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Magnetoimpedance in manganese sulfide substituted with lutetium
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The components of the impedance, the impedance of the LuxMn;_xS (x < 0.2) solid solution in the temperature
range of 80—500K and the frequency of 100—10° Hz were studied. A change in the sign of the magnetoimpedance
in concentration and temperature is found. The contribution of the reactive and active components to the
magnetoimpedance is determined. The correlation of magnetoimpedance temperatures with the temperatures
of the maximum attenuation of ultrasound and electrosound has been established. The frequency dependences of
the reactive part of the impedance are described in the Cole—Cole model.
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1. Introduction

Search for new spintronics materials [1,2] is a crucial
task. Compounds having magnetoresistive effect in high
temperature region offer wide application prospects [3-5].
In room temperature range, manganite semiconductors with
colossal magnetoresistance in the vicinity of magnetic and
charge ordering are well investigated [6-8].

Intensive experimental and theoretical research is focused
on R;_xAWMnO; type transition metal oxides (R = La,
Pr, Nd, Sm, etc, A=Ca, Sr, Ba, Pb) [9-14]. As
bivalent ion concentration changes, manganite properties
change significantly and a several phase transitions with
various types of structural, magnetic, charge and orbital
ordering are observed. In the phase transition region,
kinetic performance changes and colossal magnetoresistance
effect is observed [15,16]. The investigations are primarily
focused on concentrations X < 0.5 due to the presence
of colossal magnetoresistance effect in the high temper-
ature range, therefore, they are favorable for spintronics
applications.

Spatially-heterogeneous charge carrier density will result
in exchange interaction modification and formation of
complex magnetic structures and charge ordering. In the
high concentration region, a perovskite-like structure in
manganites exists for calcium ions only, and for A = Sr, Ba,
Pb ions, hexagonal structure is implemented [9]. Doping of
calcium ions in CaMnQO3; with rare earth elements results in
the magnetic phase transition sequence and charge ordering
at X ~ 0.1 above the Neel temperature [17].

Magnetoimpedance characteristics of Lag ¢7Pbg 33MnOs,
prepared by sol-gel method differ from those of giant
magnetoimpedance metallic materials. At low frequencies,
the impedance demonstrates its peak in weal longitudinal

4*

field. The peak disappears in the high frequency region
and drops dramatically as the magnetic field decreases.
Magnetoimpedance in sol-gel nanocrystalline manganite
depends both on the change in permittivity in the pres-
ence of magnetic field and on direct-current magnetore-
sistance [18]. Maximum magnetoimpedance occurs in
the vicinity of the metal—insulator (MI) transition in
Lay;3Ba;;3MnO3 and moves towards high temperatures in
the external electric field [19]. The magnetoimpedance
in Lag 7Sr0.33-xPbxMnO; (x = 0—0.33) in the MI tran-
sition region is several times higher than the direct-
current magnetoimpedance [20]. In manganites, the highest
magnetoimpedance is achieved at MI phase transitions and
when charge ordering. is formed.

In disordered MexMn;_,S (Me = Ag and Tm) semicon-
ductors with non-isovalent substitution, magnetoimpedance
and magnetoresistance were detected whose magnitude and
sign depend on the electric field, temperature and type of
substituting element [21]. In YbxMn;_,S (0.05 < X < 0.2),
ytterbium ion is in trivalent state and maximum magne-
toimpedance was detected in the vicinity of Jahn-Teller
transition [22]. In LuyMn; _«S solid solution, negative direct-
current magnetoresistance and critical temperature of elec-
tric polarization hysteresis disappearance [23]. Impedance
reactance depends on the capacitance that is governed by
permittivity. permittivity in electrically heterogeneous semo-
conductors shows magnetodielectric effect in the magnetic
field [24-26)].

The purpose of this research was to determine the
influence of the heterogeneity caused by the increase in
concentration of manganese ion substitution with lutetium
ions in LuyMn;_S on the impedance in magnetic field, on
correlation of structure deformation and charge fluctuations
with magnetoimpedance.
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Figure 1. X-ray image of LuxMn;_«S for concentrations X = 0.05 (a), 0.1 (b).

2. Materials and methods

LuxMn;_4S solid solutions were grown by crystallization
from moltenpowder sulphides in glassy carbon crucibles
and quartz reactor in argon atmosphere by reactor pulling
through a HF single-turn inductor. Sulphurization com-
pleteness was controlled by the X-ray diffraction analysis
and weight checking methods. Phase composition and
crystalline structure of synthesized specimens were inves-
tigated at room temperature using DRON-3 X-ray unit with
CuK,, radiation in ,,point to point“ data acquisition mode.

Figure 1 shows X-ray image of LuxMn;_xS. The main
peaks correspond to FCC-structure. For concentration
X > 0.1, weak diffraction peaks induced by rhombic im-
purity phase occur.

Impedance resistance and reactance were measured using
AM-3028 instrument in frequency range 0.1—-1000 kHz and
temperature range 80—500K without any magnetic field
and in magnetic field H = 8kOe. Ultrasound attenuation
was investigated on a 6 x 5 x 4mm specimen with two
TsTS-19 piezoelectric transducers at a distance of | = 4 mm.
A 100ns rectangular pulse was applied to one of the
piezoelectric transducers and voltage was recorded on
the other transducer. Ultrasound attenuation factor was
calculated as follows:

ln(%)

ad=——,

| (1)

where Uy, is the input voltage, Uy, is the recorded voltage
after sound transmission. Electrons (holes) interact with
acoustic waves induced by piezoelectric transducers by
means of deformation potential. Current carriers interact
with ultrasound as a result of conductivity electron drag
with progressive sound wave that will result in the difference

of potentials across the specimen, acoustoelectric effect —
electric sound.

3. Results and discussion

The magnitude of electrical state heterogeneity will be
varied by the concentration of manganese substitution with
lutetium. At low concentrations, trivalent lutetium ions are
surrounded by manganese ions and form a random potential
in the matrix. With concentration growth, lutetium ion
clusters and regions with various charge carrier mobility
are formed. Above the concentration of atom flow via
FCC-Hlattice X. =0.17, domains with lutetium ions are
formed and macroregions with different conductivity can
be identified. Below the flow concentration, non-isovalent
substitution results in formation of electrons and holes
positioned in quantum wells. At the outer boundary of
lutetium clusters, there are holes coupled by Coulomb
interaction with electrons inside the cluster. Various types
of charge carriers and degree of placement will result in
different behavior of impedance components in the external
magnetic field. Figure 2 shows impedance components at
different frequencies vs. temperature.

In Lug0sMny gsS, resistance Re(Z) and reactance Im(Z)
demonstrate two extreme temperatures. Maximum tempe-
rature Re(Z) grows from T = 344K for w = 1kHz up to
356K for w = 300kHz. In the magnetic field, maximum
temperature moves towards low temperatures. The second
maximum Re(Z) and minimum Im(Z) temperature at 445K
does not depend on frequency. As a result of minimum
impedance temperature displacement in the magnetic field,
the magnetoimpedance changes sign from 4 to —60%
(Figure 2,c¢,d). At frequencies above 50kHz, impedance
change is about 1%. Reactance is inversely proportional to
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Figure 2. Resistance Re(Z) vs. temperature (a), specified reactance Im (Z(T)) /Im (Z(T =80 K)) (b) and specified impedance
Z(T)/Z(T = 80K) (c) without field (1, 3, 6,8, 10) and in magnetic field H = 8kOe (2,4,5,7,9,11) at o = 1kHz (1,2), 5kHz (3, 4),
10kHz (5), 50kHz (6, 7), 100kHz (8, 9), 300kHz (10, 11) forLuxMn;_4S, x = 0.05. Temperature dependence of magnetoimpedance at
o = 1kHz (1), 5kHz (2), 50kHz (3), 100kHz (4), 300 kHz (5) forLuxMn;_«S, X = 0.05.

capacitance Im(Z) ~ 1/C, therefore the magnetoimpedance
is caused by permittivity change in the magnetic field.

For concentration X = 0.1, direct-current resistance in
LuyMn;_4S in the vicinity of the Neel temperature at
T = 120K is more than by an order of magnitude higher,
jump temperature is independent of frequency (Figure 3, a).
Resistance increases dramatically above 410K. In the
magnetic field, the resistance gradually changes in the
magnetic phase transition region and, with heating above
340-390 K, exceeds Re(Z) without field. The temperature
at which Re(Z(H)) > Re(Z(0)) increases with frequency
growth.

Reactance as well as impedance decreases at T = 119K
in a jump-like manner. The jump decreases sharply from
14% for w = 1kHz, 2% for w = 5kHz, and 0.3% for
o =10kHz. In the magnetic field, the jump disap-
pears. Reactance makes the major contribution to the
magnetoimpedance. Dramatic changes in the impedance
components in the vicinity of magnetic transition are
caused by degenerated electron-hole states at LuS cluster
boundary that are released by the magnetic field and spin
orbital interaction. In magnetic-ordered state, holes on
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Mn?*® and electrons on Lu’~® form a certain type of
orbital and charge ordering associated with sublattices in
antiferromagnetic (AFM). Above the Neel temperature,
orbital and charge order disappears at 430K, where the
impedance and reactance increase in a lump-like manner.
The magnetoimpedance is shown in Figure 3,d.

Above the flow concentration, three macroregions with
different conductivity and electron density may be identified:
LuS and MnS domains and Mn—S—Lu interface. Figure 4
shows impedance components at different frequencies vs.
temperature for LuxMn;_4S, X = 0.2.

Direct-current resistance induced by electric loss reaches
its peak during heating. The peak temperature grows
with frequency. reactance decreases during heating and
peak temperatures of derivative dIm(Z)/dT and resistance
are the same. Temperature dependences of impedance
components are described using the Cole—Cole model for
permittivity [27]:

A

2= T o) @

where relaxation time 7 is defined according to wr = 1.
In the detail in Figure 4, dependence 7(1/T) is well



214 M.N. Sitnikov, S.S. Aplesnin, A.M. Kharkov, H. Abdelbaki, F.V. Zelenov

b
i T T T T T T T T
~1.0 .
] M D
17 1 -
= ——2 t‘/ .% 1
E 3 N —~ 4
1—4 E — 6
1.2 = -7
179 ooy nak -
-8 x ——10
1 E !
-+]] ] ) ] .12 ] ) LI
100 200 300 400 100 200 300 400
T,K T, K
c d
T T T T T T T T T T T T T T T T
2 S
o +1 [3 |
N 1-—2 2
Il 3 8
b v q [\ll —
N —6
S 154 S |
N 9 =
+§]0 — .
— 5
1 L 1 L 1 L 1 L ]2 l 1 l 1 l 1
100 200 300 400 100 200 300
T, K T, K

Figure 3. Resistance Re(Z) vs. temperature (a), specified reactance Im (Z(T))/Im (Z(T =90 K)) (b) and specified impedance
Z(T)/Z(T = 90K) (c) without field (1,3, 5,7, 9, 1) and in magnetic field H = 8kOe (2,4, 6,8, 10, 12) at w = 1kHz (1,2), 5kHz (3,4),
10kHz (5, 6), 5S0kHz (7, 8), 100kHz (9, 10), 300kHz (11, 12) for LuxMn;_«S, X = 0.1. Temperature dependence of magnetoimpedance

at w = 1kHz (1), 5kHz (2), 50kHz (3), 100kHz (4), 300kHz (5) for LuxMn;_«S, x = 0.1.

described by exponential dependence 7 = 1y - exp(AE/KT)
with AE =0.76eV without field and, in magnetic field
H = 8kOe, activation energy increases AE = 0.9eV. The
exponential growth of relaxation time is caused by charge
ordering.  Probably at T = 340K, charge ordering is
formed at Mn—S—Lu cluster boundary and these clusters
form the glass type state. The impedance significantly
responds to the magnetic field above the charge ordering
temperature in 10°—10° Hz range. The major contribution
to the magnetoimpedance is associated with reactance, in
particular, with capacitance change in the magnetic field.

Transition caused by charge fluctuations will be expressed
as dispersion of the imaginary part of impedance. Figure 5
shows frequency dependences Im(Z) for two limit tempera-
tures. The reactance is governed by the capacitance and the
Cole—Cole model for permittivity [28] is used to describe
the frequency dependence:

(0w)' % cos (5)

1+ (07)!~*sin (5)

(5)

0 = arctg

Exponent a describes increase in dispersion and a =0
corresponds to the Debye model. At room temperature,
adjustment Im(Z(w)) by function (3) gives exponent
a = 0.025 (Figure 5,5). When heated to 340 K, dispersion
Im(Z(w)) in Lug>MnggS increases up to & =0.05 and
remains almost unchanged up to 420K and increased up
to @ = 0.1 above this temperature. In the Debye model,
one relaxation time is used, in the disordered system, there
is a relaxation time spectrum which can be qualitatively
described by a single parameter o that shows expansion
of relaxation time distribution. For concentration below
the flow concentration, frequency dependences Im(Z(w))
are not described within the Cole—Cole model, except
T = 460K (Figure 5,a).

Structural, magnetic and charge transitions will be man-

—1/2
Im(Z) = Ar~" cos, (3) ifested in ultrasound attenuation. Figure 6 shows ultra-

am\12 am\12 sound attenuation factor in temperature range 80—500K.

r= [1 + (@r)!"*sin (7)} + {(“”’0)17(1 cos (7)} , Low-temperature peaks a(T) at T = 138K, x = 0.05 and
(4) T =113K, x =0.2 are observed in the magnetic phase
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Figure 4. Resistance Re(Z) vs. temperature (a), specified reactance Im(Z(T))/Im(Z(T =96 K)) (b) and specified impedance
Z(T)/Z(T = 96K) (c) without field (7, 3,5, 7,9, 11) and in magnetic field H = 8kOe (2,4, 6, 8,10, 12) at o = 1kHz (1,2), 5kHz (3, 4),
10kHz (5, 6), 50kHz (7, 8), 100kHz (9, 10), 300kHz (11, 12) for LuyMn;_4S, x = 0.2. Temperature dependence of magnetoimpedance
at w = 1kHz (I), 5kHz (2), 10kHz (3), 50kHz (4), 100kHz (5), 300kHz (6) for LuxMn;_4S, X = 0.2. Detail: relaxation time vs.

reciprocal temperature.
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functions (3) according to equations (3—5).
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Figure 7. Temperature dependence of resistance for LuxMn;_xS with x = 0.05 (a), 0.2 (b). Detail: Temperature dependence 1/R dR/dT

for LuxMn;_S with x = 0.05.

transition region and are associated with the lattice strain
caused by magnetoelastic interaction. Peak of «(T) and
electric sound at T = 200K in Lup 2MnOy gS was probably
caused by structural transition. Acoustic phonons excited
by piezoelectric transducer drag the electrons and produce
difference of potentials across the specimen. Forma-
tion of hole charge ordering at LuS—MnS intercluster
interface causes peaks in «(T) and eletric sound at
T =330K. At this temperature, the reactance dispersion
grows and direct-current resistance reaches the peak at
340K (Figure 7,b).

A minor jump in @(T) at T =452K at x = 0.05 coin-
cides with minimum temperature Im (Z(T)) and maximum
capacitance. resistance temperature coefficient 1/R dR/dT

also reaches its minimum at the same temperature (Detail
in Figure 7,a). The use of various methods: ultrasound
attenuation, impedance and direct-current resistance give
abnormal condition at the same temperature. At this
temperature, local structure distortions probably occur in
the vicinity of lutetium ions and result in electron structure
change. The electric sound reaches sharp peak at 440 K.
Above the flow concentration at X = 0.2, sound and electric
sound attenuation peak moves into the high temperature
region up to T = 470K. Ultrasound attenuation peaks at
400—420K and the absence of abnormal electric sound at
these temperatures are caused by charged defect ordering
at which current carriers undergo dispersion and maximum
resistance (Figure 7).
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4. Conclusion

In manganese sulfides substituted with lutetium, the
major contribution to the impedance is governed by the
reactance. = The maximum ultrasound attenuation was
detected in the magnetic phase transition region as a
result of magnetoelastic interaction. Two charge ordering
temperatures were determined from the electric sound.
At low concentrations, charge ordering is accompanied
by the capacitance peak and increase in the reactance in
the magnetic field. ~Minimum reactance and maximum
resistance displacement vs. temperature in the magnetic
field results in the change of magnetoimpedance sign in the
vicinity of the transition. At high lutetium concentrations,
impedance dispersion grows with impedance components
described in the Cole—Cole model. At high temperatures,
the attenuation peak is associated with the charged vacancy
ordering temperature accompanied with the resistance peak
vs. temperature and impedance decrease in the magnetic
field.
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