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Abstract

Materials with strong electronic Coulomb correlations play an increasingrole in modern

materials applications. \Thermo chromic" systems,which exhibit thermally induced changes
in their optical response,provide a particularly interesting case.The optical switching asso-

ciated with the metal-insulator transition of vanadium dioxide (VO2), for example,hasbeen

proposed for use in numerous applications, ranging from anti-laser shields to \in telligent"
windows, which selectively �lter radiativ e heat in hot weather conditions.

Are present-day electronic structure techniques able to describe, or { eventually even
predict { such a kind of behavior? How far are we from materials design using correlated

oxides? Theseare the central questionswe try to addressin this Highlight.
We review recent attempts of calculating optical properties of correlated materials within

dynamical mean�eld theory, and present results for vanadium dioxide obtained within a novel
scheme aiming at particularly simple and e�cien t calculations of optical matrix elements

within localized basissets.

Finally, by optimizing the geometry of \in telligent windows", we demonstrate that this
kind of technique can in principle be usedto provide guidancefor experiments, thus giving

a rather optimistic answer to the above questions.

1 Towards Materials Design for Correlated Materials ?

August is the month when (at least in southern European countries) air-conditioning bills are

peaking. The reader will thus forgive us if we start the August 	 k Scienti�c Highlight by

describing a proposal made by materials scientists gearedat saving air-conditioning costs[1{3].

As a function of temperature, vanadium dioxide (VO2) undergoesa metal-insulator transition [4].

The changesthrough this transition are such that, coating your window with a thin layer of VO2

37



may { under certain conditions (seebelow) { create a fenestration that is \in telligent" in the

following sense: At low temperatures, when VO2 is in its insulating regime, the transmission

properties change only remotely with respect to the bare glasswindow, whereasinfrared radi-

ation is �ltered when the oxide layer switches to its metallic phasein hot weather conditions.

Then, heat radiation is substantially prevented from entering the building and there is lessneed

for energy-intensive cooling by air-conditioning.

In geographical regions, where seasonaltemperature changesare important (and this encom-

passesin particular the industrialized world), these \thermo chromic" windows are clearly su-

perior to \static" window coatings [5], that �lter certain wavelengths irrespective of external

conditions and which thus would increasethe needfor heating buildings during winter.

Even if in vanadium dioxide the changesof its properties with temperature are particularly

abrupt, VO2 is by no meansthe only material where a tiny change in external parameterscan

radically modify the physical properties. In fact, such behavior can nearly be considereda

hallmark of materials with strong electronic Coulomb interactions1. The concertedbehavior of

electronsin correlated materials causesindeedquite in generalan extremesensitivity to external

stimuli, such as temperature, pressureor external �elds. Heating insulating SmNiO3 beyond

400K or applying a pressureof just a few kbar to the Mott insulator (V 1� x Crx )2O3 (x=0.01) [6],

for example,makesthe materials undergotransitions to metallic states. This tuneabilit y of even

fundamental properties is both, a harbinger for diversetechnological applications and a challenge

for a theoretical description.

An increasing role is nowadays played by arti�cial structures, ranging from multila yers that

display the giant magnetoresistancee�ect (widely used in storage devices) [7,8] to functional

surfaces,where appropriate coatings e.g. provide a self-cleaningmechanism [9]. The huge free-

dom in the design, which concernsnot only parameters such as the chemical composition, the

doping and the growth conditions, but also the geometry of the device (e.g. the layer thick-

nesses),however makes the search for deviceswith speci�c electronic properties a tedious task.

This leads us to the central question of the present Highlight : Can modern �rst principles

calculations help in the quest for promising materials and setups for particular devices? The

aim can of coursenot be to replaceexperiments, but rather to provide someguidance in order

to minimize expensive experimental surveysand prototypings.

The Achilles heel of electronic structure theory is the description of electronic many-body in-

teractions. Indeed, a great majorit y of materials usedin modern applications fall in the classof

so-called\strongly correlated materials" whereelectron-electroninteractions profoundly modify

(if not invalidate) a pure band picture [6]. State-of-the-art �rst principles methods, such as

density functional theory, are then no longer su�cien t to predict the physical properties of these

materials. Despite these di�culties, in this Highlight we give a quite optimistic view on the

above question.

In fact, important steps to bridge the gap between band structure methods and many-body

physics have been made in recent years. For materials with moderately strong correlations,

Hedin's GW approximation [10] { which has seenincreasingly sophisticated implementations

1Vanadium dioxide could in somesensebe consideredan exception due to the fact that it may be lesscorrelated

than many of the other examples.
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in the electronic structure context [11{14] { has established itself as a method of choice. For

strongly correlated materials, progresswas for instance brought about by combining density

functional theory within the local density approximation [15] with dynamical mean �eld theory

(DMFT) [16]. The resulting approach, dubbed LDA+DMFT [17,18] (for reviews see[19{21]),

joins the accurate description of strong local Coulomb correlations in a many-body framework

with the material-speci�c information provided by state-of-the-art band theory. It has { over

the last years { helped to elucidate physical mechanisms at work in systemssuch as transition

metals [22{25], their oxides [26{34] or sulphides[35,36], aswell as f-electron compounds[37{40].

The number of applications is nowadays too large to give a complete list in this Highlight, but

recent reviews provide an extensive picture [19{21,41].

While tremendousprogresshasbeenachieved, there remainsa chasmbetweenwhat state-of-the-

art electronicstructure methodscancalculateand what experimentalists areactually measuring.

On the one hand, the chemical complexity of many systems does simply not (yet) allow for

being tackled by costly many-body techniques. On the other hand, the variety of experimental

observables that are being computed for the sake of comparison is rather unsatisfactory. It is

therefore an important task to make more experimentally measurablequantities accessiblefrom

theoretical calculations.

Within dynamical mean �eld theory, emphasis is commonly put on spectral properties, and

the evaluation of observablesother than spectral functions is a rather new advancement in the

realistic context. Yet, it is rather the responsebehavior of correlated materials that is promising

for applications.

In this Highlight, we review somerecent attempts of calculating optical properties of correlated

materials, and explore the implications for technological applications on the speci�c exampleof

VO2-basedintelligent windows.

2 Optical Spectroscop y

2.1 General form ula and some physical implications

Numerousexperimental techniqueshave beendevisedfor and applied to the study of correlated

materials of ever growing complexity. Optical spectroscopy, which is the subject of this work, is,

in a way, the most natural amongthem : Optical detectorsare sampling the responseto incident

light, as do our eyes, albeit accessingfrequencies,and thus phenomena,that are beyond our

vision. The technique is particularly suited to track the evolution of a systemunder changesof

external parameters like temperature or pressure. This is owing to a generally high precision,

and the fact that, contrary to e.g. photoemissionspectroscopy or x-ray experiments, results are

obtained in absolute values. Especially, the existenceof sum-rules (seee.g. [42,43]) allows for

a quantitativ e assessment of transfers of spectral weight upon the progressionof the system

properties. Moreover, while in photoemissionthe electron escape depth and thus surfacee�ects

are often an issue,the larger skin penetration depth assuresthat optical spectroscopy is a true

bulk probe. One might add that the transition matrix elements are also better understood in

optics (this is an important part in this work) than in photoemission(seee.g.[44]). On the other
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hand, responsefunctions are two-particle quantities that are lessobvious in their interpretation

than a one-particle spectrum. An important simpli�cation is achieved when neglecting vertex

corrections. In the framework of linear responsetheory, the optical conductivit y can then be

expressedas (for reviewssee[34,42])

Re� �� (! ) =
2� e2~

V

X

k

Z
d! 0 f(! 0) � f(! 0+ ! )

!
tr

�
Ak (! 0+ ! )vk ;� Ak (! 0)vk ;�

�
(1)

Here, Ak (! ) is the momentum-resolved many-body spectral function, and di�eren t optical tran-

sitions are weighted by the Fermi velocities vk ;� = 1
m hkL 0jP � jkL i , matrix elements of the mo-

mentum operator P. Both, spectral functions and velocities are matrices in orbital spaceL ,

which we will specify later on. The Fermi functions f(! ) selectthe rangeof occupiedand empty

energies,respectively, V is the unit-cell volume, � ,� denote cartesian coordinates, and Re� ��

is the responsein � � direction for a light polarization E along � .

To get an idea about the physical content of this formula, we �rst consider somearchetypical

cases. At zero temperature, and for a system that is well described by its band structure as

given by density-functional theory (DFT) based methods, the (Kohn-Sham) spectrum is the

de�ning quantit y, sincevertex correction are absent 2. Moreover, the spectral functions A(k ; ! )

of the system becomeDirac distributions and the trace in Eq. (1) reads3

X

m;n

� (! 0+ ! + � � � m
k )vmn

k � (! 0+ � � � n
k )vnm

k (2)

While at �nite frequencies,! > 0, only inter-band transitions, m 6= n, can give a contribution,

we seethat at zero frequency, ! = 0, and provided a band � n
k is crossing the Fermi level, the

responseis a delta function deriving from intra-band transitions4. The latter is just the result

of the fact that without interactions (electron-electron correlations or a coupling to a bosonic

mode) or disorder, the lattice momentum k is a constant of motion and the current thus does

not decay.

In the (e�ectiv e) non-interacting casethe responseof a metal to an electric �eld is thus in�nite. It

wasP. Drude in 1900who derived an expressionthat takesinto account the �nite lifetime of the

electron excitations, by introducing a relaxation time � for the charge current j (t) = j (0)e� t=� .

His expressionfor the conductivit y can be recovered from our linear responseresult, Eq. (1), by

assumingfree particles, � k = ~2k2

2m , and a constant self-energy� = � {
2� . The resulting optical

conductivit y is then given by

Re� (! ) =
ne
m

�
1 + ! 2� 2 (3)

with n being the averagecharge carrier density. Hence,the responseat zero frequency is �nite

and non-zeroat �nite energies.
2There are thus two e�ects that DFT doesnot account for : (a) In general, it lacks the correct spectrum. This is

mendedby the formalism described above, sinceit usesspectral functions stemming from a many-body calculation.

(b) The particle-hole interaction (vertex corrections). This is not addressedin the above formalism and remains

a challenge for future work. We note that vertex corrections vanish within DMFT (in�nite dimensions) in the

one-band case[45]. For the current multi-orbital case,this is however an approximation. Within GW [11], vertex

corrections are included on the RPA level. However, GW spectra may not be su�cien t for strongly correlated

systems.
3 for simplicit y we assumeto work in the Kohn-Sham basis, i.e. the spectral function A k (! ) is diagonal.
4or transitions within degeneratebands, � n

k = � m
k , while m 6= n.
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While the physical picture about the origin of the relaxation time had to be revised with the

advent of quantum mechanics and Bloch's theory of electronic states in periodic potentials,

Drude's theory still accounts well for the responseof simple metals. However, it becomesin-

su�cien t, even in the one-bandcase,in the presenceof substantial correlation e�ects. Indeed,

the in
uence of electronic interactions is beyond a mere broadening of bands. For the caseof

the one-bandHubbard model within DMFT, the paramount characteristic is the appearanceof

Hubbard satellites in the spectral function. Therewith, not only transitions within a broadened

quasi-particle peak are possible(�a la Drude), but also transitions from and to these Hubbard

bands arise [46,47]. Thus, in such a metal two additional contributions occur, stemming from

transitions betweenthe quasi-particle peak and the individual Hubbard bands. This feature is

often referred to as the mid-infrared peak, due to its location in energy in somecompounds.

At higher energy, transitions between the two Hubbard bands appear. In the Mott insulat-

ing phase,only the latter survive. Therewith the complexity of optical spectra is considerably

enhanced[46,47] with respect to the independent particle picture.

Within DMFT, calculations of the optical conductivit y were �rst performed by Pruschke and

Jarrell et al. [48,49] for the caseof the Hubbard model. Rozenberg et al. [46,47] studied the

phenomenologyof the di�eren t optical responsesof the Hubbard model throughout its phase

diagram, discussingthe above described phenomenologyand comparing it to experiments on

V2O3. With the advent of LDA+DMFT, optical conductivit y calculations gained in realism:

Bl •umer et al. [50,51] and later on Pavarini et al. [52] and Baldasarre et al. [53] used the

LDA+DMFT spectral functions for the calculation of titanate and vanadate optical spectra. A

more generalapproach, was developed by P�alsson[54] for the study of thermo-electricity. Our

work [34,55{57] goesalong the lines of theseapproaches. We will however employ a formulation

using the full valenceHamiltonian therewith allowing for the general caseincluding interband

transitions and we extend the intervening Fermi velocities to multi-atomic unit cells, which

becomescrucial in calculations for realistic compounds.

Alternativ e techniques were proposedby Perlov et al. [58,59] and by Oudovenko et al. [60].

The former explicitly calculated the matrix elements, albeit usinga di�eren t basisrepresentation

than in the DMFT part, while the latter diagonalized the interacting system, which allows

for the analytical performing of some occurring integrals due to the \non-in teracting" form

of the Green's function. Owing to the frequency-dependenceof the self-energy, however, the

diagonalization has to be performed for each momentum and frequency separately so that the

proceduremay becomenumerically expensive. This technique has in particular beenapplied to

elucidate the � � 
 transition in Ce [61], and, more recently, to the heavy fermion compound

CeIrIn 5 [62].

The calculation of accurate absolute values of the optical responsehas however turned out to

be a challenge which mainly stems from the way the Fermi velocities are treated. In view of

predictive materials designaccurate absolute values in the optical conductivit y are a condition

sine qua non.
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2.2 A scheme for the optical conductivit y using localized basis sets

Correlation e�ects enter the calculation of the optical conductivit y, Eq. (1), only via the spectral

functions Ak (! ), while the Fermi velocities vk ;� = 1
m hkL 0jP � jkL i are determined by the one-

particle part of the system5.

While the computation of the latter is straightforward in a plane-wave setup, the application

of many-body techniques such as LDA+DMFT, necessitatesthe useof localized basissets (see

e.g. [63]). It is thus convenient to expressalso the Fermi velocities in terms of this basis.

Therewith, however, the evaluation of matrix elements of the momentum operator (seeabove)

becomesrather tedious. The aim of the current approach is to employ a controlled approximation

to the full dipole matrix elements in a Wannier like basis set that is accurate enough to yield

absolute valuesof the conductivit y to allow for a quantitativ e comparisonwith experiment.

We choose our orbital spaceby specifying L = (n; l ; m; 
 ), with the usual quantum numbers

(n; l ; m), while 
 denotesthe atoms in the unit cell : jkL i then is the Fourier transform of the

Wannier function � R L (r ) localized at atom 
 in the unit cell R . Extending the well-known

Peierls substitution approach for lattice models (see the review [42]) to the realistic caseof

multi-atomic unit cells, we �nd that

vL 0L
k ;� =

1
~

�
@k � H L 0L

k � {(� �
L 0 � � �

L )H L 0L
k

�
+ FH

h
f � R L g

i
(4)

Here, � L denotesthe position of an individual atom within the unit-cell. The term in brackets,

which is used in the actual calculations, is in the following referred to as the \generalized

Peierls" term : While the derivative term is the common Fermi velocity, the term proportional

to the Hamiltonian originates from the generalization to realistic multi-atomic unit-cells and

accounts for the fact that while the periodicity of the lattice is determined by the unit-cell,

the Peierls phasescouple to the real-spacepositions of the individual atoms. The correction

term that recovers the full matrix element is denoted F (for its explicit form see[34]). The

latter reducesto purely atomic transitions, (R ; 
 ) = (R 0; 
 0), in the limit of strongly localized

orbitals. In other words, the accuracy of the approach is controlled by the localization of the

basis functions. This generalizedPeierls approach has in particular beenshown to yield a good

approximation for systemswith localized orbitals, such as the 3d or 4f orbitals in transition

metal or lanthanide/actinide compounds [34].

3 Application :

From Bulk Vanadium Dio xide to In telligen t Windo ws

3.1 A brief reminder about the electronic structure of V O2

The electronic structure of VO2 and its metal-insulator transition has been the subject of nu-

merous theoretical studies. We give here only a brief list of prior work, for reviews see[34,64].
5While for lattice models this is only true for local density-density interactions, in the contin uum formulation

of a solid this requires the interaction only to be local and of two-body kind. Then the interaction part of the

Hamiltonian H = H 0 + H int commutes with the position operator R � and thus P � = � {m=~ [R � ; H 0 ]. For

details see[34].

42



In particular, we here do not enter at all in the decade-longdiscussionon whether the metal-

insulator transition in VO2 should be consideredas a Peierls- or a Mott transition. Our point

of view on this question is summarizedin [33].

While capturing structural properties surprisingly well [65], band-structure methods do not

reproduce experimental spectra: in the metal, incoherent weight at higher binding energiesis

absent, and in the insulator the gap is not opened in the corresponding Kohn-Sham spectra.

Nevertheless,thorough LDA studies [64,65] gave useful indications and paved the road to the

application of more sophisticated many-body approaches.

LDA+DMFT results for the spectral properties of VO2 agreewell with experimental �ndings

in both, the metallic [32,66,67] and the insulating phase[32], as can be seenfrom Fig. 1 which

comparesphotoemissionand LDA+DMFT spectra.

Figure 1: Comparison of valenceband photoemissionspectra of Koethe et al. [68] (top) and

LDA+DMFT results from [32] (bottom). Picture from [68].

Since at least the insulating phase of VO2 is in fact relatively band-like [33], an interesting

alternativeapproach is provided by the GW approximation [11]. While pioneeringearly work [69]

had to resort to a simpli�ed scheme, recently it becamepossibleto perform fully ab initio GW

calculations for VO2 [34,70,71]. Full GW calculations for the optical conductivit y and the

spectral function thus seemto comeinto reach, opening the way to systematic comparisonswith

DMFT results.

Our calculation of optical properties [34,55] is footing on the LDA+DMFT electronic structure

of Ref. [32] and our recent extension thereof [33,72]. Since this many-body calculation used a

downfolded Hamiltonian, we usean upfolding schemeto include optical transition from, to and

betweenhigher energyorbitals (For details see[57]).
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Figure 2: Optical conductivit y of (a) metallic, (b) insulating VO2 for polarizations E. Theory

(red) ([aab]=[0.85 0.850.53]), experimental data (i) singlecrystals [73] (green), (ii) thin �lm [75]

(solid blue), (iii) polycrystalline �lm [74] (dashedblue).

3.2 The bulk conductivit y

In Fig. 2(a) wedisplay the LDA+DMFT theoretical optical conductivit y of the high temperature

phaseof VO2 as a function of frequencyand in comparisonwith several experimental data [73{

75], seealso[76]. As can be inferred from the crystal structure [64], the optical responsedepends

only weakly on the polarization of the incident light. The Drude-like metallic response(seealso

above) is causedby transitions betweennarrow vanadium 3d orbitals near the Fermi level. As a

consequence,it only in
uences the low infra-red regime{ a crucial observation aswe shall seein

the following. The shoulder at 1.75 eV yet stems from intra-vanadium 3d contributions, while

transitions involving oxygen 2p orbitals set in at 2 eV, and henceforth constitute the major

spectral weight up to the highest energiesof the calculation.

In Fig. 2(b) we show the conductivit y for insulating VO2. As wasthe casebefore,the theoretical

results are in good agreement with the di�eren t experiments. This time, a slight polarization

dependenceis seenin both, experiment and theory, owing to the change in crystal symmetry.

Indeed, vanadium atoms pair up in the insulator to form dimers along the c-axis, leading to

the formation of bonding/anti-b onding states for 3d orbitals6 [77]. Optical transitions between

theseorbitals result in an amplitude of the conductivit y that, in the corresponding energyrange

(! = 1:5� 2:5 eV), is higher for a light polarization parallel to the c-axis than for other directions

(For a detailed discussionsee[34,56]).

6We stress that the bonding/an ti-b onding splitting is not su�cien t to open a gap within band-structure

approaches. Indeed correlations enhancethis splitting (after having transfered the e�
g charge into the a1g band),

and we refer to this scenario as a \man y-body Peierls insulator" [33].
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3.3 In telligen t windo ws

Having established the theoretical optical response of bulk VO2, and thus veri�ed that our

scheme can quantitatively reproduce optical properties of correlated materials, we now investi-

gate the possibilities of VO2-based intelligent window coatings [2,3,78,79]. The e�ect to be

exploited here can already be seenin the above responsesof the bulk : The respective con-

ductivities of both phases(Fig. 2(a), (b)) exhibit a closesimilarit y in the range of visible light

(! = 1:7 � 3:0 eV), whereasin the infra-red regime(! < 1:7 eV) a pronouncedswitching occurs

acrossthe metal-insulator transition. As a result, heat radiation will be let through at low ex-

ternal temperatures,while its transmission will be hindered above the transition, which reduces

the needfor air conditioning in e.g.o�ce buildings. The insensitivity to temperature for visible

light, in conjunction with the selectivity of the response to infrared radiation, is an essential

feature of an intelligent window setup. Yet, for an applicable realization, other important re-

quirements have to be met. First of all, the switching of the window has to occur at a relevant,

i.e. ambient, temperature. Also, the total transmittance of VO2-�lms needsimprovement in the

visible range [2,3], and the visible transmission should be rather independent of the wavelength

such as to provide a colorlessvision. Experimentalists have addressedthese issuesand have

proposedpotential solutions [80] : Diverse dopings, M xV1� xO2, were proven to in
uence the

transition temperature, with Tungsten (M = W ) being the most e�cien t : A doping of only

6% resulted in T c � 20� C [81]. However, this causesa deterioration of the infrared switching.

Fluorine doping, on the other hand, improves on the switching properties, while also reducing

T c [82,83]. An increasein the overall visible transmittance can also be achieved without modi-

fying the intrinsic properties of the material itself, but by adding antire
exion coatings with for

exampleTiO 2 [84].

Here, we addressthe optical properties of window coatings from the theoretical perspective. In

doing so, we assumethat the specular responseof VO2-layers is su�cien tly well-described by

the optical properties of the bulk, and we use geometrical optics to deduce the properties of

layered structures, as shown e.g. in Fig. 3(a), Fig. 4(a). We employ a technique equivalent to

the transfer matrix method (seee.g. [85]), which accounts for the multiple re
exions within the

layers. The re
ectivit y of the setup is then given by a recursion formula. De�ning for the j th

layer the phasefactors � j (! ) = exp({! =cnj � j ), with � j and n j (! ) being the layer thicknessand

the complex refractive index, respectively, and denoting the \bare" re
ection and transmission

coe�cien ts of an isolated interface between semi-in�nite layers j � 1, j by r j � 1;j , t j � 1;j one

obtains a recursion formula for the \dressed" quantities ~r 0;j , ~t0;j that account for the resulting

properties of the stack of the layers 0, 1, � � � , j :

~r0;j = ~r0;j � 1 + ~t0;j � 1~t j � 1;0
r j � 1;j ~� 2

j � 1

1 � r j � 1;j ~r j � 1;0 ~� 2
j � 1

(5)

~r j; 0 = r j;j � 1 + t j;j � 1t j � 1;j
r j � 1;0 ~� 2

j � 1

1 � r j � 1;j ~r j � 1;0 ~� 2
j � 1

(6)

where ~� j =
Q

k� j � k is an e�ectiv e phase,~t j;k = 1 � ~r j;k the complex transmission, and ~r j; 0 the

dressedre
ectivit y for light that reaches the setup from the opposite side.
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3.3.1 A V O2-coated windo w

First, we consider the most simple possible setup, which consists of a single VO2-layer (of

thicknessdV O 2 ) on a glasssubstrate7. Such a window has beenexperimentally investigated by

Tazawa et al. [86] and Jin et al. [84]. In Fig. 3 we show their measuredre
ectivit y data as a

function of wavelength, in comparisonwith our theoretical results.
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Figure 3: Setup of an intelligent window. (a) geometry of the setup : VO2 on SiO2. (b)

Re
ectivit y at high (dashed)and low temperatures (solid). Theory (red) : 60 nm VO2 on SiO2.

Experiments : 50 nm VO2 on SiO2 [84] (green), 50 nm VO2 on Pyrex glass [86] (blue). All

theoretical data for E k [1�10] polarization, and a 3mm SiO2 substrate.

At low temperatures, i.e. insulating VO2, the calculated re
ectivit y is in quantitativ e agreement

with the experimental data. In the visible range (� � 400� 700 nm), the re
ectivit y depends

strongly on the wavelength. Therefore, the current window will �lter certain wavelengthsmore

than others, resulting in an illumination of a certain color { an obvious drawback. Moreover, the

re
ectivit y in this region is rather elevated, causing poor global transmission. In the infrared

regime (� > 700 nm) { and beyond { the re
ectivit y decreases,and heat radiation can pass

through the setup. At high temperatures, the infrared re
ectivit y switches to a rather elevated

value, thus �ltering heat radiation. The changesin the visible regionare lesspronounced,but still

perceptible, and both, the degreeof transparency and the color change through the transition.

As a result, though presenting qualitativ e featuresof an intelligent window, the current setup is

not yet suited for applications.

3.3.2 Impro ving the windo w with an anti-re
exion layer

Having establishedthe accuracyof our approach also for the caseof layered structures, we now

investigatea more complicated setup. As depicted in Fig. 4(a), an additional (rutile type) TiO 2-

coating is added on the VO2-layer, with the objective of serving as an antire
exion �lter [84].

With the thicknessesdV O 2 and dTiO 2 , the geometry of the current setup thus has already two

7We suppose quartz glass, SiO2 . All auxiliary refractiv e indices (other than the one of VO2) are taken from

Handbook of Optical Constants of Solids by Edward D. Palik, Academic Press, 1985.
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parameters that can be used to optimize the desired optical properties. Since, however, each

variation of them requires the production of a new individual sample under comparable de-

position conditions, along with a careful structural characterization in order to guarantee that

di�erences in the optical behavior are genuine and not related to variations of the samplequality,

the experimental expenditure is tremendous. This led Jin et al. [84] to �rst estimate a highly

transmitting setup by using tabulated refractive indices and to produce and measureonly one

such sample. Here,we shall useour theoretical results on VO2 to not only optimize the geometry

(dTiO 2 , dV O 2 ) with respect to the total visible transmittance, but we shall be concernedwith yet

another important property of the window that needsto be controlled : its color.

TiO2

VO2

SiO2

dTiO2

dVO2

dSiO2
=3mm

Air

Air

(a)
(b) (c)

Figure 4: Setup of an intelligent window. (a) geometry of the setup : TiO 2 on VO2 on SiO2.

(b), (c) Setup with antire
exion coating : TiO 2 / VO2 on SiO2. Shown is the normalized visible

transmittance (seetext) an the corresponding color of the transmitted light for (b) high and (c)

low temperature as a function of the layer thicknessesdV O 2 and dTiO 2 . All theoretical data for

E k [1�10] polarization, and a 3mm SiO2 substrate.

Fig. 4 displays the normalized visible specular transmittance8 for our window in its high (b)

and low (c) temperature state, as a function of both �lm thicknesses.On the samegraph, we

moreover show the corresponding transmission color. The evolution of the light interferences

within the layers results in pronounced changes in both, the overall transmittance and the

color. The coating of VO2 globally degradesthe transparency of the bare glasswindow. An

increase of the TiO 2-coating, on the other hand, has the potential to improve on the total

transmittance. This can be understood from the mechanism of commonly used quarter-wave

�lters. The wavelength-dependenceof the real-part of the TiO 2 refractive index, nTiO 2 (� ), results

in an optimal quarter-wave thickness, � TiO 2 (� ) = �= (4nTiO 2 (� )), which varies from blue to red

light only slightly from � TiO 2 (� ) = 40 to 60 nm. This and the fact that the imaginary part of the

refractive index, kTiO 2 (� ), is negligible for visible light alsoexplainswhy the color doesnot change

signi�cantly with dTiO 2 . While, as for TiO 2, the variation of the real-part of the VO2 refractive

index yields a rather uniform ideal thickness� V O 2 (� ), its imaginary part changessigni�cantly

(by a factor of 4) within the range of visible light. As a consequence,the color is very sensitive

8
R700nm

400nm d�S (� )T (� )=
R700nm

400nm d�S (� ), with the spectrum of the light source S(� ), and the transmittance T =

1 � R, R being the specular re
exion given by Fresnel's formulae (seee.g. [43]). We thus neglect absorption due

to inhomogeneities that lead to di�use re
exion. This is justi�ed for our applications to windows. Also, VO2 has

a glossy appearanceand hencea preponderant specular response.
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to VO2-deposition. At higher thicknessdV O 2 , however, this dependencebecomessmaller and

the color lighter, as seenin Fig. 4(b) and (c). Our theoretical transmittance pro�les suggest

relatively thick windows to yield good visual properties. Indeed, at low temperatures(Fig. 4(c))

the local maximum that gives the thinnest window (Fig. 4(b)) is located at (dTiO 2 ; dV O 2 ) �

(40 nm; 85 nm) within our calculation. However, this setup is still in the regime of important

color oscillations. Given the uncertainties in industrial deposition techniques, it seemsrather

cumbersometo consistently stabilize colorlesssamples.From this point of view, a thicker VO2-

�lm would be desirable. Indeed, while almost preserving the overall transmittance, a colorless

window at low temperatures is realized in our calculation for (dTiO 2 ; dV O 2 ) � (50 nm; 220 nm),

or for (dTiO 2 ; dV O 2 ) = (� 100 nm; 220 nm). In the high temperature state, Fig. 4(b), the

transmittance is globally lower than at low temperatures. Moreover, only the (dTiO 2 ; dV O 2 ) =

(� 100 nm; 220 nm) setup exhibits a simultaneously high transmittance in both states of the

window.

4 Conclusions and Perspectiv es

In this Highlight, we have reviewed a schemefor optical properties of correlated materials that

is gearedat fast and accurate calculations within localized basissets.

As an example, we have addressed{ for the �rst time from a theoretical perspective { the

fascinating application of the seemingly simple composition of vanadium dioxide in so-called

intelligent windows.

Even if, from a technical point of view, possibleways of improvement in view of a fully general

optics scheme are obvious { ideally, one may want to include e.g. vertex corrections, replace

the LDA+DMFT starting point by a GW+DMFT calculation [87] or calculate at least the

ligand-orbital energiesby many-body techniques such as GW { our simple and e�cien t optics

schemehasprovento reach quantitativ e agreement with experiments, at least for materials where

excitonic e�ects are negligible. We have shown that it is not only useful to addressquestions

of fundamental physics, but that one can indeed think of exploiting present day techniques for

applied purposes.

One may argue, of course, that a crucial ingredient entering LDA+DMFT calculations is a

reliable estimate for the local Coulomb interactions, the Hubbard U. In general, it is probably a

fair statement to say that { despitea number of techniques that have by now beenproposedfor

the calculation of U (constrained LDA [88], constrainedRPA [89,90], or GW+DMFT [87,91,92])

{ its determination still presents one of the bottlenecks for ab initio materials design. The

recently much discussednew family of iron pnictide superconductors provides an interesting

test casefor calculations of U [93,94], where we disposeof little a priori knowledge.

For vanadium dioxide, however, this issueseemsto be more a conceptual than a practical one,

sinceexperimental and theoretical estimates �nally convergetowards a common answer.

In conclusion, we thus give an optimistic answer to the central question of this Highlight :

electronicstructure techniquescan { if not design{ at leasthelp guiding the search for functional

materials and their devices, and this even for the particularly challenging class of correlated
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materials.
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