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Eletron quasipartiles are progressively weakened by orrelations upon approahing a ontinuos

Mott metal insulator transition in a bulk solid. We show that orresponding to the bulk weakening,

a dead layer forms below the surfae of the solid, where quasipartiles are exponentially suppressed.

The surfae dead layer depth is a bulk property, and diverges when the Mott transition is approahed.

We desribe this phenomenon in a Hubbard model within a self-onsistent Gutzwiller approximation.

Photoemission data of Rodolakis et al. in V2O3 appear to be in aord with this physial piture.

PACS numbers: 73.20.-r, 71.30.+h, 71.10.Fd

The Mott transition[1℄ where a lattie of atoms or

moleules abandons the metalli state and turns insu-

lating due to eletron-eletron repulsion, has a very intu-

itive physial explanation. Eletron motion in the lattie

is aused by kineti energy, and favored by eletron-ion

energy beause the same eletron an feel in this way

the attration of more than one nuleus. It is opposed

by Coulomb repulsion, higher for itinerant eletrons due

to the higher hane of ollision during motion. When

the �rst two terms (whih form the band energy) prevail,

the system is a band metal; otherwise the eletrons loal-

ize, and we have an insulator. Despite that oneptual

simpliity, properties of Mott insulators and espeially

of the strongly orrelated metalli state lose to a Mott

transition remain quite di�ult to apture both theo-

retially and experimentally. Theoretially, the reason

is that the Mott transition is a olletive phenomenon,

whih esapes single-partile or mean �eld theories suh

as Hartree-Fok or DFT-LDA approximations. Experi-

mentally, ompliations suh as magnetism, lattie dis-

tortions, et., often onspire to mask the nature of metal

insulator transitions.

Fresh progress on this problem has ome in the last two

deades with dynamial mean �eld theory (DMFT)[2℄,

whih in the standard Hubbard model showed that, as

the eletron-eletron repulsion parameter U inreases,

the initial band-metal evolves �rst to a strongly or-

related metal well before the Mott transition. In the

strongly orrelated metal the eletron spetral funtion

undergoes a profound hange exhibiting well formed, lo-

alized Mott-Hubbard bands oexisting with deloalized,

propagating quasipartiles � the latter narrowly entered

in energy near the Fermi level. Only suessively do

the quasipartiles disappear as the Mott transition takes

plae when U is inreased to reah U = Uc. This in-

triguing predition � simultaneous metalli and insulat-

ing features, though on well separated energy sales �

has stimulated a onsiderable experimental e�ort to re-

veal oexisting quasipartiles and Mott-Hubbard bands

in strongly orrelated metals[3, 4, 5, 6, 7, 8, 9, 10, 11, 12℄.

A large amount of work has been done on V2O3, the

prototype ompound where a Mott transition was �rst

disovered[13℄ and studied theoretially[14, 15℄. At the

metal-insulator transition of (V1−xCrx)2O3, early pho-

toemission experiments[16, 17, 18, 19℄ failed to reveal

the sharp quasipartile peak predited by DMFT. The

eletroni spetrum was simply dominated by the lower

Mott-Hubbard band with barely a hint of metalli weight

at the Fermi energy. A similar puzzle was atually re-

ported muh earlier in f -eletron materials[20℄, and soon

asribed to large surfae e�ets in the presene of strong

orrelations[21℄; the same onlusion reahed by more re-

ent photoemission experiments[3, 4, 6, 7, 11, 12, 22℄. In

V2O3, using higher kineti energy photo-eletrons, whose

esape depth is larger, a prominent quasipartile peak o-

existing with inoherent Mott-Hubbard bands was even-

tually observed [5, 10, 23℄. Quasipartile suppression

in surfae-sensitive probes was attributed[23℄ to surfae-

modi�ed hamiltonian parameters, the redued atomi o-

ordination pushing the surfae loser to the Mott tran-

sition than the underlying bulk. Larger eletroni orre-

lations at the surfae have been disussed by several au-

thors through ad-ho formulations of DMFT[25, 26, 27℄.

There is general agreement on intrinsially di�erent

quasipartile properties near a surfae, even if all hamil-

tonian parameters were to remain identially the same

up to the outermost atomi layer[25℄.

This onlusion, although not unexpeted, raises a

more fundamental question. A metal does not possess

any intrinsi length-sale at long distanes other than

the Fermi wavelength. Thus an imperfetion like a sur-

fae an only indue at large depth a power-law deay-

ing disturbane suh as that assoiated with Friedel's os-

illations. Sine one does not expet Luttinger's theo-

rem to break down, even in a strongly orrelated metal

these osillations should be ontrolled by the same Fermi

wavelength as in the absene of interation, irrespetively

of the proximity of the Mott transition. However, a
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strongly orrelated metal does possess an intrinsi energy

sale, the parametri distane of the Hamiltonian from

the Mott transition, where that distane ould be asso-

iated with a length sale. The surfae as a perturbation

should alter the quasipartile properties within a depth

orresponding to that length, a bulk property inreasing

near the Mott transition, unlike the Fermi wavelength

that remains onstant. In this respet, it is not a priori

lear whether the reovery of bulk quasipartiles spe-

tral properties with inreasing depth should be stritly

power-law, ompatible with the ommon view of a metal

as an inherently ritial state of matter, or whether it

should be exponential, as one would expet by regard-

ing the Mott transition as any other ritial phenomena

where power laws emerge only at ritiality. We �nd here

in the simple half-�lled Hubbard model that the quasi-

partile spetral weight below the surfae is atually re-

overed exponentially inside the bulk with a length-sale

that depends only on the bulk properties and diverges

approahing the ontinuous Mott transition.

To address the generi surfae features of a a strongly

orrelated metal, we study the simplest Hamiltonian ex-

hibiting a Mott transition, namely the Hubbard model

at half-�lling

H = −t
∑

<RR′>σ

c†
RσcR′σ +H.c.+

∑

R

UR nR↑nR↓, (1)

where< RR
′ > are nearest neighbor sites, c†

Rσ reates an

eletron at site R with spin σ and nRσ = c†
RσcRσ. Con-

ventionally, the Mott transition of the half-�lled Hubbard

model is studied restriting to the paramagneti setor of

the Hilbert spae[2, 14, 15℄ so as to avoid spurious e�ets

due to magnetism. We assume a ubi lattie of spaing

a with periodi boundary onditions in x and y dire-

tions and open boundary onditions in the z diretion,

in an N -layer slab geometry with two surfaes at z = 0
and z = N a. The Hubbard eletron-eletron interation

parameter UR is U everywhere exept at the top sur-

fae layer(z = 0), where it takes a generally higher value

Us > U . In this way we an ompare e�ets at the ideal

lower surfae (z = N a), where UNa = U , with the more

orrelated upper surfae (z = 0). DMFT[2℄ o�ers an ideal

tool to attak this model in the paramagneti setor, as-

suming a loal self-energy that depends on the layer index

z[25, 26, 27℄. However, a full DMFT alulation of this

sort is numerially feasible only for a small number of

layers, e.g. N = 20 as in Ref.[28℄, making the ritial

regime near the Mott transition hard to aess. As a

useful approximate alternative, one an resort to the so-

alled linearized DMFT[25, 29℄ to treat moderately larger

sizes. We deided to adopt a di�erent method altogether,

the Gutzwiller variational approximation[30℄. Despite its

limitations (stati mean �eld harater; inability to de-

sribe the insulating phase) it is known to provide a good

desription of quasipartile properties lose to the Mott

transition[2℄ with very little size-limitations, and great

simpliity and �exibility (it may treat intersite intera-

tions, any kind of lattie, et.). We study (1) by means

of a Gutzwiller type variational wavefuntion

|Ψ〉 =
∏

R

PR |Ψ0〉, (2)

where |Ψ0〉 is a paramagneti Slater determinant. The

operator PR has the general expression

PR =

2
∑

n=0

λn(z) |n,R〉〈n,R|, (3)

where |n,R〉〈n,R| is the projetor at site R = (x, y, z)
onto on�gurations with n eletrons, and λn(z) are

layer-dependent variational parameters. We alulate

average values on |Ψ〉 using the so-alled Gutzwiller

approximation[31, 32℄, (for details see e.g. Ref.[30℄,

whose notations we use hereafter), and require that

〈Ψ0|P
2
R
|Ψ0〉 = 1, 〈Ψ0|P

2
R
nRσ|Ψ0〉 = 〈Ψ0|nRσ|Ψ0〉. (4)

Beause of partile-hole symmetry, 〈Ψ0|nRσ|Ψ0〉 = 1/2,
from whih it follows that Eq. (4) is satis�ed if λ2(z) =
λ0(z), λ1(z)

2 = 2 − λ0(z)
2
. The average value of (1) is

then[30, 33℄

E =
〈Ψ|H |Ψ〉

〈Ψ|Ψ〉
=

∑

R

UR

4
λ0(z)

2
(5)

−t
∑

<RR′>σ

R(z)R(z′) 〈Ψ0|c
†
RσcR′σ +H.c.|Ψ0〉,

where R(z) = λ0(R)
√

2− λ0(R)2 plays the role of a

wavefuntion renormalization fator. Its square is the

atual quasipartile weight, Z(z) = R2(z), sine quasi-

partile reation renormalizes into R(z) c†
Rσ in Fermi liq-

uid theory. One an invert this equation to express λ0(z)
as funtion of R(z), whih beome the atual variational

parameters together with the Slater determinant |Ψ0〉. In
order to minimize E in Eq. (5) we assume that the Slater

determinant |Ψ0〉 is built with single-partile wavefun-

tions that, beause of the slab geometry, have the general

expression φǫk||
(R) =

√

1/A eik||·R φǫk||
(z), where A is

the number of sites per layer and k|| the momentum in

the x-y plane. The stationary value of E with respet to

variation of φǫk||
(z) and R(z) orresponds to the oupled

equations



3

ǫ φǫk||
(z) = R(z)2 ǫk||

φǫk||
(z)− t R(z)

∑

p=±

R(z + p a)φǫk||
(z + p a), (6)

R(z) =
4
√

1−R(z)2

U(z)A

occupied
∑

ǫk||

[

− 2R(z) ǫk||
φǫk||

(z)2 + t φǫk||
(z)

∑

p=±

R(z + p a)φǫk||
(z + p a)

]

, (7)

Figure 1: (Color online) The quasipartile weight Z(z) =
R2(z) as funtion of the oordinate z perpendiular to the

surfae (in units of the lattie spaing) for a 100-layer slab.

The interation parameter at z = 0 is Us = 20t, while the

bulk U is 15.98t in the upper panel and 15t in the lower one

(while Uc =16). The insets show the behavior of Z lose to the

two surfaes; the highest urve orresponding to the bulk-like

surfae, the other to Us = 20t.

where ǫk||
= −2t (cos kxa+ cos kya) and the sum in

Eq. (7) runs over all pairs of

(

ǫ,k||

)

that are ou-

pied in the Slater determinant |Ψ0〉. The �rst equa-

tion has the form of a Shr÷dinger equation that the

single-partile wavefuntions φǫk||
(z) must satisfy, de-

pending parametrially on R(z). The seond equa-

tion has been intentionally ast in the form of a map

Rj+1(z) = F [Rj(z), Rj(z + a), Rj(z − a)] whose �xed

point we have veri�ed to oinide with the atual solution

of (7) in the parameter region of interest. Eqs. (6) and

(7) an be solved iteratively as follows. First solve the

Shr÷dinger equation at �xed Rj(z); next �nd the new

Rj+1(z) using the old Rj(z) and the newly determined

wavefuntions φǫk||
(z). With the new Rj+1(z), repeat

the above steps and iterate until onvergene. Beause

of the large number of variational parameters, this iter-

ative sheme is muh more e�ient than � while fully

equivalent to � a diret minimization of E, Eq. (5).

In Fig. 1 we plot Z(z) = R2(z), experimentally the to-

tal spetral weight arried by quasipartiles, alulated

U = 15 t

U = 15.98 t

Figure 2: Quasipartile weight dependene on the distane z

from the surfae for two di�erent bulk U values and for two

ases: one where only the �rst layer has Us = 20 t > U (upper

urve in eah panel), the other where �ve surfae layers have

Us = 20 t.

as funtion of z (in units of the lattie spaing a) for

Us = 20t, for two di�erent bulk values 15t and 15.98t of U
below the ritial Mott-transition value Uc = 16t. Com-

ing from the bulk, the quasipartile weight Z(z) dereases
monotonially on approahing both surfaes, where it at-

tains muh smaller values than in bulk. As expeted,

the more orrelated surfae has a smaller quasipartile

weight, Z(0) < Z(N). Note however that so long as the

slab interior (the �bulk�) remains metalli, the surfae

quasipartile weight never vanishes no matter how large

Us[25℄. Mathematially, this follows from Eq. (7), whih

is not satis�ed by hoosing R(0) = 0 while R(z > 0) 6= 0.
Physially, some metalli harater an always tunnel

from the interior to the surfae, so long as the bulk is

metalli. The quasipartile weight approahes the sur-

fae with upward urvature when U is losest to Uc, up-

per panel in Fig. 1, whereas the behavior is linear well be-

low Uc, as found earlier within linearized DMFT[25℄. We

note that an upward urvature is in better aord with

photoemission spetra of Rodolakis et al. on V2O3[34℄.

The urvature beomes more manifest if the number of

surfae layers where Us > U is inreased, as shown in

Fig. 2. Next, we analyse the dependene of R(z) at large
distane 1 << z << N/2 below the surfae. As Fig. 3

shows, we �nd no trae of a power law, and R is best �t

by an exponential R(z) = Rbulk+

(

Rsurf−Rbulk

)

e−z/λ
,

where Rbulk is the bulk value (a funtion of U only) and

Rsurf < Rbulk. Rsurf now depends on both U and on

Us, and vanishes only when Rbulk does at U > Uc. A de-

tailed study by varying U and Us shows that the surfae
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Figure 3: Log sale plot of Rbulk − R(z) versus z for U =
15.99, Us = 20t and for di�erent thiknesses of the slab N =
60, 100, 200, 400.

�dead layer� thikness λ depends only on bulk properties

and diverges at the Mott transition as λ ∝ (Uc − U)
−ν

.

Numerially we �nd ν = 0.53± 0.3 ≃ 0.5, a typial mean

�eld exponent[28℄. The same onlusion an atually be

drawn by analysing Eqs. (6) and (7) deep inside the bulk.

We note that the preise behavior at the outermost sur-

fae layers would in a real system depend on details, suh

as lak of eletron-hole symmetry and/or surfae dipoles,

not inluded in our model. However, we believe that the

exponential behavior and its divergene at a ontinuous

Mott transition should be generi and universal, and thus

independent of these and other details. In onlusion, we

have shown in a simple approximation the existene in

the Hubbard model of strongly orrelated metals of a

�dead layer� below the rystal surfae. Within this layer

� whose depth is a bulk property and not a surfae prop-

erty of the metal � the quasipartile weight deays ex-

ponentially on approahing the surfae. The dead layer

thikness λ inversely depends on the distane in parame-

ter spae to the bulk ontinuous Mott transition, where it

diverges ritially. The physial signi�ane of λ is that

of a orrelation length of the bulk metalli state, where

the quasipartile weight ats as an order parameter, rit-

ially vanishing at a ontinuous Mott transition. Like

other features of the Hubbard model, this result should

we believe arry over to real systems with an ideal Mott

transition, not obsured by e.g., symmetry breaking phe-

nomena like magneti order, provided that the ritial

region is not preempted by a strong �rst order jump,

like that in the α-γ transition of Ce. It ould therefore

apply to high temperature V2O3 near the paramagneti

metal-insulator weakly �rst order line, notwithstanding

ompliations inluding orbital degeneray, Hund's rules,

and oupling to the lattie (see e.g. Ref.[35℄ and refer-

enes therein). We thus expet a surfae dead layer in

the metal phase of V2O3 , with thikness inreasing (al-

though not diverging beause of the �rst order transi-

tion) on approahing the Mott transition line. The asso-

iated paper by Rodolakis et al. reports photoemission

evidene whih lends some support to this piture. It is

also interesting to note that an anomalously thik sub-

surfae dead layer has long been observed in mixed valent

YbInCu4[36℄, with a depth not smaller that 60Å[37℄.
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