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Upper critical field for anisotropic superconductivity: A tight-binding approach
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We study the problem of the upper critical fielt {,) for tight-binding electrons in a two-dimensional
lattice. The external magnetic field is introduced into the model Hamiltonian both via the Peierls substitution
and the Zeeman term. Carrying out calculations for finite systems we analyze the influence of the external field
in the commensurable and incommensurable case on an equal footing. The upper critical field has been
investigated for intrasite as well as anisotropic intersite pairing that, in the absence of magnetic field, has a
dy2_y2 symmetry. We also briefly discuss the symmetry of the superconducting order parameter in the presence
of magnetic field and the role of the next-nearest-neighbor hopping. A comparisdp,adetermined for
different symmetries shows that for nested Fermi surface the on-site pairing is more affected by the external
field, i.e., the critical temperature for the on-site pairing decreases with the increase of the magnetic field faster
than in the anisotropic case. Moreover, we have shown that the tight-binding form of the Bloch energy can lead
to the upward curvature dfl;,, provided that the Fermi level is close enough to the van Hove singularity.
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I. INTRODUCTION resolved photoemission spectroscdplypndon penetration
depth!® NMR,'! and quasiparticle tunneling, which indi-
One of many striking properties of high-temperature su-cate that the energy gap is strongly anisotropic and vanishes
perconductors is related to the field-induced transition fronin particular directions in the Brillouin zone. Moreover, the
superconducting to normal state. Magnetic properties ophase-sensitive  superconducting interference  device
high-T. compounds give rise to both quantitative and quali-experimentt® demonstrated the sign change of the order pa-
tative differences with respect to the conventional superconrameter between the andy directions. Generally, these re-
ductors. The systems under consideration are characterizédlts are consistent with thi2 2 pairing scenario. On the
by extremely high values of the upper critical and its unusuapther hand, there are experimental indications, which had
temperature dependence. For optimally doped samples eguestioned the purd,2 > symmetry of the energy gap and
perimental investigation of the critical field is limited only to suggest mixed pairing symmetry with a dominahtvave
temperatures close . ,* whereas at lower temperatures the componente.g.,d=s or d=is).**"*’
magnitude oH,, is far beyond the reach of laboratory mag-  The measurement of the upper critical field can give in-
netic fields. The measurements carried out in a wide range afight into the microscopic parameters of a relevant model.
temperature for underdoped superconductors clearly indicateor example, the coherence lengtls usually derived indi-
the positive curvature oH,(T) even at genuinely low rectly from the expressionH,(0)= dol2mE2 8 where
temperature$-* Theoretical approaches do not provide aH¢,(0) is the upper critical field determined B0, andg,
unigue, complete description of these phenomena. Most uris the magnetic flux quantum. The theoretical investigation
conventional properties of high-temperature superconduc®ef the upper critical field for different pairing symmetries is
ors, like narrow quasiparticle bands, lifetime effects of statepredominantly based on the Ginzburg—Land@&l) (Ref.
close to the Fermi level, and linear temperature dependended) theory or the Lawrence-Doniathapproach in case of
of the normal-state resistivity, are usually attributed to strondayered superconductors. With the help of linearized GL
Coulomb correlations. However, upward curvature of the upequations Won and MaKi have shown tha, in a model
per critical field is observed also in overdoped compoundswith repulsive on-site interaction depends linearly on tem-
where the temperature dependence of resistivity changg¥erature neaf . and saturates at— 0. They have not found
gradually from linear to quadratic behavidt.This feature  any sign of the upward behavior. There are also calculations
suggests that the positive curvaturetbf,(T) could origi-  for H¢, in systems with mixed symmetries, especially for
nate from, e.g., symmetry of the superconducting order pasuperconductors in which the dominahivave order param-
rameter or details of the density of states and may be exeter coexists with a subdominasivave component. How-
plained without a sophisticated treatment of the mostkver, in most of these approachds,(T) exhibits negative
difficult problem that is related to the presence of strongcurvature. On the other hand, results obtained in Ref. 22
electronic correlations. In particular, the upward curvature osuggest that the upward curvature of the critical field could
the upper critical field can be explained within the Josephsobe a characteristic feature ofdawave superconductor. The
tunneling between some superconducting clusters with positive curvature ofH.,(T) can also originate from the
transition temperature higher thai, for the bulk presence of magnetic impuritié$2*
superconductof® A separate problem, that is usually neglected in the above
It is believed that the symmetry of the superconductingapproaches, is the influence of the periodic lattice potential
state can be closely related to the pairing mechanism. Themn the upper critical field® Application of magnetic field to
are a lot of node-sensitive experiments, based on the angléie two-dimensional2D) electron system in a tight-binding
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approximation leads to a fractal energy spectrum known abkor the sake of simplicity we restrict our considerations only
Hofstadter’s butterfly, where even very small changes irto the nearest-neighbor coupling with the singlet order pa-
magnetic_field can result in a drastic change of therameterA;;=(c; cj;—cj;Cj;). As we do not specify the
spectrunt®=28|n this paper we investigate the upper critical mechanism that is responsible for pairiidgs assumed to be
field for electrons described by the two-dimensional tight-field independent. This approximation may be invalid for
binding model with intra- and intersite pairing. We show thatstrong magnetic fields, in particular, when the spin fluctua-
anisotropic superconductivity is less affected by the externdions (SF contribute to the pairing correlations. However,
magnetic field then the isotropic one, especially for theresults presented in the appendix show tkigt is hardly
nested Fermi surface. We also demonstrate that the latticaffected by the weak magnetic field.

effects can give rise to important corrections with respect to We start with the discussion of the normal-state proper-
the Helfand-Werthamét?® solution of the Gorkov ties. Similarly to Ref. 25 we make use of a unitary transfor-
equations? This effect is of particular importance in the mation U that diagonalizes the kinetic part of the Hamil-
vicinity of the van Hove singularity and at low temperatures.tonian

Il. GAP EQUATION CLOSE TO Hg, UTH iU = Hyin - (6)

We consider a two-dimensional square lattice immersed id his transformation defines a new set of fermionic operators
a uniform, perpendicular, magnetic field. The BCS-typedq.==iULiCi,, in which the Hamiltonian in the normal

Hamiltonian is of the form state takes on the diagonal form
H=Fnt+Hy—n> cfci,+ousH, > (cficii—clici), H=2, (Eu=pt 09ueH )50, )
I,o i ao
()

In the absence of the magnetic fidldrepresents transforma-
wherecit, (ci,) createdannihilates an electron with spimr tion from the Wannier to the Bloch representation. For finite
on sitei. The chemical potentiagk is introduced in order to magnetic field and general gauge the quantum nunaber
control the doping level. The last term in the above Hamil-enumerates eigenstates, although does not represent a
tonian describes the paramagnetic Pauli coupling to the execiprocal-lattice vector. We take into account the nearest-
ternal field. Hereg stands for the gyromagnetic ratipg is ~ neighbor hopping witht;;,=—t and the next-nearest-

the Bohr magneton, anid, is thez component of the exter- neighbor hopping witht,;;y=—t". We also assume the

nal field. The first @) and the secondy) term in the  YPe-ll limit of superconductors where the magnetic field can
Hamiltonian represents the kinetic energy and the pairin@® régarded as a spatially uniform object. Choosing the Lan-

interaction, respectively. Within the tight-binding approach dau gaugeA=H;(0x,0) the hopping integral depends ex-
plicitly only on x and the momentum iy direction p, re-

mains a good quantum number. It is convenient to denote a

Hkin:<§ tij (A)c),cip - (2)  site on the square lattice byn(n) in such a way that its
e position readfkR=(ma,na), wherea is the lattice constant.
The electrons are gauge-invariantly coupled with locél)U According to Eq.(3) the hopping integrals to the nearest

gauge field by a phase factor in the kinetic-energy hoppingind next-nearest neighbors are given by
term. According to the Peierls substitutforin the presence

of magnetic field the original hopping integral between sites t=ts=1,
i andj, t;; acquires an additional factor

t3=t77\‘ zteihm, t4=t!eih(m*1/2),
ie (R
tjj(A)=t;; ex 7c - A-dl|. 3 tﬁztle—ih(m—1/2)' tsztre—ih(m+1/2)’

]
Jwhere the meaning df, . . . tg is explained in Fig. 1. Here,
nye have introduced a reduced dimensionless magnetic field
h=ea’H,/(#c). This quantity can be expressed with the
- - . help of magnetic fluxp through lattice cell and flux quantum
Hv:_Vzi (CiCi Aj+Ci CirAY). 4 (h=27¢lpy).

Due to the plane-wave behavior yrdirection the unitary

Here, we have introduced a local superconducting order pawnatrix U takes on the form
rameterA;=(c;,c;;), which in the presence of the magnetic

In the case of the on-site pairing, which leads to isotropi
order parameter, the BCS-type interaction takes on the for

field can change from site to sitéWe also consider aniso- Ui(EX,py)ZU(m,n)(Bx,py)Z Nfl"‘e‘py”ag(a(,py ,m), (8
tropic superconductivity with the intersite pairing interaction _
given by where (,,p,) represents the eigenstate of the Hamil-
tonian (7). Straightforward calculatioR® show that the
|:|V: —VE (CTTC‘HAij +ci ¢ AL). (5) x-dependent part of the wave functiag(p,,p, ,m), fulfills
I !

a one-dimensional difference equation
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(m-1,0+1)  (m,n+l) (1, n+1) M(mm)—\/_ E g(px,py,m)g(kx, py,mM)
Px »P

Xg(kxv_pyrm’)g(ﬁ’pyvm,)

(m=1, ) G+—— (m.w) — U L) X x(Px Py Ke, = Py). (12)
In the presence of the magnetic field the Cooper pair suscep-
tibility is given by

X(Py,Py 1Ky ky)
(m-1, n—1) (m, n—-1) (m+1, n—1)

! ' ! E(pwpy)_ﬂ'l'g:“vBHz
=|tanh
FIG. 1. Hopping integrald,, ... tg for electrons that move 2kgT

from site (m,n) to the nearest and next-nearest neighbors. Their
values are given in the text.

(kx -ky) m—gusH,
2kgT

{t+2t' cof h(m- %) —p,a]}a(py.py.m—1) X[2(E(py,Py) + E(Ke ky)—2u)] 7%
+2t coghm—pya)g(py,py,m) (13

+tanh

, 1 . In the case of the nearest-neighbor pairing we obtain the

+{t+2t cos{h(m+ 7) B pya]}g(px Py m+1) gap equation analogous to Hdl). £éimilar?y to t?\e isotropic

= E(E ,py)g(E( Py,m). (9) pairing A;; does not depend explicitly oy However, there
are two types of order parameters at each sitf) when

, _ sitesi andj lay along thex axis, andA®) when sites andj

Fort'=0 Eq.(9) is reduced to the well-known Harper |5y along they axis. Close to the upper critical field the gap

. 6 . . o 3
equatio® which has been extensively studi&d® The equation for anisotropic superconductivity can be written in
Harper equation, derived here within a tight-binding approxi-; matrix form

mation, can also be obtained in a case of weak perturbation

of a Landau-quantized two-dimensional electron systeti. RO\ [ MO0 Aoy [ £
Now, I_et us t.ake into account the pairing potentig). In . :(M(V'X) M(y*y))

order to investigate the transition from the superconducting

to the normal state we make use of the equation of motioRyhere

for the anomalous Green function. In the case of the isotropic

on-site pairing one obtains , Vv
M(a"B)(mlm )= = 2 X(pxapy- X1 py)

N5,

><A<“><px,kx,py,m)A<ﬂ’(Ex ke sy, m’),

AW AW/’ (149

[0—E(pe.py)+pt gueHI{(ap, ,py)1|a(?X k1))

_ e * T _ (15
==V ;Zk; Alui(px,py)ui(k; ,k;)<<a(k;,k;)ﬂa(kx,ky)i»- and
10 AL ky by, M) =0(py. Py MKy, — Py, M+ 1)
As far as we are close to the phase transition we make use of +9(py Py, M+ Dg(ke, — py,m),
a Imeanzed gap equation i.e., we calculate the propagator (16)

((a(k, K )L|a(k P )i>> in the normal state. Similarly to the B o
standard BCS theory, such approach allows one to determir®® (Px Ky, Py M) =2 cogp,2)g(Py, Py Mg (K, — py,m)7.)

the critical temperature or, in our case, the upper critical (1
field. However, it is irrelevant for calculations bEIOW Equa“ons(ll) and (14) constitute a System of linear
The choice of the Landau gauge implies that the isotropigquations for the order parameters and the condition for ex-
order parameter does not depend YINA;=A,n=An.  istence of a nonzero solution can be written as
Then, the linearized gap equation reads
detM—1)=0 (18
A= MaA, (11) in the case of isotropic pairing, and
M X M &Y
whereA=(A;,A,,A5, ...) and de( MO A ) =0 (19
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for anisotropic superconductivity, wheras the unit matrix. 0.007
These equations allow one to obtain the magnitude of the
upper critical field perpendicular to the plane. For the two- 0.006 ¢
dimensional square lattice the size of matrices which enter 0.005 [
Egs. (18) and (19) is proportional to the square root of the
number of the lattice sites. Analytical solutions of the Harper 0004 1
Eqg. (9) are known only in a few cases of commensurable < 0,003 |
field® (in our notationh=2mp/q, wherep andq are relative T
prime integers which correspond to unphysically high mag- 0.002 | °
netic field. Therefore in order to investigate., we restrict
our considerations to a finite lattice, for which we are able to 0.001 ¢ i l
analyze numerically the commensurable and incommensu- 0.000 " UBsagg, Y , S
rable magnetic field on an equal footing. 770.000 0.010 0.020 0.030
k,Th
lIl. DISCUSSION OF RESULTS FIG. 2. Temperature dependence of the reduced upper critical

field for isotropic pairing and different occupation numbersThe

We consider squargl X M cluster with periodic boundary cross, circle, and square marks indicate results obtained on the
conditions (BC) along they axis. As the Landau gauge 150x150 cluster, whereas the solid lines correspond to the 200
breaks the translation invariance aloxgxis we use fixed 200 cluster. The arrows show the superconducting transition tem-
BC in this direction. An additional advantage originating Perature for an infinite system calculated from the BCS gap equa-
from such a mixed BC is the absence of the unphysical detion in the absence of magnetic field=t andt’=0 have been
generacy of states at the Fermi level, which occurs for th@ssumed.
half filled band in cluster calculations with fixed or periodic
BC taken in both direction¥. In order to estimate the finite- field. This problem will be discussed at the end of this chap-
size effects we have carried out numerical calculations foter.
clusters of different sizes. We have found that in the case of Contrary to the conclusion presented in Ref. 22, our re-
the isotropic pairing and small concentration of holes ( sults(Figs. 2 and Bdo not indicate that the upward curva-
<0.2) there are no significant differences between resultture of H,(T) can emerge as a direct consequence of the
obtained on 158150 and 20& 200 clusters. For anisotropic symmetry of the superconducting state. However, the anisot-
pairing already 128120 clusters give convergent results. ropy of the order parameter can significantly influence the
The results presented in our previous papbave been ob- magnitude of the upper critical field. In order to investigate
tained for much smaller clusters. Although we have properlythis relationship we have directly compared results obtained
reproduced the Hofstadter energy spectrum and the criticdbr on-site and intersite pairing. We have chosen the magni-
temperature in the absence of magnetic field, the slope dfides of the pairing potentialg, which, in the absence of
H.(T) calculated forH—O0 has been strongly overesti- magnetic field, lead to the same superconducting transition
mated. In the case of weak magnetic field classical radiuses
of the Landau orbits become large and the finite-size effects
can be of significant importance. Let us start with a discus-
sion of the upper critical field fot’=0, when the Fermi
surface is perfectly nested.

Figures 2 and 3 show the reduced critical fiehl,
=e&H, /(hc), for different concentrations of holes. Indepen- 0.010
dently on the symmetry of the superconducting order param- ~ #
eter, i.e., for isotropi¢Fig. 2 as well as anisotropic pairing
(Fig. 3), the slope oH,(T) strongly decreases with increas-

0.015

. . ) ) .. 0.005 |

ing doping. This result can be easily understood within the

standard Gor’kov equations. Namely, the increment of dop-

ing corresponds to the reduction of the average Fermi veloc- —

i iti i 0.000 ! ! ! .
ity and the critical temperaturg., calculated in the absence 0 000 0,010 0020 0030 0040 0.050

of magnetic field.

Note that our cluster results exactly reproduce the BCS
transition temperature when the magnetic field tends to zero. rig 3. The same as in Fig. 2, but for anisotropic pairing. The
In the case of intersite pairing the arrows indicate BCS SO¢rgss, circle, and square marks indicate results obtained on the
lutions for d,2_y2 superconductivity. However, the external 120x 120 cluster, whereas the solid lines correspond to the 150
magnetic field affects the relative phases of the order paramx 150 cluster. The arrows show tdevave superconducting transi-
eter in thex andy directions, which can change from site to tion temperature for an infinite system calculated from the BCS gap
site. Therefore it is difficult to investigate the type of the equation in the absence of magnetic field. Ha/es0.3 and t’
symmetry of the energy gap in the presence of magnetie-0 have been assumed.

KT/
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—* §—wave
0.008 F e—= anisotropic 0.006 n=l
0.006 | 2 0004 6001 |
2 0.002 | \
0.004 1 0.0005 | 000900 0.01 .
0.000 ! Y !
0.000 0.010 0.020 0.030
0.002 ¢ 0.0020
0.0000
0.000 0.00+ 0.008 0012 ‘ 0.0015 | n=0.9
0.00 0.01 0.02 0.03
ky T/t 2 00010 |
FIG. 4. The temperature dependence of the upper critical field 0.0005 |-
evaluated for the half filled case,=1. The circle and diamond
symbols denote results obtained for intersite pairing with 0.0000 ' ' ' ‘
=0.244 and on-site pairing witlv=t, respectivelyt’ =0 has been 0.000 0005 0010 0015 0020 0025
assumed. The symbols and continuous lines correspond to the same 0.0004
sizes of clusters as in Figs. 2 and 3. The inset shows the upper ~.
critical field obtained for the occupation numhe+0.8. Here we 0.0003 |- n=0.8
have taken the intersite pairing potentia=0.3. N h
< 00002 b
temperatures for isotropic and anisotropic superconductivity.
Figure 4 shows the temperature dependence of the upper 0.0001
critical field obtained for the half filled case. One can see that ‘ .
the anisotropic superconductivity is less affected by the ex- 0'0008,000 0.005 0.010
ternal field than the isotropic one. An important observation KT/
is that this result depends neither on the magnitude of the
pairing potential nor on the concentration of holsse the FIG. 5. The upper critical field obtained for the on-site pairing
inset in Fig. 4. with t" =0 (dashed linesfitted to the results obtained for the two-

In the absence of magnetic field there is a van Hove sindimensional version of the Helfand-Werthamer approach to the
gularity in the middle of the band. Although the external field Gor’kov equationgcontinuous lines We have chosen the pairing
results in a splitting of the Bloch band into a huge number offotential V=t, for different values of the occupation number
subbands, the presence of the original van Hove Singularity‘d'cated in the figures. The inset shows results obtainedvfor
is reflected in the Hofstadter spectr@frin contradistinction ~ —0-%t andn=1.
to the structure of Landau levels, the Hofstadter spectrum
does not consist of uniformly distributed energy levels. Intions of the Hofstadter butterfly<kT) do not affect the
particular, the average distance between the energy levelipper critical field, whereas a smeared energy spectrum
close to the Fermi energy achieves its minimum when th&hanges smoothly with the magnetic fiéf-However, in the
chemical potential is in the middle of the Bloch band. It canvicinity of the van Hove singularity the second derivative of
be considered as a remnant of the original van Hove singuH ¢»(T) is significantly enhanced, when compared to the re-
larity. sults obtained from the Gor’kov equations. It is of particular

The question which arises concerns the impact of thismportance for small values of the pairing potential, when
feature on the upper critical field. In order to analyze thisthe system remains in superconducting state only at rela-
problem we have fitteé .,(T) obtained for isotropic super- tively low temperatures and the Cooper-pair susceptibility is
conductivity to the results obtained for the two-dimensionalstrongly peaked at the Fermi level. Then, the curvature of
versiof® of the Helfand—Werthamer approach to theHc(T) can gradually change from negative to positive, as
Gor’kov equations. Figure 5 shows the numerical resultsdepicted in the inset of Fig. 5. This effect takes place for
Away from the half filled case the qualitative temperatureisotropic as well as for anisotropic pairing. Similar results
dependence of the upper critical field can be very well aphave been reported in Refs. 36 and 37.
proximated by the solution of the Gor’kov equations. It sug- Results presented in Figs. 2—5 have been obtained for a
gests that the complicated Hofstadter spectrum does not imather unrealistic dispersion relation with=0 when the
fluence qualitatively the temperature dependence of th&ermisurface is perfectly nested for the half filled band. This
critical field, provided that the Fermi level is far enough from shortcoming can be significantly improved when accounting
the original van Hove singularity. Although, the Cooper-pairfor the next-nearest-neighbor hopping. Figure 6 shows the
susceptibility is strongly peaked at the Fermi level, eigen-upper critical field calculated fot’=—0.4% that is com-
states with energies of the order kT give a comparable monly used to simulate the actual Fermi surface of high-
contribution to the gap equation. Therefore small modifica-compounds® Despite a serious modification of the band
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when the Fermi energy is close to the original van Hove
—— swave singularity. In the absence of the external field this singular-
e——o anisotropic ity occurs in the middle of the band. The enhancement of
curvature ofH ,(T) takes place for isotropic as well as an-
isotropic superconductivity and is of particular importance
for small values of the pairing potential. Then, the curvature
can gradually change from negative to positive. This effect
smears out for larger doping where the temperature depen-
dence of the upper critical field can be rendered very well
when solving the Gor’kov equations. We have found that in
the case of anisotropic pairing the upper critical field exceeds
the critical field obtained for isotropic superconductivity. It
. . R’ takes place for small dopingd&0.2) and arbitrary magni-
003 004 0.05 tude of the pairing potential. These results suggest that in the
k, T/ two-dimensional lattice gas with nested Fermi surface aniso-
tropic superconductivity is less affected by the external field
FIG. 6. The same as in Fig. 4, but for= —0.43 and occupa-  than the isotropic one.
tion numbem=0.7. The circle and diamond symbols denote results The proposed method allows one to derive the gap equa-
obtained for intersite pairing witl'=0.3t and on-site pairing with  tion in the same way as the standard BCS approach. The only
V=0.9, respectively. differences are related to the fact that the diagonal form of
the normal-state Hamiltonian is obtained numerically and the
structure, the qualitative features ofco(T) remain un-  syperconducting order parameter can be a site-dependent
changed. Here, contrary to the results presented in Fig. 4, th,antity. The similarity between our method and the BCS
difference betweerH., obtained for isotropic and aniso- approach allows for straightforward incorporation of the lo-
tropic superconductivity is much smaller. These resultsal Coulomb repulsion within any standard approximation.
clearly show the importance of the shape of Fermi surfacejere, one may expect destructive influence of correlations,
for the upper critical field, as pointed out in Ref. 36. in particular in the isotropic channel. This originates from the
To get the first insight into the symmetry of the supercon-fact that local repulsion always acts to the detriment of the
ducting order parameter we have calculated[ 8¢ formation of local Cooper pairs. The impact of Coulomb,
~MUN—1] and detM @0+ M -] for H—Hg,  Hubbard-like, correlations on anisotropic superconductivity
where M (*#) are given by Eq(15) andl is the unit matrix. ~ seems to depend on the approximation scheme. This problem
These quantities should vanish when the solution of(E4). s under our current investigation.
would be of purelyd-wave A®=—AW) or extended It would be also interesting to investigate the relative mo-
swave symmetry £ =AM). We have found that for a tion of electrons which form the Cooper pairs and to discuss
120x 120 cluster the ratio of these quantities increases withn€ vortex lattice(see Ref. 40 for the details of this ap-
the magnetic field, however, it is always less than®@ne  Proach. However, our method is not suitable for investiga-
should keep in mind that none of these quantities can bEon of the Abrikosov lattice. We assume the plane-wave be-
exactly zero, due to the mixed boundary conditions end ~ havior iny direction that allows us to reduce the original
y directions. Our results suggest that also in the presence §¥0-dimensional problem to the one-dimensional one. There-
the magnetic field the extendsavave symmetry is of minor fOré we can perform a numerical calculation for much larger
importance. However, as we have restricted our consideiclusters. Without this simplification one can look for the so-
ation to the nearest-neighbor pairing, we cannot discuss thigtion that is spatially inhomogenous yndirection, e.g., the
possibility of the field-induced phase transition to theAPrikosov lattice-type solution, but for much smaller sys-

dx2—;i2§gdxy symmetry recently suggested by Krishana!€ms
et al®>

0.015 |

0.010

th

0.005 |

0.000 ' L
000 001 0.02
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the superconducting state and the van Hove singularity on The singlet pairing(or depairing originating from the
the upper critical field. Our results clearly indicate that thespin-fluctuation exchange interactions is determined by
symmetry of the superconducting order parameter itself canrandom-phase approximation—type expression that contains
not lead to upward curvature &f.,(T). However, quite pro- magnitude of local Coulomb repulsidshand zero-frequency
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0.2770 field the spin-fluctuaction-induced interaction for arbitrary
situated sites andj is given by
0.2765 |
. u?
Vse(p)=—— 2 2 2 exd —iapy(p,+ky)]
S5 02760 | 2N? mm' pyopy K
><9*(5;,pyJﬂ)g(B;,py,nr%px)g*(E;.k
0.2755 | (k) — et H,
x1Ky) T gug
+p,)9(ky ky,m")| tanh PKaT
0.2750 ' ' ' '
0000 0002 0.004 0.006 0008 0.010

E(py.py) — .~ gugH
b _tanh Px,Py) —pm—Qgupgh;

FIG. 7. Magnitude of the on-site interactioldg) as a function _ _ 1
of the reduced magnetic field for the half filled band with=0. X[E(ky,ky) =E(Px,Py) +2gusH.]""  (A2)
kgT=0.01 andU=t have been assumed.

2KgT

order to investigate the impact of magnetic field on this in_vyhereaﬁz R~ Eéj (a is the lattice constantin particular,
teraction, we consider only the lowest-order contribution,p=(=*1,0) andp=(0,=1) when the neighboring sites are

with respect taJ: situated along th& andy axis, respectively, ang=(0,0) for

N2 . on-site interaction. Figure 7 presents the dependence of the
Vse(p.p’)=U xo(p.p", ©=0), AL on-site repulsion upon the magnetic field.
wherep andp’ denote momenta of electrofsee Ref. 41 for Similarly, in the case of intersite attraction, we have found

the notation. We have found that in the presence of magneticthat Vg is hardly affected by weak magnetic field.
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