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Optical properties of 2H-Pbls single crystals intercalated by
hydrazine molecules (N2H4) have been studied. Significant (more
than 30 times) amplification of the polariton emission from the
upper polariton branch with following quenching under increasing
the concentration of hydrazine molecules in interlayer spaces has
been found out. That is caused by the transitions of polaritons
of the lower branch into polaritons of the upper branch by
scattering at hydrazine molecule inclusions. The highly stable
polytype transition 2H-4H has been registered which is caused
by the formation of “covalent bridges” by interlayer hydrazine
molecules with the neighbouring layer sandwiches. The new type
of excitons — so-called interlayer excitons (the excitons localized
in the interlayer space at incorporated molecules (atoms)) has
been found which cause the appearance of a new doublet (4928 A,
4934 A) in the photoluminescence spectra between the exciton
lines n = 1 and n = 2. A simple model for interlayer excitons was
considered which takes into account the peculiarities of chemical
bonding and polytype properties of such single crystals as 2H-Pbl,.

Introduction

Anisotropy of crystal lattices and phenomena related to
it have been studied for a long time. A number of effects
exist whose appearance is indeed a consequence of the
crystal lattice anisotropy. Among them are piezoelectric
phenomena, double-beam refraction, dichroism, etc.
The tremendous class of layered substances also
belongs to anisotropic compounds. They differ from
the well-studied traditional ones by a high anisotropy
of chemical bonding caused by the strong ion-covalent
binding in separate layer sandwiches and weak Van der
Waals binding between neighbouring sandwiches. Owing
to the lattice construction peculiarities, impurity atoms
and molecules can be incorporated into the Van der
Waals space. This phenomenon was found in [1] and
named intercalation. The interest to the intercalation
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phenomenon is connected to the search for new physical
effects and possibilities of the exciton mechanism
for realization of high temperature superconductivity
[2—4], investigation of low-dimensional effects and
physical processes at the boundary of different media,
development of supercapacitors and chemical current
sources. Using intercalated single crystals, Lisitsa,
Motsnyi and Sergeev [5] found, in particular, a new
type of excitons named interlayer excitons. Interlayer
excitons are those localized in the interlayer space on
incorporated molecules (atoms). It should be noted that
the formation of these excitons is possible just in layered
substances. They can be considered, in some cases, by
analogy with the Davydov splitting.

The present paper deals with the experimental and
theoretical studies of interlayer excitons. The results
of investigation of reflection, photoluminescence (PL)
and Raman scattering spectra of 2H polytype Pbl,
layered single crystals intercalated by hydrazine (NoHy)
molecules are discussed on this basis.

1. Samples and Intercalation Method

Intercalated samples were usually powders or films.
Therefore, it was necessary to select initial samples
for intercalation and develop a method for obtaining
intercalated ones of sufficiently big sizes. To this end, we
used Bridgman-grown 2H-Pbl, layered single crystals.
These are convenient compounds for intercalation
because of their high quantum yield of PL in the exciton
region [6-8], as well as low hardness, small rigidity along
layers, and existence of a large (up to 30) number of

polytypes.
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Fig. 1. Chamber for intercalation. I — mixture NoH4+BaO, 2 —
Pbls sapmle, 3 — glass thread, 4 — dryer, 5 — plug, 6 — outlet, 7
— contractor

As an intercalant, we used dehydrated hydrazine
because of its high ability to penetrate into the interlayer
space and create a stable compound with the crystal
matrix [9]. It should be indicated that hydrazine
without water is more explosive than nitroglycerin.
Therefore, the intercalated samples were obtained in
a special chamber developed by Dr.A.Melezhyk in our
laboratory (Fig.1). It insures safety and excludes water
penetration into the crystal lattice. A glass tube with
three compartments was filled with dry air. In the lower
part, mixture I of hydrazine obtained by the technique
described in [10] and barium oxide (BaO) was placed to
insure absorption of residual water. In the middle part
of the tube, crystal 2 was hanged up with a glass thread
3. The upper part of the chamber was isolated from the
medium using a dryer containing KOH or BaO. The
chamber was shut by plug 5 with outlet 6 to reduce
the excess pressure. Intercalation was carried out in the
following way. Hydrazine vapour diffused slowly through
contractor 7 and was absorbed by the sample. The pro-
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Fig. 2. Exciton reflection spectra of initial 2H-Pbly single crystals
(1) and those intercalated with small (2) and high (3) hydrazine
concentrations at T=4.2 K and E L C

cess was controlled by observing a change in the sample
colour.

A new chamber was also built up which enabled
us to get intercalated single crystals with a definite
concentration of hydrazine using the technique of precise
weighting.

2. Results and Discussion

Exciton reflection and photoluminescence spectra of the
surface as-cleaved in air were measured using a specially
designed setup with high resolution on the base of a
spectrograph PGS-2 (7.2 A/mm) and a spectrometer
DFS-24 (4.5 A/mm), a pulse transformer UPI-4 and,
if needed, a pulse photometer IPF-2. Wavelengths of a
tunable argon laser LG106-1 were controlled by a
monochromator UM-2. Temperature was stabilized with
accuracy better than 0.1%. So, the experimental setup
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Fig. 3. Exciton photoluminescence spectra of initial 2H-Pbl3 single
crystals (1) and those intercalated with small (2) and high (3)
hydrazine concentrations. T'=4.2 K., Aexcit=4880 A

was highly sensitive and had high spectral resolution
ability.

Typical exciton reflection spectra of initial (curve
1) and intercalated with hydrazine (curves 2, 3) 2H-
Pbl, single crystals are presented in Fig. 2. One can
see that, for the sample with a low hydrazine content,
new oscillations with extrema at 4926 and 4933 A were
clearly observed between the exciton bands n = 1 and
n = 2. At a larger hydrazine concentration (curve 3),
the excitonic bands shift to the high-energy side by about
10.7 meV and the minima of the exciton oscillation n =1
and new oscillation coincide. The maximum of the new
oscillation was not observed, and the band halfwidth
increases from 6.5 to 7.1 meV.
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Fig. 4. Influence of temperature on photoluminescence spectra

of 2H-Pbly single crystals intercalated with small hydrazine
concentration. 7', K: 1 — 5, 2 -10, 8 - 20, 4 — 25, 5 — 35, 6 —
45, 7 — 55. Insert: the dependence of the energy position of the
maximum photoluminescence of line 4953 A on the temperature,
Aexcit = 4880 A

Exciton photoluminescence spectra of the same
samples at 4.2 K are shown in Fig. 3. It is seen that, in
intercalated crystals, the intensity of the line of the
exciton bound to neutral donors (4975 A) is about
two times lower and the emission intensity from the
upper polariton branch (4955 A) is more than thirty
times higher. At the same time, the emission line
from the lower polariton branch (4964 A) and the
exciton+phonon line were not observed. Also a new
weak doublet (4928, 4933 A) appears with a more
intense longwave component in the region of the new
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oscillation. The doublet energies and the intensity
ratio are independent of the intercalant content. After
quenching the line of the exciton bound to a neutral
donor, an increase in the intensity of the new doublet
and the appearance of an additional line (4953 A) with
increase in the hydrazine concentration were observed.
Influence of temperature on the photoluminescence
spectra of intercalated Pbls in the range from 4.2 to
55 K is illustrated in Fig. 4. It was found that (1)
the intensity varies between lines 4953 and 4942 A and
both lines shift to the short wavelength side, with the
temperature coeficient dE/dt = 1.5 -107* eV/K, (2)
the new doublet energies and the intensity ratio of the
doublet components are independent of temperature.

The observed increase in the emission from the upper
polariton branch was previousely predicted theoretically
by Sugakov [11, 12]. This phenomenon is known today
as the Sugakov one. The reason for the Sugakov
phenomenon is scattering of polaritons of the lower
polariton branch by various defects of a crystal lattice
due to the transformation of a lower branch polariton
into a polariton of the upper branch. It was analyzed in
detail by Sugakov and Kryuchenko [13] who considered
the scattering of electromagnetic waves in dispersive
media by inclusions. The theory gives that the intensity
of photoluminescence with p or s polarization into
angle 6 for the inclusion concentration distribution by
size N(R) is determined by the sum of the scattering
intensities of single inclusions. At first, the intensity
increases with the inclusion radius as R® and then
decreases as R~'. Hence, the enlarging of inclusions,
their total volume being constant, should lead to the
quenching of the emission from the upper polariton
branch. This is in agreement with experimental data.
With increase in the hydrazine concentration, an intense
line 4953 A was observed in the longitudinal exciton
region in 2H-Pbl,. Excitonic spectra of reflection
and photoluminescence of intercalated samples with
higher hydrazine concentration coincide with spectra
of 4H-Pbl, polytype [14, 15] whose lattice constant
is two times larger than that of 2H-Pbl, polytype
[16]. The line 4953 A can be assigned to an exciton
bound to lattice defects [14]. This is proved by
the temperature quenching of this line (decrease in
the exciton impurity complex concentration) which
is accompanied with the intensity increase of the
free exciton line 4942 A (increasing the free exciton
concentration), as well as a shortwave shift of both lines
with increase of temperature from 4.2 to 30 K, that
reflects the band gap dependence of 4H polytype on
temperature.
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Fig. 5. Raman spectra of initial 2H-Pbl> single crystals (1)
and those intercalated with small hydrazine concentration (2) at
T=300 K, Aexcit=6328 A

Thus, the increase of the emission intensity from the
upper polariton branch with the hydrazine concentration
in 2H-PbI, crystals and the next quenching are described
satisfactorily by the theory.

The new doublet (4928, 4934 A) between the exciton
states n = 1 and n = 2 in 2H polytype corresponds
to quasi-surface excitons previously observed in layered
Bil; crystals with an atomically pure surface [17].
However, in contrast to the Bilz case, the doublet is
observed in intercalated crystals with a real surface and
corresponds to excitons bound to hydrazine inclusions
in interlayer spaces. On the other hand, the appearance
of a doublet with characteristic intensity distribution
between components (the long wavelength component is
about two times more intense than the short wavelength
one in the spectra of both polytypes) indicates the
presence of two translationally nonequivalent positions
of NoH, molecules in the lattice. Thus, the inclusion
of hydrazine into the 2H-Pbl, lattice, even in a small
quantity, should be accompanied by the creation of an
embryo of 4H polytype which have two molecules Pbl,
in the unit cell and there are two non-equivalent layers.
This assumption is proved by studies of the Raman
spectra of initial sample (curve 1) and one intercalated
with small concentration of hydrazine (curve 2) (Fig. 5).
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a b

Fig. 6. Crystal structure of 2H polytype (a) and 4H polytype (b)

of Pbly crystals

In the spectra of the last sample, besides bands 74.3,
97.5, 113.5 cm~! of 2H-Pbl, polytype, two bands of
4H-Pbl; polytype were observed, namely, low frequency
bands 13.2 em™! (Ej symmetry) and 50.5 cm™! (E?
symmetry). The band 13.2 cm ! stems from E, mode of
2H polytype and corresponds to the antiphase vibrations
of layers [18, 19]. Also the vibration band of hydrazine
(30.7 cm™!) is observed that indicates the presence
of intercalated N;H, molecules in the crystal lattice.
These data allow us to conclude that the observed
doublet is connected to localized exciton states in
the spatialy non-equivalent position of NoH4 molecules
in interlayer spaces. Non-equivalence of layers is the
consequence of both 4H polytype embryo creation and
the polytype transition 2H-4H. This is similar to the
Davydov splitting.

The polytype transition 2H-4H under intercalation is
highly stable in comparison with that under temperature
annealing [20]. This effect can be explained by the
formation of interlayer hydrazine stronger bonds with
neighbouring layer sandwiches, for example, a type of
“covalent bridges” [21]. As a result, the internal energy
of the system (crystal + intercalator) is smaller than that
of the initial crystal. This ensures its high stabilization.

A complete theory of polytype transitions does not
exist yet. According to [14, 15], under the transition in
pure Pbl, crystals, the lattice symmetry changes from
D3, to Cg, (Fig. 6).

Thus, by an example of the 2H-Pbl, layered single
crystals intercalated by hydrazine, it was shown for the
first time that the organization of bonding between an
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Fig. 7. Exciton reflection spectra of initial 2H-Pbly single cystal
samples (1) and those on a scotch tape (2) at 4.2 K and £ L C

intercalator and the matrix causes a stable interpolytype
transition, with fixation of only one of them, whereas,
even in samples of a rather high quality, different
polytypes may be present. This opens a new line in
the experimental and theoretical investigations of phase
transitions.

It should be noted that we studied also the influence
of shift deformation on exciton reflection and PL spectra
of 2H-Pbl; single crystals which were in optical contact
with a scotch tape. The typical results are presented in
Fig. 7 and Fig. 8. It is seen that both spectra are shifted
to the short wave range by about 4 meV relative to the
initial spectrum. The reason for this effect is the different
temperature pressure coefficients of the scotch tape and
sample.

A simple model of localized excitons in intercalated
layered crystals taking into account peculiarities of a
layer crystal structure was proposed previously in [5].
Here we present the main idea and results concerning
the possibility of exciton localization in intercalated
layer crystals such as Pbls. The exciton localization
at the interface between different phases in a
semiconductor (such as the boundary between 2H
and 4H polytype) was theoretically considered
in [22]. Both these cases (intercalation and the
polytype transition) can lead to the appearance of
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additional lines in optical spectra. Some lines and
bands in reflection and photoluminescence spectra
studied in the previous section may be assigned to
localized excitons at intercalated molecules in layered
crystals.

One may assume that, in a layered crystal with
ionic or covalent bonding in layers and Van der Waals
interaction between layers, the excitons behave like the
Wannier—Mott excitons in the layer plane and move as
the Frenkel excitons between layers. Using the standard
method in approximation of the nearest interacting
layers, the exciton energy in a perfect crystal can be
written as

h2k2 Eex

+ o 1
+3)

where E, is the energy gap, k1, m are the wave vector
and mass of a two-dimensional Wannier—Mott exciton;
FE.y is the exciton Rydberg, a is the lattice constant along

the optical axis, M is the resonance interaction energy
in a perfect crystal,

M= <¢2¢£+1 | Viesksr | ¢)£¢2+1>; (2)

E=E, 5 + 2M cos(ka), (1)

2mi  (n

¢ is the wave function of an unperturbed layer and ¢£ 41
is the wave function of a layer with a two-dimensional
Wannier—Mott exciton. In the case where only two
neibouring layers are disturbed under intercalation, as
shown in [10], a localized state with a wave function
which exponentialy decreases with the distance from the
intercalated layer may exist. For the energy and radius
of localization, the following expressions were obtained:

M 2

AE==1 p=_% (3)
1+ In(1+7)

where v = M " h s the difference in the exciton

energies in the layer perturbed by intercalated molecules
and a non-perturbed one; dM is the change in the
resonance energy for the transition between the layers
neibouring to intercalated layers. Localization is possible
under the condition v > 0.

The absorption coeficient for a localized exciton in
the case of a small intercalant concentration is of the
following form:

2,2
= o H(ease0) P10 P 8B B~ o)V, (4
where
| [ 2L OP(200)) (5)

(1 - exp(—ka))*’
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Fig. 8. Exciton photoluminescence spectra of the initial 2H-Pbls
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single cystal samples (1) and those on a scotch tape (2). T=4.2 K,
Aexcit =4880 A

N is the number of intercalated layers per unit length,
«; is the absorption coeficient for a single layer, n(w) is
the refraction index, € is the light polarization vector,
P is the matrix element of the electron transition from
the valence to conduction band at &k of an electron and
a hole in a two-dimensional exciton, E°and E* are the
energies of the ground and excited states of the crystal,
and k is the inverse localization radius. If, for instance,
the values of v and M are assumed to be equal to 0.1 and
0.1 eV, respectively, the localization radius will be about
10 A and energy 0E =1 meV, that are in satisfactory
agreement with the experimental data.

Conclusions

Optical properties of 2H-PbI, single crystals intercalated
by hydrazine have been studied. Significant (more
than 30 times) amplification of the polariton emission
from the upper polariton branch has been found out
and explained by transitions of the polaritons of
the lower branch into the polaritons of the upper
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branch by scattering by intercalated molecules. The
highly stable polytype transition 2H-4H has been
registered and explained by the formation of “covalent
bridges” of interlayer hydrazine with the neighboring
layer sandwiches. The new type of excitons, the so-
called interlayer excitons (the excitons localized in the
interlayer space at incorporated molecules (atoms)), has
been found. They cause the appearance of a new doublet
(4928, 4934 A) in PL spectra between the exciton lines
n =1 and n = 2. A simple model for interlayer excitons
was considered, taking into account the peculiarities of
chemical bonding and polytype properties of such single
crystals as 2H-Pbl,.

It is clear that the same effects can be observed in
optical spectra of intercalated chain crystals.
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MIZKIITAPOBI EKCUTOHU: EKCITEPUMEHT
I TEOPIA

M.II. Jlucuya, ®.B. Moywnut, O.C. Bineydv
Pesmowme

BuBueno onTu4Hi BACTHBOCTI IIapyBaTUX MOHOKpHCTauiB 2H-
Pbly, inrepkanboBanmx rigpasmaom. Bussneno 3maume (Ginbme
ik y 30 pasiB) migcuieHHs IHTEHCHBHOCTI MOJSPUTOHHOTO BH-
NPOMIHIOBAHHS 3 BEPXHBOI MOJSIPUTOHHOI BiTKH 3 HACTYIHAM HOr0
raciHHsAM 1pu 301/IbIIeHH] KOHIEHTPAIl Iipa3uHa B MiXKIIapOBO-
My IIPOCTOPi, [0 BHKJINKAHE IIEPETBOPEHHSIM IOJSIPUTOHIB HUXK-
HBOI BITKHU B IIOJISIPUTOHU BEPXHBOI BITKX 33 PAXyHOK PO3CIIOBAHHST
HA BKJIIOYEHHIX TiJpa3uHa i K€ BU3HAYAETHCA IXHIMH pO3MipaMu.
3apeecTpoBaHO BUCOKOCTADIMbHMN CcTPYKTypHUil (pazoBuit mepexis
2H-4H, mo 3yMOBJIeHH#I YTBOPEHHSAM “KOBAJIEHTHUX MIiCTKiB” MO-
JIleKysnaMu rigpasuHa i3 cycigmimu mapoBumu makeramu. Busisie-
HO HOBHUIl THII €KCHTOHIB — MiXKIIAPOBi €KCHUTOHH (EKCHTOHH, L0
JIOKAJII30BaHl Ha MOJIEKYJIaX IHTEPKAJSHTA), — SKi 3yMOBJIOIOTH
nosiBy HOBOro aybsiery B crnekTpax (OTOJIOMIHECHEHIT MiXK eK-
CATOHHUMH JiHigME n=1 i n=2. 3aIpOnOHOBAHO MIPOCTY MOZEIb
IS MI2KITAPOBHUX EKCHUTOHIB, siKa BPAxXOBY€ 0COOmmBOCTI ximiwumol
OyIOBH 1 HONMITUIHMY CKJIAJ] TAKUX MOHOKpHCTaIiB, K 2H-Pbls.

MEKCJIOMHBIE SKCUTOHBI: 9KCIIEPUMEHT
n TEOPUA

M.I1.JIucuya, @.B.Moynwiti, O.C.3uney
Peszmowme

N3y4densl ontudyeckue CBOMCTBA CJIOMCTBIX MOHOKpucrtasnos 2H-
Pbls, naTepKamupoBaHHbIX ruapa3uHoM. OOHAPYKEHO 3HAMUTEb-
Hoe (Gosee weM 30-KpaTHOE) yCHJIEHHE HHTEHCUBHOCTH [OJISIPATOH-
HOT'O MU3JIYYEHHS C BepXHeU MOJISPUTOHHOU BETBH C MIOC/IETYIONIUM
rameHueM IPHU YBEJIWYEeHUU COAePKaHUSA T'HJPAa3WHA B MEXKCJIOH-
HOM IIPOCTPAHCTBe, BEI3BAHHOE PEBPAIeHAEM TOJISIPUTOHOB HIXK-
Heill BeTBU B TOJIAPUTOHBL BerHeIU/I BETBHU BCJIEACTBUEC PaCCeAHUAd Ha
BKJIIOUEHUSX T'HJPA3NHA H OIpeJesIseMOe UX pa3MepaMu. 3aperu-
CTPUPOBAH BBICOKOCTAOMJIBHBIA CTPYKTYDHBIN (Da30BBIM Iepexosn
2H-4H, obycioBiennbi#t 00pa3oBaHueM “KOBAJIEHTHBIX MOCTHKOB”
MOJIEKYJIaMH TUAPA3UHA C COCEJHUMH CIOeBbIMH makeTamu. OO6Ha-
DY?K€H HOBBIH THII SKCHTOHOB — MEKCJIOHHBIE SKCHTOHEI (9KCHTO-
HBI, JJOKQJIU30BAHHBIE B MEKCJIOMHOM IIPOCTPAHCTBE HA MOJIEKYJIAaX
HHTEPKAJISIHTA ), — 00yC/IaBIMBAOIIE IOSIBIEHAE HOBOrO ay0sera
B CIIEKTpax (DOTOSFOMHUHECIEHITUN MeXJy SKCUTOHHBIMU JIMHUSI-
mu n—=1 u n=2. [IpenmoxKena mpocTas MOIENb IJisd MEKCIONHBIX
9KCUTOHOB, YYIUTHIBAIONIIAA 0C06eHHOCTI/I XUMUYIECKOr0o CTPOCHUA U
MOJIUTHUITHBIE CBOMCTBA TAKUX MOHOKPHUCTAJIOB, Kak 2H-Pbls.
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