
Wannier fun
tions with FPLOKlaus KoepernikFebruary 16, 20101 IntroWannier fun
tions 
an be de�ned in many ways sin
e there is a gauge freedom of 
hosing a phase transformation.The ideal way of �xing the gauge is the requirement of maximum lo
alization. This is a tedious algorithm andwe do not do this in FPLO. However, it turns out that our de�nition leads to highly lo
alized Wannier fun
tions(WFs). Should the Wannier fun
tions turn out not to be lo
alized, it in most 
ases means that the WF is badly
hosen. The main drawba
k of our approa
h is, that the user has to de
ide, where the WFs shall sit and whi
hsymmetry they shall have. However, this is at the same time intended, sin
e for modeling it is exa
tly what onewants to do.The WF sitting in 
ell R and being of type µ (whi
h denotes the WF 
enter and its symmetry) is de�ned as
WRµ =

ˆ

e−ikR
∑

n

Ψk
nUk

nµ (1)where Ψ denotes the Kohns-Sham (KS) fun
tions and U is a unitary matrix. If we de�ne less WFs than KSfun
tions U is a 
olumn unitary proje
tor (U+U = 1, UU+ = P ). It mapps all the KS bands on some few WFs.The 
hoi
e of U is the 
hoi
e of the gauge. In FPLO we use a 
hemi
ally motivated lo
al orbital basis Φ to
onstru
t
Ψk

n =
1√
N

∑

Rsν

ΦRsνeik(R+s)Ck
sν,n(s is the atom position and ν some quantum numbers spe
ifying the orbital). These orbitals although non-orthogonal are in a way 'optimally' lo
alized by their 
onstru
tion. Hen
e, it is 
lear that a WF 
entered at anatom and having a 
ertain orbital symmetry has the 
orresponding orbital as its main 
ontribution. This allowsthe following 
hoi
e of U . We proje
t the KS fun
tions on a test fun
tion χ, whi
h is an FPLO orbital in thesimplest 
ase. The resulting number is the square root of the orbital 
hara
ter of the KS bands, as plotted inthe FAT bands. If we now sele
t only the KS fun
tions whith a large su
h orbital 
hara
ter in Eq. (1), we willend up with a WF resembling χ the most and this is where the lo
alization of our WFs 
omes from. If we wantWFs 
orresponding to sub bands of a band 
omplex with a 
hara
ter χ we have to proje
t onto a parti
ularenergy window as well. This happens if there are bonding (B) and antibonding (AB) bands of 
hara
ter χand if one wants, say, only WFs of the AB bands. So, in total we de�ne a test fun
tion or WF proje
tor χand an energy window for ea
h WF. The WF proje
tor χ 
an in prin
iple be a linear 
ombination of FPLOorbitals. Example: suppose we have a 
uprate plane. The bands are formed of linear 
ombinations of Cu 3dand ligand O-2p orbitals. Around 
ertain k-points the upper bands are 
learly AB and hen
e 
orrespond toa 
ertain mole
ular orbital with a 
ertain phase relation between the 
entral 3d orbital and the O-2p orbitals.The lower (B) bands are 
learly formed of the same orbitals, but with a di�erent phase relation. If this isthe 
ase then de�ning WF-proje
tors using the AB mole
ular orbital as χ will automati
ally proje
t out theantibonding bands, given that the band topology is dominated by the 
lear 
hara
ter separation around the
onsidered k-point. This would make the energy window obsolete.The Wannier transformation 
an be des
ribed in two steps. In the �rst step the unitary proje
tor is build fromthe users de�nitions of χ and the energy windows. U is applied to the KS fun
tions yielding the Blo
h sums ofthe WFs

W k
µ (r) =

∑

n

Ψk
n (r) Uk

nµ (2)
=

1√
N

∑

R

eikRWRµ (r)1



WRµ (r) =

ˆ

e−ikRW k
µ (r) dk (3)(Note, that the k-integrations 
ontain appropriate normalization fa
tors, left out in the formulas or being hiddenin the integral measure.) The orbtial Blo
h fun
tions are

Φk
sµ =

1√
N

∑

R

ΦRsµeik(R+s)where the additional phase fa
tor eiks makes live easier by removing the dependen
e on the 
oordinate origin.From the formulas we get the representation of the Hamiltonian in orbital Blo
h sums
Hk

s′s =
〈

Φk
s′ĤΦk

s

〉

=
1

N

∑

R′R

〈

ΦĤΦ
〉

R′s′Rs
eik(R+s−R′−s′)

=
∑

R

〈

ΦĤΦ
〉

0s′,Rs
eik(R+s−s′)from whi
h we get the KS eigenvalues

εk
n =

(

Ck+HkCk
)

n
(4)This gives the WF Blo
h representation

〈

W
q
µ′ĤW k

µ

〉

=
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n

U
q∗
nµ′ε

k
nUk

nµδqk (5)
=

1

N

∑

RP

〈

WPµ′ĤWRµ

〉

eik(R−P )δqk

=
∑

R

〈

W0µ′ĤWRµ

〉

eikRδqkwith
ε0µ′,Rµ =

〈

W0µ′ĤWRµ

〉 (6)
=

ˆ

e−ikR
〈

W k
µ′ĤW k

µ

〉

dkwhi
h is the WF Hamiltonian in real spa
e representation, whi
h usualy 
ontains the model we are interestedin. Its k-representation (Blo
h sums) Eq. (5) 
an be diagonalized and will give the bandstru
ture 
orrespondingto the model. If the WFs represent the whole Hilbert spa
e spanned by all Ψk
n of 
ourse the resulting WF-bandstru
ture 
oin
ides with the original bandstru
ture Eq. (4). There is a modi�
ation one 
an do, whi
h
onsists of restri
ting the matrix elements Eq. (6) by removing hoppings with distan
es above a 
ertain 
ut o�or hoppings, whi
h are smaller than a 
ertain threshold. The resulting restri
ted hopping matrix 
an be Blo
hsummed and diagonalized again. Note, however, that this modi�ed Hamiltonian does not stri
tly 
orrespondto the WFs 
al
ulated above.The whole transformation 
an be summed up, by de�ning a transformation from the FPLO basis into the WFbasis

WRµ (r) = W0µ (r − R)

W0µ (r) =
∑

R′sν

ΦR′sνDR′sν,µ (7)2 The FPLO WF moduleThe Wannier fun
tion module in FPLO is 
urrently a postpro
essing tool. First, one needs a 
onverged 
al
u-lation. Then, the relevant information must be written to the hard disk in order to a

ess it 
onveniently later.This might take plenty of disk spa
e! This information is then read and used to 
al
ulate the desired Wannierfun
tions. In order to use the module a parti
ular �le (=.wandef) must be 
reated by the user. If this �le isfound by a running FPLO pro
ess the Wannier module is a
tivated, if the keyword doit is found on a singleline in the �le. To disable the module 
hange the keyword into something like e.g. xdoit. If FPLO �nds the�le =.wandef with the keyword it will start dumping data after every Kohn-Sham diagonalization pro
ess. This2



requires a se
ond diagonalization run and hen
e more time. If the FPLO pro
ess 
omes to 
onvergen
e (best tostart with a 
onverged 
al
ulation to begin with) it stops like in normal mode. The �le 
reated after the initialdata-dumping is +wan
oeff (besides all the usual �les).On restart of FPLO (provided that =.wandef exist and the doit-keyword is set therein) all the data are usedand the real WF-module is exe
uted. It reads WF de�nitions from =.wandef and 
onstru
ts WFs a

ordingly.The WFs 
an be produ
ed in real spa
e for visualization and the WF Hamiltonian in Blo
h representation Eq.(5) 
an be written to the �le +hamongrid on a k-spa
e grid. The WF hopping itegrals Eq. (6) are produ
edin the output and 
an be used to extra
t models. Beware that the WF hamiltonian on the k-spa
e grid isrestri
ted by 
utting of the real-spa
e Hamiltonian Eq. (6) a

ording to user input.We will walk through an example step by step. The input-�les are in the example dire
tory. The example isCaCuO2 in a ferro-magneti
 
al
ulation (just to have that 
ompli
ation in). We want to 
reate a WF for theantibonding 3dx2−y2 band. In Figure 1 we show the spin-polarized
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Figure 1: FPLO fat-bands CaCuO2fat-bands as given by FPLO. (The bands are 
reated from orbitals (states-to-plot) 26. . . 30 using 'fedit. . . -bandplot'). The �lled symbols denote the majority fat-bands and the open symbols the minority bands. The
3dx2−y2 bands are 
alled 3d + 2 a

ording to the standard 
onvention and orientation of the global 
oordinatesystem and have yellow 
olor. Fo
us on the majority bands (�lled symbols) , you see a bonding and antibondingband (best seen at the M-point). We are interested in a des
ription of the antibonding band. There is only oneCu atom in the unit 
ell and a
oording to the list of sites in the output that is site number 2. We now guessthat the Cu, site 2, 3dx2−y2 orbital will have the largest 
ontribution to a WF des
ribing the yellow band(s).Thus, we 
hose this orbital as a WF-proje
tor χ. We assume that the �le =.wandef exists and that the keyworddoit is set and that the �le +wan
oeff got already 
reated.We have to de�ne, whi
h linear 
ombinations of lo
al orbitals are used as WF-proje
tors. Note, that we havetwo basi
 
hoi
es: the WF-proje
tor and the energy window. In our 
ase of CaCuO2 we already identi�ed theproje
tor. The simplest proje
tor 
onsists of one single orbital 
entered at on site. A WF-proje
tor is de�nedusing the keyword wandef. A wandef 
an have many 
ontributions 
ontrib, ea
h denoting an FPLO orbitalwith a 
ertain weight fa
tor. Here 
omes the example. . .��� Cu �����wandefon 3



name Cu x2-y2emin -3 -1emax -1 3de 1 1
ontribsite 2difve
 0 0 0xaxis 1 0 0zaxis 0 0 1orb 3d+2fa
 1As 
an be seen there 
an be arbitrary lines in the �le, and they are 
onsidered 
omments as long as they donot start with a keyword. In our 
ase '��� Cu �����-' is su
h a 
omment. Then 
omes the keywordwandef starting of a WF-proje
tor. The next thing is on or o�. This allows to have several wandefs in one�le, where only some are used (playing around). The wandef has a name, whi
h 
an be anything after thekeyword name. The energy window is dis
ussed later. in our example the wandef is made of one 
ontrib.The 
ontrib is an orbital sitting at site 2, being difve
 0 0 0 away from the (imagined) 
enterpoint of theWF. The orbital is de�ned with respe
t to the lo
al 
oordinate system, whose xaxis is 1 0 0 and zaxis is 00 1. In this lo
al system the orb is 3d+2 and the 
ontrib enters the whole wandef with relative weight fa
1. If there are more than one 
ontribs the fa
 of ea
h 
ontrib 
an be given. The whole thing is normalizedlater on. If the wandef is made of several 
ontribs at di�erent sites it is important to 
orre
tly de�ne thedi�eren
e ve
tors difve
. Choose a parti
ular point in spa
e as WF 
enter and express the sites of the 
ontribsby ve
tors pointing from the WF 
enter to the sites . . . these are the difve
s.If there is more than one site belonging to a 
rystalographi
 orbital (all sites generated by the same Wy
ko�position), the user has to give every WF-proje
tor separately in the moment. In this 
ase it is important thatthe user takes 
are that all the di�erent WF-proje
tors belonging to the 
ryst. orbit are symmetry related. Thismeans setting up proper difve
, x/zaxis, orb, fa
 and so on values.In our example the orbital used as WF-proje
tor forms a bonding and an anti-bonding part. There is onlyone Cu 3dx2−y2 orbital in the simple unit 
ell and hen
e it 
an only form one band. However, this orbitalforms sigma-bonding hybrids with the plaquette oxygen 2p-orbitals and this allows for and 
reates the twobands. Morover, it is 
lear from Figure 1 that the (anti-bonding) band is not 
learly isolated due to otherhybridizations. Hen
e, a well de�ned Wannier fun
tion 
annot exist. In order to have some approximation formodeling we 
reate a single WF of AB type. A

ording to the rules of how WFs are 
reated it is 
lear that weneed to proje
t away the part of the KS spe
trum, whi
h 
ontains the bonding part of the 
orresponding band.This is done by spe
ifying an energy window. All bands outside this window will be ignored. For the majoritybands we have the AB band between -5 and 0 eV and the B band between -8 and -5 eV. For the minorityband it is shifted upwards a

ordingly. The energy window 
ould be de�ned as a sharp 
uto�. This 
an leadto weird e�e
ts, if the band 
hara
ter spe
i�ed through the WF-proje
tor o

urs ONLY outside this windowfor a parti
ular k-point (su
h things 
an a
tually happen). This would mean that for one k-point the weightof the WF-proje
tor in the 
onsidered Hilbert-subspa
e is zero and this leads to an inde�nite problem, when
al
ulating the WFs. So, it is better to make the window smooth in order to have the interesting subspa
e inthe main energy window but allowing to sample outside of it, in 
ase we have a 
hara
ter-run-away s
enario.The energy window is de�ned by a fun
tion being 1 between emin and emax and falling of as a gaussian, witha width de. Of 
ourse, the energy window applies to all 
ontribs of one wandef. In spin polarized 
ases thethree keywords take two values one for the majority and one for the minority bands. The user should also payattention that the energy window is the same for all wandefs belonging to the same 
ryst. orbit!Suppose that we de�ned the above des
ribed WF proje
tor onto one orbital, de�ning one WF per unit 
elland that we did not spe
ify the energy window. This would lead to a WF whose 
orresponding band will bepretty dispersionless situated at an energy between the B and AB bands in the original band stru
ture. Thishappens be
ause the proje
tor χ makes one single band out of the B and AB part of the KS-Hilbert spa
e,whi
h essentially forms two bands. In mathemati
al terms this will lead to an average of the B and AB KSwavefun
tions, whi
h will have non-bonding 
hara
ter. That should also make 
lear what happens, if we extendthe energy window more and more towards the B energies. This will mix in more and more of the bonding KSfun
tions, whi
h leads to a WF band whose energies get pulled down more and more. The user 
an try to playwith this to get a feeling.Now, we have de�ned all the stu� in the �le =.wandef and we 
an run FPLO.4



1. The �rst thing in the WF module will be that the 
ontent of =.wandef is 
opied to the output, followedby a more 
ondensed printout of the wannier parameters. The later output shows all parameters, also theones not expli
itely set in =.wandef (whi
h then will have their default values). Then follows a se
tion,in whi
h the symmetry of the WF-proje
tors χ is 
he
ked. If this 
he
k does not run through properlythere is a mistake in the symmetry relation between wandefs of χ-s belonging to the same 
ryst. orbit.Che
k all keywords. In the moment the energy window is not 
he
ked for proper symmetry setting. So,if the 
ode runs through, but the output seems weird, 
he
k the energy windows!2. Now, if the �le +wan
oeff is found it will be loaded. If not, the normal FPLO exe
ution will 
ontinue.Reading the data is not the fastest that is why there is an internal loop (see below).3. Now, the Wannier bands get pro
essed. As a result the hopping matrix elements between WFs are printedto the output. This printout is 
ontrolled by user de�ned restri
tions to avoid enormous amounts of data.spin 1: WF(Cu x2-y2) -> WF(Cu x2-y2) at relativeT= 0.00000 0.00000 0.00000 hop= -2.093458893797475T= 0.00000 0.00000 6.04712 hop= -0.061341124468540T= 0.00000 0.00000 -6.04712 hop= -0.061341124468540T= -7.29434 0.00000 0.00000 hop= -0.463606088774015T= 0.00000 -7.29434 0.00000 hop= -0.463606088774014T= 0.00000 7.29434 0.00000 hop= -0.463606088774014T= 7.29434 0.00000 0.00000 hop= -0.463606088774015The WFs are given by their name, and the symbol '->' means that the ve
tors, whi
h follow ('T= . . . ')point from the WF left of '->' to the one right of '->'. After ea
h ve
tor 'T=' the hopping element ineV is printed. If T=0 the hopping element is the onsite matrix element. The information written to theoutput is restri
ted su
h that only hoppings with |t| >WF_ham_threshold are 
onsidered and onlyfor |T | ≤ham_
uto�.4. After this the output on the re
ipro
ial grid is performed. Here it is important to realize that theHamiltonian in k-spa
e is written, whi
h 
orresponds to the Blo
h sums of the hoppings Eq. (6) afterthe 
ut o� of hoppings for whi
h |T | >ham_
uto� and |t| <WF_ham_threshold. The resultingHamiltonian is written to +hamongrid. See the wanier.f90 soure 
ode for the order of the data.5. Now, +WF_
oeffi
ients is written, whi
h 
ontains information about the 
ontributions of the FPLO or-bitals to the WFs Eq. (7). This �le shows only 
ontributions, whi
h are larger thanWF_
oe�_thresholdin =.wandef.6. At the end of the module the WF are written to disk on a real spa
e grid. There will be data �lesopendxWF.dx and 
ontrol �les WF.net|
fg. The later 
an be use to visualize the data using opendx:dx -image WF.netBeware that some standard installations of opendx are a bit buggy. For instan
e, it might work better ifnum-lo
k is turned o�.7. After this FPLO pauses with the messageCTRL_C for abort, enter for next trialHere, one 
an type CTRL-C to stop, or one modi�es the wandefs (in another window/editor) and hitsenter to re-run the module, with re-s
anning =.wandef but without re-reading +wan
oeff (whi
h is a slowread, sin
e large �le).2.1 FilesThere are three band stru
ture �les produ
ed.+wanband The Blo
h-sums of the WF Eq. (2) are obtained by doing the unitary transformation in k-spa
e(U). The Hamiltonian in WF-Blo
h basis in k-spa
e Eq. (5) is dire
tly related to the WF-Blo
h sumsand hen
e is obtained straight from the U -transformed KS fun
tions and Hamiltonian. The resulting k-dependent Hamiltonian has the dimension of the WF-basis de�ned by the user. It 
an be diagonalized toget the band stru
ture belonging to the WF model. The result of this is written to +wanband. If the WFsdes
ribe an isolated band 
omplex (one needs as many WFs as there are KS bands in the band 
omplex)5



then the +wanband band stru
ture must 
oin
ide with the bandstru
ture of this band 
omplex in the fullFPLO band stru
ture plot. Deviations are possible, if there are not enough k-points in the FPLO-SCF
al
ulation. This 
omes about sin
e a dis
rete approximation to the k-integral in Eq. (1) de�nes WFs,whi
h have periodi
 images with a period of the Born von Karman torus.+wanbweights This are the fat-bands 
orresponding to +wanband. The band weights are determined withrespe
t to the WF 
hara
ter in the 
orresponding bands. Let's make that 
learer. In a lo
al orbital basislike FPLO the overlap of the orbitals with the KS fun
tions determines the fat-bands or how mu
h of a
ertain orbital a band is made of. This 
on
ept 
an be applied to the WFs as well thinking of the WFs asa basis. So, how mu
h of a parti
ular WF makes up a band? This is given by the information in this �le.Note, that the FPLO fat-bands and WF fat-bands do not 
oin
ide. That is the main reason why we do aWF analysis, see Figure 2

Figure 2: Comparison of FPLO fat-bands (upper panel) with WF fat-bands (lower panel) for a NiO2-
hain.Some WFs are linear 
ombination of several orbitals, su
h that the WFs are 
entered between two orbitals. One
an 
learly see that in the WF basis ea
h band has a pure 
hara
ter, i.e. the bands are 
ompletely de
oupledby 
hosing a symmetry adapted basis (WFs)..+wanbandtb Now, we 
an go a step further and Fourier transform the WF-Blo
h sums Eq. (2) into real spa
eEq. (3). This gives the a
tual WFs. In real spa
e these WFs overlap and form hopping integrals Eq.(6). These hopping integrals 
an be 
ut o� at some distan
e or if they are smaller than a threshold. Thisde�nes a modi�ed Hamiltonian in real spa
e. We transform this modi�ed (model) Hamiltonain ba
k into
k-spa
e, diagonalize it and get the band stru
ture in this �le. If the 
ut o� and threshold is moderatethe result should equal +wanband otherwise it 
an di�er. Espe
ially, for non isolated bands we 
an getnon-analyti
ities in +wanband, whi
h are un-avoidable in some 
ases. It turns out that the real-spa
e
uto� redu
es these unwanted e�e
ts. 6



The bans stru
ture data �les 
an be visualized using the bandplot-tools of fplo. Besides these �les there are afew more:+WFstat... 
ontains the absolute values of the 
oe�
ients in Eq. (7) as a fun
tion of the distan
e of the
orresponding orbitals from the Wannier fun
tion 
enter. Plot this �le (e.g. xmgra
e ./+WFstat...) tohave an idea of the lo
alization of the WFs.+T... 
ontains the hoppings from a given WF to the neighbouring WFs 
orresponding to Eq. (6) as a fun
tionof the distan
e between the WF 
enters.2.2 KeywordsThe keywords in =.wandef are explained in the following.doit swit
h the WF module on.wandef start a de�nition of a single Wannier fun
tion.on/o� make the 
orresponding wandef a
tive/ina
tive.emin the lower bound of the energy window (two numbers if spin-polarized).emax the upper bound of the energy window (two numbers if spin-polarized).de the width of the Gaussian tail above and below emax/emin de�ning a smooth energy window (twonumbers if spin-polarized).
ontrib add an FPLO orbital to the wandef. There 
an be several 
ontribs in one wandef, one afterthe other.site the site number of the orbital a

ording to FPLO output.name an arbitrary name to identify the WF.difve
 the distan
e of the 
ontributing orbital from th WF 
enter. The difve
 of the �rst 
ontribto a wandef together with the site of the �rst wandef impli
itly de�ne the WF 
enter. The
hoi
e of the WF 
enters de
ide whether the WF is real or not. WF must be de�ned su
h thatthey are real. E.g. a single orbital/
ontrib WF should always have difve
 0 0 0.xaxis the lo
al x-axis expressed in global 
oordinateszaxis the lo
al z-axis expressed in global 
oordinatesorb the orbital (e.g. 2s+0 or 3d-1)fa
 a weight fa
tor, determining the relative weight of the orbital/
ontrib in 
ases of multiple-
ontribwandefs. The weights need not be normalized, this is taken 
are of.ham_
uto� restri
ts output of the real-spa
e WF Hamiltonian in standard output and +T.... Also restri
tsthe matrix elements used in 
reating +hamongrid.WF_
oe�_threshold restri
ts the output of 
oe�
ients in +WF_
oeffi
ients.WF_ham_threshold restri
ts the output of real-spa
e Hamiltonian in standard output and +T... andrestri
ts the hoppings used in 
reating +wanbandtb and +hamongrid.WF_write_
oe�_stats 
an be on/o� and triggers the output of the �les +WFstat...ham_write_t_stats 
an be on/o� and triggers the output of the �les +T...For the output of the WFs on the real spa
e grid (visualization) we have to de�ne a gridWF_grid_basis 
an be 
onv/prim. This de�nes the basis B =







~b1

~b2

~b3






of the box-like grid. We 
an usethe 
onventional or the primitive basis ve
tors.WF_grid_dire
tions in terms of the basis we 
an de�ne three ve
tors forming the rows of V = DB. Thesethree dire
tions span the grid-box. The input here is the matrix D.WF_grid_subdivision subdivide the box along the dire
tions V a

ordingly.7



WF_grid_origin put the origin of the box here. If this keyword is 
ommented out (e.g. xWF_grid_origin)the box will be 
entered around the WF 
enter.For the output of the WF Hamiltonian on the k-spa
e grid (�le +hamongrid) we have to de�ne a gridk_grid_basis the basis B in re
iproi
al spa
e. (Note the re
ipro
ial relations between b

 and f

 and thelike.)k_grid_dire
tions the dire
tions V = DB de�ned here by giving D.k_grid_subdivision subdivisions, see above.k_grid_in
l_periodi
_points 
an be on/o�. The Hamiltonian in k-spa
e is periodi
. We 
an in
lude orex
lude the periodi
ally equivalent points at the boundary of the box.2.3 De�nition of real spheri
al harmoni
sWe de�ne real spheri
al harmoni
s Ylm with magneti
 qn. numbers m = −l, . . . , l as
Ylm (x, y, z) ∝ P

|m|
l

(z

r

)

{

sin (|m|ϕ) m < 0

cos (|m|ϕ) m ≥ 0The sin/
os 
an be expanded a

ording to the addition theorems, e.g. sin (2ϕ) = 2 sin ϕ cosϕ. Using sin ϕ ∝ yand cosϕ ∝ x we get sin (2ϕ) ∝ xy. Additionally we need P
|m|
l

(

z
r

)

∝ polynomial of degree l − m in z. Thus,
Y2,−2 ∝ P 2

2

(z

r

)

sin (2ϕ) ∝ xy

Y2,−1 ∝ P 1
2

(z

r

)

sin (ϕ) ∝ zy

Y2,0 ∝ P 0
2

(z

r

)

cos (0ϕ) ∝ z2

Y2,1 ∝ P 1
2

(z

r

)

cos (ϕ) ∝ zx

Y2,2 ∝ P 2
2

(z

r

)

cos (2ϕ) ∝ x2 − y2For more spe
i�
 information on the polynomial in z one has to look up the asso
iated Legendre polynomials
P

|m|
l (z).2.4 ProblemsThe number of k-points used in the SCF 
al
ulation in�uen
es the Wannier fun
tion quality. If the k-mesh isnot �ne enough, the band stru
ture determined by diagonalizing the WF Blo
h Hamiltonain Eq. (5) (+wanband)will not 
oin
ide with the 
orresponding bands of the full FPLO band stru
ture (+band). (Coin
iden
e 
an of
ourse only happen anyway, if the WFs des
ribe an isolated band 
omplex.)If the real spa
e Hamiltonian 
uto� is smaller than the extend of the WFs the �tted Wannier bandstru
ture(+wanbandtb) will not 
onin
ide with the full WF band stru
ture. This may also be due to a bad Wannierde�nition, whi
h is not lo
alizing the WFs su�
iently (
he
k energy window, use mole
ular orbitals (several
ontribs per wandef) instead of simple orbitals).There might be unnatural spikes at 
ertain k-points in the WF band stru
ture. This usually means that theenergy window is to narrow and that the 
hara
ter of χ is only large outside the window at the 
orrespondingk-points.
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