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We solve a popular effective Hamiltonian of competikglensity-wave andi-wave superconductivity or-
ders, self-consistently at the mean-field level for a wide range of doping and temperatures. The theory predicts
a temperature dependence of tihelensity wave order parameter seemingly inconsistent with the neutron-
scattering and muon scattering resonance experiments of the cuprates. We further calculate thermodynamic
quantities, such as chemical potential, entropy, and specific heat. Their distinct features can be used to test the
existence of thal-density-wave order in cuprates.
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Unconventional charge and spin-density-wave order®DW order parameter is always suppressed when the tem-
were extensively investigated in correlated electron systemsperature drops beloW,, and that this is a robust behavior,
Recently, Chakravartgt al,? proposed that the pseudogap independent of the choice of parameters. Thermodynamic
phenomena in the high; superconductors may originate quantities(e.g., chemical potential, entropy, specific heae
from a hidden long-range orded-density wave(DDW).®  also investigated. Their distinct temperature dependences are
This state is also related to the staggered-flux state of Lediscussed.
and Werf* but the latter is dynamically fluctuating in their ~ Consider following the mean-field Hamiltonfar®
SU(2) gauge theory of the cuprates. According to Ref. 2, the

seudogap is a consequence of the competition between two
P dgap d b MF_ Z ( tef‘f VleJ)CIUC]U+HC

independent orders DDW and-wave superconductivity (o
(DSO), which are transformable to each other in a three-
dimensional order-parameter space and may coexist in the t ot
. " : —V2 2 Aji(clief,—clief+H.c.

underdoped cuprates. A theory of DDW seems natural to
account for a possible quantum critical point near the optimal
doping level that marks the onset of the pseudogap, put for- _ + * *

ward by Tallon and Lorathby examining the data of photo- 2 CloCig Va2 X TV AfA,
emission, thermodynamic, and transport properties, etc.

This DDW scenario has recently attracted much attentiovhere(ij ) indicates summation over the nearest neighbors
about its nature and experimental consequeficésSome  only. Aj; and the imaginary part of;; play the role of the
investigation® seem to indicate that various experiments inDSC and DDW order parameters, respectwely They are re-
yttrium boruim copper oxid¢YBCO) system&~3support  lated to the electron operators \ig; = <C|TCJ¢ cficj;) and
this idea. The neutron-scattering experinttshows that the Xij = <c|,,cj(,> V; and V, are positive in order to have a
elastic signal around the in-plane wave ved@s (7, ) in nonzero DDW and DSC order. We have used an effective
the underdoped YBCO appears well abolvge The muon  hopping amplitude.z=té with & the doping concentration
scattering resonance:SR) experiment also confirms that andt the bare hopping amplitude to take account of the re-
a small internal magnetic field appears abdvein the un-  duction oft near half-filling due to the strong Coulomb re-
derdoped YBCO but belowT, in the optimally doped pulsion. Loosely speaking, the effective theory described
samples. Since internal magnetic fields are very weak andbove is equivalent to the fermion part of the slave-boson
spin fluctuations are too fast to couple with muon’s spins, itnean-field theory of theJ modet**®in which theJ term is
is reasonable to attribute them to DDW. However, both ex-decoupled into particle-hole and particle-particle channels
periments also show that the magnetic signal is enhancedith different weights.
when the temperature drops acrdss Such a behavior is The t-J model at half-filling has ghidden local SU2)
not expected intuitively from the DDW picture, since the symmetry'® which rotates(Imy, Red, ImA) as a three-
DSC and DDW orders compete each other. It thus becomesgector. Thus the DDWf-flux) phase is degenerate with the
quite interesting to understand how this temperatureDSC phase. Finite doping breaks this local(3lsymmetry
dependent puzzling behavior happens and, in particular, texplicitly and favors DSC ordéf. because the Fermi-surface
see whether it can be understood in terms of the existingesting is destroyed. Ubbens and teshowed that at finite
self-consistent DDW mean-field thedty!° temperatures the DDWflux) state is stable only when very

In this communication, we shall study the temperatureclose to the half-filing. The boundary between the DDW-
dependence of the DDW order at the mean-field level. Weflux) and DSC phases is of the first order in nature. Thus
find that it cannot give the expected temperature dependentkere is no coexistence phase. In the model we are consider-
in the above experiments. Instead, our results show that thieg, V,>V, is needed to have DSC and DDW coexist as
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pointed out in Ref. 7. Although the Heisenberg term equally
favors DDW and DSC orders, the repulsion between the
nearest sites favors DDW over DSC. Hence the mean-fiell 0.2

0.05 | (a)

Hamiltonian above is reasonably postulated. %
Because the DDW order breaks the translational symme E
try, the Brillouin zone is reduced into one half and §
the operators G \Ckr g1 C ,_cfk,Ql) are mixed § . |
to give two branches of Bogoliubov quasiparticle exci- =
tations: E(K) . ={(— u+ W2+ (2V,A )21 Y2, whereW, &

= e+ (2Vilmy )% = — (ter+ ViRex) v, and ¢y
= cosk,—cosk, ,y=cosk,+cosk, (¢ is the tight bond band

energy). The corresponding self-consistent equations of,Re 0 0 0.05 oA 015 0.2
Imy, andA are Temperature
R _ 1 ,_ek')’kjtan BEk+ | —p+ Wy ' -
ATINE W | 2 = (b)
~tan BEk—| —m— Wy 5
2 E,. |’ E _
8
1, 2Valmxdi [ [ BEx| —p+ W g ]
Imx= o Ek m tanf — . g
~tan BEk-| —u— Wy |
2 E_ ' . C
0 0.05 0.1 0.15 0.2
1 E E,._ Temperature
A=— > ’[tanl‘('B k+)/Ek++tanI‘('B X )/Ek] _ _
2N “% 2 2 FIG. 1. (8 Wppw Vs temperature for various doping levels.
2 From top to bottom$=0.05,0.10,0.14,0.17,0.18&) Apgc Vs tem-
X2V,A ¢, perature for various doping levels. From bottom to tod,
=0.10,0.14,0.18,0.17. Curves 6&=0.18 are plotted with dashed
1 E —u+W, En- lines for the aid of eyes.
5:N2 ’[tanr(ﬁzm)%ﬂank(ﬂzk ) Y
ke order develops, it generates a gap near the Fermi surface.
—pu—W, Consequently, it becomes difficult for the other to form.
—Ek— ' When T slightly drops fromT,., Apgc increases fast as (1

—TIT)Y2 Wppw loses more weight to DSC than it gains
where the summation is restricted within the reduced Bril-from lowering temperature. Wheh drops well belowT,,
louin zone andB=1/T. Below we denote the energy gaps Apscincreases very slowly and/ppy, changes little as well.
Apsc=2V,A and Wppyw=2V,Imy for the DSC and DDW In the underdoped regioWVppy still has a substantial re-
orders, respectively. sidual value af =0 K, which gets significantly reduced and
After solving the self-consistent equations \4=0.38 may even become zero near the optimal doping. When
and V,=0.25 with energy scale set as1, we obtain the =0.18 in Fig. 1a), Wppw oOnly exists in a small range
dependence of thapsc andWppy gap vs dopingd at zero  aroundT.. In other words, something as the reentry phe-
temperature as shown in Fig. 1 of Ref. 2psc begins to nomenon occurs here with varying temperatukgp,, van-
develop after6>0.06 and reaches maximum &t=0.18. ishesaff=0 K, begins to increase from a finite temperature
Woppw also drops to zero around there. The phase diagram ab T., and then decreases to zero again whenT.. We
temperature v$ is similar to Ref. 7, and we shall not repro- never seeWpp, developing with decreasing@ within the

duce it here. superconducting region. These are just opposite to what the
There exists a coexisting region of both orders. Howeverneutron scattering and SRR experiments indicated.
in this region the behavidppyy, vs temperaturé€T) is subtle We have to take it seriously as to why the experimental

[see Fig. 1@)]. In comparison, Fig. (b) shows howApgc  signals are enhanced wh@x T.. There seem to be only
varies withT. For very low doping 6=0.05) whereApsc  two possibilities. The first one is that these signals are really
=0, Wppw IS monotonically enhanced whéhis reduced. related to the DDW order. Then a modified mean-field theory
When the coexisting region is enter&tlpp,, becomes maxi- is needed for a mechanism wherein the two orders can some-
mum aroundT; where A pg¢ starts developing. This feature how enhance each other aroufgd. Or if these signals have

is general for competing orders, which also happens in thether origins such as from spin, then they cannot be used as
competition ofs- and d-wave pairing orders’ When either  evidence for the existence of the DDW order.
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) From top to bottomT=0.08, 0.04.
—-0.05 , .
g Thus u first drops and then increases. Aff€rpasses over
§ Tppw, & drops, behaving as an ordinary Fermi gas. In the
5 o overdoped regionWppw=0. Thusu is almost fixed when
E T<T. but drops whenr>T,.
5 The DDW order also has important effects on the entropy
-0.15 - g . ;
per siteSvs &, as shown in Fig. 3. The first curve is at the
0.20 high temperature wher&psc=0 and onlyWpp,y exists. In
-0.2 . . . the underdoped regiorg decreases whea is reduced, be-
0.05 0.1 0.15 0.2

causeWppyy reduces the low-energy DOS. In the overdoped
region, S drops whené increases, which is the standard
FIG. 2. (8) Chemical potential vs doping at zero temperatdog. ~ F€rmi-liquid behavior. ThusS reaches maximum near the
Chemical potential vs temperatures at characteristic doping level®Ptimal doping. This agrees with experimental results of Lo-
5=0.05, 0.14, 0.20. ramet al® Very close to half-filling, the hopping amplitude
is reduced. As a result, the band width is reduced and DOS is
The behavior of chemical potential is also interesting. enhanced. This effect tends to incre&s8imultaneously, the
In Fig. 2@), we show the dependence pfwith § at zero DDW order is enhanced by lowering doping, which has an
temperatureu decreases with increasing when §<0.06,  effect to decreas&. At high temperatures wherd/ppyy is
increases slowly in the underdoped region and drops quicklgmall, the first effect may overcome the second one and thus
in the overdoped region. This can be understood as followss increases whe@ decreases. This phenomenon is absent at
The energy curve of quasiparticles is cone shaped in ththe low temperature wher@&/ppy, is large, which is also
momentum space with a Fermi pocket neaf3,7/2). After  shown in Ref. 19. Let us increasgeat the lower temperature
the onset ofA psc, Wppyw drops faster with increasing, so  as in the bottom curveSincreases at very low doping levels,
that the density of state@OS) increases. This keepg  since onlyWppy €xists. In the coexistence or underdoped
roughly unchanged while increasing doping. In the underyegion, S drops becausé psc develops. After passing the
doped regiongu/dn is small and becomes even negative,optimal point, Apsc decreases and thus mak8sincrease
which means that the charge instability may develop hereagain.
Photoemission experimen¥sshow thatu is almost fixed at There is also specific heat anomaly at the ons&vgf,y ,
the undoped value upon increasidgn the underdoped re- as shown in Fig. 4. The jump of the specific heat coefficient
gion. Our result agrees with it qualitatively, butis not fixed  (T)=C(T)/T is large and can be compared with those at
at the value of the undoped case. the onset oA pgc. The jump at the DDW transition is larger
Figure 2b) shows the temperature dependenceuotit  at the more underdoped side, while that at the DSC transi-
three doping levels: low(nonsuperconductingdoping (6  tion’s behavior is just opposite. However, the former is not
=0.05), underdoped&=0.14), and overdopeds&0.20).  seen in experiments and is a difficulty for the DDW scenario.
In the low doping regionu increases with temperature in- It was argued that disorder removes the sharp transition and
creasing.Wppy is weakened by temperature while in-  turns it into a smooth crossover in Ref. 2. Reference 20 sug-
creases to fix the particle number. In the underdoped regiomgests that a negatively large can weaken the jump by de-
n's behavior is subtle. It first drops when<T., then in-  stroying the nesting of Fermi surface. However, from the
creases wheif ;<T<Tppw, and then drops again whdh  Fig. 2(b), u increases rapidly whefl— Tppy, and|u| is
>Tppw, WhereTppy is the onset temperature for DDW. much smaller af 5py than at zero temperature, especially at
This can be explained by the temperature dependence tfie low doping region. It is still difficult to understand why
Wppw (Fig. 1. Wppyw is enhancedor weakenepby increas-  u can be negatively large.
ing temperature within the range<T. (or T.<T<Tppw)- At last, we briefly discuss the condensation endugy In

Temperature
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FIG. 4. Specific heat coefficient(T) vs § in the underdoped
and optimal region, from left to righf=0.08, 0.10, 0.17.

the case of the pure DSC state, electrons nead)( contrib-
ute much toU, and those near#/2,7/2) contribute little.
However, in the DDW scenario, there is a preexistifgpy
in the pseudogap region by assumption. Upon doping,
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ko where the end of the Fermi pocket lies, the dependence

changes into ¢ \Wapw(1— dro/ bi)*+ Apsc— Wopw(1

— drol d1) 1. If Wppyw is large, the slope becomes softer and
an apparent kink develops. This kink can be testified by
studying the retreat of the leading edges of the high-
resolution ARPEPS data deep in the superconducting region
relative to those in the pseudogap region. If the pseudogap is
caused by pair fluctuations, such kink will not exist.

In summary, we studied the DDW and DSC order param-
eters’ dependence with temperature and thermodynamic
quantities in detail by solving the mean-field Hamiltonian
self-consistently. The DDW order is suppressed when tem-
perature drops below, in the underdoped region because of
their competing nature. The disagreement with experimental
results was discussed. Behaviors of the chemical potential,
entropy, and specific heat with temperature and doping are
investigated. The increase of chemical potential is predicted
when the temperature increases in the pseudogap region. We
also showed the decrease of entropy when doping decreases
in the underdoped region. The distribution of condensation
energy in the momentum space has a kink along the direction

thgom (wl2,712) to (m,0). These features may be used in

Fermi surface is a small pocket, which has not been seen fpxpenments to testify the DDW scenario.

experiments yet. The santgz_,2 symmetry makes the vi-
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