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Abstract. We study the phase diagram of the tight-binding model for an electron on an
anisotropic square lattice with a four-dimensional parameter space defined by two nearest-
neighbour and two next-nearest-neighbour couplings. Using a renormalization scheme, we
show that the inequality of the two next-nearest-neighbour couplings destroys the fat critical
regime found in the isotropic case above the bicritical line and replaces it with another re-
entrant extended phase. The scaling properties of the model are those of the corresponding
tight-binding models on the nearest-neighbour square and triangular lattices. The triangular
universality class also describes the quantum Ising chain in a transverse field with the only
exception being the conformally invariant state of the Ising model which has no analogue in the
triangular-lattice case.

1. Introduction

The Harper equation [1] (also known as the almost Mathieu equation [2])

ta(Wy 1 + We_p) + 21, cos[2r (ko + $)]P, = EY, 1)

describes, in the tight-binding approximation, the two-dimensional nearest-neighbour (NN)
electron gas on the square lattice in a transverse magnetic field. HHarejz, are the NN
couplings along ther- and y-directions. This one-dimensional representation of the two-
dimensional problem can be obtained for an electron in a strong (weak) two-dimensional
periodic potential and weak (strong) magnetic field. The parametevhich is equal to

the magnetic flux per plaquette in units of the flux quantum, plays an important role in
this problem: ifo is irrational, the system is quasiperiodic. In particular, for diophantine

o the model exhibits a metal-insulator transition along one of the directions of the two-
dimensional lattice [2]. For the anisotropic square lattigex #,, states are extended (E)
along they-direction and localized (L) along the-direction, with the inverse localization
lengthy = In(#,/t,). In the isotropic limitz, = 1,, the localization length is infinite in

both directions, and the electron wave functions and the spectrum are multi-fractals. This
exotic behaviour is in between the E- and L-type behaviours and has been called critical
(C). Foro equal to the inverse golden mean, the quantum states as well as the spectrum
exhibit self-similarity. Our recent studies on the Harper equation [3] have shown that such
complexity and richness of the eigenstates is not a property of the C phase only but can be
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found also in the L phase if one studies the fluctuations about the exponentially localized
states. The fractal characteristics of these states are described by a unique strong-coupling
renormalization fixed point. This fixed point is distinct from the critical fixed point of the
Harper equation. The existence of these fixed points implies universality in the sense that
bounded perturbations on the periodic potential are also described by the universality class
of the Harper equation.

In this paper, we study the generalization which results from taking into account both the
NN and next-nearest-neighbour (NNN) interaction in the electron problem. The associated
tight-binding equation (TBE) has the form [4]
taWyy1 + W g) + 2, cos[2r (ko + ¢)] W,

+ expli 27 (ko + ) {1ap€" "Wy g + 1,567 W4}

+ exp[-i2m (ko + @) {tap€™ Y1 + 1,58 " Wiia} = EWy 2
wherer,, andt,; are the diagonal NNN couplings. The Harper equation corresponds to
vanishing of the NNN couplings. Furthermore, in the limj = 0, the model describes an
electron on the NN triangular lattice.

We would like to emphasize that in this paper we mainly treat equation (2) as a one-
dimensional generalization of the Harper equation which provides us with the possibility of
testing the predictions of the Harper equation in a more general context. In particular, the
phase diagrams that we obtain are for the one-dimensional representation of the problem.
However, the topology of the two-dimensional lattice is reflected in transformations that we
find between eigenfunctions in various regions of the phase diagram.
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Figure 1. The phase diagram of equation (2). Feoe= 8, the region ACE is a critical phase
which includes the lines AC and CE. Far# 8, ACE is extended and the critical behaviour
exists only along the lines AC, BC, and CE. Furthermore, the scaling of the fluctuations along
the line CL is different from those of the L regions above and below this line.

Recently, the above model was studied in the isotropic limit whgre= ,; [4, 5, 3].
Fort, > 2t,, , the phase diagram was described by the universality class of Harper equation.
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However forz, < 2t,,, the behaviour was a lot more complex. One of the novel aspects
of the two-parameter phase diagram (see figure 1) was the existence of a fat critical phase.
Our renormalization scheme showed that the scaling properties of this critical phase were
described by a universal strange attractor of the renormalization group (RG) equations.

The general case of the model wheyg andr,; are not equal and the resulting TBE
is complex has not been fully investigated. Using the duality property of the model, Han
et al (see [4]) calculated the Lyapunov exponent of the model analytically in the space of
three parameters = 1,/t,, « = 2t,,/t, and B = 2t,;/t,. They concluded that the system
is localized fori > 1 if (@ + 8)/2 < 1 and forx > (« + B)/2 otherwise. Apart from the
existence of the localized phase, nothing has been known about the scaling properties of the
complex model. Most importantly, no previous studies have explained how the fat critical
phase above the bicritical line is affected by taking the two NNN couplings not equal.

In this paper, we study the complex model using our recently developed decimation
scheme. We will confine ourselves to the case where= (+/5 — 1)/2. It is shown
that the phase diagram changes discontinuously asg becomes different from zero.
Furthermore,8 turns out to be an irrelevant parameter (éor> 8) and hence the phase
diagram can be determined by setting equal to zero. The interesting fat C phase of
the case with equal NNN couplings is destroyed and the C-L transition is replaced by
the E—L transition. In order to observe critical features, at least two out of the remaining
three couplings,, t,, andz,, have to be equal and the third one cannot be bigger than the
other two. Our detailed renormalization analysis shows that the universal features of the
phase diagram are characterized by the universality classes of the NN square lattice (the
Harper equation) or the triangular lattice. We also show that the triangular universality class
describes the quantum Ising spin chain in a quasiperiodic, transverse magnetic field.

In section 2, we review our decimation scheme as applied to the NN TBEs. Section 3
summarizes our previous results in the case where the two NNN couplings are equal, and in
section 4 we give the new results on the phase diagram of the anisotropic complex model.
In section 5, we study the relationship of this problem with the quantum Ising chain in a
guasiperiodic transverse field. We summarize our results in section 6.

2. The decimation scheme

We will use a decimation approach to describe the scaling properties of the wave function in
the E and C phases and the fluctuations of the wave functions in the L phase, for a specific
value of energy. In our studies below, we will focus on the quantum state with minimum
energyE,.;,. In the above TBE with no mobility edges, all of the quantum states exhibit
qualitatively the same features—that is, they are either E, L or C. They however do differ
in the details of the scaling properties.

In addition to fixing the quantum state, one has to also fix the phase factora
critical value in equation (2) so that the wave function remains finite asymptotically. The
nondivergent wave functions are needed to determine the scaling properties as has been
discussed previously [6, 7, 5].

The key idea of the decimation scheme is to connect the wave fungtiahan arbitrary
site k with two neighbouring Fibonacci sités+ F, .1 andk + F,, whereF,,; = F, + F,_1
[7, 8]

oWk + Fry1) = Wk + Fy) + en (k) P(k). 3

The way in which the decimation function ande, are placed in the decimation equation
is somewhat arbitrary but here we choose the form which causes the asymptotic limits of the
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decimation functiong, and f, asn — oo to be bounded in all three phases. The additive
property of the Fibonacci numbers provides exact recursion relations for the decimation
functionse, and f, [3, 7, 8]:

. Ae, (k)
epp1(k) = —m (4)
_ fnfl(k + Fn)fn(k + Fn)

A=e,1(k+ F,) + fo1(k + Fe,(k + F,).

For fixed k, the above coupled equations for the decimation functions define a RG flow
which asymptotically § — oo) converges on an attractor. The C phase is distinguished
from the E phase by the existence of nontrivial limiting behaviour. With anisotropic NNN
coupling, the attractor is @-cycle in all three phases fat = E,;, [9]. The asymptotic
p-cycle fore,(0) and f,,(0) determines the universal scaling ratios

&= M W(Fp /WO j=0,...p-1 ®)

whose absolute values are equal to unity in the E phase and less than unity in the C phase [9].
In order to study the scaling properties of the L phase [3], we write

W, = &7y, @)

wherey is the Lyapunov exponent which vanishes in the E and C phases and is positive in
the L phase. Knowing the analytic formula for the Lyapunov exponent, it is easy to write a
TBE for n;, resembling equation (2). The decimation can be carried out for this modified

TBE in the same way as for the original equation. In particular, there will be a scaling ratio

¢ characterizing the fluctuations in the exponentially decaying wave function.

3. Isotropic NNN couplings: a review of the previous work

We briefly review the analysis of the TBE with NNN couplings in the isotropic limit where

tar = t,; [4, 5, 3]. Although the wave functio, in general is a complex function of the
lattice indexk, , can be taken to be real in this case. Faop, % t,, the model belongs

to the universality class of the Harper model with bothtE< ¢,) and L ¢, > ¢,) phases

and a critical point at, = 7, where the system has the full square symmetry. On the other
hand, for 2,, > r, the model is found to belong to a new universality class where there is
no E phase but instead the C phase exists over a finite parameter intexvdr,,. For

t, > 2t,, the states are exponentially localized. The E phase and the C phase are separated
by a bicritical line 2., = 1,.

Detailed decimation studies [5] show that the wave functions within the fat C phase
above the bicritical line are self-similar (at the band edges) only at certain special values
of the parameters. These special points correspond to universal limit cycles of the
renormalization. However, for generic parameter values, the fractal characteristics of the
critical wave functions do not exhibit self-similarity and are conjectured to be described by
a strange attractor of the renormalization flow.

The renormalization analysis of the L phase shows that the fluctuations of the wave
functions in the L phase mimic the behaviour in the C phase [3]. The L phase of the Harper
universality class is described by a renormalization fixed point of the strong-coupling limit
t,/t, — oo while the L phase above the bicritical line is described by a strange attractor of
the associated renormalization [3].
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4. Anisotropic NNN couplings

Here we first summarize our results for the phase diagram in the case of anisotropic NNN
couplingst,, # t,;. This will be followed by various details of our analysis which include
the duality transformations [2] as well as the renormalization analysis.

4.1. A summary of the phase diagram

In addition to distinguishing the phases as E, L and C, we also characterize them in terms
of their universality classes defined by the decimation scaling tates follows.

(1) As soon asr and g differ, « — 8 is an irrelevant parameter and the phase diagram in
terms of the parametexs + 8)/2 anda is the same as the one obtained by setfing O
(provided thatx > B).

(2) For(x+8)/2 < 1, the asymptotic scaling properties of the wave functions are given
by the universality classes of the NN square lattice, described by the Harper equation. The
wave functions are in general complex but the corresponding scaling factors are real taking
the same values as fow + 8)/2 = 0.

(3) For (« + B)/2 > 1, the universality classes are the same as for the Harper equation
up to a complex phase factor in

(4) Along the line(a + B)/2 = 1, the scaling properties belong to the universality class
of the triangular lattice (up to a complex phase).

Table 1 lists the universal scaling ratios for the C and L phases in various universality
classes. Inthe case of the square lattice, there exist two universal scalings which characterize
the C and L phases. However, in the case of the triangular lattice, there are three sets of
universal ratios describing the critical properties along the dine (¢, + 1,;) > 15, at the
pointt, =1, = (t. + t,;) and along the supercritical (localized) line= (1, + t,5) < 1.

Table 1. The absolute value of the universal scaling ratios for various universality classes at the
minimum band edgeg. = 1/2 for all other parts of the parameter space except along the line
AC where¢,. varies as a function of.

Universality class and phase ¢

Harper: C phase 0.211
Harper: L phase 0.176
Asymmetric triangular: C phase  0.825, 0.908, 0.836
Symmetric triangular: C phase 0.238, 0.303, 0.291
Triangular: L phase 0.267, 0.311, 0.121

In the following, we take various limits to obtain a better understanding of the numerical
observations on the phase diagram.

4.2. The limita — oo, B/a — 0

In order to explain the observation (3) of the previous section and in particular the re-
entrant E phase, it is useful to consider the limjt/r, — oo, t,;/t.» — 0. Rearranging
the resulting TBE, it can be written as

2t E
Crt1+ Cr-1+ fb cos[2r (ko + ¢)]Cyx = fck (8)

ab ab
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whereC; is related toy, via
Ci = expli 2 pk) expim ok, . 9)

The appearance of such a transformation is not surprising as the limit corresponds to an
oblique lattice which is topologically similar to the square lattice.

The presence of the phase factor in equation (9) makes the RG analysis of the re-entrant
E phase more complicated than that of the Harper-type E phase. The re-entrant E phase is
described by a complex 6-cycle with complex scaling ratios. This is in contrast to the Harper
E phase which is described by a real fixed point. Furthermore, the latter depends neither on
the phasep nor on the lattice index and can be easily solved from a fixed-point equation:
fa(k) = o ande,(k) = —c? resulting inz = 1. In the complex E phase, complications
arise from the fact that the decimation functions do depend botlp @md k. But the
absolute value of a decimation function has the same constant value as in the real case.
The above equation shows that the scaling faciprmxist only for special (i.e. rational or
those related to the golden mean) values of the phaskhe relationF,oc = F,_1 — (—o)"
implies that

(_1)11—1 _I_UZn
F2=F, 1F,+— 1
From this and equation (9) it follows that fgr= 0, 1/2
¢ = explin/(1+ 20)]. (11)

Taking advantage of the above limiting solution, it is possible to derive an explicit
expression for the 6-cycle. Substituting equation (9) into the decimation equation (3), we
obtain

en(k) = e (k) exp(—i 2 ¢ F,) exp[—ino (F? + 2k F,)]

fulk) = £, (k) exp(i 2 ¢ F,—1) explino (FZy — F7 + 2k Fy-1)]
wheree! and f" are the decimation functions corresponding to the Harper equation (8).
From these equations we see tlatand f, are functions of the fractional part dfo,
denoted by{ko}, only. Therefore, we can write the decimation functions in terms of the

renormalized variable = (—o)™"{ko} [7]. For simplicity, let us assume that= 0, 1/2.
Applying the relation (10) and the fact that

. (1) — o2
(=0)'F, = T 1120 (13)
we obtain six different limiting function pairs of the form
e*(x) = o2 explin (2x — 1)/(1+ 20)]
f*(x) = Lo expltinr 2(cx + 1)/ (1 + 20)]
asn tends to infinity. These pairs form a 6-cycle of the recursion (4), (5), written in terms
of the continuous variable [7]:

(12)

(14)

_ Ae,(—ox)

ep1(x) = —m (15)
_ fama(0%x +0) fu(—ox — 1)

Jor1(x) = 1+ Afy(—ox) (16)

A=e,_1(0%x + 0) + fa_1(0%x + 0)ey(—ox — ).
For the above 6-cycle, + Af*(—ox) =o0.
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Therefore, the characteristic feature of the re-entrant E phase is the fact that the
decimation functions depend explicitly an These functions are complex and consequently
the universal scaling ratio has both real and imaginary parts but the absolute vajue of
is unity. This is unlike the Harper E phase where the real universal functions are site
independent and are given in terms of the powers of the golden mean.

In fact, in the analysis above, the only thing which referred to the E phase was the
replacement of the functiong’ (k) and f’(k) by their asymptotic limits—o? and o,
respectively. Equally well, we could relate the scaling properties in the C and L phase
of this limit to those of the Harper equation.

The fact that the RG fixed points of the ‘oblique’ limit attract the RG flow also in other
parts of the regione + 8)/2 > 1 is a nontrivial numerical observation which we cannot
explain analytically.

4.3. The line ACLY, = t4,1,; =0

Without loss of generality we sef = r,, = 1. Rearranging the phase factors, the complex
TBE can be written as the following TBE with real coefficients:

glﬂk = Cosi:n <O’k + ¢+ ;)]leH + COS|:71 (ak + ¢ — ;):|l11k_1

+ A cos[2r(ok + )], (17)
where

0, = explir (k*0 /2 + k$)] ;. (18)

Note that above TBE describes the triangular lattice [10]. We next show that the scaling
properties for the triangular lattice are different from those of the square lattice. It turns out
that the line AC is critical and, except for the point C on this line, the line is described by
a unique fixed point.

We first consider the regime to the left of the point C where= ¢,, > 1,. The RG
analysis in this case shows thats an irrelevant parameter and hence the scaling properties
along this line are described by a unique fixed point. By setting 0 (¢, = t,, = 1) the
TBE in this case can be written as

(1 +expli2r((k +1/2)0 + @)DWiq + (L + expl=i27((k — 1/2)0 + @)W1 = EYy.

(19)
Using the Fourier transformation
W =Y grexpli2wolk) (20)
the above TBE can be written as
g1+ 8-1+2cog2nol)g = Eg (21)
where
g = expl-in(cl® — 2¢)]g. (22)

This is identical to the Harper equation at its self-dual point. The above transformation not
only illustrates the fact that the point A is critical but it also shows that the scaling ratios
at that point are linear combinations (weighted over a pseudo-random phase factor) of an
infinite set of scaling ratios of the one-dimensional lattice points and hence are different
from that of the Harper critical point. However, this analysis shows that the two systems
are related in a complicated way and have the same spectrum.



1130 J A Ketoja aml | | Satija

Our RG analysis shows that at the point C where- 7, = 1,, the scaling properties
are different from those of the rest of the line AC as shown in table 1.

For the case wherg = 1, < 1,, we follow the method described in our previous paper
to study the L phase [3]. Again, the scaling ratios along the line CL in the L phase are
different from the scaling ratio describing the L phase of the Harper universality class.

5. The relationship with the quantum Ising model

It turns out that the TBE in the triangular-lattice limit also describes another problem,
namely the quantum Ising model (QIM) in a transverse figld

H=-> olo},, — hof. (23)

Using the methods of Liebt al [11], the eigenvalue equation for the spin problem can be
written in a TBE form, which for, = A cosfr (ko + ¢)] is

A
EY, = cosfr (ko + o + ¢)|W,, 1 + cosfr (ko + @), _; + > cos[2r (ko + @)U, (24)

Here E = —1/2+ (E?/4 — 1)/A, whereE is the energy of the Ising model (23).

It is rather interesting to note the similarities between these two seemingly unrelated
problems. Both are described by a NN TBE where the diagonal as well as off-diagonal
terms are modulating: the periodicity of the diagonal term is twice the periodicity of the
off-diagonal term. The only difference between the models is in the relatidependent
phase differences between the diagonal and off-diagonal terms.

The QIM was recently studied for = (v/5—1)/2 [12]. Forx < 2, the model exhibited
critical states which became exponentially localized Xof 2. This localization transition
was accompanied by the magnetic transition to long-range order driven by a conformally
invariant quantum state. Very recent decimation studies [7] confirmed this phase diagram of
the model and showed that the subconformal regime was described by a unique fixed point
of the renormalization flow. However, at the onset of localization, the renormalization flow
was attracted by a different fixed point resulting in a different universality class.

Comparison of the RG analysis for the QIM and the triangular-lattice model along
the line ACL shows that in the subconformal and the strong-coupling phases of the Ising
model the RG flow approaches asymptotically the same 3-cycle as for the asymmetric and
strong-coupling triangular lattices for both the upper and the lower band edges (maximum
and minimum energy). At the conformally invariant point of the QIM, corresponding to
the onset of localization, the universal characteristics of the triangular-lattice band edges
are the same as those of the upper band edge of the QIM. However, the lower band edge
of the QIM has zero energy and the corresponding state is believed to be conformally
invariant. Unlike the upper-band-edge 3-cycle, the renormalization flow for the decimation
functions atE = 0 converges to a period-1 fixed point. In addition, the wave function at the
conformal point is asymmetrical, vanishing on one side of main peak [7]. The ‘conformal’
renormalization fixed point of the QIM does not map to any quantum state of the triangular
model. However, it turns out that the conformal fixed point is identical to the strong-
coupling fixed point of the Harper equation describing the self-similar fluctuations in the
localized states [3]. This interesting result is due to the fact that the TBE describing the
conformal state of the Ising model is related to the TBE describing the strong-coupling limit
of the Harper equation. Therefore, although the Ising model is described almost everywhere
by the triangular universality class, the onset to the long-range order corresponds to the
square-lattice universality class.
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6. Conclusions

In summary, we have shown that almost all of the four-dimensional phase diagram of
the generalized Harper equation can be described by two universality classes, namely the
universality class of the square lattice (the Harper equation) and the universality class of
the triangular lattice. The only exception is the region where the two NNN couplings are
equal and are greater than one half of one of the NN couplings. Furthermore, the triangular
universality class also describes the phase diagram of the QIM with the only exception being
the conformally invariant quantum state characterizing the magnetic transition to long-range
order. The conformal state is described by the strong-coupling limit of the Harper equation.

We have shown that with anisotropic NNN couplings, the renormalization behaviour for
the TBE describing an electron on a square lattice is a lot simpler than in the isotropic case.
Firstly, the renormalization strange set corresponding to the fat C phase in the isotropic
case is replaced by an attracting cycle associated with trivial scaling properties (i.e. the
E phase). Secondly, the bicritical lines of the isotropic case remain critical also when the
NNN couplings are not equal but the renormalization attractor is again simpler (i.e. a cycle).
Thirdly, the fluctuations of the exponentially localized wave functions are described by a
universal fixed point and not by an infinite strange set as in the isotropic case. A novel
and very interesting result of our studies is the fact that the triangular universality class is
sandwiched between two Harper-type phases. Therefore, as one of the parameters is varied,
we have the E-E transition, in addition to the E-L and C-L transitions.
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