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Doping dependence of the pseudogap in La,Sr,CuO,
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We report the results of Raman scattering experiments on single crystals ofStaCuQ, that span the
range from underdoped & 0.10) to overdopedx= 0.22). The spectra are consistent with the existence of a
strong anisotropic quasiparticle interaction that results in a normal state depletion of spectral weight from
regions of the Fermi surface located near the zone axes. The strength of the interaction decreases rapidly with
increasing hole concentration and the spectral evidence for the pseudogap vanishes when the optimum doping
level is reached. The results suggest that the pseudogap and superconducting gap arise from different mecha-
nisms.[S0163-182€09)09913-0

[. INTRODUCTION determined simply by the Sr concentration if oxygen stoichi-
ometry is maintained. As a result, one can obtiimgh qual-

It has been recognized for some tiethat the normal ity and well characterized single crystals of La214 that en-
state electronic properties of the high-temperature superco@ble one to study the systematic evolution of the electronic
ductors (HTS) are very different from those of a conven- properties throughout the complete doping range. We have
tional Fermi liquid. It is also generally agreed that an under-neasured the relative strengths and frequency distributions
standing of the normal state properties is important inof theB,4 andB,y Raman continua as a function of tempera-
identifying the physical mechanism responsible for superiure and doping. The results of these experiments are consis-
conductivity in HTS. As a result, an increasing amount oftent with a PG mechanism that is intrinsic to a single guO
attention has been focused on the temperature refjioil, layer and is present only in the underdoped regime of La214.
and recent studiés'’ of underdoped compounds have re- Our results also imply that the energy scélg associated
vealed remarkable deviations from Fermi liquid behavior.with the PG is quite different from the superconducting gap
These resulfs'” have been interpreted in terms of the open-energyA.
ing of a normal state pseudogépG), a term that is gener-
ally used to mean a large suppression of low-energy spectral Il. EXPERIMENT
weight. S

Despite an extensive experimental effort, the physical ori- _The samples studied in this work were grown by a trav-
gin of the PG remains undetermined. Some of the proposegling floating-zone methotf. The crystals used here were cut
mechanisms involve precursor pairiig®at T>T,. For from larger single crystals and typpally had dlmenS|on§ of
example, Emery and Kivelsdhhave suggested that incoher- @bout 2<2x 0.5 mn¥. Characterization of the samples in--
ent pairs form abovd,, with phase coherence and henceC“_J‘_jed susceptibility and transport measurements of their
superconductivity occurring &,. O if one has separation Critical temperatures’ The sample surfaces were prepared
of charge and spik® d-wave pairing of spinons can take for light scattering experiments by polishing vv_|th dlgmond
place atT>T,, with charge condensation & . On the paste and etchlﬁéwnh a bromlne—ethanol solution. Fmally
other hand, in the nearly antiferromagnetic Fermi liquidthe samples were oriented in the basal plane using Laue
(NAFL) model proposed by Pines and co-work&=2 the ?<-_ray-d|ffract|on patterns. The phy5|cal_ para_lmeters character-
PG and superconducting mechanisms are competing. In thiging the La214 samples are summarized in Table I.

model the PG or spectral weight depletiBWD) is caused The Raman spectra were obtained in a quasibackscatter-
by strong anisotropic antiferromagneti8FM) interactions ) .
that are peaked near the AFM ordering ved®ps (7, ). TABLE I. The physical parameters characterizing the samples

To obtain additional, complementary information on thestudied in this papelT, was determined magnetically amds the

nature and extent of the PG regime, we have carried out
electronic Raman scattering experiments on .

- ) La,_,Sr,CuQ Nominal Sr content T, (K
La,_,Sr,CuO,[La214()]. This compound is an excellent 2 *"*""* X e 0

ominal hole concentratiofRef. 23.

material for these studies for several reasons. It has a rel#nderdoped 0.10 27
tively simple structure with a single Cy@®lane in the primi-  Underdoped 0.13 35
tive cell. Also, the results are not influenced by structuraloptimally doped 0.17 37
complications such as those introduced by the chains i®verdoped 0.19 32
YBa,CuzOy (Y123) or the structural modulations in oOverdoped 0.22 30

Bi,S,CaCyO, (Bi2212. Finally the hole concentration is
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ing geometry using the 488.0 or 514.5 nm lines of ar Ar
laser. In most cases the light was focused onto the sample
using a cylindrical lens, but on occasion a combination of a 300K
spherical and cylindrical lenses was used to reduce the di- 250K
mensions of the laser beam at the sample. In all cases the 200K
incident power level was controlled to be less than 10 B 150K
W/cn?. With these power levels an estimate of about 11 K B 100K
has been obtained for the amount of local heating by the B 50K
laser. This estimation was obtained from measurements of B X'Y' (B, )

the power dependence of the spectra at temperatures near . 19
T., and the Stokes/anti-Stokes ratio at somewhat higher tem-
peratures. The temperatures reported in this paper are the
ambient values plus 11 K, or the estimated temperatures in
the excited region of the sample.

250K
In a Raman spectrum the intensity of the scattered light is 200K
proportional to the square of the Raman tensorwhose B 150K
components can be selected by appropriate choices of the B 100K
incident and scattered polarizatiofisln this paper spectra B /W’WWWMWMMM

were obtained in the(xy)z andz(x'y’)z scattering geom- :

(a) La, 5,5ry43CU0,

(b)

300K

x" (arb. units)

50K
etries, where the letters inside the parentheses denote the L I)_(\f(_B%Q)_ L
polarizations of the incident and scattered light. Herexhe 0 200 400 600 800 1000 1200
andy axes are parallel to the Cu-O bonds atichndy’ axes RAMAN FREQUENCY (cm™)
are rotated by 45° with respect t&,{/). Thexy component
of the Raman tensoy,, transforms asyk, or the B, irre- FIG. 1. TheBy4 (&) andByq (b) response functions of the un-

ducible representation of tHB,,, point group, andy,:,, as derdoped La21@.13 crystal for temperatures k_)etween 50 K and

(ki—ki) or By4. Thusy(B;4) must vanish along the diag- 300 K. The spectra are offset vertically for clarity.

onal directions {1,= 1) in k space and/(B,,) must vanish ] ) 5

along thek, and k, axes. These two scattering geometriesbehavior observed in underdoped Y133,

allow us to prob® complementary regions of the Fermi sur- ~ We have also obtained spectra from two overdoped crys-

face(F9) since theB;4 channel will sample regions of the FS tals (x=0.19 and 0.2Pand we have found that the magni-

located near thé, andk, axes while theB,, channel will ~ tude of theirles.ponse functions(Byg) in both sampleéfor

probe regions located near the diagonal directions. w=300cm 7) is again approximately 'ndependé‘?ﬁ of
Throughout this paper we deal with the frequency distri-temperature. In contrast to the situation in the underdoped

bution of the Raman response functigfi(w,T) which is ~ Samples, there is a pronounced SCIR that occurg.an

obtained by dividing the measured intensity by the thermal

factor[1—exp(—fw/kgT)] .

(a) X'Y'(B,g) | XY (Byy) (c)
40K

40K
lll. RESULTS WWMMWWWW

A detailed description of the Raman spectra of the 5K 5K
La2140.17 sample, which we will consider to be represen-
tative of the optimally doped state, has been published&®
recently?® In this paper we will focus on the changes that =
occur in the spectra of the underdoped and overdoped com™ La, 575rg.13CU0,
pounds. We will first discuss spectra obtained from the un-Q — —
derdoped samples<€0.10 and 0.18 The normal state re- @ | (P) XY (Byg)| XY (Byg) (d)
sponse functions are shown in Fig. 1 for the 0.13 sample ane
the low-temperature response functions for both samples ar =
presented in Fig. 2. As is shown in Figial, the magnitude
of x"(By4) is independent of temperature, to within the ac- 15K
curacy of our measurementd5%). From Figs. 2a) and 5K

2(b), it is evident that theB,q spectra obtained for each M«MMWW”W_
sample, above and beloW,, are essentially identical and L 15K La. .Sr..CuO
are thus unaffected by the superconductiSg) transition. M 18T
In direct contrast, the low enerdy,4 spectra of both under- 0 100 200 300 400 5000 100 200 300 400 500
doped compoundgFigs. 4c¢) and Zd)] undergo a supercon- -1

ductivity induced renormalizatiofSCIR) as the tempera- RAMAN FREQUENCY (cm")

tures of the samples are lowered through The observed FIG. 2. The By, response above and belo, for the

immunity of theB, 4 spectra to passage into the SC state, and.a2140.13 crystal (@) and the La21.10 crystal (b). The By
contrasting SCIR in théB,; channel, is analogous to the response for the same crystals is showiicnand (d).

35K
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FIG. 4. The ratioR of the integrated Raman response functions
RAMAN FREQUENCY (cm™) plotted as a function of hole concentration for La2®)(and Y123
(O). The ratio was determined for<Ow=<600cnT ! in all cases.
The dashed line represents the calculd®agsing Eq.(1) for differ-
ent values of¢ (Fig. 5 superimposed using the top scale. The
dotted line serves only as a guide to the eye.

FIG. 3. Direct comparison of the low-ener@;, andB,, Ra-
man response functions measured at temperatures bElowm
La214() for (a) x=0.10; (b) x=0.13; (c) x=0.17; (d) x=0.19;
and(e) x=0.22. The scale of” is the same for all five frames.

. To speculate on the cause of the dramatic change in the
boththeB,4 andB,, channels7for both the optimally doped  intensity in theB, 4, channel and the relative constancy of the
and the overdoped sampfés’’ Finally the low-temperature B,y channel, we can calculate the unscreened Raman re-

spectra of the overdoped crystals, in b8ty andB,g chan-  ghonse functions in the superconducting state using the con-
nels, are compared to the underdoped and optimally dopegentional model of light scatteriy

spectra in Fig. 3.

As a measure of the strength of the response functions we y2(K)A2(K)
will use the integral ofy”(w) over the low-frequency spec- X)) | ———— ),
tral region. In this context the strength pf(B,g) is approxi- ! w\w?—4A%(k)

mately the saméFig. 3) for all the crystals studied here, \here() imply an average over the FS farvectors such
while the strength ofy"(Byg) changes dramatically as we a¢ > 2|A(k)|. The results shown in Fig. 5 were obtained
proceed from the underdoped to the overdoped samples. Thes, (k) calculated using a second-neighbor tight-binding

ratio R=/dw x"(Byg)/fdw x"(Byg), and therefore the e with the parameters described previotisnd A (k)
strength of theB,; Raman response, increases by a factor of

about 16 as we go from the underdoped 0.10 sample to
the optimally doped sample witk=0.17. The ratioR con- @ |[e=0°|(b) o=10°
tinues to increase, but at a slower rate as one proceeds into
the overdoped regime. This result is summarized quantita-
tively in Fig. 4, where we have plotted the rafRas a func- - - 3
tion of hole concentration. For comparison purposes, data k
obtained previousf} on Y123 are also includétiin Fig. 4.

It is evident that the rati® for the two compounds exhibits

a similar trend with doping.

@

(c) ¢=20°|(d) o¢=30°

IV. DISCUSSION

x" (arb. units)

A. Spectral weight depletion - - - -

Relatively few Raman experiments have been carried out
to investigate the nature of the PG. Nemetscée#l 14 have
attributed a small loss of spectral weight in the region , , '\
<700cm ! in the B,y channel to the presence of a PG. 0 1 0 1 0 1 0 1 2
Blumberg et al,’® in spectra obtained from underdoped (0/24A . )

Bi2212, have observed a sharp feature at about 600'cm max

which they have attriputed to a bound state'associated with £ 5. Calculated, , (thin lines andB,, (thick lines Raman
precursor pair formation aboVe;. In our studies of under-  response functions in La21@) by integrating over the full Fermi
doped Y123 and La214 we have focused on the striking lossyrface(dashed lines in the ingeaind (b)—(d) by integrating only
of spectral weight in théB,, channel, and the contrasting over regions lying betwees and 90° ¢ in each quadrant. The
constancy of theB,; spectra, features which appear to beinset shows polar plots of the angular dependence oBihe(thin
commort®>?°2°to the hole-doped cuprates. lines) and B, (thick lines components of the Raman tensg(k).
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=A[ coska)— cosk,a)]. The response functions obtained @)

by integrating Eq(1) over the full FS(dashed lines in the MW%
inset of Fig. § are shown in Fig. &). To obtain a represen-

tation of the Raman response in the underdoped case, we W%ow
integrate Eq(1) over portions of the FS lying betweehand XY'(B, ) 50K
90°— ¢ in each quadrant. That is, regions of the FS near the

i ; ; @ (b) La, 4;51,.13CU0,
axis (defined by anglep) were excluded from the integra- =
tion, and the resulting response functions are shown in Figs. 3 MWWOK
5(b)-5(d) for =10°, 20°, and 30°. As is evident, an in- Q _M’*WM
creasing truncation of the FS leads to a rapid depletion of the s XY'(Byy) 50K
B4 spectrum, but has much smaller effect on Byg spec- S © Lo, 870 ,CuO,

trum.

We have also calculated the rafibof the integrated re- MMWM
sponse functions as a function @f and the results are su- 100K
perimposeddashed lingon the data points in Fig. 4. For the — X'Y(B,,) —
purpose of this comparison both the measured and callculated a— -5(')0- . -1-0'0(-)- -1-5'06- -2-0'06- -2-5'0(-)- -3-0'00
response functions were integrated frans 0 to 600 cm -. o
It should be noted that the apparent agreement between cal- Raman Frequency (cm™)
culation and experiment is quite fortuitous given the simplis- F|G. 6. The high-energy;, Raman response functions mea-
tic nature of the model. The results do, however, providesyred at 50 K and 100 K in La21¥) for (a) x=0.22, (b) x=0.13,
plausibility for the existence of a localized depletion of spec-and(c) x=0.10.
tral weight from regions of the FS located near,Q). Fi-
nally we should note that the effective gapping of quasiparin intensity at low energies similar to that observed by Nem-
ticles (QP) from these same regions, BT, is consistent etscheket all* in Bi2212. However, no significant changes
with the absence of a superconductivity induced renormalin spectral weight, which one might expect to mark the onset
ization in the B,4 spectra of the underdoped compoundsof the PG, occur at any temperature below 300 K.

[Figs. 2a) and 2b)]. The lack of an experimental consensusTérin La214 is

The observed dependence on scattering geometry thus irperhaps supportive of the suggestbtnat one cannot asso-
plies that the spectral weight loss is confined to regions otiate a well defined™* with the PG, but only an energy scale
the FS located neart(w,0) and (0;= ) and that QP located E,. In this regard, however, there is also no clear evidence
near the diagonals are essentially unaffected by a reductiasf a gap edge in th®,, spectra we have obtaind#ig. 1)
in doping level. Given that ARPES experiméht€also find  from underdoped La214. This is perhaps not surprisirigy,f
a SWD that reaches a maximum in regions neaj0J, we s of order of J in underdoped samples and decreases with
will assume that this feature is characteristic of the PG, anéhcreasing hole concentration as has been suggested by
that the PG thus manifests itself in the Raman spegtia  photoemissiohand specific-hedt measurements. This mag-
marily as a SWD in theB,4 channel. We should note, how- nitude for the PG might be expected if short-range AFM
ever, that thé,, spectra are also approximately independentcorrelation were responsible for the spectral weight
of temperaturg(for T>T,), which is difficult to reconcile  depletion?® One possible scenario involves the existence of
with the FS contraction envisaged by Normetral!* AFM ordered regions and separate hole rich regions in the

According to Fig. 4 the SWD or pseudogap has approxi-underdoped samples. Evidence for this type of phase separa-
mately the same strength in La214 and Y123. This is notion was obtained recently in muon spin resonance experi-
consistent with the suggestitnthat the PG arises from ments on underdoped La214 and Ca doped Y123.
strong AFM interactions between the closely spaced LuO One-magnon excitations are not observed in Raman spec-
layers of bilayer compounds such as Y123. The present rara of the cuprates and hence the PG energy would be re-
sults thus suggest that the PG arises from intralayer interadlected in the two-magnon peak that occurs at abolit 3
tions and in this regard are in agreement wittfRARPES!  ~3000cm ! in undoped La214Refs. 38 and 3Pand insu-
specific heat? and NMR (Ref. 34 measurements. lating Y123384041 The amplitude and energy of the two-
magnon peak decrease®’ as the compounds are doped and
such peaks have not been observed for doping levels greater
than or equal to optimum. Although our spectrometer range

In the spectra we have obtained from La214 there is nas limited, we have carried out preliminary measurements of
clear indication of an onset temperatufé for the PG. the high-energy B,y spectra for three samplesx (
Estimate$'3* of T*<200K have been obtained from the =0.10, 0.13, and 0.22 The high-energy ¢ <3000 cni 1)
analysis of NMR experiments carried out on slightly under-response functions measured at 50 K and 100K for the three
doped La214 samples€ 0.14 and 0.1h On the other hand, samples are shown in Fig. 6. From the figure one can see a
transport® IR reflectivity? and specific-hedt measure- broad, weak peak at about 2000 ¢ (J~ 700 cni ) in the
ments on underdoped La214 have all fodrfd>300K. Our  x=0.10 spectrum. This peak essentially vanishes as we pro-
spectraFig. 1) indicate some minor changes at about 200 K,ceed to higher doping leve[Figs. §a) and b)]. We must
which include the appearance of a broad and weak feature amphasize that these spectra have not been corrected for
about 600 crn! in both channels. In fact, the variations that variations in the optical constants or for spectrometer re-
occur in theB,4 spectra below about 200 K reflect a decreasesponse and are shown only to illustrate the effect of doping.

B. Magnitude (Eg) of the pseudogap
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Our spectrometer response decreases in the red and corré@aguage our results then suggest that the hot QP are gapped
tion might push the peak in Fig(® to higher energies and aboveT,. and hence are not affected by the SC transition.
also decrease its relative amplitude. Such corrections wouldnly the cold QP, as evidenced by the SCIR in Bg
not, however, alter the observed trend that is induced byhannel aff., participate in the transition to the SC state.
changes in dopmg: ) Thus far our attention has been focused on the most domi-
It appears plausible that the pseudogap or SWD irBlie  nant feature of the spectra obtained from underdoped com-
channel is due to short-range AFM correlations and the forpoynds, namely the SWD that is confined to Bhg channel.
mation of “hot spots’®® on regions of the FS located near As mentioned previously, Nemetschekal* found that a
,(AT:IZ/IT'?Ltzraijct(igﬁsﬂt;eﬁgntwgev(agglggr 'Z‘geliés é@?&iﬁiﬁg' g;/e relatively small depletion of spectral weight also occurs in
1 H ~ -1
weakening(Fig. 6) and shift of the two-magnon peak to the Bog channel Of. Y123 and Bi2212 below=~ 700 cm :
99 9 b and T~250 K. This energy and onset temperature are in

lower energies®*?Thus as the doping level is i .
9 ping ncreaség, %ood agreement with IR measurements on the same

decreases and some spectral weight is shifted from higher . . )
lower energies. At optqum dopigg, where a SCIR ig c)b__compoundéThls appears reasonable since, given the SWD

served in theB,, channel[Fig. 3(c)], the PG is assumed to in the B;4 channel, one would expect the results of IR and

be filled. Furthermore, on the basis of their specific-heafr@NSPort measurements, for example, to be determined

measurements in several cuprates, Loeral 3 have pro- mainly by the properties of the cold _(jﬁ)*zo'Agor_ those on
posed thaEy~J(1—p/p,) wherep is the hole concentra- '€gions of the FS located near the diagonal directions. Fur-
tion andp,, is the value at whiclE, “closes.” Given that thermo.re, one can see that a smlnar small deprgssmn of spec-
J~1000cm ! in La,CuQ, (p=0) and Ey~700 cmi ! for p  tral weight appears below 700 crhand 200 K in theB,,
~x=0.10 would suggest th@l,> o We would thus con-  spectra of thex=0.13 crystalFig. 1(b)], in agreement with
clude that the pseudogap “fills” before it “closes.” IR measurements carried utn underdoped La214. Thus

It is interesting to compare the PG energy sdgjeo that  the loss of spectral weight in th,, channel* the depres-
of the superconducting gafp. In Raman spectra the energy sion of the scattering rate observed in IR experiments, and
of the pair-breaking peak in tH#&, ; channel can be uséths  the spectral weight depletion observed in Bg, channel
a measure ofA. In optimally doped La214 the maximum (Figs. 3 and # are all characterized by the same energy
value of the superconducting df@pis given by (B1g) scale. This suggests that there is a common physical mecha-
~2Ama=200cm 1, as is also evident from Fig. 3. In the nism underlying the apparently different phenomena that are
overdoped region . decreaseéFig. 3), consistent with the  observed in the two channels. However, the identification of
behavior in other cupraté$-*°In the underdoped regime the a possible interrelation between the two channels will require
absence of a SCIR in thg,4 channel means that we do not a very careful analysis of the temperature dependence of the
have any direct measure of the gap maxima. We can notpectra for 50 K T<300K. Such an analysis should also
however, that the frequency of the pair-breaking peak in theyqyide important information about the existence and mag-
Bag chaP?eI remains approximately constaa{(B,g) ~130  pityde of crossover temperatur€s that have been observed
+20cm 7] as the doping level is decreased from optimum.in other experiment@**3*and are important features of
We thus infer thatA remains approximately constant some modeld®?lt is also possible that the SWD in the two
throughout the doping range 0£&<0.17. This behavioris  channels arises from different mechanisms and that there are

also consistent with that found in ARPES and tunnelinggifferent pseudogaps as have been suggéétedno et al.
measurement$’ on Bi2212. Therefore, we have an ampli-

tude Apn~100cmt for the SC gap andEg~J
~700cm! for. the PG. Thgse very dlff_erent energy scales V. CONCLUSIONS
suggest that different physical mechanisms are involved.

In the Raman spectra obtained from La214 there is a loss
of low-energy spectral weight in th#,; ; channel as the dop-
ing level is decreased below optimum, while the intensity in

The most noticeable aspect of the spectra shown in Fig. &he B,y channel remains unchanged. These results imply the
is the SWD that occurs in thB,4 channel when the doping existence of a strong anisotropic scattering mechanism and
level is reduced below optimum, while the strength of thethe formation of hot spofS on regions of the Fermi surface
B,g Spectrum is essentially unaffected by changes in dopindocated neark, and k, axes. Furthermore, in underdoped
These results suggest that the QP scattering rate is hightsompounds thd8,4 channel is unaffected by the supercon-
anisotropié® and leads to the existence of “hot spots” on ducting transition. The pseudogap is thus manifested in Ra-
regions of the FS located neat- ¢r,0) and (O #). This man spectra both by a depletion of low-energy spectral
observation is consistent with the predictions of Pines andveight or reduced intensity and by the absence of a super-
co-workers?® who have pointed out that QP located nearconductivity induced renormalization in thg 4 channel. In
these regions can be coupled by the AFM ordering vectothis context the pseudogap in La214 and YIRef. 13 is
Q= (m,m) and hence interact strongly in underdoped com-resent only in the underdoped regime. Since the spectral
pounds. Conversely, the QP on regions of the FS locatedeight depletion is similar in the two compounds, we con-
near|k,| =|k,| are weakly coupled] and have been desig- clude that the pseudogap is intrinsic to a single p@ane
nated as “cold.’%4° As the doping level is increased toward and does not arise from interlayer interactions. Furthermore,
optimum, the SWD decreases rapidly, consistent with dhe results suggest that the loss of low-energy intensity in the
weakening of the AFM interactions between €An this B4 channel is due to strong antiferromagnetic interactions,

C. Summary
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which in turn impliesEg~J~700cm * for the pseudogap, 2,7/2) and decrease in length as the doping level is de-
an energy scale that is much larger than the energy ofreased, consistent with the behavior shown in Figs. 4 and 5.
the superconducting gap\{,e~100cni ). These energy
scales imply that the pseudogap and superconducting
gap arise from different physical mechanisms. Since super-
conductivity grows while the spectral weight loss or The authors gratefully acknowledge useful conversations
pseudogap diminishes, it appears that the two mecharwith T. P. Devereaux, T. Startseva, T. Timusk, and J.
isms compete with each other for the availableSchmalian. One of ug).C.1) has also benefited greatly from
guasiparticles. discussions with R. G. Buckley, J. L. Tallon, A. J. Trodhal,
Note added in proof We have recently learned of a and G. V. M. Williams during a visit to the Industrial Re-
paper® in which the authors demonstrate that an appropriateearch Laboratory in Lower Hutt, New Zealand. The finan-
form of FS nesting can lead to a FS that consists of arcs igial support of the Natural Sciences and Engineering Re-
planes perpendicular th,. The arcs are centered ne@/  search Council of Canada is gratefully acknowledged.
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