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THE INVESTIGATION OF SURFACE EXCITATIONS IN OPTICALLY-
ANISOTROPIC ZnO SINGLE CRYSTALS PLACED IN A UNIFORM

MAGNETIC FIELD

With the help of external reflection spectroscopy (EF) and attenuated total reflection (ATR) the investiga-
tion of optical and electrophysical properties of polar uniaxial optically-anisotropic ZnO single crystal placed in a uni-
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form magnetic field (Faraday and Voigt configurations) was conducted. The area of display of new oscillations caused
by the influence of a uniform magnetic field was detected for the first time in the spectra of external IR-reflection of

ZnO single crystal and the interaction of phonons with plasmons under the same conditions was investigated. The influ-
ence of the magnetic field on the basic properties of surface polaritons (SP) according to orientations CILx,

agi

EIIC, xIIC; Clly, kL C, xlC; Cliz, kL C, xy 1 C wasrevealed.

Introduction. Despite many years of re-
search, uniaxial polar single crystals remain
the subject of active research of modernity
since they are widely used in various fields of
science, technology, medicine, etc. [1], [2], [3],
4]. Particularly, ZnO is a potential material
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for Photonics, Spintronics and Nanoelectronics
[1

is effective while creating UV LEDs, solar-
blind photodetectors (UV-detectors) and gas
sensors [8], [9], [10]. The advantage of ZnO
the over other materials is its transparency to
visible radiation and high thermal and chemi-
cal stability [8], [9].

Zn0O is characterised by the significant ani-
sotropy of phonon subsystem properties and
by the weak anisotropy of plasma subsystem.
It is a binary compound of A*B®type [1], [3].
Its structure is presented in Fig. 1. Under nor-
mal conditions macroscopic ZnO crystallizes

Fig. 1 — ZnO structure [1]

only in the wurtzite structure, which turns into
NaCl structure under hydrostatic compression
(~ 8 GPa). Through heteroepitaxial growth it is
possible to grow ZnO in the structure of
sphalerite on substrates with cubic structure,
which can be implemented for a number of

morphological nanostructures [11]. ZnO is a
uniaxial crystal with a band gap E_, £3,43 eB

and n-type of conductance [12].

Despite various publications, the characte-
ristic of “non-magnetic” solids exposed to
magnetic fields, the typical representative of
which is ZnO, is still under study [1], [13]. Its
influence on some properties of non-magnetic
crystals, including ductility, was experimen-
tally recorded [14], [15], [16].

Experimental research in ZnO single crys-
tals reflection coefficients and light absorp-
tion at low temperatures in magnetic fields
has been conducted [1]. The authors [17] de-
scribed the experimental data obtained in the
light propagation parallel to axis of symme-
try; therefore, there is no need to take into
account birefringence under these conditions.
The experiments on Faraday’s rotation on
7n0O materials with uniaxial symmetry were
conducted in the article [18].

Some interesting results were received
[19], [20], [21], they show that under the con-
dition of ZnO doped by Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, it changes not only its type of con-
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ductivity but also some magnetic properties
manifestation. Thus, in thin ZnO films, doped
with cobalt, ferromagnetism at room tempera-
ture was detected.

It is clear that the usage of polar uniaxial
optically-anisotropic ZnO semiconductors and
films based on them in order to create a num-
ber of semiconductor devices, which are capa-
ble to work under the influence of strong mag-
netic fields, of course, requires the investiga-
tion of the magnetic field influence on their
optical and electrophysical properties.

Optical methods are the most effective
among non-destructive methods, which allow
to control the quality and structural perfection
of the crystals; and to investigate the condi-
tion of their surface. IR-spectroscopy method
can provide information on the molecular
(atomic) structure and on the symmetry of
internal stresses of a solid. This method is
used [5] to investigate IR dielectric function
and phonon catching for ZnO films. The
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spectra of ZnO nanocrystals, grown by pulsed

laser deposition on sapphire and silicon were
described in the article [5].

The authors of the article researched the
spectra of external reflection from the sur-
face of ZnO with the concentration of elec-
trons from 10 to 5-10" cm™. The mutually
consistent bulk parameters of zinc oxide
single crystals were obtained and presented
in Table 1, 2. ZnO single crystals, grown
with the help of hydrothermal synthesis
method, were used. ZnO samples were rec-
tangular parallelepipeds 10 x 8 x 8 mm?®
with faces, the two of which are perpen-
dicular to the axis C.

Venger E. F. alongside with the other sci-
entists [3], [22] investigated the reflection
coefficient of ZnO single crystals in the
IR-spectrum, considering oscillations of three
pairs of interacting subsystems: electromag-
netic waves, optical oscillations of the grid
and plasma oscillations of free charge carriers
for orientations ELC and E||C. It was the first
attempt in this field.

Methods of research. The measurement of
IR-reflection spectra from the surface of ZnO
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~ spectrophotometer

single crystal was carried out in the range of
wavenumbers from 200 to 4 000 cm™ on a
SPECORD-M80, which
works according to two-beam scheme.

The degree of polarization of IR-radiation
is 98%.

Experimental IR-reflectance spectra in the
magnetic field from the surface of ZnO single
crystals were obtained in the frequency range
550...1400 cm™ wusing Fourier’s IR-spe-
ctrometer Infralum FT-801, which works ac-
cording to one-beam optical scheme.

In Fig. 2 the scheme of experimental installa-
tion is presented. The sample was placed be-
tween the poles of the electromagnet into a spe-
cial holder. The Angle of IR-radiation incidence
on the edge of the sample was 18°.
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Fig. 2 — 1 — Sample, 2 — IR-
photodetector of Infralum FT-801
spectrometer, 3 — Poles of the magnet

All the measurements were carried out at
room temperature and in the magnetic field up to
22 kOe, generated by the electromagnet. The
reflection coefficient R(v) was determined with
an accuracy of 1...2%. The resolution was with-
in a specified range of 1 cm™.

For the investigation of phonon and plas-
mon-phonon polaritons spectrometer HKC-
29M and ATR attachment HITBO-2 were used
[3]. The device operates when the range varies
from 380 to 4 200 cm ™. The range of angles of
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light incidence on the element ATR varies
from 20° up to 60° with the precision of instal-
lation of angles not less than 6'. The interval
between half-cylinders and crystals is created
by means of calibrated PTFE gaskets.

Results and Discussion. The investigation of
IR-reflection spectra and attenuated total reflec-
tion (ATR) in uniaxial optically anisotropic crys-
tals ZnO, placed in a uniform magnetic field, was
conducted with the following configurations:

. Faraday Configuration (magnetic field and

direction of propagation of light wave k is directed
along the normal to the surface of the crystal):

la — Optical axis of the crystal is parallel to
the magnetic field;

b — Optical axis of the crystal is perpen-
dicular to the magnetic field;

Voigt Configuration (electromagnetic wave
propagates in uniaxial semiconductor perpen-
dicular to the optical axis of the crystal and uni-
form magnetic field A ): Tla — Axis of the crys-
tal is perpendicular to the reflecting surface in
orientation EOIU-[ ;

[15 — Axis of the crystal is perpendicular to
the reflecting surface in orientation Eo LA,

IIc — Axis of the crystal is parallel to the
reflecting surface in orientation Eoﬂﬁ ;

IId — Axis of the crystal is parallel to the
reflecting surface in orientation Eo LA,

Ile — Axis of the crystal is parallel to the
reflecting surface in orientation E,IIH and C;

[If — Axis of the crystal is parallel to the
reflecting surface in orientations £, L A and

C, and HIIC.

Figs. 3—6 show the theoretical and ex-
perimental spectra of IR-reflection of ZnO
single crystal with optical and electrophysical
parameters (Tables 1, 2). The mathematical
model, by means of which the calculation was
carried out, is described in many works [23],
[24], [25]. Curve 1 (see Figs. 3—6) corresponds
to the dependency R(v) in case of the absence of
the magnetic field influence on the sample. It is
coordinated with the experimentally obtained
curve R(v) in the monograph [3] for the monooscil-
lator ZnO model (points in Fig. 3). Curves 2—4 (see
Fig. 3) correspond to dependencies R(v) in the

case of the presence of a uniform magnetic field
in the range of 30...100 kOe.

Fig. 3 shows, that under the influence of a
uniform magnetic field (in cases la, b, I1b, d,e)
the number of the minimum and maximum
points of the reflection coefficient increase and
their shift to the high-frequency range with the
increase of magnetic field takes place. In Ta-
ble 3 the frequencies of minimum vy, and
maximum vmax Of reflection spectra are
shown depending on the magnitude and
direction of the magnetic field, relative to
the optical axis and semiconductor surface
that was investigated. These data are consis-
tent with the experimental studies described
in the study by xsyaﬂKovs ky [26] where it
is shown that, in case of propagatlon of
unpolarized light along a magnetic field, the
wave electric vector is always perpendicular to
the field and can be decomposed into two circu-
larly polarized components with opposite rota-
tion direction. If spread in the direction perpen—
dicular to the direction of the magnetic field,
unpolarized light can be decomposed into two
linearly polarized parallel and perpendicular to
the field components. The last component leads
to the splitting of minimum in reflection spectra.

Fig. 4. presents reflection spectra R(v) of
the sample ZO6-B in the case Ile. For other
orientations spectra differ only in frequency
bands in which the influence of magnetic field
on the single crystal appears. In cases Ia the
influence of magnetic field on ZnO single
crystal is observed by IR—reﬂectlon spectra 1n
the frequency range 0...380 cm™ L 1b—0...360 cm
h — 0...380 cm'l Ild — 0...360 cm™
f — 0...370 cm and less in ranges
la — 710...890 em™, Ib — 730...900 cm‘1
11 — 630...910 cm—l 1ld — 620...940 cm™
IIf — 640...840 cm™. !, Consequently, apart from
the influence of anisotropy of phonon and plasma
subsystems of ZnO single crystal according to
spectra of external IR-reflection effect of anisot-
ropy, caused by a magnetic field, is observed.

Asitis shown in Fig. 4, the influence of a
uniform magnetic field can not be detected by
reflection spectra in the frequency range.
However, in the range from 250 to 380 cm
the maximum change of external reflection

-1
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Fig. 3 — Reflection R(v) of Z0O2-3 single crystal placed in a uniform magnetic
field: 7— H=1E;2 — H=30 kOe; 3 — H=65kOe; 4 — H =100 kOe
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Fig. 4 — Reflection spectra R (v) of ZO6-B single crystal placed in a

uniform magnetic field: 7/ — H=1E; 2 — H=30 kOe; 3 — H = 65 kOe;

4 — H =100 kOe. In the insert — dependence R (v) in the frequency
range from 250 to 380 cm™

coefficient of heavily doped single crystal is
observed, this change is caused by the influ-
ence of the uniform magnetic field on ZnO
sample (Fig. 4). In contrast to the previous
case, the manifestation of new maximums and
minimums in case of increase of magnetic
field in the range ~ 300 cm™ was registered in
IR-spectra of external reflection. However, as
it is shown by means of mathematical experi-
ment, their amplitude and shift to the high-
frequency IR-area in case of growing magnetic
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field are insignificant, while impurities in semi-
conductors lead to increase of Landau levels [27].

Under these conditions strong magnetic fields
are required for satisfactory separation of levels.

Figs. 5 and 6 show the dependencies R(v) for
undoped ZnO single crystals for different val-
ues of phonon attenuation coefficient, constant
plasma frequency and plasmon attenuation co-
efficient in a magnetic field of 65 kOe.

As it is shown in Fig. 5, in case of v, =y, =
=100 cm_l, one more maximum and minimum
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Table 1— Bulk parameters of ZnO [3], [22]

Zn0 €0 © Vo _cm_1 Vi, cm™!
ELC 8,10 3,95 412 591
Enc 9,00 4,05 380 570

Tab le 2— Electrophysical parameters of ZnO single crystals, grown by hydrothermal method [3], [22]
Vp, cm™ Y, em™ y/cm' m
3 1
Ne | Sample o, Cm my —_— m, I By
ELC | EnC ELC |ENC ELC |EnC my -
1| zo2-3 |93-10% | 90 | 100 | 150 | 170 11 11 0,21 | 1,23 | 0,258 | 4,76 | 3,88
2 | zOo1-3 |66-10" | 240 | 250 | 280 | 260 13 13 ] 0,23 | 1,13 | 0,260 | 4,35 | 3,85
3 | zOo6-B |2,0-10% | 40 | 480 | 406 | 350 21 21 0,22 | 1,18 | 0,260 | 4,55 | 3,85

Table 3— Minima and maxima frequencies of reflection spectra of undoped ZnO single crystal in a magnetic field

Frequencies Vinin, CM” Vi, e
\W la b 113 1ld i 1] 16 11b nd i
H, kOe
107 82 83 82 79 89 — — — — —
30 114 119 118 118 115 69 76 104 103 98
65 173 187 186 186 172 148 164 177 177 163
100 242 264 264 | 264 | 242 | 228 252 | 259 | 259 | 236

appear in a uniform magnetic ﬁeld of 65 kOe
at frequencies 180 and 190 cm™ ! they do not
change the intensity with the change of
phonon attenuation in the reflection spec-
trum. Phonon attenuation manifests in the
range R(v) from 390 to 600 cm ™ through the
decrease of reflection intensity in case of the
phonon attenuation coefficient increase.

Fig. 6 shows the reflection spectra of ZnO Sin-
gle crystal with plasma frequency v, = 500 cm 'and
plasmon attenuation coefficient v, = 500 cm™, Tt is
clear that in the range 250...380 cm~ ! (insert in
Fig. 6) Rui(v) increases from 0,29 up to 0,36
with phonon attenuatlon coefficient v, increase
from 11 to 30 cm™. At the same time, the de-
crease Rp.(v) from 0,92 to 0,87 cm™’ in the
range 400...570 cm™! is observed.

Analyzing external reflection spectra (see
Figs. 3—6) we can conclude that the strongest

influence of a uniform magnetic field on the
reflection coefficient of ZnO single crystal sur-
face was caused by the undoped semiconductor.

Figs. 7—8 present the dependency of reflec-
tion coefficient from the value of a uniform
magnetic field respectively on minimum and
maximum frequencies for undoped ZnO single
crystal (sample Z02-3). This can be seen in
Fig. 3 (Curves 2—4).

All the calculations indicate a linear charac-
ter of the frequency dependency, where the ad-
ditional minimum of the magnetic field is ob-
served (Table 3). The chart in Fig. 9 shows the
dependency of minima frequencies in magne-
toabsorption spectra from magnetic field: 1 —
case 11b, 2 — IIf. It is to be noted, the equiva-
lent will be the dependency of additional
maxima frequencies in magnetoabsorption

spectra from the strength of magnetic field.
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Fig, 5 — Dependency K(v) of ZnO singie crvstal W =1= 160 em”, H=65 kuc :
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Fig. 6 — Dependency R(v)

H=65 kOe): 1——yf—-11cm 2——yf—15cm

The manifestation of magneto-refractive
effect in polar optically-anisotropic ZnO single
crystals and its dependence from the magni-
tude and direction of the magnetic field, con-
centrations of free charge carriers and attenua-
tion coefficients of phonon and plasmon are
investigated in the article as well [28].

Fig. 10 shows the calculated spectra of
magnetoreflectance AR/R from the surface of
Zn0O, subjected to the influence of the uniform
magnetic field of 30 kOe (orientation Ile).
As seen from Fig. 10, the value for ZnO is
AR/ R =3% specified by the magnetic field.

136

of ZnO smgle crystal (v, = 7, =500cm

33—~ 20 em™;

rl-——q(f—3()cm1

Fig. 11 presents magnetoreflectance
AR/ R spectra of ZnO single crystal with dif-
ferent values of external magnetic fields. In
contrast to magnetoreflectance spectra for 6H-
SiC single crystals, heavily doped ZnO
(Fig. 12) and dielectrics [29], changes of spec-
tral position of minima AR/R subjected to
different magnetic fields are observed in the
undoped semiconductor ZnO. As seen in
Fig.11, spectra of magnetoreflectance of un-
doped ZnO have minima at frequencies
v =98; 163;236 coi” (see Table 3), which corre-
spond to the frequency of additional maxima in
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7n0 reflection spectra in case of influence of mag-
netic fields on a single crystal (configuration IIf).
Figs. 11, 12 show that the changes in the
magnetoreflectance spectra can be observed in
“residual rays” area of ZnO. Moreover, in case of
free concentration increase charge carriers, de-
creases the coefficient of magnetore-flectance,
and vice versa. In ZnO single crystals a sharp
change of the effect in case of a little increase of
the magnetic field is detected. Calculations show
the dependency of magnetoreflectance coefficient
from the concentration of free charge carriers and
the value of external uniform magnetic field.
Fig. 13 shows the spectrum AR/ R (points
of undoped ZnO in the range 580...700 cm™,
obtained with the help of Infralum FT-801

+o)

1iis)

spectrometer subjected to external magnetic
field of 22 kQe (see Fig. 2), the line is the rated
spectrum of magnetoreflectance. Judging by
the experiment, the deflection of magneto-
reflectance spectrum from zero within
7...12% is observed. In the case of the fre-
quencies usage higher than 670 cmit AR/ R =0,
the coincidence of theoretical and experimen-
tal curves up to the experiment is observed.

The investigation of the dependence of mag-
netoreflectance coefficient (see Figs. 11, 12) from
phonon and plasmon attenuation coefficient for
7ZnO single crystals was conducted for various
concentrations of free charge carriers and uniform
magnetic field. The mathematical model [30] was
used. The results are presented in Table 4.
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Fig. 7 — Dependency R(H) of ZnO single crystals (sample Z02-3)
in the frequency range of minima reflection spectra: 7 —v =288 em™;
2—vy=119cm™;3—v=186 cm™

R

A |
A {

/
I ]

06 —
I 244 3 ]

\\

’ / N N |
T T e —t
-m\"/ \ ) \g -t
J §
36 60 H. kOe

Fig. 8 — Dependency R(H) of ZnO single crystals (sample Z02-3)
in the frequency range of maxima reflection spectra: 7 —v =104 em™;

2—y=17Tem ;3 —v=259 cm™
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Fig. 10 — A R /R spectrum of ZnO single crystal, placed in the
magnetic field of 30 kOe

According to the data presented in Table 4,
the coefficient of magnetoreflectance is sensitive
to changes in phonon y; and plasmon vy, attenua-
tion coefficients. Thus, with the increase of vy in
heavily doped ZnO, the increase of AR/R in
the range of high frequencies and the decrease in
the range of low frequencies are detected. At the
same time the increase of AR/ R in the area of
“residual rays” is registered with the increase of
Y, in the undoped ZnO. The increase of the con-
centration of electrons in ZnO is accompanied
by the decrease of AR/R.

Fig. 14 presents reflection spectra R(v) of
ZnO single crystals with different concentra-
tions of free charge carriers under the influ-
ence of magnetic field of 50 kOe. As shown in
Fig.14 there are no changes in the reflection
spectra in heavily doped semiconductors
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ny~10% cm™ (curve 3). Calculations show

that with the concentration of free charge car-
riers in ZnO < 10" con™ and with the magnetic
field less than 30 kOe, no additional oscilla-
tions in the spectra R(v) are observed.

It is well known, that the minimum R(v) on the
surface of optically anisotropic semiconduc-
tors placed in a magnetic field shifts to the
value +Q /2 [26]. This is due to the fact that if
the semiconductor is placed in a magnetic
field, the movement of electrons in a circle
with angular frequency

eB
Q=—qp 1y ey
mc

appears in the plain that is perpendicular to the
field, and it is called cyclotron.



Mawunocmpoenue 1 mauiuHoseoeHue

Brumyck 1/2013,

A 7 ) T H T H
AR/R 0
- i
AN K
4 Lnth i 5
. i e ¥ i T T T
oo, t E 4
M !: #
A | §
% IR 0.5 E
-1 F I ; oz,
'Y - X3
:: ®
“ #
S
b4 M 0.._.—5 —
L P [ £ %, 1
I i Ty
ER I Vi
i g s 4 i
S i w 0,55 ? ;: e
-3 i : : H
1 I 1 i i
12 3 500 40 v, em
i 1 13 1 i i 1 ! i ] i 13 1
o — - =
200 600 1000 v, e

Fig. 11 — A R/R spectra of undoped ZnO single crystal with external
magnetic field values of 1 —30kOe; 2— 65 kOe; 3 — 100 kOe

AR/R T T T T T
e ':‘ .,1"“ ":a .
il N e ek F TSI
0 N o A
L t
. S
Y ‘3 1 \ "1‘ R
05 L P b .
cia 0~ ,_,/“/T :
I Z
i ' i
e l' : :
Vo
or 3 v
L s M E
(31 ] ;
4 ' ;
; 3
.
-1,5 L . 4
Yo
s
i I | ! i I i i i I 1 { {
5l _
200 600 1000 v, cm™

Fig. 12— AR /R spectra of heavily doped ZnO with external magnetic
field values of 7 — 30 kOe; 2 — 65 kOe; 3 — 100 kOe

The obtained orbits are quantized, so the
states that correspond to different energies are
concentrated into discrete subzones. The transi-
tions between the latter will cause the appearance
of peaks in the reflection spectrum [27]. And
magnetic field will shift the bottom of the conduc-
tion band up, and the top of the valence band to-
wards lower energies. Therefore, the experimen-
tal determination of the distances between minima
in the spectra R(v) makes it possible to fix Q.

Table 5 shows the difference in frequency
between the minima of ZnO reflection spec-
trum in the case of the single crystal external
magnetic field influence and its absence. The
data from Fig. 3 and the values of cyclotron
frequency, defined by the formula (1) for the

specified fields, were used. It is obvious that
the minimum of reflective capacity shifts the
value +Q/2 for fields not exceeding 30 kOe.
This pattern is not observed for stronger exter-
nal magnetic fields.

Table 6 presents the difference between the
frequency of plasmons (Fig. 3) and the value
of cyclotron frequency for ZnO single crystal,
calculated with the help of the formula (1)
with values of the magnetic field given in the
legends in Fig. 3.

It is shown in table 6 the distance between
the plasma edges is equal to cyclotron fre-
quency only under the influence of fields of
about 100 kOe. This equality is not satisfied

with fields less than 100 kOe.
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Fig. 14 — R (v) of ZnO single crystals placed in a magnetic field of
50 kOe: 1—Z02-3 (15=9,3- 10" con™);

Many crystalline materials are character-
ized by the selective reflection at some
wavelengths due to the increase of reflec-
tion coefficient in the narrow spectral range
(from about 5 to 90%) [31]. This phenome-
non occurs at a frequency higher than the
frequency of the vibration motion of ions in
the crystal lattice. This selective reflection
provides afiltering effect. Analyzing ZnO
reflection spectra, presented in Fig. 3 in
magnetic fields of 30, 65, 10 kOe, we can
see, that there are some additional areas of
selective reflection (Table 7) in the reflec-
tion spectra. Fig. 3 and Fig. 7 show that the
bands of selective reflection do not match in
various magnetic fields. With the increase
140

of magnetic field the shift of selective re-
flection is observed and the larger the mag-
netic field is, the better this shift is ob-
served.

Using the data of IR-reflectance spec-
troscopy for optically anisotropic zinc oxide,
the properties of surface polaritons specified
single crystals were investigated.

Fig. 15, a, presents the calculated spectra
of ATR I/ Ijof undoped zinc oxide (n5 = 9,3 x
x 10! c¢m™), obtained with the help of the
method, described [32], [33], [34] with orien-
tation CIlx (curve 1), Clly (curve 2),
Cllz (curve 3), recorded by the air gap d = 14,6
(1, 1"; 8,7 (2,2); 4,1 (3, 3") mm and angles of
30°(1, 19, 35°(2, 2, 50° (3, 3").
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Table 4— Minimums of ZnO magnetoreflectance and their dependence from y fand Yy

Zno - Zn0 (Z02-3, ny=9,3-10" cm™
H, kOe 30 65 100
Y, om! 11 30 11 30 11 30
AR/R -3,1021 -2,9423 -3,0471 2,825 -2,5847 -2,296
Veninl, ST 97 163 236
Y, cm™! 110 500 110 500 110 500
AR/R -3,1021 -5,6367 -3,0471 -3,0356 —2,5847 ~2,4937
Viminl, M 97 69 163 162 236 236
Y, om 11 30 11 30 11 30
AR/R — — — — — —
Vinin2, €M — — -
v, ,om”! 110 500 110 500 110 500
AR/ R — — — — — —
Vening, €I — — — — — —
ZnO Zn0 (ZO6-B, ng=2,0 - 10 cm™)
H, kQOe 30 65 100
Y, om™ 11 30 11 30 11 30
AR/R -0,2309 -0,1605 -1,0075 ~0,6906 ~1,4159 ~1,0507
Ve, CT 290 289 302 300 323 - 320
Y, ,om ! 110 500 110 500 110 500
AR/ R -0,2325 -0,2407 ~1,0387 ~0,971 ~1,2989 -1,2772
Viint, CTI 316 283 323 297 334 319
T, om! 11 30 11 30 11 30
AR/R ~0,0821 -0,0983 ~0,4472 ~0,5563 ~1,4203 -1,8711
Viin, CI 797 793 801 798 808 806...807
Y, cm™! 110 500 110 500 110 500
AR/R — -0,0817 — ~0,4502 — -1,432
Vamin, G — 791 — 794 — 801

The points are the experimental data for
sample ZO2-3 [3]. The space of the air gap be-
tween the ATR prism and the sample Z02-3
varied till the definition of the intensity of ab-
sorbed wave that does not exceed 20% at con-
stant frequency minimum in the spectrum ATR
[35]. Curves 1', 2', 3" are ATR spectra for ZnO

single crystal, placed in a uniform magnetic field
with orientation # L k , HIly. The calculation

was carried out for the sample ZO2-3 in the
magnetic field of 100 kOe. The minima of ex-
perimental and calculated spectra correspond
to the frequencies vmin = 518 (1), 537 (2),
551 (3) o without any influence of the mag-
netic field on the sample and under the influ-
ence of the latter — v = 518 (1"), 538 (2'),
552 (3") cm™, The width of the spectra is
T,=2,3,9cm™,
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Table 5— The shift of the reflection spectrum minima and cyclotron frequency values of ZnO single

crystal for some magnetic fields

H, kOe Vot (H) = Vyin (H = 0), om™ Q/2,0m™
30 39 38
65 _ 107 82
100 : 185 126
Table 6 — The distance between the plasma edges and cyclotron frequency values of ZnO single crysta al
placed in some magnetic fields
H, kOe [v,(H)= v, (H = 0)],em™ Q,cm™!
30 103 76
65 177 164
100 259 252

T able 7— Theareas of selective reflection of ZnO single crystals in some magnetic fields

H, kOe 30

-1
59..103

v, Cii

65 100
145..177 230..2

s ATR sp ena of weakly
10 7 em™) without
ield and the angle

Fig. 15, b, show
doped zinc oxide (rzo 6,6 x
any influence of the Iﬂdglleub

N trant 0 ’ 0
of the incidence in ATR prism of 30 (1 ), 35

(2, 2), 50°(3, 3'). The space of the air gap be-
tween the sample ZO1-3 and ATR prism
changed from 13 (1) to 3,4 (3) pm.

The minima spectra correspond to frequen-
cies vmin= 527 (1), 550 (2), 563 (3) cm™

The width of spectra is I's= 5 (1) 17 (2),
28 (3) em™. Curves 1', 2/, 3' were calculated un-

der the influence of the uniform magnetic field of
100 kOe on zinc oxide single crystal (sample
Z01-3). The frequencies of the minima and width
in ATR spectra are vmin = 528 (1), 551 (2 ), 564
(3Yem , T,=7(1"),19(2'),32 (3 ) em” !, Points
are experiment for ZnO single crystal (sample ZO1-3).

Fig. 15, ¢, shows the calculated ATR spectra
of heavily doped ZnO (n = 2,0 x 10" cm™)
(curves 1, 2, 3) with the angles of incidence of
30°(1, 1), 35°(2, 2'), 50° (3, 3') and with the
space of the air gap between zinc oxide and
ATR prism of 10,2 (1, 1'), 5,6 (2, 2) and 2,6
(3, 3') um. Curves 1—3 are ATR spectra with-
out any influence of a magnetic field on ZnO sin-
gle crystal; curves 1'—3'are calculated ATR
spectra in case of the influence of the uniform
142

magnetic field of 100 kOe on ZnO single crystal
(orientation H L k , HIly). The minima spectra

correspond to the frequencies Vmin = 557 (1), 574
(2) 582 (3') cm ™. The wmtn of spectra is

I,=58(1),92(2"), 99(3 Yem™.

Fig. 15 (a—c) shows the shift of minima of
ATR spectra to the area of high frequencies,
with the increase of doping degree of ZnO single
crystals, is observed. This means that SP at-
tenuation coefficient also increases.

Fig 16, a, presents ATR spectra for undoped
zinc oxide (sample Z02-3) with the concentra-
tion of free charge carriers of rp= 6,6 - 107 ¢m™
and with the angle of incidence of /R-radiation in
the ATR prism of 50°. The air gap between the
ATR prism and ZnO single crystal is 4 pm.
Scanning was carried out under the influence of the
magnetic field of 0 (1), 30 (2), 65 (3) and 100 (4)
kOe. The spectra minimum corresponds to the
frequency vmin= (551 £ 1) cm for all the values
of the magnetic field. I';=9 cm™ ! for curves 1—3
and 10 cm™ for curve 4.

As it is presented in Fig. 16, b, the decrease
of the ATR spectrum intensity is observed in
the area of the manifestation of the minimum
under the influence of the uniform magnetic
field on ZnO sample.
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Fig. 15— ATR spectra of ZnO (curve — calculation;
points — experiment)

Fig. 16, b, presents the influence of the
magnetic field on the ATR spectra. The data
from Tables 1 and 2 were used by the calcula-
tion for weakly doped sample ZO1-3 with the
angle of incidence of 40° and with the air gap

30 560 5

a— Z02-3; b— Z01-3; c— Z06-B, 1-—4 — H=0; 30;
65; 100 kOe

Fig. 16— ATR spectra of ZnO (curve — calculation;
points — experiment)

between the ATR prism and ZnO of 5 pm.
The calculation was carried out under the in-
fluence of the magnetic field of 0 (1), 30 (2),
65 (3) and 100 (4) kOe respectively. Due to
ATR spectra we can see that the increase of
the magnetic field is accompanied by the in-

crease of ATR spectra width, and therefore by
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the increase of SP attenuation. The spectra
minimum remains constant and corresponds to
the frequency of SP vz = 558 ecm™. I, for
curves 1—4 is 20, 22, 25; 28 cm™.

The experimental spectrum (Fig. 16, b, point
1) was registered for weakly doped sample ZO1-
3 at constant values of angle of incidence of IR-
radiation in ATR prism (¢ = 40°) and air gap of
5 pum. The increase of the concentration of free
charge carriers up to 2 - 10'® cm™ at constant
value of uniform magnetic field of 30, 65
and 100 kOe, the angle of incidence and the
gap between the prism and single crystal of
4 pm is followed by the shift of SP fre-
quency to the low-frequency range of the
spectrum (Fig. 16, ¢). The minima of spectra
correspond to the frequencies vy, = 581 (1),
580 (2), 578 (3) cm™ respectively and
I, = 83 (1, 2), 88 (3), 98 (4)cm™'. Curve
1 was calculated without any influence of
magnetic field on the single crystal.

We can see in Fig. 16, a, that the mag-

natinr fiald whirch 1infliiences the camnle
UL fivib, vvinbal M ulHoUs Wi sallipac,

manifests itself with the intensity of the co-
efficient /Iy in the minimum range of ATR
spectrum at constant frequency of the mini-
mum within the error of the experiment.
With the increase of zinc oxide doping de-
gree increases the influence of the magnetic
field on the sample that is shown in ATR
spectrum (Fig. 15, b, ¢). '

The placement of the basic minima in ATR
spectra changes a little with the increase of the

magnetic field, they are slightly expanded. The
analysis shows that they correspond to the sur-
face modes v' v* with H ~0 and pseudo-
surface in stronger fields [36].

Let’s assume that K=g¢,c/® is a com-
bined wave vector. Fig. 17 presents the disper-
sion curves of ZnO single crystal for orienta-
tion Clly, k L C, xyIIC obtained with the help
of the method, described in [32], [33], [34],
[35] in case of H= 0. The concentration of
free charge -carriers (electrons) in ZnO
changed from ny = 9,3 - 10%cm™ (curves 1, 1)
up to me = 2,0 - 10" cem™ (curves 3, 3').
Curves 2 and 2' were registered with ny = 6,6 x
x 10" em™. Curves 1—3 correspond to high-
frequency dispersion branches with the bound-
ary frequency values of v'(k) = 561 cm™
(curve 1), 578 ecm™ (curve 2) and 627 cm™
(curve 3); 1—3' are low-frequency dispersion
branches with the boundary frequency values of
v (k) = 59 cm™ (curve 17), 152 em™ (curve 27
and 246 cm™ (curve 3'). The points show the
experimental values are obtained with the help
of ATR method [3], [37], [38], [39]. Obtained
from ATR spectra values of the limit frequency
of SPPP (Surface Plasmon-Phonon Polaritons)
(capital letters) v* coincide with the results [39].

Fig. 17 shows that the increase of the con-
centration of free charge carriers in ZnO (elec-
trons) is followed by the shift of SPPP fre-
quency to the high-frequency range of ATR
spectrum, this characterizes the increase of

v,em L

400

200} o 3
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{.r 2
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o By D o el sl G iy i W D S @ vl sm i wlim i B
4

,‘:’,‘;-Q‘.‘&*‘:‘«’-’-‘» e B BB BB 2 B o BB oo D B @

2 Kel vy

Fig, 17 — Dispersion curves of ZnQ single crystal: 1 — 702-3; 2— Z01-3;
3 — ZO6-B (curve — calculation; points — experiment)
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the attenuation coefficient of SP. SPPP high-
frequency branches, regardless of the doping
degree of the sample, begin with the fre-
quency that corresponds to the ratio v = v
and exists at K >>2mvic, asymptotically ap-
proaching the limit frequency of SP [3].

Fig. 18 presents the dispersion curves of
weakly doped ZnO single crystal (sample
Z01-3) placed in the uniform magnetic field
with the value from 0 up to 100 kOe for ori-
entation A Lk, Hlly, Clly, k L C, xyIIC .

Fig. 18 (insert) shows that high-frequency
dispersion curve does not change with the in-
crease of the magnetic. field from 0 to
100 kOe, whereas the lower dispersion branch
shifts to the lower frequency range with the
increase of the magnetic field.

Moreover, as follows from Fig. 18, the in-
fluence of the magnetic field on ZnO single
crystal in the frequency range from 190 up to
350 cm™ leads to the manifestation of another
branch of the dispersion (limited by the value
of the wave vector), which in case of the in-
crease of external magnetic field from 30 kOe
shifts to the high-frequency range and it is
called “virtual” [36]. It is similar to the influ-
ence of the magnetic field on undoped and
heavily doped ZnO single crystals (samples
Z02-3 and Z06-B). The initial points for
lower and upper dispersion branches corre-

spond to the frequencies v=0 and vy

The asymptotes of “virtual” branch set
equations are 1 +¢, £ig, =0 [40].

Table 8 presents the boundary frequencies of
plasmon-phonon and “virtual” dispersion branches
for ZnO single crystals. For orientation ClLx ,
FIIC, xyIIC, except high- and low-frequency
dispersion branches, there exist one surface
plasmon-phonon polariton branch, that mani-
fests itself under the influence of the magnetic
field on the sample and in the case of its ab-
sence. The boundary frequencies of which at
different values of the magnetic field are pre-
sented in Table 9.

Fig. 19 presents manifestations of anisotropy
of phonon and plasma subsystems of ZnO sin-

gle crystal placed in the magnetic field of

- -

30 kOe with direction # Lk, Hlly which is
detected by the number of dispersion curves. Ac-

cording to the orientation CIlLx, EIIC, IC (see
Fig. 19, a) there exist 3 plasmon-phonon and
1 “virtual” dispersion curves. According to the
orientation Clly , kL1C, xlIC (see Fig. 19, b)
andCllz, k L C, xy L C (see Fig. 19, ¢) there
are 2 plasmon-phonon branches respectively.
Fig. 20 shows the calculated dispersion
curves of ZnO single crystal subjected to the
influence of the magnetic field of 100 kOe. We
can see, that in case of the increase of free
charge carriers concentration and under the on
fluence of a magnetic field, all three dispersion
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Fig. 18 — ZnO dispersion curves (sample ZO1-3) under the influence
of the magnetic field: 7 — 4 — 0; 30; 65; 100 kOe
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Tab le 8—Boundary frequencies of various types of dispersion curves on ZnO subjected to the influence
of a magnetic field

o 3 3 | 3
HkOe | 1 30-10 65-10 100-10
Ne -~ V+ V~ + - + - +
Sample Vo of : o’ Y, Vor® Vor? Yo Vor? Vs Y, Vir?
e cm” cm™! cm om™ cm™! cm cm™ an cm cm™

Cllx, KOC, xyIIC

1 |zo2-3] 60 | 551 | 29| 105 | 551 20 | 168 | s51 14 | 242 | s51
2 | zo1-3| 151 | 570 | 58 | 138 | 570 87 | 231 | 571 76 | 281 | 571
706-B | 249 | 632 | 214 | 277 | 631 o8 | 302 | 627 | 122 | 329 | 621
Cly, k L C, xylIC
1 lzoz3| 59 | se2 | 35| 103 | 562 | 22 | 168 | 562 15 | 240 | s61
> | zo13 | 152 | 579 | 128 | 190 | s79 | 102 | 237 | 580 | 83 | 288 | 580 -

ZO6-B | 246 627 | 226 | 277 | 626 | 201 | 309 | 624 | 179 341 | 621
Cllz,kLC,xp1lC

1 | 202-3 60 551 29 104 551 20 168 551 14 242 551
2 | ZO1-3 152 570 120 188 570 87 232 571 76 281 571
3 | ZO6-B 110 632 130 336 631 84 340 627 122 348 621

Table 9— Boundary frequencies of ZnO surface plasmon-phonon polariton branches subjected to the influence
of a magnetic field

N H, kOe 1 30-10° 65-10° 100-10°
Sample Vi CiL Vor, CI0 Vyr, I Vor, OO
Cllx, KIC, xlIC

1 Z02-3 69 77 151 239

2 701-3 165 120 161 232

3 Z06-B 266 248 248 274
branches shift to the high-frequency range, i. e. calculated dispersion relations appears as the layer
coefficient of attenuation of SP increases. is in antiphase with the wave that falls on wave
Thus, Figs. 18—20 present the calculated that passed through the semiconductive layer
dispersion dependencies, which take the ani- and reflected from the boundary of this this
sotropy of phonon and plasma subsystems in layer, i.e. waves attenuate one another. This
their harmonic approximation into account. leads to the formation of the band gap and the

Let us consider another characteristic of recurvature appears on the dispersion curves.

SP-attenuation coefficient. Fig. 21 shows the For ZnO single crystals with different dop-
frequency dependencies from the real w&) ing degrees the calculations I'g,(v) were carried

(solid line) and imaginary v(k") (dashed line) out without the influence of a magnetic field on
parts of the wave vector, taking into account the the crystal (curves /—3, Fig. 22) and with the
attenuation coefficient of phonon and plasmon values of the magnetic field 30, 65 and 100 kOe
subsystems of ZnO single crystal (sample ZO2-3, (Fig. 22, curves /—3") with the ratio [3]:
tables 1, 2). The curves, presented in Fig. 21, - ‘
have characteristics similar to the obtained S 8)(8 —€)V ViuiY, , (2)

. - . 1 (V)z 3
ation [41]. The recurvature (veer) back to the ® ([ 42 +\2 2
¢ [41] (veer) aw(ez+sw)((vﬂ) —vz) +82(VB,> Viig
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Fig, 19 — Dispersion curves for ZnQ single crystal in the magnetic field
of 30 kOe with direction A L k, HIly and orientation
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Fig. 20 — Different types of dispersion curves of ZnO single
crystals in the magnetic field of 100 kOe, for orientation CILy,
kLC, pliC: 1 —Z02-3; 2 —Z01-3; 3— Z06-B
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Fig. 21 — Dependencies v (¢') (curve 1) and v(k") (curve 2) for

ZnO (sample Z02-3), taking into account attenuation of phonons
and plasmons

30

460 500 v, cm!

Fig. 22 — Dependence of SP attenuation coefficient

from the frequency I (v) for ZnO single crystal:

1 —702-3; 2— 7Z01-3; 3— ZO6-B; I'—3' (sample
Z.06-B) H = 30, 65,100 kOe
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where v, is frequency limit of SP with .

o
k — w0 g, is relative permittivity between the

sample and the ATR element (g, =1).

Fig. 22 shows that with the increase of the
concentration of free charge carriers in ZnO sin-
gle crystals the attenuation coefficient of SP also
increases. The similar pattern is observed in the
case of increase of the magnet"f‘ field in which

Cast Ul HICITanT Ul ui LG 8 Lw) L6 B 1 6 4 1HOEE

the investigated semiconductor is placed (the

same result was obtained from analysis of the
nature of dispersion curves in the magnetic field
for samples of different doping degrees). Curves
13" (see Fig. 22) — TI'y(v) for heavily doped
sample ZO6-B subjected to the influence of the
magnetic field on the crystal in the direction

H 1k, Hilyand with the values of the mag-
netic field of 30 (1), 65 (2), 100 (3') kOe.

2 R R | . N PPN M
Table 10 presents I'; and I'y, data, obtained

with the help of graphical method [32], [33],

Table 10— Minimum width I;in ATR spectrum and SP attenuation coefficient I'ypf ZnO with Y, # 0, Vi # 0
and H =0 and 100 kOe
0,° H=0kOe H=100kOe
' vmman” | x| Tscm | Tpem™ Vemem® | x| Tsyem” Cpom™
Cllx, kIIC, xyIIC
7013 (y,, =280 am™, ¥,y =260 em ™y, 5 =13 em )
30 511 1,528 21,49 12,40 513 1,55 32,97 21,31
35 536 1,780 100,18 73,53 538 1,84 224,88 157,10
50 552 2,120 310,73 24891 552 2,21 — 504,57
1 -1 -1
702-3 (ypL =150 cm |, You = 170 cm Y = 11 cm )
30 500 1,473 7,78 4,78 500 1,474 8,82 4,80
35 522 1,677 14,39 11,75 522 1,68 14,93 11,90
50 538 1,972 80,15 69,86 538 1,985 83,89 72,31
Cly, k LC, xyliC
-1 -1 -1
ZO]—3(ypl =280 cm , Y =260 cm Y rin =13 cm )
30 527 1,67 23,73 17,11 528 1,70 35,69 27,52
35 550 2,06 132,29 111,68 551 2,17 270,52 216,50
50 563 2,70 — — 564 — — —
- - -1
Z02-3(y,, =150 em ", 7,y =170 cm 7,y =11 cm )
30 518 1,63 10,59 7,04 518 1,63 11,13 7,12
35 537 1,945 2493 21,86 538 1,99 35,22 31,23
50 551 2,63 209,67 19741 552 2,81 353,45 328,61
Clz,kLC,xyLC
-1 -1 - -1
ZOl-3(pr_ =280 cm , Vou = 260 cm , Voim = 13 cm )
30 523 1,63 26,37 17,64 524 1,65 49,98 34,24
35 544 1,915 121,83 96,59 546 2,011 240,09 186,7
50 556 2,27 — 32748 556 2,4 -— —
-1 -1 -1
702-3 (ypl=150 cm ypH=170 cm LY,y =11 cm )
30 512 1,569 9,41 6,05 512,5 1,575 5,00 3,50
35 530 1,796 18,55 15,44 530 1,8 26,17 21,33
50 542 2,1 117,80 104,60 542 2,12 126,15 114,48
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[34], for ZnO single crystals with different dop-
ing degrees, without the influence of magnetic
field on the semiconductor and in case of its

values 100 kOe and direction H Lk, Hly.

The angle of incidence in the ATR prism is
30° 35° and 50°.

Tt is shown in Table 10 that, with the in-
crease of the angle of incidence and concentra-
tion of free charge carriers in ZnO single crys-
tals the SP-attenuation coefficient also in-
creases. It is similar is to influence of plasmon-
vhonon attenuation and the external magnetic

PROHOIL altbliall

field on I's and 'y, of ZnO single crystal.

Conclusions. Thus, using the non-
~ destructive methods of IR-spectroscopy, we
~ conducted the investigation of the dependence
of optical and electorphysical (electrophysical)
characteristics of optically-anisotropic semi-
conductors from the influence of a uniform
magnetic field on them while studying ZnO
single crystal (Faraday and Voigt configura-
tions). For the first time the areas with new
oscillations (caused by the influence of a uni-
form magnetic field) were found in the
IR-reflection spectra of ZnO single crystal as
well as plasmon-phonon interaction was stud-
ied under the above conditions. The influence
of the magnetic field on the basic properties of
surface polaritons for three mutually orthogo-
nal orientations of the optical axis and the
wave vector was established.

It is shown that the influence of the mag-
netic field on ZnO single crystal causes anisot-
ropy and the shift of the intervals R(v) in the
range of maximum values to the high-
frequency range of the spectrum. This allows
along with commonly wused optically-
mechanical modulators, whose work is based
on the optical anisotropy of reflection coeffi-
cients for different orientations of electric vec-
tor and optical axis of the crystal, to create
magneto-optical modulators and to determine
the concentration and mobility of free charge
carriers and so on.
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- C TOMOMIBIO CIEKTPOCKOIME oTpaxkeHms BHemHero (EF) m HapyIUeHHOrO MOJIHOTO BHYTPEHHETO OTPaXKSHHA
(ATR) HccnenoBatye ONTHYECKUX U 2IEKTPOQH3HIECKHX CBOMCTB TONAPHOTO OIHOOCHOI0 ONTHIECKY AHU30TPOIIHOIO
MoHOKpHCTaIa ZnO, MOMELEHHOTO B 0THOPOIHOe MarHutHoe Tone (Papages n OOArT-KOHQUTYpALHH), HE NPOBO-
nutock. O6nacTs 0TO6PaKeHns HOBBIX KolieGaHii, BBI3BAaHHBIX BO3ISHUCTBHEM OJHOPOIHOTO MAarHUTHOTO N0, Obio
oGHapyKEHO BIEpBBIE B CIEKTpax BHelrHero MK-oTpaxerns MoHokpHcTaia ZnO. BsanmozneHcTBre HOHOHOB U ITa3-
MOHOB HCCIeIOBaNIH IIPY TEX XKe YCIOBHAX. BIVAHNA MarHATHOTO NOJIA HA OCHOBHBIE CBOWCTBA TIOBEPXHOCTHEIX 10T~
putoHOB (SP) B COOTBETCTBHH C OPUEHTALMAMY BBIABIEHO HE OBLIO.
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