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Upward curvature of the upper critical field in the boson-fermion model

Tadeusz Domaski
Centre de Recherches sur les §iBasses Temperatures CNRS, 38042 Grenoble, France
and Institute of Physics, M. Curie Sktodowska University, 20-031 Lublin, Poland

Maciej M. Maka and Marcin Mierzejewski
Institute of Physics, University of Silesia, 40-007 Katowice, Poland
(Received 27 November 2002; published 4 April 2D03

We report on a honconventional temperature behavior of the upper criticaHijg(d) which is found for
the boson-fermio{BF) model. We show that the BF model properly reproduces two crucial features of the
experimental data obtained for high-superconductordi.,(T) does not saturate at low temperatures, and has
an upward curvature. Moreover, the calculated upper critical field fits the experimental results very well. This
agreement also holds for overdoped compounds, where a purely bosonic approach is not applicable.
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I. INTRODUCTION oughly investigated in a number of papéfs’®~*Fermions
acquire the superconducting correlations due to the coupling
Some of the unusual properties observed in high temperavith bosons. This coupling gives rise to the finite boson mo-
ture superconductoréiTSCS can be explained in terms of bility (mg<<e). Under proper conditions bosons/and fermi-
effective two component models, which involve boson and®"S undergo a phase transition into a superfluid/

fermion degrees of freedom. There are numerous exampl%‘?ﬁf%@dufﬁ'ﬂg_ phas?hat a ci_ommo? critical tempelrétgre
of such theoretical scenarios, for instance: electron fields_t.sc_ b?E.' q ISth'VOt[h péjl':n mgdolu ﬁ_orrr:e unus%a prog-_
coupled to gauge fluctuations, the resonating valence bongf /€S obtained within the model which were observed in

(RVB) spinon-holon theory, coupled electron-phonon sys—mOSt of the HTSC materials:i) a non-BCS ratio

tems, etc. In this paper we consider one such model, WheASC(O)/kBTC>4 (except for the far under-doping and over-

r&! . A 11.12 /:: . . . .

: ) . : : oping regimeg~" (i) a linear inT resistivity in a normal
the conduction band particléiermions coexist and interact : :

with the localized electron pailhard-core bosonsThis so- phase up to very high temperatuﬂéim) change of sign of

. ; the Hall constant abovd, and the anomalous Seebeck
called boson fermionBF) model was introducéda couple coefficient” (iv) the appearance of the pseudogap in a nor-

of years before the discovery of HTSC materials. Initially it 5, phase for temperatureE* >T>T.:"2° and (v) a

was proposed to describe the electron-phonon system in @ticle-hole asymmetry of the single particle excitation
crossover regime between the adiabatic and antiadiabatigoectrum in the normal phaé?°
limits. In this paper we address a problem of the unusual behav-
It has been shown that the BF model describes the emergpr of the upper critical field observed in the HTSC materials.
ing physics of several theoretical models often used in studH ., can achieve values of a few hundred Tesla. Moreover,
ies of strongly correlated systems. It has been derived so fahe resistivity measurements clearly show an upward curva-
from (a) the periodic Anderson model with large on-site at-ture of H.,(T), with no evidence of saturation even at low
traction by eliminating the hybridization between the widetemperature$:?>The positive curvature of the upper critical
and narrow band electroRgb) the extended Hubbard model field H.,(T) was earlier known for layered
using the concept of bosonization for fermions on a lattice, superconductor® and then the effect was assigned to the
(c) the Hubbard model on the plaquettized two-dimensionabimensional crossover. A similar behavior was also observed
lattice in the strong interaction limit using the contractorin electron-doped higf- copper oxide$* Acsusceptibility
method? and(d) the resonating valence bond state ofthe ~ measurements showed a slight upward curvaturel 9fT)
model in the path integral techniqge. in K, Ba,;_,BiO single crystal® as well. Authors attributed
Some authors postulated the BF model inaginhocway.  this to the presence of the Landau quantization that becomes
For example Erfz proposed a BF—type model basing his important in the strong magnetic fiet@l.
arguments on an interpretation of the optical experiments on From a theoretical point of view the upward curvature of
HTSC materials. Other ideas were explored by GeshkenbeiH,(T) can occur, for instance, in systems with a strong
et al,” who represented patches of the two-dimensional Bril-disorder sufficiently close to the metal—insulator transifibn,
louin zone near so callelabt spotsvia dispersionless bosons is  disordered superconductors due to mesoscopic
which could dissociate into the fermion pairs from a remain-fluctuation?® during Josephson tunneling between supercon-
ing part of the Brillouin zone. The same model is used notducting cluster$? in a mean—field—type theory #f,, with a
only in a context of HTSCs. There are recent attempts tastrong spin-flip scatteringf, and due to a reduction of the
apply a similar approach for a description of the magneti-diamagnetic pair—breaking in the stripe ph&s@hese ap-
cally trapped atoms of alkali metdls. proaches require the system to be inhomogeneous, whereas
As far as superconductivity is concerned its mechanism ishe positive curvature has also been observed in a clean
unconventional within the BF model. This issue was thor-state?” Other theoretical approaches to this problem include,
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e.g., the superconductivity with a mixed symmetss(d)

order parametéf and a Bose-Einstein condensation of HB=2 [(Ag—2u)b/bj+Aibl+AFby]. (4)

charged boson& However, the latter scenario cannot be ap- '

plied to overdoped compounds, which exhibit a Fermi—They are coupled through the order parameteXs

liquid—type behaviot? =v{c;,ci;) and p;=v(b;), which have to be determined
As this feature cannot be explained within a conventionakelf-consistently:'> One can diagonalize the boson sub-

theory ofH.,,% it is a natural test for various models pro- system using a suitable unitary transformation. Statistical ex-

posed for HTSCs. In the present study we show that the@ectation values of the number operetn@}bi and the param-

peculiarities ofH,(T) are immanent features of the BF eterp; are given by*?

model. We obtain our results both on the level of semiclas-

sical Helfand—WerthammeHW) theory® and in the Hofs- . 1 Ag—2u Yi
tadter approach taking into account the actual Landau level (bibj)= 2 4y, tan kB_T ' ®)
quantizatiort’ Our findings strongly support the BF scenario
as a relevant model for description of the HTSC materials. VA, ¥i
P oy P(kBT)’ ©
II. MODEL

wherey;=3(Ag—2u)?+4|A{|?, andkg is the Boltzmann
We consider the BF Hamiltonian of the 2D system im- constant. Near the superconducting phase transition the order
mersed in a perpendicular, uniform magnetic field: parameters are infinitesimally small, and one can exgand
in powers of(c;,c;;) up to the leading order. The fermionic

subsystem is then described by
HEF= 2, (tj(A)=dym)cl,cip+ 2 (As=2u)blb

HF= 3 [t(A)— 8;ulcl,ciy
+U2 (biTCiLCiT_F HC) (1) i,j,o0

—V(T, chel Ve +H.cl, 7
We use the standard notation for annihilati@neatior) op- ( M)zi" < "1 'l> W ] 0

erators of fermiort;, (c/,) with spino and of the hard core
bosonb; (biT)at sitei. Fermions interact with bosons via the
charge exchange interactian . denotes the chemical po- v2 Ag—2u
tential andt;; (A) is the hopping integral depending on the V(T,u)= ——>—tan

C . Ag—2u 2kgT
magnetic field through the vector potenthad

where

®

. Hamiltonian HF [Eq. (7)] has a BCS—type structure
t (A)=t (0 e RiA dl where the boson—fermion coupling enters through the effec-
ij(A) =1 (0)ex e R, Rl tive pairing potentiaM (T, u). Cher_nical potentiafe should
be evaluated from the conservation of the total charge
To proceed, we first apply a mean—field decoupling for the=2ng+ng=2/NZ(b/b;)+ 1INZ;,(c! c;,). We restrict fur-

boson fermion interactions, ther investigation only to a case of the nearest neighbor hop-
ping, when the fermionic energy spectrum is known as the
bici cii=(b)*ci ¢ +bi{ci cip), (2)  Hofstadter butterfly’
which is justified only whern is small enough. Indeed, it is I1l. RESULTS AND DISCUSSION

the case here because it was shtithat the realistic values ] ) o )
T.~100K can be obtained using a small interaction strength First we consider a situation when the boson level is lo-
v=0.1D, whereD =0.5eV is a typical fermion bandwith. By Ca&ted in the middle of the fermionic band £=0) andn;
applying the mean-field approximati¢gq. (2)] we neglect =2. In this symmetr'lc caséoth fermion and boson sub-
fluctuations of the order parameter which may partly supSystems are half—filledng=1/2, ne=1, and V(T,u)
press the superconducting correlatidhddowever, in this =v“/2kgT, becausg.=0. In order to calculatéi., one can
paper we show that even without taking into account the2PPly a})two-dlmensmnal_ version of the Helfand-Werthamer
fluctuations we reproduce the anomalies of the upper criticalh€ory;° where the coupling constant depends on the tem-
field. perature. Sinca =Vprg, Wherepgs is the density of states
Using the decouplingEq (2)] we deal with the effective at the Fermi level, one obtains
Hamiltonian composed of the separated fermion and boson

BF _4F B. T
partsH®"=H"+H": )\(T):)\(TC)?C (9)
HF = t (A= ulel o + *co e H.C), The HW theory was derived for a free-electron gas and ne-
i%f [ty (A) = Gy lcisCyo 2.: (piCiCiy ) glects the Landau level structugiae so called quasiclassical
3 limit). However, for a weak magnetic field the Landau level
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FIG. 1. Temperature dependence of the upper critical field, ob- FIG. 2. Hc,(T) obtained from Eq(10) for ni=1 and different
tained from the HW approach with the temperature dependent cousosonic levels. The fermion-boson coupling was adjusted to obtain
pling constant given by Eq9). We have assumelzT.(H=0) the same critical temperature in the absence of a magnetic field.
=0.02.

The concentration of bosons as a functiom@fis presented
quantization does not lead to an essential modification oin Fig. 3. The upward curvature &f,(T) appears predomi-
H,(T).%° Figure 1 shows .,(T) calculated within the HW nantly in the first casésolid line in Fig. 3. When Ag is
approach with the coupling constant determined by @y. shifted above the Fermi energy, the curvature is gradually
In order to explain the temperature dependence of the criticaleduced. Finally, whedg>KkgT the curvature changes from
field qualitatively let us recall the following fact§i)when  positive to negativedashed line in Fig. 2and one repro-
\(T) = const(standard HW theoiy H.,(T) is almost linear ~duces standard results for a purely fermionic systerim
for a weak magnetic fieldii) in the BF model\ increases Fig. 2 we have not presented results in the low temperature
with the decrease of temperature and diverges wherD  regime. However, one can prove that the BF model qualita-
[Eq. 9. Thus the BF model properly reproduces two featuregively reproduces,(T) also forT—0. Combining Eqs(5)
of the experimental datad,(T) does not saturate at low and (8), one can express the effective pairing potential in
temperatures and has an upward curvature, at least for terms of the bosonic occupation number:
weak magnetic field. Numerical results confifsee Fig. 1
that the upward curvature is preserved in the whole range of
temperature. This result is opposite to the standard HW ap-
proach, wheréd »(T) has a negative curvature.

Next, we show that the BF model properly describeslt is straightforward to note that fdib/b;)=1/2 one obtains
He(T) for a wide range of model parameters, when theAg=2u and Eq.(8) is reduced toV(T) =v?/2kgT. On the
problem cannot be reduced to the effective HW theory. Inother hand, whetb/b;)+1/2, but 0<ng<1, the denomina-
this case we apply a lattice version of the Gor’kov
equation®’

202
Y 2

& t
§_<bi bi>)- (11

—— Kk, T=0.001¢
] k,T=0.010t
A= S AG(Gj0)G(j —w). (10 T NN, kyT=0.025¢ 7
=5 2 AG(ienGij ey, (10 T kpT=0050¢

—_ kBT=0075t

Here,G(i,],w,) is the one-electron Green’s function in the
presence of a uniform and static magnetic field, apds the
fermionic Matsubara frequency. With the help of the Hofs- 0.1 ¢
tadter approach’ Eq. (10) can exactly be solved for clusters
of the order of 16 lattice sites. For details we refer to Ref.
39. In contradistinction to the quasiclassical approacees,
HW or Ginsburg—Landau theogryve explicitly account for NN
the actual structure of Landau levels. 0] To0s 0 0.5
Figure 2 shows the upper critical field obtained for; T i ’
=1 and various positions of the bosonic level. We consider ?
two cases:(i) when this level is below the Fermi energy  FIG. 3. The boson concentratians as a function ofAg cal-
(Ag<0) there is a finite number of bosons alsd@at0; and  culated for n,=1. Temperature dependence af is rather
(ii) for Ag>0, bosonic states are occupied only virtually. negligible.

gm
N
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FIG. 4. The effective pairing potential between fermions as a
function of temperaturd and the boson energy levalg for v
=0.1t andn,=1.

tor in Eq. (11) vanishes forT—0. Therefore, V(T,u) di- 0 s . s
verges forT—0 provided that 8n,<1. Figure 4 illustrates 0.2 0.4 0.6 0.8 1
the effective pairing potentialV(T,u) calculated self- T/T(H=0)

fuorgsasetegtr%;%ngg’t;(l_ran?I;O:r g'i'hwgﬁieisé?n%vaz?aﬁga_ FIG. 5. Fit to experimental resultgontinuous curveobtained
P * B for n=1,Ag=0 andv=0.5. The experimental dat&points

bo;on concentration is non-neghglble. This means that a I&: o taken for TIBa,CuQ; from Ref. 22, and for BISKLCUOQ, from
quirement for a partial occupation of bosonic states is suffips oq

cient to reproduce the experimental low temperature behav-

ior of He,. _ _ ceptibility accounts only for very few fermionic statésith
To complete the discussion, we show that the BF modeknegy close to the Fermi leyehstead of a continuous den-

accurately reproduces the experimental da&e Fig. 5 We ity of states. For a sufficiently strong magnetic field the
have chosen an appropriate set of model parameters, ot nqau level quantization becomes important, &hd(T)
which H,(T) fits the results presented in Refs. 21 and 225y e a nonmonotonic functioff:*° This feature is visible
very well. The theoretical curve was calculated for a bosonigy the jow temperature region in Fig. 5. These oscillations
level that is situated slightly apove the Fermi energy, i-e-may be smeared out by fluctuations which, however, are ne-
Ni=1, Ag=0, andv=0.5. In this casqu<0, ne>ng and  gjected within a mean—field approach. In real materials the
the BF system is mainly of fermionic character. The experi-gisorder—induced broadening of Landau levels also smooths
mental data were obtained for overdoped compounds, whegyt the density of states, and these irregularities do not ap-
HTSCs exhibit a Fermi liquid charact&Therefore, the BF pear.

model is fully consistent with the fermionic—type behavior = 1, conclude, we have shown that the BF model properly
of the overdoped HTSC, whereas the purely bosoniGenroduces the anomalous features of the upper critical field
approacft is not applicable in this regime. The most unusualgpserved in HTSC materials. Such an unusual behavior can-
properties of HTSCs occur in underdoped systems. In ordefq: pe explained within a standard BCS-type approach.
to restore these properties one should appropriately adjugfgreover, our results are correct not only in the underdoped
the BF model parameters. In the underdoped case, thegion but also for the overdoped compounds, where a Fermi
bosonic occupation number is generally much larger than  |iquid behavior is observed. Together with other unconven-
obtained for parameters, which we have used for overdopegyna) properties such as the pseudogap, our results strongly

HTSC (Fig. 5. This is due to the fact that the boson concen-gynport the BF model as a relevant scenario for High-
tration controls the width of the pseudogap. In partiCUIar’superconductivity.

investigations of the pseudogap in Ref. 17 have been carried
out for ny=1.25,ng<1, andv=0.1.

Figures 2 and 5 showl.,(T) obtained numerically for
T>0.4T.. Although we have carried out numerical calcula- T.D. kindly acknowledges financial support from the Jo-
tions for large clusters, this approach is not applicable aseph Fourier University and the hospitality of the Centre de
genuinely low temperatures. In this case the Cooper pair sufkecherches sur les Bdasses Temperatures in Grenoble.
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