PDF hosted at the Radboud Repository of the Radboud University
Nijmegen

The following full text is a publisher's version.

For additional information about this publication click this link.
http://hdl.handle.net/2066/92717

Please be advised that this information was generated on 2021-01-19 and may be subject to
change.

VOLUME 53, NUMBER 4

23 JULY 1984

PHYSICAL REVIEW LETTERS

New Electronic Levels in the Incommensurate Crystal Rb 2 ZnBr4
Th. Rasing
Department of Physics, University of California, Berkeley, California 94 720, and Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, Berkeley, California 94720
(Received 10 April 1984)

The consequences of an incommensurate lattice modulation on the electronic energy levels
have been studied by optical transmission experiments on Rb 2ZnBr 4• The results show the
appearance of new energy levels and are analyzed with a simple tight-binding model in which
the superspace symmetry of the crystal is taken into account.
PACS numbers: 71.25.Cx, 61.50.Em, 64.70.-p

The absence of lattice translational symmetry in
incommensurate systems breaks down such fundamental concepts ·as Brillouin zones and Bloch electrons. This can also lead to interesting new properties as have been observed in so-called chargedensity-wave systems. 1
In this paper I consider the electronic band structure of a crystal with a modulated lattice and
present experimental evidence for the appearance
of new energy levels. I show how the superspace
approach, introduced to describe the microscopic
symmetries of incommensurate crystals, 2 provides a
natural framework for understanding optical transitions as well.
The incommensurate (I) phase of Rb 2ZnBr 4 appears below T; =:355 K and is characterized by an
orthorhombic basic structure with space group Pcmn
and a displacive modulation with wave vector
q =ye*= 0.3c*. 3 Single crystals were grown from
an aqueous solution and transmission spectra in the
band-gap region were recorded with a spectrometer.
Figure 1 shows the results for temperatures
above and below T;; the spectra have been shifted
with respect to each other to correct for the temperature dependence of the main gap E8 • In the I
phase ( T < T;) a new absorption edge appears
below the main gap at E~ which shifts in energy and
becomes stronger with decreasing temperature.
Since the crystal is modulated along one crystallographic axis only, we will use a one-dimensional
model to understand the basic features induced by
this modulation.
In the tight-binding approximation, the Schrodinger equation for a linear chain with states lt/ln)
localized on the nth atom can be written as
(1)

where Cn are the coefficients of the eigenfunctions
I.P > = I,. Cn I.P n > , En are the atomic energy levels, and Wn represent the nearest-neighbor interaction terms. As a consequence of the lattice modulation the Wn (which depend on the overlap intergals
388

between neighboring atoms) will become modulated as well. For the case of a simple sinusoidal
modulation we will have
Wn = Wo[l +,Bcos(qna

+cf>)J.

(2)

Here a is the lattice constant of the undistorted
chain, q the modulation wave vector, and cf> a phase
factor. The parameter ,8 will depend on the modulation amplitude and is zero in the normal (N)
phase. For an incommensurate modulation 2rr/q is
irrational with respect to a and Eq. (1) does not
have lattice symmetry. However, Wn is invariant
under the following set of discrete transformations:
n- n +m, cf>- cf>-qma, integer m;
n - n, cf>- cf> + 2rrz, integer z.

(3)

These translations form a (1 +I)-dimensional lat-
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FIG. 1. Transmission spectra of Rb 2ZnBr 4 in the region of the band gap Ex (defined by extrapolating to zero
transmission), showing the appearance of a new absorption edge (E;) in the I phase ( T < T;). The horizontal
axis refers to spectrum 1; spectra 2-4 are shifted to have
their Eg overlap.
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tice in the superspace that can be formed by the
normal space and an additional defined internal
space. 2• 4 This means that Eq. (1) does have a hidden two-dimensional lattice symmetry, with all the
coefficients depending on n and the internal parameter r ( = cf>): Wn = W ( n, r), etc. This also implies
that the wave vectors k still form a valid representation for the electron wave functions. 4• 5 Therefore,
we can again apply the Bloch theorem and hence
the solutions are of the form
(4a)

C(n,r)=eiknau(qna +r),

(4b)
The Fourier expansion of Eq. (4b) is a result of the
periodicity in r. Inserting Eqs. (4) and (2) in Eq.
(1) and taking terms with the same factor e 1vr leads
to an infinite set of coupled equations of the form
Avuv-I+Dvuv+Bvuv+I=O,

integer v,

(5)

where A, D, and Bare functions of k, En, Wn, and
the modulation parameters. From Eq. (5) the new
energy levels in the I phase can be calculated. In
first-order approximation, with neglect of the coupling between different Fourier coefficients v' ~ v,
this gives
E;(k) =En+ 2 W 0 cos(k + vq ),

integer v. (6)

Equation (6) indicates that in the I phase each original levellabeled by n splits up into a series of levels
labeled by the index v, but it neglects their interactions. For a more realistic calculation one has to
take the coupling between v and v' ~ v into account, and since to a good approximation the
modulation is sinusoidal 3 the main levels will be
v = 0 and v = ± 1. Though this can be solved exactly, the complete results cannot be given in a simple
analytical expression in k and will be treated elsewhere.6 However, for some k values one can get
approximate solutions; e.g., at k = 0
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sorption edges to appear at
E ~ E/(k)- E:' (k')

for

v, v'

=

(8)

The values for k and k' are given by the extrema of
the conduction and valence bands and depend on
the real band structure of the crystal. However,
without knowing the latter in detail, the present
simple model can give us a qualitative understanding of the experimental results.
In the N phase, the only meaningful levels are
the v = v' = 0, leading to the main absorption gap
Eg=Ec0 (k)-E2(k') which causes the drop in
transmission around 5 e V in Fig. 1. In the I phase,
additional absorption can occur involving v, v'
= ± 1, causing the onset of additional absorption at
E~ [see Fig. 1; experimentally, E~ has been determined as the energy for which the transmission
drops below that of the normal spectrum (at T
= 1/+3 K), with a maximum error of 0.02 eV].
The transition probability for these levels will be a
measure of the modulation strength. Therefore, if
we write for the absorption coefficient a 1= an+ ~a.
where i and n refer to the I and N phases, respectively, ~a should be proportional to ,8. The experimental results for ~a are plotted in Fig. 2 and can
be fitted by ~a= a ( T1 - T) I/ 2 with a = 0.087 cm- 1
K -I/2 and T1 = 357 ± 1 K.
From our numerical results for E;(k) it follows
that this new absorption edge involves k = q and
k = K - q, and that Eg- E~ is almost constant for
,8 < 0.3 and is proportional to ,8 2 for ,8 > 0.3.
Therefore, we expect Eg- E~ - T1 - T (for
Rb 2ZnBr 4 the temperature dependence of q can be
neglected in the region of interest). The temperature dependence of Eg - E~ is plotted in Fig. 3 (a)
and is in good agreement with these predictions.

Eo(O)=E +2W + ,82Wo[1+cosq].
n
n
2
1- cosq

°

1( )

2
- o [ 11 + cosq • 7
En1 (0) =En+ 2 Wocosq- -,8 2W
-cosq

En- 1(0) =En+ 2 Wocosq,

whereas for k = q /2 terms linear in ,8 are present.
For the v = ± 1 levels extrema appear at k = q and
k = K - q (where K is the Brillouin zone wave vector) having a ,8 2 dependence for ,8 >> 0.
These results hold for the valence (Ev) as well as
the conduction band (Ec). We therefore expect ab-
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FIG. 2. Temperature dependence of absorption increase ~a (for a fixed value of Eg- E;) in the I phase.
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FIG. 3. (a} Temperature dependence of new absorption edge £; relative to that of £ 11 • (b) Temperature
dependence of main gap £ 11 in the N and I phases. The
solid lines show the linear fits.

In the I phase the v = 0 levels are still good solutions but will be perturbed via the parameter /3.
This means for the main gap that

Ei = E;+ f3F + /3 2 G,

(9)

where the constants F and G will depend on the actual band structure. The experimental results are
plotted in Fig. 3 (b). and show qualitative agreement.
For T < < T; the original linear T dependence of
has been increased by a linear term, indicating
F <<G. However, close to T; the data cannot be
fitted with two constants F and G only, presumably
because of additional effects due to soft lattice
modes.
In conclusion, I have observed the appearance of

E;
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23 JULY 1984

new absorption levels in an incommensurate crystal. I have shown how the superspace approach
leads to a generalization of the Bloch theorem and
can be used to solve a simple tight-binding model
for electrons in an incommensurate potential. The
temperature dependence of the extra absorption indicates that the density of states involved in these
transitions increases roughly linearly with the
modulation potential whereas the energy levels
themselves shift with the square of this as a result
of the effect of the modulation on the interaction
between localized atomic levels.
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