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Upper critical field for underdoped high- T, superconductors: Pseudogap and stripe phase
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We investigate the upper critical field in a stripe phase and in the presence of a phenomenological
pseudogap. Our results indicate that the formation of stripes affects the Landau orbits and results in an
enhancement dfl.,. On the other hand, a phenomenologically introduced pseudogap leads to a reduction of
the upper critical field. This effect is of particular importance when the magnitude of the gap is of the order of
the superconducting transition temperature. We have found that a suppression of the upper critical field takes
place also for the gap that originates from the charge-density waves.
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I. INTRODUCTION commensurate static charge ordering in ¥8aOg 35 has
recently been reported in Ref. 27. Furthermore, tunneling
The high-temperature superconductgtdTSC) exhibit  experiments for BSCCO suggest that vortices can play the
qualitative differences with respect to the classical supercornrole of the stripe pinning centers, revealing the nature of the
ducting systems. Normal-state properties of underdoped surearby ordered stripe pha¥eThere is also a convincing
perconductors and the upward curvature of the upper criticatheoretical argumentation speaking in favor of the stripe
field (H¢,) belong to one of the most spectacular examplesphasé®~3?in strongly correlated systems.
The presence of a normal-state pseudogap has been con-Differences between the high-temperature superconduct-
firmed with the help of different experimental techniquesors and classical systems show also up in the magnetic prop-
such as angle-resolved photoemissiohintrinsic tunneling  erties. The highF, compounds are characterized by large
spectroscop§;®> NMR,%” infrared® and transpoftmeasure-  values of the upper critical field and its unusual temperature
ments. Despite a wide spectrum of experimental data thdependence. The resistivity measurements clearly indicate an
underlying microscopic mechanism if far from being under-upward curvature of the upper critical field with no evidence
stood. A tempting hypothesis that the pseudogap is a precuof saturation even at genuinely low temperati¥. These
sor of the superconducting gap has not definitively been conresults remain in disagreement with the conventional, micro-
firmed. In particular, the neutron-scattering experiménts scopic approach This discrepancy can be explained as a
reveal qualitative differences between the isotope effects olresult of the Josephson tunneling between superconducting
served for the superconductivity and the pseudogap. Moreclusters®®” produced by a macroscopic phase separation.
over, results obtained with the help of intrinsic tunneling Due to the complexity of the Gor’kov equations one usu-
spectroscop® speak against the superconducting origin ofally assumes that the normal-state properties of the system
the pseudogap. The coexistence of superconductivity and thender consideration can properly be described by tfftee-
charge—density wav€s® can be considered as a possible two-dimensionaf’ electron gas. Recently, we have proposed
scenario, that accounts for differences between superconduan approach that enables calculation of the upper critical
tivity and the normal-state gap. field for a two-dimensional lattice g4%*! This method al-
Inhomogeneous distribution of holes which enter thelows one to deriveH ., in a similar way as one calculates the
copper-oxygen planes in the doping process can give rise teritical temperature in the standard BCS formalism. There-
the formation of stripes. This phase consists of antiferromagfore, any extension of the analysis of the upper critical field
netic domains which are separated by the hole-rich domaiis rather straightforward. In the present paper we calculate
walls. Experimental evidence for the formation of stripes isthe upper critical field in a system that exhibits some impor-
material-dependent. Static stripes have been discovered tant properties of hole-doped cuprates: stripe phase and the
nickelates, LaNiO, 5,*° La,_SrNiO,,*® whose structure presence of the pseudogap. In the latter case we discuss the
is fundamentally the same as that of La-based cupratesoexistence of superconductivity and charge-density wave as
Many experiments show the presence of similar, but dywell as a phenomenological pseudogap. We show that the
namic, correlations in  underdoped JL3aSrCuQ, anomalous properties of the high-temperature superconduct-
(LSCO).1"~?1In LSCO doped with Nd or Eu there is a tran- ors are reflected in the upper critical field.
sition from low-temperature orthorombic to the tetragonal
phase. This involves distortions of Cy@lanes due to the Il. Hy, IN THE PRESENCE
tilt of CuOg (_)Ctahedra_proqlumn_g str!pe pinning potenflal. It OF CHARGE-DENSITY WAVES
leads to static or quasistatic stripes in these compotfds.
Some experimental data for other cuprates can also be We consider a two-dimensional square lattice immersed in
viewed as the signature of dynamic stripes, e.g., anglea perpendicular uniform magnetic field of magnitudie. We
resolved photoemission measurements forassume the nearest neighbor pairing interactignthat is
Bi,Sr,CaCyOg, s (BSCCO Ref. 25 and inelastic neutron responsible for anisotropic superconductivity and the inter-
scattering for YBaCu;Og g (YBCO).?® The presence of in- action termHcpyw, which leads to the charge-density waves
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(CDW). The relevant Hamiltonian reatf$* _ _
Hoow=—dcow_ > g*(k,p+m,mg(l,p,m)

H=Ho+Hy+Hcpw, 1) Jpm,o
immat —
where X €' makpwﬂamo, (8)
where
H0:<|J2> tIJ(A)CITUC]tJ'dl_glu‘BHZEI (CiTTCiT_CiTLCil)' o
’ @) Epor=E(k,p)+ ogugH,. ©)
Here,c!!) annihilates(creates an electron with spir at the One can prove that iE represents the eigenvalue of the

lattice sitei, g is the gyromagnetic ratio andg is the Bohr ~ Harper equation obtained for the wave-vegtahen —E is
magneton.t;;(A) is the nearest-neighbor hopping integral One of the eigenvalues correspondingpte . It can also be
that in the presence of the magnetic field acquires the Peierkhown thaig(k,p,m)=g(k,p+ 7,m)exp(7m) represents an

phase factdf4° eigenfunction of the Harper equation calculated for momen-
ie (R tum p with the eigenvalue-E(k,p+ 7). With the help of
tij(A)=t ex;{ _f 'A~dl). (3)  these relations one can obtain analytically the energy spec-
hc R trum of the Hamiltonian in the normal statelg+Hcpw,

provided that the eigenvalues of the Harper equation are
known. In particular, one can calculate the anomalous
Green’s functions which are related to the superconducting
order parameter:

In the mean-field approximation the pairing interaction and
the CDW coupling take on the form

H\/:_V<i2j> (CiTTCjTlAij—FCiLCjTAﬁ)! (4)
((apil @k —p.)) == 2 DX (m)AX(m)

Heow=— dcow, €9 Ricl ¢, (5)
T 7 Yo (MAY(M) Kii(w), (10

where Aj;=(c; cj; —Cj;Cj;) is the superconducting singlet \here
order parameter andqpy represents the magnitude of the

CDW gap. The complexity of calculations strongly depends (0+Eip)(0—Ej_p)+ 820w

on the CDW modulation vectdD. For sake of simplicity, we Kikp(@)=——— > 52 TR
consider a commensurate charge-density wave v@ith ("= B, — Scow) (@~ B p ™ ocow)

= (r, ). This choice of the modulation vector results in the 11

gap in the density of states that opens in the middle of the andY are determined by the solution of the Harper equa-
band(in our case at the Fermi leyeindependently on the tjon

magnitude of the external magnetic field. Since the

pseudogap hardly depends on the magnitude of the magnetic Xiip(m) =g(l_,p,m)g(E— p,m+1)
field® Scpw Will be taken as a model parameter. o o
In order to calculate the upper critical field we make use +g(l,p,m+1)g(k,—p,m), (12
of the unitary transformation that diagonalizes the kinetic
part of the Hamiltoniat®#*In the case of the Landau gauge, Yip(m) =2 cogp)g(l,p.myg(k,—p,m). (13

A=H,(0x,0), this transformation is determined by a plane- S
wave function iny direction and an eigenfunction of the Due to the plane-wave behavior yndirection the supercon-
Harper equatiof® ducting order parameter depends explicitly only on the posi-

tion in x direction (see Ref. 41 for the detajls
g(k,p,m+1)+2 cogshm—pa)g(k,p,m)+g(k,p,m—1)

\Y
= — AX¥(m)=— Xi(M){ax _ g @11 ), 14
=t 1E(k,p)g(k,p,m) (6) ( ) N% Ikp( )< k,—pl IpT> ( )
Here,mis an integer number that enumerates the lattice sites Vv
in x direction, whereas is the reduced magnetic field, AY(m)= — > Y (m{ay . aia). 15)
=270/, that is expressed by the ratio of the fldx (M={ % (M) (@l —p1 Tpr) (

through the lattice cell and the flux quantul,. pis the 5.0 can see that the impact of the charge-density waves on
wave vector iny direction andk is an additional quantum  gyperconductivity is brought about only by the modification
number, that in the absence of the magnetic field is the wavgg Kiip(®). This quantity, when integrated over with the
vector in x direction. In the new basis the normal-state Fermj function, gives the Cooper-pair susceptibility. Equa-

Hamiltonian takes on the form: tions (10), (14), and (15) allow one to calculate the upper
critical field. It is determined as the highest magnitude of the
HOZ_E E?pua%pa—a?pu’l (7)  magnetic field for which there exists a nonzero solution for
k.p.o AX(m) andAY(m).
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FIG. 1. Temperature dependence of the reduced upper critical o

field, h.,, for different magnitudes of the CDW gap. We have used

FIG. 2. Critical temperature as a function of the pseudogap
he,=(2ma?/®y)H,, wherea is the lattice constant.

width & for different values of the external magnetic fiejokg

) - ] ] =3%po was used. The inset shows a schematic density of states in
Figure 1 shows the upper critical field, as a function ofthe vicinity of the Fermi level.

temperature calculated for different magnitudes of the CDW
order parameteb-py. We have adjusted the magnitude of
the pairing potentiaV that gives the same superconducting 1 _pre 1 | PorPre
transition temperatur&T,=0.02 for all values of Scpy - 0—Ejp  Po o—Epy 2p0
These results have been obtained for22@0 cluster that at

temperaturek T~ 10 %t gives convergent resulisve refer

E 1
to Ref. 41 for details of the cluster calculatiopn®ne can see X[ 1+ > d >
that even for small magnitudes of the CDW order parameter \/El—m+ 8% w— \/ETmJr 5
the upper critical field is significantly reduced. However,
qualitative temperature dependenceq} is not affected by w1 Eip 1
the charge-density wave correlations. The reduction of the - 2 2 :
upper critical field due to the charge-density waves may be VE[, +6°] o+ NE[, + 6
brought about by a direct coupling between CDW and super- (17)
conducting order parameters as well as by the modification

of the density of states. In order to distinguish these contriin the limiting caseppg= py ONe obtains the standard density
butions we investigate the upper critical field in the presencef states as determined by the Hofstadter spectrum, whereas
of a phenomenological normal-state gap of arbitrary magnifor ppg=0 the density of states vanishes in the vicinity of the
tude and depth. This problem will be discussed in the follow-Fermi energy. Substituting the renormalized propagators into

ing section. Eq. (16) one can calculate the upper critical field in the same
way as described in the preceding section.

lll. He, IN THE PRESENCE Figure 2 shows the superconducting transition tempera-

OF A PHENOMENOLOGICAL GAP ture obtained for different values of the reduced magnetic

] ) . ) o field with ppg= 3 po. As before, the intersite couplinghave
In this section we investigate the modification of the up-peen adjusted to obtaiT,=0.02 in the absence of mag-

per critical field that originates only from the normal-state netjc field. One can see that the upper critical field is reduced
gap in the density of states. In contradistinction to the analygue to the presence of the normal-state gap. The most sig-
sis presented in the preceding section, the density of statggficant lowering ofH .., takes place for finite values of th
may remain finite despite the presence of the gap. Here, thghich are comparable to the magnitude of the superconduct-
normal-state gap is characterized by the widih @hd the  ing gap. This result originates from the fact that the Cooper-
relative depth fo—ppa)/po. Whereppg and po denote the  pair susceptibility is strongly peaked at the Fermi level with
density of states in the presence and without the pseudogag.characteristic energy scale that is determined by tempera-
respectively. It is visualized in the mset_ _of Flg. 2._ In the tyre. Therefore, fop>Kk T, the pseudogap results in a global
absence of the CDW order the upper critical field is deterigwering of the density of states which can be compensated
mined by Eq.(10) with by an enhancement of the pairing potential. It means that
assuming stronger pairing potenti?! we can reproduce
Kic ()= 1 (16) H.,(T) calculated in the absence qf the gap. N
P (@—Eip)(0+Eg_p)) We have found that the reduction of the upper critical

field increases with the depth of the gap as depicted in Fig. 3.
In order to account for the modification of the density of The inset of Fig. 3 shows a comparisontbf, obtained for

states we renormalize the normal-state propagators whicthe phenomenological pseudogap wjihs=0 and for the
give rise to the Cooper-pair susceptibility, charge-density waves. A comparison of these results clearly
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also be appropriate for YBCO with static charge ordefihg.
FIG. 3. Upper critical field as a function of temperature for  |n the case of free-electron gas external magnetic field
different densities of states at the Fermi level. The half width of theleads to the occurrence of rotationa”y invariant states corre-
pseudogap i$=0.1t. The inset shows temperature dependence okponding to the Landau orbits. However, the geometry of the
upper critical figld .calculated for the phenomenolog.ical pseudogagtripe phase may seriously affect the formation of the Landau
with ppg="0 (solid line) and for the CDW gagdashed ling Inboth 4 pits “This effect is of particular significance if the radii of
cases the half width i§= dcpw=0.01. the Landau orbit&R, exceed the width of the stripen (a is
- . the lattice constantIn order to visualize the impact of mag-
indicate that the coupling between CDW and superconduClaeyic field on electrons in the stripe phase we have calculated
ing order parameters results in a small decrement of the URpe resulting current distribution. Within the framework of

per critical field. the linear-response theory the current operator is given by

J,(x,y)=—dHI3A(x,y), where &,y) denotes spatial coor-
IV. Hcp INA STRIPE PHASE dinates and’s are unit vectors in the lattice axes directions.

Another unusual feature of HTSC, that we discuss in thdiesults obtained in the normal staté<0) on a 157
present section, is related to inhomogeneous distribution diluster with applied magnetic-fiell=0.1 are presented in
holes. It results in a stripe phase which consists of antiferrof19- 4. o ) ) ]
magnetic domains separated by hole-rich domain walls. We .Modmcauon of the ITandau orbits affects the diamagnetic
study how the upper critical field is affected by this specificPar-breaking mechanism. Therefore, one may expect that
distribution of carriers. In order to simulate the presence of superconductivity survives in the presence of much stronger
stripe phase we carry out the calculations for a long andnagnetic fields than in the homogeneous phase. This obser-
narrow rectangular-shape clusters. We assume that the isoldf@tion is confirmed by the numerical calculations, as de-
ing, antiferromagnetic domains can be simulated by fixedicted in Fig. 5. o
boundary conditions in the direction perpendicular to the Here, 150<150 cluster corresponds to an infinite system,
stripes (along thex axis. The spatial organization of the Whereas 1587, 150<3, and 15(< 2 clusters correspond to
stripe structure has intensively been investigated or$triPes o_f the W|dth_ of 6,2_,1 lattice spacing, respectively. As
experimentd?24and theoretical ground€-32Experimental  We consider the anisotropic order parameter thexiB@lus-
data for HTSC show that the width of stripes depends on the
concentration of holes and is of the order of a few lattice 0.02
constants. The neutron-scattering study of the stripe phase
suggests that the hole-rich domain walls are only single-cell N
wide. On the other hand, the numerical study of the two- .
dimensionalt-J modef! shows that the domain walls may S~ 000 s !
have a significant density of holes over three rows of sites. O
According to these results we consider ¥50 finite sys- Tl T T
tems, wheren=2, 3, and 7. Our simplified approach does — 150x 150
not restore the actual structure of the stripe phase. In particu- |~ 1507
lar, for n=1 one obtains an unphysical, purely one- o 1281;
dimensional system, that hardly depends on the external 0.00 , ‘ . ‘
magnetic field. Therefore, we investigate the rectangular- 0010 0015 0.020 0025 0030 0035
shape clusters with the width as a free parameter. Since we s TA
neglect the correlations between different stripes, the upper gig_ 5. Upper critical field as a function of temperature calcu-
critical field is determined by Eq$10) and(16). We intro- |ated for stripes of different width. We have chosen appropriate
duce stripes through the geometry of the system and specifigalues ofV which give the same transition temperature in the ab-
boundary conditions. Therefore, our approach should be agence of magnetic field. The inset shows a comparison of upper
plicable to the cuprates with static or quasistésiowly fluc-  critical field for 150< 150 and 156 7 systems with the same value
tuating stripes, e.g., for Nd- or Eu-doped LSCO. It could of the pairing strengtly=0.244.
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ter is already on the limit of applicability of our approach. superconducting gaf; is vanishing** However, our method
The enhancement ofl, is of particular importance for does not allow to discuss the superconducting properties be-
weak-magnetic fields, wheR, /na—o. One can observe a low theH, (e.g., the vortex stateln our approach the elec-
dramatic change of the slope@H.,/dT, calculated atT  tron Green’s functions have been calculated exactly, whereas
=T.. Here, the impact of the magnetic field on the superdn the standard case one makes use of the semiclassical ap-
conducting transition temperature is much less than in th@roximation that neglects the Landau level quantization.
homogeneous two-dimensional case. To conclude, we have investigated how the upper critical
The pseudogap and stripes affect the superconductiniield is connected with different features of high-temperature
properties of the system both in the presence and in the alsuperconductors. In particular, we have discudsgdin the
sence of the magnetic field. Modification of the density ofpresence of charge-density waves, phenomenological
states changes the effective coupling constanipesV that  pseudogap and stripes. Our results suggest that a gap in the
enters the standard BCS gap equation. Therefore, we hawkensity of states reduces the upper critical field, indepen-
directly compared theél, for systems, which in the absence dently on the underlying microscopic mechanism. For finite
of magnetic field are characterized by the same transitiodlensity of states at the Fermi level this reduction is mostly
temperaturéone can roughly say that=const). In order to  pronounced when the width of the gap is of the order of the
complete the discussion, we have also calculatedt}¢T)  superconducting transition temperature. In the phase with
for the case when the pairing potential does not depend oisotropic CDW gap the density of states at the Fermi level
the pseudogap and the stripe struct/e=(const). Since, the vanishes. Then, as one can expect, the upper critical field is
opening of the pseudogap reducksit results also in an strongly reduced even by a relatively small gap. Here, the
additional decrement of the upper critical field, when com-coupling between the CDW and superconducting order pa-
pared to the results presented in Figs. 1-3. However, arameters results in an additional reductiontbf,. On the
enhancement of thel,, in the stripe phase can take place other hand, in the presence of stripes the upper critical field
despite the reduction of the superconducting transition temis enhanced, especially close Tg. We attribute this effect
perature, as depicted in the inset of Fig. 5. to the reduction of the orbital pair-breaking mechanism since
The coexistence of stripes and superconductivity has beethe radii of the Landau orbits are much larger than the width
established experimentallgee e.g., Ref. 24 However, up  of the stripes.
to our best knowledge, the upper critical field has not been The presented investigation Hif;, is restricted to the sim-
measured in the stripe phase. According to our results sugplest case of the uniform magnetic field and neglects a pos-
measurements should reveal a strong enhancement of tiséble disorder in the vortex system. It can originate from
slope ofH,(T) at T=T.. When the temperature decreasesfluctuations close to the phase transition or inhomogeneous
this slope decreases, as well. This may effectively lead to gharge and spin distribution in the stripe phase. However, as
negative curvature ofl ,(T) close toT., despite the posi- we are concerned exclusively with the critical field at the
tive curvature in the homogeneous phase. The positive cusecond-order transition, these effects are of minor impor-

vature may be restored at lower temperatures. tance. We have also not discussed the reentrance of super-
conductivity in the strong-magnetic field. This effect has
V. CONCLUDING REMARKS been investigated in the continuum mddéf as well as in

the case of lattice g&9;* when the structure of fractal en-

In order to clarify some physical aspects of our methodergy spectrum is reflected in phase diagram. Theoretical ar-
one can compare it with approaches, which are commonlgumentation that supports the reentrance of superconductiv-
used to investigatéd,. Previously, we have applied the ity remains valid also in the presence of pseudogap, at least
same method to discuss the upper critical field for isotropicon the simplest level that has been used in the present paper.
superconductivity”** Then, one ends up with the gap equa- However, in the genuinely strong-magnetic field the assump-
tion that can be written in the form tion of the field-independent gap is unphysical and micro-

Vv scopic investigation of this phenomenon is needed.
Ai=g 2 AG(.JonG(if ~an). (18
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