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Temperature-dependent single-particle properties of the two-dimensional Hubbard model
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The temperature-dependent self-energy of the hole-doped two-dimensional Hubbard model is calculated
perturbatively up to second order and used to find the spectral function for all points in the Brillouin zone.
Single-particle dispersion, density of states, and Fermi surface topology are thus obtained and the appearance
of the strong-coupling features studied. The renormalized quantities are temperature dependent due to an
interplay between the electron correlation and topology of free-electron bands close to the Fermi energy.
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Single-particle excitations of the hole-doped two-intermediate values dfi. We notice that the weak-coupling
dimensional2D) Hubbard model often have been discussedegime breaks down for relatively smdll and find the
recently in connection with the electronic properties of me-strong-coupling features fdd=W/2. The perturbation cal-
tallic cuprates:® For small correlatiorlJ, or large doping, culations are straightforward to do and, on a standan
the model is in the weak-coupling regime, where the spectra$tation, the spectral function is obtained in a few minutes for
function A,(w) has the usual Fermi liquid form, the single- ll the points in the BZ, even for systems with=256x 256

particle excitations are well described by uncorrelated dislattice sites’ _ _ _
persion, wg: e,—p, and the uncorrelated band-width Renormalized spectral properties are obtained from the

W=28t, provides the only characteristic energy scale. HeréDyson equation, which gives

€,= — 2t,cosf,a)—2t,cosfpya,), p denotes a point in the

Brillouin zone (BZ), u is the chemical potential, ang,t, 1 1
are the nearest neighbor hoppings in thandy directions, Ap(@,T)=— ;Im tin— () -3 (T
respectively. For large enough and small doping, different otin=(e=p) =25 (0,T)
strong-coupling features appear. In that regime, at low tem- 2 . . i )
peratures, the position of the low-energy peal\gfw) still whereZ ;" (,T) is the single-particle self-energy angis

defines the quasipartick®QP) excitationsw,, but dispersion meafsurtra]d with resplgct jo in units Oft?]- FromAy(w) we
is reduced with respect tmg. The width of the QP band obtain the renormalized dispersion, the temperature depen-

X dence of the Fermi surface, and the density of states
between ¢7,0) and (r, ) defines the low-energy scal¢U) p(w,T)=(1N)Z,Ay(w,T). The renormalized particle num-

such that the system behaves differently TegJ and T>J. (fer is ng(w) =2 dwp(w)f(w), where f(w) is the Fermi

Experimentally, the single-pgrt'icgla excitations are probe unction. Temperature is controlled by dimensionless param-
by Qngu_lar resollved photoemissibf;these mgasurements eter Bt, (B=1KksT) and u is adjusted so as to keep
provide information om,(w) andw, as a function of angle no(T)=0.8 for each value ob) and 3

e . .

(momentury and energy. The room-temperature data On €U “rhe calculations are performed by writting the Hubbard
prate superconductors reveal an open Fermi surface, |nd|ca]t_?

o - h )
the presence of flat bands close t0.0) and (o), and B BRSSP e il PSR e BEEE
show an anomalously low-energy scale in the proximity of U P

the Fermi energyEr. To compare the spectroscopic datatWeen two particles of opposite spin at the same &itith

with theoretical predictions, one has to calculate the single'Ehe mean-field value subtraced

particle excitations as a function of temperatures and doping.
Insight into the spectral properties of the 2D Hubbard N

model for T=J has been obtained recently by quantum HO=U, (ni—(ni))(ni;—(n;)). 2

Monte Carlo (QMC) calculationd!® and by exact =1

diagonalizationt! Thus it is found that at small doping _ _

strongly correlated features set in 10&=W/2. However, the The self-energy is then generated by the perturbation

low-T shape of the Fermi surface and the details of the dis€XPansion withU as the expansion parameter. It is easy

persion in the metallic region are difficult to obtain in such ato show (for detailes see Ref.)4that £(?(w,T) is given

way because QMC and exact diagonalizations are limited t§y the Fourier transform of the space-time self-

rather small clusters and high temperatures. Here we usgnergy 3@ (t)=[a4(t)b_g(—t) +a_g(—t)b2

(€

r(1)], where
perturbation theory and evaluate the spectral properties @g(t)=(1/N)Z exp(pR—€pt)f(ep,—un) and bg(t)=(1/
hole-doped model in the full temperature range and up tiN)=,exg(pR— €xt)[1—f(ep—w)]. The p summations run
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2 005 o Pr=2 | 3(w,T) has to be supplemented by the condition
i Hﬁf‘xj dng/du=0, which limits the value ofJ in the Dyson equa-
- ©--0 't = - . . .
oo Ult=6 tion. Forn,=0.8 andU/t,=6 the system is already in the
090 ———————— strongly correlated regime and we still hayg>0. The
' ut, ' anomalous shape a@fn,/du deduced from Fig. 1 is due to

an interplay between the on-site correlation and the Van

FIG. 1. Particle numben(x) plotted versus. for U/t,=2, 4, Hove singularities that apear ). Temperature has a very

and 6 at temperaturgst,=1, 2, 4, and 32. strong effect omy(u) for small u; one finds thating/du
changes substantially betwe@t,=4 (the lowest tempera-

over the full BZ and for periodic systems ture usedin QMC simulationgnd 8t,=32. ForUt,<6, the
can be performed exactly by a fast Fourier transformreduction of temperature belogt,= 32 does not lead to any
algorithm. further renormalization of the low-energy properties. Note

The properties o& ?)(w,T) are described in Ref. 13 and that x. calculated from Eq(1) and>®(w,T) is very close
we recall only that the effects of temperature are most proto the results of Ref. 15, obtained by expanding the two-
nounced at low energies, where the slope oER¥w,T)  particle correlation functions up td?.
changes sign and the magnitude ofSIffY(w,T) increases The temperature dependence p{w) calculated for
linearly with T. For T>J, damping exceeds the energy of U/t,=6, 2, and 0 is shown in Fig. 2 fg8t,=32, 4, 2, and 1.
excitations and the quasiparticles cease to be well definedhe Van Hove singularity in the uncorrelated density of
The anisotropy of (?)(w,T) in the BZ, which marks thg  states is located abovg sincen.=0.8. At low tempera-
=0 result? is reduced by the increase of temperature. Weures,p(w) shows for largeJ a characteristic triple-peaked
notice that forU =W/2 andn,= 0.8 the self-energy gives rise Structure: a narrow singularity arouiig and broad wings at
to qualitatively different spectral features, but emphasize thaY®ry high energies. The correlations shift the singularity to-
the description of the strong coupling regime by secondWardsEg and reduce its spectral intensity. The low-energy
order approximation requires some care. peak perSiStS up tﬁtX:4,-bUt- the transfer of Spectral Welght

The problems encountered by straightforward perturba0ut of the low energy region is found at all temperatures. The
tion theory for large values o) are illustrated in Fig. 1, high-T shape ofp(w) relates mainly to the temperature de-
wheren,(u) is plotted forBt,=32, 4, 2, and 1 antl/t,=6,  Pendence of B (w,T).
3, and 2. These curves, which are parametrizet nd T, Properties oA,(w, T) for U/t,=6 andpt,=32, 4, 2, and
provide u, which corresponds tm,=0.8. Figure 1 shows 1 are shownin Fig. 3 along sever_al cuts t_hrough the BZ. The
that the correlation shifbe(u) curves upward and reduces low-energy peak defines,(T), while the high-energy peaks
the slope ofng(x) in the smally (ne=1) region, which is ~ correspond to Hubbard excitatiohdhese two types of ex-
in agreement with QMC simulations for doped systéfhs. Citations are found at all temperatures and for all points in
Close top=0, wheren,= 1, the lowT charge susceptibility the BZ, although the shape and the relative weight of the
Ye=dNe/du becomes very smalf as expected for systems Hubbard and QP excitations change with temperature. For
driven by correlations towards an insulating state with a gag’p/ W<1 the position of the QP pealindicated by dots in
in the excitation spectruniNote thaty.=0 for x within the = Fig. 3 coincides with the solution of secular equation
gap) However, for sufficiently large correlatios®(w, )~ ©@p(T)=(&—p) +REy(wp). At T=0, we find on the
leads tong(x) with a negative slope around=0, which is ~ Fermi surfacéd, (w)=Z, é(w—wy, ), whereZ,_ describes
unphysical. Thus the renormalization dB,(w,T) by the reduction of the quasiparticle weight due to self-energy
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FIG. 3. Single-particle spectral functid¥(w) plotted versuso FIG. 4. Renormalized dispersion plotted vergugor n,=0.8

along high-symmetry cuts through the Brillouin zone fgy=0.8 andU/t,=6 at temperaturegt,=1, 2, 4, and 32. Open symbols
andU/t,=6 at temperaturegt,=1, 2, 4, and 32. The dots mark indicate the peak positions of the spectral function, crosses show
the positions of the quasiparticle peaks. the dispersion obtained from the secular equation, and the full lines

display the dispersion of the noninteracting system.
corrections 1Z, =1—JReX (w)/dwl,» . Close to half fill- o _
. i i i Pr i lead to identical results, the Fermi surface centers at (0,0)
ing we find thatZ,_is rapidly reduced by. In the proxim- 54 encloses the volume:, which is very nearly equal to
ity of the Fermi surface, the renormalized QP are well dem (U, T). For U/t,=6 we find a small deviation from the
fined, but since IM,(0)=0, Ay(w) is split into two | yttinger theorem, € —ne)/n.=0.01, which is due to the
asymmetric peaks located at the opposite side&of At fact thatng(U,T) is calculated by substituting®(w) into

p

elevated temperatures the QP peak broadens an@=ar  the Dyson equatiof’ For smallU the Fermi surface ex-
merges with the background; here the propagation is coMsands withT, regardless of definition. For lard the Fermi

pletely incoherent due to large damping. Far away from the, face in Fig. &) shrinks and that in Fig.(6) expands with
Fermi surface the QP peak is always rather broad. The sharg- gqr large enougiT, the Fermi surface in Fig.(B) be-

ness of the Hubbard peak found foin the vicinity of (0,0)  omes nested and then closes aroungn).
and (7, 7) is an artifact of the second order approximation.

This high-energy peak becomes singular 1o+ 0 because ©om O )
the secular equation has a solution|af;|>W/2, where
|m2g2>(w;)=o. However, the phase-space restrictions tha — E:;
make InE () band limited are removed by higher-order - B
diagrams, which makes the high-energy spectral weight in T Bu=3
coherent.

Renormalized QP dispersion defined by the momentun
dependence of,(T) is shown in Fig. 4. Circles show the
dispersion corresponding to Fig. 3, crosses repreagnt
while the full line giVESwg. At low temperatures, the reduc- ©m @m (O m
tion of the width of the QP band is particularly pronounced

@ oo ®@0)  (0,0) (.0)

between the £,0) and @/2,7/2) points in the BZ. Thus =‘*\\ — Eﬁi:;
correlations generate a low-energy scaland expand the - Pt=4

saddle points in the BZ. AT=0 we findJ/t,=2 for U/t, N B2
=6. The increase of temperature shifts the saddle points t S N\
U/tx=6 \

lower energies and broadens the overall QP bandwidth.

The temperature dependence of the renormalized Fern
surface is shown in Figs.(& and Fig. %b) for gt=32, 4,1 ©® ©0 @y 00 (m0)
and two values ol. Figure §a) is obtained by using the FIG. 5. Renormalized Fermi surface correspondingide: 0.8

conditionny_= fdwf(w)Ap (@, T)=1/2, while Fig. 3b) IS shown foru/t,=2 and 6 at temperaturegt, =1, 2, 4, and 32. In
obtained by usingoszo. At low T, where both definitions (a) pg is defined byn,_=1/2, while in (b) we usew,_=0.
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Finally, we remark that the imaginary-time Green'’s func-between FLEX(Ref. 5 and QMC(Refs. 9 and 1pDcalcula-
tion calculated by second-order perturbation theory agreeons regarding the QP dispersion is somewhat surprising.
surprisingly well with the QMC dat&*® On the real axis, In summary, we studied the spectral properties of the 2D
our highT results forA,(»,T) are qualitatively similar to Hubbard model with 0.8 electrons, using the perturbation
the QMC result€:2° Both methods lead to incoherent exci- €XPansion above the paramagnetic metallic state. For large

tations at high energies and QP excitations at low energie§nd §mal| doping, we find reduced QP dispersio.n and a dy-
namically generated, low-energy scdleln this regime, the

. . . : ) &)sition and the relative weight of QP and Hubbard excita-
tral weight is rapidly suppressed Ry. The QP dispersion o5 are found to be strongly temperature dependent. The
obtained by 'perturbation expansion agrees with QMCspecira| function and the density of states have at low tem-
calculation$*°in large parts of the BZ, but poor agreement peratures a characteristic triple-peaked structure. Correla-
is found around the antiferromagnetie () point. Thus, for  tions reduce the singular spectral weight and shift it towards
large values ofU, the low-energy scale provided by Er. The doping and temperature dependencaahdicate
2%2)@,) does not reproduce quantitatively the QMC scale that correlations suppregg and drive the system closer to a

Since for very largeU the present approximation leads to Metal-insulator transition. The topology of the Fermi surface
incorrect x, it is not surprising that foiU/t,=6 only a determined from the QP dispersion is also found to be tem-

qualitative agreement with the QMC d&ti is found. Here {Jheraturetdepencjer(ljt. z(agurhr_eiults_ Sr:%w :niny feature_zsd_seen n
we notice that the full spectral function obtained by pertur—tioist%z? rtﬁseccl);)rlc d.-JaIirhVi\; ('; trr:g 92D au%b?; da;iréé? éceé_l'
bation expansion and QMC is very different from the one " . 9& . .

obtained by the fluctuating exchange approximation scribes the essential properties of metallic cuprates.

(FLEX): the triple-peaked structure that is foundAg(w, T) Financial support from the Alexander von Humboldt
and p(w,T) by perturbation expansion and QMC is not Foundation and the Sonderforschungsbereich 166 Duisburg/
present in the FLEX data. Thus, nearly perfect agreemerBochum is gratefully acknowledged.
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