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Abstract. We address a simple but fundamental issue arising in the study of
graphene, as well as of other systems that have a crystalline structure with
more than one atom per unit cell. For these systems, the choice of the tight-
binding basis is not unique. For monolayer graphene two bases are widely used
in the literature. While the expectation values of operators describing physical
quantities should be independent of basis, the form of the operators may depend
on the basis, especially in the presence of disorder or of an applied magnetic field.
Using an inappropriate form of certain operators may lead to erroneous physical
predictions. We discuss the two bases used to describe monolayer graphene, as
well as the form of the most commonly used operators in the two bases. We
repeat our analysis for the case of bilayer graphene.
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1. Introduction

A peculiar characteristic of graphene is the presence of two atoms per unit cell. While such
systems can be treated with very high accuracy numerically*, in order to extract the most general
analytical information, the solid-state theory for such systems necessitates the introduction of
multi-dimensional tight-binding bases, the choice of which is not unique. The expectation values
of physically measurable quantities are of course independent of basis; however, in practice
this is oftentimes not straightforward to see. In particular, if the expectation values of certain
operators are to be independent of basis, their form must be basis dependent.

There appears to exist quite a lot of confusion in the literature about the form of various
operators in the two tight-binding bases most commonly used to describe graphene. The
operators that are most commonly misidentified are the k-space Hamiltonian, the density, the
density of states and the single-impurity potential. Some of these operators are used to describe
the effects of impurity scattering in graphene [1]-[6]. Using the correct form of these operators
is essential for correctly computing the density of states in the presence of impurities, which is
measured in STM experiments [7]-[9]. The errors that can arise from the dual basis description
of the problem are most often related to writing one operator (i.e. the Hamiltonian) in one basis
and another operator (i.e. the density) in the other basis, yielding the wrong expression for the
expectation value of a physical observable such as the density of states.

Our purpose is to clarify the subtleties associated with the correct form of these operators.
We carefully present the two bases, and write down the tight-binding Hamiltonian and its
low energy expansion in first-quantized language. We also describe the corresponding second-
quantized formalism, and show that the choice of basis is equivalent to choosing the manner
of taking the Fourier transform (FT) of the second-quantized operators. This allows us to write
down the form of various operators in the two languages.

For monolayer graphene, one can choose a basis [10] in which only one point per unit
cell is used as the origin for the Bloch wavefunctions. This basis consists of two p, orbital

4 See e.g. a few numerical approaches using ‘tight-binding-like’ Hamiltonians: http://www.wien2k.at, http:/
www.fkf.mpg.de/andersen/, http://www.crystal.unito.it and http://www.icmab.es/siesta.
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wavefunctions centered on the two carbon atoms of the unit cell; these wavefunctions have the
same phase factor, determined by the position of the ‘origin’ of the unit cell. Alternatively,
one can use a second basis, in which the positions of the two atoms in the unit cell are
used as ‘centers’ for Bloch’s theorem; hence the second basis also consists of two p, orbital
wavefunctions centered at the two carbon atoms, but their phase factors (determined by the
position of the corresponding atom) are different [11, 12].

Bilayer graphene, on the other hand, has four atoms per unit cell. Consequently, there are
at least two choices of tight-binding basis. We present the canonical form, which is widely used
in the literature [13, 14], and in which all four p, orbital wavefunctions have different phases
(given by the positions of the four atoms in the unit cell). We also discuss an alternative basis,
in which the four wavefunctions have the same phase factor.

In section 2, we present the two tight-binding bases and the tight-binding Hamiltonian
for monolayer graphene and its low-energy expansion using a first-quantized formalism and
Bloch’s theorem. In section 3, we present the second-quantized formalism. In sections 4 and 5,
we present the density operator and the impurity potential, respectively. In section 6, we discuss
the case of bilayer graphene and we conclude in section 7.

2. Lattice considerations

Given the honeycomb hexagonal lattice of graphene with two atoms per unit cell, one can use
Bloch’s theorem to write down the eigenstates of the lattice Hamiltonian. In the tight-binding
approximation, one searches for eigenfunctions of the Hamiltonian as linear combinations
Wk (7) of atomic wavefunctions. A common representation of this combination is

VEE) = )W E) + B ()W)
1 KR T AT (2 DAY L BNk DB
== Rt Bp G — R +cF B)p G — R, )
N T J J

where N is the number of elementary cells, and the functions ¢ (¥) are the wavefunctions
of the p, orbitals of the carbon atoms. As described below, the coefficients cf/ B are chosen
such that W, (¥) is an eigenstate of the tight-binding Hamiltonian. The vectors 13 =na, +ma,
with j = (n, m) specify the position of one graphene unit cell, with @; = a+v/3%/ 2 + 3ay/ 2, and
dr = —a~/3%/2 +3ay /2, where a is the distance between two nearest neighbors. Also, R L are
the positions of the A and B atoms, respectively.

For simplicity we took the positions of the unit cells to be given by the positions of the A
atoms,

-

RY=R,. 2)

In our choice of the coordinate system, the B atoms are located at 133 73 + 33, where the vector

83 =3 ap_is one of the three vectors connecting an atom A w1th its three nearest neighbors:
81 =a/3%/2+ay/2, 62 —a~/3%/2+ay/2 and 33 —ay, as depicted in figure 1. Note that
the choice of the origin, as well as of the axes of the coordinate system, is arbitrary, but once
the choice has been made it has to be used consistently in later analysis.

In this representation of the tight-binding Hamiltonian eigenstates, one first constructs a
combination of the atomic wavefunctions within the unit cell and then attaches a phase factor

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)


http://www.njp.org/

4 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Z, S gﬁ'
) .
SIS

(a) (b)

Figure 1. Hexagonal honeycomb lattice of graphene (a) and its band structure
(b). In (b) the equal energy contours are drawn, and the Brillouin zone (BZ) is
indicated by dashed lines. The Dirac points K and K’ are marked by arrows, and
the reciprocal lattice vectors aj , are also drawn.

to each cell to construct a Bloch function. This is the ‘textbook procedure’ (see for example
Ashcroft and Mermin [10], equation (10.26)).

In the second representation, one writes the Hamiltonian eigenstates as linear combinations
of two Bloch functions corresponding respectively to the A and B atoms, but with a different
phase factor attached to each of atoms A and B.

Wk, (F) = L WA FE) + B ()W ()
1 7 DA - N > i RB - N -
=7~ Z[eik"% cf ()P (F — RYy) +e* % el (k) (F — RD)). 3)
J

This second representation is used, for example, in the paper by Wallace on the band structure
of graphite [11], and in many recent papers on graphene [12].

Note that in each representation we have chosen a tight-binding basis {\Df" (), \Ilfk @)
where v =1/I1, and W}/* ) = = ¥, e Rig (7 — R?'%), while W}/ 7) = + 3 iR
o — 13?/ ). We can see that the two bases differ by relative phase factors between their
components. The eigenstates of the tight-binding Hamiltonian are linear combinations of each
basis wavefunctions. We will show that, while the coefficients of the linear combinations are

basis-dependent, the eigenfunctions of the tight-binding Hamiltonian are the same in both bases.
Also, the expectation value of any physical quantity is independent of the basis chosen.

2.1. The tight-binding Hamiltonian

The tight-binding Hamiltonian used to describe graphene allows for hopping between nearest
neighbors (j, A) and (i, B), so that electrons on an atom of the type A/B can hop on the three
nearest B /A atoms, respectively. Thus we can write

H=—1) (I¢))@|+h.c). )
(i)

;‘/ By is the standard notation for wavefunctions (qb;.‘/ B17) :q’;(?—i&f/ ). The

eigenequations for the coefficients ¢* (/2) and c? (I;) in equations (1) and (3) are straightforwardly

where |¢

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)
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obtained by evaluating (¢’ /8|3 | W) using equation (1), where v = I/I1 and (W*|F) = WK(F).
Thus we obtain

e(®) et k) = — ( ~iki gk 4 1) B (%),

.- R )
e(®) cB(R) = —t (e‘k @ty ek 4 1) B (&)
in the first basis or
e®) cfy 0y = =1 (e et e ®0) of (),
- - (0)
e(®) B (k) = —t <e 1 4 ik ik 83) (k)
in the second basis. Defining
i) = =1 4T 1 ), (M
Frr(®) = —t(eF e hh g ), ®)
the Hamiltonian density is written as (v =1 or I 1)
2 0 filk)
¢um:<*a ), ©)
frk)y 0

with the eigenvalues

e(k) = £|f1(K)| = | f1, (k)] = :I:t\/3 +2 cos(v/3kya) +4 cos(v/3k.a/2), cos(3kya/2). (10)

One should note that the eigenvalues of the Hamiltonian (which give the energy dispersion
of the two bands of graphene) are the same in both bases, as expected. This is because in the
two representations, the two functions f; and f;, differ simply by a phase factor:

fir®) = fr(e* % = £, (ke (11)

where & AR = 53 = —ay is the vector connecting the A and B atoms in a unit cell.

Given that f;(k) = |e(k)|e ®, the Hamiltonian density in the first representation can be
rewritten as

- o—if1 ()
%@)k%ﬂlw) . (12)

with the phase 6; (k) = —arg[ f; (k)].

The k dependence of this phase is shown in figure 2. One can clearly see the two
inequivalent BZ corners K and K'. Each of the two points is equivalent to all the points that can
be obtained by translations with the reciprocal lattice vectors.

In the second representation, the Hamiltonian carries an inconvenient phase:

- - 0 e itu®
%ll(k) = |E(k)| eign(]_(') 0 (13)

with 0;; (/2) =0, (12) +k- EA g. The k dependence of the phase 6;; (12) is shown in figure 3.

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)
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Figure 2. The k dependence of the phase ¢, (7{) is represented by small segments
in two-dimensional k space. One can clearly see the two inequivalent BZ corners
K and K’ having different topologies, and being characterized by opposite Berry
phases [15].
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Figure 3. The k dependence of the phase 60;, (12) carries an inconvenient addition,
so that all the six k points of the first BZ appear different.

We can go back and rewrite the eigenfunctions of the tight-binding Hamiltonian in the
two bases:

W) = kR g (F—RY) e ®g (=R, (14)

1
NN

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)


http://www.njp.org/

7 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

where the £ signs correspond to the eigenfunctions describing the conduction band and the
valence band, respectively. In the second representation,

1 2 —A —‘j . > .7 =B - B
VR ==Y [ (7= R ) e et Ry (- RT)). (15)
11 m 2]: A j
Considering that 6;; (12) =0, (12) +k- SAB and that SAB = 135 — I%?, one can easily check that the
two representations lead to the same expression of the eigenfunctions \IJ’,‘ [(F) = \Ilf 7).

2.2. Low-energy expansions

As is well known, the energy vanishes at the Dirac points, which are at
N Zl’* _ ok R .
L2 yma’ +na;.

e

Here & = &£ is the valley index (there are two such points for each elementary cell of the
reciprocal space). Each point is equivalent to all the points in the reciprocal space that have
the same & but different (m, n) and that can be obtained by translations with the reciprocal
lattice vectors. The £ = =+ pair that is chosen most often contains two corners of the first BZ,
K = K, and K’ = K, as described in figures 1-3. Note that

- 2m& - 2mé

I?,in-alzT+2mn I?in-azz—T+2nn

Thus, we can expand the Hamiltonian in the first basis around the Dirac points to find

f1 (k) =1t |:5£§ (a, —ay) — —(] (4 +az):|

where k = f{ ¢ +q and & = £1 is the valley index. We see that in this basis the expansion does
not depend on the choice of (m, n). The six corners of the BZ thus appear to be equivalent to
either K or K, and can be recovered by a translation of K and K’ by various reciprocal lattice
vectors. Given the above choice of vectors @, and a,, one obtains

fi (k) = v(&qy — ig,), (16)

where v = 37/(2a). We can now write the low-energy Hamiltonian density in the 4 x 4 space
defined by (KA, KB, K'B, K'A) as

0O ff O 0
- 0 0 0
_ I
0O 0 f O
0 qx —1q, 0 0
_ q« +1qy 0 0 0
=vl T 0 0 —q.+ig, | a7
0 0 —q, —iq, 0

which can be expressed in the compact form:
H(é) =07, ® (QXGx +any),

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)
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where o and t are the usual Pauli spin matrices. Alternatively, we can write the low-energy
Hamiltonian density in equation (17) as

0 e 0 0
. e?@ 0 0 0
Hi(q) = vlq| 0 0 0 _e 0@ |

0 0 —e@ 0

where () = arctan(g,/q.).
In the second basis, the expression of the Hamiltonian is less easy because it contains the

k3 e o
phase factor e Km0z — elKmn¥a ywhere

K¢ -85 =—2m(m+n)/3

is independent of the valley index &, but depends on the index (m, n). This makes the six
corners of the BZ appear inequivalent. Thus, in basis I/, in the 4 x 4 space defined by
(K,,A, K, B, K, B, K,  A) the Himiltonian density is

0 fi 0 0
mi@=[" o 0
0 0 f; O
) 0 Zmn(qx —1qy) 0 0
= o | Gl tia) 0 0 _Z;n(q(i_iqy) . a8)
0 0 ~Zmn (qx +1qy) 0

where the phase factor z,,, = *7™*/3 depends on the choice of the vector K= in the reciprocal
space. In the standard choice for the two valley-points (K = K, and K’ = K;), we have
m = n = 0 and the low-energy expansion of the Hamiltonian is the same in both bases.

3. The second quantization

- - 'j
creating electrons on the sublattices A and B, at sites R;‘ and Rf, respectively. From equation

(1) we can see that the FT of the a; and b; operators should depend on the basis, so that

ajk) =) " "ay,

In the second quantized formalism, we can define the operators a; and bJI that correspond to

b (E) = i e, (19)
J
and
6111(2’) = Z eilz'kfdj,
' (20)

] - -
bii(k) = Z elk'R-?bj,
J
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where the sum is taken over all lattice unit cells. The inverse FT of these operators will be

.7 "l - 7'_"—‘A -
aj :f e *Ria; (k) Zﬁ e k) arr(k),
keBZ keBZ

(21)
_ik-R: 7 —ik-RB 7
bj:[ € kR’bl(k)Zf e Kby k),
keBZ keBZ
_ dz_k . 2 . . . .
where we define f,; 8z = Jpz 55,0 and Sgz =87~/ 34/3. Given the choice for the origin of the

unit cell, Ej = I%;‘ we can see easily that a; (k) = a;; (k), but b; (k) = e*%42p,, (k). Thus the
change of basis described in the previous section introduces a different momentum-dependent
phase factor in the definition of the k-space Fourier-transformed operators.

In the second-quantized formalism, we can write the tight-binding Hamiltonian as

H=—t) (ajbi+hc), (22)
(ij)
where ¢ is the nearest-neighbor hoping amplitude, and (ij) denotes summing over the nearest
neighbors. In momentum space, the tight-binding Hamiltonian becomes

H=| [al®)b,(k)f, (k) +hcl, (23)

keBZ
where v = I/I1, and the f functions have been defined in equations (7) and (8) in the previous
section. We can see that, exactly as in the first-quantized formalism, the form of the Hamiltonian
is unique in real space, but depends on the basis in momentum space.

4. The density and density of states operators

It is quite interesting to keep track consistently of the correct form of a few other operators in
the two bases. First we focus on the local charge-density operator:

p(F) = [8(F— RM)aja;+8(F — RP)blb,]. (24)
J

In the absence of disorder, the density will be independent of position. However, if impurities
are present, the density will fluctuate, and it is useful to define its FT:

p(3) = / Cretp) =Y eRala;+ 3 TR plb,, (25)
J J

whose expectation value may be related to the results of FTSTS measurements [7]-[9].
In basis I, the FT of the charge density becomes the following (see the appendix for the
complete derivation):

(@) = / (a Ry (k +3) + 07557 R)by (k +)1. 26)
keBZ
Similarly, we can redo the analysis in the basis /17:
(@) = f (a, ®rar E+3) + b}, By R+ )], @7
keBZ

Note that for systems that conserve momentum (translationally invariant), as in the absence
of disorder and magnetic fields, only the ¢ = 0 term is nonzero. Furthermore, if one is interested

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)
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in average quantities, only the ¢ = O term is relevant. Hence, in these cases the operators have
the same form in the two bases.

Another operator of interest is the local density of states (LDOS), given by the number of
electrons of energy w at a given position. Its integral over w gives the total density described
above. The previous formulae can be trivially extended to the LDOS by taking all operators at
a specific energy w.

The expectation values of the density of states operator at various positions on the two
sublattices and at energy w are given by

(0(RY, w)) = / / Rital(k, wya; K +§, o))
keBZ

= / / e T a), (k, @)ar (k+G. ) (28)
g JkeBZ
and

(p(RE, ) = / / [ R, )by (R +G, )
keBZ

= / f e 9K (b (K, )b (K +G, ), (29)
g JkeBZ

where f/?eBz = k is performed over the first BZ, and f f 7 1s performed over the entire

BZ S
reciprocal space. One can straightforwardly show that if 7 = Rj.‘ only the aa terms contribute,

and the b terms vanish; conversely, if 7 = R f only the b'b terms contribute, and the a'a terms
vanish.

Evaluating the density of A and B electrons in the unit cell is also different in the two
bases. Since in basis / both the A and the B operators are defined at the origin of the unit cell,
both densities have to be evaluated at this position (which we chose to be the position of the A
atom, RA) In the basis 11, the density of states is evaluated for each atom at its corresponding

A B
position (Rj or Rj ).

5. Impurity potential

We can also write down the form of a delta-function impurity potential. For an impurity located
on sublattice A, we have

ST _I‘éi}np L o> -
V4= vAa;aj = /:ﬁ e1(k K')-R; a,'(k)a,(k/)
k,k'eBZ

T T = Aim - -
- f SR ol Byan (), (30)
k.k'eBZ
while for an impurity on the sublattice B

‘e

7T =Bim - -
) /:ﬁ el(k—k)~Rj pbjl(k)bll(k/)- (31)
k,k'eBZ

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)
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Figure 4. Bilayer graphene lattice.

In the case of a single impurity, it is most convenient to choose the origin of the coordinate
system such that R™ = 0. Thus, in basis / the impurity potential will be independent of
momentum, regardless of whether the impurity is on the A or on the B site.

In basis 71, i?f““" = 0, and no phase factors will appear when the impurity is on sublattice
A (at the origin of the coordinate system). However, when the impurity is on sublattice B,

Rfi"’p =3 A8, and a momentum-dependent phase factor will appear in the form of the impurity
potential. We should note that this phase factor comes from choosing the origin of the coordinate
system on an A atom. Indeed, if one performs an FT of the Friedel oscillations generated by
an impurity at a B atom while using a coordinate system with the origin at a neighboring A
atom, one generates a momentum-dependent phase factor in the FT. This can be eliminated by
changing the origin of the coordinate system from the A atom to the B atom, and by carefully
tracking the change in the form of the other operators.

6. Bilayer graphene

We can generalize the formalism presented in the previous sections to systems with arbitrary
numbers of electrons per unit cell. Bilayer graphene is made of two coupled graphene
monolayers (see figure 4), and there are four atoms per unit cell, two for each layer. In real
space the tight-binding Hamiltonian can be written as

H=—t( Y albi+ I ah)—1p ) blas +he. (32)
(i) (ij)a Je

The operators aiT and bl.T denote the creation of particles at sites A and B in layer 1, while El;r and
BI-T denote the creation of particles at sites A and B in layer 2. The sites B in the first layer lie
on top of the sites A in the second layer, and there is a nonzero 1, hopping of electrons between
them. Also ) ()1 denotes summing over the nearest neighbors in layers 1 and 2, respectively;
> j. denotes summing only over the sites B in the first layer that are on top of sites A in the
second layer.

As for monolayer graphene, we can define two types of FT, consistent with two
different tight-binding bases. In the first basis, one first constructs a combination of the
atomic wavefunctions within the unit cell and then attaches a phase factor to each cell

New Journal of Physics 11 (2009) 095003 (http://www.njp.org/)
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to construct a Bloch function. The corresponding Fourier-transformed operators in second-
quantized formalism are given by

ark) =Y ey,

by (k) = XJ: ek Rip;.

a (k) = Z ek hig

b, (k) = Ze‘ oy
J

The vectors Iq{,- = na, + ma,, with j = (n, m), specify the position of the unit cell of the top
layer, which we also take to be the origin of the four-atom unit cell of bilayer graphene (see
figure 4). Here we chose the origin of the coordinate system on an A atom in layer 1.

In the second basis, the positions of the four atoms in the unit cell are used as ‘centers’ for
Bloch’s theorem, and the corresponding Fourier-transformed operators are

6111(];) = Z eik'R?Clj,
j ..pB

bty =Y e b,
.

arp(k) = Z eik'R?aj,

bl[(k) 261? R_

where kf =R; and RJB = R, +3,p are the positions of the A and B atoms in layer 1, while

IQ?‘ = i?j +§AB and f?f = i?j +2§AB are the positions of the A and B atoms in layer 2. This is
the basis that is most often used in the literature to describe bilayer graphene.
In momentum space the tight-binding Hamiltonian becomes

(33)

(34)

H= | [af ()b, (k) £, (k) +@! (K)b, (k) f, (k) +t,a] (k)b; (k) +h.c.], (35)
keBZ
where v=1/I1 and the f’s are the same as the ones defined in equations (7) and (8) for
monolayer graphene.
The density operator is given by

p(F) =Y [8G — RNala;+8G — RE)bib; +8G — RMala; +6G — RP)blb)1, (36)
J
and its FT is
p(G, )= [  [al®)a,k+§)+B,b] k)b, (k +§)+a,al (k)a,(k+q) + B.b! k)b, (k+§)]1,  (37)
keBZ

where v=1/I1, B; = a; =¢'9%# and B; = e*9%45 whereas in basis I/ there are no relative
phase factors, B;; = a&;; = B = 1.
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We can also evaluate the density and the density of states at various positions:

(p(R?, w)) // B (aj k, )a; (k+G, w)) // at, ®yar (k+G, ),
keBZ keBZ

(0 (R?, ) = f [ e bl E bR g.0) = f [ 0, G @rd. o,
g JkeBZ g JkeBZ

(p(RA, o)) / f B (Gl (, )iy (6 +3, ) / f TR G R, )ik +3, o)),
kEBZ keBZ

(p(RE. ) f / R (5 )by +G, @) f / @R (B )bk +G, ),
kEBZ keBZ
(38)

where, as before, [;_p, = [5, §= is performed over the first BZ, while [, = = =5 is performed
over the entire reciprocal space.

Note that (as in the case of monolayer graphene) when working in basis /, all the four
densities of states are evaluated at the position of the unit cell vector R; (which we chose to be
the position of the A atom, i?A). In basis 11, however, the density of states is evaluated for each

atom at its corresponding position: R A/B/A| B

7. Conclusions

We analyzed the two tight-binding bases used to describe monolayer graphene. We showed
that, while the eigenstates of the tight-binding Hamiltonian, as well as the expectation values
of physical quantities, are independent of basis, the form of certain operators depends on the
basis. We also showed that the choice of basis is equivalent to the choice of the manner of
performing the FTs of second-quantized operators. We wrote down in the two languages the
Hamiltonian, the density and the LDOS, as well as the impurity potential. We also analyzed the
case of bilayer graphene and presented two possible choices of tight-binding basis, and the form
of the aforementioned operators in these bases.

In general, the basis choice of convenience depends on the quantities of interest. The form
of the Hamiltonian is generally simpler in the first basis (especially in the linearized form),
so if we are interested mainly in the Hamiltonian, as well as in spatial averages or position-
independent quantities, it is more convenient to use the first basis. The first basis is also more
convenient as the Hamiltonian matrix coefficients, as well as Green’s functions, are periodic in
the momentum space with a BZ periodicity; in the second basis, extra phase factors arise when
shifting the momentum wavevectors out of the first BZ. However, if we want to study quantities
that depend on position, such as the LDOS in the presence of disorder, the second basis may
sometimes be more convenient. In the first basis, a relative phase factor between the electronic
densities on the two sublattices arises. In the second basis no such phase factor is present;
however, the simpler form of the density operator is traded off against a more complicated and
less periodic expression of the Hamiltonian.

While the choice of basis affects the form of specific operators, it does not affect the
calculated value of a physical observable. For this one needs to ensure that all the operators
used are written consistently in the same basis. The most common error is to write the form of
one operator in one basis (i.e. the Hamiltonian), and the form of a different operator in the other
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basis (i.e. the density). This will yield the wrong expression for an observable quantity such as
the LDOS and may sometimes appear in the result as an unexpected breaking of some intrinsic
symmetry of the problem.

For the case of the Fourier-transformed density operator, it is also important to note that due
to the (arbitrary) choice of the coordinate system, its expectation value may be related only to the
FT of the experimental data if this FT is taken using the same coordinate system (axes and origin
as depicted in figure 1). If the FT is taken using a different coordinate system, a momentum-
dependent phase factor is introduced and needs to be accounted for before comparing theory
and experiment. This inadvertence may lead in some cases to a simple rotation of the data, but
other more complicated phase factors can also be introduced by a mismatch of the origins of the
coordinate systems. For the case of a single impurity, it is most convenient to use a coordinate
system with the origin at the impurity site. However, if multiple impurities are present, one
needs to keep track of the relative phase factors introduced by their spatial distribution.

We should comment that our careful tracking of the phase factors generated by the change
of basis is in general not relevant if one is only interested in uniform properties or in spatial
averages. However, a careful analysis of the phase factors is crucial if one studies systems
with disorder, in the presence of an applied magnetic field, and more generally with broken
translational invariance.
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Appendix

In basis 7, the FT of the charge density is written as

p@) = / e EFDRG TRy ay (k) + €90 ()b, (K1), (39)
. k,k'eBZ

The sum over the lattice unit cells j can be performed to obtain ) , & (k k' + q + QRL) where

QRL is any vector of the reciprocal lattice. However, as the integral over k' is constrained
to the BZ, not all the terms of the sum contribute to the result, but only those for which
K =k+ g+ QRL is in the BZ. For each g and k there is a unique QRL that satisfies this condition.
Consequently, we have

p(q) = / [a} (K)a; (k+G + Ore) + €955 k)b, (k + + O] (40)
keBZ

k+q+QRL eBZ

However, given the FT definitions in equation (19), a, (/2 + QRL) = a,(k) and b, (I; + QRL) =
b; (k), we therefore have

p@ = f [a; ()ar (k +G) +eT*7b; ()b (k +)]. (41)
keBZ
Similarly, we can redo the analysis for the second basis:

p(zi) _ Z/:H [ei(k—k/+t7)-Rfa}LI(l_<’)a” (lg/) +ei(k—k/+§)-be;I(l_€’)b” (lg/)] 42)
k,k'eBZ
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The sum over the sites ﬁf can be performed to obtain: ) 8(7{ _y +q+ QRL), where QRL
is again any vector of the reciprocal lattice. However, the sum over the sites R ? gives
ZRL exp(—1Qgy EAB)(S(k — k' +g + Ogry). Consequently, we get

p(§) = / la},(K)ar; (k +G + Ore) +e 7@ 3p" (Kb (k+G + Or1)]|.
keBZ

k+q+ QRLEBZ '

(43)

From th§ d_eﬁnitions in equation (20), we see that a;, (l; + QRL) =aq; ,(13) and b, I(I; + QRL) =
by (k)e'2reda8 and thus

p(§) = / laj, (K)ar; (k+G) +b}, (k)b (k+3)). (44)
keBZ
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