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Phase diagram of highT . cuprates: Stripes, pseudogap, and effective dimensionality
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The key problem in the physics of high, cupratefJ. G. Bednorz and K. A. Mier, Z. Phys. B64, 188
(1988] is whether doping is inhomogeneous and holes are expelled into one-dimendibhatripes. We
demonstrate that the scattering mechanism defining the transport properties and the universal sygdrinear
behavior in underdoped YB&u;O, thin films [J. Vanacken, Physica B94-295 347 (2001)] is the same in
spin ladders and underdoped cuprates. This implies that transport through conducting charge stripes in cuprates
is fully controlled by the inelastic length coinciding with the magnetic correlation length in the ladders, i.e.,
holes in stripes behave very similarly to holes in spin ladders. The 1D stripe transport model describes
remarkably well the temperature dependences of the resistivity and the scaling behavior of magnetic and
transport properties of underdoped cuprdiesluding transport in fields up to 50)Tusing essentially one
fitting parameter—the spin gap—decreasing with hole doping. In the framework of this model the hole-rich
stripes are just spin ladders with an even number of chains, and therefore the pseudogap is simply the spin gap
in spin ladders. The effective dimensionality is 2D at high temperature and 1D in the pseudogap stripe regime.
Disorder can lead to a pinning of stripes and their fragmentation, thus enforcing the interstripe hopping which
effectively recovers the 2D transport regime at low temperatures.
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[. INTRODUCTION description of the model, and then test it on a well-defined
case: transport in spin laddgiSec. ). After that we use the
An undoped Cu@plane in cuprates can be considered asvery close similarity of the temperature dependence of the
an insulating antiferromagnét Doping the planes with resistivity in two (seemingly different compounds—spin
holes, leads to a variety of phenomena: suppression of thadders and underdoped cuprates. We argue that the 1D stripe
long-range antiferromagnetié\F) order, an increase of con- model works very well for the underdoped cuprat&ec.
ductivity resulting in an insulator-metal transition, the onset|||). In the framework of this model, the temperature depen-
of the hole concentratiofp)-dependent superconductivity, a dences of the resistivity and the Knight shift give the same
transition from the insulating tetragonal to the metallic or-spin gap value\. The doping dependence 4fis discussed
thogonal structure, etc. The evolution of transport propertiesn Sec. Ill. The effects of disorder on the 1D stripes are
of high-T. cuprates is extremely sensitive to the underlyingpresented in Sec. IV. Finally, tHE(p) phase diagram is dis-

microscopic magnetic structu?e; and specific to the charge cussed in terms of the stripe formation and effective dimen-
distribution in the Cu@ planes. There is also growing ex- sjonalities(Sec. \j.

perimental and theoretical evidence that the gplanes are
not doped homogeneously, but instead, hole-rich one-
dimensional1D) featureq“stripes”) are formed. In order to IIl. DEVELOPMENT OF THE QUANTUM TRANSPORT

account for the possible inhomogeneous intercalation of AFy\,opEL IN DOPED 1D AND 2D HEISENBERG SYSTEMS
insulating regions and metallic hole-rich stripes, a 1D stripe

transport model was recently develoged@his model de- Figure 1 presents the scaled resistivitp—(pg)/(pa
scribes transport in the 1D striped regime, which becomes-pg) versus the scaled temperatifEA [pg is the residual
applicable below a certain temperatuf® where the resistivity andp,=p(T=A)]. This figure will act as a start-
pseudogap develofs. Rapidly growing experimental ing point for our discussion of the three differes{T) re-
evidencé®*?indicates that this 1D scenario might also begimes which we define as follows: linear behavigy T
relevant for the description of the transport properties of the>T*, superlinear behaviofl) Ty, <T<T*, and “insulat-
underdoped higfi-. cuprates. Since mobile carriers in this ing” behavior (lll ), T<T,, with resistivity increasing al
case are expected to be expelled from the surrounding Mott- 0. It is important to note here that we can interpséT)
insulator phase into the stripes, the latter then provide theurves in regime | in terms of a model of quantum transport
lowest resistance paths. This makes the transport propertiés doped 2D Heisenberg systemRegime Il can be related
very sensitive to the formation of stripes, both static ando the quantum transport in the 1D stripe ph43é&3

dynamic. From this point of viewa systematic study of the The CuQ planes in hight cuprates play a crucial role in
transport properties provides a unique possibility to probethe determination of the transport properties. The confine-
the evolution of conducting stripes with the hole dopifilge  ment of the charge carriers in these planes reduces the di-
main focus of the present paper is to demonstrate the applimensionality for charge transport to two dimensions or even
cability of the 1D stripe model to a description of the re-to one dimension if stripes are formed. Depending on the
markable universal scaling behavior of the transport propereffective dimensionality2D or 1D), the transport properties
ties of the underdoped cuprates. We begin with a briefwvill change accordingly. In both cases, however, it is reason-
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PP i - BE - =J. Equation(3) was derived forundoped2D Heisenberg

Pa=P 1 systems. Numerical Monte Carlo simulatidfishowever,
g6l g : T ] also demonstrated its validity for weakly doped systems.
T : v ] For the 1D striped phase, the striking similarity @fT)
- curves in underdoped cuprates and spin lad¢ezs below

A 1 implies that the 1D even-chain Heisenberg AF spin-ladder

i o model can be employed to describe @) of the striped
1.0 82-1x phase. The 1D spin-correlation lengéhp found for the
) undoped ladders by Monte Carlo simulatibhis given by
0.0 [E ] x=64/645/65/6.1/68/695
' o o . 2 T —-A
00 05 10 15 20 25 30 35 (AgmlD)_l:;+A K) ex,{?), (4)

T/A

FIG. 1. Scaled zero-field resistivity data(T) for the WhereA~1.7 andA is the spin gap. We assume here that Eq.
YBa,Cu0, films (from x= 6.4 tox=6.95). The regions of different  (4) can still be applied for weakly doped ladders as well.

p(T) behavior are indicated, as well as the energy sdatand the The next natural step is the combination of these expres-
crossover temperaturE* ~2A; p, is the residual resistivity, and sions for the 1D and 2D spin correlation lengths with the
pa is the resistivity aff=A. proper expressions for the quantum resistance, which even-

tually gives expressions for the temperature dependence of
able to expect that the following three basic assumptions cathe resistivity. In the 2D Heisenberg regime, remarkably, the

be fulfilled 3* resistivity is a linear function of temperatdréue to the mu-
(1) The dominant scattering mechanism in HTS in thetual cancellation in the limiT<2J of the logarithmicop(&,,)
whole temperature range is nfagnetic origin dependence and the exponential temperature dependence of

(2) The specific temperature dependence of the resistivity,,. Therefore, the lineap versusT universal behavior at
p(T) can be described by the inverse quantum conductivityr >T* can be related to the doped 2D Heisenberg systems
o~ with the inelastic length. , being fully controlled,(via  regime:

a strong interaction of holes with €u spind*'3 by the
magnetic correlation lengté,,, L~ &n. IWT"Y bAT

(3) The proper 1D or 2D expressions should be used fop,p(T)=[oop(T)] 1~[IN(£m)] 1~ In(exp( ?) )} ~

calculating the quantum conductivity. €

The 2D quantum conductivity is proportional to ligj ®
whereas the quantum conductivity of a single 1D wire is a . o )
linear function of the inelastic length,, , 6 The 1D spin-ladder resistivity can be described by Eg.
, wit the intrachain coupling and the spacing be-
¢ (6), with J; the intrachai l d th ing b
1 1¢? tween the 1D wiregJ, comes in to recalculate the theorist
p2p(T)=0op(T)~ b z'n“np/'), (D units:*®
(M) =0p(T ! e2L 2 T)= T L 2A+AT -
p1p(T)=01p(T) 52z 7 Lo 2 pio(T)=[o1p(T)] =&a|m, J—”ex T
(6)

with | the elastic length anldthe thickness of the 2D layer or
the diameter of the 1D wire. These expressions for the resis- ) L A i
tivity of the 2D layers and 1D wires can be used further on to, NOte that this expression rotan empirical interpolation
calculatep(T) by simply inserting into the elastic length form_ula. On the contrary, this expression is der_|ved _for trans-
Ly~ &m (£m being the magnetic correlation lenginto Egs. pqrt in the.spln ladders, and therefore |fc 9omb|nes |mportant
(1) and(2). The determination of the precise behavior of theMicroscopic parameter& andJ) describing the spin-gap
resistivity in the 2D Heisenberdl't>T*) and the 1D striped and exchange interaction in the spin ladders.

(T<T*) regimes thus requires a knowledge of the magnetic To verity th_e validity of _the proposed model Of. the quan-
correlation lengths in 20,,5) and 1DE0) cases tum transport in the 1D spin ladder model, a crucial test is its
m .

In the framework of the 2D Heisenberg model, which is application to the resistivity data obtained on the well-known
L) - - 20 .
certainly applicable for the doped Cy@lanes without any ~€Ven-chain spin-ladder compound, §Fa;; §CU,O41. ™ This

. T
"~ 2X27F?

stripes present, the temperature dependence of the correlatiGMPOUNd, due to its specific crystalline structure, definitely
length &,.,p is expressed &5 con'ta_ln.s a two-legr.=2) CQOS 'Iadder, anq therefore its
resistivity along the ladder direction should indeed obey the
27F?
exp( - (3)  the p(T) fit with Eq. (6) are shown in Fig. @). This fit
demonstrates a very good quality over the temperature range
with ¢ being the spin velocity anBl a parameter that can be T~25-300K, except for the lowest temperatures where the

efic 1D conductivity expression given by E(f). The results of
ngD(T): 8>< 277":2
directly related to the exchange interactidnwhere 27F? onset of the localization effects, not taken into account in Eq.
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L i FIG. 3. Scaling analysis on the temperature dependence of the
=~ ol | resistivity of the underdoped high: superconductor YB&£u,0g
g ) and the even-leg spin-ladder,3€a;; {Cuy4O,;.
o A .
E o008t ] because it can provide a unique and interesting opportunity
& - . to study the 1D two-leg ladders. As can be concluded from a
0.04 ] fit using Eq.(6), the 1D expression for the resistivity works
i PrBa,Cu,0, | rather well for this double chain compound. Both the fit and
. , [ o compont the experimental dataare shown in Fig. @).
0.00 — - : : :

The next crucial step in our analysis is the comparison of
the p(T) curves in the spin ladders and underdoped High-
cuprates. Interestingly, both compounds, seemingly belong-
ing to different dimensional regimes, show practically the

FIG. 2. (a) Temperature dependence of the resistivity for asame temperature dependence of the scaled resisthiiy
Sr, sCay; {404, even-chain spin-ladder single crystal at 4.5 and 83),

GPa(experimental data points after Ref.)20he solid line repre-
sents a fit using Eq:6) describing transport in 1D SL'sb) Tem-
perature dependence of theaxis resistivity of PrBgCu,Og (Ref.
22) together with a fit using Eq6).

0 50 100 150 200 250 300

T(K)

The superlinearp(T) behavior observed in the doped
even-chain SL under external pressure indicates, by its simi-
larity with the S-shape@(T) in underdoped HTS, that the
picture of 1D transport might be relevant to the HTSTat
<T*, where a superlineap(T) behavior is clearly seen
(6), is clearly visible in the experiment. Moreover, the fitting (Figs 1-3. To investigate the possibility of using the 1D
parametergq, C, andA all show very reasonable values. scenario for describing transport properties of the 2D £uO

The expected residual resistance for2a~7.6A, A planes of the highF. superconductors, it is appropriate to
~200K, andJ;~1400K (the normal value for the CuO compare the temperature dependence of the resistivity of a
planes$ is po~0.5x 10 % Q) cm, which is in good agreement typical underdoped higfiz. material YBaCu,Og with that of
with po~0.83x 10 * Q) cm found from the fit. The fitted gap the even-chain SL compound,$€ay; £CupOy1.

A~216K (at 8 GPa[Fig. 2(a)] is close toA~320K deter- The crystal structure of the YB&u,Og compound
mined for the undoped superlatti¢8L) SrCuO; from in-  (“124") differs substantially from that of the more common
elastic neutron scattering experimefitsn doped systems it  YBa,Cu;O; (“123"), since 124 contains double CuO chains
is natural to expect a reduction of the spin gap upon dopingstacked along thes-axis and shifted byb/2 along theb
Therefore, the difference between the fitted val@@6 K)  axis?® These chains are believed to act as charge reservoirs;
and the one measured in an undoped sys&20 K) seems therefore, they may have a strong influence on the transport
to be quite fair. Finally the calculated fitting parame@r in the CuQ planes themselves. In the 124 case, the 1D fea-
=(Ampo)/2A=0.0103 (in units of 10 *Q cmK) is to be tures of this double CuO chain can be expected to induce an
compared withC=0.013[from the 8-GPa fit in Fig. @)]. intrinsic doping inhomogeneity in the neighboring GuO
Using the fitting procedure for the two pressures 4.5 GPalanes, thus enhancing the formation of 1D stripes in the
(A~219K) and 8 GPa A~216K), we have obtained a planes in a natural way. A weak coupling of the 1D chains to
weak suppression of the spin-gap under pressiv&d p~ the 2D planes might be sufficient to reduce the effective
—1 K/GPa. dimensionality by preferentially orienting the stripes in the

Another model system to check the validity of the 1D CuG, planes along the chains. But even in pure 2D planes,
transport modélis the PrBaCu,0Og compound. This com- without coupling to the 1D structural elements the formation
pound has a well-known double Cu-O chain. The results obf the 1D stripes is possible. Using a simple scaling param-
the high-pressure studies of this Pr124 material suggest thater A, a perfect overlap of the two sets of data was found:
the metallic conduction here is governed by the double Cu-Qp— pg)/p(A) versusT/A (with py being the residual resis-
chains, and not by the Cy@lane?? The metallic behavior tancé for YBa,Cu,0g and Sg <Cay; £Cy,40,; (Fig. 3). Note
along the Cu-O chain in Pr124 deserves a special attentiotihat p, should be subtracted frop(T) sincep,, depending
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on the sample quality, may contain contributions from sev- 0.4 S T T
eral additional scattering mechanisms. ““(T”)

This perfect scaling of the(T) data of an underdoped 03l :
HTS on one side and an even-leg spin ladder on the other 9 ;
side has very important implications for the understanding of 8 /dﬁ:(
the nature of the charge transport and the scattering in the 021 z ;
high-T. cuprates’ Cu@ layers. It convincingly demonstrates 4 6”*210_31‘;_])‘2 .
thatresistivity vs temperature dependence of underdoped cu- 0.1}
prates in the pseudogap regime atT* and even-chain SL PRy
with a spin-gapA are governed by the same underlying 1D 0.0 il B J T(K)

(magnetic) scattering mechanism 0 50 100 150 200 250 300

Early experiments on twinned high: samples however, T (K)
created an illusion that all planar Cu sites in the Gp@nes
are equivalent. Recent experiments on perfect untwinned FIG. 4. Temperature dependence of the resistivity of a
single crystals have strongly questioned this belief. A veryYBa:CuOsg single crystal(open circles the solid line represents
large anisotropy in thab plane of twin-free samples was "€ ff using Eq. (6). The 4f't parameters - arepo=0.024
eponed (o et (YBaCU0) 22 (Rofs 24 (10 10, ©- 0002210 10 ol w226 The
and 25 and p,/p,(YBa,Cu,Og)=3.0 (Ref. 28], thermal :

2 the inset, illustrate the 1D-2D crossov@inear behavior at T
conductivity [«,/kp(YBa,CwOg) =3-4 (Ref. 27] super- 1« Insert(upper lefi: the determination of the spin gapfrom

fluid density;**® and optical conductivity”** In all these  the special plot based on E@). This plot gives the spin gap, using
experiments, much better metallic properties have beesnly one fitting parameterpp).

clearly seen along the direction of the chaifise b axis).

And what is truly remarkable, that this in-plane anisotropy In order to substantiate these observations, we can use
can be partly suppressed by a vary snatily 0.4% amount  similar ideas in the analysis of other physical properties.
of Zn2® which is known to replace copper, at least for zn Since in underdoped cuprates the spin-gap temperature
concentrations up to 4%, only in the Cu@lanes»®> The  found from thep(T) scaling works equally well for resistiv-
latter suggests that thab anisotropy cannot only be ex- ity as for Knight-shift dateKs,*® theseK s data can also be
plained just by assuming the existence of highly conductingised for fitting with the expressions derived from the 1D SL
CuO chains. Instead, the observation of anisotropy in thé&odels. For a two-leg SL, the temperature dependence of the
transport properties in theb plane for YBaCu,Og (Ref. 26 Knight shift Kg is.*’

and YBgCu,0,,%* interpreted as a large contribution of 1

strongly metallic Cu-O chaingq,,.i{T), might be reinter- Ko(T)~T "Fexp(—A/T) @)
preted taking into account the fact that the in-plane anisotfitting theK 5(T) dat&” for YBa,Cu,Og with this expression
ropy is caused by certain processes in the £pi@nes them-  gives an excellent resulfFig. 5 with a spin gapA =222
selves, where the substitution of Cu by Zn takes place. In this- 20 K, which is very close to the valud=224+5 K de-
situation we may expect that the chains are actually imposingyyed from the resistivity data.

certain preferential directions in the Cu@lanes for the for-

(T) = p,+ CT [5\ 4
P(T) = py exp TJ

..

p (10 Qcm)

B
£
=1 T
2 v
k4

SN B

mation of 1D stripes. 30 —
However, inelastic neutron-scattering experiments on " YBa.Cu.O o 4
YBa,Cu;0; (Refs. 33—3bshow evidence of the existence of 25 4,1

rather dynamic stripes, and the observation of 1D features in 7o L
the transport properties should therefore not be limited to the 5~ 20 +
Cu-O chain-direction only. Moreover, although the 1D g -
stripes are dynamic, no averaging of the transport properties = 15 -
will occur, since, even for dynamic stripes, the charge will &
automatically follow the most conducive paths, i.e., stripes, Mo10
even if they are moving fast. Fitting the 1D quantum trans- -

K(T) = KO+ K T Hesp <3| -

port modet to the inplanep(T) curve for YBaCu,Og [EQ. 5F 1
(6)] results in a very nice fit;® yielding a spin gapA -

=224+5 K (Figs. 3 and 4 The slope of If(p—pg)/T] versus 0 O : : '

1/T (see the inset in Fig.)4defines the spin-gap value, thus 0 100 200 300 400 500
reducing the number of the fitting parameters in this case to T (K)

only one:py. Therefore, we can conclude that the resistivity

of underdoped cuprates beloW (see the inset in Fig.)4 FIG. 5. Knight-shift dataK(T) for the YBaCwOg System
simply reflects the temperature dependence of the magnetiRef. 39 fitted with Eq. (7) (see also the insefor two-leg spin
correlation lengthin the even-chain SL's, associated with |adders(Ref. 37. The resulting fitting parameters akg0)= (0.6
stripes and the pseudo-gap is the spin-gap formed in the 113-2)x10 2%, K;p=(870+40)x10 2%, and A=(222+20) K
stripes (Refs. 7 and 8
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Therefore, for an underdoped HTS, we have related the 500 1 o T A‘fr' T
linear p(T) behavior abova™ with quantum transport in a r z TNZIZE“S;D @D
2D AF Heisenberg system and the S-shaped superlinear be- 400 L P |
havior belowT* with a 1D quantum transport model for )
even-chain spin ladder$he striped phageln the next sec- = 300,
tions we will interpret the universgh(T) behavior in the <>\<>K
framework of this 1D-2D model, extract the spin gapand 200 ¢ S
discuss the experiment@lp) phase diagram. 100 | YBa,Cu,0, \0\ i

O Il 1 I I
lil. DOPING DEPENDENCE OF THE SPIN GAP IN 6.2 6.4 6.6 6.8 70
YBa,CuzO, X
As can be seen from Fig. 1, the in-plane resistiyify(T) FIG. 6. Spin gapA and crossover temperatufé ~2A for the

of underdoped YB#Zu;0, shows a lineap(T) dependence YBa;Cus0, thin films_,. as derived from the scaling of their in-plane
at high temperature3>T*, a superlinear behavior &k resistivitiesp,,(T) with the curve for 1D quantum transport.

<T*, and an increasing resistivity at the lowest tempera-

tures for strongly underdoped samples. This insulating-likegpseudo-ga@ within this model for transport in a 1D striped
p(T) behavior was revealed by the application of very highcase.

magnetic fields in order to suppress superconductiVity.  In Fig. 6, the estimates for the spin pseudogapnd the
Doping the highT. materials reduces the tendency towardcrossover temperaturd*~2A are, for the YBaCuOy
insulating behavior, and lowers the crossover temperdattire systent plotted versus the oxygen contentLike T*, the

so that the superlinear,,(T) gives way for the linear re- spin-gap decreases upon doping, approaching the critical
gion, which is expanding to lower temperatures. These intemperaturd; near the optimally doped case. This is a well-
plane resistivities are shown to scale onto one universalocumented trend for the pseudogap, and is not restricted to
curve (Fig. 1). From this plot, a perfect scaling in regimes | the YBaCuO, compounddfor a review, see Ref. 40

(linear par} and Il [curved, superlineas(T) ] was observed A crucial check for the 1D conductivity models the

for all the zero-field curves. In the insulating regifhi), the  direct comparison of our values for the pseudogap with esti-
scaling is of less good quality. The perfect scaling of themates from the literature. In Fig. 7, we replot a\ifx) data
metallic in-plane resistivities for these compounds is a strong@n thin films (open diamondstogether with estimates from
indication that one scattering mechanism is dominant for theesistive measurements on other %80, thin films®and
strongly underdoped samples up to the near optimally dopedn twinned"* and detwinned!l single crystals. Within the er-
samples. Only the energy scdtbe scaling parameteér and  ror bars, these data agree well. Additionally, we have plotted
the crossover temperatur€*~2A) varies with doping. estimates of the pseudogap as derived from the £pléne
Based on the analysis given in the previous paragraph, it 5O and ®3Cu Knight-shift measurements on aligned
reasonable to try to correlate this “dominant process” with powders?“® Also these data, although obtained with a to-
the magnetic scattering mechanisms in one and two dimerially different technique, resulted in spin-gap values that are
sions, introduced there.

For T>T*, where short-range AF fluctuations are seen in ' ' ' T on thin films
inelastic neutron scattering experiments, the resistivity is ) (Danir‘;‘;fa‘;s‘“k YWuyts er. al
. . ab
found to have a linear temperature dependefregion ). 300 - atwinned 8detwinned

Ks eeon'’0  eon®Cu

This regime is thus described by E®) for quantum trans- }
port in a 2D Heisenberg system with the inelastic length h
determined by the magneti@D) correlation length? ii‘“

For temperatures belowl <T*~2A, 1D stripes are %\i\
formed, thus reducing the effective dimensionality from 2D 100 | ﬁ\E i
to 1D, and the spin gap is clearly seen in the S-shaped ‘{‘;
universal scaleg(T) (regime I). This regime should then YBa,Cu,0,
be accurately described by E@®), corresponding to quan- 0 N
tum transport in a 1D striped material with again the inelastic 62 63 64 65 66 67 68 69 70
length being determined by the magnetid) correlation X

length. To check this, the(T) curve shown in Fig. 1 de- FIG. 7. The spin gap\ of YBa,CwO, Vs oxygen contenk,
scrlbgs both these expressiofgs. (5) _and (6)] and_ the from the scaling of thep,,(T) data l\jgvith the curve for the 1D
experimental data. A perfect overlap with the data is estabgyantum transport for the thin films in this wotepen diamonds
lished up to slightly abovd/A=1. The scaling of the data ang a direct fit on the films from Ref. 38own trianglel twinned
was performed such that the data fall onto the universagrystals(Ref. 41 (up triangles and detwinned crystaléRef. 24
p(T)=po+C Texp(—A/T) curve withC=exp(1)=2.718. In  (squares The spin gap obtained from a fit of the Knight shift on
that way, the scaling parameters necessary to obtain the cdfO (Ref. 43 (filled diamond$ and on®Cu and 'O (Ref. 42
lapsing p,,(T) traces directly yield estimates for the spin (circles is also added.

§\I

~

A (K)
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in good agreement with ouk(x) data. This proves that the hop to neighboring metallic stripes or their fragments pass-
1D quantum transport modélsed to describe the transport ing through the intercalating Mott-insulator areas. This leads
in underdoped cuprates &t T*,%® not only agrees qualita- to an increased resistiviy (see Fig. 9 below Interstripe
tively, but also yields very reasonable values for the pseudbopping recovers effectively the 2D transport regime and
spin-gapA that agree well with other independent data. then the low-temperature In{y increase of the high-field

Although this correspondence is quite convincing, itresistivity can be interpreted as weak localization effects,
should be mentioned that experimental techniques probintypical for the 2D case.
charge excitationglike angle-resolved photoemission spec- One possible type of pinning centers which might be re-
troscopy, quasiparticle relaxation measurements, and tunnedponsible for stripe pinning and fragmentation is the crystal-
ing experimentsgive pseudogap , values that are signifi- lographic disorder in the Cuplane, in the form of disloca-
cantly higher(about a factor Rthan the spin-excitation gap tions. These dislocations will also alter the local electronic
A, as observed in NMR and INS experimefft?In the 1D and magnetic structure in the plane and at low temperatures,
guantum transport model, where the inelastic length is aswhen the stripes are less mobile; they can be expected to pin
sumed to be dominated by the magnetic correlation lengtithe magnetic domain walls formed by the charge stripes.
the agreement of our data with the gap-value determinetoreover, in the case of strong pinning, stripe fragmentation
from NMR experiments then seems to be natural. is predicted to occut’

The only difference in this discussion comes from the Experimentally, the pinning of charge stripes has been
often-cited 8% NMR data on underdoped YB&uO, re- seen by neutron-diffraction experiments on the Nd-doped
ported by Alloul and co-worker®. These Knight-shift data and pure La_Sr,CuQ,.12 The striking result derived from
were shown earlier to scale very well, using the same scalinthese data is that, although the incommensurate feafiuees
temperature T, that was derived from the scaling of the stripey are almost identical, the scattering in the pure,
pan(T). 3 This was interpreted as a strong indication that thenear optimally doped, (La,Sr)CuQ, system is inelastic
opening of the spin-gap seen in the Knight shift is relevantdynamic stripeswhereas in the (Lgs_4Ndg 4Sr,) CuO, sys-
also for transport properties thus motivating the developmertem elastic scattering is observed, corresponding to static
of the 1D/2D quantum transport modef This argument stripes. In general, pinning of these stripes is correlated with
still holds. However, when fitting the expression for thethe onset of an increasing resistivifyalthough stripe pin-
Knight shiftKg(T) (as in figure 3 to these data, the resulting ning has been found in underdoped samples that are metallic
values for the pseudo-gap are about a factor 2 higher than tiut close to the metal-insulator transit)gfi suggesting
gap values determined from resistivity measurements or thstripe fragmentation to be as important as pinning for the
data on in-plane’’O and %3Cu Knight-shift on aligned creation of an insulating state.
powders*?“3 The origin of this deviation is not clear but  So, for dynamic stripes, the resistivity will be quasi-1D
could be due to the use of non-aligned powtfeos possible  metallic and the Hall response in a magnetic field will re-
differences between NMR measurements probing inter-plansain finite, since dynamic charge stripes are still able to
8% or in-plane!’0 and®Cu. respond to the transverse electric field acting on the charge

If one looks at theT* (x) or A(x) experimental data, one carriers. For pinned stripes that are not fragmented, the re-
can see that, as a function of oxygen content, aroxnd Sistivity can be expected to remain essentially metallic since
~6.6 a plateau arises in both curves, just like in Th¢x)  the 1D metallic wires remain unbroken. However, such a
curve. Therefore, there seems to be a common concentratiéaduced mobility of the stripes can be expected to have a
dependency for both the opening of the spin gap, and for theoticeable influence on the Hall effect. When the stripes are
occurrence of superconductivity. pinned, they cannot properly react to the Lorentz force acting
on the charge carriers, and only a reduced Hall figldd
thus Hall resistivityp,,) is built up. However, in the pres-
ence of stripe fragmentation or interstripe hopping, also Hall
effect will be present due to the charge interstripe hopping

At low temperaturesT<T,,, the metallic behavior of across the Mott-insulator phase. This will result in an insu-
the resistivity in regions | and Il transforms into an insulat- lating longitudinal resistivity and a small but finite Hall ef-
ing, diverging,p(T) (region I1).23° The diverging high-field ~ fect.

p(T) data were shown to agree better with the Ifjldiver- Recently, based on the Hall effect and x-ray measure-
gence than with a simple power laW . Although the ~Ments on Nd-doped La,Sr,Cu0, crystals® it was argued
origin of such a logarithmic divergence is still strongly de- that the Hall conductivityo,, [Eq. (8)] could be related to
bated, it is interesting to analyze our data for the normal-statéhe inverse stripe order:

resistivity within the framework of the model considering

stripe formation in the Cu©plane. oy(H) = Pyx __ Pyx_ RHBZ% RyipoH o ®

In the charge-stripe pictufe} 12143547 dynamic i PoxtPiy P Pan  Pan(H)
metallic®*®*9stripes are thought to dominate the transport
properties. So, within this model, one expects a strong influ- In order to check this idea, we have combined our high-
ence on the transport properties when, for some reasons, tfield p,,(T) curves with theRy(T) data obtained on the
1D charge stripes are fragmented and/or pinned. In the presame samples, above and beldwto calculate the Hall con-
ence of stripe fragmentation, charge carriers are forced tductivity o, using Eq.(8). The results are summarized in

IV. DISORDER-INDUCED STRIPE PINNING AND
FRAGMENTATION AT LOW TEMPERATURES

214504-6



PHASE DIAGRAM OF HIGHT, CUPRATES.: . .. PHYSICAL REVIEW B 64 214504

T T T T T v B3
YBa,Cu,0, (22 I
4L 0,04 50 400 I @ ] &%%?XQ
, lineair PR INSINNANAY
% SRR
300 . SIS
—_ - T
M :
~ N’
\b% YBa,Cu;O 4 super-lineair /
100 : TQ .......... o]
20 Tw SC f‘
0 1 ] 1
0 0.05 010 0.15 0.20 0.25 Y
| | p (gaten/Cu-atoom) i /.
0 50 100 150

FIG. 9. The genericT(p) phase diagram for the YB&uO,
(diamonds, solid lingthin films. Indicated are the 2D-1D crossover
temperaturer* (filled symbolg, the superconducting critical tem-
peratureT. (open symbols and the boundarnyy, between the
metallic and the insulating regimes fp(T). All are plotted versus
the fraction of holes per Cu atom in the Cuflane. In regimgl)
2D quantum transport takes place; in regime I, 1D stripe transport
dominates; finally, in region lll, 2D transport is effectively recov-
ered due to the interstripe hopping and stripe pinning.

Fig. 8 for all the samples showing a pronounced divergence
From the plots in Fig. 8, it is clear that, once the resistiv- ~PSEUDOGAP AND EFFECTIVE DIMENSIONALITY

T(K)

FIG. 8. The off-diagonal conductivity,, , calculated by com-
bining the Hall coefficienR,, and the in-plane resistivity,, at 40
Tesla[Eqg. (8)]. The arrows indicate the temperatdrg, where the
resistivity starts to increase with lowering temperature, andxthe
axis is drawn abr,,=0.

ity starts increasing at low temperatuf@sT<Ty), also the The construction of thd(p) phase diagram, describing
Hall conductivity goes down rapidly and hence, according tohe superconducting and normal-state transport properties of
the analysis made in Ref. 48, stripe order in these undethe YBa,Cu;0, compounds, requires the combination of our
doped YBaCu;O, and Y, 6Py 4Ba,CusO, samples increases.  high-field transport data and the estimates for the carrier con-
However, a significant difference from Ref. 48 must becentration from the Hall effect. This experimental phase dia-
pointed out: in our data, the decreasing Hall conductiwity ~ gram can now be discussed in the framework of the 1D-2D
is almost completely due to the strongly diverging longitudi- quantum transport model (Fig. 9). Of course, regardless of
nal resistivity p,,(T), whereas the Hall respon&®,(T) re- this interpretation, the experimentg{p) phase diagram, in-
mains finite (and approximately temperature indepengent cluding its crossover lines, remains valid. Three different re-
down to the lowest temperatures used in our experiments. gimes(I-Ill) are present in th&(p) diagram. In Region |, a
When combining this result with the discussion about dy-metallic linear temperature dependence of the resistivity is
namic versus static pinned stripes, it becomes clear that, #Pserved T>T*). It can be described by the expression for
low temperatures, the charge stripe picture can only b& 2D Heisenberg system where short-range AF fluctuations
brought into agreement with our normal state transport dat&'e revealed in inelastic neutron s_cattermg experlments. In
by assuming stripe fragmentation or/and interstripe hoppine%zeg'On IIl, when an underdoped higR-cuprate is cooled
effects. This causes an effective recovery of the 2D regime?@low T*, an S-shapeg(T) develops, that can be scaled

By inserting the temperature dependence of the inelasti@to @ single universal curve for the Y-Ba-Cu-O compounds.

lengthL,, of the scattering mechanisms applicable for the?rhis curve .iS accurgtely d(_ascribed by the model for transport
intercalating insulating phase, into the conductivity expres—In a 1D striped regiméregion 1), and yields values for the

sion for 2D quantum transpdiE. (8)] one can calculate the spin gap that agree well with estimates found from the lit-

: L .~ erature.The stripes correspond to the doped spin ladders
!owgemperatulre Inh(]]7? dllvergelnce Or]: tfhe h;gh-ﬂeld :eS'St'V' with an even number of ledsFrom this point of view, the
ity. For example, the ine astic lengt 16or e egtron-e.ectron Ofyseudogap is just the spin gap in the ladder compoLftls
electron-phonon scattering,,~1/T“,” combined with the

: - gap decreases with an increase the hole concentratidhe

2D quantum transport, gives a Inf)/correction to the low-  1p striped regime is defined by the four boundaries in the
temperature resistivity. Also electron interference effects inT(p) diagram. At low doping levels, the bulk antiferromag-
the 2D weak-localization theory can be responsible for the\etic order is recovered and the stripes disappear. At high
In(1/T) behavior. Moreover, this 2D weak-localization model doping levels, the distance between stripes is expected to
also agrees with our finding of a constant Hall coefficientdecrease; charges start to leak into the Mott insulator phase
Ry(T) at low temperatures. between the stripes and as a result, the charge stripes col-
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lapse completely whem.— 0. At high temperatures, entropy correlation length with the quantum resistance gives a linear
effects and stripe meandering are expected to destroy the l#emperature dependence of the resistivity. This result is in
regime, recovering the 2D regime with antiferromagneticagreement with a well-known linear(T) behavior at high
fluctuations. At low temperature$<<T),, stripe pinning, temperatures.

fragmentation and interstripe hopping effects establish a 2D At intermediate temperature$y, <T<T*, in the 1D
insulating regimeregion ). In theT(p) diagram, the onset striped regime, inelastic neutron scattering experiments show
of this insulating regime is indicated b, , below which  evidence of the existence of dynamic stripes, and the obser-
the resistivity increases with lowering temperatubepend-  vation of the 1D features in the transport properties should
ing on the disorder, the MI transition line atF0K can be therefore not be limited to the Cu-O chain-direction only.
shifted At low temperatured <T., the onset of a macro- Moreover, although the 1D stripes are dynamic, no averaging
scopic coherence between the so-called pre-formed’péirs of the transport properties will occur, since, even for dy-
is predicted to result in the recovery of the bulk superconnamic stripes, the charge will automatically follow the most

ductivity (in the absence of high magnetic fields conducting paths, i.e., stripes, even if they are moving fast.
So, in transport experiments the magnetic correlation length
VI. CONCLUSIONS &m1p Of @ dynamic insulating AF interstripe domain perma-

nently imposes the constraiht,~ £, ;p on metallic stripes,

The universal p(T) behavior in the underdoped thus providing a persistent 1D character of the charge trans-
YBa,Cus0, thin films is a strong indication of one single port in underdoped cuprates. Inserting this inelastic length
scattering mechanism being dominant over the whole undeinto the expression for 1D quantum conductivity yields an
doped regime in the Y123 system. Only the energy s¢he  S-shapedp(T) that perfectly describes the resistivity data
scaling parameteA—the spin gap—and the crossover tem-obtained on the even-chain spin-ladder compounds
peratureT* ~2A) varies upon doping. Sn, sCa1 LCW,40,4, and PrBaCu,0g. These compounds, due

Any model trying to explain the extraordinary features ofto their specific crystalline structure, definitely contain a 1D
the normal-state transport properties of the higls [linear  spin ladder, and therefore their resistivity along the ladder
p(T) at high temperatures, S-shapp(T) at intermediate direction should indeed obey the expression for the 1D quan-
temperatures and logarithmically diverging(T), etc]  tum transport.
should also account for the complex magnetic phase diagram As a next step, a convincing scaling was found between
for these highf. cuprates. In the underdoped region of thisthe resistivity of the 1D spin-ladder compound and a typical
diagram, at moderate temperatuies T*, 2D antiferromag- underdoped higf-, material, YBaCu,Og, demonstrating
netic correlations are present in the Guidanes. Moreover, that the resistivity versus temperature dependences of under-
an increasing amount of experimental and theoretical obsedoped cuprates in the pseudogap regimé&<aff* and even-
vations is clearly in favor of the existence of dynamic one-chain SL with a spin-gap are governed by the same under-

dimensional charge stripes in the Cu@lanes atT<T*, lying 1D (magneti¢ scattering mechanism. This magnetic
acting as domain walls for the antiferromagnetic fluctuationsorigin of the scattering of the charge carriers is further con-
These local charge inhomogeneitid® charge stripeswill firmed by the fact that the scaling parameter-the spin

confine the AF regions, resulting in the formation of agap—used in the(T) scaling works equally well for resis-
pseudo-spin-gap at temperatures far above the supercondutitity as well as for the Knight-shift dat&g(T). For the
ing critical temperaturd .. theoretical analysis of thEg(T) data we have used the ex-

It is then tempting to assign the origin of the dominantpressions derived for 1D SL systems.
scattering mechanism for charge transport to the microscopic Thep(T) data of YBaCu;O, thin films with varying oxy-
magnetic correlations in the planes of the hitheuprates. gen content, scaled onto one universal curve, are all well
The importance of the Cu(planes for the transport proper- described by the expression for the 1D quantum transport at
ties is a widely documented feature of the higheuprates. Ty, <T<T*. The values of the spin gaf, estimated from
The confinement of the charge carriers in these planes rehis fit, are in agreement with an independent determination
duces the dimensionality for charge transport to two dimenof A from resistive measurements on other ¥8a;O, thin
sions(or less when stripes are formeand makes the con- films and twinned and detwinned single crystals. Moreover,
ductivity o in such 2D metallic system to be controlled by they agree with estimates of the pseudogap derived from the
quantum transport. In this case the approach based on tl@u0, plane 'O and ®3Cu Knight-shift measurements on
following three basic assumptions can be u$tdi) The  aligned powders. In the 1D quantum transport model, where
dominant scattering mechanism in HTS in the whole tem+the inelastic length is assumed to be dominated by the mag-
perature range is of magnetic origifi.) The specific tem- netic correlation length, the agreement of our data with the
perature dependence of the resistiyiyT) can be described gap determined from NMR experiments seems to be natural.
by the inverse quantum conductivity ! with the inelastic ~ This proves that our analysis, describing the transport in un-
lengthL , being fully controlled by the magnetic correlation derdoped cuprates @< T* by taking into account the pres-
length £n(L 4~ &ry). Finally, (iii) the proper 1D or 2D ex- ence of the 1D stripes, not only agrees qualitatively, but also
pressions should be used for calculating the quantum coryields values for the pseudo-spin-gaghat agree well with
ductivity. independent estimates.

At high temperature§ >T*, in the 2D Heisenberg re- At low temperature3 <Ty, , the metallic behavior of the
gime, the combination of the expressions for the 2D spirresistivity at high temperatures transforms into an insulating,
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diverging,p(T) curve that was shown to agree with a Ifi{L/ The main resultof this paper is the demonstration of a
law. Our normal-state resistivity and Hall effect data werevery successful application of the Moshchalkov’s 1D trans-
analyzed by considering the possibility of the stripe forma-port modet [Eq. (6)] to describe a universal superlinear re-
tion in the CuQ plane. In this charge-stripe picture, dy- Sistivity p(T) in the underdoped cuprates. The analysis of the
namic, metallic stripes are thought to control the transportniversal scaling behavior of the transport properties and the
properties. So, within this model, one expects a strong influKnight-shift data have also revealed that the 1D metallic
ence on the transport properties when, for some reason, tigripes in highT.'s behave as dynamic even-leg spin ladders
1D charge stripes are fragmented or/and pinned thus promotalso see Refs. 51and therefore¢he pseudogap seen at T
ing the interstripe hopping. <T* is just the spin gap in these laddemisorder effects

These processes invoke a strong influence of the intercaesult in the fragmentation of stripes and in their pinning,
lating Mott insulator phase on the charge transport, yieldinghys forcing the charge carriers to hop from one pinned frag-
a 2D insulating resistivity and a finite Hall response. BY ment of charge carriers to another via an insulating AF do-
inserting the temperature dependence _of the melastl.c lengthain. This interstripe hopping leads to the recovery of the
L, of the scattering mechanisms applicable for the intercasp character of the transport properties with the(T)

lating insulating phase, into the conductivity expression for_(1/T) insulating behavior corresponding to weak local-
2D quantum transport, one can obtain the low-temperaturg ation effects in the 2D regime.

In(1/T) divergence of the high-field resistivity. For example,

the inelastic length for electron-electron or electron-phonon

scattering L 4~ 1/T“, combined with the expression for 2D ACKNOWLEDGMENTS
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