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Magnetoabsorption spectra of the lowest-energy excitons in a layered perovskite-type material
(C¢H,;3NH;),Pbl, have been measured under pulsed high magnetic fields up to 42 T at 4.2 K in the Fara-
day configuration (Elc|B) and the Voigt configuration (Elc1B). Energy shifts and splittings in the
spectra for the Voigt configuration have been observed in this material. For the Faraday configuration,
the Zeeman splitting with small diamagnetic shifts has clearly been detected. The diamagnetic
coefficients obtained are much smaller than that for Pbl,, suggesting that the Wannier-exciton model is
not a good approximation for the lowest-energy excitons in (C¢H;3NHj3),Pbl,. Theoretical analysis
based on the cationic Frenkel-exciton model yields semiquantitative agreement with the experimental re-

sults.

I. INTRODUCTION

The layered perovskite-type materials
(C,H,, +{NH;),Pbl, are natural quantum-well systems,
in which excitons and charge carriers are tightly confined
in monomolecular layers of [Pbl,] sandwiched between
organic barrier layers consisting of alkylammonium
chains [C,H,, , NH;]. Owing to intrinsically flat well-
barrier interfaces and very large band-gap energies of the
barrier layers compared with those of the well layers, ex-
citons in this group of materials may behave as ideal
two-dimensional (2D) systems. In fact, it has been found
that the lowest-energy excitons in (C,H,, . NH;),Pbl,
have an extremely large binding energy (E, =300~ 500
meV) and oscillator strength (f~0.7 per formula
unit).! ~* Thus the excitons are so stable that the exciton-
ic absorption peaks are clearly observable even at room
temperature. Another unique feature of these materials
is that the dielectric constant of the barrier layers is
much smaller than that of the well materials. This has
aroused interest in whether they are the rare systems in
which one may observe the dielectric-confinement
effect>® where the effective Coulomb interaction of an
electron and hole in the well layers is significantly
enhanced.

In spite of some previous studies on the excitons in
these materials,!~*7 their nature is still by no means
clear. It is very interesting to know what the internal
motions of the excitons having such a large binding ener-
gy and oscillator strength are like. In particular, there is
an important question as to whether the excitons having
such a large binding energy and oscillator strength can
legitimately be described as Wannier excitons where the
electron and hole bind weakly to each other and the
effective-mass approximation is valid. Magneto-optical
measurements under high magnetic fields should be high-
ly useful in exploring this problem.
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Magnetoabsorption (MA) spectra have recently been
measured on (C,oH,;NH;),Pbl, at 4.2 K.7 In this crystal,
however, because of severe twinning and the resultant
deterioration of the crystal quality due to structural
phase transitions below room temperature, the absorp-
tion lines of the excitons became too broad at low tem-
peratures to observe discernible changes in the Voigt
configuration (ElclB) and accurately determine the
amount of the energy shift in the Faraday configuration
(Elc||B). Thus, a detailed investigation of the nature of

the excitons has not been  possible with
(CoH,1NH;),Pbl,.
We have found that (C¢H,;NH;),Pbl,, unlike

(CoH,NH;),Pbl,, undergoes no structural phase transi-
tion below room temperature, retaining its crystal quality
down to very low temperatures. This results in
(C¢H{3NH;),Pbl, having much sharper exciton lines
than (C,,H,NH;),Pbl,, and makes it ideally suited to
the study of the nature of the excitons.

In this paper we present the results of our magneto-
optical study of the lowest-energy excitons in
(C¢H3NH;),Pbl,. In Sec. II the sample preparation and
the experimental procedure are briefly described. In Sec.
III the results of the MA measurements are presented. In
Sec. IV we discuss in detail the nature of the excitons on
the basis of the experimental results. We analyze MA
spectra by both the Wannier and Frenkel models and
consider which is more suitable for this exciton system.
Finally, the conclusion is given in Sec. V.

II. EXPERIMENTAL PROCEDURE

The samples used were polycrystalline films (~ 100 nm
thick) which were spin-coated on 4-mm-diam quartz sub-
strates. X-ray-diffraction study showed that the spin-
coated films were highly oriented with the ¢ axis perpen-
dicular to the substrate surfaces. In the ki|c config-
uration, the thin-film samples exhibit optical properties
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almost identical to those of single-crystalline samples.
This is because (C¢H 3NH;),Pbl, has very small anisot-
ropy in the ab plane (layer plane), as has been confirmed
by a crystal-structure analysis and the conoscopic figure
measurements and polarized reflection spectra taken on
single crystals.

The good quality of our samples can be seen by com-
paring the exciton absorption spectra at 4.2 K of
(CoH,;NH;),Pbl, and (C¢H;NH;),Pbl,, as shown in
Fig. 1. The broad absorption line of (C,,H,;NH;),Pbl, is
resolved in (C¢H3NH;),Pbl, into four sharp lines and a
relatively small high-energy line. The line splitting was
also observed in the normal-incidence reflection spectrum
from a single crystal, indicating that it is an intrinsic
property of (C¢H;3NH;),Pbl,. Since, as we will see in
the following, all the lines behave quite similarly in mag-
netic fields, they probably involve the same electric tran-
sitions, not originating from different orbital states split
by crystal fields or spin-orbit interaction. The multiple
absorption lines may be phonon sidebands, though the
tentative Raman data are not consistent with the magni-
tude of the line splitting.

MA spectra were measured at 4.2 K in pulsed
magnetic fields up to 42 T in the Faraday con-
figuration (Elc||B,k|jc) and the Voigt configuration
(Elc1B)k|c).®® The samples were immersed in liquid
helium in a specially designed cryostat in which a coil
made of Nb/Ti superconducting wires was installed in a
liquid-nitrogen bath. Magnetic fields up to 42 T were
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FIG. 1. Absorption spectra of the lowest exciton of the spin-
coated highly oriented film of (a) (C,oH,;NH;),Pbl, and (b)
(C¢H|3NH;),Pbl,. Note that (a) is not saturated
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generated by discharging a condenser bank into the coil.
The light source was a flash xenon lamp. Light from the
xenon lamp was introduced to the samples through an
optical fiber and a polarizer. The light transmitted
through the samples was guided through another fiber
and a spectrometer to an optical multichannel analyzer
(OMA) equipped with a diode-detector array. The xenon
flash started at almost the same time the gate of the
OMA was opened. MA spectra were taken while the
gate of the OMA was open, for about 1 ms, when the
magnetic field reached it peak value. The variation of the
magnetic field during the measurements was less than
2%. Although the spectral resolution of the measure-
ments was about 1.4 A, it was possible to determine the
amount of energy shifts with a much better resolution,
about 0.25 A, by curve fitting.

III. EXPERIMENTAL RESULTS

Figure 2 shows the MA spectra of the lowest-energy
excitons in the Faraday configuration (Elc||B,k]|c) for
the left-handed circular (o) polarization. The MA
spectrum for the right-handed (o~ ) polarization is
displayed only for the highest magnetic field by a dashed
line for comparison. The four absorption lines shift to-
ward higher energies for the o ¥ polarization and toward
lower energies for the o~ polarization as the magnetic
field is increased. The absorption strength of the lines
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FIG. 2. MA spectra of (C¢H 3NH;),Pbl, in the Faraday
configuration for the 0" polarization (solid lines) and the o~
polarization (dashed line).
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shows no change. Note that all the four lines exhibit al-
most the same shift. The peak energies of the absorption
lines are plotted by open circles in Fig. 3 as a function of
the magnetic field. The absorption lines are labeled in or-
der of increasing energy. The Zeeman splitting with
small diamagnetic shifts is clearly observed. The solid
lines in Fig. 3 are theoretical curves fitted with the
method of least squares by the well-known formula

E=E,tlg ugB+cy\B?, 1)

where E, is the energy of each absorption line at 0 T, g,
the effective g factor perpendicular to the ab plane, ¢, the
coefficient of the diamagnetic term, and up the Bohr
magneton. The second term in Eq. (1) is the Zeeman
term and the third term represents the diamagnetic shift.
The fitting is very satisfactory; it is indeed much better
than that obtained with the previous MA measurements
on (C,oH,;NH;),Pbl,.” This is due to a much higher ac-
curacy in determining the energy shifts of the narrower
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TABLE 1. The effective g factors g, and the diamagnetic
coefficients ¢, obtained by the fitting at each excitonic absorp-
tion line in (C¢H3NH;3),Pbl, and those obtained by Nagamune,
Takeyama and Miura (Ref. 10) in Pbl,.

First Second Third Fourth
line line line line Pbl,
g 1.80 1.81 1.70 1.61 0.89

co (1077 eV/T?)  3.53 3.12 2.70 2.16 9.7

lines in (C¢H3NH;),Pbl, than in (C,;H,;NH,),Pbl,.
Table I shows g, and c, obtained by the above fitting for
each absorption line and those for Pbl, obtained by
Nagamune, Takeyama, and Miura!® for comparison. In
(C¢H3NH;),Pbl, the diamagnetic shifts are considerably
smaller than those in Pbl, and g, much larger. It is
worth noting that the g, values of the four lines are al-
most the same, suggesting that the four lines probably be-
long to the same atomic orbitals.
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FIG. 3. Energy shift as a function of the magnetic field in the Faraday configuration for (a) the first line, (b) the second line, (c) the
third line, and (d) the fourth line. Open circles represent the experimental results and solid lines show the theoretical fitting with the

method of least squares.
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FIG. 6. Energy shift and splitting of the first line as a func-
tion of the magnetic field in the Voigt configuration. Open cir-
cles are for the 7 polarization and closed circles for the o polar-
ization. The solid lines have been theoretically calculated based
on the cationic Frenkel-exciton model.

Figures 4 and 5 show the MA spectra in the Voigt
configuration for the 7 polarization (ELcLB,E||B,k||c)
and the o polarization (ElclB,ElB,k|c), respectively.
The shift and splitting of the exciton lines in the Voigt
configuration have not been observed in
(C1oH,;NH;),Pbl,.” All four absorption lines exhibit
essentially the same change. In the 7 polarization, small
high-energy shifts are observed as the magnetic field is in-
creased and the absorption strength shows almost no
change. In the o polarization, the main lines exhibit
low-energy shifts and become diminished as the magnetic
field is increased. Under higher magnetic fields, subsidi-
ary lines appear on the higher-energy sides and their
strength increases with the increase of the magnetic field.
Figure 6 shows the peak energies of the first absorption
line as a function of the magnetic field. The solid lines
are theoretical curves which will be discussed in Sec. IV.
As Figs. 5 and 6 show, the main lines shift only slightly
for both the 7 and o polarizations and the subsidiary line
strength is considerably weaker for the o polarization.
This is the reason that no shift and splitting were ob-
served in the Voigt configuration in the previous MA
measurement on (C,;oH,;NH;),Pbl,,” which has a very
broad linewidth [~30 meV full width at half maximum
(FWHM)].

IV. DISCUSSION

A. Wannier-exciton model

Within the framework of the effective-mass approxima-
tion, the diamagnetic shift exhibits a quadratic field
dependence when the effect of the magnetic field is rela-
tively small compared with that of the Coulomb force
(fiw, =E,), where w,=eB /u is the cyclotron frequency
and u is the reduced mass of the exciton.!'”!3 On the
other hand, if the effect of the magnetic field is much
larger than that of the Coulomb energy (fiw. >>E, ), the
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diamagnetic shift shows linear dependence on the mag-
netic field, being governed by the nature of the Landau
levels. Since  the lowest-energy  exciton  of
(C,H,, +{NH;),Pbl, has a very large binding energy, its
diamagnetic shift observed in MA measurements is ex-
pected to obey the quadratic field dependence, reflecting
the internal motion of the exciton.

As is well known, the diamagnetic shift of the Wannier
exciton depends on the extent of its envelope function,
and the diamagnetic coefficient is given by the formula

2
cozg—'u((ﬁlxz-l-yzld)) for B||z , (2)

where ¢ is the envelope function of the Wannier-exciton
state which describes the relative motion of the electron
and hole, u is the reduced mass of the exciton in the
plane perpendicular to the magnetic fields, and e is the
electron charge.14 For the Faraday configuration, B is
taken to be parallel to the ¢ axis of (C;H 3;NH;),Pbl,.
Thus in Eq. (2), the z axis is the ¢ axis and the xy plane is
the layer plane.

Since the exciton in (C,H,, ;NH;),Pbl, is tightly
confined in the [Pbl,] layers, which may be as thin as 6.36
A (which is the distance between the two iodine atoms
above and below a Pb?" jon), the relative motion of the
electron and hole of the exciton in the well layers is ex-
pected to show a strongly two-dimensional character.
Therefore, an analysis of the diamagnetic shift in terms of
the two-dimensional envelope function may be justified.

The 1s 2D envelope function and its binding energy are
given by

172 .
¢= (a2 €xXp |~ a D) ] ) 3)
2
e
E=——t @
b 4mege,alPD
where
2me e, B
al(;zn)=#21 5)
e

is the Bohr radius of the 1s 2D exciton, r=(x2+y?)/2,
and €, is the effective dielectric constant that the exciton
feels. Here we have neglected a small anisotropy in the
ab plane of (CgH3NH;),Pbl,. It should be noted that
the above 2D Bohr radius is one-half of the three-
dimensional (3D) Bohr radius, and the most probable ra-
dius a§" in the two-dimensional model is a P’ /2, that is,
ai’®’/4.15 Equations (2) and (3) yield the diamagnetic
coefficient as

e? 3
0= %y > (ag™)? (6)
Putting Eq. (5) into Eq. (6) gives
3¢t (2D))3
co=——lag™’) . )
° e, °

From the value of ¢, obtained by the MA measurement
for the Faraday configuration, we can estimate the 2D
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Bohr radius a§*P), the most probable radius af, and the
binding energy E, by use of Egs. (7) and (4). If the exci-

tons have a typical Wannier character, they should be ex-
tended over a number of unit cells. This implies that the
exciton radius would be much larger than the well width,
6.36 A which is as small as the nearest-neighbor distance
of Pb2+ ions, 6.24 A. Then, considering the dielectric-
confinement effect, for the dielectric constant €, we use
the high-frequency value averaged over the layers®’

e,L,te,L,

L,+L, ° ®)

€,=
where €, and €, are the high-frequency dielectric con-
stants in the well plane ([Pbl,] layer) and the barrier
plane ([C{H;NH;] layer), respectively, and L, (=6.36
A) and L, (=9.76 A) are the thickness of the well and
barrier layers obtained from the x-ray structural analysis.
The reason the high-frequency dielectric constants are
used is that when the binding energy of the exciton is
much larger than the energy of the optical phonons, the
relative motion of the electron and hole is too fast for the
optical phonons to follow.!® Since the exact values of €,
and €, are not available, we tentatively assume the values

=6.1 and €,=2.1, which are, respectively, the high-
frequency dielectric constants of Pbl, (Ref. 10) and
[C,H,, +NH;].* This leads to €, =3.68.

Table 11 shows the 2D Bohr radii a?P’, the most prob-
able radii agf, and the binding energies E, estimated as
above for the four absorption lines. The 2D Bohr radii of
the excitons are comparable with the in- plane lattice con-
stant (=9 A) of this crystal. Note that it is cons1derably
smaller than the Bohr radius in Pbl, (~20 A)."° The
value of af?P) is rather insensitive to the choice of the
value of €, because aPP «€l”3. For example, for the first
line a?P’=9.5 A for €, =3, af?®’=10.1 A for €,=3.68,
and a@™'=11.2 A for el—S Thus we can see that the
most probable radius agf (that is, the effective exciton ra-
dius) is about 5 A, whlch is smaller than the nearest-
neighbor distance of Pb?" ions in (C¢H;;NH,),Pbl,, 6.24
A. This suggests that the lowest-energy excitons in this
crystal may better be described as Frenkel excitons, al-
though in our above analysis we have assumed the ex-
istence of a Wannier-exciton-like envelope function. In
other words, the exciton theory within the effective-mass
approximation may not be a good concept for the
lowest-energy excitons in (C¢H,;NH;),Pbl,. Hence, in
Sec. IVB, we will base our analysis on the cationic
Frenkel-exciton model.

TABLE II. The 2D Bohr radius a?®’, the most probable ra-
dius ag¥, and the binding energy E, calculated from the diamag-
netic coefﬁcient ¢, at each absorption lines.

First Second Third Fourth

line line line line
af™ (A) 10.1 9.7 9.2 8.6
aff (A) 5.1 4.9 4.6 43
E, (meV) 386 402 422 454
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B. Cationic Frenkel-exciton model

In the cationic exciton model, the wave function of the
exciton is composed of the s and p orbitals of the cat-
ion;'®!7 the exciton is considered to involve the transition
from the (ns)? orbitals to the (ns)(np) orbitals of the cat-
ion. Earlier studies of excitons in Pbl, have shown that
the exciton state of this crystal, in which Pb?* ions are
situated in the centers of quasioctahedra formed by six I~
ions just as in (C¢H;NH;),Pbl, is well described by a
cationic exciton model.'®!” In fact, the reflection spectra
of (C,H,, + ;NH;),Pbl, have been interpreted by a simi-
lar model.

Since in the cationic Frenkel-exciton model the exciton
is considered as an electron-hole pair in which both the
electron and the hole are described by wave functions on
the “same” cation site, this model should be pertinent to
excitons with a strong binding and thus a small radius of
relative motion between the electron and hole. In fact, it
has been highly successful in understanding the Frenkel-
like stacking-fault exciton in Bil;, which has a very small
radius and is localized around the stacking-fault plane.!®
Also, the Zeeman effect of the lowest exciton in Pbl, has
been explained qualitatively but not quantitatively by the
cationic Frenkel-exciton model.!” We expect it should be
even more appropriate to (C¢H,3;NH;),Pbl, than to Pbl,
because, as we have seen in the analysis of the diamagnet-
ic shift, the excitons in (C¢H3;NH;),Pbl, have consider-
ably smaller radii than those in Pbl,.

In the cationic Frenkel-exciton mode the lowest-
exciton states of (C¢H 3;NH;),Pbl, are composed of the
6s and 6p orbitals of a Pb?>* ion as follows:

$l= _‘/l_i(pﬂshﬁeah —P_,S,a,B,)cos0

1,16,19

5 Poc Sy, —B,B)siné

F= —‘/I—E(PﬂShBeah +P_,S,a,B,)cosd

1

— ‘/—EPOQSh(aeah +BeBh )sin@ N

¢ =P,S,B.B,cos0—P,,S,a,B,sind ,
#>=P_,S,a,a,co80—P,,S,B.a,sind ,
where S=R60YOO; PO=R61 YlO; P:t :RGI Y]j:]; e and h
indicate the electron and hole states, respectively; and we
have taken the c axis as the z axis, that is z|lc. 6 is a con-

stant determined by the spin-orbit interaction and the
crystal-field splitting as follows:

2V

= <gp< ™
tan26 T3 <6= > (10)
where
___# r14dU 2.2
A am? dr [Rgi(P))r7dr ,

U is the Coulomb potential,

T:<PiIHCIPi)=_%<P01H‘.|P0> Iy
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H,_ is the crystal field, and we have taken the tetragonal
crystal field as H. because (CsH 3NH;),Pbl, is almost
isotropic in the ab (=xy) plane. From the selection rule
and the energy separations between the three peaks in the
reflection spectra of (C4H,3NH,),Pbl, single crystals,?®
we estimate that 7= —0.505 eV and A= —0.322 eV, and
hence sind=0.227. The corresponding energies of each
state in Eq. (9) are

E,=E,—v for ¢',
E,=E ,—v+2wsin’ for ¢*, (11)
E,=E,—v+w cos’0 for ¢%,4> ,

where v is the Coulomb integral and w is the exchange in-
tegral,

v=(P,-S]v(r—r')|P,»S) ,
w={PSv(r—r)|SP;) (i=+,0,—),

v(r—r’) is the Coulomb potential between the electron
and hole, E , is the energy between the 6s states and the
lowest 6p states of a Pb?>" ion, and the long-range ex-
change interaction has been neglected. The selection rule
for the optical transition to each state is easily obtained
from Eq. (9):

¢': forbidden ,
¢* E|z, (12)

¢i: E|xy .

Now that the lowest exciton states have been deter-
mined as above, we can analyze the effect of the magnetic
field on the lowest exciton states. The magnetic-field
effect for this model is described by the Zeeman-term
Hamiltonian

_Hs
#

where 1,,g,,s, are the orbital momentum, the g factor,
and the spin momentum of the electron, and 1,,g,,s, are
those of the hole.

(1) Faraday configuration (Bl|c,Elc,k||c). From Egs.
(9), (11), (13), and B=(0,0,B), the matrix for the total
Hamiltonian which includes Hy of the lowest exciton is
given by

¢! ¢ ¢

H,y (le+gese)-B—-'l;—B(lh+g,,sh)-B . a3

E, yB 0 0
yB E, O o |, (14)
0 0 E;+8B 0
0 o0 0 E,—SB

where

y =pp[cos’0—1g, (cos’0—sin?0)—1g, 1,
(15)
8=pp[cos’0—1g,(cos’0—sin’0)+1g, ]

(>0 in general) .
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Then, the eigenwave functions ¢g,.,q and the correspond-
ing eigenenergies Eg, 4 are

¢Farad 0124’ +b12¢
(16)
¢Farad ¢i’
EFarad—I{E +E,+[(E,—E,)*+4y*B?]'?} , -
EF’arad=E3iaB ’
where
a = YB
1,27 )
[(E EFarad) +72B2]1/2
b1’2= EFarad El

[(EI_E}:azrad) +7232]1/2 '

Thus, the selection rule for the optical transition in the
Faraday configuration is

#%2.4: Elz (not observable) ,
Garaa: 0 polarization or E||x,y , (18)
@taraq: O polarization or E||x,y .

Equations (17) and (18) describes the Zeeman splitting in
the Faraday configuration for the o+ and o~ polariza-
tions.

We assume E, —E;=0.004 eV as the only adjustable
parameter which is close to the value 0.0047 eV, obtained
from the Kramers-Kronig analysis of the polarized
reflection spectra for (C,oH,;NH;),PbI,.?° This data to-
gether with Eq. (11) allows us to calculate all the parame-
ters needed. For the first absorption line (E;=2.341 35
eV) of our MA measurement, the results are

E;=2.34085 eV,
E,=2.34535 eV, (19)
E;=2.34135¢eV .

Using the atomic g factor where g, =g, =2 (which is val-
id for the cationic Frenkel exciton), Egs. (15) and (17), the
effective g factor for the Zeeman splitting is calculated as

gur= 22 =2(1+sin20)=2.10 , (20)

Hp

which is rather close to the effective g factor g, obtained
from our MA measurement [1.80 (Table I)]. It should be
noted that the experimental g, value for Pbl,, 0.89, is
much smaller than the theoretical value, 2.23.!%!° This
suggests that the present model is even more valid for
(C¢H,;3NH,),Pbl, than for Pbl,. This is consistent with
the fact that the lowest exciton in (C¢H;NH;),Pbl, has a
much larger binding energy and a much smaller radius
than that in PbI,.

(2) Voigt configuration (Blc,Elc,k||c). From Egs. (9),
(11), and (13) and B=(B,0,0), the matrix of the total
Hamiltonian for the lowest exciton is given by
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o' ¢ ¢
E, 0 —¢(B (B
.0 E, nB 1B 1)

—&B 1B E; 0
B 78 0 E;

where
. 1 . 1
§=,u.B —51n00089+;‘7§ges1n20+57-2-—gh ’
(22)
1
n=pp | —sind cos6+ —‘—/-Egesmze— 75 &

The eigenfunctions ¢y, and the corresponding eigenen-
ergies Ey;,, are calculated from Eq. (21) as follows:

¢{’,§igt=cl,2¢l +d1,2(¢3+ —¢)

2 3 3 (23)
¢V01gt €349 +d3 (¢ +¢2)
EVog =3{(E,+E;)X[(E,—E;)*+85°B*]'?}
(24)
Evgg =+[(E,+Ey)X[(E,—E;)*+89°B*]' %},
where
c 2(B
YT (2B —E P 4B
d E EVotgt
b2 B2, —E, P +4gB?] 2
(25)
Cu= 29B
Y UEYE, —Ey) 4B 2
d'.= EVmgt EZ
e [2(EV01gt EZ) +4772B2]1/2 ’

According to Egs. (9) and (23), the selection rule for the
optical transition in the Voigt configuration is given by

#Va: Elx (7 polarization) ,

(26)

¢vag: Elly (o polarization)

or E||z (not observable) .

Figure 6 shows the experimental shifts and splittings
and the theoretical curves calculated from Egs. (19), (22),
and (24) and g, =g, =2 for the first absorption line. In
the theoretical curves, the upper and lower lines for the 7
polarization correspond to the (;S{,o,-gt and ¢%,oigt states, re-
spectively, while the upper and lower lines for the o po-
larization correspond to the ¢%,oigt and ¢‘\‘,oigt states, re-
spectively. Figure 7 shows the relative values of the ab-
sorption strength of the main line (upper line in Fig. 6)
and the subsidiary line (lower line in Fig. 6) for the 7 po-
larization calculated from Egs. (19), (22), (23), (24), and
(25) and g, =g, =2 for the first absorption line. Figure 8
shows the relative values of the absorption strength of the
main line (lower line in Fig. 6) and subsidiary line (upper
line in Fig. 6) for the o polarization calculated from Egs.
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FIG. 7. Relative absorption strength of the main and subsidi-
ary lines for the 7 polarization calculated for the first absorp-
tion line.

(19), (22), (23), (24), and (25) and g, =g, =2 with the ex-
perimental results for the first absorption line. Because
of the ambiguity in determining the absorption strength
of the subsidiary lines, the experimental results for those
lines are not shown.

For the o polarization, the experimental results fit the
theoretical curves very well. In Fig. 6, the energy posi-
tions of the main and subsidiary lines show very good
agreement between experiment and theory. Further-
more, in Figs. 5 and 8, the absorption strength of the
main and subsidiary lines shows semiquantitative agree-
ment between experiment and theory. For the 7 polar-
ization, the experimental result only shows small upward
shifts. We believe that this is due to the overlap of the
lower and upper lines displayed in Fig. 6, whose energy
separation is much smaller than the widths of the absorp-
tion lines. This is confirmed by computing the overlap of
the two separate Lorentzian lines, each 10 meV wide,
whose relative intensities are given in Fig. 7. Thus, the
MA spectra of (C4¢H;3NH;),Pbl, in the Voigt
configuration have been semiquantitatively interpreted by
the cationic Frenkel-exciton model. This result is compa-
tible with the extremely large oscillator strength and
binding energy of the exciton in this material. The bind-
ing energy of the exciton should be interpreted in terms
of the site shift energy due to the dipole-dipole interac-
tions as the zeroth-order approximation.

The diamagnetic shift, though very small, has clearly
been observed experimentally in the Faraday configura-
tion, while it has not been detected in the Voigt
configuration. This gives some clue as to the internal
motion of the exciton in this material; the excitons have
some, though very small, 2D-like spatial extent in the
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FIG. 8. Relative absorption strength of the main and subsidi-
ary lines for the o polarization calculated for the first absorp-

tion line. Open circles are the experimental results for the main
line.

well plane, which may be taken into account by consider-
ing charge transfer (CT) —exciton-like states, in which the
electrons are transferred to the nearest neighbor Pb**
ions, as perturbations to the cationic Frenkel-exciton
model.

V. CONCLUSION

Magnetoabsorption spectra of the lowest-energy exci-
ton in (C4H;3NH;),Pbl, have been measured for the
Faraday and Voigt configurations under magnetic fields
up to 42 T at 4.2 K. The diamagnetic coefficient obtained
is much smaller than that of Pbl, and both energy shifts
and splittings of the MA spectra are explained in terms of
the cationic Frenkel-exciton model. This indicates that
the lowest excitons in (C¢H 3NH;),Pbl, have a strong
Frenkel-exciton character; as the zeroth-order approxi-
mations, the Frenkel-exciton model is more valid com-
pared with the Wannier-exciton model based on the
effective-mass approximation in this excitonic system
probably because of its unique two-dimensional structure.
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