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Evidence is accumulating that the electron liquid in the cuprate superconductors is characterized by many-
hole correlations of the charged magnetic domain-wall type. Here we focus on the strong-coupling limit where
all holes are bound to domain walls. We assert that at high temperatures a classical domain-wall fluid is
realized and show that the dynamics of such a fluid is characterized by spatial and temporal crossover scales
set by temperature itself. The fundamental parameters of this fluid are such that the domain-wall motions
dominate the low-frequency spin fluctuations and we derive predictions for the behavior of the dynamical
magnetic susceptibility. We argue that a crossover occurs from a high-temperature classical to a low-
temperature quantum regime, in direct analogy with helium. We discuss some general characteristics of the
domain-wall quantum liquid, realized at low temperatures.

I. DOMAIN WALLS IN DOPED ANTIFERROMAGNETS finite doping®* surviving in more sophisticated variational
approaches such as the Gutzwiller amsatm in fixed-node

Since the discovery of the cuprate superconductors thquantum Monte Carlb.We also mention that long-range
issue of hole doping in two-dimensional antiferromagneticCoulomb interactions are not as hazardous to this type of
insulators has received considerable attention. Especially iardering as one would expect at first sight. It was recently
the regime of low to moderate doping a number of unusuashown that the mere electrostatics problem, combined with
properties emerge. Here we want to suggest an interpretaticghort-range attractive forces already favors the formation of
of these phenomena in this regime in terms of holes bound tetriped charged phasés.
domain walls, separating antiferromagnetic regions — see Also some recent experimental developments give sup-
Fig. 1. Fluctuations prevent these domain walls from freezport to these domain-wall ideas. As we shall discuss later in
ing into an ordered state and we thus get a spatially anthore detail, these domain walls have recently been directly
temporally disordered, liquidlike phase of the type sketchedbserved in doped LaiO,,® which is a close relative of
in Fig. 2. We associate the dynamics of this liquid state withthe cuprates.Indications for the existence of domain walls
the anomalous magnetic fluctuations of the cuprates. in lightly doped La,CuO, were brought forward in the con-

We are motivated in part by recent studies of thé@  text of magnetic-susceptibility measuremefit&inally, do-
model revealing tendencies towards the formation of such amain walls were proposed as a possible explanation for the
inhomogeneous state over a large range of parameters. Korringa behavior of the oxygen nuclear spin-lattice relax-
was found, by exact diagonalization of small systéfi&-20 ation time in superconducting La,Sr,CuQ,,'! which is
siteg with four holes, that upon increasirigt a phase with  otherwise hard to understand in the light of the strongly in-
domain-wall correlations appears before phase separaticmommensurate nature of the spin fluctuations in this
occurs? Earlier, these domain walls were found to be thematerial*2
classical(Hartree-Fock saddle points of Hubbard models at  Motivated by the above considerations we study the dy-

namics of domain walls at finite temperatures, which should
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FIG. 1. Sketch of the domain-wall lattice as found in doped
La,NiO, (Refs. 8 and 8 (a) The arrows indicate the spins in the
perovskite planes, centered on the Ni ions, and the circles indicate
the holes. This corresponds with a reversal of the sign of the stag-
gered order parameter over the domain walls where the holes are
localized. In(b), the lines denote the position of the domain walls  FIG. 2. Snap shot of the domain-wall liquid as is conjectured to
and the signs indicate the sign of the antiferromagnetic order paexist in the cuprate superconductors also opposed to the ordered
rameter. Note that in LaNiO, domain walls are oriented along the domain-wall state sketched in Fig. 1. The characteristic leAgtis
(1, direction, while in the cuprates domain-wall correlations areindicated by the arrow and the sighns indicate the sign of the anti-
supposedly along thél,0) and(0,2) direction. ferromagnetic order parameter, as in Figs. 1 and 4.
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FIG. 3. Fourier transform of a domain-wall lattice as in Fig. 1, o ;
except that the lines are oriented alaig0), (0,1) directions in the
square lattice as appears to happen in the cuprates. The spinlike first ) . . )
harmonics(filled dots and the chargelike second harmoniopen FIG. 4. The different possibilities for incommensurate orderings
dot9 are indicated. in doped magnetic insulators. The modulation of the spin direction

(& and the uniform charge distributiofp) of the spiral state. A

be in first instance reflected in the magnetic responses. W&ingle harmonic modulation of the size of the staggered order pa-
show that the dynamics of a system of fluctuating interactingameter(c) and the response of the hole density if only two
guantum domain walls has a characteristic crossover frgj"ﬂrmo”icS are present. The spi@) and chargf) components of
quency scale that is set by the temperatdE £ ksT). Such the order parameter of the full domain-wall structure of Fig. 1.
a behavior is a prominent feature of the magnetic responses
of the highT. materials(e.g., neutron scattering, NMR®  surface?®=2> On the other hand, a longitudinélocal mo-
while it might also be held responsibfefor the anomalous meny modulation of the spin densityFig. 4(c)] would
properties of the metallic state in genetat® couple to the charge density and the latter modulaftféig.

Domain walls yield a natural explanation for the 4(d)] would give rise to a second harmonic with twice the
momentum-space structure of spin fluctuations and its dopmagnetic incommensurability centered around Ehgoint.
ing dependence as probed by neutron scattéfifitne Neel Finally, we have the “true” domain walls of Figs. 1,(&,
state at half-filling gives rise to magnetic Bragg peaks cenand 4f), characterized by third and higher harmonics repre-
tered at ¢r,7) in the Brillioun zone. In an ordered charge senting the anharmonicities.
domain-wall array as shown in Fig. 1, the staggered order Although it is useful to picture a domain-wall as a string
parameter has in addition a long-wavelength modulatiorof holes as in Fig. (&), one should keep in mind that in
with a period twice the domain-wall separatidnand the reality the hole density is broaderiefl over several lattice
first harmonics are located at[(1*=d8)w,mw] or sites, as indicated schematically in Figge)dand 4f). The
[m,(1*6)7], as indicated in Fig. 3. Moreover it can be wall positions drawn by lines in Fig. 2 therefore indicate the
expected that the total length of the domain walls is proporiocation of the maxima of the hole density or, equivalently,
tional to the density of holes; it then follows that the points where the component of the spin order parameter
5~ 1/d~x, offering an explanation for the proportionality (M?) vanishes. When the wall width becomes of the order of
between hole density and incommensurability as found in théhe average wall separation, an array of walls will continu-
cuprates.” If the domain-wall lattice is in a disordered state ously transform into the modulated state of Figéc)4and
as sketched in Fig. 2, the Bragg peaks will broaden in mo4(d).
mentum space with a width inversely proportional to the In fact, because it is near to impossible to measure the
correlation length of the domain-wall lattice. Moreover, be-(valence dynamical charge susceptibility directly, the only
cause the(1,0) and (0,1) directions are equivalent, the in- hope to see at least the second harmonics would be by the
commensurate peaks will show up in both directions in thecoupling of the electrons to the lattice. This is exactly what
zone. Although this is consistent with what is seen inhappens in both O- and Sr-doped JNiO 4, where the full
neutron-scattering experimer{st® the experimental results harmonic structure associated with the structure of Figs. 1,
do not unambiguously prove the existence of domain-wall4(e), and 4f) has been mapped out by neutron scattefing.
like correlations. In order to experimentally demonstrate thelhis material is rather similar to the cuprates. It is not only
existence of domain walls one would also have to observésostructural to La_,Sr,CuQ,, but a two-dimensional anti-
the higher harmonic& For instance, if the spin modulation ferromagnet at half filling with the same doping mechanism
would be a single harmonic and in the transverse channels well. However, the different physical propertigse nick-
[Fig. 4@)], like the spiral state of Shraiman and Sigiflmne  elates are insulators at low temperatiireslicate that the
would already find the first harmonic while all other harmon-holes in doped nickelates are more strongly localized. Evi-
ics would have disappeared because the charge distributiafence has been accumulating that this is primairily caused by
would be uniform[Fig. 4b)]. In fact, this situation is indis- a larger effect of the electron-phonon couplfig?
tinguishable from the even simpler possibility that these It has been argued that the electron systems in both cases
“magnetic” fluctuations arise from the Fermi-liquid like ex- are rather similar, except that both the larger lattice polaronic
citations associated with the particular form of the Fermieffects and the larger spin increase the mass of the walls,
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thereby suppressing the fluctuations, leading to the freeze odbmain-wall liquid. This is not priori obvious, but can be
observed in the nickelat@dn fact, the magnetic dynamics of justified as follows. If the undoped system is ordered, the
the cuprate$?® has some striking similarities with that of spin system in the presence of walls can remain ordered if
the Sr-doped nickelate. Haydeet al?® deduced from their the effective spin-spin coupling across walls remains of the
neutron data on LagSry oNiO, that theq-integratedy” (w) same order as the spin coupling inside the domains. In this
behaves as tank(I), similar as in the cuprates. However, case, the spin-wave velocity in the presence of walls will be
while the scald”~ T in the cuprated, drops to values much largely unchanged from its undoped value. Alternatively, if
smaller thariT at T<100 K in La, ¢Sry-NiO,. In a domain- the spin system is disordered but has a correlation legigth
wall picture, the scale at which collapses might be identi- much larger than the domain-wall length. defined below,
fied with a domain-wall freezing temperature into a disor-spin waves still characterize the spin dynamics within the
dered phaséwhenI is small the susceptibility has a typical domains. In both cases, our scenario then assumes that the
glassy form. In contrast, in oxygen-doped LAiIO, true  spin dynamics resulting from these modes follows adiabati-
long-range order is found dt<100 K, corresponding with a cally the domain-wall motion; the spin-wave velocity of
lockin of the domain walls to the ordered excess oxygerspins inside the domains is assumed to be much larger than
striped phasé. the wall velocityc,y . This assumption will be verified below.
The scenario that we propose is that, while the domairn this limit, the spin dynamics is induced by the motion of
walls form an ordered phase in the nickelates, they form dhe walls, since the component of a spin flips when a wall
domain-wall liquid in the cuprates due to their stronger fluc-passes, as can be verified from Figs. 1 and 4.
tuations. We will argue that there might be a high- (iv) The wall-wall interactions are short ranged. We ne-
temperature regime where thermal fluctuations dominateglect both residual long-range Coulomb interactions, as well
characterized by the property that temperature sets the scake the Casimir-type interactions mediated by the spin
(Sec. Il). From this analysis it follows that a crossover haswaves®
to follow to a low-temperature regime dominated by quan-

tum fluctuations, and we will identify the dimensionless pa-  |I. CLASSICAL DYNAMICS OF A DOMAIN-WALL
rameter that governs this crossover, analogous to the de Boer LIQUID
parametée? for the heliumgSec. IV). Finally, we will give a
critical assessment of sonjevensimplifications in our mod- The (classical statistical mechanics of the model of Sec.
eling (Sec. 1) in the final Sec. V. Il can be derived along similar lines as for two-dimensional
incommensurate liquids formed by rare-gas atoms adsorbed
1. DOMAIN WALLS AS VIBRATING STRINGS on graphite, eté*2We stress that this is not meant to imply

that the present problem is physically the same. The micros-
Let us identify some assumptions concerning the nature afopy is of course entirely different. Next to the fact that these
the domain-wall liquid. In the next two sections we confinecharged domain walls are far more quantum mechanical
the discussion to a simplified model, which will be scruti- (they are caused by local quantum fluctuatjotisan the
nized in the final section: structural domain walls, their density might obey a conser-
(i) The domain walls behave as ideal, “Gaussian” strings.vation law. Taking the on-string charge commensurability for
The internal degrees of freedom are completely parametrizegranted as suggested by microscopic thectfetheir net
by a single string transversal sound madg=cyq, where  density is proportional to the hole density and is therefore
g is the wave number along the string. The sound velocity iconserved. This is not the case in conventional incommensu-
expressed in terms of a string tensidl and mass density rate liquids and the present problem is actually somehat sim-

p as pler.
Thermal fluctuations will cause the domain walls to me-
cw=V2/p. ) ander. The central observation is that a new length scale

3,34 . . _
The string tension represents the effect of a change in ener%‘ergeg' Due to the wall wanderings, the walls will col

associated with a change of length as a result of bending tq e after a characteristic lengii. . At length scales smaller
wall. We notice that the commensuration gaps appearing i
the spectrum of the collective modéphason”) of the or-
dered phas@ are not present in the liquid.

an/ . one deals with isolated walls and 4t a crossover

follows to a network of interacting walls. Assuming Gauss-

ian walls and classical statistics, this length is easily de-

(i) We assume that dissipation is not important for thetermined.. As is wgll k'nown, the mean-square fluctuations of
a single ideal string in two dimensions in the transvezse

dynamics of a single string on the time scales of interest?. tion bet ¢ int ted by a distaficin
Hence, isolated strings are characterized by coherent dynan(;L'—rec lon between two points separated by a dis ng
the string, increases as

ics. This does not imply that isolated strings do not know
about temperature. We assume that the only effect of tem- KT
perature is to occupy thécoherent sound modes of the ([z(/)—z(O)]Z>E<(Az/)2)zi/’. 2)
strings which causes meandering. Dissipation sets in when ' >

strings start tacollide. This is similar in spirit to kinetic gas If we have an array of walls with average wall spacih
theory, where dissipative hydrodynamics governs IOW'due to the fluctuatigns the walls will on ?he averape coglllide
frequency, long-wavelength behavior, while ballistic motion herd 9

occurs on scales shorter than the collision length. whe

(i) We assume that the low-frequency part of the spin e
excitation spectrum is dominated by the fluctuations of the V<(Az/c) )=d.

()
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The typical distance/. between collision points is then y ) mla dq ,
given by ([z(7,1)—2(0,0] >:f7 /a?[l—cos(q/)cos(wqt)]
y >d? @ X<|Zq|2>
"¢ kgT’ _ 2kgT (7la 1
- TS o qqZ

In other words, because the elementary objects are strings,
we find naturally that a characteristic length scatefact a
“microscopic” cutoff length emerges which is inversely X
proportional to the temperature.

The length/; plays a central role in the classical equilib- ,
rium statistical mechanics of the fluctuating wall system. Our +cog(/ + CWt)]) - ©)
interest is in the dynamics of the wall liquid and in particular
in the dynamics at the crossover scale. We suggest the fol-
lowing picture: at length scales smaller théapthe dynamics At equal timest=0, one recovers the familiar result E@).
is that of stringlike vibrations of isolated walls with wave- At unequal times, however, this formula shows that the
lengths shorter thaw’,. At a length scale/, this crosses Ccrossover time after which the relative motion of two points
over to the dynamics of the many-wall problem. We directlya distance” apart becomes important,49c,y . This implies
obtain the characteristic time scale as follows. As long as théhat the frequency scale above which this motion becomes
wavelength of the wall vibration is less thaf the dynamics ~ important for two points a distancé; apart is just". Like-
is essentially the elastic stringlike dynamics of a single wallwise, the mean average fluctuations of two points a distance
with w=cyq. Hence, the energy scakd” for the crossover /. apart deviates significantly from the valdeafter a time

1
1- E[cosq(/— cwt)

equals the value o w at the wave numbea, Bie, of orderI’ "2, so the collision frequency of nodes will also be
of orderT".
0o whe Note that the above discussion also clarifies our assump-
Al =hoy— = —2WkBT: ukgT, (5)  tion (ii) of Sec. Il concerning the timescale on which the wall
2 >d dynamics is coherent, i.e., dissipationless: our assumption is
that damping can be neglected on time scales shorter than
where we have used El) to introduce I'"1, and the dissipation in the domain-wall liquid finds its
origin in the collisions of the walls.
wh The significance of the scalé is thus that it separates a
)% (6) high-frequency regime characterized by single-wall coherent

=—0.
pCwd dynamics and a low-frequency regime of dissipative, collec-

tive dynamics of the domain-wall liquid. Asserting that this
In other words, “temperature sets ttfeequency scale,”one  has something to do with highz superconductord; has to
of the hallmarks of the normal state of the cuprates, appealse of orderkgT, i.e., « in (6) has to be of order unity. It
naturally in this domain-wall framework. Experimentally the fgjlows that the spin fluctuations as measured by inelastic
dimensionless parametgris a quantity of order unity?**%® neutron scattering should relate to the high-frequency regime
such that the crossover scale is of ortgf. down to the crossover frequency. On the other hand, the
Let us present the argument more formally. We are seekyMR relaxation rates measured at frequendias<kgT
ing for the time scale of the relative motion of two collision ghould contain information concerning the hydrodynamic re-
points. Consider the Hamiltonian of an ideal classical strin%ime of the domain-wall liquid. Let us first deduce some
in two dimensions, simple ramifications for the spin-fluctuation spectrum in the
frequency window of neutron scattering.

On time scales shorter thai™, we can think of the
) (7) collision points as being fixed instantaneously. Nevertheless,
it is still possible to excite this static “network” of domain
walls because of the internal vibrations of the walls. At the
collision points, the vibrational properties of the strings have
to be perturbed because of the interactions with other strings.
For simplicity we assume that these interactions have the
effect of forcing nodes in the string vibrations at the collision
points. The high-energy excitations can then be looked at as
being the vibration modes of a collection of isolated string
' (8) fragments with fixed end points. The mode density of a

single string with length’” is given by

2

Y
iy

p(/)*  _[dz(7)
LY

where z(/) and p(/) refer to the transverse position and
momentum at position” along the string, respectively. In
terms of modes with wave numbegparallel to the string we
then have

1 dq |pq|2 2 2
H—EJE( s +pwq|Zq|

with w,=cy|q| andq running from —/a to =/a. In the

undamped case, each modg evolves with a frequency l/a .

. . . . . 7T W
wq; We then fmd for the u_nequal time czorrelatlon fgnctlon, g (w)= E 5( w—"N ~ ) (10)
using the classical flucutation formufgz,|“) =kgT/Zq n=1 /
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string picture isnot realistic for frequencieso=<T": the dy-

1 TR T ] namical response is determined instead by the dynamics of
C = the domain-wall network. However, these collective excita-
5 — -] tions cannot make up for the lack of single string excitations
— - at low frequencies, so, as will be further clarified in our
i 0o — ] discussion of the hydrodynamical regimg; will decrease
- ] for small w. It is therefore expected that &t, XZ starts to
C ] decrease towards lower frequencies. In other words, we re-
-5 — - cover the typical “marginal® behavior of the local dynami-
- 7 cal susceptibility as measured by neutron scattering in the
A CLi Lo b b b A high-T,, superconductor:2
6 -4 -2 0 2 4 6

X" (w)~tanH w/T") (15

w/T
with AI'=O(kgT).

FIG. 5. The behavior of the-integrated dynamical magnetic The relationship between E¢Z) and the spin-fluctuation
susceptibility, as deduced within the present approach.«Fef’,  spectrum is somewhat indirect, mediated by the modulation
x" is essentially flat and the response is dominated by the highef the staggered order parameter by the domain-wall mo-
frequency dynamics of isolated walls. The solid line corresponds tqjons. However, under the assumptiéii) of the previous
the behavior as given by Ed13). The dashed line drawn for gection, the spin dynamics is completely driven by the
o=I indicates that we expect the small frequency behavior, detergomain-wall motion. Therefore Eq7) is like the local dy-
mined by theT hyd_rodyngmic response of the domain-wall ”et""orknamical spin Suceptibilityx’s’(w) (g-integrated dynamical
to be essentially linear in frequency, as shown by 6. magnetic susceptibilily modulo an overall normalization
factor. The latter is easily determineg is normalized by
the total spin-flip probability per site for all spins in the
system:fdwxg(w)zszzl,ué. However, only a fraction
a/d of all spins can be flipped by a domain wall and there-

The collision length’,. is an average quantity. It is natural to
assume a Gaussian distribution of collision lengthwith a
variance/¢,

y 1 [{ 1(/—/0)2 fore
P(/)=———exg —5|—— 11
( ) /C\/ﬁ 2 /c ( ) o0 a 2 re
The excitation spectrum averaged over this distribution is fo doxs(®)= (H) fo dox,(w). (16)
Assuming thal” <cym/a (the high-frequency cutoffwe es-
g(“’):f d/P(/)g(w). (120 timate for the spin susceptibility at high frequencies, in ab-
. . . N solute units
This translates into docal) density susceptibility,
a3
” % . >)=—— 2/ V. 1
Ko)= [ 4P+ o) lg () -g, (0], Xo(0>T)= g gle an
(13

Also the spatial structure of the spin fluctuations can be
wheren,(w) is the Bose factor and where we have left outaddressed. The collision length, is at the same time a
an irrelevant form factor. Fo®=I", where the single string dynamical disordering length for the domain-wall fluid. At
dynamics underlying this formula is realistic, this expressionlow frequencies, the correlation lengghof the incommen-
give an w-independent susceptibility. This is illustrated in surate magnetic order parametire inverse of the width of
Fig. 5, where the dashed curves represent the contributiorthe incommensurate peaks in momentum spabeuld be
from the individual terms in the sum over. Analytically,
the flatness oj(;;(w) for large frequencies can be most easily
demonstrated by approximating the sum omeby an inte-
gral over a continuous variable. Upon performing #ien-
tegration first, one obtains

INo+1
erf(—

72

1
gz/cw?- (18)

We notice that this inverse scaling of the length scale with
temperature is similar to what is found in the analysis of the

INow-1 critical regime of the quantum nonlinearmodel where this
"(w)=(2I) " sign ) —er

—\/5 scaling is associated with a dynamical critical exponent
z=1. This is no surprise because the basic motive is similar:
(14 =™ / ,
coherent quantum dynamids;stead of propagating string
For frequenciesw=T", this expression rapidly approaches vibrationg emerging above a scale, which is proportional to
the constant value of 0.6B/ see Fig. 5. For small frequen- temperaturé?®
cies, Eq.(14) predicts the susceptibility to vanish exponen- Being tied to the shortest length scale in the domain-wall
tially fast for o<<I"; this is because the formula associatesfluid, the width of the incommensurate peaks should not
the low-frequency response with that of the long-wavelengtithange until one reaches the crossover regime where the co-
vibrations of very long strings witi’> /., whose probabil- herent nature of the high-frequency dynamics starts to be-
ity of occurrence is exponentially small. However, the singlecome important. This is illustrated in Fig. 6. The propagating
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Here we have writtep in terms of the electron mass, and
the lattice parametea=4 A of the cuprate layers. The
sound velocitycy, sets the energy scale of the wall vibra-
tional modes and we find indeed that the domain-wall liquid
is an order of magnitude softer than the spin system at half-
filling, since the spin-wave velocity is of the order of 1 eV A
/% [Sec. Il, assumptiofii)]. More precisely, we can use Eq.
AN VI (16) to estimatey’(w>T")~(1u3)/eV, in agreement with
— (n) ~—F— experiment, and sufficient to “mask” the spin waves at low

1/¢ 1/t frequencies. Finally, notice that the mass density is of order
ons of a few electronic masses.

Let us now turn to the low-frequency regime of the dy-

FIG. 6. The appearance of the dynamical magnetic susceptibilit?amics of the domain-wall liquid. Of primary interest is the

x" both as function of wave vectm} [on a line connecting the first ow-frequency end of the dynamlcgl magnetic susceptibility
harmonics arounds, )] and frequencyw. The dashed lines indi- as probed by the Cu NMR relaxation réf’e,
cate the string mode “cones” originating from the ordering wave

vectors in the striped phase, if interaction effects would be ne- iwk TJ' dc? X"(9,w0)
glected. Remnants of this dispersive behavior are found above the T, B q°S(9) wg
characteristic frequency scale while below this scale only the
disordering length’, matters.

(21)

with wo~10" Hz (nuclear Larmor frequengyand S(q) a

. o . o . . . form factor, a smooth function aﬁ‘ which is at maximum at
string excitations would form spin-wave-like “cones” origi- o "incommensurate wave vectors if the domain picture
nating at the incommensurate points if the domain Wallsapp“es%l This quantity shows the anomalous, “non-
were (_)rdered, modulo possible cc_)llectlve_ effects at low fre'Korringa,” behavior 1T,=const in the cuprates. At these
guencies because of wall-wall interaction energies. On

- fow frequencies we have to consider the collective, hydrody-
should recover this| dependence at frequenciesllar'ger thanamic response of the domain-wall fluid, which we expect to
I in the liquid as well except that these excitations arepe determined by the dynamics of the domain-wall density,
broadened byAqg.~m//, because of the finite mean free pecause this density is a conserved quantity in the model of
path for the vibrations on the domain-wall “network.” The sec. |I. Furthermore, thermodynamic information is needed
result of this constructiofFig. 6) shows a striking similarity  \where we can exploit théextensive literature. At this point
with the form of the dynamical magnetic susceptibility asthe absence of large, long-range domain-wall interactions
function of q and w as measured by Aeppli and (Sec. I) becomes of central importance. Under this condi-
co-worker$®8 using neutron scattering. In our picture, the tion, the only interactions of thermodynamic significance
momentum independence of the dynamics for frequenciekave an entropic origin: if two walls collide, the meandering
less thanl reflects the mean-free patfy. in the disordered phase space is restricted, giving rise to long-range entropic
domain-wall network, while at frequencies larger tHathe  repulsions® As Coppersmithet al, showed this implies
fluctuations gain a dispersive component coming from thehat this system has a zero-temperature Kosterlitz-Thouless
single-wall dynamics. transition. At any finite temperature, free dislocations prolif-
From these simple considerations, quantitative predictionserate and correlation functions decay exponentially. After
follow for the behavior at the crossover scafp. The fre-  coarse graining, the free energy of the domain-wall liquid is
guency where the legs come together should increase withquivalent to that of th&X'Y model, except that the interac-
decreasing temperatut@pposite tol'!) and the “crotch” tion parameterJ) goes like temperature itself; as a resul the
should occur at a similar frequency as to where the crossovéosterlitz-Thouless criterium never gets fulfilled at any finite
occurs in theg-integrated respong€ig. 6). (i) The width of  temperature, since temperature drops out from the ratio
the “legs” (“magnetic correlation lengthy should increase J/kgT.
roughly proportional td” (or temperaturg signaling the ex- Given the assumptions in Sec. Il, our domain-wall liquid
istence of the string sound velocity. has to be of the same, dislocation-melted variety. In this case
Although more data are needed to prove or disprove thesene expects standard hydrodynamical behavior. The wall
predictions, the existing neutron data do not contradict thiglensity p will obey a diffusion type equation of the form
picture and the latter can be used to show that the numbemp/st=DV?p. Associated with the domain-wall density is
make sense. In our approach the magnetic correlation lengthen the hydrodynamic susceptibifify
¢ is of order of the collision length’;. Using Eq.(4) and

£=25 A at 35 K in La,_,Sr,Cu0,,'® while d=10 A we 92
find the string tensiol = 1 meV/A. Then, foru according Xp(0, @)= DXpwwer—qum (22)
to Eq.(6) to be of order unity, we obtain for the domain-wall
mass density and sound velocity where y, is the static density susceptibility. The diffusion
constant is set by typical microscopic length and time scales.
p=10mc/a, (19 Inthe present case, we expect

hcy=0.1 eV A. (20) D~d’I'~T, (23
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the diffusion constant increases with temperature, becauseandering. The string HamiltoniafY) can be quantized by
the average motion of the collision poir(tsaausing the diffu-  requiring thatp,= —i#(d/dz,),

sion) does so. The other quantity with potential temperature

dependences ig, which contains the thermodynamical ef- HY=EV, (26)
fects.gf\s a trivial consequence of the work of Coppersmith L
et al,>" this quantity cannot have any sizeable temperature _ + L

dependence. As we remarked above XN language, the H_f dq ﬁwq(bqbq+ 2)’ @7
susceptibility is a function of3J and becausd itself is

proportional to temperature for a domain-wall network domi-Where

nated by entropic wall-wall interactions, the susceptibility p

becomes essentially temperature independent. bf= /u( g ﬂ) (28)
We can now address the NMR relaxation rate. In prin- a 2h p®q

ciple, the relationship between the domain-wall density sus-

ceptibility and the spin susceptibility is not trivighe stag- b= &( . . pq)
gered order parameter ii®t a conserved quantitybut again 4 2\ 774 '
this difference should not matter locally. This, together with

the form factor, is lumped together into(emconsequential [bg ,b;,]: s(9-q'), (30)
momentum cutoffy,

(29

describe the quantized transverse sound “phonon” carrying
1 T(%, , momentumg on the wall. The analogue of E2) for the
-|-_1~ w_o 0 d“ax,(d, wo) equal time mean-square fluctuations in the perpendicular di-
rection is now given by

q3

dc
~27DxT ——— 24 , ma dg ,
AT e 2 qo-aom- [T Sa-con iz
7TXT 2q‘c1 A #la (1_ COS:]/)
~——In| 1+ ——]|. 25 = —_—
2D " wy 9 71'PCWJO d (1+2nq)
Apart from logarithmic corrections coming from a possible (32

temperature dependence of the momentum cutoff we fin% large temperatures the Bose factor dominates and one
1/T, to be temperature independent: the temperature deperr]écovers the classical result E@) for equal times. At
dence originating in the Bose factor is exactly canceled byl':O however. one has one factor oﬂ]lésg in the inté al
the linear increase of the diffusion constant with temperature, d t'h t’ dering is therefore | i 9
We notice that this behavior of I{ is equivalent to the local and the quantum wandering Is theretore logarthmic
dynamical spin susceptibility behaving a¢T (Fig. 5.

Let us summarize the status of these results. Our analysis ([z(/)—z(O)]z)Qz
shows that if we assume that the charge and spin degrees of
freedom in the copper-oxide planes of the hithsupercon-  wherey=0.577 is Euler’s constant. At a given length scale
ductors forminhomogeneougphases that can be character- /| the temperature at which a crossover from classical to
ized in terms of reasonably homogeous domains separatgfiantum behavior occurs is of the order of
by domain walls(a picture most relevant at low to moderate keT~mhcy//. Alternatively, at a fixed temperature the
dopingg, we find that for very reasonable parameters andvandering is classical at length scales larger than
u=(1) these wall fluctuation modes are important low-c,,/ksT, and quantum mechanical at length scales much
lying excitations whose temperature dependence recoveksnaller than this value.
some of the important characteristic behavior of the high- Equating the zero-temperature mean-square fluctuation to

T. materials. Even if these fluctuations are not the origin ofd? yields, together with(6), the quantum collision length
the characteristic behavior of the high-materials, they will

still be important whenever. is of order unity. If, on the Q
other hand, there are inhomogeous phases with walls that /¢ Weye ' (33)
have u<1, then the walls are very stifso that, e.g.cyy is )

large), and fluctuations become less important. In the nex@nd the associated energy scale

section, we will argue that whenevgi= 1, quantum fluctua-

tion effects also become important at low temperature. AN Q:h:%"
’:/C

/e
a

: (32

n
’7TpCW

(34

IV. DOMAIN WALLS AND QUANTUM MECHANICS wztheV )

So far, our discussion of the domain-wall dynamics has ZTG_” e, (35
been based on classical fluctuation theory. Since the domain
walls have a small mass it may be expected though thatve can now make the criterium for the relevance of quantum
guantum mechanics plays an inportant role. mechanics precise: this is controlled jpy the appropriate

Let us first discuss some elementary facts about quantudimensionless parameter for the present problem defined in
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Eq. (6). If u<1, the quantum fluctuations are exponentially jected to “transverse” meandering fluctuations. For decreas-
suppressed and the problem remains classical down to theg coupling strength the walls should start to loose their
lowest temperatures. Ji>1 quantum fluctuations are domi- integrity and one imagines that the remnants of these domain
nating to such an extent that they are important even at th@alls live as(many particl¢ resonances in a bath of fermi-
momentum cutoff so that the present long-wavelength analyonic excitations. One would like to think of these resonances
sis looses its validity. Whep is of order unity, however, a as strands of domain-wall of some characteristic length and
crossover occurs from a high temperature classical regime tgetime. If this lifetime is sufficiently long(compared to

a low-temperature quantum-dom_ina_teq regime at a reasonyT) and this length sufficiently largécompared tdl,) it
able temperature of order of the intrinsic energy scale of thg,,1d still make sense to approach this problem from the

problem. o strong-coupling side, in the same sense that Heisenberg mod-
In fact, in this respect the situation is comparable to thaly s are relevant for itinerant magnets.
in the helium. The so-called de Boer param&terhich mea- What is the characteristic binding energy of the domain

sures the strength of quantum effects for atomic motion iny4i1s? In this regard, doped LAliO, is illuminating. Dop-

crystals is defined as the rati/@) (mU) Y2 wherem is the  jnginduces gap states in the optical conductivity. The thresh-
mass of the atoms3 the lattice parameter, anld a typical | of these absorptions is characterized by a “polaronic
interaction energy. Of.the nob(.al.gases, (_)nly for He is thisesonance” at 0.5 e%+“2 Since we know that the holes are
parameter of order unity, explaining why it can be regarded,nd to domain walls in this case, it is tempting to interpret
as a classical system at high temperatures while it formg,ese resonances to correspond with the process of exciting
quantum fluids and crystals at low temperatuffes. ON€  holes out of the domain walls. Assuming harmonic poten-
insertsp=m/a andX =U/a one recovers, together with),  {ja|s, we infer a binding energy-0.25 eV. Assuming that
our expressiort6) for u, showing that we may think gk as  charged domain walls are also relevant for the underdoped
the analog of the de Boer parameter. cuprates, we infer from the similar polaronic peak in the
According to the neutron data for the doped,CaiOs  gptical conductivity of the cuprat&that the binding energy
system,,u6seems to increase from-1/2 at low dopings of the holes to the domain walls is now of order of 0.1 eV.
(x=0.04y° to ~2 at superconducting concentrations Apparently, this “polaronic resonance” survives if doping
(x=0.14;*) roughly consistent with the expected increaseincreases, although in the metals it is accompanied by a
of the domain-wall density due to the increasing hole densityyryde-like feature with a weight growing rapidly with
(u~1/d*~x?). The suggestion we read from this is the fol- goping® This might be interpreted in terms of domain-wall
IOWing: in the former case, the quantum fluctuations are notresonances" Coexisting with a partic]e"ke bath.
strong enough to prevent classical ordering as in the nick- | this interpretation is correct, it implies that domain
elate. On the other hand, at higher concentrations we expegfalls get destroyed by thermal fluctuations at temperatures
a crossover to occur from a high-temperature classical repf at most 100 K — together with the de Boer criterium this
gime to a low-temperature quantum regime becguser ,  |eaves a relatively small window in temperature for the ob-
in direct analogy with He. In particular, we envision the ex- servation of the dynamics we discussed in the previous sec-
istence of a quantum domain-wall liquid, i.e., a phase withtjons.
strong domain-wall correlations on short-time scales but lig- |t js also interesting to point out that the relatively small
uidlike properties on long-time scales. The crossover tGstring tensiors as estimated for parameters relevant for the
quantum behavior implies that the previously found form ofcyprates, indicates that walls are not only rather mobile, but
the susceptibilities is valid only above the scdlg. The  also rather wide, just like the small soliton mass in the Su-
possible behavior below this crossover scale will be dis-Schrieffer-Heeger model of polyacetyléheesults from the

cussed further below. large width of the soliton. As discussed in the introduction,
this implies that the relative weight of higher harmonics of
V. DISCUSSION the domain-wall correlations will be small.

Let us now consider the dc transport. Suppose we would

In making up a balance of what we have reached, weonsider for a moment the domain walls as pre-existing, un-
observe that the central assumption underlying our results isreakable entities. Such a charged domain-wall liquid could
in our treatment of domain walls as robust, pre-existing obstill be an electrical conductor, but we would then expect a
jects. It is probably more realistic to view this system of domain-wall motion-type transport, analogous to that of a
walls of Sec. Il as a strong-coupling regime of which polymer liquid*® with a resistivity that decreases with in-
La,_,SryNiO, (and possibly the underdoped cupraisghe  creasing temperature. The opposite is true in reality, pointing
limiting behavior. Its weak-coupling counterpart would be at a serious shortcoming of a scenario in which all holes are
more like a system of essentially free holes, while the hightightly bound to domain walls: it forces us to consider the
T, superconductors should probably be thought of in termgpossilibility of exchange with particles and to relax the as-
of intermediate-couplings. The recent resulfer the t-J sumption that walls are unalterable pre-existing entities. For
model suggest that this latter intermediate-coupling regiménstance, a simple alternative scenario for the behavior of the
could be quite large. dc resistivity could follow the lines of the marginal-Fermi-

As usual, the strategy is to understand both the weak- ankifjuid ideas of Varmaet al3® or the paramagnon approach
strong-couplings regimes and to find out how to connect thef Pines and co-worker$: it is assumed that the electric
two. In rough outline we have sketched the nature of thisurrent is carried by fermionic excitations which are scat-
strong-coupling regime in the above. This amounted to keeptered by the anomalous fluctuations which we would inter-
ing the domain walls as robust objects, while they were subpret as domain-wall fluctuations.
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We now turn to low temperatures. In Sec. IV we arguediating the domain-wall fluctuation we fin({(Az)2>/d2
that the highT; superconductors are like He, in the sense=(u/#?)Inu. This simple argument shows that quantum
that at some reasonable temperature a crossover follows fromelting of the striped phase can only happen if the Gaussian
a classical- to a low-temperature quantal regime. The shortheory of the isolated walls looses its validitg & ), be-
comings of the assumptions in Sec. Il are most easily demeause otherwise the width of the walls is small compared to
onstrated in the latter. their separatiof®

Regardless the interpretation of the so-called spin gaps, it This might again be taken as an indication for the impor-
appears that at least at higher dopfﬁgﬁe spin system in tance of fluctuations involving the exchange with a particle
the cuprates is at zero temperature in an incompressible lidxath. The action of the Gaussian string is proportional to the
uid state if not only because of the superconductivity. Even ifotal surface area of the string in space time. On the other
the domain walls would form afincompressiblequantum  hand, if the string can freely exchange with a particle bath,
liquid, one would still expect to find low-energy excitations With the particles being the constituents of the string, the
associated with the spin waves in the domains, if we tak@urfa}ce area mv_arlan_t vanishes and the ph_y'sms is governed
assumption(iii) of Sec. Il literally (all additional, hole in- Y higher-order invariants. The next possibility leads to the
duced spin fluctuation coming from the wall motipnsve so-.called extrinsic _curvature surfac_es/quantum strg?gs
argued that the softness of the former could mask the latter #hich are characterized by a particlelike spectrugrq”,
both fluids are compressible. However, at zero temperature f#d accordingly by a much strongeigebraig divergency,
would imply that the domain-wall liquid would coexist with curing the ordering problem discussed in the previous
a Neel solid, and this possibility is clearly ruled out by ex- Paragraph. _
periment. In this regard, the observations in a recent paper by OPviously the most severe problem is that the low-
Tsunetsugtet al*® are interesting. It is argued that the spins f€quency, low-temperature regime in the highsupercon-
in the domains would remain in an incompressible state fopuctors is dominated by fermionic excitations which behave

small but finite interdomain spin-spin interaction, at least ifin Many ways as normal electrons. The challenge remains to
the domain walls are in an ordered state. find a way to reconcile these fermions with the string liquid

A static ordering of the domain walls seems also excluded©Ssibly realized at shorter times and higher temperatures.
experimentally and this implies a serious problem with re-The recent V\(orkshqwmg the coexistence of strong domain-
gards to assumptiofi) of Sec. Il, that the domain walls wall correlations with some of the more quasiparticlelike
behave as Gaussian strings. The quantum fluctuation of tHoperties of correlated fermions in thd model shows that
gaussian strings is only weakiyogarithmically divergent the same dichotomy arises in theoretical models. Under-

and the question arises whether this can prevent the existenginding this complementarity will be an important object for

of a striped phase order parameter at zero temperature in tfigture study. o o _
dense systerf? Some insight into this question can be Note added after submissioAfter submission of this pa-

gained by the following argument, analogous to the LindePer we leamed that the charged domain-wall striped phase
mann criterium for the melting of solids: we start out atNas actually been observed in a statically ordered form in a
«=0 with an ordered state and we ask if the mean-squarBigh-Tc cuprate. Because of well understood commensura-
fluctuation of a single wall can become of order the domainfion effects the charged domain walls freeze out at the spe-
wall separatiord beforeu reaches unity. The presence of a i@l doping concentration of=1/8, in the low-temperature
striped phase order parameter changes the properties oft@ragonal phasgl. M. Tranquada, B. J. Sternlieb, J. D. Axe,
single string. The string is now constrained to move in aY- Nakamura, and S. Uchida, Natufeondon 375 561
static tube of finite width, which removes low-lying modes (1995].
from the spectrum — e.g., if we model this tube constraint

with a harmonic potential, the string sound modes would
simply acquire a mass. More generally, the transversal extent The work by M.L.H. at Leiden University was supported
of the wave function belonging to string modes typically by the Netherlands Foundation for Fundamental Research on
z,=+hlpacyg. If mode couplings due to collisions with the Matter (FOM) and his work at Rutgers University by the
tube are neglected, the influence of the tube is to removsletherlands Organization for Scientific ReseafdhwO).
modes withz,>d from the sound spectrum. This implies a J.Z. aknowledges financial support by the Dutch Royal
low momentum cutoff in the integral E431) and recalcu- Academy of scienceeKNAW).
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