighboring granules and the de-
crease in the spin polarization P, of CrO, material inside
granules with increasing temperature [3-5,7,18,19,21].

In known literature, the discussion of the problem of
decreasing TMR with increasing temperature is mainly
qualitative. Some specific theoretical models can be found
in [4,5,7,8,19,21,22]. In particular, the authors of [19] pre-
sented a phenomenological model in which it was assumed
that polarization P, is proportional to the magnetization of
the surface layer of ferromagnetic particles, so that both of
these quantities decrease with increasing temperature un-
der the influence of spin-wave excitations. For the low-
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temperature region, the authors give the following expres-
sion [19] for P(7):

P(T) = Ry(1-aT*?), (5)

where Py is the polarization at 7=0 K, a is the material-
dependent constant.

Another factor determining the fall of the TMR with an
increase in temperature is the presence of parallel channels
for the charge carriers passing through the intergranular
boundaries in which the spin is not conserved. Such pro-
cesses include, for example, the above-mentioned border
crossing with spin-flip on impurities and lattice defects, mul-
tistage tunneling, and other processes [4,7,21]. The role of
these border passage processes without preserving the spin
increases with increasing temperature, which also contrib-
utes to the rapid decrease of TMR.

6. Conclusion

The resistive, magnetoresistive, and magnetic character-
istics of nine compacted CrO, powders synthesized by the
hydrothermal method were investigated. The powders con-
sisted of rounded or needle-shaped CrO; nanoparticles.
CrO; nanoparticles were coated with dielectric shells of
chromium oxyhydroxide B-CrOOH or CryO3 oxide of dif-
ferent thicknesses. The measurement results showed that
the resistance and spin-dependent tunneling MR signifi-
cantly depend on the thickness and type of dielectric coat-
ing of the particles. It has been established that tunneling
MR also depends on the shape of the particles.

The following features are experimentally established:
— the width of the dielectric barrier has the most noticea-
ble effect on the magnitude of the tunnel resistance, which
corresponds to theoretical concepts;

— when the Cry0O3 shell is replaced by the 3-CrOOH shell,
the probability of tunneling decreases, and the resistance in-
creases, which may be due to more significant distortions of
the interfaces in the CrO,—3-CrOOH nanoparticles system;
— a noticeable difference in the magnitude of the tunneling
resistance for two samples with the same dielectric shell of
approximately equal thickness implies that the quality of the
ferromagnet-dielectric interface may have a noticeable effect
on the magnitude of the tunnel resistance;

— the influence of the thickness and type of the dielectric
shell on the tunneling MR magnitude is insignificant. The
magnitude of tunneling MR is determined primarily by the
spin polarization of CrO; nanoparticles.

The results indicate that it is possible to control the resis-
tive characteristics of granular systems consisting of CrO;
nanoparticles using a controlled change in the thickness and
type of dielectric interlayers. At the same time, the proper-
ties of the interfaces between the FM semimetal-dielectric-
FM semimetal and their influence on the tunneling re-
sistance and MR are not well understood and require further
study.
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MpoBigHICTbL NpecoBaHMX NOPOLLKIB AiOKCUAY XPOMY
3i CMiH-3aNeXHUM TYHeroBaHHAM eNeKTPOHIB: BNNNB
TOBLUMHM Ta TUNY AieNeKTPUYHMX NpoLLapkKiB

H.B. Janakoea, €.10. binses, O.M. bnyaos,
B.O. lNopenui, O.M. OcmonoBcbka,
M.I". OcmonoBcbKkuiA

JlocTikeHO PE3UCTHBHI, MArHITOPE3UCTUBHI Ta MAarHITHI BJa-
CTUBOCTI UIsl JIeB’SITH mpecoBaHuX 3paskiB mopouiky CrOj, siki

CHHTE30BaHi TipOTepMaIbHIM METO/IOM 3 XPOMOBOTO aHTIJPHIY.
3anponoHOBaHUK HOBHUI CIIOCIO CHHTE3Y MO3BOJISIE PETYITIOBATH
TOBILMHY [i€JIEKTPUYHNUX OOOJIOHOK Ha MOBEPXHI HAHOYACTHHOK
CrO;. Tlopomku ckiafamucs 3 OKpyriuX HAaHOYACTHHOK (Cepen-
Hiit giamerp ~ 120 HM) abo roJKOMOOIOHMX KpHUCTATIB (AiaMeTp
22,9 am Ta pomxkuHa 302 HM). Y BCIX BHIAJAKAX HAHOYACTHHKHU
HOKPHBAJIMCS Ii€JICKTPUYHUMHI OOOJIOHKAMH Pi3HOI TOBIIMHM Ta
cany (Hampukiam, okcun xpomy Cr,Os abo OKCHTimpoxcuz
xpomy B-CrOOH). BuBueHo BIUIMB BJIaCTHBOCTEH Marepiaiay Ta
TOBIIMHH MDKTPAaHYJIbHHUX Ji€TeKTPUYHHX IIapiB, a TAKOXK (HopMH
HaHouacTUHOK CrOj, Ha BeMUUMHY TYHEJIBHOTO OIOPY Ta MarHi-
toornopy (MO) npecoBaHUX MOPONIKOBUX 3pa3kiB. [ Beix moc-
JiVKEHUX 3pa3KiB BHSABICHO HEMETAJEBY TEMIIEPATypHY HMOBEIIiH-
Ky OIOpY Ta TiraHTCHKUH Bix’eMHMI TyHensHni MO 1pn HU3BKHX
Temmeparypax. MakcumanbHi 3HaueHHS MO mpu 7=~5K Tta y
BIZIHOCHO HEBEIMKOMY MarHiTHomy moii (H = 0,5 Ti) cranoBuim
npubansno 37%. 3 migsuieHHAM Temneparypy MO mBHIKO
3HIKYBaBcs (10 ~ 1% npu H =1 Tn, T=200 K).

Kutro4oBi ciioBa: TyHENbHHUI OMip Ta MarHiTOOMIp, 3pa3Ku Mpeco-

BaHOTO MOPOIIKY, TIOKCHJ XPOMY.

npOBO,EI,I/IMOCTb NnpeccoBaHHbIX NOPOLLKOB ANOKCHaA
Xpoma CO CNnH-3aBUCUMbIM TyHHENMpoBaHnem
ANEKTPOHOB: BJIAHMNE TOJILLMHbI 1 TUNA
AN3NEKTPUYHECKMX NPOCIIoekK

H.B. danakoBa, E.}O. Bensies, A.H. bnynos,
B.A. lNopenbinn, O.M. OcmonoBckas,
M.I". OcmonoBckuin

HccnenoBansl pe3nUCTUBHBIC, MarHUTOPE3WCTUBHBIE M Mar-
HHUTHBIE CBOMCTBA /71 AEBSITU NIPECCOBAHHBIX 00OPA3IOB MIOPOIIKA
CrO;, KOTOpBIE CHHTE3UPOBAHBI THAPOTEPMATBEHBIM METOJIOM U3
XpOMOBOTO aHruapuzaa. IIpennoskeHHbI HOBBIN CIIOCOO CHHTE3a
MO3BOJISIET PETYINPOBATh TONIIHUHY JUIIEKTPHUSCKUX 000JI0UEK
Ha noBepxHocTH HaHoyacTul CrO;. Ilopomku coctosnu U3 Ok-
PYTIIBIX HaHOYACTHI] (CpemHmil nuamerp ~ 120 HM) Win HIiI000-
pa3HbIX KpucTawioB (auametp 22,9 uM u uHa 302 HM). Bo Beex
ClTydasX HAaHOYACTHIB HOKPHIBAINCEH ANUAIEKTPUIECKUMHI 000JI04-
KaMH{ Pa3JIMYHON TOJIIMHBI U COCTaBa (HaNpUMep, OKCHZ XpoMma
Cry03 mmm okcurunpokcun xpoma -CrOOH). U3yueno BiusiHIEe
CBOIfCTB MaTepuaia U TOJLIMHBI MEXIPaHYIbHBIX AUAICKTpUUE-
CKHX cJoeB, a Taxxke (opmbl Hanouactun CrO; Ha BETHUHHY
TYHHEJIBHOTO CONpPOTHBJIECHUS U MarHuToconportusieHus (MC)
NIPECCOBAHHBIX MOPOIIKOBBIX 00pa3noB. /sl Bcex MCClemoBaH-
HBIX 00pa3loB OOHAPY)XKEHBI HEMETAUINYECKOE TeMIIepaTypHOe
TIOBE/ICHNE CONPOTHBIICHUSI M TMTAHTCKOE OTPHUIATENbHOE TYH-
HenpHOe MC mpu HU3KUX TeMmeparypax. MakcuMalbHble 3Haue-
Hust MC npu 7= 5K u B OTHOCUTENIEHO HEOONBIIOM MarHUTHOM
none (H=0,5Ta) cocrapmsimn npumepHo 37%. C MOBBILIEHHEM
temrneparypsl MC ObicTpo cHmkanoch (no ~ 1% mpu H=1 Tu,
T=200 K).

KiroueBble crioBa: TyHHENBHOE CONPOTUBICHUE U MAarHUTOCOIPO-
THBIIEHUE, 00pa3I[bl MPECCOBAHHOTO MOPOIIIKA, AUOKCUJL XPOMa.
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