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In-plane conductivity anisotropy in the underdoped cuprates using the spin-charge
gauge approach
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Applying the recently developed spin-charge gauge theory for the pseudogap phase in cuprates, we propose
a self-consistent explanation of several peculiar features of the far-infrared in-plane ac conductivity, including
a broad peak as a function of frequency and significant anisotropy at low temperatures, along with a similar
temperature-dependent in-plane anisotropy of dc conductivity in lightly doped cuprates. The anisotropy of the
metal-insulator crossover scale is considered to be responsible for these phenomena. The obtained results are
in good agreement with experiments. An explicit proposal is made to further check the theory.
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The normal state properties of cuprate superconductordoes not solve the problem, either. In fact, a closer examina-
have shown a number of unexpected features, particularly ition of the data’ reveals that the anisotropy effect is most
an underdoped regime, where the pseudogap effects apgonounced in the limitw,T— 0, in contradiction with the
pronounced. One of the most recent surprises is the strongfluctuating stripe picture: One would anticipate a much big-
in-plane temperature-dependent anisotropy of dc conductivger effect of anisotropy at some characteristic frequencies of
ity, observed in lightly doped untwinnedLSCO) and the stripe fluctuations, rather than the static limit. This was
(YBCO) crystals? The maximal anisotropy,/p,— 1 reaches also pointed out in Ref. 7. Also, as evident from the experi-
50% for 3% doped LSCO which is far too big compared mental curved,’ the major source of the in-plane conductiv-
with the orthorhombicityup to 1.7%.2 A “natural” explana- ity anisotropy is due to the shift of the metal-insulator cross-
tion of this unusual behavior would be the “self-organized”over (MIC) scale, and a stronger anisotropy is found in the
charge stripe structure, proposed by a number of auftfors, localized instead ofmetallic regime. Up to now, many au-
which was also suggested to be responsible for the occuthors attribute this MIC to the disorder effécar more spe-
rence of superconductivify. The conductivity is indeed Ccifically to localization in Q1D systemsHowever, there is a
higher in the stripe directiofalong thea-axis).® Meanwhile, ~ fundamental difficulty in that approach: There asly one
Dummet al.” recently measured the in-plane ac conductivitymobility edgein disorder-induced localization for anisotropic
of untwinned 3 and 4% doped LSCO crystals. In the farsystems? at least within the scaling theory. This means the
infrared region at high temperatures, the data are consisteAystem cannot be localized in one direction, while delocal-
with a simple Drude model. Below 80 K, a broad peak ap-ized in another.
pears at finite frequencie) ~ 100 cmY) bearing a close Recently, we have developed a spin-charge gauge ap-
resemblance to the peak found in temperature-dependent @oach to describe the pseudogap phase in cuprate supercon-
conductivity for the same composition; a significartb re-  ductors, particularly focusing on the MIC phenoméh#.In
sistivity anisotropy is observed in complete analogy with thethis approach based on spin-charge decomposition applied
dc casé These ac data seem also to support the presence §f the two-dimensiona2D) t—J model, the spinon dynam-
charge stripes. ics is described by a nonlinearmodel with a theoretically

However, there are several substantial difficulties in thederived mass gapy~J(&in &)'2, whereJ is the exchange
intuitive “rivers of charge” interpretation: The mean-field integral, 6 the doping concentration; the holon is fermionic
theory predicts the statically charge-ordered state is aWith “small” Fermi surfacegeg~t6) (with t as the hopping
insulator® while experimentally these lightly doped cupratesintegra) centered around+/2,+7/2) in the Brillouin
show metallic behavior at high temperatures. Also, the obzone and a “Fermi-arc” behavior for the spectral weight.
served anisotropy ratio is too small compared with quasiBoth holons and spinons are strongly scattered by gauge
one-dimensional conductors, usually showing order-offluctuations. As an effect of gauge interaction, the spinon
magnitude bigger conductivity in the chain direction. To mass picks up a dissipative termm‘s—>MT=(m§—icT/X vz
avoid these difficulties, the “electronic liquid crystal” sce- where y~t8! is the diamagnetic susceptibility amda nu-
nario of meandering stripe&is invoked to induce metallic merical constant. This shift in turn introduces a dissipation in
conductivity and to reduce the expected anisotropy. Thishe spinon-gauge sector, whose behavior dominates the low
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energy physics of the system. The competition between the Let us first focus on the static response and/sefl. As
mass gap and the dissipation is responsible for the MICo<T, we approximate cotw/2T=2T/w, then the
giving rise to a broad peak in the dc conductivity. At low w-integration in Eq(1) becomes

temperatures the antiferromagnetisF) correlation length

&~ m;l is the determining scale of the problem, leading to Tdw 2T
localizing behavior, while at higher temperatures, the de Bro- o o |IZ|3 2 (2)
glie wave length\t~ (x/T)¥? becomes comparable, or even (0)2+ (X_)

K

shorter tharg, giving rise to metallic conductivity. Hence in

this approach the MIC is mainly due tmrrelation andAF . . B
eventually leading to an evaluation of the large-scale “mag-

order, rather thardisorder effect. o - 2 21212
In this paper we generalize this approach to frequencyM€tiC’ Propagator: HT/4mx)Qrexp(—Q7[X[*/4), where Qr

dependent phenomena and show the ac conductivity exhibit__S(T"/)()ll3 is the inverse of an anomalous skin depth, iden-

a maximum as a function of frequency in an exact analog)F'f'ed as the Iength.—scale (_)f gauge fluqtuatlons. The main

with the dc conductivity maximum due to MIC. This out- effect of Fhe gauge interaction on_the spinon prop.agator.|s_a

come is fully understandable: In the presence of an externdfnormalization of the mass term in the exponent in the limit

electromagnetic field of frequendy, that frequency will re-  %0> X|

place the temperatufg playing the role of cutoff parameter, — . 5

for Q>T at low temperatures. Moreover, if we assume the 0 / 2_'|_'f |X|_QT T 5 |X|_QT X0 3

AF correlation lengthé is anisotropic, we argue that as a M=\ s X 2 %o 2XQTg 2 mg ©)

consequence the same is true for the MIC scale, then the

in-plane conductivity anisotropy as well as the close parallelvheref andg are regular functions, whose explicit integral

between the above two sets of experimental data can be imepresentations are given in Ref. 12. In the evaluation of the

terpreted in a self-consistent way. spatial Fourier transform of the current-current correlator, the
Let us now analyze the theory in more details. In a gaugehift (3) eventually leads to a complex saddle point Q-+

approach the physical resistivity is calculated using the loffewith absolute valu€ ~ O(1) and phase facta™*, which in

Larkin addition rule*® p=pg+py,, where ps and p, are the  turn introduces a dissipation term in the spinon gap

spinon and holon resistivities, respectively. In order to evalu-

ate the relevant current-current correlation functions, one ms — My = (mé —icT/y)Y?, (4)

first integrates over holons and spinons, and finds that the

gauge propagator in the scaling limit,q,o/q—0, has a whereic=f(Cé™*). The competition between the gap term

Reizer singularity for the transverse componeK®&'A")  m?Z and the dissipatiofi/ y leads to a MIC upon the decrease

X (w,0) ~ (—x|d>+ikw/|d])"* where k~ & is the Landau of temperature, yielding a broad peak in the dc conductivity

damping. for T~ xymZ~(t/8)|6In &8 ~t|in 8|, thus shifting to lower
The effect of Reizer singularity on gapless fermions istemperature upon doping increase. More precisely the behav-

subdominant; it has been analyzed in Ref. 15 and at fihite ior derived for the dc conductivity is given Ky

it gives a scattering rate for the holon of ord@@f® instead of

the usual Fermi liquid resul-T2. To include, nonperturba- 1) V2.1

tively, the effect of gauge fluctuations in the spinon current- o(T) ~ f(Ce™) M| sin Earg\/lT , (5)

current correlation functions, we expand the spinon propaga-

tor in Feynman paths, as justified by the mass gap and Wgheref” means the second derivative.

integrate over velocity fields in the eikonal approximattén. We turn now to the ac conductivity &=0 and setA

Being gauge invariant, the correlator of the spinon current(). |n this case cotk/2T is replaced by sgw and the

depends only on the gauge field strength. In the scaling limity-jintegration in Eq(1) becomes

only the magnetic componenf are relevantsee Ref. 19

the corresponding propagator at finikds given by fﬂ do »

— =3 (6)
0 Zw(w)Z.,.(LkP)z

dlz ||2|2ei|2-i—iwxo ) . . . i

coth(—), (1) Up to logarithmic accuracy, one finds for the magnetic

(27T)2i © e JKP propagator at large scalesi(F/4my)Q3\ exp(—Q3|%X2/4)

K KX whereQq=(Q«/ y)¥®and 0<\=<1/2, as follows from com-
paring Egs(6) and(2). Repeating the steps of the dc calcu-

wherex=(X,x°) with x° as the time variable. In the presence |ations with this parametex included, we find as the analog

of an external electric fieldthe probe in linear response of Eq. (4):

theory) with frequency(), the integration ovew should be

d
(Fii()Fs(0)) = [ 8, 85~ 855] f ;‘j

cut off at|w|=A=maxT,Q). (We further assume, for tech- ms — Mg = (mé —icAQ/x) Y2, (7)
nical reasons, thatx°<1, as justified gosteriori see Ref.
12) For (0 <2m, one easily obtains for the ac conductivity
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Therefore upon temperature increase, the MIC peak is ex-

800 pected to shrink asymmetrically and eventually disappears
700 from the spectrum, a behavior consistent with experiméents.
600 The limits of validity of the approximations involved in the
— calculation of the spinon correlation functions are
g 500 =cA/x=mQ,, where the lower bound comes from the
T 400 effectiveness of the saddle point 8§~ Q,%. When ex-
g : P
= pressed in terms of temperature, this yields a range between
© 300 a few tens and few hundreds of kelvin. We expect that the
200 upper limit corresponds to a crossover to a “strange metal”
phase, analyzed in Ref. 16, where thdlux lattice is melt
100 and the “metallic,” linear inT resistivity is recovered. In
0 s - - . some sense the pseudogap phase is on the “insulating” side
0 50 100 150 200 250 of the MIC, and the description adopted here is a rather good
o (cm) approximation near the MIC, but the “high temperature as-

_ ymptotics” ~T¥4 is not correct, although it reproduces at
FIG. _1._ Theoret!cally calcule}ted frequency dep_endence of the afy\ver temperature the inflection point in resistivity found
conductivity for different dopings:0=0.03 (full line), 6=0.04  oyparimentally. The above calculations do not take into ac-
(dashegi and 6=0.05 (dotted. count the holon contribution to the physical conductivity, but
that is of the order\*3, hence negligible for small cutofk.
) v2 (1 Let us finally discuss how the in-plane resistivity aniso-
o1(Q) ~ M(CE™4) M| sin Earg\/lﬂ . ® tropy found” in untwinned single crystals of LaSr,CuQ,
(x=0.02-0.04 can fit into our scheme. The neutron scatter-
We see that the behavior of the ac conductivityTatO is Ing expef'm_e”ts have revealed incommensurate ”."'agnet'c
rather similar to that of the dc conductivity, with a broad Structure in lightly doped LSCO samples< 0.05.1"Unlike
peak corresponding to a MIC, hardening and shifting tothe supercqnductlng _LSCO cqmpounds where t_he deviation
lower temperature upon doping increagee Fig. 1 Al- of the ela_suc _magr_letlc scattering peaks from ) is along
though the replacement @f by Q as cutoff yieldsa priori the a, b directions in the tetragonal basfsthese peaks are
only an order estimation, the presence of the faktanainly ~ fotated by 45° aroundw, =), i.e., they are located along the
coming from the factor cotl/ 2T) suggests that the position P axis in the orthorhombic basis. Moreover, from the half-
of the peak in the ac conductivity is shifted by a factex™* ~ Width of the scattering peaks one can determine _the magnetic
to higher frequencies with respect to the dc case and its valugorrelation length in different directions. As a big surprise,
is enhanced by a facter\ 22 (see Fig. 2, roughly in agree-  ©ne finds the correlation length strongly anisotropic. In par-
ment with experimental dafa. ticular, for §=0.024,£,,=94.9A, and §,=39.9A.% The au-
The finite temperature behavior of the dynamical conducthors of Ref. 6 interpreted this result as due to stripe forma-
tivity is as follows: forT<() we get only a small correction tion along thea-axis, but no quantitative argument was
to the damping term in Eq7) of order (T/€)%2 while for  given. This behavior is fully consistent with the magnetic
Q=T essentially the2=0 result applies and the conductiv- susceptibility anisotropy, observed in untwinned lightly
ity will be frequency independent and equal to the dc valuedoped LSCO crystalgup to 3% doping'® We do not have a
quantitative microscopic theory to consider the anisotropy of
800 : : . . the AF correlation lengtlg, but we can see how such aniso-
tropy can be included in our scheme and explore its conse-

700 r quences. Suppose the hole distribution is anisotropfich
600 | may come from the underlying stripe structyreay the av-
erage distance between holes is bigger alongatla&is, so
<= 500 | does the distribution of vortices on the AF background. To
§ 400 | use the nonlineas= model treatment of spinons, we can
"g rescale the spatial coordinates. The result will be almost the
o 300 | same as in the isotropic ca¥eexcept for a coefficient in
200 | the spinon dispersionmZ+ a2k +v3kS, which reflects the
ratio of the AF correlation lengths in different directions.
100 | Since the spinon massy is inversely proportional to the
. . . . correlation length, we can effectively interpret this as
0 0 50 100 150 500 550 ms , <M. To calculate the anisotropic conductivity we need

;T (cm™) to modify the entire scheme. However, the major effect can
be grasped without detailed calculation. The diamagnetic

FIG. 2. Calculated frequency dependence of the ac conductivitgusceptibility y and Landau damping due to holons will
for 6=0.03. Also shown is the corresponding dc conductivity as achange, but only very slightly, since they come from angular
function of temperaturéin cm™?). integration. On the other hand, in the saddle point calculation
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L5 w w 6=0.024, but this is consistent with the above scheme, where
\ e 01,a/01 p(®) - we expect that part of the anisotropy effect in the combina-
L4 L\ Opa/0p @) 14 SuealSacn(M * 1 ] tion cym? has already been canceled by other effects.

It is true that these peculiar features in the in-plane con-
ductivity are “due to modifications of the dynamics of the
metallic carriers, and not due to the opening of a charge
gap,” since there is no charge gap in doped Mott insulators.
What we have shown here is that these modifications are due
to the presence of a gap in the spin excitations and its com-
petition with the dissipation which is different from the dis-
order induced localization. For the same reason, the state-
ment ofonly one mobility edgén the scaling theory does
not apply here. As we learned from the authors of Ref 7,
the anomalous behavior of ac conductivity is observed only

FIG. 3. Calculated frequency dependence of the ac conductivityip to 6% doping. It is understandable that the anisotropy due
anisotropy ratio for6=0.03. The corresponding dc ratio as a func- to stripes is not present since they are rotated by 45° beyond
tion of temperature(in cm™) is shown with dashed line. Inset 6% doping, and their orientation is alternating betwaemd
shows the corresponding dc and ac data, taken from Refs. 2 and g, directions in adjacent layers. However, the disappearance
respectively. of the low-frequency peak cannot be explained by the stripe

) . interpretation. On the contrary, this is very natural in our
of the path integral the effect is more pronounced, so th§yierpretation since the MIC is not observed in samples be-
values of integrald, g, and hence the numerical factoy yond 6% doping in the absence of magnetic field. Now we
mentioned above, will also chgmge. In our spin-charge gaugg,ake an explicit proposal: To do the ac experiment in the
approach the combinatiogymg=t/6w|In lr is crucial in  prasence of a magnetic field which would suppress supercon-
determining the MIC scale. If we assume that the basic regyctivity and reveal MIC. If the deviation from the Drude
sults of our theory developed for the 2D isotropic modelpehayior reappears, that would be a confirmation of our in-
survive the generalization to the anisotropic case as OUtl'neférpretation.
above, one would anticipate the parameteo be also an- To conclude we have shown that the peculiar in-plane
isotropic. In view of the AF correlation length anisotropy we anisotropy of dc and ac conductivity observed in the lightly
expectr,/rp<<1. As a consequence, the peakdgpwill be  qoned cuprates can be explained in a unified, self-consistent
shifted to lower temperature with respectds, as follows  manner within the spin-charge gauge approach, and the key
from Eq. (4); the anisotropy ratiar,/ oy, will show a sharp  jngredient is to attribute the MIC to the correlation effect.
increase near the MIC and saturatesTas 0, in agreement Tpe anisotropy of the AF correlation length, and conse-
with experiments. The same phenomenon occurs for the acyyently the MIC scale provides a rather natural explanation
conductivity at low temperatures, where the factomakes o the observed conductivity anisotropy, being most pro-
the anisotropy ratio even bigger. To.estlmate this enhancg;ounced in the limit, T— 0 which is very difficult to ex-
ment, we extract the ratio,/ry, by fitting the dc datathe  pjain pased only on the stripe existence. In fact, this is a

extracted value,/r,=0.729. We can then use Ed8) 10 ¢rycial experiment to distinguish the disorder- and
evaluate the corresponding anisotropy ratio for ac conductivegrelation-induced MIC.

ity without introducing any additional parameters; a com-

parison with the experimental curve is shown in Fig. 3. This The authors would like to sincerely thank Y. Ando and D.
anisotropy is less pronounced than the experimentally obBasov for sending us their pap@ef. 7) prior to publication
served value for AF correlation length, as quoted above foend very helpful correspondence.
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