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In high-temperature superconductors the pseudogap energy affects the electronic specific-heat data for dop-
ing densities smaller than the optimal point. Within the rotating antiferromagnetism theory | calculated the
superconducting and rotating antiferromagnetic parameters, then got the phase diagram. Also, the specific-heat
coefficient and entropy are evaluated as a function of temperature. In addition, the doping dependence of the
condensation energy, specific-heat anomaly, and entropy ate calculated. Experimental data are analyzed
by focusing on the trends in the doping and temperature dependence. As far as the above quantities are
concerned this theory yields very good agreement with experiment, and can therefore be said to be applicable
to high-temperature superconductors.
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I. INTRODUCTION T* stays much higher than the superconducting transition
temperatureT; as doping increases away form half filling
The rotating antiferromagnetism theofRAFT) | have even though the P®@rder parameteritself is significantly

recently proposedaddresses the issue of the pseudd@p reduced and vanishes near the optimal point. According to
phenomenchand the doping dependence of the electronichoth scenarios, to observe the anomal§atone should not
structure in high-temperature superconductoldTSC’s).  be looking for ax-shape(or pealk anomaly but rather for a
RAFT is based on spin antiferromagnetisiAF) and is  steplike one in the specific-heat coefficient. In the second
therefore fundamentally different from the densdywave  scenario, this anomaly occurs at temperatures much higher
(DDW) theory* which is based on orbital AF. Furthermore, than T even near optimal doping. Furthermore, | show that
rotational symmetry is not broken in RAFT because the ro-RAFT yields specific-heat results that are consistent with the
tating order parameter characterizing rotating antiferromageonclusion of Loram and co-worketsThese authors con-
netism (RAF) is a magnetization that has a finite averagecluded that the simplest interpretation of the specific-heat
magnitude but a random phase angle. Also, very recently data can be done in terms of carriers that are fermions with a
proposed to treat the CuQayers of HTSC's as open sys- very low Fermi temperature, which is of the order of K
tems in contact with a particle reservoir, which is formed byRAFT has been found to agree well with ground-state ex-
the atoms doped between these layers. To leading order, operimental data when | indeed assumed that the electronic
can model the low-energy physics of HTSC’s by consideringhopping energies are small.
a two-dimensional2D) lattice of electrons in contact with a This paper is organized as follows. In Sec. Il, RAFT is
thermodynamics electrons reservoir. As a consequence, thiefly reviewed, and the idea of the Cu@yers behaving as
charge-carrier density on the CuQayers is temperature open systems is explained. For the results presented in this
dependent. This T dependence should not be surprising inpaper, two Hamiltonian parameters sets are used to carry on
the light of the strong T dependence of the Hall the numerical calculations. The analysis of the temperature
coefficient® 8 In the present work | tested the applicability dependence of the rotating and superconducting order pa-
of RAFT and the above ideas at finite temperature by calcurameters is presented in Sec. lIl. In the latter, the temperature
lating several thermodynamic functions and comparing themlependence of doping is analyzed as well, and used to dis-
with their experimental data. | calculated the temperatureuss theT dependence of the Hall coefficient in HTSC's.
dependence of RAFT’s order parameters, the electronic er~urthermore, | focus on the doping dependence of the super-
tropy Se(T) and the specific-heaC,(T) or coefficient conducting transition temperatu®. and PG temperature
y(T)=C¢(T)/T. | also investigated the doping dependenceT* in Sec. IV, where the phase diagrams are calculated for

of the condensation energy,, the entropy afl, S(T¢), both Hamiltonian parameters sets. The specific-heat coeffi-
and the jump iny(T) at the superconducting transition tem- cient and entropy results are presented in Sec. V. The doping
peratureT . dependence of superfluidity is studied in Sec. VI. Finally, the

One of the important questions that | also addressed isummary and conclusions are given in Sec. VII.
this work is whether there exists a true phase transition be-
low which the PG appears or not. Experimentally, no
specific-heat anomaly due to the PG has been reported so far.
In this paper, | propose two possible scenarios to explain the RAFT is a theory that describes HTSC's in terms of two
absence of experimental evidence for such an anomaly. loompeting order parameters. One of these is proportional to
the first scenario, the anomaly (T) due to the PG goes the superconducting gap amplitude, and is cabgdand the
unnoticed because it is significantly smaller than the one dusecond one is the RAF parameter labelgdrhe latter is the
to superconductivitfSC) especially in the neighborhood of amplitude of a rotating magnetization, which | have pro-
the optimal point. In the second scenario, the PG temperatunigosed in order to model the PG behavior in the cuprates.

II. DESCRIPTION OF THE METHOD
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RAFT is based on the rotating order parameter corf®&ipst —n'(K)  ek) 0 D(k)
applied to the Kondo lattice model. This concept has been (k) — (k) DK 0
generalized to the case of HTSC's for which several ground- H = K

state properties have been calculated and successfully com- 0 D(k) w' (k) —e(k)
pared with experimerit.The rotating staggered magnetiza- D(k) 0 —e(k)  w'(K)

tion Q is related to the spin raising or lowering operator, and
is thus a measure of the spin quantum fluctuations. RAFRNd
proposes that below the so-called PG temperature the spin

quantum fluctuations give rise to some sorthadden order 0 0 Qu 0

with order parameteQ, which does not break rotational 0 0 0 —-QuU
symmetry. It is not yet really clear to me what precise ex- U=| —Qu o 0 0
periment would probe this hidden order. Perhaps, an external

rotating magnetic field and a static magnetic field perpen- 0 QU O 0

dicular to each other would favor the rotating magnetization

on one sublattice over the other. This would give rise to arhe effective chemical potential’ (k) is given by

signal that could be measurable. As for the spin-glass phase

of HTSC’s, | do not see yet any link between the rotating p' (k)= p—Un+4t'cosk, cosk, + 2t"[ cog 2k,)
magnetizatiorQ and the spin-glass state. Claiming it is pos- +cog2k,)] @
sible that the rotating order may give rise to spin-glass order ’
as the rotating staggered magnetization freezes at low temmnd n= (c ,Ci.o) is the electron density per site and spin;
perature would be pure speculation, presently. For convez=1 or |. The summation symbdL, _ takes into account
nience, | will now briefly review this theory in Sec. Il A, and the fact that | sum ovek and its opposite, and also over the

explain the idea of Cu®layers being open systems in Sec. if ; latti B. The f
[I B. This idea leads to & dependent charge-carrier density. B’;? ;?: iir;?\cgigginc sublattices and B. The free energy

A. Review of RAFT

The Hamiltonian considered in this study is the extended
Hubbard model with a repulsive on-site Coulomb interaction 1
U and an effective nearest-neighbor attractive interadtich —Un2—= > u'(k). (5)
It reads as follows: N %

= 2N,8 > > In{l+e 7EMN}+4VDI+UQ?

n=%x,v=12

Here, N is the total number of lattice sites, and the energy
spectra are given by E;(k) and =E,(k) with

E,(K)=\[n (k) +(-1)"Eqk)]*+D*k),  (6)

H:_.E t CI U'C]U' Mz CI U’C| a+UE nITnIl

i,j,o i,o

—vE NN (1) where v=1 or 2, D(k)=2VDy(cok,—Ccok),
W5 Eq(k)= VA (k) + Q2U?, €(k) = —2t(cosk,+cosk,)

wheret;; designates electronic hopping amplitudes to first, —4t"[cosfcos(X,)+cosky)cos(X], and f=1/kgT; kg
second, third, and fourth nearest neighbiore, t”, andt”, ‘being the Boltzmann constant. Upon minimizing the free en-

respectively, on a 2D square lattige.is the chemical poten- €79y F with respect toQ= [{ci,icf )| andDo=

tial. At the mean-field level, the eight vector with i andj labeling adjacent sites, | derived the foIIowing
mean-field equations:
= (B TeB i ey e ok ek ek et D @ LV (cosk,—cosk,)? [ BE,
AN 0 E, ’ 2 )

is used in order to cast the Hamiltonian into the bilinear form

1= 9 > (- l)””Atanl‘('BZEV),

Hys= ., CiHC+NUQ?+4NVDE—NUR2 -, u'(k), AN “
k< k
() E, 1
n=-7N > A tanl‘( to (7)
whereH is an 8<8 matrix, k,p=12
where
" U ) ’
H= Uy -H) A (K)=[—pn"(K)=(=1)"Eq(K) J/E(K). ®)

Note that contrary to Ref. 1 where only electrons hopping to
with 1’ andlg, two 4X4 matrices, given, respectively, by as far as second nearest neighbors were taken into account,
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TABLE I. The two sets of the Hamiltonian parameters used indent. Normally, for a closed system, such as a gas of elec-

this paper to carry on the numerical calculations are summarized ifrons in a conventional metal, no temperature dependence is
this table. The unit of energy is=1.

shown by the density of electrons. The procedure that is

followed in that case consists of fixing the density and solv-

U v v t t ing for the chemical potential as a function of temperature.
SET | 3t t —0.2% 0 0 One of the interesting implications of this hypothezi; is the
SET Il o 0.85 _01a 0.01t _0.0% explanation of thel dependence of the Hall coefficieht.

hopping energies up to fourth nearest neighbors have bedh THE ROTATING AND SUPERCONDUCTING ORDER
considered in the present study. This is necessary in order to
adjust the location of the superconducting dome in the cal-
culated phase diagram to fit better the experimental phase o ]
diagram. Notice the peculiar way these terms appear in the 1he Hamiltonian parameters used to get the numerical

effective chemical potentiak’ (k) and in the single-electron

PARAMETERS Q AND D,
A. The doping dependence of), Dy, and

results reported in this paper consist of two sets that are

energye(k). Hopping terms connecting different sublattices SUmmarized in Table I. In set U=3t, V=t, t'=-0.25,

appear ine(k), whereas those connecting same sublattice@nd t"=t"=0. In set I, U=2.8&, V=0.8%, t'=-0.14,
t”=0.01t, andt”=—0.0%. The unit of energy ig=1 in

both cases. Note that set | was used in Ref. 1 to study several
of the ground-state properties of HTSC's within RAFT. Set II

appear inu' (k).

B. Hypothesis for solving the mean-field equations

was used in Ref. 5 in the investigation of the effect of the PG

The low-energy physical properties of HTSC's are be-on the charge-carrier density in HTSC’s. To facilitate the
lieved to be governed by the motion of electrons within thediscussion of finite temperature resul@, Do, and n are
copper-oxide layers. This is why 2D Hubbard-type modelsshown again in Fig. 1 as a function of dopipgat zero
are utilized so often for the study of these materials. Recentlyemperature for both parameters sets | and Il. In both cases,
(Ref. 5, | proposed that the atoms doped between the LuOas p increasesQ decreases and vanishes at a critical value
layers constitute a charge reservoir with the number of elecpqcp (=0.224 for set | and=0.161 for set II; see Table)ll
trons much greater than the number of electrons on CuOwhich has been interpreted as a quantum critical poby,
layers. The chemical potential is therefore fixed by these on the other hand goes from being zero near half filling to a
interlayer reservoirs. To leading order in the thermodynamicgnaximum value apgcp, then decreases f@™>pgcp and
treatment of these reservoimshere they are considered ther- vanishes in the heavily overdoped regime. Concerning the
modynamic particle reservoirsy can be taken to be tem- chemical potentialy, its p dependence shows a sudden
perature independent. As a consequence of this hypothesighange in the slope gigcp. The slope is smaller fop
to solve Eqgs(7) | fix the chemical potential and calculate the <pgcp than for p>pgcp. Set Il for this matter is more
densityn as a function off. In this way both the electron and appropriate for the description of La,Sr,CuO, where the

hole densities @ andp=1—2n, respectively, ar§ depen-

chemical potential has been reported to be practically flat

0.3 ‘ 0.2
0.25 | (@ (c)
0.15
021 —0 —0
o5t \ T b, o1t T Dy
0.1}
AT 0.05 FIG. 1. The ground-stateT(
0.05 ¢ 4 s =0) parameter€Q, Do, and the
0 Z b 0 RSN chemical potential u are dis-
0 02 04 06 08 0 04 05 played vs doping. In (a) and (b)
P set | of parameters is used. (D)
1 . 1 and (d) set Il is used. For both
(b) (d) sets, Q vanishes at a quantum
05 | critical point that depends on the
0 Hamiltonian parameters.
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TABLE Il. This table summarizes several quantities of interest C. The temperature dependence of doping

’ H T H max__
for HTSC's. For both setsis fixed so as to realiz&c™=100 K. The results fop versusT in the case of set | are similar to

those of set I, which were discussed in Ref. 5. Figure 2

set! setll displays the results for set I. In summary, | find that whereas
t (K) 714.3 1250 p varies significantly with temperature when doping is ini-
Po 0.244 0.169 tially small at T=0, it varies much less in the overdoped
Poce 0.224 0.161 regime. A glance at Figs.(2-h reveals that the PG param-
TRax 0.14=100 K 0.08=100 K eterQ has the most noticeable effect on the temperature de-
T*(Po) 0.145=104 K 0.149=186 K pendence op than D has. Except for the half-ﬁllgd case
Ea(Po) 0.325=232 K 0.177=221 K where anyway the present theory has to be modified to in-
Uo(Po) 0.0084=6 K 0.0035=4.4 K clude true long-range AF ord&t, the increase inQ as

temperature decreases redupeshenT>T.. In the mixed
state withT<T. where bothQ and D, are nonzerop in-
) . . . 1 creases wherQ decreases. Therefore, according to our re-
below optimal doping but rapidly shifting above ?t.'For sults the general trend is that an increaseQineads to a
BiSr,Ca xRCW,0gy, with R=Pr or Er, the shift inu  reqyction of the level of doping on CyQayers. In the over-
has been reported to be more pronounced in the underdop%ped regime wher®=0, the opening of the superconduct-
regime than for La ,Sr,CuQ,.*> Parameters set | seems ing gap with amplitudeE =4V D, has a minor effect op.
more adequate in this case for a qualitative description of th@jote that theT derivative ofp presents a discontinuity At
shift in u. for all doping levels. Like for set Il of parametetd, can
conclude that the state witQ+0 reduces the number of
charge carriers available for SC as temperature decreases.
B. The temperature dependence o and D, This is consistent with the idea of the PG reducing the den-
Only the results for set | are displayed in Fig. 2 for severaSity of states available for SC in the PG state. The idea that

doping densities. Note that instead Bf,, 2E,=8VD, is  SOM€ spectral weight is lost at lower temperature in the PG

plotted.E, is the amplitude of the-wave energy gap. From Staté was implied by entropy dalt.

Figs. 2a) and 2b), we see that for doping levels near the o
half-filling point p(T=0)=0, Q behaves as in a second- D. The temperature dependence of the Hall coefficient

order phase transition with only one order parameter, mean- In Ref. 5 this issue was discussed for set Il of parameters.
ing that it monotonously increases as temperature decreaskigre | will show that the maifT dependence features are
to zero. Fomp>0.07, D, becomes nonzero beloW and as  also seen in the case of set I. The temperature dependence of
a consequenc® decreases with for T<T.. Similarly, T* p reported here seems also less unusual when | reconsider the
will from now on designate the temperature below whigh strong temperature dependence of the Hall coefficient
switches on a3 decreases from the high-temperature regionRy .58 The electron occupation probability(k) within
For p in the neighborhood afocp the competition from SC  RAFT revealed the existence of pockets reminiscent of the
is so strong tha® is nonzero only for an interval of tem- hole pockets in doped Mott insulators in the underdoped
perature roughly centered aroufig for set I, and is zero for regime? If | assume that the density of charge carriers is
smaller temperatures including=0. The state withQ=0  given solely by the density of holgsin this regime, then the
displays a reentrance behavior at lower temperatures as illustall coefficient per unit volume/, and number of copper
trated in Fig. 2f). The normal-state properties are thereforeatoms N in volume V, will be roughly given by
affected forp~pqcp even thoughQ vanishes at zero tem- Rylel/NVy=1/p, wheree is the electron charge. Therefore,
perature. The DDW theory exhibits a similar reentrance bethe temperature dependence pfcan be compared to the
havior to the present one. In summary, Figk)2and 2e)  experimental Hall densityn,=NV,/|e|Ry. Ando and
show that SC and RAF can coexist, and that both parametego-workers®® measured the Hall coefficient for the cuprate
Q andDy, turn on atT. andT*, respectively, and stay non- Bi,Sr,_,La,CuG;, 5, and found thatR,/NV, displays a
zero for all smaller temperatures. The competition betweesignificant temperature dependence. Note that for
SC and RAF is evident at finite temperature in Fig&l)2 La, ,Sr,CuQ,, Ry showed strong deviations from the
2(f), for a depression i@ takes place as soon Bg becomes  simple 1p law (with a T independenp) in the doping region
nonzero. My results fof) below T are not consistent with where SC is present, and tHay, changes sign fox>0.158
neutron and muon experiments which seem to indicate thathe 1p behavior is well observed in the light doping limit
the magnetic moments observed by Mbbare slightly en-  p<0.05. In addition, the Hall carrier density,; reported by
hanced when temperature crosses olgr This is also a Suzuki interestingly show a minimum at a temperatdre
problem that the DDW theory facé¥Note that the origin of ~10-80 K in agreement with the presence of a minimum in
these moments is not yet known. As for set Il some resultsny results forp versusT. Note that the temperature deriva-
were shown in Ref. 5. The major difference between thdive of p shows a discontinuity af. in my results, and that
results for set | and set Il shows for the paramé@enear the minimum inp occurs exactly aff¢. Interestingly, the
Poce- For setll,Qis nonzero for & interval well aboveT ¢ data of Chaudharietal® for ny of epitaxial films of

for p~pgce- YBa,CuO,_ 5 show a minimum at exactlifc and a linear
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dependence oil aboveT¢, which is in very good agree- IV. THE DOPING DEPENDENCE OF T¢ AND T*
ment with the one displayed hyversusT in F|gs.. 4d) and A. The phase diagram for parameters set |
2(e). So, the proposal of @ dependent hole density seems to

be very appropriate for the explanation of the strong and The phase diagram for the PG and superconducting states
linear T dependence of the Hall coefficient for a wide rangecalculated for set | of the Hamiltonian parameters is depicted
of temperature. in Fig. 3@. T* andT are displayed as a function pf The

| should now mention that the distinction between differ- PG temperaturd™ decreases almost linearly with doping,
ent doping regimes in my calculations is done using the valbut for p slightly smaller tharpgcp the decrease iii* be-
uesp takes at zero temperature. This is how | proceeded itomes much more pronounced, &fitl goes from being al-
order to calculate the phase diagrams in the following secmost equal tdl ¢ at pocp to zero discontinuously. Therefore,
tion. This procedure is different from the one of experimen-the PG paramete® and temperatur@* do not scale in the
talists who use the room-temperature valuesRgrto de- same way as a function of doping sinQeseems to vanish
duce the charge-carrier density on the Gu&yers. continuously atpgcp; very close topgcp, Q is found to
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0.4 TABLE lll. Set Il parameters used to model 1.3 Sr,Cu0, are
" Ti/t shown. The question mark indicates that the experimental valtie of
0.3 T is not yet precisely known and is model dependent. The experimen-
tal values are gathered from references as discussed in thp tgxt.
and p,ax refer to the lower bound and upper bound of the super-
02 PG conducting dome as shown in Fig. 1, respectivelf.d?*, andEgq
are given in kelvin.
0.1 (@)
t Tgax Ed(po) Pmin Pmax Po
0 0 02 04 06 08 Theory 500 40 87 0.05 0.46  0.169
0.4 Experiment ? 38 140 0.05 0.3 ~0.15
03| the SC and PG phases are concerned. In this figigeT*,
and also E4 are displayed as a function pf The supercon-
0.2 ducting dome takes place practically for 0s0p<0.46, and
overall Tc andT* behave similarly as in set I, but with the
0.1 decrease oQ being less sharp away fropycp, and much
sharper in the immediate vicinity @ycp. In comparison to
0 the phase diagrams shown in Fig. 3, the one calculated

0 01 02 03 04 05 within the DDW approach looks very different than the ex-
p perimental oné? In the DDW approach, the DDW parameter
FIG. 3. The superconducting critical temperatligeand the PG~ Vanishes for a hole density smaller than optimal doping. In
temperaturel* are plotted vs doping in the case of set @mand My case,T* vanishes very slightly above the optimal point.
set Il in (b) for comparison. Inb) 2E, is also reported vs doping. The latter behavior is the one that is more suitable for the
The solid line forT* is only a guide to the eye. The symbols show description of HTSC’s phase diagram.
the doping levels for which the calculation was carried out. For set Il, now the value of* at p, is approximately
0.1% which is as much as twice the optinig} **~0.0&. To
assume smaller values than,. Experimentally, the PG en- realizeTZ®=100 K one needs=1250 K. Table Il presents
ergy was reported to fall to zero linearly and continuouslyy summary of experimental estimates Tor, T*, andE at
in p But in a recent paper, Nagib and co-workers p for both sets | and II. For La ,Sr,CuQ;,, the optimal
reported an experimental behavior with which my theorencaﬁ@ax%m K yieldst=500 K which still gives a bandwidth
result is consistent. The maximum superconducting transias the order of 1000 K. Table Il summarizes the values of
tion temperaturel ¢** takes place at the optimal density  several quantities obtained by attempting to model
(Table II). La,_,Sr,Cu0,. The maximum superconducting energy-gap
Figure 3a) shows thall* ~T¢*~0.14 atp,, and stays  amplitude isE4=87 K=7.5 meV. This is not in very good
always greater thaifc for smaller dopings. In a sens€*  agreement with the experimental value of the gap
merges intal ¢ at pocp because of the discontinuity i, (~10-15 meV) measured at optimal dopfiig* However,
but in the competition scenario rather than the preformedor the main purpose of this work this is not critical as | am
pairs scenario. Note that although set | is not really adequatgoncerned with getting a qualitative understanding of
to fit yttrium barium copper oxidé¢YBCO) materials data HTSC's using RAFT. For this reason the agreement can be
because the lower and upper doping bounds of the supercoBeen to be rather satisfactory.
ducting dome do not match the experimental ones, | will use  One may ask which one of the phase diagrams shown in
it for a qualitative description of these systems. To realize &ig. 3 is suitable for HTSC's? Well, both may be. Recently,
maximum T¢ of about T¢**=100 K, t needs to be about Nagqib et al?* published a resistivity study of the material
714 K, which yields a bandwidth o#7000 K, and a Fermi Y, _,CaBay(Cu;_,Zn,)30;_5. For zero Zn and Ca doping,
temperature very likely of the order of 1000 K in accord with the phase diagram for set | seems more appropriate. With Zn
Loram et al. conclusior?’, However, the typical valud* is  and Ca doping, experimentally the optiniB diminishes
believed to assume at zero doping is about 700 K or greatebut T* is reported to stay practically the same at optimal
This is at least seven times greater tHelff*. In Fig. 3@  doping. The phase diagrams for 20%Ca-1.5%2Zn-Y123 and
the results for set | give a smaller ratio. It is for this reason20% Ca-3%Zn-Y123 look more like the one | get for set Il of
thatV has to be taken to be smaller thiam will examine the  parameters. The sudden change in the slop&*df) near
phase diagram obtained using set Il, which indeed gives p, seems also plausible in that experimental study.
better value to this ratio, namely* (p=0)/T{®~5.
C. The strong-coupling ratio R=2E4/kgT¢

B. The phase diagram for parameters set Il For both sets of parameteiB displays ap dependence

The phase diagram shown in FigbBfor set Il seems to very similar to Dy, but with the strong-coupling rati®
agree well with the phase diagram of;LaSr,CuQ, as faras =2E /kgTc=8VDy/kgTc not constant and strongly dop-
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8 are sensitive to the total single-particle gap which, in the
{a) underdoped regime, consists of the superconducting gap and
pseudogap. There should be a distinction between the posi-
tion of the coherent peak and its weight in ARPES spectra.
My own interpretation of Dinget al’s work is that all of the
weight in the peak in the overdoped regime and most of it in
the underdoped regime is a measure of superconductivity but
the position does not necessarily reflect the superconducting
4 gap in the underdoped region.

0.25 D. Degradation of superconductivity near optimal doping

Experimentally, a sudden degradation of SC is observed
just below optimal doping in La ,Sr,Cu0,.8?8 This is sig-
naled by a sudden decreaseTig by almost 25% from the
optimal TZ#*. Within RAFT, a degradation of SC is due to
the sudden appearance of RAF belpy at finite tempera-
ture, is more pronounced for set Il than set I, and takes place
slightly below optimal doping in excellent agreement with

0.1 experiment. Note thak. does not show a minimum contrary
0 cz 04 06 08 to what the midpoint determination @t for La,_,Sr,CuQ,
P suggested® For set Il witht=500 K, the fall inT¢ is ap-

FIG. 4. (a) The ratioR is plotted vsp for parameters sets | and Proximately 0.02=10 K which is significant, and compa-

II. Diamonds are experimental data YBCO material taken from Refrable to the decrease reported by Takeal® Also, a sud-

27.(b) R~ is shown vsp. For set |,Rwas already shown in Ref. 1, den but less pronounced decreas# gfs observed ifT - for

and is displayed again for comparison. YBa,Cu;0g.  below optimal doping. Set | seems in this
case more applicable. It is remarkable that the opening of the

ing dependent. In BCS theorR depends neither on the PG a@s a consequence of RAF not only steals away spectral

Fermi energy nor on the strength of the pairing coupling, andVeight available for SC and creates the optimal point in the

is therefore constant. Here the situation is different; I findVicinity of the QCP, but causes this sudden decreadg ias

that R depends on both doping and Hamiltonian parameter¥/ell. What is most remarkable above all is that RAFT is able

as shown for set | and set Il in Fig. 4. The strong variationt©® account for all these fine features and explain them in a

shown byR is remarkable because this has also been experfimple and consistent way.

mentally observed for YBLu;0,_ 5 and BLSL,CaCyOg,

in the underdoped reginfé?® The overall variation ofR V. THE SPECIFIC-HEAT RESULTS

with doping in the case of YB&u;0;_; in the underdoped  \yjithin RAFT, the electronic specific-he@, is found by

regime is well accounted for by my results as shown in Fig.usin the usual formul&..=TdSs../dT. which vields
4(@). Ding etal? discovered in an experiment on g el S/dT, y

0.2 ¢

1/R

0.15

Bi,Sr,CaCyOg , , that the ratiozaEq/kgT¢ IS constantza s T

is the weight of the coherent quasiparticle peak=0j that ke 2 B EL(K) = 5B (K)/IT
appears below ¢ in the spectral functiorz, showed a linear Co(T)= -+ > )
dependence op giving rise toR~p~ in the underdoped ‘ 4N % =1 cosH[BE,(k)/2]

regime. The latter dependence is also found to be SatiSﬁe\ﬁhereSe

within RAFT for p<pgcp. For BCS superconductors,

where the normal state is a Fermi liquizj, is constant and kg 2

Tc is determined solely by one energy scale that is the su- Sa(T)=— N 2 E {f[E, (k) I{f[E,(k)]}

perconducting gap. For HTSC'’s, RAFT proposes that this is kov=l

not.suﬁicient., and that doping plays a rele\{ant role because +{1-f[E, (K HN{1—f[E (k)] (10)

Tc is determined by both the superconducting gap and dop-

ing level leading topR=p2E4/kgT¢, a constant in the un-  With f(x)=(1+e")~* being the Fermi-Dirac factor. In the

derdoped regime as illustrated in Figlb¥ where 1R in- numerical calculatiokg=1. Next, | will start discussing the

creases almost linearly with almost the same slope for bothehavior of the specific-heat coefficiept=C¢(T)/T.

sets | and Il. It remains to be seen if my prediction FRf

departing significantly form the optimal-point value in the A. The specific-heat coefficienty(T)

overdoped regime can be corroborated by experiment.
Contrary to Dinget al’s claim thatE, increases with de-

creasingp in the underdoped regime, | find thaf decreases The temperature dependenceyil) is shown in Fig. 5in

with p. As | already reported in Ref. 1, | believe that angle-the case of set | and for several doping levels. By examining

resolved photoemission spectroscdRPES experiments Fig. 3(@), we find that deep in the underdoped regiffeis

| is the electronic entropy. The latter is given by

1. Set |
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° 5 p=0.086
4 4t (0)4 ------- p=0.11
A p=0.13
3 3 it —me p=0.145
3 S
= 5 = 0 ,"i'i—-l‘:\ |
/ iy
1 11 o
0 0
0 0.1 0.2 0.3
Tt T/t
FIG. 5. The specific-heat coefficiem{T)=Cg,/T is displayed 4
for several doping levels in the case of set | of parameters. (b) p=0.169 (OP)
3
much greater thail, and thus cannot manifest itself even -
for temperature of the order of @.Zabout 200 K fort §. 2
~1000 K). Forp in the vicinity of pocp, the anomaly in
v(T) due toT* is significantly smaller than the one due to 1
Tc. The reason for the absence of fii€ anomaly so far in
v, experimentally, is perhaps due to the fact that the anomaly 0 0 005 0'1 015 02
jump, being smaller, goes unnoticed in comparison to the ' T/t
superconducting jump ify(T). In addition, forp~pgce, it 4
may easily be washed out by the superconducting one or the
superconducting fluctuations because of the peculiar behav-
ior of Q as shown in Fig. @). In this case, the PG anomaly 3
seems to enhance the SC jump and looks more like a step -
rather than a\-type jump forp=0.24 andp=0.19. In sum- §_ 2
mary, set | suggests that experimentally it is difficult to re-
solve theT* jump because th&. anomaly is greater and 1
perhaps because of the transition fluctuation®xperiment
that round up these anomalies. In comparison, the specific- 0 0 005 01 0415 02
heat coefficient calculated within the DDW theory by Wu ) T/t ) )

and Liu"® shows a jump due to the DDW parameter, which is N . .
greater than the superconducting one in the underdoped re- FIG. 6. The coefficienty(T) is plotted vs temperature in the

gime. For this reason, my results seem more adequate féfderdoped regime), at optimal dopingb), and in the overdoped
fitting experiment than DDW ones regime(c) for several doping levels and for parameters set Il.

Once again, we notice that the parameters set | Seems ;| .
o o at it becomes less pronounced as doping approaches the
reasonable for fitting the data of the specific-heat Ofoptimal point. For theptemperatures of ir?terg %F;”y the
Y dCa Ba,Cus0;_ 5.1 Indeed for this material, in the : ess

overdoped regime the normal statéT) depends weakly on experimental specific-heat is measured for temperatures up

2 ) tp about 200 K or spit is likely that T* is barely within the
temperature like in my results, whereas in the underdope
) S . X range of these temperatures. Rer 1250 K, for example,
regime a significant decrease ¢fT) with T is observed

* = -
above Tc. There is an important difference however be—T 186 K (Table 1. Set |l of parameters seems more ap

tween the overall temperature dependence of my theoreticgmp”ate 0 m(_)del_ La,SKCuQ;. Indeed the_ behavior
! ) .“shown by y(T) in Fig. 6 resembles the experimental one

results and the experimental data in the underdoped regime ied by Loranet all’ where (T) shows a broad maxi-
because the peak i(T) due to SC stays always below the Sm abov)(/aT in the u.nderdo gd regime, and a substantial
largest peak that takes place at optimal doping in experimer{f] c p gime, )

S Increase above thE:; anomaly in the overdoped regime. The
contrary to my findings. Roughlyy(T) versusT reflects the ! o oo
energy dependence of the density of sta@©S). In the PG signature consisting of(T) decreasing in the under-

- . - d region is in this case clearly seen fior 0.086 and

underdoped region, | thus find that the DOS is depressed ope ;
temperature decreases wh&pT¢ in agreement with the .11. Note that_ the doping and temperature dependence of

; 7 v(T) for set Il differs from that of set | because of the broad
signature of the P&’ : ; . : :

maximum iny(T) for Tc<T<T*. Concerning the signature
of the T* anomaly, it is interesting enough to note that the
data of the La_,Sr,CuQ, material show what could be that
Figure 6 showsy(T) for parameters set Il. Now, the signature. In Fig. 5 of Ref. 17, a hump can be seer(if)
anomaly due tdl* in y can be seen only for temperatures at a temperaturél ~200—-250 K that is about five times
max

T>0.15% even thoughT{®*~0.08. Figure &a) shows again greater tharm{**~40 K. The signature for th&* anomaly
that this anomaly is much smaller than the anomaly, and | get here occurs af~3TZ?*. It would be very interesting

2. Set ll
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0.5 for parameters set I. My results compare well with the ex-
04 | perimental results of Ref. 9 not only for the general trends of
' the doping dependence, but also for the magnitud&.pf
. 03} o For p=0.24, for example, which is close to the optimal dop-
5@ ing point, S;(T¢)~0.24 is comparable to the experimental
O 0.2} value 0.22 for YBaCuzOg., « With x=0.97. | find that for
0.1 ¢ ’;", Set I, p=0.19 p=0.13, S¢|(Tc)~0.05. The latter value would correspond
“““ Set L, p=0.11 to x=0.57 in YBaCu3Og,, Where S;(T¢)=0.06. Forp
i 01 0.2 0.3 =0.13 and 0.19S,,(T)~T", with n>1, in the normal state.

T/t But for p=0.24, 0.3, and 0.38 in the overdoped regiSe
~T", with now n<1. This implies a regime change for
nearbyp, . It is possible that in the normal sta,~T in
the immediate vicinity of optimal doping, as found in experi-

to revisit the experimental data and check this claim by care[nent' Loram and co-worketgoncluded for no evidence in

fully measuringy well aboveT, and following the precise their entropy data for independent excitations with different

doping dependence of those humps. In the overdoped ré_tatist.ics. As mgntioned earlier, they als.o said that the §im-
gime, y increases a3 decreases in agreement also with ex-Plest interpretations o8, could be done in terms of fermi-
perimental observation for La,SrCuQ,. At the optimal ~ ©Onic carriers with very low Fermi temperature1000 K.
point in Fig. &b), two humps characterizg(T) aboveTc RAFT is Con_5|stent W_|t_h this mterpre_tahon. Note that the
due to the switching on and off & which takes place at superconducting transition manifests itself clearly as a kink
T~0.1% and T~0.1t, respectively. in S¢(T) at T, but the PG kink is difficult to see at*. In

So far | analyzed the specific-heat coefficient. However, ifFig. 8, in the underdoped regin83(T) shows some entropy
is interesting to examine the specific-heat and its anomaly d0ss for T<T* which is due to the loss of spectral weight
T*. For both parameters sets, the anomaly is more spec- consistently with the decrease ¢fbelow T*. Experimen-
tacular in the specific-heatC,, itself than in y(T) tally, entropy loss is also seen and is permanémteaning
=Cq(T)/T. Indeed, theT* anomaly iny is significantly that the entropy lost at low is not regained at sufficiently
enhanced when it is multiplied by*. Figure 7 illustrates high T. Consequently the opening of the PG does not con-
this behavior for two doping levels in the underdoped regimeserve the DOS.
for set | and set Il. The specific-heat jumpTéat is at least as
pronounced as & for both sets. To the best of my knowl-
edge, it was always the experimental datayofiot C, that
have been reported; perhaps becayseeflects the energy ~ Sei(T) is displayed in Fig. 9 in the case of set II. A similar
dependence of the DOS. The peakGg, at T*, which is  discussion as for set | can be made and applied rather to
broader than af ¢, does not signal a phase transition from aLa; xSt CuQ,. Here, in the overdoped regim, ~ T" with
disordered state to an ordered state in the conventional wak.very slightly smaller than 1. At optimal dopirfy, is pretty
For T<T*, the PG state neither breaks rotational symmetnyjinear inT, and in the underdoped regime, the curvature of
nor has long-range order. Sei changes from positive to negative with decreasing

while Te<T<T*.

FIG. 7. The specific-heaf,(T) is displayed as a function of
temperature fop=0.19 andp=0.11 for sets | and Il, respectively.

2. Set I

B. The entropy S¢i(T)

1. Set | VI. THE DOPING DEPENDENCE OF SUPERFLUIDITY

| calculated the entropy per sig(T) for several doping | have calculated the doping dependence of the jump in
levels and reported it in Fig. 8 as a function of temperaturey . A y.= Y(TS)—y(TE), and reported it in Fig. 10 for

both sets | and I1y(T&) andy(T¢) designate the valueg
assumes on the normal state and superconducting state sides
of T¢, respectively. Except for the sharp peakpgtp, Ayc
shows a behavior similar to the experimental one in the un-
derdoped regime as reported by Tallon and Ldfhfor Bi
based materialsA yc increases with doping in the under-
doped regime, and reaches a maximunp&tp, then drops
in the overdoped regime. Consistently with Tallon and Lo-
ram’s proposal, the fact théxperimentally A y- decreases
sharply with underdoping is a proof that the PG cannot be a
consequence of SC phase fluctuations. This is a behavior one
would expect from a competition scenario where the PG phe-
FIG. 8. The entropyS,(T)/kg is displayed as a function of nomenon is stealing away spectral weight otherwise avail-
temperature for several doping levels in the case of parameters setdble for SC.

T/t

174523-9



MOHAMED AZZOUZ PHYSICAL REVIEW B 68, 174523 (2003

0.4 3
0.3 ol
= ©
> 0.2 ¢ F N
0.1y o= Ser Il
O .
0 0 0.1 0.2 0.3 0.4
P
0.3 ‘ . FIG. 10. Ayc= ¥(Tc)—¥(T¢) is plotted as a function of dop-
ing. Solid circles and squares correspond, respectively, to param-
(b) eters sets | and Il.
- 0.2 ¢
% preformed pairs scenario. It strongly suggests a scenario with
two competing order parameters in the underdoped regime.
0.1 71 Because the PG parametipersists to temperatures smaller
p=0.169 than T, which means that RAF and SC coexist and com-
0 . ‘ ‘ pete against each other fo< T, Uy is reduced leading to
0 005 01 0.15 02 the weakening of the superconducting condensate in the un-
T derdoped regime.

Ayc and U,y show a remarkable resemblance with the
measured superfluid densjty and the superconducting peak
ratio (SPR.3%3! SPR measures the relative intensity of the

- superconducting peak in ARPES at,Q) and the total spec-
% trum intensity’* SPR andp were found to scale witp but
not with 1—p in the underdoped regime. This is in agree-
ment with my results foA y- andU in my competing orders
scenario nearby the quantum critical popycp. As Feng
et al®! concluded, this behavior is not reminiscent of a BCS

description based on the Fermi-liquid theory of the supercon-
ducting state, but rather agrees with theories that are based

FIG. 9. The entropys.(T)/kg for parameters set Il is displayed on doped Mott insulator like in RAFT. This jgstlfles_my as-
as a function of temperature for several doping levels in the undel’Sumptlon for the nature of th? Chagge carriers being holes
doped regimea), at optimal dopingb), and in the overdoped re- that was proposed foRy, earlier on? Panagopoulos and
gime (©). co-workers? pointed out thatS/T(T¢) is a measure of the

energy-dependent DOS averaged owePkgT around the

Figure 11 shows the doping dependence of the entropy d&termi energy. The superfluid densipg is related to the
Tc, Se(Te). This compares qualitatively very well with available DOS. So the strong suppression of the DOS, im-
Y &Ca Ba,Cu0;_ 5 dat® where S,((Tc) increases lin-  plied by the decrease & T¢), with underdoping signals the
early with p in the underdoped region, reaches a maximunstrong decrease gf;.
near optimal doping, and decreases in the overdoped regime.

On the other hand, | calculated the doping dependence of
the superconducting condensation enetdyy which is the 0.3
change in free energy in transforming from the normal state L e—— Set]
to the superconducting one at zero temperature. Figure 12 == Set Il
shows the doping dependence Wf for sets | and Il. This - 02
doping dependence is similar in many aspects to the experi- =
mental one obtained by integrating entropy data by Loram o I
et all’ for Y, {Cay ,Ba,Cus0;_ 5 Systems. In the overdoped -~
regime, U, decreases fop greater than the optimal point [ e
consistently with the decrease .. Below the optimal 0
point, U, decreases with underdoping again consistently o 01 02 03 04
with the experimental observation. A maximum characterizes P

Uy at pocp like in experimental data near optimal doping.  FIG. 11.S.(T,) is plotted vs doping. Solid circles and squares
Again, this behavior was proposed not to be consistent witltorrespond, respectively, to parameters sets | and |I.
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0.01 dence of the pseudogap temperatiite Figure 3 summa-
0.008 —— Serl rizes this finding for two Hamiltonian parameters sets | and
e N Set I II. In both scenarios, the jump in the specific-heat coefficient
_ 0.006 } Ay(T*) at the RAF transition temperatufé* looks more
= like a step than a, and is found to be much smaller than the
0.004 jump atTc. Whereas in scenario (with parameters set)l|
0002 | T* stays much higher thah; even near optimal doping, in
scenario I(with set ) T* becomes equal td at optimal
0 5 . 0‘2 ‘*‘0-4 o6 08 doping. Very interestingly, changing the Hamiltonian param-
' ) : : eters from set | to set Il seems to simulate the effect of

doping with Ca and Zn Y123 materiad$Also, | proposed
FIG. 12. The condensation energy, is plotted vs dopingp. that the reason for the absence of the signature of the
The full line and dashed line correspond to set | and set Il parampseudogap anomaly in(T) in experiment can be explained
eters setsUy shows a sharp peak phcp. by either the fact that it is much smaller than the ond gf
VII. SUMMARY AND CONCLUSIONS (fpr set ) or by the fact th.aF it occurs at temperatures much
higher thanTZ®* and that it is much smaller than the one of
In this work, | tested the applicability of the rotating an- T (for set Il). In addition, | found that there exists a sudden
tiferromagnetism theoryRAFT) of high-temperature super- depression ifT¢ right below optimal doping in agreement
conductors by calculating several thermodynamic quantitieswith experimental data for La ,Sr,CuQ,, for example. This
| used my earlier proposal of the CyQayers behaving as depression is more significant for parameters set Il than set |.
open systems in contact with an electron reservaind cal- My conclusion regarding the doping dependence of superflu-
culated several thermodynamic functions. The charge-carrigtity is in good agreement with published experimental re-
density becomes temperature dependent, meaning that whegits by Feng and co-workers. It shows a sharp peak nearby
temperature varies the number of holelectrong varies too.  the quantum critical point, and scales with dopimgather
This is very interesting in view of the permanent loss ofthan with electron density4p in the underdoped regime.
spectral weight observed in specific-heat data, and also in Qverall, the most important aspect of the present theory is
view of the strong temperature dependence shown by thgs universality in the sense that it is possibly applicable to
Hall coefficient. This indeed explains the linear temperaturejifferent highT. materials, and to different physical phe-
dependence observed in the Hall coefficient experimentallynomena taking place in these materials. A work using RAFT
Although the order parameter associated with theaddressing the transport properties, which seems to confirm

pseudogap energy shows a behavior slightly different fromthis universality, is in progress, and will be reported shortly.
the experimentally suggested one fbx T, overall very

good agreement with experiment is achieved for the doping
and temperature dependence of the specific-heat coefficient
and entropy, and for the doping dependence of the conden- The author thanks K. Hewitt and H. J. Kreuzer for their
sation energy. By varying the Hamiltonian parameters | wasomments and acknowledges financial support from NSERC
able to propose two different scenarios for the doping depemsf Canada.
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