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Exciton spectra and anisotropic Zeeman effect in Pbl, at high magnetic fields up to 40 T
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Magnetoabsorption spectra of the band-edge excitons in Pbl, thin single crystals were measured
up to 40 T with a configuration of Elc||B or Elc1B. The anisotropic magnetic field dependence of
the diamagnetic shift and the Zeeman effect were observed at high magnetic fields. With the
configuration of Elc|B, a linear Zeeman splitting of the I';” absorption line was observed. For the
configuration of Elc1B, magnetic-field-induced absorption lines associated with the I'j and the I';
states were observed for 7 and o polarizations, respectively. The anisotropic magnetic field depen-
dence is discussed in terms of a cationic exciton model.

I. INTRODUCTION

Pbl, is a typical layered semiconductor that shows
large exciton structure below the band edge.1 However,
there has been a great deal of controversy concerning the
assignment of the exciton lines as a Wannier series.>” % In
a previous paper, it was shown that it is important to
take exciton-phonon interaction into account to interpret
the exciton structure with respect to the relative motion
of electrons and holes.’

The valence and conduction bands of Pbl, have a
strong cationic character and their charge density is lo-
cated around Pb*" cationic ions as revealed by study of
exciton spectra in Pb,_,Cd I, alloys® and band calcula-
tions.” The existence of the three-exciton-line series A,
B, and C, which arise from spin-orbit interaction, is well
explained in terms of the semiempirical atomic model
called the cationic exciton model.’

The Bohr radius of the ground-state exciton parallel to
the layer plane is estimated as 1.9 nm.® This value is only
about four times as large as the in-plane lattice constant.
Although the exciton spectra in Pbl, can be analyzed in
terms of the Wannier-type exciton,> the above value of
the Bohr radius is too small to characterize this exciton
as an ideal Wannier-type exciton compared to the usual
semiconductors. Based on a cationic exciton model tak-
ing account of electron-hole coupling,® it is expected that
the band-edge exciton is split into three states, I'|’, I';,
and I'; by the large electron-hole exchange interaction
owing to such a small exciton radius as shown in Fig. 1,
but the estimation of the energy positions of the three
states are different according to different workers®~1° and
the I'|” state has never been observed. Here, the charac-
ters of the three states are taken for the 2H-Pbl, crystal
symmetry of D3,.!' The 'y is an allowed transition for
Elc and the I'; for E||c, where E is the electric-field vec-
tor of the incident light and c is the crystal axis perpen-
dicular to the layer of Pbl, crystal. The I'{ exciton is a
pure triplet state, which is optically forbidden.

If high magnetic fields are applied in this system with
the configuration of k|jc and ELc1B, it is expected that a
new absorption line arising from the I';” or I'; states is
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observed near the I'; exciton, where k is the wave vector
of the incident light and B is the applied magnetic field.
In this paper, we present the experimental results of
high-field magnetoabsorption measurements up to 40 T
with the configuration of Elc||B or ElclB and the ob-
served anisotropic magnetic-field dependence of the exci-
ton spectra. We demonstrate that the experimental re-
sults are qualitatively explained by the cationic exciton
model.

II. EXPERIMENT

Pbl, thin single-crystal samples with thicknesses of
50-100 nm were prepared by cleaving single-crystal in-
gots made by the traveling-zone technique.'? Their poly-
type was found to be 2H with their exciton spectra com-
pared to that of the reference sample estimated as 2H po-
lytype by x-ray analysis.!*> For measurement of magneto-
absorption spectra, we employed a nondestructive-type
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FIG. 1. Schematic illustration of the exciton energy levels in
2H-Pbl, below the band edge.
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pulse magnet and an optical-multichannel-analyzer
(OMA) system. !> 14

A pulsed magnetic field was generated by supplying a
large current from a 112- or 200-kJ capacitor band into a
coil made of Nb-Ti/Cu superconducting wire with a large
mechanical strength. The magnet was cooled by liquid
nitrogen to prevent the excess temperature rise by the
current. The pulse width was about 10 ms and maximum
field was about 40 T. An incident light was provided as a
single pulse by a pulsed tungsten lamp or a xenon flash
lamp. For the configuration of Elc||B, the incident light
was introduced by an optical fiber onto a Pbl, sample on
a quartz plate through a polarizer and a quarter-
wavelength plate as shown in Fig. 2(a). The sample was
placed at the center of the pulse magnet and cooled by
liquid helium. Light coming through the sample is
reflected by a prism and further transferred by another
optical fiber to the entrance slit of the spectrometer. For
Elc1B, the sample was put between two prisms together
with a polarizer and a quartz plate as shown in Fig. 2(b).
The image of the optical spectrum by the spectrometer is
focused on a diode detector array. The OMA system is
operated to a pulse mode by opening the gate in a dura-
tion time of 1 ms at the top of a pulsed magnetic field.
The pulse width of the incident light was larger than the
gate width of the OMA. The variation of magnetic field
during the measurement was less than 3% at the top of
the pulsed magnetic field. With the configuration of
Elc||B, left or right circularly polarized light, o0, or o _,
was introduced onto the sample. For Elc1B, linearly po-
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FIG. 2. Schematic illustration of the sample holder for (a)
Elc||B and (b) ELc1B.
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larized light, m(E|B) or o(ELB), was introduced. The
wave vector of the incident light was parallel to the ¢ axis
(k|lc). To increase the signal-to-noise ratio more than
four data measured under the same condition were aver-
aged by a computer. The spectral resolution determined
by the slit width of the spectrometer was 0.43 nm for
Elc|B and 0.13 nm for ElclB. The resolution for the
energy shift of the absorption lines is better than this
value.

ITII. RESULTS AND DISCUSSION

An example of the experimental recordings for 7 and o
polarization of Elc 1B gyometry is shown in Figs 3(a) and
3(b), respectively, for various magnetic fields. As shown
in these figures, besides the main absorption line addi-
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FIG. 3. Magnetoabsorption spectra 2H-Pbl, at 4.2 K. (a)
and (b) were obtained for 7 and o polarization, respectively.
Applied magnetic fields are indicated on the right-hand side of
each spectrum. Large down arrows display main absorption
lines, which correspond to the absorption lines at B=0, and
small down arrows indicate magnetic-field-induced new lines.
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tional absorption lines indicated by small down arrows
become discernible at high magnetic fields. Exciton ab-
sorption spectra for the four polarizations including the
o, and o _ polarizations of Elc|B geometry are summa-
rized in Fig. 4 for B=0 T and B=40 T. Anisotropic
magnetic-field dependence is clearly observed in the
figures. The peak position of 4, and A4, exciton lines for
Elc|B and ElcIB are plotted as a function of applied
magnetic field in Fig. 5. Energy splitting of the 4, line is
quite similar to that of the 4, line as shown in Figs. 3-5.
This shows that the 4, line belongs to the same exciton
series as that of the A4, line as discussed in a previous pa-
per,’ namely the 4, line is the n =1 state and the A4, line
is the n=2 state, where n denotes the main quantum
number of the exciton.

From the energy difference between the ground-state
absorption lines for o, and o _ polarizations, linear Zee-
man splitting was obtained, and the effective g value was
experimentally determined to be 0.89.° It is considered
that the splitting for this configuration is that of the I'y
state which is a twofold degenerate state according to the
cationic exciton model. In order to examine how the cat-
ionic exciton model is appropriate for interpreting the
Zeeman splitting, we calculated the effective g value
within the framework of this model. To the zeroth-order
approximation, we neglected the effect of the extension of
the exciton wave function in order to avoid using fitting
parameters. Namely, the exciton is assumed to be local-
ized at cationic ions. Wave functions of the excitons in
Pbl, corresponding to the four levels shown in Fig. 1 are
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FIG. 4. Magnetoabsorption spectra of 2H-Pbl, for (a) ElLc||B
and (b) Elc1B at 4.2 K. Large down arrows display main ab-
sorption lines, which correspond to the absorption lines at
B=0, and small down arrows indicate magnetic-field-induced
new lines.
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described by the following equations:!!
¢'” = —sinbP,S|t,)
— L coso(P_,Slt, ) —PL,Slt_,)) m
V> —19 1l +191—17),
#>~ =isinOP,S|s)
——=cosO(P_,S|t ;) +P,,Slt_,)), )

V2

$3~ = —sinOP S|t )—“;1=2‘C089P:HS( —ls)*|te)),

(3)

where the superscripts of the wave functions ¢ corre-
spond to the character in the symmetry of D;;. S and
P, (r=—1,0,+1) stand for the 6s and 6p states of the
Pb>" ion, respectively. |s) and [z,) (k=—1,0,+1)
represent the singlet and triplet states of an electron-hole
pair, respectively. The ¢*~ states are doubly degenerate
in zero field. The subscripts 7 and « stand for magnetic
quantum numbers of the p state and z component of the
total spin of an electron-hole pair, respectively. There-
fore, ¢>~ and ¢ are z-like and x,y-like states, respec-
tively, and ¢!~ is a pure triplet state. 0 is defined by the
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FIG. 5. Energy position of the ground-state absorption line
as a function of magnetic field for (a) Elc|B and (b) ElclB.
The dashed lines are guides to the eye showing the energy
change of the absorption lines.
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spin orbit interaction parameter A and the crystal-field
splitting energy A as follows:

2V T
= =0=—. 4
tan26 aA” 0 5 4)
The Zeeman term in the Hamiltonian is represented by
e A~ ~ e & ~
H= m, (Ie+gese )B‘-m(lh +g,75, )B , (5)

where e is the charge of an electron, B is the applied mag-
netic field, and m, and m, are the mass of the electrons
and holes, respectively. 7, and 7\,, are angular momentum
operators, and 5, and 3, are spin momentum operators of
electrons and holes, respectively. g, and g, are g factors
of the electrons and holes, respectively.

On the basis of the present model, neglecting the effect
of the extension of the exciton, let us adopt a mass and a
g factor of free electrons in a vacuum in (5), namely we
assume m, =m, =mg and g, =g, =2, for simplicity. The
effects from other ions or electrons and holes are treated
as the uniaxial crystal-field energy A. For B|z and
E|x,y, the ¢3~ are the observable states. From (3) and
(5), the energy of the I';” state is obtained as

&3=6,%LB , (6)
where &5 is the energy at B=0 and
L=pg(sin’60+1) , 7

where pp is the Bohr magneton. Here, the effect of the
spin-orbit split-off excitons is neglected, because the ener-
gy differences between the excitons and the band-edge ex-
citon are much larger than the Zeeman energy. As
shown in (6), the Zeeman splitting is a linear function of
magnetic field in this configuration as was experimentally
observed. Here, a diamagnetic term does not appear in
this equation, because the extension of the exciton is
neglected in the present model. The effective g value for
the configuration of Elc|B is calculated as g, =2L /ug.
The spin-orbit interaction parameter A and crystal-field
splitting energy A have been estimated to be —0.95 and
0.75 eV, respectively.” These values render an effective g
value as g, =2.23. The experimentally obtained effective
g value of 0.89 (Ref. 5) is about one-half of the calculated
value. It is considered that the extension of the actual ex-
citon envelope function is larger than that in the atomic
model, resulting in a smaller amplitude of the envelope
function at the Pb>" jon site. Hence, it is reasonable that
the g value in real crystals is smaller than that in the
atomic model corresponding to the smaller amplitude.
For the configuration of Elc1B, the symmetry reduc-
tion from the crystal symmetry of D;; makes I'| and I';
states observable besides the I'; state in the presence of
magnetic fields for 7 and o polarizations, respectively.!!
Therefore, the new absorption lines observed with the
configuration of ElclB are considered to be related to
the ¢'~ state for 7 and the ¢~ state for 0. For B|x,
from (1)-(3) and (5) the energies of the diagonalized exci-
ton states are
E'=1{(6,+6)E[(6,—E3)*+8M*B?]1 % (®)

1
2
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&*=1{(E,+E3)£[(6,— E3)*+8N?B?]' 2}, 9)

where &, 6,, and &§; are energies of I'{, T';, and 'y
states at B =0, respectively, and M and N are defined by

M=py |—sinfcosd+—=(sin0+1) | , (10)
V2
N=iu, —sinGcosB——‘/l;z—(sinZB-i-l) . (11)

Thus, the nonlinear Zeeman splitting is expected as was
actually observed in the experiment in this configuration.
Here, the &' is the allowed transition for 7 and &2 for o.
We can explain the qualitative feature of the ansiotropic
Zeeman effect on the basis of the above-mentioned model.

Figure 6 shows energy shifts of the absorption lines as
a function of the square of magnetic field, where the ener-
gy shift is defined as the average of the energy of the two
absorption lines for o, and o_ polarizations of Elc|B
or that for o of Elc1B. From (6) and (9), the Zeeman
terms cancel in these averages, and the resultant average
should contain only the diamagnetic shift which was not
taken into account in the calculation. It is obvious that
the diamagnetic shift of the A4, line is significant both for
Elc|B and ElclB as shown in Fig. 6. The diamagnetic
shift for Elc1B is about one-half of that for Elc||B. It is
evident that the ground-state exciton is a more or less
Wannier-type exciton as it shows B? dependence of the
energy shift, and a hydrogenlike exciton model is still
applicable to interpret the exciton. As for the 4, line in
particular for Elc||B, sublinear energy shifts were ob-
served against the square of the magnetic field. This en-
ergy dependence is explained in terms of an intermediate

(a) (b)

| ELcuB | E1Lcu1B
L klic L ke
25251 & -
¥
= - R -
o &
) L L s
> 2 ,é—"‘é‘
E} -
g A .
w
- 2520 -
2 =
2 2500 =
o L
------ 9-
5 r %é
-t
-
Aq fﬁr L
2495 41 A 1 4 1 1
202 40° 0 20° 40?

Square of Magnetic Field (T?)

FIG. 6. Energy shifts of the absorption lines against the
square of magnetic field for (a) Elc|B and (b) ElclB. The
dashed lines are guides to the eye showing the energy shift of
the absorption lines.
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FIG. 7. Energy position of the ground-state absorption line
for Elc1B. Open circles display experimental data for 7 and
solid ones for o. Broken lines are calculated curves for 7 and
solid ones for o.

magnetic-field effect and an exciton-phonon interaction.’
In order to make more quantitative comparison, we at-
tempted a numerical calculation assuming the same
values of parameters. Figure 7 shows the calculated
curves of (8) and (9) with the configuration of Elc1B to-
gether with the experimental results. Here, we assumed
6,=2.4946 eV, §,=2.5002 eV, and 6;=2.4962 eV. As
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for the g factor for Elc||B there is a discrepancy by a fac-
tor of 2 between the calculation and the experimental re-
sult; however, the calculated curve for Elc 1B is in rela-
tively good agreement with the experimental result. On
the other hand, diamagnetic shift for Elc1B is about
one-half of that for Elc|B as shown in Fig. 6. Therefore,
it is considered that in the direction perpendicular to the
layer, the exciton radius is even smaller, and the cationic
exciton model is more applicable to explain the Zeeman
splitting in this direction. The present results show that
in the direction parallel to the layer the exciton in Pbl,
has a character as a Wannier-type exciton, whereas in the
direction perpendicular to the layer, the exciton has a
character more like a Frenkel-type exciton.

In conclusion, the magnetic-field effect of the exciton
absorption lines in Pbl, are measured up to 40 T with the
configurations of Elc||B or ElclB. An ansiotropic
magnetic-field dependence of the spectra was observed.
By comparing the experimental results and calculation
based on the cationic exciton model, the following points
were revealed. The observed Zeeman effect is qualitative-
ly explained in terms of the cationic exciton model on
which the uniaxial crystal-field related to the layered
structure, spin-orbit interaction, and electron-hole cou-
pling are taken into account. The deviation of the ob-
served Zeeman effect from the calculation particularly for
Elc|B is explained by the diamagnetic shift due to the
extension of the exciton-wave function. The band-edge
exciton in Pbl, is a Wannier-type exciton, but has a cat-
ionic character at the same time. This character is a
consequence of the small radius of the exciton in PblI,.
The uniaxial anisotropy due to the layered structure of
Pbl, gives rise to the zero-field splittings through the
electron-hole exchange interaction and nonlinear Zeeman
splitting for Elc1B.

*Present address: Research Center for Advanced Science and
Technology, University of Tokyo, 4-6-1 Komaba, Meguro-ku,
Tokyo 153, Japan.
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