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Two Interacting Quasiparticles Above the Fermi Sea
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We study numerically the interaction and disorder effects for two quasiparticles in two and three
dimensions. The dependence of the interaction-induced Breit-Wigner Widih the excitation energy
above the Fermi levek), the disorder strength, and the system size are determined. A regime is found
whereTl is practically independent of. The results allow us to estimate the two quasiparticle mobil-
ity edge. [S0031-9007(97)03500-X]

PACS numbers: 72.15.Rn, 71.30.+h

Recently the combined effect of interaction and disor-of TIP localization in the 1D case [11]. To facilitate
der has been studied by different groups for two particleshe numerical simulations we used the approximation
in a random potential [1-5]. This research showed armproposed in [2,4,6] that is based on the consideration
interaction-induced enhancement of the two-particle lo-of only two quasiparticles above the Fermi enety,
calization lengthl, compared to the noninteracting length neglecting all TIQ transitions involving hole excitations
. For low-dimensional systems (1D, 2D) the two in- below Er. With such an approximation the quasiparticle
teracting particles (TIP) can propagate coherently over decay ratel’, becomes zero or, in other words, the
large distancd,. > [; but still remain localized. In 3D, inelastic processes are suppressed (see the discussion
the interaction can lead to TIP delocalization in an oth-below). In this context we are able to study the TIQ
erwise completely localized regime. In physical systemsproblem in blocks of linear sizes up tb = 30 in 2D
however, one should study the interaction effect at a fiand L = 10 in 3D, which are significantly larger than
nite particle density. This type of problem is much morefor the exact diagonalization of multiparticle problems.
difficult for both the analytical and numerical approachesOur approach can also give a better understanding of the
Up to now, the only theoretical treatment of this case hagproblem of quasiparticle interactions in a quantum dot,
been done by Imry [2]. He took into account the effectwhich has been recently addressed experimentally [12]
of the Fermi sea on the interaction-induced delocalizatiomnd theoretically [13].
of two quasiparticles. According to Imry’s estimate, in  For the numerical studies, we chose the TIQ model
3D the mobility edge for two interacting quasiparticles iswith an on-site interaction of strengiti on the 2D/3D
lower than that for noninteracting quasiparticles. So farAnderson lattice with intersite hopping and the diag-
only the 1D case has been treated numerically [6]. Howenal disorder homogeneously distributed in the interval
ever, this case is of less importance since the enhancemdnrtW /2, W/2]. The eigenvalue equation expressed in the
occurs very far above the Fermi level, in contrast to thebasis of the two-particle unperturbed eigenstates reads
2D and 3D cases. Therefore it is very important to study

the problem in higher dimensions. (Em, + En))Xmym, + U Z Oumyamy,m)y ) X))y
Exact numerical computations at a finite density are m'm
quite difficult, and for this reason only small system sizes = EXm.m, - 1)

are accessible [7,8]. Even though this approach has ledere, the transformatioR between the lattice sites basis
to a number of interesting results, it seems that siz¢n) and the one-particle eigenbasghs, with eigenenergies
restrictions do not allow a check of the Imry estimateE,, is given by|n) = >, R,mdm. Accordingly, xm, m,
since it requires a relatively large one-particle localizationare eigenfunctions of the TIQ problem in the one-particle
lengthl,. Therefore we choose another approach that igigenbasis. The matrix of transitions produced by the in-
based on a computation of the interaction-induced Breitteraction isQ ., m,m!.m, = > R,{mlR,;ﬁman’m;Rn’m;. The
Wigner width I' of the local density of states of two Fermi sea is introduced by restricting the sum in (1) to
interacting quasiparticles (TIQ) above the Fermi sea. This:, with unperturbed energies,,, > Er. The value of
width plays an important role since it is directly related Er is determined by the filling factor which was fixed

to the enhancement factor for the localization lengthat w = 1/4 in 2D andu = 1/3 in 3D. However, the re-

x ~ I'p., wherep,. is the density of states coupled by sults are not sensitive to this choice. At a small disorder
the interaction [1,2,9].T" also strongly affects th&,(E)  this gives approximatelffr =~ —1.4V andEr = —V, re-
statistics on the energy scale > I' [10]. Such al'-  spectively. Because of the on-site nature of the interac-
based approach, even though not direct, is much morgon, only symmetric configurations were considered. By
efficient and allows us to get a better understandinglirect diagonalization of the model (1) we computed the
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local density of states, pendent of the disorder strengi. Indeed, forl; > L
W this estimate is in good agreement with the numeri-
pw(E — E,, — Ep,) = g X |"8(E = Ex). (2)  cal data presented in Figs.1 and 2 with = 0.52

This function characterizes the probability contribution(z_D) and € = 0.3 (3D). MOSt of the dat"." forl .in .
Figs. 1 and 2 were obtained by direct diagonalization

. ) L .
of the eigenfunctionym,», with eigenenergyE, in the of the model (1). Another wa . .

X ' . y to determinié with-
ulrllpehrturtiﬁd baﬁ'i¢ml¢m2é‘ :NV?/ found hthat It gerfr- out computation of the TIQ eigenstates is based on
ally has the well-known Breit-Wigner shapesy (E) = 0 Form golden rule which should remain valid for a

5 5 ) ! i
F/[%;T(E t; I*/4)] (S{ee F'?t'hl)’ wr:jerle tohe W'dt.ﬁ d_e moderate interaction strength. This approach giVes
pends on the parameters of the model. Our main aim was__ S ot \UQu st it P8(€ + 2Ep — Eyy — Epy) in

to invgstigate this dependence on th'e s_ystem size, the i'E'érms of the transition matrix elements between one-
teraction strength, and the TIQ excitation energy abov%article eigenstates only. Heee= E,, + E,, — 2Er
. n; ny ’

th?rﬁsr?gsii? f:r ]ih; ;gF 'an d 3D cases in the regimeand to improve the statistics we averaged over different
of weak disorder are presented in Figs. 1 and 2. For o> With approximately the same. As can be seen in

ficientlv hiah i th triction i igs. 1 and 2, both methods are in good agreement for the
sufticiently high excitation €nergy, the restriction Im-- ;e raction strengtly = 1.5V. Another confirmation of

pc_)sed by the Fermi sea becomes unimport'ant and ”}ﬂe validity of the golden rule is th&/?> dependence of
width T'(e) tends to the valugl“o N UZ/VLd Wh'Ch.Corf I" obtained by direct diagonalization (Fig. 2). Both ap-
responds to the result obtained with the ergodic e'genbroaches also confirm that the scalifige L~ is valid
functions [1,2,9]. - In this appro?ch th2e tzransiti2on gatrixfor weak disorder. We used up to 100 realizations of dis-
elements havg a typwal_valg@s =UiQ"~U /.L ' . order for the Fermi golden rule approach and up to 500
and the transmo? rzate is given b%/Dthe Fermi goldenc o Girect diagonalization.
rule with I ~ U"Q"p. and p. ~ L*°/V. The pres- The situation becomes more intricate at higher disorder.
ence of the F%rm' sga mOd'f'eSmt)h'S ciensny Wh'CT be44ere our results show that becomes much less sensitive
Cﬁme%inl??y' epem SM(E) ~ L7e/V™. Asaresult, ;1o ¢ yariation (Fig. 3). The tendency is clear: At a
the widt rops with decreasing er;ergy as [2] disorder which is still moderatd, becomes practically
Ue _ 3) independent ofe, which has been varied over 1 order
V2L of magnitude. In the 3D case, such behavior takes
This behavior was assumed to remain valid for a wealplace even in the delocalized regimie < W. = 16.3V.
enough disorder as long d = [;. Hencel is inde- The data even indicate a small growth bfe) with
decreasing atW = 12V. At high disorder/; decreases

€
I'le) = CFOV =C

: ' ' - and becomes comparable with or even less thanin
Y T A I T— " o 1 this situation the eigenstates are no longer ergodic in the
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FIG. 1. Energy dependence of the rescaled Breit-Wigner oo

width I'/Ty in 2D. Direct diagonalization (DD) data at 00 0y 20

W/V =2: U/V = 0.6 with L = 8(O), L = 15 (A), L = 20 &

(O); U/V =15 andL = 20 (). Fermi golden rule (FGR) FIG. 2. Same as Fig. 1 in 3D. DD data &t/V = 1.2 and
data: W/V =2 with L =20 (+), L=25 (X); W/V =1 W/V=4withL =4(0),L=50),L==6(),andL =7
with L = 15 (*). The straight linel'(e)/I'y = Ce/V with (A). FGR data:W/V = 4 with L = 10 (X); W/V = 2 with

C = 0.52 shows the Imry estimate. Upper inset: the same onL = 8 (+). Here C = 0.3. Upper inset: the same on a
a log-log scale with FGR data at higher disordeig/y = 6 log-log scale with FGR data at higher disordeig/[V = 12
(A) andW /v = 10 (W) (L = 30)]. Lower inset:py Vs E for (A) and W/V =20 (W) (L = 10)]. Lower inset: DD data
L=20,W/2=V =1,U = 0.6, = 04 fitted by ppy with for ' vs U/V at W/V =4,L =6,V = € = 0.5 (solid line:

I' = 0.18T (solid curve). I' = 0.3T).
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1.00 - - pr€/A is the density of three-particle states composed of
. two particles and one hole in the final state. In the other
regime relevant for the metallic quantum ddt,< ¢ <
8gos E., this rate isT'p ~ A(Ue/VE.)? [13]. This shows that

A the matrix elementd/2 ~ I'p/p; are not always given

a .e" A% by the ergodic estimate in agreement with recent results
ool o 20 L 5%° | [16]. The different nonergodic regimes can be described
® ® by the following approximate expression [17]:

2 A2 dj2—2
o v~ (S S+ 2) (4)
V)] g E.

o where ¢ = E./A is the conductance, assumed to be
much bigger than one. According to (4) the TIQ width
0.01) S0 007 X0 I' ~ U?p, increases with disordeél’ even in the metal-
e/adv lic regime sinceE. = D/L* ~ V3/(WL)2 with D being
FIG. 3. Energy dependence of the rescaled Breit-Wignethe diffusion constant. The ergodic estimate t(bf is
width /T in 2D (eft) and 3D (right). FOR data in 20: recovered forg > E;/A ~ V/A [16] corresponding to
W/V =2 with L = 20 (O) andL = 30 (®); W/V = 4 with V€Y Wea_k dlsorder. The energy dependerfbec, € ,
L =20 (0)andL = 30 (W); W/V = 6 with L = 20 (¢) and  from (4) is in agreement with the numerical data &br=
L =30 (#). DD datain 2D atL = 20, U/V = 0.6: W/V = 2 (Fig. 3), but in 3D the data indicate an algebraic depen-
2 (+), W/V =4 (X), andW/V =6 (). FGR data in 3D dence with the powetr < 0 (o = —0.2 for W = 12V
atL = 10: W/V =4 (0), W/v =12 (L), W/V =20 (0),  and o ~ —0.3 for W = 20V) instead of the theoretical
andW/V =28 (A). DD datain 3D atL =6, U/V = 1.2: . . .
W/V =4 (+)andW/V = 12 (X). veluea = 1/2. There could be different reasons for this
discrepancy. One casé/ = 20V, corresponds to the
localized regime while the theory requires a metallic be-
block, and the scaling” = L~ is not valid any more. havior. The other caséy = 12V, even though still de-
In the limit 1 < [; < L, it is natural to expect another localized, is quite close to the critical valt#é.. Our data
scalingl” o« /; 4. To check this scaling we computed the indicate that, in the metallic regime with< W/V < 12,
inverse participation ratig ~ /{, which allowed us to the powera smoothly changes fromto —0.2.
calculate the ergodic valug, = U?/V&. Surprisingly, at present, there are no theoretical predic-
At a sufficiently high excitation energy, the real width tions for U2, not only near the critical valu#&, but also
should beI’ ~ I'; which gives the correct scaling with in the localized regime witll; > 1. It seems natural to
the system size in the localized regime according to thénake the assumption that, in the localized case, the transi-
numerical data. This would explain why, in a block of tion matrix elements will be given by an equation similar
fixed size,I" increases with increasing disorder (see inset$o (4) with g = 1 since in a block of sizé, the Thouless
in Figs. 1 and 2). While this estimate gives the correctenergy iSE. =~ A ~ V/I{. This givesI' ~ T'j(e/A)?,
value of I' at high energies, i.e.e = 2V (Fig. 3), i wherea has replaced the theoretical valdg2 — 1 valid
does not explain the change of energy dependence wiih the metallic regime. We will assume that fér= 2
disorder. We should note that even in this unusual regiméhe exponenta| < 1. In 3D the TIQ mobility edges,,»
both the direct diagonalization and the Fermi golden rulds defined by the conditiox = I'p,. > 1 [1,2]. Since

<
<
O m % e
X 0
x>
»

LN

+0 e
+

computations give the same value of the widith p. ~ €/A?, the above expressions fbrgive
It is clear that the change of the energy dependence v [ v \Y1+a) e, \V4 [V \Y 1+
of I' cannot be explained in the framework of the €,, ~ l_d<_> ~ V< Vv > <U> , (5)
1

ergodic transition matrix element§? ~ (U/V)?A3/V,

where A ~ V/L? is the one-particle level spacing in a where ¢€,,; ~ Vlfl/v is the one-particle mobility edge.
block of sizeL. At the same time, the numerical results The one-particle critical exponent is =~ 1.5 [18]. Be-
for the two-particle density of statgs, definitely show cause of this, forU ~ V, the edgee,» < €,;. The
that it increases linearly with the excitation energy above result (5) gives a much smaller value égp than

as p, ~ €/A%. Therefore the only possibility is that at the one given by the Imry estimate [2]. The main rea-
higher disorder the ergodic estimate g is no longer son for this is that the transition matrix elements in the
valid. Indeed, from the theory of quasiparticle lifetime block of sizel,, whereg = 1, are much larger than their
in disordered metals and quantum dots [13-15], it isergodic value used in [2]. The condition that the TIQ de-
known that the diffusive nature of the dynamics shouldlocal|zat|on border iy ate ~ V is the same as for TIP
be taken into account. For an excitation eneeggnuch (U > V/11 [1 2]) givesa = 0.

bigger than the Thouless enerdy., the quasiparticle The numerical results for the dependencexof T'p,
decay rate i’y ~ UZps ~ A(Ue/VE.)%/?, wherep; ~  on e are presented in Fig. 4. To determine numerically
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10.0 ' o® €q2 ~ A is the minimum possible mobility edge in our
e o : ¥ model with the frozen Fermi sea. This indicates a possi-
$ ¢ ¢ X, bility of interaction-induced rearrangement of the ground
. * ¢ . momEos state from the localized to conducting phase. Energeti-
¢ . x cally, the delocalization of TIP pairs causes a decrease
t . y of the kinetic energy bysE_ ~ 6p ~ V/I;, which can
P e be larger than the energy increase due to the interaction
i 4 X 4 A faan S8E, ~ U/IY. The above results could give a hint as to
A A, aaan ALA an explanation of recent experiments on the interaction-
A A induced metal-insulator transition in 2D disordered sys-
tems [20].
We thank O. P. Sushkov for useful discussions.
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