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A lattice model of spinless interacting electrons is used to formulate the Landau theory of the Fermi liquid
to electron-glass quantum phase transition. We demonstrate that the presence of additional random site energies
does not affect the character of the transition, once the replica symmetry breaking is considered self-
consistently at the mean-field level. Inside the glass phase, the low temperature conductivity assumes a non-
Fermi liquid s~ T*? form, in agreement with recent experiments.
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Numerous recent experiments have demonstrated that the
phase diagram of the low carrier density systems proves re- H=2 (~tj+e8))clcj+ 2> Vyclecle. (1)
markably rich even in the absence of magnetic fiéldhe ! !
fascinating strong correlation physics has been observederet;; denotes the corresponding hopping elements, while
whenever the energy scale of the Coulomb repulsive interaoy;; describes the intersite Coulomb interactions. The distri-
tions is comparable to that of the Fermi energy. Once disorbution of the random site energiesis assumed to be Gauss-
der is weak enough, the interactions alone can lead to insuan, with varianceW. As the simplest mod&ffor the glassy
lating behavior, characterized by hard gaps in the chargéreezing of electrons, we choose the intersite interactigps
sector. But if the magnitude of random potential is compa-o be infinite range and Gaussian distributed rantforari-
rable to the Fermi energy, electrons approach the stronglgbles, with varianc/. For this model, it is straightforwatd
localized regime. In this case, the interplay between localizato employ the methods of dynamical mean-field thébry
tion and Coulomb interactions is generally expected to leadvhich is formally exact in the limit of large coordination.
to (gapless glassy ordering of electrorfs. The averages over randomness are carried out by using stan-
Very interesting new information on this problem comesdard replica methods;? which are also used to identify the
from recent experiments by Bogdanovich and Popdvic ~ €mergence of the glassy phase. This procedure idadbe
this work, strong long-time fluctuations of conductivity were following single site effective actiopw,=m(2m+1)T]
observed as the electron density is reduced below some criti-
cal value, indicating a dramatic slowing down of electron S ta P g2 a
dynamics. This behavior was attributed to the presence of the Ser1) wEm é G (omlion =G wm) I (@)
glassy freezing that appears to come from the charge degrees 2
of freedom. Interestingly, the glassy behavior seems to _ p Bd d v 2 a ab/ . _
. ' ) o 71072} & ony (71)Q*( 11— 72)
emerge appreciably before the metal-insulator transition, 0Jo ab
thus identifying an intermediate metallic glass phase. This W2
suggests that the metallic glass is located between the Fermi- X 5”ib(7'2) 4+ — 2 ond( 71)5nib( )1 2)
liquid and the insulating glassin which electrons are com- 2 ap
letely localized as mentioned in the preceding paragraph.
llonsidey the glass phase, unusual tempgrature dgegend?ancpzalgfthe formule} apoye, thg functional integration is performed
the conductivity was observed, which was fitted to the formove_r th? fgrm|0n|c fields; ng) (a=1,...narethe standgrd
So~T32 replica indices on?(7)=c/?(7)c?(7)—3 denotes the devia-
The main goal of the current Rapid Communication is totion of the dgnsity frqm hglf filling. We took into account
theoretically examine the nature of the quantum phase traﬁhazt the “Weiss” (cavity) field has the formWs(7;— )
sition from a Fermi liquid to such a metallic glass phase, and™ t"G(71— ) for electrons on a Bethe lattice. The Green
account for the resulting modifications of charge transportfunction G(,— ) along with the order paramet€®*(r,
Previous works have extensively examined the quantunt 72) Must be determined self-consistently using the effec-
paramagnet to spin-glass transitions, regarding thus the splive action given by Eq(2),> G(r;— ) =(c[*(r1)c()),
degrees of freedom as the only relevant ones at critidaity. Q3°(71— m5)=(n(ry) onP(r,)). The replica diagonal
Here, we use a similar approach to study the onset of glasstomponents 0Q?%(7) represent the averaged dynamic com-
ness in the charge sector. Using a recently developed dyressibility, while the parametef3®” (a#b) are time inde-
namical mean-field formulatioh,we construct a Landau pendent and related to the familiar Edwards-Anderde)
theory which provides a complete description of the electrororder parametét.Simple analysis shows that, is nonzero
dynamics near the relevant quantum critical point. everywhere, onc®/+# 0. This is the consequence of the non-
We consider a lattice model of spinless interacting elecuniform density due to the onsite random potential. As a
trons at half filling in the presence of onsite randomness, agesult, the glass transition fW+ 0 assumes the character of
given by the Hamiltonian a De Almeida-Thouless lin¥;®>where special care is needed
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in formulating a Landau theory. As it will be clear from

below, the relevant Landau theory can be rigorously formu-

lated, only if W is small, but our conclusions remain quali-
tatively correct for arbitrarily larg&V. If V is much smaller
thant, action Eq.(2) describes the usual disordered Fermi
liquid,** while in the opposite limit the glassy ordering per-
sists down toT=0.2 The quantum phase transition to the
glassy phase occurs in this model at some critical valu
(t/V)r, Which has weak dependence b°

To obtain the Landau functional we must perform a cu-
mulant expansion in Eq2), treating the term withQ"(r,
—7,) as perturbation. Before doing this, it is necessary to
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R;=pB[D(0)+Bdgal, R,=p? (7)
By BWAV?
3:F1 R4: 2 .

Fermi liquid phaseAs we emphasized previously, there is

0 replica symmetry breaking in the Fermi liquid phase.
herefore, it is natural to choose the parametrizatipp

=(ga in this phase and take the variational derivative of Eq.

(6) with respect toge,, Obtaining thus

2\ /2
shift the Q matrices, eliminating thus the noncritical regular 2D(0) Qe+ 2_ngA+ ﬂzo_ (8)
part in diagonal elements3E 1/T), 3v4 2
W2 Varying subsequently Ed4) with respect tdD(w,) we ar-
Q% w,,)— Q% w,) — K52~ 'BW S 0- (3)  rive at the equation:
1
ConstantC must be formally determined from the condition r+|w,|+u|— > D(wy)+qea| —D3(wy)
of absence of the tenﬁwnEab[Qf"b(a)n)]2 in the underlying “n
Ginzburg-Landau actiohthat reads 2y , 2y QEA
— —2UeaD(—wp)— — B > D(01)D(—w;— wy)
r+lo| .. u an 2 v v “1
BF=2 | = | Q%)+ 57 2 | 2 Q*(wy)
a,op \ 2B 3 @n 2y 1
Vo v > D(w1)D(w2)D(~ w1~ w;~ )
-3 2 2 QM) Q@) Q% wy) o
abc o, =0, (9)
BW? that closes the system of equations determinipg and

5 Qab<wn=0>—%”dndr% [Q*(ms

Here r, being some function of/V, is the parameter that
governs the transition, while andy are taken att{V),.
The presence of the last term, responsible for the replic
symmetry breaking RSB) instability, is crucial to further
analysis. Accordingly, we employ the following mean-field
ansatz for theQ matrices:

D(wn)+ BAeads, 0.  a=b

2nab —
V2Q™(wy) Bard 0 TG

In EqQ. (5) gea is the EA order parameter, and it is assumed
thatq,,=0. TheB prefactors are chosen to ensure the finite
limit of the free energy density a— 0. We must insert Eq.
(5) into the action Eq(4) and find the saddle-point solution
with respect to the variations of,p,, qga, andD(w,). Qea
and q,, should not, however, be varied independefily.

D(wy). All dangerous terms proportional t8 vanish be-
. cause we have judiciously chosegg, equal togg, from the
— 1) ] (4 very beginning'® Note that Eq(9) does not contaitw at all,

while ggo=0 only whenW=0, as can be seen from E®).

Electron glass phasd.he saddle-point solution of E¢6)

gn this phase must be characterized by the Parisi function

g(s) with 0O<s<1. Considerations, that are completely
analogous to the classical c€s€;*lead to the functional
form that has two plateaus,

q(s)=¥

p

\

q(0)=

Qea= 2R,

3R,

1/3 0 6R4R§ 13
— <s<s§y=
4R, s<Sp RS’

4AR;3R,
,So<s<s1=1- 1- 5
RZ

Ro—( Rg_ 4R1R3)1/2

,$1<s<1.
(10

They must obey an additional relation between them thathe functionq(s) in the above equation saturates at the
depends on the presence of the glassy ordering and, hengglueq(1)=qg,. This parametrization is in agreement with
the replica symmetry breaking. To make this point clear Wehe definitionge, = max,,Gap. Combining Eqgs(7) and(10)

we obtain that in the glassy phase

first identify the part of the action that contains omjy,,

R R3
Fr=—RyTrg?— =Trg®—— > (Gap)*~ R4, Gap,
3 6 a#b a#b
(6)

where,

92a=—[D(0)V*]ly. (11)

This equation connectinB(0) andgga plays the same role
as Eq.(8) in the Fermi liquid phase. We must substitute then
the solution Eq(10) into Eqg. (6) and add subsequently the
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result to the remaining part of the action that contains
D(w,). We will not write down the expression for the free W
energy density obtained after lengthy, but straightforward
calculations, that are largely identical to those done in the
Appendix C of Ref. 13. We will state only that as a result of
condition Eq.(11), there will be no terms in the free energy

in which D(0) andgg, are coupled explicitly. Taking the

AN |

variational derivative with respect tB(w,) results in the Eléi(fgsl;ON /

same Eq(9), albeit in the glassy phasg, is connected with \

D(0) by means of Eq(11) rather than Eq(8). " T
[

Approaching the glass transitiofThe necessity to obtain

D(0) from Eq. (9) leaves us with the task of its self- kg 1. Zero-temperature phase diagram demarcating the re-
consistent solution. The exact analytical solution of this NoNyions of Fermi liquid and electron-glass phases. For sWalr

linear integral equation is clearly out of question. However,—; _ the curve separating these two phases scales roughly as
close to theT=0 transition point thdeading order of the  ~(r.—r)%2 The limiting behavior of the EA order parametsgs,
correct solution is possible to obtain. The approximations wend gapA in different regimes is presented in the text.
use hinge also upon the smallnessVéfand, consequently,
Jea - two integrals of Eq.(9), renders the contributions of the
We notice first that, ify=0, the complete solution is well higher order of smallness comparedime, . Together, Egs.
known to b&8° D (w,)=— V[w,[+A, with A turning to zero  (g) and (14) determine completely th&=0 behavior of the
right at the critical point. Let us assume that fp#0 the  disordered phase near the quantum critical point. As as a
leading approximation oD (w,) contains the same square result of their solution, one can distinguish the following
root singularity as foy=0, and analyze the role of the last regimes on ar—r., W) plane, schematically depicted in
two terms in Eq.(9). The key point in this analysis is the Fig. 1. These regimes reflect the role the onsite randomness
value of the integral plays in the gap formation near the quantum phase transition.
(i) In this regime, in whichw<(r—r.)%* and can be
I =T Vo + Ao+ Q] +A, (12) treated as a perturbationgea=(W?V?)/4Jr—r., A~r

—r..
that atT=0 is simply calculated to be (i) This region is characterized by —r[**<W. As a
1 02 20, QF  |Q|+2A result, we havedea~ (W2V2/4+/0)?3 and A~Tqg, in this
JQ)= —{ AY2— —In—~+ —-arc regime. _
2m e 4|0 2 Q] (iii) This regime, in which (.—r)%*>W, is the closest to
10| 2 0] theT=0 _critical boqndary. EA order parameter, that crosses
+(7+A arcsim—(mw\/m _ over to its value~|n the glassy phase, is given twya
“[(re—1)UT+ (AT,  with  A={2y(re—r)%(307V*)
(13)  —wWAVZu/[4(r.—r)]}2 From this expression it is easily

In Eq. (13) A, denotes the upper critical cutoff of the order seen thatA vanishes at the critical line given by

of unity. We see that all the terms #{((2), except the first = (8y/3)[(r.—r)/uVv?]®2 This is exactly the line that deter-
one proportional to&i’z, are of the order o©(A2,Q2). This  mines the transition to the glassy phase obtained from the
means that the prelast term in E8) gives contributions that joint solution of Eqs(8), (9), and(11). Taking into account
depend quadratically on small parametérsand w,, and, Eq. (11), we resolve similarly the equation f@(w,) to get
thus, subdominant to the leading terms that scale linearlyhat below this line

with them. The cutoff-dependent part in its turn leads to a

mere renormalization of the coefficientin ugg,. We de- D(wn):—yqéA/V“— \/m Oea=(ro—r)fu. (15

note this renormalized term ame, . Inserting them(w: i the spin glass phase, that obtains for all valuegvpf

+ w,) to the last term of Eq(9) and integrating ovew,, we . : .
conclude, that the only effect this term produces is to renor-A Is zero everywhere. Therefore, the imaginary part of the

malize the critical value.. This allows us to omit formally local dynamic susceptibility has the non-Fermi liquid singu-

the last two integrals in Eq9) and resolve the ensuing qua- larity of the form ~sgn()w' The transition to the
. Integ - : ng qu electron-glass phase occurs as a second-order transition and
dratic equation foD(w,), obtaining that in the Fermi liquid

is of the same character for both zero and nonzero onsite

phase, randomness\.
ngA B Finite temperature behaviorThe evaluation of the
D(wn)=—"7 —V|ws[+4A, A=r—rc+udea temperature-dependent correction to the integid},,) in
\ Eq. (12) leads to the following results. hW<T, the correc-

(149 tion scales< T2 for |Q,|~T and=T33Q,,| for Q> T. If
in the leading approximation. It is easily verifiadeposte- A>T, it behaves=T? for |Q,|~T and «T?|Q|/ A for
riori that the first term in Eq.14), being inserted into the last |Q,|>T. As a result, the equations governing the depen-
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dence of parametergz,(T) and A(T) at finite temperature Strongly suggests that the similar set of equations, with
can be obtained from those considered above by the form&enormalized coefficients, should describe the glassy phase
substitution ofr. by rC(T):rC—clTZ/\/K for A>T, and close to the transition for allV, including the limitW—s o0 2
re(T)=r.—c,T%2in the opposite limitc; andc, are now, To conclude, we have presented a Landau theory descrip-
however, some complicated cutoff-dependent coefficients afion of the disordered Fermi liquid to electron-glass quantum
the order of unity. Those modifications lead to the myriad ofcritical behavior. Our results represent an exact soltiiof
limiting cases close the quantum critical point that will not the model within a dynamical mean-field formulation, which
be enumerated here. Instead, we mention that only i§  is formally exact in the limit of large coordination. It is im-
small enough in the Fermi-liquid phase, all temperature corportant to note that a glass transition having a character of a
rections behave aB? with some large prefactors arising be- De Almeida-Thouless lin& such as the one we describe,
causeW,|r —r¢[<1. On the contrary, for all temperatures in generally emerges within mean-field models. An alternative
the glassy phasega(T)=[r.—r—c,T¥?/u. The calcula- formulation?® based on droplet approaches predicts the ab-
tion of the electron self-enerfjyin the lowest order using sence of such transitions for models with short-range inter-
Egs.(3), (5), and(15) suggests, that the leading temperatureactions. In the case of an electron glass, the existence of the
correction to the elastic scattering rate is proportional 18 long-range Coulomb interaction opens a possibility that
in the glassy phase. This gives rise to the non-Fermi-liquidiroplet approaches are not relevant, and that the glassy be-
temperature dependence of the conductivity~T°% in  havior of electrons could be well described using mean-field
qualitative agrgement with the experimental observatfons. models. This possibility seems to find support in very recent
We emphasize that our results are based on the nonpertyyneriment$! which provide striking evidence of scale-
bative treatment of the RSB term in B@) and the specific  jyyariant dynamical correlations inside the glass phase, con-
conditions, connectingea andd,, -~ An alternative saddle-  gjstent with the hierarchical picture of glassy dynamics as

point solution of Eq.(4), in which qe, and gy, are allowed  emerging from mean-field models.
to be varied independentlyleads to the gapless glassy

phase, only ifW=0, which we believe is incorrect. Our so-  We thank L. Arrachea, J. Jaroszynski, D. Poppwt
lution which has zero gap faall finite W, seems to be the Rozenberg, and especially S. Sachdev for useful discussions.
one in agreement with the recent numerical simulatidns. This work was supported by the National High Magnetic
Though our theory is formulated for smal, the saddle- Field Laboratory(D.D. and V.D), and the NSF Grant No.
point Egs.(9) and (11) are free from this parameter. This DMR-9974311(V.D.).
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