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We provide a prescription for constructing Hamiltoniangresenting the low energy physics of correlated
electron materials with dynamically screened Coulombrattons. The key feature is a renormalization of the
hopping and hybridization parameters by the processedetto the dynamical screening. The renormaliza-
tion is shown to be non-negligible for various classes ofalated electron materials. The bandwidth reduction
effect is necessary for connecting models to materials\Wehand for making quantitative predictions for
low-energy properties of solids.

PACS numbers: 71.27.+a,71.30.+h,71.10.Fd

A key step in the theoretical analysis of strongly correlateterials is the derivation, from an all-electron Harmilem in
the continuum, of an effective model which correctly capsuthe physics of the low-energy degrees of freedom. Treownd
progress in this direction has been achieved by using defugittional theory (DFT) techniques [1] to compute a fult e
energy bands, from which a subset of correlated orbitalbssracted for further detailed study using many-body @by
dynamical mean field (DMFT)) methods [2—4] or LDA+U. The irgtetion parameters used in the many-body studies are the
matrix elements of the screened Coulomb interaction in thestated subspace. Various methods are used to obtaioréened
matrix elements, including the constrained local densfigraximation [5], linear response [6], or the constrainaddom
phase approximation (cRPA) [7]. This DFT+DMFT approachi@esquantitative, testable theoretical predictions @orelated
materials.

In this paper we show that this scheme misses an importaatispthe physics: the downfolding produces a dynamically
screened Coulomb interaction which leads to an effectivdehwaith a bandwidth that issducedrelative to the starting (e.g.
DFT) bandwidth and a low energy spectral weight which is aéstuced. This effect has previously been noticed [7-10]. A
similar renormalization was also discussed in the contekladstein-Hubbard models in Refs [11, 12]. We present ariexp
nonperturbative prescription for determining the rendimations quantitatively, and demonstrate that the rasyléeffective
model provides a good description of the low-energy parthef full (dynamically interacting) model over wide parantete
ranges. Computations of the renormalizations for wideselaf correlated electron materials indicate that theiusion is
crucial for a quantitative description, in particular resog a long-standing discrepancy between the cRPA estiroathe
Coulomb interaction and the values needed to describe iaxpets.

We first provide a demonstration for the simplest case, wtrere&lownfolding from the full band structure is to a one-band
model with hopping amplitude;; between the lattice sitesandj. Electrons with spirv in the correlated orbital localized
at sitei are created [annihilated] by the operaﬂx}; [d;-]. Double occupation of a given atomic site costs a Coulondrgn
U, which is renormalized from a bare val&e (obtained from the site-local matrix elementsedf/r among the correlated
orbitals) because of screening by degrees of freedom dimihin the downfolding process. The interaction thus tdkes
general forml (Vo(7) + Ue(7)) ni(7)ni ('), with n;(7) = d'ir (7)d;(7), the local density operator at the imaginary time
Screening is contained in the retarded gag;, which is parametrized by a continuum of modes of energyith coupling
strength\?(v) = —ImUye(v) /7, determined by the charge fluctuations,

Uret(T) = — /OOOdV/\Q(V) cosh[(T — 8/2)v]/ sinh[v3/2], Q)

whereg is the inverse temperature. For simplicity of presentati@nassume at first that there is only one important bosonic
mode of energyw, and coupling strength. The Hamiltonian is then

H=-Y tydl,djc +V Z dldipd] diy + 1y dl,dig
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A Lang-Firsov (LF) transformation [13, 14 — H.r = eSHe ° with S = A Zw Nio(b; + bj) allows one to rewrite the
model in terms of the polaron operatmﬁ§ = exp(2 (bT —b; ))dT andc;, = exp( = (b — bT))dZ—a. We note that andc' obey

the same fermionic anti-commutation relations as the 1oaigélectronic operatorg @nddT) Neglecting one-body terms which
can be absorbed in a chemical potential shift, we have

Hf = Z tijel cio + Uo Z CZTTCiTCLCw + wo Z blb;, (3
i i

ijo

with the screened Hubbard interactioh = V' —

We now propose that the low energy effec'uve model is givehigyprojection of Eq. (3) onto the subspace of zero-boson
states Heit = (0| H|0), an assumption based on the separation of plasmon exnogédtiom the low energy spectral properties.
This ansatz becomes exact in the limit of infinite plasmadesgy and as will be seen gives a remarkably good descrifition
physically relevant values. The effective model is then

Heff - Z ZBtU dzadJU + UO Z d’LleTd’lel‘L’ (4)

ijo

that is, an effective Hubbard model with an instantaneotesaction corresponding to the low frequency limit of theesmed
interaction and a new feature, namely a bandwidth renomedby”Z; = exp(—\?/w3). An additional physical consequence
of the low-energy projection is that the photoemission spéweight in the frequency range described by the effeatiodel
is reduced by the factdfz relative to what would naively follow fronHf;, . MathematicallyG'oV-¢"e'9y the physical electron
Green function in the frequency range described by the tidffemodel, is

G r) = ~Zp(Tdi(1)d}(0)) 5)
where—(T'd;(r )d (0)) s IS the Green’s functior@f}f(r) of the effective Hamiltoniarfe in Eq. (4). Thus the observable
spectral functlon4'°W energy — — LmGlow-energy, — §) becomes

Z: IMmG(w — i6). (6)

Alow—energy(w)
The physical origin is that part of the physical photoentissipectrum corresponds to the simultaneous creation deaahd a
plasmon excitation; these plasmon shakeoff processesiacioy the remaining — Zp spectral weight.

The effective model becomes an exact description of the lsvgy physics only when the ratio of the boson frequengy
to a relevant energ* diverges, but we find that the effective model gives a redsigrgood description even fas,/ E* not
too large. As an example, Table | compares exact resultsifet using the methods of Ref. [15]) for the critical int#ian
strengthlU¢;; needed to drive a metal-insulator transition in single-BIMFT to the predictions of the effective model. In these
computations we assume that the give a semicircular density of states with half-bandwidth= 1. Combining previously
computed single site DMFT results [15] with our bandwidttuetion prescription gives, at inverse temperatéire 100/ D,
an effective model predictiotis ~ 2.5575. One sees that the effective model result is withiff, of the exact result except
when there is strong screening and the boson frequencissnalter than the full bandwidth (2 in present units).

Figure 1 compares the electron spectral function, caledl&tom Eq. (2) with semicircular density of states (half ¢han
width D = 1), for screened interactiobly, = 2 with values ofZp representative of typical correlated electron materials t
two approximations: the effective model defined above, afstatic U model” which uses the static value of the screened
Coulomb interaction but does not include the bandwidth cédn. The statid/ model corresponds to what is normally done in
DFT+DMFT calculations. The analytic continuations areaidéd using the technique proposed in Ref. [16]. We see ltleat t
effective model with bandwidth reductiotiz reproduces very well the effective bandwidths of the Hubl@ands for altv
taken into account here, which vary frarh down to2.5. Even the smallest,, which is not in the antiadiabatic regime, yields
Hubbard bands qualitatively well described by the statidetavith bandwidth renormalizatiofiz. The statid/ model is seen
to be a poor approximation.

Table Il shows the results of an alternative analysis, edrout at the level of the quasiparticle renormalization=
1/(1 — 93 /diw,), which is obtained directly from the imaginary time compigas. We see that the “stati¢” result gives
renormalization factors in error by factors of two or morétia half filled, strongly correlated case, and also unaet#ptarge
errors in the weakly correlated quarter filled case. Thecéffe model (rowwy, = o0) is very close to the exact result for all
screening frequencies in the weakly correlated quartedfdase and is reasonably close to the exact result even aditibatic
limit is approached.
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Analogous arguments for a model comprising also itinepestaites, and thus hopping parametgys 7,4 and 7,4 lead to
a renormalization of eacl operator by the factoy/Zz = (0] exp(w—/\o(bi — bj))|0> so that the hopping part of the one-particle

Hamiltonian is renormalized as
T, VZBTpa P
t gt pp 2
) (i, e ) (4): ™

where the site dependence of each orbital species is ndtigfypdlenoted. Equation (7) shows that the bandwidth réidac
implied by our effective model happens in a non trivial waythe case of the multi-band models usually dealt with in first-
principles calculations.

The arguments we have given are readily generalized to $eafaan arbitrary dynamical interaction. The represeutatf
Eq. (1) corresponds to a continuum of boson excitatibsis,), one for each frequenayin the screening process, with coupling
A(v). We then apply a generalized LF transformation obtaining

Uy = V+2/m /Ooodu ImUel(v) /v, (8)

Zp = exp (1/7r/ dv |mUret(l/)/l/2) . 9)
0

Matching this to the single mode formula implies a charastierfrequency

- fooodl/ vimUe(v) /12

N fooo dv ImUret(v) /12

(10)

wWo

Our theory has important implications for electronic stune calculations for correlated materials. Table (lli@gents our
results forwy, Zp andU values for a range of compounds calculated using the cRPAadd¥], in the implementation of
Ref. 17. TypicalZp values for oxides or pnictides lie in the range~of0.6 — 0.7 indicating substantial renormalization
of the low energy bandwidths relative to DFT calculatior[3ven though the screening frequencigsare typically high.
Standard DFT+DMFT calculations are available for most & tdompounds. As shown in Table Ill, in these calculations,
obtaining agreement with experimental results for massecdments and metal-insulator phase diagrams has reduirede
of U values substantially~ 40%) larger than the low-frequency Hubbard interactions dated from cRPA. For example,
for SrVO;, LDA+DMFT calculations withU ranging from 4 to 5 eV were found to yield good agreement wipegiments
[19-21] (instead of the cRPA value of 3.5 eV). Similarly, i®Yy, U = 4.0 eV was used [25, 26] instead 6f = 2.7 eV.
We believe that the difference arises because the previteuature did not incorporate the bandwidth reduction a@ffand
artificially compensated this by increasitig The one apparent exception is SrMn@here thdJ value quoted in Ref. 27 was
chosen to be consistent with the magnetic moment but gapber dynamical properties were not studied. A more recenkwo
of a t,-only model required a rather larger value of 3.5 eV, but agewith ¢, bands precludes a cRPA estimateZyf in this
case.

Figure 2 shows another illustration of the bandwidth reradimation phenomenon, comparing the spectral functionpsf o
timally doped BaFgAs, obtained with the “statid/” approximation (panel (a)) to the full treatment of the dyma U, as
explained in Ref. 34 (panel (b)), and the effective modeh§bdc)). Comparison of panels (a) and (b) shows that scngeni
has a substantial effect on the band structure, shiftingtieegy positions of bands and band crossings to a signifecaent.
(The model with screening also has an increased broadessdfing from a change in proximity to a spin freezing lineost
position depends very sensitively on parameters [34];dffect is not of primary interest here). Comparison of pare) and
(c) shows that the effective model captures the changesid daergies very well, and also reproduces the change imiige

To summarize, in this Letter we showed that the low energgctiffe Hamiltonian relevant to correlated electron matsri
involves two renormalizations: a reduction, to a value $endhan the isolated atom value, of the on-site Coulombraatgon
and a reduction, to a value smaller than the band theory vaftiee bandwidth. The reduction of the onsite Coulomb it&on
is a straightforward consequence of screening by high graegrees of freedom and has been discussed in many works. The
reduction of the bandwidth is a more subtle effect, which ingsortant consequences for the low energy physics, inctudi
a reduction in the amplitude, and a narrowing of the widthhef low-energy part of the electron spectral function, ad asl
a shift in the location of the metal-insulator transition.e Wave provided a precise prescription for obtaining thedisdtth
reduction and have tested our low-energy effective desanimgainst numerically exact dynamical mean field sohgiof
Hubbard models with full dynamit’ in a range of parameters relevant for correlated materiaiportant open questions are
the issues of full charge-self consistency and the relabetblé counting correction, both of which require knowled§physics
at energy scales above the range of validity of the low-gneffgctive model. This is the subject of current research.
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FIG. 1: Spectral functions computed from Eq. (2) at variceresning frequencies, with 5 = 40, screened interactiati, = 2 and coupling
constants chosen to produce the renormalization fa€tpas indicated. Also shown are the spectral functions condpfuten the effective
model (Eq. (6)) and for the statl¢ approximation.

effective model

FIG. 2: k-resolved spectral function for M8a, _,)Fe:As; at optimal dopingr = 0.4 and = 20eV~!, reported for a stati¢/ standard
DMFT calculation (panel (a)), the DMFT calculation with dymic U (w) (panel (b)), and the DMFT calculation for our effective l@energy
model. In all calculations, the static limit &f (= Fy) is U(0) = 2.84 eV, andJ = 0.68 eV. In the effective model, the double counting
correction is set to match thielectron number of the dynamical calculation.



Tables

TABLE I: Critical interaction strengtli/S2 (presented in terms of zero frequency screened value) déedeive the metal insulator transition
obtained from the single-site DMFT approximation to Eq.gRjnverse temperaturg = 100 and compared to the estimdtg! for different
values of the screening frequency and strength\. Also shown is the Lang-Firsov renormalization facly = exp[—\?/w{].

wo A 75 UZat15] et
15 0.820 0.74 2.103 1.891
1.5 2.010 0.17 0.613 0.423
2.5 1.330 0.75 2.085 1.921
2.5 2.770 0.29 0.861 0.747
10.0 3.725 0.87 2.225 2.220
10.0 6.465 0.66 1.640 1.679

TABLE II: Quasiparticle residue = 1/(1 — dlm[X(iw)]/0w|w=0) computed from the effective Hamiltonian Eq. (4) with scregti; = 2,
and differentvy, Zp and particle density as shown. The values in parenthesistge/relative discrepandy(wo)/a(wo — oo) — 1|. Note
that the static model without bandwidth reduction (last)@substantially incorrect.

| | half-filling | quarter-filling |
| [ 75=0.861 | Z5=0.861 Z5=0.741 |
wo =25 0.137 (0.37 0.635 (0.04) 0.560 (0.10)
wo = 3 0.125 (0.32 0.631 (0.03) 0.551 (0.08)
wo = 10 0.091 (0.06 0.604 (0.01) 0.509 (0.01)
wo = 00 0.085 0.609 0.504

static U 0.253 0.713 0.713

TABLE Ill: Boson renormalisation facta¥ g, characteristic frequenay, [eV], bare interactiorl [eV], zero-frequency screened interaction
Uy [eV] as calculated within the cRPA, in the implementationReff. [17]. For the oxide and sulfide compounds (except Sryjn@ata
refer to a model comprising only thejtstates, wheré’ is defined as the average over the diagonal entries of thedtdbbteraction matrix
Unmmmm. FOr the pnictide compounds, as well as for SrMradd CuO, a hybrid “d-dp” model in the notation of Ref. [17, &&}s constructed
andU (= Fy) is defined as the average over all density-density intenactiatrix elements. Experimental lattice structures lgti the case
of VO,, hexagonal lattice in the case of TdSvere used except in the cases of\BD4, LaVOs; and SrMnQ, where an undistorted (double)
perovskite structure was adopted. The column heddedivesU values obtained via a variety of methods other than cRPAngdiin the
literature to give quantitative agreement with experimghen used in DFT+DMFT (oxides, sulfides and pnictides) or BBTalculations
(SrMnG; and CuO) within the same correlated subspace, but witheutdand renormalization physics.

ZB wo |4 Uo Uit

SrvVOs 0.70 18.0 16.5 3.3 4-5 [19-2p]
SKLVO, 0.70 18.1 15.7 31 42 [23]
LaVOs3 0.57 10.3 13.3 1.9 5 [24]
VO, 0.67 15.6 15.2 27 4 [25, 26]
TaS 0.79 14.7 8.4 1.5

SIMNO; 0.50 13.3 21.6 31 27 [27]
BaFeAs; 0.59 15.7 19.7 28 5 [28]
LaOFeAs 0.61 16.5 19.1 2.7 3.5-5 [28-30]
FeSe 0.63 17.4 20.7 42 4-5 28, 3l1]
CuO 0.63 21.1 26.1 6.8 7.5 [32]




