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Insight into the nature of the pairing of charge carriers in higrsuperconductors may be provided by a
systematic investigation of the condensation energy. In this work we report on studies of the electronic kinetic
energy across the complex phase diagram of these materiale-&%ie component of the electronic kinetic
energy(determined from an analysis of the optical constaigshown to be reduced beloVy, primarily in
those compounds in which the superconducting transitidn, & preceded by the formation of the partial gap
in the density of state§pseudogapat T*>T.. An examination of the doping dependence of the infrared
conductivity in conjunction with the results of photoemission spectroscopy suggests that the lowering of the
kinetic energy is a property of the electronic states close to the intersection of the two-dimensional Fermi
surface with the boundary of the Brillouin zone. We contrastdtais results with the energetics associated
with the nodal quasiparticles probed through the in-plane conductivity.

DOI: 10.1103/PhysRevB.63.134514 PACS nuniber74.25.Gz

I. INTRODUCTION Il. PROBING ELECTRONIC KINETIC ENERGY
WITH INFRARED

After more than a decade of intensive research in high A variety of models for the electromagnetic response of a
temperature superconductivity there is still no microscopi&ond allows one to derive a relationship beiween the integral
explanation for this phenomenon. The most general statedf the real part of the complex conductivity(w) = o (w)
ment that one can make regarding the superconducting statel o2(®) in the pola_riza;iorrzl?gd the electronic kinetic en-
is that the free energy of a superconductor is lowered by af"dY K along this directiorf:*
amount referred to as the condensation en&gyTherefore
it is natural to explore possible origins of the condensation w 7-re2ar2
energy in a search for the mechanism of superconductivity. fo do oy(w)= _WK“ )

An advantage of this approach is not only in its generic char-

acter, but also in the fact that the microscopic roots of theVherea, is the lattice spacing in the direction This equa-

condensation energy are limited to a few basic interactionsion offers an interpretation of such a well-defined experi-
mental parameter as the effective spectral weilyb#( )

Changes of the Coulomb enerd), the electronic kinetic . A .
: =[pdw' o1 (@’) (middle panel in Fig. Lin terms of the
energyK, and the exchange energycan be studied, at least electronic kinetic energy? It is therefore important to ex-

in principle, using a variety of spectroscopfeswhereas the plore the consequences of this approach when it is applied to

magnitude OE‘& can d_be tex;[;]ac;cre]d fron; éhe dspecgc heatthe analysis of the electromagnetic response at the bound-
measurementsaccording to the theory ot bardeen, LOOPET, 5ijag of phase transitions in solids while keeping in mind

and Schrieffe(BCS), the superconducting state of elemental y,ggjple caveats connected with the derivation of Eg.
metals is driven by the reduction of the potential energy 14 proceed with the analysis of the kinetic energy in high-
which overpowers the increase of the kinetic enéftfiiNo-  T_cyprates we first note that the superconducting state con-

tably, in metallic superconductors the pairing of charge caryyctivity oS w) for any polarizatiorr has two distinct con-
riers, the formation of the gap in the density of states, and thgiputions

development of coherence between electron pairs all occur at

the temperature of the superconducting transition. Numerous

experiments suggest that in cuprate highsuperconductors 031(©)=psr8(0) + o7 w). @

the above processes may take place at differenthe first component is associated with thdunction atw
temperature’s so that the energetics of the superconducting=0 due to the superconducting condensate with the spectral
state is expected to be more complex. The goal of this workveight given bypg = we’ngd2m* , whereng is the density

is to explore the systematic trends in the behavior of theof superconducting electrons amdf is the corresponding
electronic kinetic energy inferred from the analysis of thecomponent of their effective mass tensor. The second contri-
optical constants in different regions of the complicatedbution o) (usually referred to as the “regular” compo-
phase diagram of highi. cuprates. nen is defined atw>0 and is associated with the response
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independently of the integraly:dw[o)(w) — 05(w)] one
can evaluate changes of the kinetic energy upon supercon-
ducting transition from Eq(3). The form of the Eq.(3)

0 20 40 60 80 O
T T T 1T 1T 1771

IO YBayCuz04.6 300 L : .

~ suggests that it is useful to define the normalized

8 200 spectral  weight N’ (»)=[NN(w)—N°Yw)]/ps, where

2 NN(w)=(120/7) [§, do’ o} (w) and NSY w)

b3 100 =(120f7) [ ¢, dw' 03Yw).® In conventional superconduct-
0 orsN’(w) saturates ai~ 10— 15 kT, reaching the level of

N’=1.> According to Eq.(3) if in the saturated region
N’(w)# 1, then this deviation from unity can be interpreted

[aN)

E 21° i terms of kinetic energy change.
To: In a previous publicatichwe reported on a significant
3 J1x105  discrepancy betweems. and [g:dw[ot(0)— o w)]

= measured in the polarization perpendicular to the Gley-

_ A e ers, suggesting that tleeaxis component of kinetic energy is
2 4o} N's00 k(@) . Ha0 lowered in certain cuprates at<T.. In this work we ex-

3 Nr (@ ACTC N P plore the complex phase diagram of higp-materials from

= = LACCI PP the viewpoint of the kinetic energy and show that this
3 —% 1.0 anomalous effect is intimately connected with the incoherent
= L1 11 L1 Jgp nature of the interlayer response found primarily in under-

0 200 400 600 0 200 400 600 800

doped cuprate¥ We employ the sum rules described above
and an additional sum rule for the loss function Im

FIG. 1. Interplane response of YBas0s and YBaCwsOgs9 [ — 1/e(w)] which proves the consistency of our analysis.
single crystals. Top panels: the interlayer conductivity(w); We show that the partial gajpseudogapdeveloping in the
middle panels: spectral weighM(w); bottom panels: normalized density of states of La ,Sr,CuQ, (La214 and YBaCu;Oy
spectral weighN'(w) as defined in the text. The insets: the spectra(yBCQ) materials at temperatufe > T, (Ref. 11 is in fact
of the first moment of the loss fungtion. In all panels thin solit_j ””esresponsible for the anomalies of the kinetic energy seen in
refer to the 300 K data; dashed lines to dataa{T,; and thick  hese compounds. Therefore, our new results have implica-

solid lines to data aT =10 K. The key difference between the tWo jnng hoth for the microscopic understanding of the super-
samples is the energy scale from which the superconducting cons

densate is collected, In the nearly optimally doped YBa,0g o rEonductlng state, and of the pseudogap state in cuprates.
crystal withT,=91 K the Ferrel-Glover-Tinkham sum rule is ex-
hausted atv<8 kT, as indicated by(i) N}c—>1 atw=600 cm !
and (ii) agreement between the area confined unrgeim(— 1/€)
above and below, . In the underdoped sample the energy range of In the top panel of Fig. 1 we plot the real part of the
>25 kT, produces only 40% of the condensate density as eviinterplanec-axis conductivityo, ;(w) for a strongly under-
denced by(i) Ny —0.4 atw=800 cm ! and(ii) difference by the doped YBCO crystal witk=6.6, T.=59 K and for a nearly
factor of =2 between the area confined undex Im(— 17¢) above ~ Optimally doped sample with=6.9, T,=91 K. Thec-axis
and belowT,. The behavior of underdoped crystals can be inter-component of the optical conductivity was obtained from the
preted in terms of kinetic energy change. reflectance measurements using Kramers-KrorkK)
analysis'®> One generic feature of the interplane conductivity
of unpaired charge carriers. Combined together Ejsand ~ Of most cuprates is a flat incoherent background extending
(2) y|e|d the Hirsch kinetic energy sum r|3|e over the energy scale up to a few é‘Vl'he Signature of the
underdoped YBCO materials is a well-defined threshold
W structure atw=300 cm * seen already at>T..'" In the
psyr=J dw[a"ﬁr(w)—aff(w)]-l—AKr, (3)  far-infrared sharp phonon peaks are superimposed on this
o+ incoherent electronic contribution. The absolute value of
o1.(w) associated with the electronic background increases
from underdoped to overdoped materials. In the overdoped
rI:rystals the Drude-like behavior can be clearly identified in
the spectra ofrl,c(w).18 These tendencies are common for

Wavenumbers (cm'1)

Ill. EXPERIMENTAL RESULTS AND ANALYSIS
OF UNCERTAINTIES

whereN refers to the normal state arK, is the change of
the kinetic energy associated with the motion along directio
r. In conventional superconductofsK is negligibly small

and the Ferrel, Glover, and Tinkhat®GT) sum rule p; YBCO, La214, and TBa,CuQ, + x (TI2201)
=Jg-do[o}(w) ~ 02qw)] is obeyed. The FGT equation is compound¥ -2 and suggest that the increase of the doping
routinely used to estimate the superfluid density in superconeve| leads to the development of coherence in the interlayer
ductors and implies that the entire “missing area” in the response.

conductivity spectraf g, dw[ o}(w) — oT(w)] reappears in The behavior of the normalized spectral weight exposes
the superconducting(0) function. Because the superfluid several other trends of the doping dependence otthris
density can be obtained from the imaginary part of the concharge dynamics in the YBCO series. In order to illuminate
ductivity ps= mwo,(w—0) and therefore can be determined the differences between underdoped and optimally doped

134514-2



UNCONVENTIONAL ENERGETICS OF THE PSEUDOGA. . .

PHYSICAL REVIEW B 63 134514

crystals from the point of view of the FGT sum rule we 1 LI S L R w— e 1
define N (©)=[N"(w, T=Tc) ~NYw,T<To))/ps (bot- os b = 7T Tos
tom panels in Fig. 1 In the YBgCu;Ogq crystal, the LT 2 -
N+C(“’) saturates at approximately 56800 cni ! reaching 06 [ 1%6 =2
the value of=1. Therefore in this crystal the FGT sum rule = 04 i ] 04 z
is exhausted over the range<8 kT.. On the contrary, in - -

the underdoped sample tHé}c(w) spectrum reaches the o2 Gpo =15 Q@ Tem"T Gpg=50 Q@ Tem-10.2
level of only 40% at 150 cm' and does not show significant ! ! ! ! ! ! ! L

variation up to 800 cm! (disregarding the structure due to

0

0

2 4 6 8

10
WA

2

4 6 8

0

10

the temperature dependence of the phonon modésis in

the underdoped crystal the superfluid density significantly g, 2. Mixture betweenc-axis and ab-plane reflectance
exceeds the “missing area” in the real part of the conducr()=(1-z)R,+zR,, may lead to considerable deviation of the
tivity despite the fact that the integration extends tOnormalized spectraN’(w) from unity. Calculations were per-
=25kT,. Therefore, in accord with Ed3), the latter result formed as described in the text for different valuez:af=0 (solid
can be interpreted in terms of the change indkaxis com-  lines), z=0.0025 (long dashed linds z=0.01 (dash dotted ling
ponent of the kinetic energy. andz=0.05 (short dashed line

It is imperative to discuss the validity of the above results.
To generate theN'(w) spectra we extended the;(w)
curves with a constant te =0 below the cutoff of our mea-
surements ¢=30—35 cm 1), a behavior that is suggested : . .
by the overall shape of the conductivity which is frequencym.osalc samples. are used for experlm.ents. Result_s shown in
independent at low energies. The above assumption, as Wéﬂg. 1 were obtalnezd for separate r_e_:_lat_wely large single crys-
as the impact of extrapolations required for KK analysis, cart2!S (2000<250 um) and therefordiii ) is not relevant. The
be examined through the formalism of the energy loss func_specnf|ed extinction coefficient of our polarizers is better than
102 in the frequency range 20—1000 ch We measured
somewhat larger transmission through two crossed polariz-
ers: 0.3% at 420 cm'. Similar leakage of unwanted polar-
ization can occur if a polarizer is misoriented #46°. In our
experiments the accuracy of the polarizer alignment is better
than 2° and minor discrepancy with the specified character-
istic most likely results from damage of the surface of the
1, 4) polarizers.

(i) imperfections of the polarizeiji) misalignment of the
polarizers, and/ofiii) misorientations of single crystals if

tion Im(—1/€). In a conducting material the loss function
shows a peak centered at which is proportional to the
plasma frequency of charge carrieas§=4wne2/m*. It fol-
lows from Eq.(2) that in a superconductas’=8ps+N=C.

The first moment of Im¢{ 1/€) follows the sum rule
| == . . .
fo @im do 27 In Fig. 2 we show the impact of unwanted leakage for the
_ . . spectra ofN’(w). We calculatedR(w)=(1-2)R.+zRyy
Although Eq.(4) is equivalent to the oscillator strength sum for various values ok. To produceR. in the normal state we
rule for the conductivity, the advantage of the loss functionysed o) .(w)=0pc =15 [Q cm] ! (left pane) and 50

€(w)

formalism is that the spectra of Im(1/e) have vanishing
weight in the extrapolated regionw& 35 cmi 1). The inset
in Fig. 1 showsw X Im(— 1/€) spectra above and beloV .
At T>T, the plasmon feature is overdamped bufTa T,

[Q cm]? (right pane). The in-plane reflectance was calcu-
lated using the Drude model with, ,,=9000 cm?® and

1/7,,=600 cm'l. For simplicity, we assumed isotropic
s-wave gap aff <T, both for the in-plane and the interplane

the sharp resonances are found in both materials. These regtata. We then obtained the complex conductivity from the
nances are located in the energy range which is not influkK transformation ofR(w) followed by exactly the same
enced by uncertainties of the KK procedure. The area conanalysis which we used to generdé(w) from the experi-

fined underwx Im(—1/€) remains essentiallgonstantin ~ Mental data in Fig. 1. Faz=0 (solid line) the sum rule is
the YBaCusOg g Crystal as the temperature is lowered from nearly exhausted at N0as expected from the FQT sum rulle.
T=T, down to 10 K. This is consistent with, =1 for w The spectra for=0.0025, andz=0.01 systema_tlcally devi-
. . c ate from thez=0 spectrum and reveal saturationN{t<<1.

> 0.09 eV inferred from the conduct|_v|ty sum rules. In the The latter effect originates primarily from changes of
case of YBaCUOss sample, the integrals ofwxIm 079 w). The absolute value gf; [extracted fromv,(w)] as
(—1e) taken afT =10 K and afT =T, differ approximately  ye|| as the normal state conductivity are nearly unaffected
by a factor of 2 in accord with the behavior Bfr_for this by the leakage. The effect is suppressed with the increase of
crystal. Thus, the loss function formaligiaq. (4)] provides  ogc.
an independent corroboration of the results obtained from the The spectra foz=0.0025 accounts for the experimental
conductivity spectra. conditions of our measurements reported in this work. This

There is yet another source of uncertainty in the spectra ofalue is close to the impact of the imperfection of our polar-
the normalized spectral weight. This latter source is relatedzer (based on the transmission of crossed polariaeto the
to possible mixing of the in-plane reflectanBg,(w) with  effect produced by misalignment of the polarizer by 5°. We
the c-axis reflectancB.(w). Such mixing may result from also note thaz=0.0025 leakage yields less than 1% correc-
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1.2 IV. DISCUSSION
1ok ° V12305 55 Y1230%6.9 . , - o
" Tiz201" Y1230, , - V1230, In Fig. 3 we present thkslTC data with integration limited
2 os| over-doped -y’ 3 up to 0.1 eV for a series of YBEW;0,, x=6.5-6.95 single
> .
< ® / crystals along with the data for La214 and TI2201
L 06 ’ Y12306.8 T 21 . . [
= 712201 @ 10214 1 compounds:?! In this diagram theNTC is plotted as a func-
3~ 04 Fopt. doped Wyizs0, l tion of the dc conductivityry. across the layers at=T,. It
0.2 V. 1230 cut-off = 0.1 eV appears that the deviation N‘}C from unity is most promi-
6.5 . . . - .
0.0 L L nent in the materials with low dc conductivity. Asy. in-
10 opg (@om)! 100 creases, the magnitude f_is systematically enhanced and

eventually reaches unity implying that the sum rule is ex-
hausted with the relatively narrow cutoff of 0.1 eV. This
FIG. 3. Normalized spectral Weight}C obtained from the inte-  trend is also similar in the YBCO, TI2201, and La214

gration of the interlayer conductivity up to the cut-off energy 0.1 series?>?® According to Eq. (3), the magnitude of
ev. TheN}c(O.l e\) data for a variety of higlF, cuprates is plot- 1 — N’(w) is related to kinetic energy changeK.. Then it
ted as a function of the dc conductivity along theaxis atT follows from Fig. 3 thatAK, is significant only in those
=T.. For relatively well-conductive crystalbly =1 suggesting compounds in which the conductivity between the layers at
that the FGT sum rule is exhausted«at-0.1 eV. Deviation oNy  T>T, is nearly blocked. Development of coherence in the
from unity can be interpreted in terms of the kinetic energy changec-axis response signale@) by the increase of 4. with dop-
This effect is most prominent in less conductive samples. With théng, and(ii) by the formation of the Drude-like feature in the
exception of the optimally doped Ba,CuQs all samples with & (w) spectra of overdoped sampl&s™ reduces the mag-
Nt <1 show “semiconducting” upturn in the temperature depen-nitude of AK,. The in-plane conductivity of all materials in
dence of the dc resistivity. This behavior is one of the characteristig=ig. 3 is in the coherent regim@rude-like and the FGT
attributes of the pseudogap state as discussed in the text. sum rule is exhausted at<0.1 eV?® This latter result will

be discussed in more details in connection with Fig. 5.

tion of R(w) compared tR,(w); such a correction is of the  Atleastin YBCO and in La214 systems the changes of
order of the uncertainty in the measurements of the absolufd'€ ¢-axis component of the kinetic energy are clealrlly related
reflectance. The values @f=0.01 andx=0.05 would corre- © the development of the pseudogap stat&*at T.. ~ The

spond to a misalignment of the polarization by about 10° an&lgnature of the pseudogap in thexis response of under-

. : o doped hight. cuprates is in the transfer of the spectral
20°, respectively. Such misalignment can be excluded for " ) . . .

: ) . weight from far-infrared to higher energiesThis process
our experiments carried out for separate single crystals. Nev:

. . . corresponds to suppression 0) and to characteris-
ertheless, the=0.01-0.02 situation may occur in the mea- P PP ®f(w—0)

. : . tic “semiconducting” temperature dependence of the dc re-
surements involving mosaic samples stacked out of Sever@*stivity py. that is commonly found in underdoped com-

single crystal€! While the absolute value ¢f is still unaf- pounds. All materials in Fig. 3 for whiciN. <1 show

fected by polarization leakage effects, the spectral dfw) “semiconducting” pa(T).2° Thus, in the pseadogap state
= — 0, C . [}

generated foz=0.05 are suppressed by 10-15 % comparec{he charge carriers become more strongly confined to the

to the intrinsic value. In our previous work for TI2201 mo- . " . .

saics, we reportetll’=0.5 for the optimally doped crystals CuQ; planes wh|le.the probability of thelr'coherent hopping

andN’'=0.85 for the overdoped compound. In view of the across the p*lane§ Is reduced. An _app_llcatlon ong)qto the

effects of the polarization leakage discussed above, thes%aiﬁeaﬂ—szl]— domaijlcgttaG'; ﬂ:/?/tet?]ﬁtl:?ﬁgftﬁgiﬁg?gggﬁge Ki-

data points were corrected by 0.15 in the results shown i e p 9ap ' Ang

Fig. 3 netic energy both in the pseudogap state and in th_e supercon-
e ducting state are of the same order as the magnitude of the

Ve also point out that the integration of the conductivity c-axis kinetic energy itself. This interesting regime has to be
following Eq. (1) adds the contribution due to the electronic . 9y ; 9 reg .
contrasted with what typically occurs in superconducting

background and due to IR-active lattice vibrations. It is . . ;
9 metals® In our view the fact thahK .=Kc is a direct con-

known that phonons in higiz cuprates reveal a number of sequence of the incoherent nature of the interlayer conduc-
nontrivial properties, including abrupt changes of the ”ne'tivi?y Y

H 22,23
width and frequency of the modes B&Te. However, Further connection of the pseudogap state to the anoma-

the oscillator strength of the phonon modes is usually no .
affected by these changes. In La214 and in T12201 the phoh_es of the superfluid response can be seen from the tempera-

non spectrum is simpler than in YBCO series. For the forme}ure dependence of (w.) sp,ectra. n ordeNr to analyze this
compounds we were able to subtract the phonon contributioHepggdence we defineNzgo (w) =[N (@, T=300 K

and to perform the sum rule analysis separately for the elec- N (@ T<Tc)l/ psc (thin solid lines in the bottom panels
tronic contributior? This analysis confirmed that the phonon ©f Fig- 1) in addition to N () introduced earlier. The
oscillator strength remains constant beldwand therefore  Nj3go (@) spectrum obtained for the YB@u;Og ¢ reaches
the anomalies detected in the sum rule analysis are primarilihe level of 2.2 atw=150 cm ! indicating that there is twice
of the electronic origin. as much weight in the room temperature conductivity than
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what is needed to account for the superfluid density in this 2 —=—— underdoped OVordoped  mmmmim

sample. However, as the temperature is lowered dowiy to 3 08 Y S ]
most of this spectral weight is transferred to frequencies & | Y3820u3i/ L TipBa,Cu0,,
above 0.2-0.3 eV(Refs. 15,18 so that the conductivity at N 4 1
T=T, is strongly diminished. It is this suppression of ol A Ly egetrgotey T

0
o1c(w) in the pseudogap state that leads to nontrivial results 04 05 06 07 09109 0706 05 04 03
in N+c(“’) spectra(thick solid line. The behavior of under- Te/Te max

doped La214 crystals is simil&f?® Therefore the existing
data suggest that the kinetic energy changé<afl . is most
conspicuous is the crystals in which superconductivity
emerges out of the pseudogap state. -
While the origin of the pseudogap is in dispdtesome 'z 6
experiments are consistent with the idea of pair formation & 0
taking place already at* >T..*°"3The analysis of the su- & ,9|
perfluid density inferred from tera-Hertz time domain spec- ° ¢
troscopy provides strong evidence for the preformed pairs 0 1000 P 0 1000 P 2000
scenaric® Pair formation is favored because of the decrease Wavenumbers (cm °) Wavenumbers (cm 7
in the potential energy which is accompanied by inevitable
increase of the kinetic energivirial theoren). The latter
result is in agreement with our data since the transfer of th
spectrall weight to hlgher energlesT_QKT<T* IS |nd|_cat|ve crystals. We fail to find a correlation between the magnitudN{Cgf
of the mcreage oK, .'n accord with Eq.(1). Within the. . (related to the change of the kinetic energyd the critical tem-
prefor_med pair paradigm, the onset of sup_ercondgctlylty ISperature of studied superconductors. ARPES intensity measured for
a;s_omated with the .phase C(_)herence occurrifg, mhmh IS momenta close to+,0) for underdoped Bi2212 crystéRef. 44
distinct from the pair formation temperatufe . According (ieft middle panel and for overdoped Bi2212 sampl®ef. 46
to our data, the former process is associated with the partigight middle panel Dashed lines: atT=T,; solid lines atT=10
recovery of thec-axis kinetic energy which was strongly K. Infraredc-axis conductivity for underdoped YB&u;Os ; crystal
enhanced in the pseudogap state. It has been argued thgdt bottom paneland for overdoped YB&£u,0; sample(Ref. 17
quantum fluctuations play an increasingly important role in(right bottom panél Only the electronic background is shown; the
the pseudogap staté.An account of quantum fluctuations phonon absorption has been subtracted by fitting to oscillators. Both
may also lead to the deviation from the FGT sum rule withARPES and IR results indicate that underdoped samples show low-
N’TC=0.5.34 We remark that both the pseudogap crossoveering of the kinetic energy &<T, (as described in the textThe

and superconducting transition affect the entire backgroun@ormf"fState propertt_ies iln;he u_nlf:ier%ogeg re_gimtle atrhe mark%dly doilf'
in the SpeCtra Of the Interplane COI’IdUCtIVIty erent rrom conventional Fermi-liqui enavior. In € overdope

We fail to find a correlation between the magnitude 0fcrystal the kinetic energy is unchanged below the temperature of

o superconducting transition. Crystals on the overdoped side of the
SAKC at Th<T° anr:j the Crl(';lpatl':)temperlaéyre Ofv\t/?ﬁ S.ljpek:wn'phase diagram reveal more conventional normal state behavior:
uctors that we have studietbp panel Fig. 4 While in the uasiparticle peak in the ARPES spectra as well as the Drude-like
TI2201 series the largest change of kinetic energy occurs g4 e ino, . can be resolved already &t T, .
the crystal close to optimal doping, in the YBCO compounds € ¢
AK, decreases with increasifig, (Fig. 4). Also, the magni-  weight missing from the conductivity &t<T, is transferred
tude OfAKC IS Slgnlflcantly smaller than the condensation to h|gh energies and not to th&function even in the Opti_
energy at least in TI2201 and Hgg2uQ,, , materials>>=° ' 8,38 it i i
gy at leas gmalCy 4 x . mally doped single crystals:*® Thus, it is conceivable that
In part, this discrepancy can be attributed to the form'dab|%§‘c(w,T<Tc)<0T0(w,T:TC), and that the integral term in
difficulties concerned with the estimates of thermal state Eq’_ (3) may bevahishingly smallthroughout the range of
free energy from the specific heat data in the regime wheghfrared frequencies. Then the actual changes6f may be
superconducting fluctuations may be presefat T<T*.* as large agp.
It is also important to keep in mind that ideally, E€R) Suppression of the-axis kinetic energy at <T. is con-
should be applied to the normal and superconducting stal§sient with a recent analysis of the angular resolved photo-
data obtaineat the same temperature-¥0. This is difficult  gmission (ARPES data for BjSr,CaCyOg,, (Bi2212).
to achieve for technical reasons. Several experiments sugge§brman et al. proposed the so-called modex model which
that thenormal state conductivity continues to decrease algyccessfully describes many important attributes of the pho-
T<T, following the “semiconducting” slope 0pu(T) Seen  toemission experimenfsAn important feature of this model
already atT>T, in underdoped samples. This possibility is ig that it suggests lowering of the kinetic energy associated
supported by the resistivity data in the regime when Supefyjith the formation of the quasiparticle peak in the ARPES
conductivity is suppressed by a high magnetic fltigh-  spectra. The comparison of interlayer infraréR) results
field data show thatrye (T<T¢) <oy (T=Tc) in under-  and of the ARPES data is facilitated by the peculiarity of the
doped La214 crystaf§. Also, careful analysis 0fry ¢(w) in c-axis tunneling matrix elements which are maximized for
midinfrared range demonstrates that some of the spectréhe momenta parallel to#,0) or (Ozr) and vanish along

ARPES Intensity,
(arb.u.)
-
o
a3
>
=

v
N

i ] ] | —z ] ] 1 ]

G. 4. Top panel: Normalized spectral weig\Hrc calculated

with the cutoff energy 0.1 eV plotted as a function of the ratio
%C/TC max for a series of YBaCu;0, and TLBa,CuQs., single
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the nodal ¢r,7) direction®344° This conjecture is sup- ST T T T T T T 7 T T T T T 15
ported by a clear connection between the pseudogap feature
detected in the-axis conductivity and ARPES spectra mea- @ ———= 95K
sured close to the,0).“1=%3 Further parallels between the & 5 [ 300K |
information extracted from these two techniques can be re- %
vealed in the context of the energetics of the superconducting 2 [ el AN -
state. Numerous photoemission experiments show that the e S~
spectral functiorAl w,(7,0)] at T>T, is very broad with
only small weight near the Fermi energy .***° However,
below T, a well-defined quasiparticle peakQP) emerges 7
(Fig. 4) suggesting that the momentum distribution function
v(k) (Ref. 50 sharpens below the transition temperature.
Since the electronic kinetic energy is minimizedvifk) has £ &
a sharp step aEr,° the latter result is in accord with the 210
reduction ofK at T<T,. These changes in the ARPES spec- 3
tra in the superconducting state are most prominent in theg
underdoped samples. With increasing doping, the QP peak ir %10
the ARPES spectra becomes visible already in the normal 3
state?®*’ The presence of this peak in the spectra obtained o~
for optimally and overdoped crystals precludes significant Z10?
lowering of the kinetic energy in these samplesTatT..
Therefore, the doping dependenceX suggested by the
ARPES experiments fits the pattern inferred from the analy- 108
sis of thec-axis conductivity summarized in Fig. 3. u
The key outcome of both IR and ARPES experiments is 0 400 800 1200 16000 402 800 1200 1600
that the kinetic energy change is found exclusively in the Wavenumber (cm’’)
materials for which the normal state properties are marked FIG. 5. Lower panels: the spectra [0¥¥(w, T=T.)~NSYw)]

by a strong degree of incoherence and are therefore dIStIn(r'\éveal the sum rule result for the superfluid density in the optimally

from the conventional Fermi-liquid picture. A broad and - :
. ; doped T}Ba,CuQ;., (left) and YBgCu;Og 6 (right) single crys-
structureless ARPES spectral function can be viewed as Is. The dashed line show the magnitudepgextracted from the

obvious sign of non-Fermi-liquid ground S'in'feThe COITE€-  imaginary part of the conductivity. In the case of tbaxis re-
sponding hallmark in the spectra of, /() is a flat back-  gponse "we find the discrepancy betwedNN(w, T=T)
ground. The kinetic energy is lowered upon the supercon=-NsS)] in the saturated region and the magnitudepgfwhich
ducting transition only if the above features can be can be interpreted here in terms of the lowering ofcfais kinetic
distinguished in the normal state respofisét panels in Fig.  energy aff<T,. In the case of the response of the Gulanes we
4). Both of these characteristics of the underdoped regiméind a better agreement between the two approaches to quantify the
fade away as the doping progresses towards the overdopetiength of the superconducting condensate. The crossing of the
side of the phase diagram. Indeed, overdoped crystals show B"(w, T=T,) — N5 w)] spectra measured for ttab-plane with
well-defined QP peak in the ARPES spectra consistent witlthe dashed lines signal some increase of the in-plane kinetic energy
the Drude-like behavior obr; ;(w) (right panels of Fig. # below T.. The effect is small and comparable to the error bars in
The magnitude of the kinetic energy change is reduced aniieab-plane measurements. Upper panels: the spectra of the energy
eventually vanishes in overdoped regime. Thus it appeardepended effective mase* normalized by the magnitude of the
that the lowering of the kinetic energy is an attribute of theband massng determined from Eq(5) for TI;Ba;CuG;,, (left)
transition to the coherent state B T, provided the coher- 2and YBaCu;Oe (right) single crystals. Strong enhancement of
ence is lacking abov@,. The formation of the pseudogap e.ffec.tlve mass at 10 K is indicative of an increase of the in-plane
“enhances” the non-Fermi-liquid character of both the inter- KINetic energy.
layer conductivity and of the ARPES spectra by shifting the
spectral weight to higher energies. In this way the pseudogagelocity in these regions igvanishingly small. Therefore,
state is beneficial for the observation of the kinetic energythe segments of the Fermi surface close to the node of the
change. A comparison of IR and ARPES results indicatesl-wave gap at {r,77) dominate in theab-plane transport.
that the lowering of the kinetic energy is not related to theThe results of the sum rule analysis of #axis conductiv-
interplane transpomper sebut rather reflects the property of ity for YBa,Cu;Og ¢ (Ref. 24 and of theab-plane conduc-
the electronic states close to the boundary of the Brillouirtivity for the optimally doped TiBa,CuQ; ., (Ref. 48, are
zone at ¢r,0) and (Ogr) points. shown in Fig. 5. Here we plot the difference between the
The analysis of the in-plane conductivity may provide anspectral weight af ; and at 10 K NN(w) — NSY )] without
insight into the superconducting state energetics close to theormalizing the spectra by the magnitude of the superfluid
nodal (w, ) direction. Despite the fact that,,(w) is aver-  density. The absolute values @f (determined from the
aged over the entire Fermi surface, the regions closer0)(  imaginary conductivity are shown with the dashed lines.
and (0sr) give only a minor contribution because the Fermi The a-axis data reveal a reasonable agreement between the

g = 7350 cm

Ell Cu02

Ell Cu02
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le Bazcuob.” Y532 Cu306.6
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density of the condensate extracted from the sum rule antb)transport studies and ARPES experiments revealed differ-
from the imaginary conductivity. After a closer inspection ences in the character of the electronic statesrad) and in
one can notice crossing between tiN(w)—NYw)]  the nodal regioi?>?

spectra and the dashed lines quantifying the strength of the

in-plane condensate. This latter effect may signal some in- V. CONCLUSIONS

crease of the in-plane kinetic energy beldw that can be
contrasted with the-axis behavior. The effect is rather small
and comparable to the error bars in thb-plane measure-
ments. However, even minor discrepancy between the twi
results may lead to a huge absolute value\&f,;,, because
the in-plane superfluid density is dramatically enhance
compared to thes .

Additional information on the in-plane energetics can be
inferred from the analysis of th@axis response in terms of the kinetic ener ; ; d and comoletelv di ;
the extended Drude model. This analysis allows one to ob- € KInelic energy are suppressed and compietely disappea

) . . in the overdoped materials. Within the assumption that the
tain the energy dependence of the electronic effective mass L ;

m* () (Ref. 49: Interlayer conductivity _prot_Jes the electronic states close to
the boundary of the Brillouin zone we can conclude that the

We show that a variety of cuprates reveal changes of the

c-axis electronic kinetic energy. The effect is intimately con-

ected with the development of the pseudogap state and is

erefore most conspicuous in underdoped materials. The
Gc-axis kinetic energy is enhanced in the pseudogap state con-
sistent with the idea of preformed pairs. In the superconduct-
ing state this enhancement is partially recovered. With the
development of coherence in thexis transport, changes of

* 2 effects observed in the-axis transport reflect the situation
m(w) o oy(w) 1 . '
=_r . — (5 close to @r,0) and (Om) points. On the contrary, the in-
Mg 47 of(w)+o5(w) @ plane conductivity is dominated by the nodat,¢r) direc-

tion and reveal more conventional energetigxrease of
K.p). The contrasting behavior seen in thexis anda-axis

data may reflect the radical distinctions between the elec-
tronic states close to the boundary of the Brillouin zone com-
pared to the nodal direction. Both this result as well as the
trends in the doping dependence seen in ARPES and IR data
ctjﬁarly show that the kinetic energy lowering is inherently
connected with an incoherent normal state response. Possible

0>2000 cm'! the magnitude ofm* is approaching the ) .
> connections between incoherent normal state response and
band mass. For both systems the spectra®fw) obtained S :
changes of kinetic energy beloW. were recently discussed

at 10 K are nonmonotonic suggesting coupling of the oz caveral publication®:5S
ducting carriers to a mode at=500 cm *.%° In both crys- P '

tals we find an increase of the effective mass at 10 K com-

pared to the data &t=T.. This result is in accord with the

increase of the in-plane kinetic energy suggested by the sum The authors acknowledge numerous discussions with J.E.
rule data in the lower panel. The fact that the in-plane andHirsch, S. Chakravarty, P.W. Anderson, J.P. Carbotte, R.C.
interplane results suggests different energetic3aff. is  Dynes, V.J. Emery, M. Imada, P.D. Johnson, A.J. Millis,
not entirely surprising since these two measurements probd.R. Norman, P.M. Platzman, and S. Tajima. This work was
the different regions of the Fermi surface. Previoumsmgne- supported by the NSF and U.S. DOE.

wheremg is the band mass and, is the plasma frequency
obtained from the integration of the conductivity up to 1.2
eV. Within the tight-binding approximation the electronic
kinetic energy is proportional to-1/m*. The spectra of
m*/mg for the optimally doped TBaCuQ;,, and
YBa,Cu;Og ¢ are shown in the top panel of Fig. 5. The mass
enhancement is strongest at the lowest energies whereas
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