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Hall coefficient of the doped Mott insulator: A signature of parity violation
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We show that the Hall coefficient Ry of a doped two-dimensional Mott insulator is temperature
dependent in the state where long-range magnetic order vanishes. The Hall number ny =Ry ! is
linear in the doping density at high temperatures and decreases monotonically with decreasing

temperature.
spontaneous chirality.

The properties of the normal phase of high-temperature
superconductors are well known to be unusual for normal
metals."> Among these anomalous properties is the tem-
perature dependence of the Hall coefficient.? In this pa-
per we show that this phenomenon occurs naturally in the
picture of the doped Mott insulator where long-range
magnetic order is absent and where strong interaction be-
tween electrons destroys the Fermi-liquid coherence. In
this case the relevant low-energy excitations are described
by a Hamiltonian for Bose and Fermi particles interacting
with a gauge field. We shall also argue that in this picture
the ubiquitous growth of Ry with decreasing temperature
is a precursor of parity and time-reversal symmetry break-
ing.

There is little doubt that the appropriate microscopic
model for high-7, materials is that of a doped Mott insu-
lator.! In the absence of long-range magnetic order the
Mott insulator behaves as a system of fermions and bo-
sons coupled by a gauge field (¢,a):*>
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where auxilary Fermi and Bose fields represent the real
electron ¢ =b"f, the gauge field ensures the constraint
cfe<1, and pr, pp are the chemical potentials of fer-
mions and bosons which are related to the electron chemi-
cal potential 4 by u =pr—pp. This Hamiltonian can be
formally derived from the canonical 7-J model using the
slave-boson method®” in the heavy-hole limit. The inter-
nal gauge field a,=(¢,a) appears after a Hubbard-
Stratonovich decoupling of the interactions between elec-
trons. In the opposite limit of light holes the slave-boson
theory predicts large renormalization of all interaction
constants,® and the approach based on the Schwinger-
boson representation>’ becomes more justified. In this
context a, reproduces the Berry phase acquired by a hole
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At low temperatures Ry diverges, indicating the possible onset of a phase with

moving in a slowly varying ferromagnetic background.
The Hamiltonian (1) implies the existence of Fermi quasi-
particles with a large Fermi surface, which is in good
agreement with photoemission experiments.'® The lattice
version of the theory (1) becomes unstable in the limit of
zero doping.'"!'? However, this instability is removed at a
finite concentration of holes. '3

Without loss of generality, we assume that the external
electromagnetic field 4, =(®,A) couples only to the bo-
sons. The assignment of the electric charge to the bosons
is convenient but has no effect on the physical results.”!*
The gauge-field interaction described by the Hamiltonian
(1) yields the electrical and thermal conductivities which
are in agreement with the normal-state behavior of high-
T. oxides. '3 ™17

Qualitatively, the model of the doped Mott insulator
defined by (1) corresponds to a system of holes moving in
a disordered spin background. The gauge field describes
the most important fluctuations of this background.
These fluctuations provide the scattering mechanism for
the charge carriers. In the presence of an external mag-
netic field the numbers of left-handed and right-handed
fluctuations are not equal. The scattering process be-
comes chiral, which results in an additional (tempera-
ture-dependent) contribution to the Hall effect. We em-
phasize that this effect is entirely due to the transverse
character of the gauge interaction between particles.

We now subject the system to a weak uniform magnetic
field H=HZ and compute the Hall coefficient Ry =R,/
H, where R, =0,,/c2, is the Hall resistance. It is useful
to introduce the unphysical conductivities ¢ and o? of
the Fermi and Bose subsystems, which are convenient to
treat separately. The physical resistivity tensor is the sum
of fermion and boson contributions;’ thus,

Rxx=(cfx)—l+(o',§x)—l s
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To first order in H, the conductivities o,, retain their
zero-field values,'*!” while the Hall conductivity o, is
proportional to H. It is related to the (real-time) cur-
rent-current correlation function I1,,(g) = —i{J,(—¢q)
xJ,(q)) as follows:
BF 1 B.F _ Sigi B.F

oxy’ =~ ImIl3; (w,q)-——;]TImHjo‘ (0,9), )
where the last equality follows from current conservation.
For noninteracting bosons or fermions ITjo is given by the
two diagrams shown in Fig. 1(a), which yields the classi-
cal result o5y (w) =h“p (m4w) “2. Here h* is the aver-
age field acting on the particles (4 =B for bosons, F for
fermions), and p, is their density. The interaction with
the gauge field has two effects. First, it dresses the propa-
gators and vertices in the diagrams of Fig. 1(a). This
effect is described semiclassically by the Boltzmann equa-
tion and leads to the usual result oQ =hp4(14/m4)>
where 74 is the relaxation time. Second, the gauge propa-
gator itself is modified by the magnetic field and acquires
a parity-odd component. The scattering by these chiral
fluctuations of the gauge field gives an additional contri-
bution to the Hall coefficient. Such behavior is in contrast
with the usual electron systems where weak scattering is
modified negligibly by a weak magnetic field. This effect

results in the anomalous temperature dependence of R”'l
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which yields the a-field propagator ({aga-,) ="

+I"IB)[V'. In the absence of external fields, the nonzero
components of {ag.a -4, in the transverse gauge are

<¢q¢—q)=(l“”|w| +V) -t )
5)

(aga-) =T, |o|+xg» ",
where v is the density of states, y is the diamagnetic sus-
ceptibility to the a field, and I'y . are the Landau damping
parameters for the longitudinal and transverse oscilla-
tions. Each of the quantities I', v, and y is the sum of bo-
son and fermion parts. In a weak magnetic field, both sys-
tems develop small Hall conductivities. We define o
=01, + 02, which should not be confused with the physi-
cal Hall conductance Ryx/szx. A nonzero value of o adds
a parity-odd component to the a-field propagator:

D(iw,q) =(azi¢-4) =c€uqiF(w,q?) , (6)
where
Flw,q?) =(p,0-,Xaza-4)

1

= . 7
(F|||w|+v)(FJ_|(D'+Z‘12)

We determine the effect of the a field on oy, by comput-
ing corrections to the correlator IT;o produced by the prop-
agator (6).

To the leading order the corrections to ITjo are given by
the diagrams in Fig. 1(b). The wavy line with a cross
denotes a gauge-field propagator of the form (6), which

J
p

@a) (b)

FIG. 1. Diagrams for the polarization Ilo;: (a) Classical re-
sult. (b) Lowest-order corrections. Vector vertices are denoted
by j; scalar vertices, by p. The wavy line with a cross stands for
the parity-odd gauge propagator given by (6). Cross denotes
the interaction with the external magnetic field.

The leading correction to Il;o responsible for this phe-
nomenon is given by the diagrams shown in Fig. 1(b).

The effective gauge-field Lagrangian L.g(a,4) is given
in imaginary time by

la,1fa—;+(a;+4)N1%@ -y +4 )], 4@

r
contains the fully renormalized o. These diagrams there-
fore represent the summation of the ladder series for oy,
which can be written as follows:

o-ﬁ, =o',€v(0)+a30‘ ,
®)

oxFy =0',fy(°) +aro.

The quantities ap ¢ describe the effect of the parity-odd
gauge propagator. The bare values a)fg) characterize a
system where the influence of the magnetic field on the
scattering process has been ignored, i.e., the propagator D
has been turned off.

The bare Hall conductivity a,ﬁg) is determined by the
mean magnetic field acting on the particles. The total
magnetic field acting on the bosons is the sum of the ap-
plied field H and the induced mean internal field h. Fer-
mions, on the other hand, are affected only by the internal
field. By minimizing the action for the effective Lagrang-
ian (4), it follows that A/H = —yz/(xs+xr), where
xg.r~1/mp p. If mp<mg, then h < H and afy“’) is negli-
gible compared to o2, The Bose susceptibility x5 de-
pends on temperature, resulting in a weak temperature
dependence of the physical Ry, as first noted in Ref. 15.
This effect is sensitive to the shape of the Fermi surface. '’
Here we neglect this small contribution to oy, and consid-
er only the stronger temperature dependence due to
parity-odd scattering processes.

We evaluate ap r by dropping the small vertex and
self-energy corrections'® in the diagrams in Fig. 1(b).
The bare-particle Green’s functions are G(e,p)
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I, where &, =p?/2m — yu, and the gauge propagator Djo(iw,q) is given by (6). For both fermions and bo-

sons the square and the triangle diagrams contribute equally to IT;o:

n8(0,k) =—2(—1D'N, T2f o ”)4
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For fermions F=1 and e=(2n+1 )nT; for bosons F =0 and e =2nzxT. The multiplicity factors V. are model dependent:
in the slave-boson approach Nf =2, NZ =1, whereas in the Schwinger representation N/ =1, N2=2. We find

’ 0
n4(0,k) =Nc(oe,-,-k,~/167r2mg,p)_£) dy(1—p)y X (—1)FG—Dg2,Puar
s=1

-] 2
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where B is the inverse temperature and the function
F(w,q?) is related to the parity-odd gauge propagator by
(6). This expression for Il is valid for any F(w,q?)
which is even in @ and of order (1/w) for large w.

The calculation of ITf is simplified if we reduce the
gauge propagator to the static form defined by F(w,q?)
=(1/vxq?)80,,. This approximation is valid at low
enough temperatures T < 1/y*mj3. In this temperature
range the one-loop expressions I’y =pr/nq and

x=1/12zmp imply that, for the statistically 1mportant
boson -scattering processes with w=T, gq= (mpT)'?,
only the w=0 contribution should be retained since
I'.|w|> yg? This is the same temperature range where
resistivity is linear with temperature in the framework of
this approach. [The longitudinal damping term in (7) is
always negligible compared to v=mpg/n.] The definition
ap r=limy_ o [[1%7(0,k)/o¢€;ik;] then yields

gy = = NI an

8xvy

where ng(e) ={expl(e —up)/T1—1} 7! is the Bose distri-
bution function and ng(e) =0ng(e)/de. A similar calcu-
lation for fermions gives an exponentially small result
ar <exp(—ur/T), but higher-order corrections may be
of order (T/,up)'/ 3, the latter being a measure of how
strongly the fermions are scattered by the gauge field. In
any case, the fermionic contribution is small at low tem-
peratures and will be ignored. On the other hand, Egs.
(8) and (11) imply that o2, is enhanced at low tempera-
tures and becomes very large at T~ T.o=pg/mp.

Combining (2), (8), and (11), we obtain the following
expression for the Hall coefficient of the system:

Ry=RY [%] , (12)

where RS’ =02©/(c8.)2H =1/5 is the Hall coefficient
for a system without parity-odd gauge interactions; & is
the doping density. In deriving (12) we have neglected
o£® which is small compared to o2©®. As discussed

abovc R corresponds to the semiclassical value of the

(10)

f
Hall conductivity and is independent of temperature. The

only source of temperature dependence in (12) is the
quantity ap. Figure 2 shows the dependence of the Hall
number ny =Ry ' on temperature and dopmg density
(equal to the density of bosons) with Ry given by (12),
ap given by (11), and R =1/5.

The results shown in Fig. 2 have two noteworthy
features. First, ny grows monotonically with increasing
temperature. This is caused by an increase in the number
of low-energy bosons. The solid portions of the curves
denote the region where the corrections to ny are small
compared to &, i.e., where a linear-response calculation of
Oyy is expected to be valid. We also note that the average
slope of the curves in this region increases with increasing
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FIG. 2. Hall number ny as a function of temperature for two
doping densities, §; =0.1 and 8,=0.3, in dimensionless units of
particles per two-dimensional plaquette. The unit of tempera-
ture is To=2nh2%/(I3ms), where lo is the lattice spacing.
Characteristic Bose temperature 7.0 is taken to be T.o
=27h28/ms, and free-boson temperature dependence of up is
assumed.
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doping. These results are fully consistent with the behav-
ior of ny in high-7,. materials as observed in La;—,Sr,-
CuO; and YBa,Cu;O7.3 Moreover, recent measure-
ments'® show that the curvature of the ny(T') curves at
high temperatures is negative, in agreement with the
present theory.

Enhancement of the Hall coefficient can be obtained
quantitatively and transparently for the high-frequency
response. At high frequencies (w7z>1) each particle
samples the local value of the fields in both time and
space. The Hall conductance is then given by o3
=(pg(¢p)(h+H))/(mgw)?, where the average is over the
distribution of internal fields A, and we have emphasized
the dependence of the local density of bosons on the local
value of the scalar potential. In the presence of the exter-
nal field H, the internal field 2 becomes correlated with ¢
as follows: (h¢) = —o/(xv). Thus, performing the aver-
age we get an enhanced value of the Hall conductance:

o =lps(0)H — (c/xv)dpp/del/(mpw)?.
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The parity-odd gauge field propagator can be nonzero
even in the absence of an external magnetic field. This
occurs when parity and time-reversal symmetries are vio-
lated spontaneously. Large renormalization of the Hall
coefficient at low temperatures indicates a large suscepti-
bility of the system to parity-violating perturbations. The
results presented here predict spontaneous symmetry
breaking at T~ T, where ag=1. Conceivably, higher-
order corrections soften this singularity, while retaining
the instability.
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