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For pseudogap state of underdoped cuprates high temperature superconductors (HTS) with stripe structure of
copper-oxygen plane an approach for describing of U-stripe as two-dimensional state with vortex-like excitations is
developed. At high temperatures these vortices are pinned by copper-oxygen complexes in U-stripes, and at lower-
ing temperature the transition of pinned vortices to moving ones occurs at 7' < Tr(p) where p is doping concentra-

tion. It is shown that this transition is the result of quantum diffusion which for quantum crystals was predicted by
A.F. Andreev and .M. Lifshits (1969). Quantum diffusion leads to non-Fermi charge carriers, and to two universal
lines for common phase diagram of underdoped cuprates. This consideration let us to suppose that pseudogap state
of underdoped cuprates is determined only by properties of copper-oxygen plane.

PACS: 74.72.Dn, 74.40.+k

1. INTRODUCTION

Despite the 35-year history of investigations of the
2D superconductivity, this problem arises the interest of
researchers, in particular, in studying the influence of a
perpendicular magnetic field on the rather strongly dis-
ordered superconducting films [1-4]', as well as, in
studying the pseudogap (PG) state of underdoped (UD)
quasi-2D cuprates HTS at 7< T *(psh) (here T *(p_vh) is the
temperature of transition to PG state, and py, is the frac-
tion of doped holes per Cu ion in the CuO, plane). The
photoemission spectroscopy (ARPES) shows that both
the PG and the superconducting (SC) gaps are opened
near the same Fermi-surface region (w,0), and the dis-
persion of mobile charge carriers in the quasi-2D non-
conducting doped antiferromagnets (DAFs) (see review
[5], Fig.18) is strongly renormalized by the antiferro-
magnetic (AFM) interactions in the CuO, plane’. In
spite of fact that in 1990 it has been evidenced experi-
mentally that the localized hole function contains =~ 90%
d-contribution of copper ions and ~10% p,,-contribution
of oxygen ions, and the delocalized charge carrier func-
tion contains as much as = 80% p,-contribution [6-7],
only recently one obtained the convincing proof of the
d+ip mixed symmetry of holes in PG state [8].

According to the Varma theory of local closed (LC)
currents [9,10], a localized hole of a JT divalent copper
ion belongs to the magnetic copper-oxygen complex
Cu**0,2. The known results of optical studies carried
out by V.V. Eremenko and S.V. Novikov [11] showed
that in the DAF charge carrier can move only within its
proper magnetic sublattice. This allows suppose that in

"In Ref. [3,4] it was observed that under the effect of a per-
pendicular magnetic field in InO and MoGe films an unusual
metallic state arises named as a “vortex metal”.

21t should be noted that the Laflin calculations on the disper-
sion of 2D spinon (elementary excitations with the charge
equal to zero and the spin +hAc/2e ) are in a good agreement
with the ARPES measurement results (see the references in
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an AFM metal there are two types of charge carriers,
each of which moves though its proper sublattice of

magnetic complexes Cu?’OZ2 or CuiJrOZ2 [12].

Comparative analysis was performed recently in
Refs. [13,14] for the spectra of the intra-zone optical
conductivity of monocrystals YBa,Cu;0,
(675> y>6.35) and La,,Sr,CuO,; (0.01<x<0.125)

both with AFM ordering and in the SC states. It has
been shown that in all samples there are general con-
formities clearly defined in the low-temperature region.
In rather strongly UD samples the low temperature (LT)
spectrum consists of two absorption bands: a coherent
Drude mode that noticeably converges with decreasing
temperature, and a middle infrared (mid IR) band. The
frequency of mid IR band shifts with the doping from
@~ 5000 cm™ (at y=6.28) to @ ~1300 cm™" (at y=6.75).
It is important to note that the Drude mode, which is
known as a standard characteristic of the transport in
metals, is also observed in DAFs. Localization elements
become noticeable only in the very weakly DAF or at
sufficiently high temperatures 7~ 7*(p,,) -

Striking results presented in Refs. [13,14] contradict
to the usual determination of weakly doped cuprates as
“AFM insulators”, and agree with the assumptions of
M. Imada et al. [15,16] that with the dopant concentra-

tion growth pgj 2 p.,, or at the lowering temperature

the transition of Mott insulator to the non-Fermi liquid
metal at 7 <7,(pg,) consists in the arising number

Nuen(T) of mobile charge carriers (mch). These carriers
are compatible with antiferromagnetism of the CuO,

plane, and chh(T)|T>T, =0. At lowering temperature

NmLh(D |T<Tf >0, and

Tf(Pcr)zTN(pcr)zTg(pcr)' (D
Here T, (pg,) is line of transition of DAF into 3D state
of cluster spin glass, and Ty (p,;,) is the Neel tempera-
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ture, and p,, is critical point of the co-existence of these
states with PG state.

The formation of D-stripes in CuO, plane with dis-
torted LT tetragonal structure indicates on the existence
of “molecules” Cu**03 : for these molecules, as for

other d*-plane square complexes’, the tendency towards
distortion of the copper-oxygen planes is inherent. The
nondegenerate 4-state of Cu’" ion in D-stripes is charac-
terized by the minimum energy

e <l @
An undistorted LT orthorhombic structure of U-stripes

is close to an octahedral one, for which the energy Sg

of a twofold degenerate E-state of a Jahn-Teller Cu®*
ion is less than the energy of the non degenerate A-state
of a Cu®" ion:

Y-l =Ay, Ay >0. (3)
Generalization of Varma model of circular closed
(CC) currents [8] for a localized d-hole of Cu®" ion in

U-stripes [16] showed that at 7*(p) > T vibronic inter-

actions lead to the ordering of hole spins. This ordering
are consistent with copper ion spins, and leads to the

transition of a nonmagnetic “molecules” Cu3+Oi_ into

the nonmagnetic complex Cu?O{ +v, with a circu-

lar closed current v around the oxygen ions (or with

Vs oon CuiJ'Oﬁ_ complex), the magnetic moment of

which compensates the spin of Cu%Jr (or Cu?) ion.

So there is a certain analogy between the influence
of doping on the properties of AFM copper oxides and
the Abrikosov-Hofstadter problem for delocalized
charge carrier in a magnetic field:

1) the influence of local magnetic fields of the four

neighboring Cu%+ (or Cu?) ions on magnetic com-

plex Cu2+042f gives rise to four Varma LC currents in

the quadrants of the complex (see Fig. 3,a in Ref. [16])
with summary magnetic moment equal zero, and
M

~m :
cu?o, Cu?t >

2) the influence of local magnetic fields of the four

2+

neighboring CuT (or Cu?) on the nonmagnetic

“molecule™ Cu** (103~ (or Cu**($)027), leads to

rise of CC currents with coincident direction of motion
of hole in quadrants of the complex them ( for example
see Fig.3,b with counterclockwise motion of the hole in
the quadrants ). As it is seen in Fig.3,b Ref. [16] com-

3 For a review of the data on such complexes see papers
J.Perumareddi et al. in J.Am.Chem.Phys. Soc. 85, 249 (1963);
and H.B.Gray and C.J.Ballhausen, ibid. p.260.

* Here (T) or (»L) indicates that the ion Cu’" takes the place
ofa Cu?’ (or Cu?) ion from magnetic sublattice of copper

ions.
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pensation of the currents along the Cu?* —0? lines in

adjacent quadrants results to two ring currents with op-
posite directions of holes motion. The first ring current
is localized around the copper ion and is evidenced that

the Cu3+(T) ion has gone into the magnetic state
Cu?r , corresponding to AFM order in CuO, plane. The

second ring current around the oxygen ions of the com-
plex attests that the localized hole has undergone a tran-
sition to a vortexlike 2D state with mixed symmetry
dx2 ) ti(py + p,) . These ring currents can be called

a vortex V| ona Cu?Oﬁ_ complex, and antivortex

V4 ona Cu?Oi_ complex. The condition of conser-

vation of a magnetic moment in the nonmagnetic
“molecule” defines the directions of the ring currents

moa = _mcu? and m,| =-m and the energy of

2+ s
Cu{r
these vortices is equal &

U U
Ev?:Evl«:gO:gA —EE:AU. (4)
These ring currents in U-stripes at 7 <T*(p) can be

considered as localized vortices v| or v4 which are

pinned by the magnetic complexes Cu?Oi_ (or

Cu?O%‘ ). This supposition agrees with the scanning

SQUID microscopy data [17] for thin LSCO films with
T.=18 K about the existence in the PG state of closed
internal currents and “possible presence of pinned vor-
tices” at 7'~ 90K.

2. TO THE QUANTUM NATURE OF TWO-
DIMENSIONAL “VORTEX METAL” STATE
FOR UNDERDOPED HTS CUPRATES

The probability w~ 1/¢ of transition of pinned vor-
tices (pv) v, (or Vv,) from the magnetic complex

Cu?O{ (or CuiJ'Oi_) to the adjacent complex

Cu?O{ (or Cu?Oi_) depends on time ¢ which
pinned vortex-like excitation is found in magnetic com-
plex. Diffusion coefficient of localized defects
D, ~w= a’/t does not depend on temperature (a is

distance between two nearest ions Cu%+ (or two

Cui+ ), t~h/Ag, and width of energy band is Ag).

Using expression for diffusion coefficient of moving
“defecton” in insulator D,,, (T) ~ V20 /7%, where
V~aAe/h is velocity of “defecton” with width of en-
ergy band Ag, © is the Debye temperature, in Ref.[18]
it was shown that quantum diffusion at the temperature
T <T,;(ps,) leads to the transition of localized de-

fects to moving “defectons”. This transition occurs at
lowering temperature, and can be found from equality

Dmv(Tf)szv :



Tar(psi) ~ O(As/©)9. (%)
Our “defecton” is vortex-like excitation (v with

clockwise motion of hole or v4 with counterclockwise

motion of hole) with energy &, and width of energy
band is As ~ pg&, . Contribution of Cu®" ions into the
Debye temperature ©, for undoped CuO, plane is
O~ p;,0, . From (5) we see that transition from pv to

moving vortices occurs at

T <T1(pgy) With

1/9
Tar(psn) = Psn®o(£9/GOg) " . (6)
At T <T, 7 (pg,) the moving of vortex-like excita-

lowering temperature

tion v (or v,) via oxygen ions within proper mag-

netic sublattice of Cu (or Cu ) in the CuO, plane

leads to transitions of nonmagnetlc complex into mag-
netic one and vice versa. For example, transitions of v

and vy)
[Cu *(x2.2)05” +v¢]+Cu *(x4,94)05 >
- Cu (x2.92)03 +[v, +Cu *(x4,74)05 "]
[Cu ()05 +VT]+CU F(x3,93)05 -
- Cu F(a,01)03” +[vp +Cu *(x3,3)05 ]

leads to two transitions:
i) to transition of nonmagnetic complex

[Cul" (2y2) O3 +v ] (or [Cul (niyn) O3 +vp])
into magnetic one:
C“?(xz’yz J0i™ (or Cui+(xl’J’1 Join),

if) and to transition of nearest magnetic complex
Cu?r (x4,4) 04217 or Cui+ (x3,3) 03{ into nonmagnetic

(X4,74) 04 —>[Cu

CuiJr (x3,3) 047 - CuiJr (x3,3) 042‘7 + vt D.
From Eq. (6) it is seen that temperature 747 (pg;,) of

one: Cu %+(x4,y4)0‘2‘_ +v,] (or

transition CuO, plane to the vortex metal state depends
only on parameters ®, and &, for undoped CuO,

plane. This means that line 74; (p,,) is universal line

for UD copper HTSs.

For the first time at lowering temperature within the
AFM state of UD cuprates the magnetic transitions at
T<TnMp) into a spin-glass-like state 7' < T, (pgy,) at tem-

perature

T/ (pg) =815pg(K) (7)
have been reported from g SR studies in Refs. [19,20].
At T <Ty(pgy) the holes leave hole poor regions with

sizes L(pg) ~ Ps_h (with AFM correlated Cu (or

Cu?) spins), and segregate into metallic (holes rich)

domains with length about 20 A. For example, for phase
coexistence (see Eq.(1)) p..=0.02 and Ty (p.) = 17K

for La,.,Sr,CuO, with the single CuO, plane [19], and
o = 0.035, T,(p.) ~25K for bilayer system

Yl_xCaxBazCu3O6.02 [20]
These observations indicate that at 7 < 7T , (p,,) the

holes segregation into metallic domains is property of
hole dynamics within CuO, plane, and even though
T.(p,) does not depend on number of CuO, planes.

So, we can suppose that at 7<T' (p,;) line T, (py) is

universal line for PG state of UD cuprates as for
*

Dsh < Per s Dsh 2 Psh 2 Der

(P, =Tr(P),_ . and

Tyr(psi) =Tr(ps) - (3)

This means that transition of pinned vortex-like
excitations to moving ones leads to transition of U
stripes of CuO; plane into vortex metal state and occurs
at lowering temperature

T<Tr(ps) <T*(psn) -

and so for where

3. CONCLUSION

At py,>pe quantum diffusion of vortex-like excita-
tions in PG state at 7' < T, (p,, ) resembles the Nernst

effect taking place in LT superconductors at 7<7, and
was observed in PG state of UD copper HTS in the non-
zero magnetic field [21,22]. The Nernst signal may be
caused by the motion of quasiparticles and vortices, so
long time origin of the strong Nernst signal above T,
remains controversial.

At first by using thermal and Lorentz forces together
in Ref. [23] for single crystal La,,Sr,CuO, (x=0.11,
Ppairx/2=0.055, T,=29.3K) was shown that the effects
of Lorentz force on the Nernst effect in normal state
(80K) are related to the direction of magnetic field (see
Fig. 8 in [23]). This observation may be explained only
by the motion of pinned vortices under heating power
1.0mW, and the vortex structures are different below
and above T.. Really, as it is shown above, at 7<T;(p,)
vortices are two-dimensional, and their vortex-
antivortex pairing at T < Tprr(p,,) leads to 2D super-

conducting fluctuations. Only further lowering tempera-
ture leads to transition to three-dimensional charge car-
riers at

TSTg(psh)

or to their pairing at T < T3p(psn) < Texr (Psh) -

This means that properties of pseudogap state at
T*(psp)>T >T3p(pg,) are conditioned by properties
of hole dynamics within CuO, plane:

At temperature 7*(pg,) > T two-dimensionality of

CuO, plane leads to the formation of D- and U stripes,

that indicates on the copper nature of holes and on exis-
tence of “molecules” Cu3+Oi_ . For these molecules, as

for other d-plane square complexes, the tendency to-
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wards distortion of the copper-oxygen planes is inher-
ent’.

In U-stripes two-dimensionality leads to transitions

of “molecules” Cu3+042f into magnetic complexes

Cu?O%{ +vy (or Cui*O?{ +v4) with pinned vor-
tices.
Further lowering temperature 7' < Ts(pg,) leads to

quantum transition of U-stripes from the insulator to the
metal state with moving vortices which are mobile
charge carriers compatible with the antiferromagnetism
of the doped CuO, plane. Line 77 (py,) is universal

line of a common phase diagram for PG state of UD
cuprates.
Further lowering temperature 7 < Tgir (psn) leads

to 2D superconducting fluctuations in CuQO, plane at
vortex-antivortex pairing, and Tggr (psy) is the second

universal line for PG state of UD cuprates.

Only further lowering temperature leads to strong in-
terplane interaction and to transition to three-
dimensional charge carriers with three-dimensional su-
perconducting fluctuations at

T <T3p(psn)s Tip(psn) <Terr (Psh)-
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KBAHTOBAS ITIPUPOJIA HE@EPMUEBCKHUX HOCUTEJIEN 3APSJIA B IICEBJOIIEJIEBOM
COCTOSAHUU BBICOKOTEMIIEPATYPHBIX CBEPXITPOBOJHUKOB

I.I'. Cepzeesa

JIyist TICeBIONIENCBOTO COCTOSIHUS ¢1a00 JOMMPOBAHHBIX KYMPATHBIX BBHICOKOTEMIICPATYPHBIX CBEPXIIPOBOIHU-
koB (BTCII) co crpaiinoBoii CTPyKTYpOil MeAb-KUCIOPOAHBIX MIIOCKOCTEN pa3BUTO onmucaHue U-cTpaiina Kak JBY-
MEPHOT'O COCTOSTHHSI C BUXPEIOJOOHBIMU BO30YKICHUAMU. [IpU BRICOKHX TeMITepaTypax 3TH BUXPHU 3aKpEIUICHBI Ha
MEJIb-KHCIIOPOHBIX KOMIUIEKCAX, M NPU INOHIKEHUH TemnepaTypel 7' <7, (p) TPOUCXOAUT MEPEXO] OT 3aKper-

JIEHHBIX BUXpEeH K IOABIKHBEIM (p — KOHIEHTpalys AonupoBaHus). [loka3aHo, YTO 3TOT Mepexox SABIAETCS Pe3yilb-
TaTOM KBaHTOBOM Juddy3un, KoTOpas Juisi KBaHTOBBIX KpHCTAJUIOB Obuia mnpexackazaHa A.D. AHapeeBbIM U
WM. JIudpmmnem (1969). KpantoBast nuddysust npuBoauT K HepepMHUEBCKUM HOCUTEISIM 3apsija U K ABYM YHH-
BEpCaAJIbHBIM JIMHHUSAM Ha oO0IIel (a3oBoi nuarpamme cinabo JOIMMPOBAHHBIX KyNpPaToB. DTOT IOJIXOJ MO3BOJISET
MPEATIOI0KNTD, YTO IICEBIONIENIEBOE COCTOSIHHAE €1a00 JONMMPOBAHHBIX KYIPAaTOB ONPEEISIETCs] TONBKO CBOWCTBA-
MH MeJ1b-KHCIOPOIHOH IIIOCKOCTH.

KBAHTOBA ITPUPOJIA HEGEPMIIBCbKHUX HOCIIB 3APSTY ¥V IICEBJIOIIIJIMHHOMY CTAHI
BUCOKOTEMIIEPATYPHUX HAAITPOBIJIHUKIB

I.I'. Cepzeesa

JIjist TICeBIONTITMHHOTO CTaHy c1abo JOIOBaHMX BHCOKOTeMIeparypHux HaanposizHukis (BTHII) i3 crpaiino-
BOIO CTPYKTYPOIO Mi/Ib-KHCHEBOI IUIOIIUHN PO3BUHYTO onnuc U-cTpaiiny sk JBOBUMIPHOTO CTaHy i3 30y/IKEHHIMH,
AKi ToAiOHi 10 BuxopiB. IIpu Besmkux TemrepaTypax Ii BUXOpi 3aKpiljieHi Mib-KHCHEBUMH KOMILUIEKCaMH, 1 IpU
3HmkeHH] Temneparypu ' <Tp(p) Mae MICTO iX mepexil Jo MOOUIBHOIO CTaHy (p — KOHICHTpALls JOMyBaHHs:).

ITokazaHo, 1m0 IeH Mepexix € HACHiAKOM KBaHTOBOI mudysii, ska IS KBAaHTOBHX KPHUCTaliB Oyia mependadcHa
O.®. AnnpeeBum ta .M. Jlibmmnem (1969). Kanrosa nudysis npu3zBoauth 10 HedepMiiBCbKHX HOCITB 3apsiay Ta
JI0 JIBOX YHIBEpCaJIbHHX JiHIA HA 3araibHiid (a30Biil miarpami cirabo IOMOBaHHUX KympaTiB. Taka MOJENb JT03BOJISE
MPUITYCTUTH, IO TICEBIOMIUIMHUA CTaH ciab0 MOMOBAHUX KYIPATiB 3aJ€KUTh TUTBKH Bill BIACTHBOCTEH Millh-
KHCHEBOI IJIOIIMHH,
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