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Some remarks on pseudogap behavior of nearly antiferromagnetic metals
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In the antiferromagnetically ordered phase of a metal, gaps open on parts of the Fermi surface if the Fermi
volume is sufficiently large. We discuss simple qualitative and heuristic arguments under what conditions
precursor effects, i.e., pseudogaps, are expected in theparamagneticphase of a metal close to an antiferro-
magnetic quantum phase transition. At least for weak interactions, we do not expect the formation of
pseudogaps in a three-dimensional material. According to our arguments, the upper critical dimensiondc for
the formation of pseudogaps isdc52. However, at the present stage we cannot rule out a higher upper critical
dimension, 2<dc<3. We also discuss briefly the role of statistical interactions in pseudogap phases.
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Experiments on metals close to an antiferromagn
quantum critical point~QCP! show clearly that these system
cannot be described by standard Fermi-liquid theory. Thi
not very surprising, as at the QCP magnetic fluctuatio
dominate and electronic quasiparticles scatter from spin fl
tuations characterized by a diverging correlation length.
deed, a theory of quantum critical fluctuations interact
weakly with Fermi-liquid quasiparticles1,2 can explain a sub-
stantial part of the experiments, at least if effects like we
impurity scattering are properly taken into account.3 How-
ever, a number of experiments seems to contradict the s
dard spin-fluctuation scenario, presently the best studied
ample for this is probably CeCu62xAux .4–6 It has been
speculated that this might be due to anomalous tw
dimensional spin fluctuation5 or a partial breakdown of the
Kondo effect.6

In this paper we discuss a different route which can le
to a breakdown of the theory of weakly interacting spin flu
tuations, proposed by Hertz.1,2 The general idea7 is the fol-
lowing: close to the QCP, the behavior of the system
dominated by large antiferromagnetic domains of sizej,
slowly fluctuating on the time scaletj;jzop wherezop is the
dynamical critical exponent of the order parameter. Asj is
diverging when the QCP is approached, it is suggestive
assume that the electrons will adjust their wave functio
adiabatically to the local antiferromagnetic background a
will therefore show a similar behavior as in the antiferroma
netically ordered phase. If the Fermi surface is sufficien
large, the~staggered! order parameter of the antiferroma
netic phase induces gaps in parts of the Fermi surface
ek'ek6Q'0, whereek is the dispersion of the quasiparticle
measured from the Fermi energy andQ the ordering wave
vector of the antiferromagnet. Will precursors of this effe
show up and induce pseudogaps in the paramagnetic p
for sufficiently largej? Pseudogaps play an important role
the physics of underdoped cuprates8–15 and it has been
speculated that they are indeed precursors of gaps in e
superconducting, antiferromagnetic, flux, or striped pha
In this paper we want to investigate qualitatively on the ba
of simple physical arguments under what generic conditi
such pseudogaps are expected to occur close to an antif
magnetic QCP. We will consider only systems where the
dered antiferromagnet is metallic, therefore our discuss
0163-1829/2001/64~17!/174407~6!/$20.00 64 1744
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might have less relevance for the high-Tc superconductors
where the undoped antiferromagnet is a~Mott! insulator.

To define the concept of a pseudogap more precisely,
first analyze the ordered phase where in mean-field the
the Hamilton of the electrons is of the form

HD5(
s,k

~cs,k
† ,cs,k1Q

† !S ek sD

sD ek1Q
D S cs,k

cs,k1Q
D . ~1!

D is proportional to the staggered order parameter~assumed
to point in z direction! and thek sum extends over a mag
netic Brillouin zone. Close to the ‘‘hot lines’’ on the Ferm
surface~‘‘hot points’’ in two dimensions! with ekh

5ekh6Q

50, a gap opens~see Fig. 1! and the band structure atk
5kh1dk is approximately given by

edk
6 ' 1

2 ~~v11v2!dk6A@~v12v2!dk#214D2!, ~2!

wherev15vkh
andv25vkh1Q are the Fermi velocities clos

to the hot points. The gap is, e.g., visible if one integrates
spectral functionAk(v) for k vectors along a directionn̂ in
the (v1 ,v2) plane perpendicular tov11v2 ~dash-dotted line
in Fig. 1! Ã(v)5*dkAkh1kn̂(v). In mean-field theoryÃ(v)

displays a well-defined gap of size 2D. This gap is a conse
quence of the reduced translational symmetry and is
pected to be present in the ordered phase of the antiferrom
net, even in a regime, where the predictions of mean-fi
theory are quantitatively wrong. Interactions of quasipa
cles far away fromkh with each other and with the spi

FIG. 1. Schematic plot of the Fermi surface. In the order
phase of a metallic antiferromagnet gaps open at the boundarie
the magnetic Brillouin zone.
©2001 The American Physical Society07-1
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A. ROSCH PHYSICAL REVIEW B 64 174407
fluctuations will actually induce some small weight with
these~renormalized! gaps but this does not invalidate th
mean-field picture:Ã(v) vanishes rapidly in the limitv
→0 in the ordered phase as it is obvious from the us
Fermi-liquid phase space arguments. From general sca
arguments one expects in theparamagneticphase close to
the QCP, that atT50

Ã~v!;va f „1/~vjz!… ~3!

with f (x→0)'const andf (x→`);xa wherez is a dynami-
cal critical exponent~see below!. Within mean-field theory
no precursor of the gaps show up anda50. However, one
would expecta.0 if the wave function of the quasiparticle
adjusts adiabatically to the local antiferromagnetic order
length scales smaller thanj.

This paper focuses on theT50 behavior directly at the
QCP as we are mainly interested in the question of whe
pseudogaps affect the quantum critical behavior and th
fore Eq.~3! with a.0 serves as a defintion for a pseudoga
Note that pseudogap physics can be considerably more
nounced in other regimes, e.g., for nearly magnetic me
with Heisenberg orxy symmetry ind52 for low, but finite
temperatures in a parameter regime, where the syste
deep in the ordered phase atT50. This regime has, for ex
ample, been investigated in detail by Vlik and co-workers15

For definiteness, we will consider a model of Fermio
f ks coupled linearly to a collective bosonic fieldFq with the
following action in imaginary time:1

S5E
0

b

dtF(
s,k

f s,k* ~]t1ek! f s,k1(
q

Fq*
1

Jq
Fq

1 (
kqiab

Fq
i f a,k1q

† sab
i f b,k1H.c.G , ~4!

wheres i are the Pauli matrices andb51/T the inverse tem-
perature. Integrating out the collective field induces a sp
spin interactionJ of the Fermions. For realistic models on
should also add charge-charge interactions, which are, h
ever, not expected to change the physics close to a mag
QCP qualitatively.

Many years ago, Hertz1 has proposed to describe the Q
metallic antiferromagnet in the spirit of a Ginzburg-Landa
Wilson approach in terms of a fluctuating order parame
F(x,t) with an effective action

S5S01Sint , ~5!

S05
1

b (
k,vn

Fkvn
* @r 1~k6Q!21guvnu#Fkvn

, ~6!

Sint5UE
0

b

dtE ddr uF~x,t!u4, ~7!

where vn52pn/b are bosonic Matsubara frequencies a
Fkvn

is the Fourier transform ofF(x,t). The term linear in

vn is due to the scattering from quasiparticles which indu
the Landau damping of the spin fluctuations. As discusse
17440
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detail in the original paper by Hertz,1 the actionS describes
only the leading terms in an expansion which is derived
integrating out the Fermions in Eq.~4!. The expansion is
shown schematically in Fig. 2~a! ~due to time-reversal sym
metry, cubic terms vanish in the limitvn→0). A simple
scaling analysis1 with k;1/L, v;1/Lzop, F(x,t)
;L12(d1zop)/2 with zop52 shows that the interaction term
Sint vanishes;1/Ld1zop24, i.e.,U is ~dangerously! irrelevant
in dimensionsd.42zop52. Furthermore, higher-order in
teractions and frequency and momentum dependencies o
effective vertices are even more irrelevant. A pseudogap a
is defined in Eq.~3! would certainly change the critical ex
ponentzop, as it would strongly reduce the damping of th
spin fluctuations. As the scaling analysis sketched ab
gives no indications for such a phenomenon ford>42zop,
it strongly suggests that a strong-coupling effect like
pseudogap should never occur in dimensionsd.42zop at
least as long as the~bare! interactions are not too strong.

This line of arguments~which would be completely valid
close to a classical phase transitions! is not reliable in the
case of a quantum phase transition in a metal. This can
seen, for example, by considering theorderedphase. An ex-
pansion of the Hertz action~5! around the mean fieldF
5^F&1dF suggests that the transverse spin-fluctuatio
~assuming Heisenberg orxy symmetry! are damped. How-
ever, the Goldstone theorem guarantees that the spin w
are not damped in the limitv,k→0. The physical origin of
this is essentially the same as in the previous discussio
pseudogap formation: the wave function of the electrons
just to the slowly varying antiferromagnetic background.
simple random-phase approximation~RPA! based upon the
mean-field Hamiltonian~1! correctly describes this effect o
a qualitative level. It is therefore instructive to investiga
how the RPA contribution arise in the effective actionS@F#.
In Fig. 2~b! it is shown that spin-spin interactionsFn of
arbitrarily high ordern are needed to recover the trivia
RPA1mean-field result.

Two scenarios seem to be possible to resolve the appa
conflict that contributions which are irrelevant by pow
counting are important in the ordered phase. The first po
bility is that all the higher interactions are indeedirrelevant
in the sense that the physics of the formation of undam
spin fluctuations does not influence the quantum critical
havior on the paramagnetic side of the phase diagram in
qualitative manner—in technical terms, they are ‘‘dang
7-2
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SOME REMARKS ON PSEUDOGAP BEHAVIOR . . . PHYSICAL REVIEW B 64 174407
ously irrelevant’’ and important only in the ordered phas
The analysis given below suggests that this situation is a
ally realized in three dimensions. The second possibility
that pseudogap formation is important and that spin-spin
teractions of arbitrarily high order have to be kept whi
implies that Eq.~5! does not describe the physics prope
and the ‘‘true’’ critical theory cannot be formulated in term
of the order parameter alone but has to include Fermio
modes. For example, the spin-fluctuation theory of the
prates as it is worked out by Abanov and Chubukov14 sug-
gests such a scenario ind52. What can go wrong with the
simple scaling arguments given above? Belitz a
co-workers16 have recently shown in their analysis of th
dirty nearly ferromagnetic metal that scaling is indeed
reliable due to a very simple physical reason: The Hertz
tion implies that a domain of sizej fluctuates very slowly on
the time scaletj}jzop with zop52. However, in a clean
metal there is a much faster and more efficient way to pro
gate information from one side of a fluctuating domain to
other: ballistic electrons can traverse the domain in the t
tF}jzF with zF51. This defines a second dynamical critic
exponentzF ~which can be renormalized due to scatteri
from spin fluctuations; see below!. Power counting is not
reliable becausetwo different dynamical exponentszop and
zF exist simultaneously—while there is only one large leng
scalej, two rather different time scales exist. The quest
which of these scales is relevant for a given process ge
ally requires a detailed analysis and is not at all obvious. T
physics should therefore be investigated in a care
renormalization-group calculation which includes both f
mionic and bosonic degrees of freedom. We will not try su
an analysis here but instead use a properly modified sca
argument to investigate the possibility of pseudogap form
tion.

For our scaling analysis,17 we assume that the susceptib
ity at the QCP is of the form suggested by Eq.~6! (d>2),

xq6Q~v!;
1

q21~ iv!2/zop
. ~8!

We are mainly interested in the casezop52, smaller values
for zop might be relevant if pseudogap formation tak
place,7 larger values have, e.g., been used to fit experime6

in CeCu62xAux and have been claimed14,18 to be relevant in
d52. It is not difficult to generalize the following argumen
for susceptibilities with otherq andv dependencies.18

The strategy of the following scaling analysis is to es
mate the effective amplitude of the quasistatic collective fi
seen by the electrons. Obviously the answer will depend
which time and length scale the electrons probe the ba
ground magnetization. The main idea is that a lower bou
for the relevant time and length scales can be derived f
Heisenberg’s uncertainty relation and the effective size of
gap. The main assumptions of the following arguments
discussed in detail in the second half of the paper: we ass
that above the upper critical dimension for pseudogap for
tion, the nature of the electrons is not changed completely
the quantum critical fluctuations. According to the mea
field result ~2! a gap of size v* 5D opens in a
17440
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(d22-dimensional! stripe in momentum space of widthk*
5D/vF . Below, we will discuss the effect of interaction
which can change this relation tov* ;(k* )zF;DzF where
zF51 is the mean-field exponent. Heisenberg’s uncertai
relation dictates that the electrons have to see a quasis
antiferromagnetic background for a timet* *1/v* on a
length scale of orderj* *1/k* perpendicular to the direction
of the hot lines to develop the pseudogap. What is the ef
tive size of the quasistatic antiferromagnetic order^F&j* ,t*

eff

on these length and time scales? The following estim
should at least give an upper bound at the QCP:

~^F&j* ,t*
eff

!2&E
0

v*
dvE

q',k*
d2q' È`

dd22qiIm xq6Q~v!

;~k* !d1zop221~k* !2~w* !(d1zop24)/zop ~9!

;D (d1zop24)(zF /zop)12, ~10!

where the anisotropic integration ofq takes into account tha
the momentum of the electronsparallel to the hot line can
vary on the scalekF . In Eq. ~10! we assumedzF<zop. For
our scaling argument, it does not matter whether we
Im x(v) or, e.g.,x(2 iv) in Eq. ~9!, the version given above
is motivated by the estimate of the quasielastic weight
tained in aT50 neutron-scattering experiment with limite
resolutionv* andk* .

If we assume furthermore thatD is proportional to
^F&j* ,t*

eff as suggested by the mean-field analysis~which
should be valid above the upper critical dimension!, we ob-
tain the inequalityD2&const•D (d1zop24)(zF /zop)12. This im-
plies that, at least in a weak-coupling situation, pseudog
should appear only if

d1zop<4 ~11!

which is the central result of this paper. We believe, that i
accidental that Eq.~11! coincides with the condition for the
relevance of theF4 interaction~6! in the Hertz model as is
evident from the fact thatzF enters the inequality~10!.
Within the approach of Hertz,zop52 and the critical dimen-
sion for pseudogap formation is thereforedc52. From our
scaling arguments we cannot say much about what will h
pen in d5dc52 ~or for d,dc). Based on the observation
that the ordered phase is not well described by Eq.~5!, we
suspect that the Hertz description of a quantum critical a
ferromagnet isnot valid in d52—this point of view agrees
with the results of Abanov and Chubukov14 who have ana-
lyzed the spin-fermion problem ind52 in a certain largeN
expansion. In the pseudogap phase we expect by compa
to the ordered phase that 1<zop,2. Therefore it seems to b
possible that the critical dimension is not two but somewh
between 2 and 3~Abanov and Chubukov claim,14 however,
thatzop is larger than 2 ind52 depending on the number o
hot spots!. In three dimensions, pseudogap formation w
probably not invalidate the Hertz approach, at least for we
coupling.

The derivation of Eq.~11! is far from being rigorous and
based on a number of assumptions. In the following two
them, which are probably the most important ones, are
7-3
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A. ROSCH PHYSICAL REVIEW B 64 174407
cussed in more detail. First we consider non-Fermi-liq
effects due to the scattering from singular spin fluctuatio
the second aspect concerns strong-coupling effect and
respective role of amplitude and angular fluctuations of
staggered magnetization.

The scattering from spin fluctuations strongly modifi
the quasiparticles close to the hot lines. In leading-order
turbation theory, the self-energy of those electrons atT50 is
given by

Im Sk~V!'gS
2(

k8
E

0

V

dv Im xk2k8~v!Im gk8
0

~v2V!,

~12!

wheregS is the vertex of the coupling of electrons to sp
fluctuations~here, we assume the absence of pseudogap
mation and thereforegS is finite! and gk8

0 (v)'1/(v2ek

1 i01) is the Green’s function of the~free! fermions. Using
Eqs.~8! and ~12! we obtain at the QCP

Im Skh1dk~V!;V11(d23)/zop f S ~dk!2

V2/zop
D , ~13!

wheredk;dk•vkh1Q is a measure for the distance from th

hot line and f is some scaling function withf (x→0)
;const andf (x→`);1/x(52d)/2. For zop52 and far away
from the hot lines, Fermi-liquid behavior is recovered. O
previous arguments suggest that typical frequencies and
menta for the pseudogap formation aredk;D andV;DzF,
therefore the typical argumentD2(12zF /zop) of f is small and
the momentum dependence of ImS can be neglected forzF
,zop and will not induce new effects forzF5zop ~this is the
reason that we usedk* ;D in our scaling analysis!. From
this we obtainS(V typical);V11(d23)/zop. Below three di-
mensions, the quasiparticle picture breaks down close to
hot lines and therefore some of our perturbative argume
might fail.14 Ignoring this possibility, we conclude that typ
cal energiesEk of the ~incoherent! Fermionic excitations are
determined fromEk1cEk

11(d23)/zop;vF(k2kF) ~because
we can neglect thek dependence ofS) and therefore

zF5maxF1,
zop

d1zop23G ~14!

which is the value which should be used in our previo
arguments ford1zop>4, i.e., in the absence of pseudog
formation. An effect which we have not taken into account
our discussion is that generically, close to the antiferrom
netic QCP, a superconducting phase is stabilized,19 however,
at least ind>3 the ordering temperature of the superco
ductorTc is usually much smaller than the typical scaleT*
below which the quantum critical behavior of the antiferr
magnet dominates. Ind52 the situation might be
different19,20with Tc;cT* , wherec is a constant of order 1

It is important to emphasize that our estimate~9! of ^F&eff

and therefore our main result~11! is based on the assumptio
that amplitudefluctuations of the staggered order parame
are present and can be described by Eq.~8!. Electrons adjust
their wave functions much better to angular fluctuations
17440
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the direction of the staggered magnetization than to fluct
tions of its size, because a rotation of the spin-quantiza
axis does not cost any energy in the long-wavelength li
~assuming weak spin-orbit coupling and/or a sufficient h
symmetry of the underlying crystal!. This adiabatic adjust-
ment is not included in our estimates. Numerical results
Bartosch and Kopietz,21 and Millis and Monien22 show that
in d51 amplitude and phase fluctuations have a drastic
different effect on pseudogap formation. Nevertheless,
approach to focus on amplitude fluctuations in our previo
discussion was valid as within the theory of Hertz@Eq. ~5!#,
the interactions of spin fluctuations are irrelevant and am
tude fluctuations exist ford.2. If they are present they
should be the dominating mechanism to destroy pseudo
behavior. Below the upper critical dimensions, one expe
that amplitude fluctuations are frozen out and only angu
fluctuations dominate the critical regime. Even in dimensio
larger than 2 such a picture might be appropriate in a stro
coupling regime, e.g., if one considers a Heisenberg mo
with a large antiferromagnetic couplingJAF coupled to a
metal. Unfortunately, the behavior of electrons in such a s
ation is much less understood. To investigate the pseudo
phase in this case, probably the most obvious theoret
route24,7 to describe the adiabatic adjustment of the wa
function of the electrons is to rotate the quantization axis
the electrons into thelocal direction of the slowly fluctuating
order parameter. This approach has been used by a nu
of authors interested in the pseudogap phase of
cuprates.9–11 A natural model to discuss this type of physi
consists of a nonlinears model coupled to the spinS(r )
5 1

2 f a
†(r )sa,b f b(r ) of Fermionsf. The nonlinears model

Ss describes the directional fluctuations of the staggered
der parametern in the absence of amplitude fluctuations. T
action in terms ofn with n251 and the Grassmann fieldsf is
given by23

S5Sf1Ss1Sf s , ~15!

Sf5E
0

b

dt(
s,k

f s,k* ~]t1ek! f s,k ,

Ss5
1

gE0

b

dtE ddr ~]tn!21~v] rn!2,

Sf s5DE
0

b

dtE ddr cos~Qr !n~r ,t!S~r ,t!.

We have not written down the proper spin Berry phase wh
is essential to describe the Kondo lattice correctly. For s
plicity, we focus in the following on a model with an O~2!
symmetryn5@0,sinf(r ,t),cosf(r ,t)# and comment below
on the more difficult situation with O~3! symmetry. To de-
scribe the pseudogap, we define new fieldsc with a quanti-
zation axis rotated in the local direction of the ord
parameter,24,7

S c↑~r ,t!

c↓~r ,t!
D 5expF iF~r ,t!

sx

2 G S f ↑~r ,t!

f ↓~r ,t!
D . ~16!
7-4
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SOME REMARKS ON PSEUDOGAP BEHAVIOR . . . PHYSICAL REVIEW B 64 174407
The new fieldsc, which we call ‘‘pseudofermions’’ in the
following, do not transform under a global rotation arou
the x axis, this implies a separation of spin and charge
grees of freedom10,11 if the low-energy excitations are we
described byc ~see below!. The advantage of the transfo
mation is that Sf s now describes the scattering of th
pseudofermions from astatic order parameter pointing al
ways in thez direction which can be treated nonperturb
tively. The pseudofermions are the natural degrees of f
dom in a situation, where the single-particle wave funct
adjusts to the~collective! magnetic background. If one ne
glects the residual interactions withn, gaps open along the
hot lines and the action of the pseudofermions is given b

Sc5E
0

bS (
s,k

csk* ]tcsk1HD~c* ,c! D , ~17!

whereHD(c†,c) is the mean-field Hamiltonian~1!.
The residual interaction ofn andc arises from the Berry

phasef * ]t f and kinetic energy of the electrons. The sem
classical contributionsScs

sc is given by the minimal substitu
tion which corresponds to the gauge transformation~16!. Us-
ing (]mf)(sx)/2)5@(]mn)3n#•s/2, we obtain

Scs
sc 52 i E

0

b

dtE
2`

`

ddr$@]t1~vF“ !n#3n%•S. ~18!

In the notation used here, the Fermi velocityvF is actually a
function ofk52 i¹ which acts oncs(r ) hidden inS(r ). The
actionScs

sc describes an interaction of spin currents.
As the vertex in Eq.~18! vanishes in the limitv,k→0,

Schrieffer7 has argued that the effect ofScs
sc is small close to

the QCP and that therefore pseudogaps and the assoc
decoupling of spin fluctuations from the fermions are a
neric property of an antiferromagnetic QCP. This argum
is, however, misleading. One reason is that amplitude fl
tuations will destroy the pseudogap in many relevant sit
tions as discussed above. But even in the absence of am
tude fluctuations, the pseudofermions interact strongly w
the magnetic fluctuations by a pure quantum effect which
not included in the semiclassicalScs

sc . Formally, the origin of
the effect is that the rotation of a Fermion by 2p changes its
sign! If f(r ,t) in Eq. ~16! jumps from 2p to 0, the pseudo-
fermionc abruptly flips its sign, giving rise to a huge contr
bution to the effective action. There are ma
possibilities11,10 to keep track of these sign changes in a p
integral, one of them is to rewrite the problem as a lo
Z2-gauge theory where the arbitrary sign61 is the origin of
the Z2-symmetry. Here we follow a slightly different rout
by replacingf in Eq. ~16! by f̃ with

f̃~t,r !5f~0,0!1E
(0,0)

(t,r )

~]mf!drm5f~t,r !12pn.

~19!

The line integral is along some path in space-time, e
r m(u)5(ut,ur ), whereu varies in the interval@0,1# andm
50,1, . . . ,d denotes the temporal and spatial directions25

The integern in Eq. ~19! is defined in such a way thatf̃ is
17440
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continuous along the pathr m(u) and therefore the pseudo

fermions, defined by replacingf by f̃ in Eq. ~16!, will vary
smoothly without sudden sign changes alongr m(u). But
along some other paths, abrupt sign changes are unavoid
This is obvious by considering the line integr
* (t,r )

(t,r )(]mf)drm52pn along someclosedpath in space-time.
By definition it has to be a multiple of 2p andn is obviously
the number of magnetic vortices of thexy model enclosed in
the loop. From this we conclude that the pseudofermio
acquire a phasep, i.e., a minus sign, whenever they circ
around a magnetic vertex: this is nothing but the well-kno
Berry phase of a spin forced to move on a circle. A possi
interpretation of this result is, that eachxy vortex has at-
tached to its core a magnetic flux with half a flux quantu
The pseudoelectrons are strongly interacting with the fluc
ating magnetic vortices of the antiferromagnet and it is
obvious whether the gap will survive. A likely possibility i
that the interactions are so strong that they are leading
confinement at least in some parameter regime as it has
suggested in the context of theZ2-gauge theory of fluctuat-
ing superconductors.10 One possible way of confinement
the binding of the pseudofermions to the magnetic exc
tions in such a way that the resulting degree of freedom
nothing but the original electronf sk . In this case, we do no
expect any pseudogaps. As we are not aware of meth
which can describe such a confinement transition, it is di
cult to give an estimate under which conditions a pseudog
will occur in the model~5!. We can only speculate that th
formation of pseudogaps might be controlled by the a
density of vortices, i.e., the number of vortices per areanA
piercing through a given area in space time at the QCP, to
compared to (D/vF)2. Both nA andD are noncritical at the
transition. If these are the relevant parameters, t
pseudogap behavior is expected only if the density of vo
ces at the QCP is small.

If the magnet has O~3! instead ofxy symmetry, one can
follow the same steps which have been discussed before
one faces again the problem that statistical interactions
induced as soon as pseudofermions are introduced. Ku¨bert
and Muramatsu9 have proposed in the context of a theory
a slightly dopedt-J model a convenient way to keep track
this statistical interaction with the help of a CP1 representa-
tion of n using two complex fieldsz1 and z2 with uz1u2

1uz2u251 andn5za* sabzb . In this language the pseudo
ermions interact strongly with the CP1 fields via a local U~1!
gauge theory.9 Again, confinement seems possible.

In this paper, we have investigated the possibility
pseudogap behavior close to the QCP of a nearly antife
magnetic metal. Based on heuristic scaling arguments
suggest that generically, amplitude fluctuations dest
pseudogaps in dimensionsd.2. In three dimensions we ex
pect that the Hertz theory is valid at least for not too stro
coupling while in d52 it is probably modified due to
pseudogap formation and the strong interaction of spin fl
tuations and Fermionic modes. These questions should
studied in a renormalization-group treatment of both Fer
onic and bosonic modes. We were not able to derive
criteria for pseudogap formation in a situation where amp
7-5
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tude fluctuations are completely frozen out and emphas
that the motion of the Fermions on top of the spin ba
ground leads to strong statistical interactions of the Fer
onic modes with the excitations of the magnet.
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R. Coldea, M. Adams, O. Stockert, H.v. Lo¨hneysen, E. Bucher
R. Ramazasavili, and P. Coleman, Nature~London! 407, 351
~2000!; Q. Si, J.L. Smith, and K. Ingersent, Int. J. Mod. Phys.
13, 2331 ~1999!; J.L. Smith and Q. Si, Phys. Rev. B61, 5184
~2000!.

7J.R. Schrieffer, J. Low Temp. Phys.99, 397 ~1995!.
8P. W. Anderson,The Theory of Superconductivity in High Tc Cu-

prates~Princeton University Press, Princeton, NJ, 1997!.
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