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Sum rules and electrodynamics of highf . cuprates in the pseudogap state
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We explore connections between the electronic density of st@@$) in a conducting system and the
frequency dependence of the scattering ratédl) inferred from infrared spectroscopy. We show that changes
in the DOS upon the development of energy gaps can be reliably tracked through the examination of the
1/7(w) spectra using the sum rules discussed in the text. Applying this analysis to the charge dynamics in high-
T, cuprates, we find radically different trends in the evolution of the DOS in the pseudogap state and in the
superconducting state.

DOI: 10.1103/PhysRevB.65.054516 PACS nuni®er74.25.Gz, 74.25.Dw, 74.25.Fy, 74.25.Nf

[. INTRODUCTION =4mné/m* is the plasma frequency related to the density of

One of the most enigmatic properties of cuprate high_conductlng carriers and inversely proportional to their ef-

: : fective massm*.'° In the underdoped compoundBig. 1),
temperature superconduqtor_s is the pseu_dogap_ in the SPEk- spectra of H{w) are depressed at<T* and reveal a
trum of low-energy excitations developing primarily in- o ericiic threshold structure @t=500—600 cm . 211
weakly doped materials at a temperatiie well above the At <0, the scattering rate measuredTat T* increases
superconducting transitiof, .* First discovered through ex- faster thén linear with a crossover to a less rasidar
periments probing spin-related behavior, the pseudogap al Y

leads to a characteristic modification of a variety of propej'neao increase at frequencies above methreshold. This

ties in the charge sector. The microscopic ofigins of thebehawor is universal and is observed in a large variety of

1 ,8,11-16 : .
pseudogap state are still debated. Some aspects of tlfrlréaterlalsz. A depression of the scattering rate at low

pseudogap have led to an interpretation of this Iohenomenorr]equenues correlates with transport properties. Indeed, if

in terms of a “precursor” of the superconducting gap the threshold structure in ﬂ(/w)_spectra is observed _already
whereas another school of thought is proposing scenarioabs(:;’fIﬁéntr:ﬁ]r;;?'Ssu%ir;z\éggfolﬁ%aelI¥n?&g%rgﬁ22:§gvgy :t
based on spin-or charge-density wave fluctuatfolmsview lqw temperature&”® As doping progresses to optimal a)r/1d
of the generic character of the pseudogap phenomenon in Q doned . :I d ; Py v afl
large variety of cuprates, it is conceivable that a resolution of VErdoped, a simiiar depression o b) occurs only a

the pseudogap puzzles may become an essential step towarﬁg—C (rlg_ht panels in .F'g' LAt T>T,, the s.cat.termg-.rate
elucidating the mechanism of highs superconductivity. spectra in many opt|mal!y doped crystajs IS Imgar n frg-
Infrared studies of the electromagnetic response of cudU€ncy; this latter behavior correlates with the linear resis-

prates are ideally suited for the investigation of the V1Y that one commonly finds at optimal doping.

pseudogap and its evolution with temperature and dopin .hOne possible |nterptrgtat|on t(')fl these réasults t'ﬁ' based (znf
The characteristic features of the pseudogap are distinctgiﬂ ase-space arguments: a partial gap reduces the amount o

: . . | states available for scattering of the nodal quasiparti-
the in plane(EIICuQ, planes? and in thec-axis (EL CuQ, Ina ) ? :
planes properties™’ In the latter case, the formation of the clels, thtﬁreby Iefédmg tOTi depbressmn Of (i) :‘o_r energ|bes ted
pseudogap leads to a depletion of the far-IR conductivit elow the pseudogap. The above argument IS corroborate

with the transfer of the spectral weight to energies abovx%y.a close correspondence bet\_/veen the spectra of the scat-
0.2-0.3 eV. This effect is common for both double-layered€""9 rate extracted from IR optics and the form of the elec-

; tronic  self-energy obtained from angular-resolved-
materials (YBaCu;O,, YBa,Cu,Og) and for the cuprates o ; 8
with single CuQ plane per unit cell La SLCuO, photoemission(ARPES experiments® The phase-space

(La214.° The transfer of the spectral weight accounts for the2rgument also holds for the superconducting gap and thus

ssemiconducting’ temperature dependence of theaxis can qualltatlvely_ account for similarity between ther(ks)
resistivity. data sets taken in the pseudogap state afd<ak ;.

Manifestation of the pseudogap in tE&§CuO, plane re- In this paper, we attempt _to elaborate on the c_onnection
sponse of cuprates is more subtle in part because the in_pla't??t\{veen r:Zetlhn-plane dé/narrrltr:s ?frthe% (inar%e r(iai;rlerslc mt ctu-
carrier dynamics is governed by nodal regions of the Ferm %esf ir?th emgetlpfiel CCaI aci eii r? f re gcsé y o rS arfs
surface that remains gapless at all temperatures. The sign - Clof. as evsvill :Se eiséririgrl:tgl Oexsarﬁ Ieels for Sruellaaeti\(;gl
tures of the pseudogap in the in-plane data are best resolv geton P P y

: ) .y Simple metallic systems with partially gapped Fermi surface
in the spectra of the frequency-dependent scatteringfate, (FS suggest that the form of the ) spectra reproduce

1 wf, 1 the dominant features of the DOS. Therefore, an examination
o) iy e( ) 1) of the temperature dependence of the(d&) spectra may
provide an insight into the redistribution of the electronic
where w, is the plasma frequency and(w)=o;(w) states upon opening of the pseudogap and superconducting
+io,(w) is the complex conductivity. In Eq. (1) wf) gap in the cuprates. We also discuss the behavior «fud)/

og(w)
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spectra in different regions of the cuprates phase diagram iantire FS is affected by the opening of the gap. Examples of
the context of sum-rule arguments. This latter analysis unsuch behavior includes-wave superconductors and one-
ravels marked distinctions between the in-plane electrodydimensional charge-density wav€CDW) materials?® In
namics in the pseudogap state from what is observed in thgese systems, the magnitude of the gapcan be reliably
superconducting state. We find that the opening of the supegxtracted from the onset of the dissipative part of the con-
conducting gap leads to the expected transfer of the |0Wductivity o1(w): at w<Eg absorption is prohibited and
energy states from the intragap region to energies abovg, (,)~0. However, in many interesting systems the energy
50-60 meV. The energy scale involved in the formation Ofgap affects only dsmal) fraction of the Fermi surface. Ex-
the pseudogap appears to be substantially broader. In thignples of this latter behavior includewave superconduct-
latter case, the states removed from the intragap region a%s, heavy-fermion materials, a variety of systems with the
not even partially recovered at frequencies as high as 0.2—-083y_called correlation gap, etc. Even when the gap is fully
eV. Our fir!dings are in agreement with the ponclusions baseéleveloped, these systems remain conducting due to the gap-
on specific-heat measurements suggesting that the loWass regions of the FS. This behavior is exemplified in the
energy DOS is depleted in the pseudogap reditre. Sec. ‘insets of Fig. 2 and Fig. 3 showing the optical conductivity
Il, we examine the generic features of the electromagnetigf 5 the canonical spin-density wave material Cr and of the
response of a system wita partially) gapped Fermi surface. heavy-fermion system Ybg8by,.2* Above the temperature
We analyze possible constraints on the behavior efd)  f the gap formation, the conductivity of both systems re-
spectra in such systems imposed by the sum-rule argumeni§amples the Drude behavior: a Lorentzian mode centered at
Section Il is dedicated to the implications of the sum-rule ,— g The low-temperature spectra of both materials reveal a
analysis for the understanding of the distinctions between th@aplike structure. Nevertheless, even in the Bwpectra
1/7(w) spectra obtained for several families of cuprates ingne recognizes a strong Drude-type contribution originating
the superconducting state and in the pseudogap state. from the gapless regions of the FS.
The gap inoq(w) spectra may become obscured if the
Il. 1/7(w) SPECTRA IN A CONDUCTING SYSTEM WITH width of the Drude component is comparable to, or exceeds,
AN ENERGY GAP the magnitude oEg. This is the case in many underdoped
cuprates in which the pseudogap leads only to the appear-
ance of weak features in the complex conductifitfhe
Infrared and optical spectroscopy are powerful techniquegapped nature of the response appears to be better resolved
for probing energy gaps in solids. For a conductimgetallic) in the 1/(w) spectra as can be seen in Figs. 1-3. In all of
system, determination of the gap is straightforward if thethese systems, the gap is responsible for a characteristic be-

A. Sum-rule arguments
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FIG. 2. 1K w) spectra for Cr. AfT>Ty data follows the form N— =
Ur(w)xw? (dashed ling in agreement with the Fermi-liquid Ut(@)=024 —
theory. At T=10K the SDW gap is fully developed, leading to o 3 3 01
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havior of the scattering rate with a strong depression of

1/7(w) in the intragap region. It follows from Eql) that the . T
1/7'§w§ spectra “ar%piljify“gthe deviations of the ‘gxperimental (3] fErl.a Bcls tShUpercondlucttotr n bolt.h the clean and dd';ty limits
conductivity from the Lorentzian form, which is expected if (:(i)cnstlri]r?gécgor devci?rr]n:ﬁesgfgéafmﬂi?’Xi;iﬁ;‘ie ”5&’]))/
t.he relaxation ph_enomena in a solid are do_ml_nated by Impuépectra holds irrespective of the absolute values of the scattering
rity processes with () :Cc_mSt' SU_Ch d‘?V'at'O”S May OC- rate. This attribute of the model spectra is exemplified in the right
cur as the result ofstrong interactions in the electr_onlc bottom panel displaying integrals ofdé) at T=T, andT=0 as a
system: both electron-electron and electron-phonon interagynction of the cutoff frequency.
tions lead to more complicated functional form ofr(ld)
than a simple constaft* In the latter case, the scattering states is known to give rise to anomalies in the()
rate can be expressed in terms of the integral of the electrorg,-pectraﬁ4 An explicit connection between the density of
phonon spectral function’F (w), states and the quasiparticle self-energy has been discussed in
the context of the so called mode model by Norman and
Ding.2®

In order to elaborate on connections between the fre-
quency dependence of therl®) spectralEq. (1)] and the
where 1f;,, is the impurity scattering. In accord with Eq. essential characteristics of the DOS in conducting systems
(2), the scattering rate may show significantependence at With a (partia) energy gap, we first turn to the BCS model.
frequencies below the high-energy cutoff of the phononWe calculated the complex conductivity of a superconductor

spectrum. Also, a sharp structure in the electronic density ofvith an isotropic gap & both in the clean and dirty limit&.
We then determined #{w) from Eq.(1). A striking result is

FIG. 4. The frequency dependence of the scattering [t

_277 ® ) 1
_jfo dQ(o—Q)a“F(Q)+ —, (2

() Timp

that the form of 1#(w) reproduces the key features of the

5000 ol (Qcm)™L ] : : ;
= 4000 DOS in a BCS superconductor including the gap feature fol-
4000 [ 2300 lowed by a sharp pealfig. 4). The divergence of the actual
ko B 2500 DOS at the gap edge is not found inr(é). Also, the peak
£ 3000 [ in 1/7(w) may occur somewhat above the gap energy and its
e 10K 4 1000 i Yy s gap gy
— B . location depends on the strength of impurity scattering. Nev-
3 2000 P S SR YbFe,;Sb,, . ) .
1 o 200 300 400 (cm-1) ertheless, the overall character of thiagle-particle density
= B of statesof a BCS superconductor is reproduced in the
1000 - 1/7(w) spectra. Depression of dlw) in the intragap region
E 7 : . : is an obvious consequence @f(w)=0 for ®<2A. How-
0 0 200 400 ever, the appearance of a spike in the calculated dependences

above the gap energy is less trivial. This latter behavior,
which leads to a resemblance with the DOS, originates from
FIG. 3. 1K{w) spectra for the heavy fermion system YhSb,.  an interplay between the real and imaginary conductivity at
Above the coherence temperatute70 K) the scattering rate is frequencies above the gap edge. Similar feature also occurs
only weakly dependent on frequency and the conductivity spectrunin 1/7(w) calculated for ad-wave superconductdf:*®
(inseb is Drude-like. At T=10K, the hybridization gap is fully An intriguing attribute of the model spectra displayed in
developed, leading to nontrivial form of therld) spectrum dis- Fig. 4 is revealed by the integration of7{b). It appears
cussed in the text. that the area removed from the intragap region is fully re-

Wavenumber (cm'1)
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covered due to the overshoot of the spectraat2A. The 0 00 ™V goo 1200
reason for the above “sum rule” can be clarified by the fol- ; : .
lowing considerations. Expressing() in Eq. (1) through -~ 000 | YBa2Cug0g
the dielectric functiore;(w) +iey(w), one finds that E Tec=82K
1 & 8 8000 |- /7@ ,
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The right-hand sidéRHS) of Eq. (2) is to be compared with & 0
the integrand in the well-known sum ruf, = i
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FIG. 5. A comparison of the scattering-rate{%f) spectrum for

The difference between the RHS of the E8). and the inte- X : ]
Y124 crystal obtained at 85 kgray ling with the 1/¢(w) spec-

ggﬂﬁ];?othgfg S(lé;n I;utl:?irzsblg tehaesi?: ZV‘Eelri?iaer? tlhna,:r}grd; trum defined by Eq(7) at the same temperature. The latter quantity
.q. ' y . . y exactly follows then/2 sum rule and appears to be indistinguishable
metal[ 1—2¢,] introduces only a negligibly small correction from 1/r(w) at w<0.3 eV

to the sum ofe?+ €5 at frequencies not too close to the

plasma frequency. Therefore, in the regime whefe<do, o the 1/7(w) spectra Eqsi4), (5) and the oscillator strength
(which is a natural assumption for a BCS supercondt)lctorf_sum rule for the conductivity

the spectra of I{ w) defined through Eq.l) are expected to

follow a “sum rule” that is most practical for data analysis

when written in a differential form, fo dw o(w)=4mne’/m,, (6)
data. Thef-sum rule/Eq. (6)] and its numerous modifications

@c
J dw
0
provide a useful insight into the redistribution of tleéec-

In Eq. (4) indexesA and B refer to different states of the tronic spectral weightn the studied materials, but often fail
studied systente.g., normal, pseudogap, supercondudting to track rearrangements of tredectronic density of states
the cutoff frequencyw will be discussed below. According |ndeed, both superconducting and density-waves gaps lead to
to Eqs.(4), (5) suppression of () in the intragap region an identical form of the density of stat&whereas the des-
ought to be balanced out by the overshoobat2A. Asum  tination of the spectral weight in the(w) is different in
rule for the spectra of X(w) may be expected from the fact these two examples. In a superconductor, this weight is re-
that the scattering raf&q. (1)] and the frequency-dependent covered under thé peak atw=0 whereas in the density-
effective massm* = (w5/w)[IM(1/o)] constitute a legiti- wave system the intragap weight is transferred to energies
mate pair of optical constants following Kramers-Kronig aboveEg. The principal advantage of the sum-rule analysis
(KK) relations and providing a complete description of theof the 1/(w) spectra is that this analysis is capable of detect-
electromagnetic response of a solid. Numerous sum rules fang the changes in the electronic DOS, at least in the case of
other optical constan{sr(w), €(w), etc] can all be viewed the two specific examples discussed above.
as consequences of the causality of the response and of the Before we proceed with the implications of E@4), (5) it
KK integrals in particular. Therefore, a sum rule for() is prudent to discuss potential caveats of the sum rule analy-
is not an unexpected outcome of basic considerations of thsis of the 1+ w) spectra. As pointed out above, E§) is not
dispersion relations. Recently, Shah and Millis proposed &xact because of thgl—2e;] contribution that we have
more formal derivation of the scattering-rate sum rule basedriefly addressed above. The possible impact of this approxi-
on the considerations of Kramers-Kronig relatidfs. mation can be illustrated through a comparison of(d)

The above arguments based on #2 sum rule[Eq. (4),  spectra with the following quantity:
(5)] provides additional support for the idea of a direct cor-
respondence between the form ofr(kb) spectra and the 1 w,zj €
density of states in a conducting system with{partially) o @) T o 2+é2
gapped Fermi surface. Indeed, the BCS model suggests that s 12
the states removed from the intragap region are recovered #tis apparent from Eq(5) that 1/#,(w) has the same dimen-
energies above the gap. This fundamental conservation isonality as the scattering rate in E@.) and that 1f.(w)
also manifested in the behavior ofr{&) depicted in Fig. 4.  exactlyobeys ther/2 sum rule. In Fig. 5, we plot both #(kw)
Moreover, in those situations wheéh — 261]<[ef+ eg] the  and 1k,(w) dependencies for a Y124 crystal. It is clear from
DOS conservation can be quantitatively verified using EqFig. 5 that foro<0.3-0.4 eV the frequency dependence of
(5). 1l/7¢(w) is indistinguishable from that of #w). Thus,

We wish to emphasize upon the distinctions between thevithin the frequency range chosen for Figs. 1-3, the spectra
information that can be extracted from the sum-rule analysisf 1/7w) are identical to /,(w). At ®>0.5eV differences

1 1
Aw) ()

that is commonly used for the examination of the infrared

=0. (5

)
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become noticeable although the general character of botiegration of the two spectra with the cutoff 1500 chindi-
1/n(w) and 1f,(w) spectra still remains the same. Differ- cates that the balance in#l#) measured for Cr is fulfilled
ences are most significant in the vicinity of 1 eV as  Wwith an accuracy of 10%.

—w,. Notably, most of the area, both in &) and in In Fig. 3, we show the data for a heavy-fermion material
1/7¢{w) spectra(which is of the order ofw3, Ref. 28, is YbFeSb,. The origin of the energy gap in heavy-fermion
located at energies close ég,. This results is important for compounds is believed to be n hybridization betweenfthe
understanding the temperature dependence efwl/and level and the conduction bari#i?* The gap usually develops
Ur,(w) from the viewpoint of sum rules Eqéd), (5). In- below the so-called coherence temperz_af[qg,. The forma-
deed, a variety of relaxation mechanisms in solids, includini"gn d?sfctl:]s(?sggpii |§2?S3? ?r?g?:?ngiilt(i\;ﬂ tr;e gg?j#}yoogt:?teeds
electron-phonon scattering, lead to nearly parallel offsets irf’ YbEe.S tT>.T ' h Drud -)Il'kpb havi }
both 1/H{w) and 1k, (w) spectra throughout the far-IR or &Shy, coh SNOWS @ Drude-iiké behavior cor

: . X responding to nearly frequency-independent spectrum of
rangé*® without noticeable signs of area balance that can b AL T<T. the aap is clearly visible in the 4k
expected from Eq(5), at least in IR range. However, this o). coh: gap y ko)

; data: The magnitude of 4(w) is suppressed in the intragap
temperature dependence affects only a small fraction of thF‘egion. This is followed by a sharp peakat-Eg, so that
total spectral weight and these minor changes in the(l/)  the Jow-temperature spectrum overshoots the curve obtained
at o<wp are compensated by readjustments in the highat T>T_ . The area balance in the ) expected from
energy part of the spectfd Nevertheless, in the case of the Eqs. (4), (5) is confirmed with an accuracy better than 7%
BCS form of the DOS that is realized not only in supercon-through an explicit integration of these spectra up to 400
ductors but also both in CDW and spin-density wa8®W) cm L,
systems as well as in the hybridization-gap compounds, the It is apparent from Figs. 2—4 that the spectra of(d)
area balance in the 4k) spectra appears to be fulfilled on capture the gross characteristics of the density of states in a
the energy scale. comparable to the magnitude of the gap conducting system, especially in those situations when the
and not to the magnitude o§,. This latter circumstance is DOS is partially or completely gapped. This conclusion also
important for the analysis of the data in the pseudogap statéolds for CDW materials such as Ta3tand BaRu@.*" We
B. Experimental results emphasiz_e again, that in those cases Wh(amﬁ_ial) gap in
: the DOS is well documentedCS, CDW, hybridizationthe
In Fig. 2 and Fig. 3, we show experimental examplesarea balance of in the 4#) spectra is fulfilled on the energy
confirming connections between the structure seendfwl/ scalew, comparable td&ceg andnotto the scale of the plasma
spectra and the features of the DOS. We studied the respongeqguency.
of single crystals of Cr, which is a SDW antiferromagnet

with a Neel temperaturdy=312K>" We find that atT | SUPERCONDUCTING GAP AND PSEUDOGAP FROM
=Ty the absolute value of #w) increases a&? in accord THE VIEWPOINT OF THE SCATTERING RATE
with the Fermi-liquid(FL) theory. At 10 K the SDW gap is SUM RULES

fully developed, giving rise to a non-trivial form of the
1l/Hw) spectra. The scattering rate is suppressedwat We now return to the data for cuprates, focusing on the
<500cm !, but then overshoots the 320 K spectrum with aimplications of Eqgs.(4), (5) for the understanding of the
maximum atw=900cm 1. This behavior is similar to the charge response across the phase diagram. As pointed out
results for the optimally doped cuprates plotted in Fig. 1. Theabove, the dominant features of the(J) spectra obtained
main difference is that cuprates show a linear “background’for underdoped crystals in the pseudogap state are similar to
in 1/7w) as opposed to the Fermi-liquio? background seen those seen aT<T, in the optimally doped samples. On
in the data for Cr. closer examination one finds differences as well. Suppression
It is appropriate to compare the frequency dependence dff 1/1(w) atw<© in the pseudogap statiwes notead to the
the 1/ (w,10K) spectrum for Cr with the calculations for a development of an overshoot between the spectra measured
BCS superconductor. This is because the BCS theory is b&t T<T* andT>T*. The data for the optimally doped crys-
lieved to produce an accurate representation of the DOS intals taken affT<T. and T=T, does reveal an overshoot at
SDW system. While unmistakable similarities are revealedo=800cm 1.3 In the latter case, the area under the over-
by such a comparison, it is important to keep in mind that inshoot is balanced out by the reduction of(&) at low en-
Cr only a part of the Fermi surface is affected by the SDWergies with an accuracy better than 10% inBd,CuQO;
state®” Therefore, the gap in the DOS is incomplete, whichcrystal and about 15% in the YB@u;Og o5 Sample® Both
may account for a more gradual increase of(@) in the the area balance and the form of the{(&) spectra for the
vicinity of the gap energy compared to theoretical prescrip-optimally doped system are in accord with the notion of the
tions in Fig. 4. The detailed sum-rule analysis of the@J  transfer of states from the intragap region to a pealw at
spectra for Cr is not straightforward because of the vertical>O. This behavior can be naturally attributed to the opening
offset of the entire curve with decreasing temperature. Sucbf the superconducting energy gap. Although, the absolute
an offset is an expected outcome of the diminishing role ofvalues of the optical constants for the underdoped com-
the electron-phonon contribution inAdé).?>*3Nevertheless, pounds are also in the regime when H§) ought to be
the form of the 1#(w,10K) spectrum is suggestive of the satisfied, the data gives no indications even for a partial re-
DOS transfer from the intragap region to the overshoot. Incovery of the area associated with the far-IR depression of
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1/7w) in the pseudogap state. Notably, additional suppresterials, the development of superconducting gap occurs ap-
sion of the scattering rate &< T, in Y124 crystal occurs in proximately at the same energy as the pseudogap structure.
accord with the Eq(5). This is illustrated in the top panels of However, in La214 and Nd214 compounds, the signatures
Fig. 1 presenting the integrated area under th&ul/spectra:  attributable to superconductivity are confined to energies be-
Clw)=[jdo'[Ur(w")]. low 40-50 cm* (Refs. 15, 42 whereas the pseudogap fea-
The above results show that the spectra taken above aridre is essentially identical to what is seen in the double-
below T* “violate” Egs. (4), (5) within the frequency range layered compounds witB =500-600 cm?. Itis difficult to
of Fig. 1 whereas no similar violation is detected in the dataaccount for the difference by more than one order of magni-
at T<T, (neither for optimally doped nor for underdoped tude between the energy scales associated with the
samples Therefore, the sum-rule analysis of{l$) signifies ~ pseudogap and with superconductivity if both effects have
the differences in the changes of the low-energy DOS in théhe same origin.
pseudogap state from the changes associated with supercon-The formation of the pseudogap in cuprates is commonly
ductivity. Essentially, the analysis described above indicategiscussed in the context of density-wave ideas. Our analysis,
that the states removed from<© at T<T* disappear from in conjunction with the data for a canonical SDW system
the energy interval reliably sampled in our experimeift§  such as Cr, argues against this point of view as well. Experi-
eV). This result is in accord with tunneling studies of the mental results obtained both for SDW and CDW systems are
temperature dependence of the electronic DOS in undefn accord with quite conventional transfer of the intragap
doped cuprate®. Indeed, data obtained @i<T, reveals a states to the energy region right above the gap. Therefore,
transfer of the electronic states from the intragap region ifPoth spin and charge-density waves are unable to account for
the quasiparticle peaks just above the gap. On the contrarifie experimental situation of the pseudogap state in figh-
the formation of the pseudogap only leads to a depletion oguprates. Nonconservation of the low-energy DOS in the
DOS without visible traces of recovery (o), at least at ~ pseudogap regime has been recently discussed by Vérma.
hw<0.1eV. Specific-heat measurements are also in accord In conclusion, the sum-rule analysis of the optical con-
with our findings since these experiments suggest a reductig#fants based on Eq@)—(5) argues against the decisive role
of the DOS in the pseudogap state within the energy windovef both superconducting and density-wave fluctuations in the
accessible to thermodynamic probes500 K).!° Another  formation of the pseudogap. We emphasize that the scale
indication of an energy scale extending beyond 0.1-0.5 e\@ssociated with the spectroscopic signatures of the
that is involved in the pseudogap-state response is providgeseudogap dramatically exceeds the characteristic tempera-
by the IR studies of the interlayeraxis conductivityr,(w).  tureT* as well as the energy of antiferromagnetic exchange
Nonconservation of the low-energy spectral weighi(w) J (typically 0.15 eV and is of the order of the energies of the
=[¢dw’ (') for ©<0.2—0.4 eV is inferred from the oscil- interband transitions in cuprates. Such a disproportion be-
lator strength sum rulg®7*'thesec-axis results parallel our Weenw andT scales may signal the relevance of many-body
findings deduced from the examination of the in-plane scatéffects to the formation of the pseudogap state. A similar
tering rate using Eq€4), (5). Thus, one can conclude that Mismatch between temperature and energy scales is know to
both spectroscopic and thermodynamic studies of cuprate®°Cur in bilayer quantum-Hall systems and is ascribed to
reveal anomalous changes of the DOS in the pseudogdpany-body interaction&! The Mott ransitiont in \bO; crys-
state, distinct from the effects associated with supercondud@!s is yet another example of a remarkable difference be-
tivity. Hence, these results argue against a common origin diveenksT andfiw scales in an interacting systéth.
the pseudogap state and superconducting state.
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