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We demonstrate a feasibility of excitation of surface phonon and plasmon-phonon polaritons (PPPs) in optically
anisotropic silicon carbide single crystals (polytype 6H) placed in a strong uniform magnetic field, at orthogonally

related optical axis, wave vector and magnetic fidd: CJ[x,

KIC, xyllC; Cllz, K~ C, xy™ C; Cly,

1 I
KNG, xy[C, H™ K, HJly. The attenuated total reflectance spectra were registered, and the main PPP

properties (dispersion curves and damping coefficient) in 6H-Sic single crystal subjected to action of strong uniform
magnetic field were studied. The effect of a uniform magnetic field on the properties of PPs in 6H-SC was

determined.
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I ntr oduction

Investigations of the properties of surface polaritons
(SPs) in optically-isotropic and optically-anisotropic
media make a complicated problem that remains actua
up to now [1-5]. Of gpecia importance are, in
particular, uniaxial polar optically-anisotropic silicon
carbide single crystals (polytype 6H). They are studied
extensively bearing in mind fundamental as well as
applied aspects [6— 10]. The 6H-SIC single crystas
belong to the wurtzite structure; their spatial symmetry
group is Cy, (P6smc). They demonstrate high anisotropy
of the plasma system properties [7]. Anisotropy of
electron effective mass as well as phonon and plasmon
damping coefficients in 6H-SIC were studied in [8]. The
main properties of plasmon-phonon polaritons (PPPs) in
6H-SIC single crystals a mutually orthogonal
orientations and various degrees of doping were
investigated in [9]. The authors of [10, 11] have detected
and studied, for the first time, some novel types of
surface PPPs (SPPPs) in doped anisotropic 6H-SiC single
crystals at the following orientations of SPPP wave
vector K and crystal surface xy relative to the crysta
optical axisC: K™ C, xy™ C. However, up to now, there
are no data in the literature concerning investigations of
concurrent effect of anisotropy of both plasma and
phonon subsystems and uniform magnetic field on the
properties of SPsin 6H-SIC.
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In this work, we studied the properties of surface
phonon and plasmon-phonon polaritonsin silicon carbide
crystals (polytype 6H) placed ina uniform magnetic field

H up to 100 kOe (H’\ K, H||y) at three mutualy

orthogona orientations of crystal optical axis and wave
vector: C|Ix, KJ|IC, xy|IC; Cllz, K~ C, xy~ C; Clly,
K~ C, xy|C.

|. Samplesand experimental procedure

The experimental attenuated total reflectance (ATR)
spectra of 6H-SIC single crystals were taken in the
400-1400 cm™ range with a spectrometer IKC-29 and
ATR attachment HITBO-2. The angle of incidence range
for IR radiation that hit an ATR element was from 20 up
to 60°, while the accuracy of angle setting was no worse
than 6¢ A gap between the semicylinder and 6H-SIC
single crystal under investigation was set using calibrated
fluoroplastic spacers. We used an ATR dement 12 mm
in diameter; itsrefractive index was 2.38.

1. Results and discussion

Let us consider an optically-anisotropic uniaxial
polar semiconductor (in our case, 6H-SiC) bordering an
optically-isotropic medium (air). The SPs are excited and
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propagate along the x-axis lying in the single crysta
surface (xy-plane). A uniform magnetic field is paralle to
the surface studied and normal to the wave vector (the
Voigt configuration). The ATR coefficient was
calculated for the orientation Cl[x, CJ]ly, Cljz according

to the procedure described in [7]. The permittivity of a
6H-SIC single crystal placed in a uniform magnetic field
is[13]
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Here e¥,\,|| is the high-frequency permittivity

pardld and perpendicular to the optical axis C;
N A I N A I are, correspondingly, the frequencies

of longitudina and transverse optical phonons
perpendicularly and paralle to the crystal axis; np,\ I is

the frequency of plasma resonance perpendicular and
pardld to the crysta axis, gp,\ I is the plasmon

damping coefficient perpendicular and pardlel to the
crystal axis; % is the optical phonon damping

S

coefficient perpendicular and parale to the crystal
axis, W= e isthe cyclotron frequency.
mc

Figure 1 presents the experimental ATR spectra ( ©)
of 6H-SiC single crystal (sample IICE-3B) for orientation
Clz, K~ C, xy™ C aswell ascalculated curves for the
orientations C|x, K]|C, xy||lC (curve 1); Clz,
KAC, xy*C (curve 2) and Cly, K" C, xy||C
(curve 3) without action of magnetic field on the
semiconductor. The angle of incidence on the ATR prism
is 40°. The spacing between the sample under
investigation and prism was, correspondingly, 3.1 (1),
2.7 (2) and 2.5 (3) mm. The curves 1¢ 3¢ were calcul ated
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Fig. 1. ATR spectra of 6H-SIC (sample IICE-3B).
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Fig. 2. High- and low-frequency dispersion

branchesin 6H-SiC (sample SC-2).

for the case of actilon of 100 kOe magnetic field
(orientation H~ K, Hlly) on the 6H-SIC single crystal.
The curves 1 — 3 coincide with the corresponding curves
1¢-3¢ therefore, the latter are shifted in the plot towards
lower frequencies by 5 com®’. The frequencies
corresponding to the minima of ATR spectra are 944 (1,
1¢), 951 (2, 2¢) and 967 (3, 3¢) cm™, respectively; the
spectrum half-widths are 16 (1, 1¢), 26 (2, 2¢) and 54 (3,
3¢) cm™, respectively. One can see from Fig. 1 that
strong magnetic field, at the orientation indicated,
practically does not change the ATR spectra of 6H-SIC
single crystal.

The results of investigations made in [7—11]
showed that excitation of SPs of phonon- and plasmon-
phonon-types in 6H-SIC occurs in the neighborhood of
the transverse and longitudina optical phonon
frequencies. There are minima in the ATR spectra
According to [7,13], the freguencies of minima
correspond to the surface modes n" and n" a H»0
and pseudo-surface modes at higher fields. It is evident
that the surface modes in 6H-SIC single crystal coincide
with the pseudo-surface ones. As the cyclotron frequency
approaches the frequency of surface excitations,
magnetic field complicates considerably the dispersion
relations. This is because (i) the diagonal components of
permittivity tensor are not equal to each other and (ii)
off-diagonal components of permittivity tensor appear in
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Table 1

Dispersion relations for uniaxial crystal placed in magnetic field (I'—| K |'—|||y) at three orientations

Orientations Cllz ClIx Clly
1-e l-e e
. . . 2 _ N V| N
Dispersion relations K =1 Y = K2 &1 e |(|a K2 = 1+\é
V| VAV v

magnetic field. The corresponding equations are
presented in Table 1.

Shown in Fig.2 are the experimental dispersion
curves ( ©) for orientation Cjlz, K~ C, xy” C and
calculated disperson curves (lines) for orientations Clly,
K" C, %lIC (1); Cllz, K~ C, xy~ € (2); and Clix,
K|IC, xy|IC (3) in the case of no magnetic field (sample
SC-2). One can see that, if the optical axis Clly (i.e, is

perpendicular to the propagation direction and to the
normal to crystal surface), then there are two dispersion

branches. The lower branch, n™ , exists in the whole
range of wave vector K variation. As to the upper

branch, n*, its domain of existence is limited by the

condition K > W c. If the crystal optical axis is

perpendicular to the surface (Cllz) or pardld to the
propagation direction (C|[x), then the number of

dispersion branches increases and may become as big as
five. One of them is an analog to the low-frequency

branch n~ ; it begins under the condition K =0. The

number of branches existing at K > WT||/C’ W A /c,

varies depending on orientation of the crystal optical axis
relative to the crystal surface. The above modes may be
excited over thewholerange of K variation (similarly to
the case of optically-isotropic crystal) or in the bounded
aboveinterval [10, 11].

It was shown in [13] that surface waves remain their
TM-type in the Voigt geometry only. Magnetic field H is
perpendicular to the plane of polarization of surface
wave, Xz, in which its electric vector rotates. Cyclotron
motion of electrons also takes place in that plane. This
motion coincides with the “proper” rotation of the
electric vector of surface wave at one sign of H, while at
reverse sign of H, the cyclotron motion is opposite to it.
This is the reason for nonequivalence of the +K and - K
directions; the frequencies that correspond to different
orientations of H become different too.

Our investigations of dispersion curves in 6H-SIC
single crystals placed in grong (100 kOe) magnetic field

(|'—| K |'—|||y) at three mutually orthogona orientations
indicated essential distinctions in their behavior at
orientation variations. To illustrate, at orientation Clly,
K~ C, xy||C without magnetic field (sample IICE-3B),
there exist two dispersion curves (see curves 1 and 2 in
Fig. 3). The limiting Ng value is determined from the

/
gl

equation e, (h) =- 1. Under action of magnetic field of
100 kOe, the dispersion curves change (see curves
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1¢- 3¢). One can see from Fig. 3 that the high-frequency
dispersion curve does not change in magnetic field, while
the low-frequency one shifts towards bigger
wavelengths. An additiona dispersion branch (referred to
as a“virtual” mode in [13]) appears in the 500-550 cm™
frequency range. Its properties are similar to those of
surface oscillations of type Il in anisotropic crystals [14].
However, it was shown in [15] that zinc oxide single
crystals (contrary to 6H-SIC) demonstrate strong
anisotropy of the properties of their phonon subsystem.
Our studies of dispersion curves in 6H-SIC single
crystal at orientation Cljx, K||C, xy||C showed that the

v, Clll_1

800

400+

Fig. 3. Disperson branches in 6H-SIC (sample
IICE-3B) at Clly, KAC, xy|IC: 1,2 - H =0;
1¢- 3¢ - H =100 kOe.

number of dispersion branches at a given orientation
remains the same and is two (one high- and one low-
frequency branches). The effect of magnetic fidd on the
limiting frequency of the lower digperson branch is
observed in the 162-418 cm™ range. As magnetic field
increases from O up to 100 kOe, the digpersion branch shifts
towards higher frequencies by 256 cm™ (contrary to the case
of previous orientation).

Figure 4 presents dispersion curves in heavily doped
6H-SIC (sample TIICE-3b) a orientation Cl|z,
K™ C, xy™ C. Our calculation indicates possibility to
excite (at the above orientation and without magnetic
field) up to four dispersion branches (curves 1 —4). The
dots ( ©) correspond to the experimental data for 6H-SiC.
If the 6H-SIC single crystal Iis exposled to action of
magnetic field (H > 50 kOe, H” K, H]ly), then up to
five dispersion branches may be excited in 6H-SIC
(curves 1¢- 5€). Along with the dispersion curves that
have bee studied earlier [10, 11], excitation of a novel
branch was detected. Its beginning corresponds to the
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Table 2
Limiting frequencies of dispersion branchesin 6H-SiC single crystal
H (Oe) 1 30103 6540° 100203
Sl n- + i} + n- nt n- nt
Sample pf Oof Oof Ny "ot pf Iy pf pf Iy pf
em?))| em?)| @em®| )| @ | @em?Y] em)| @em?)| (em?| M| ©m?
Cly
1. | TICE-3b 409 998 386 450 997 355 489 996 326 530 995
2. | SC-1 454 1014 432 493 1013 402 529 1011 373 566 1009
3. | SC-2 523 1049 504 558 1048 476 589 1044 449 620 1040
Cllz
162 961 960 18 958 25 954
LI TCE-3b | 470 | 1050 | 270 | %27 | 1045 | 354 | *1 | 1046 | 18 | *® | 1049
170 963 962 16 957 23 952
2.1 8C1 472 1069 298 479 1070 376 484 1072 441 207 1069
225 971 967 21 960 30 952
3. |2 540 | 1113 | 7 | 939 | qo05 | a25 | %7 | 1007 | 480 | %% | 1100
Clx
1. | IICE-3b 162 961 279 960 354 958 418 954
2. | SC-1 170 964 298 962 376 957 441 952
3. | SC-2 225 971 347 967 425 960 489 952
single crystals with ideally smooth surface [7]. The curves
vem [ (\,):’_ ' ' 5’ 1-3 were calculated for silicon carbide single crystals with
—gl(—\,—)c—(—\,—);i —————————————— braaog different doping levels in the absence of magnetic fidd
___________________________ r,h ' ‘ ' T 3o 3
:_\:l _________________________ .
600+
| e .
200f
1
""" 1 .1 L L 1 1
0 1 2 Ke/ Vo sk ; . ‘ .
900 920 940 v, em!
Fig. 4. Dispersion branchesin 6H-SiC (sample
IICE-3b) & Cljz, KA C, xy* C:1-4—-H=0; Fig. 5. SP damping coefficient as function of
1¢ 5¢ — H = 100 kOe. frequency, Gsp(n)’ in 6H-SIC: 1-sample IICE-
condition e, = 0. According to [7], the limiting value n_ 35, 2-sample SC-1; 3-sample SIC-2

is determined from the condition e

Il
both e||

Table 2 presents the limiting frequencies of the lower
and upper plasmon-phonon as well as “virtual” phonon
branches in 6H-SIC single crystals, both without and
with action of magnetlc field (30, 65 and 100 kOe), at
orientations H ~ K, H||y and Cljx, KJC, xy||C; Cljz,
KAC, xy™C; Clly, K~ C, xy|C.

Figure5 shows the experimental and theoretical
dependences of SP damping coefficient Gsp(n) in 6H-

(h)e, () =1, with

and e, being negative.

SIC sngle crystd. The calculations were performed for
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1¢ 3¢(sample I[ICE-3B) — H = 30, 65, 100 kOe.

according to procedure described in [7]. The curves 1¢- 3¢
present the Gsp(n) dependence for the sample TICE-3b

placed in magnetic fied (30 (1¢), 65 (2¢) and 100 (3¢)
1 I
kOe) at orientation H™ K, Hlly.

Several mechanisms of SP damping may be found in
literature. In particular, energy may be transferred from
SPS to bulk plasmon via surface scattering of dectrons
owing to not too deep penetraion of light and presence of a
depleted layer at the surface. The above factors can favor
energy transfer [7, 13].
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Table 3
Half-width of minimum in the ATR spectrum, Gp , ahd SP damping coefficient, Gsp ,in6H-SIC
singlecrystal & H =0 and 100 kOe.
H=0 H =100 kOe
i ,0 T 1 1 1 -1 -1
N (€M) c S (cm™) Cop (e | n ;. (em?) c G, (cm™?) Gy, (cm?)
Cljx

_ -1 _ -1 _ -1

HCE—3B(gp,\ =620cm” -, gp” =340cm 195 A I =12cm )

30 917 1.398 29 22 917 1.398 29 22
35 937 1.691 188 171 937 1.692 190 174
SC-1(gy 5 =700em’ 1 gy = 260em” 1 9 A ”:14cm'1)

30 919 1.41 28 23 919 1.4 30 23
35 939 1.714 215 198 939 1.714 219 202

-1 -1 -1
SC-2 =830cm’ -, =450cm’ -, =12cm
(951 Gy =450 ™ G o =12eM™7)

30 922 1.415 45 34 922 1.415 45.12 34
35 944 1.752 415 359 944 1.752 420.45 364
Cllz
TICE - 3B =0, g, =0, =0

(Gpn =0 8y =0.6 1 =0)
30 | 933 [14 | 134 [ 97 | 93 141 | 139 | 115
Sc-1 =0, g, =0, =0
(Gpn =0 8y =0.6 1 =0)
30 | 938 [142 | 230 | 163 | 938 | 143 | — | —
sc-2 =0, g, =0, =0
(g N gp” gf N ,” )
30 946 1.34 157 94 946 1.35 — 204
35 956 1.39 252 165 956 1.43 — —
50 958 1.4 327 203 958 1.46 — —
Clly
TICE - 3B =0, g, =0, =0
(Gpr =0 8 =0.6 1 =0)

30 945 1.425 274 180 945 1.42 296 180
35 963 1.594 — 437 963 1.59 — 473
Sc-1 =0, g, =0, =0

(Gpn =0 8 =0.6 1 =0)
30 | 954 [1445 | 380 [ 237 | 954 |15 | 402 | 245
sc-2 =0, g, =0, =0
(Gpn =0 8 =0.6 1 =0)
50 | 984 [151 | 594 | 543 | 984 | 1515 | 470 | 436
It follows from Fig.5 that the SP damping
coefficient decreases as the free charge carrier i
Conclusion

concentration in 6H-SIC single crystal grows. The
reverse behavior vs observed at growth of magnetic field
in which the semiconductor under investigation is placed.

The SP damping coefficient in 6H-SIC single crysta
was obtained with graphical technique [7] for the samples
SC-1, SC-2 and TICE-3b a magnetic fields of 0, 30, 65
and 100 kOe and orientations Clly, K~ C, xy||C; Cl|z,

KA C, xy”C; Cx, KIC, xylIC, HA K, Hly (see
Table 3).
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Thus, in thiswork, for the first time, the ATR spectra
were detected in the region of excitation of surface
plasmon-phonon polaritons in uniaxia hexagonal 6H-
SiC single crystal placed in a strong uniform magnetic
fild. We sudied the dispersion dependences and
damping coefficients of surface plasmon-phonon and
phonon polaritons in 6H-SIC single crystal placed in a
strong uniform magnetic fidd. It is shown that new
dispersion branches appear in 6H-SIC because of
magnetic field action. The number of these branches
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depends on the optical and eectrophysical parameters of
the crystal studied as well as its orientation and magnetic
field strength. A dependence of SP damping coefficient
on the strength of externa magnetic field was found.
However, the mechanisn of this dependence needs
further investigation.

Benzep €.@. — nokrop (izMKO-MaTeMaTHYHUX HAYK,
npocecop, wieH-kop. HAH Ykpainu;

Menvnuuyk O.B. — noxtop (hizuKo-MaTeMaTHdIHUX HAYK,
npodecop, MPOPEeKTOp 3 HaykoBoi poboTH Ta
MIDXKHapOJHUX 3B’ 3KiB, 3aBiyBau Kadeapu Qizuku;
Menvnuuyx JI.JO. — xangunar ¢i3uKo-MaTeMaTHYHHX

HayK, TOLEHT Kadenpu ¢izuky;
€Esmyumenko A.I. — acucrent xadpenpu Qizukw.
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IMoBepxHeRBi MoAPUTOHH B MOHOKpHcTajax 6H-SC,
PO3MILIEHUX Y CWIIBHOMY OJHOPIAHOMY MATHITHOMY IOJIi
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IToka3aHO MOXUIMBICTH 30YIXKEHHS ITOBEPXHEBUX (DOHOHHHMX Ta IUIa3MOH-(OHOHHMX mnonsiputoHiB (IIII) B
OITHYHO-aHI30TPOITHNX MOHOKPHCTaNax KapOimy kpeMHito (momitun 6H), po3MileHUX y CHIBHOMY OXHOPiTHOMY
MAarHiTHOMY I1OJi 3a B3a€MHO-OPTOIOHAJIBHUX OpIEHTAIlIH ONTHYHOI OCi, XBHJIBOBOIO BEKTOpPA Ta MarHiTHOrO OIS

Clx, K|IC, xy|IC; Clz, K~ C, xy~ C; Cly, K" C, xy||C, |I'|’\ K, Il—|||y 3apeecTpoBaHO CIIEKTPH

MOPYIICHOr0 MOBHOrO BHYTpilHboro Binousanus (ITIIBB) ta mociimkeHo ocHoBHi Binactuocti M1 (aucnepciitni
KpuBi Ta Koediuient 3atyxanus IIIT) npu nii Ha MoHOKpucrtan 6H-SIC CHIBHOrO OZHOPIIHOrO MarHiTHOro HOJS.
BusiBiieHO BIUIMB OJHOPIAHOTO MarHitHOro moist Ha Bnactusocti I 6H-SiC.

Ki1ro40Bi c/10Ba: oBepXHEBI NOISAPUTOHHU, aHI30TPOIis, MarHIiTHE 0JIe, AUCHEPCiHHI KpUBi, KapOis KpeMHito.
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