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Raman scattering in YBaCu,Og and PrBa,Cu,Og: Indications of pseudogap effects
in nonsuperconducting PrBaCu,Og
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By analysis of the Raman spectra of superconducting ,ZB#g (Y-124), we observe a suppression of
low-energy electronic density of states that we link to changes in the linewidth of the Ba-phonon mode. These
effects occur at a temperature below 150 K, where also anomalies in resistivity and other physical properties
take place. We argue that these changes in the Raman spectra of Y-124 are connected to the opening of a
pseudogap. Analogous anomalies in resistivity and the Ba-phonon width in the nonsuperconducting homologue
PrBaCu,0Og (Pr-124 below 150 K suggest that similar pseudogap effects can occur without a following
transition to a superconducting state at a lower temperature.

[. INTRODUCTION ments probing the anisotropy of properties in #ié plane.
Several earlier studies of the temperature dependence of
One important aspect of underdoped cuprate supercomphysical properties indicate a crossover temperaflife
ductors is the observation of a partial opening of a gap, a=150K for Y-124. For example®3Cu nuclear quadropole
so-called pseudogap, in the electron excitation spectrum atesonance(NQR) measurement® have revealed effects
ready above the superconducting critical temperafyreée., aroundT* in the NQR frequency and the spin-lattice relax-
in the normal state. The pseudogap has been observed hyion rate on the Cufplane copper G), but not the CuO
several different experimental techniques, for instance tunehain copper C(i). Resitivity measuremerfts 2 have re-
neling spectroscopl, angle-resolved photoemission vealed a deviation from a linear temperature dependence in
spectroscopy;® optical conductivity¥® time domain the direction perpendicular to the metalfichains at about
spectroscopy,and electronic Raman scatterli¢f in most ~ T*. Hall-effect experiments have shown an anomaly in the
underdoped higfi-. superconductors. A review of experi- Hall angle occurring aroun@* when current is driven along
mental observations can be found in Ref. 13. The observahe CuO chaind?> A common explanation for the observa-
tions, which are at variance with observations for conventions made in Y-124 around* is an opening of &spin
tional superconductors and also with BCS theldnare  pseudogap? The observations made in Y-124 are all sup-
presently much debated and several theoretical models hayertive of the hypothesis that the effects on physical proper-
been proposed to explain it. Mechanisms suggested to lead ties observed aroun@* originate from the Cu@planes.
the formation of a pseudogap include the occurrence of pre- The substitution of Pr for Y in the Y-124 and Y-123 sys-
cursor pairing without phase coherertéel-wave pairing of  tems is a well-known exception from other substitutions with
spinons abovd ,'®!" a Fermi surface depletion due to vol- rare earths since it depresses superconductivity compfetely.
ume changes induced by the antiferromagneticThe reason for the effect of Pr substitution is not yet settled.
correlations® or the formation of striped phas&s. Several explanations have been suggested, e.g., hole filling
The double CuO chain systeRBa,Cu,0g (124,R=Y or by +4 valent PP® hybridization of Pr 4 and O 2 orbitals
rare earth has several advantages for studies of the physicdkeading to charge localizatioil,or partial substitution of Pr
properties of underdoped highs superconductors; it is in- on the Ba sité® For Pr-124 there is, due to the difficulty in
trinsically underdoped, the stoichiometry, e.g., oxygen conpreparing the material, few experiments reported in the lit-
tent, is very well defined, and the degree of disorder is lowerature. Resistivity measurements show a change in behavior
In addition, the 124 system is intrinsically free from twins, in at about 150 K, from a semiconductorlike high-temperature
contrast toRBa,Cu;0;, (123 which facilitates measure- behavior to a metal-like low-temperature behavior!
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Magnetization data for Pr-substituted Y-124 show a devia- Surprisingly, Pr-124 and Y-124 exhibit similar anomalies
tion in the susceptibility from a Curie-Weiss dependence ain the phonon parameters around 150 K, coinciding with the
about 150 K32 A sign of Cu spin ordering around this tem- semiconductor-to-metal-like transition in Pr-124 and with
perature has been observed in a neutron-scatterinG*.
experiment?® although no definite conclusion could be
drawn. Furthermore, changes in the thermoelectric power of
Pr-124 around 150 K have been reporitdAn earlier
Raman-scattering and infrared reflectivity stéftlyshows A single crystal of Y-124 with a slight Gd doping was
phonon anomalies as well as a sudden increase in the ratio gfnthesized using a self-flux method at high-oxygen pressure
carrier concentration and effective mass when cooling belowgs described in Ref. 39.T,=82 K (AT,~1 K) was mea-
150 K. It is clear that a crossover, visible in the temperatureyred using a standard ac susceptibility technique.
dependencies of several physical properties, occurs at around polycrystalline Pr-124 was produced at ambient pressure
150 K also in Pr-124. It iS, therefore, of interest to investi- using an agueous solution technique with citric acid as com-
gate low-energy excitations in the Pr-124 compound anghjexant. The details of the synthesis are described in a sepa-
make comparative studies with Y-124. rate publicatiorf® Resistivity measurements on Pr-124 were

Raman scattering is an important tool in the investigation§)erformed using a standard four-probe ac technique with lig-
of strongly correlated systems, as it gives simultaneous ingjd He as cryogen. Contact pads were painted on the pellet
formation about Iattice, Charge, and Spin excitations. Anotheth silver paste and the Spring_|0aded probes were S|mp|y
advantage of Raman scattering is that it gives informatiorhressed against the pads. Magnetization measurements on
about the COUp|ing betWeen different eXCitationS. In the hlgh'Pr_124 were performed using a standard Superconduting
T. cuprates, the electronic scattering is observed as an afuantum interference device technique.
most energy-independent continuum in the normal state, on The Raman-scattering experiments were carried out with
top of which the phonon peaks sit. The interaction between @ Dilor LabRam single-grating notchfilter-based micro-
Raman-active phonon and a Raman-active electronic corRaman setup using the 633 nm line of a He-Ne laser for
tinuum reveals itself by a broadening and an asymmetry oxcitation in a backscattering geometry. The spectrometer is
the phonon line profilé>*® which can be described by a equipped with a Peltier-cooled charge-coupled device detec-
Fano formula, tor. The laser spot size was approximately# in diameter

and the laser power incident on the sample was about 2 mW.
w— Wo 2 w— W 2
S VA

The samples were mounted in a CryoVac He continuous
T ) (1) flow cold finger cryostat capable of reaching temperatures
wherewy is the energy of the phonoh, the half-width, and
Q an asymmetry parameter that can be roughly expressed

II. EXPERIMENT

[(w)=A

1|
down to 10 K with a stability better thatn0.5 K. All Raman
data presented are corrected for the background contribution
frgm the spectrometer and for the thermal Bose factor. We
Use the Porto notation to indicate polarization geometries,
dq(p1p2)ds, whered, andd, represent the direction of in-

Q%_p i @) cident and collected scattered light, gmdandp, represent

Te Vp' the polarization of incident and collected light, respectively.
All directions are taken with respect to the crystal axes.
Primed coordinates represent a coordinate system rotated by
45° from thea/b axes of the crystal.

Q)

T, andT, are the phononic and electronic Raman matrix
elements, respectivelyV is the electron-phonon coupling
matrix element ang is the electronic density of states. The
half-width acquired from electron-phonon coupling can be IIl. RESULTS AND DISCUSSION

written as _
The temperature dependence of the resistance of Pr-124,

shown in Fig. 1a), reveals a peculiar nonmonotonic behav-
ior in the investigated temperature range, with a maximum
around 160 K. The overall resistivity in Pr-124 is much
These equations are simplified descriptions compared tlmwer than in the single-chain compound Pr-123, indicating
more complex approaches considering the anharmonic muthat the double-chain structure is capable of good electric
tiphonon decay and the energy dependence of the electronbonductivity. The data indicate a change from a high-
continuum explicitly*”*® However, we find that this simpli- temperature semiconductor-like behavior to a low-
fied picture accounts well for the coupling between the Batemperature metallic behavior at about 150—-180 K. This ob-
phonon mode and the electronic continuum treated in thiservation is well in line with those previously
work. reported?®303334A|s0 magnetization data shown in Fighl
In this paper, we report on a Raman-scattering study obn Pr-124 show an anomaly occurring at around 150 K,
changes in the phonon spectrum and low-energy electroniwhere the susceptibility deviates from a simple Curie-Weiss
excitations around; andT* for a Y-124 single crystal. The law, in agreement with the results of Adaattial*?
results are compared with results for a nonsuperconducting Figure 2 shows Raman spectra taken at 10 K for Y-124
Pr-124 sample. The phonon and electronic Raman scatterirand Pr-124. The spectra contain only modes of the 124
of Y-124 clearly show the opening of a pseudogap aroungbhase, indicating that the impurity content is ldw1%).
150 K. The Raman-active phonon modes in Y-124 have been as-
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FIG. 1. (a) Resistance as a function of temperature for Pr-124. The line is a guide to the eye. Several thermal cyclings are included in the
data.(b) Inverse magnetization vs temperature for Pr-124. The straight line shows an ideal Curie-Weiss behavior.

signed by Heyeret al** From left to right, the peaks are the mode in z(x'x’)Z configuration. The temperature depen-

Ba mode at 100 cit, the plane C(2) mode at 150 cm, dence of the Y-124(x’'x')z spectrum in the energy region

the chain C(l) mode at 254 cm', the plane @)-0O(3) of the Ba mode is shown in Fig(&®. It is clearly seen that

out-of-phase vibration at 337 ¢ the Q2)+0(3) in-phase  the phonon first hardens when lowering the temperature

at 430 cm', the apical @) mode at 497 cm', and finally ~ down to 90 K and then softens at still lower temperatures. A

the chain @1) mode at 603 cm'. Two striking features in  Fano line shap€Eq. (1)] was fitted to the phonon profiles,

the z(x’x")z spectrum of Y-124 are the remarkably asym-and the extracted fitting parameters for the asymmeRy

metric modes, Cl) at 254 cm?! and Q2)+0O(3) at 430  half-width (I'), and the position ;) as functions of tem-

cm 1, which are seen as almost steplike features in the speperature are shown in Figs(t8, 3(c), and 3d), respectively.

trum. The Pr-124 spectrum shows the corresponding modebhe energy of the mode exhibits a clear softening belQw

at almost the same positions, with the exception of tt®©  Furthermore, the half-width of the phonon decreases rapidly

O(3) mode that shifts by about 35 ¢th The shifts of the below 150 K and stays almost constant between 90 K and 10

phonon energies when replacing Y with Pr can mostly beK. The negative Fano asymmetry parameter shows a de-

explained by the size difference between the two s, crease below 150 K, showing that the line shape becomes
We now turn to the temperature dependence of the Y-124nore symmetric, indicating that the electron-phonon interac-

spectra. Around™, we find some interesting effects on pho- tion constant or the strength of electronic continuum de-

non parameters when altering the temperature. For examplereases. The sharpening occurs at about the same tempera-

the O02)+0(3) mode inz(x'x’')z geometry and the @Q)—  ture T* as earlier experiments report anomalies that can be

O(3) mode inz(x'y’)Z geometry soften and their line pro- attributed to the opening of a pseudodap’*** These

files become more symmetric beloli¥ . The energy of the

Cu(1) mode inz(x’x')z geometry stays almost constant be- — T :

low T*, in contrast to the expected further hardening. These 1057 T Q7o |[[® I,» “

observations suggest that the interplay between electronit ~ 108 des 2 - \‘i -1-4
. . . ' E -2 S ’
and vibrational degrees of freedom is affectedTat The 5104_ . 1Y O 45 ©
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FIG. 2. Raman spectra of Y-124 and Pr-124 taken at 10 Kfrom Ref. 46. Baselines ife) are indicated. Dashed lines (b), (c),
Baselines are indicated. and(d) are guides to the eye.
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FIG. 4. The electronic continuum in Y-124x"y’)Z geometry.  (gashed line, left scaj@nd the Ba phonon half-widtzircles, right
The dotted spectrum is taken at 290 K, the solid line spectrum at 9 calg for Y-124 vs temperature.

K, and the broken line spectrum at 10 K. The curves have been

thed for clarity.
smoothed for ciarty together with the half-width of the Ba-phonon profile. It is

iglear that the temperature dependence of the total intensity
correlates well with the Ba phonon half-width for Y-124. In
particular, the rapid drop of the intensity beloW, the
pseudogap opening, is well reflected by the phonon half-
width.

changes of phonon parameters agree qualitatively well wit
earlier single cryst4 and polycrystdf Raman-scattering
studies on Y-124see inset of Fig. 8 Especially the soften-
ing of the mode below . and the sharpening of the profile

below T* are well reproduced. h : | btained
We now turn to the changes of the low-energy electronic, W€ Now compare the Raman-scattering results obtaine

Raman scattering, which is present as an almost energf-r,Y'le' with the phonon Raman scattering of the polycrys-

independent continuum in the normal state of cuprat alline Pr-124 sample. In the Pr-124 spectra, most of the
superconductor¥. Figure 4 shows the 10 K, 90 K, and 290 Phonons show temperature dependencies typical of normal
K Raman spectra of Y-124 in(x'y’)Z geometry. The spec- anharmonic decay. The Ba-phonon mode in Pr-E2¢ Fig.

tra taken at 150 K and 250 K overlap essentially with the 2965) is an exception, showing both differences and similarities

K spectrum, whereas the 40 K spectrum is aimost indistin@S compared to the Ba mode of Y-124. The changes with

guishable from the 10 K spectrum. We note a large loss ofemperature on the phonon parameters are overall more dra-

spectral weight in the whole region below 800 choccur- matic in Pr-124, as seen by direct inspection of Fig).6The
ring between 150 K and 90 K. When cooling beldi data were fitted with a Lorentzi&hto extract the half-width,

there appears to be a slight further loss of scattering intenEig' 6(2)' and the 6”9293” Fir?'(ﬁ)’ of the phohnon as func-
sity, mainly below 400 cm?. This indicates a further depres- t|onsdo terrc]peratur.e.ll € phonorg) energdyfs %sz‘z tdempera-
sion of the low-energy electronic density of states when entU'® dépendence similar to that observed for Y- own to

tering the superconducting state. This would suggest th:H‘e temperature where Y-124_becomes superqonducting. The
there is a partial opening of a gap, a pseudogap, occurrin honon hardens with decreasing temperature in a manner not
between 150 K and 90 K. ie wéll abO\TeC=82K' fol- agreement with anharmonic decay. The total change of the

lowed by a further, but smaller opening beldi. Heyen Ba phonon energy in the investigated temperature region in

et al*® have investigated the superconducting gap in Y-124
using Raman scattering. In their study, no sign of a gap
opening aboverl. was reported. However, their electronic
Raman data were collectedixx)z andz(yy)z geometries,
which weighs the whole Fermi surface almost equally in 2
contrast to the(x'y’)z geometry used by us that is empha-
sizing along the reciprocal principal axgs andk, . How-
ever, the Cu@ plane related superconducting gap shown in:

n
[
[a:]
(,.wo) upIM-jeH

Intensity (arb.ul

their data to open below 325 ¢rhcorresponds well to the 12 g
extra loss of spectral weight we observe below the supercon 108 €
ducting transition temperature. l 104 3

If the Ba mode is coupled to the electronic continuum, we
would expect a linear relation between the linewidth of the
phonon and the electronic density of stdtese Eq(3)]. We
would furthermore expect to see the modulus of the asym-
metry parameteQ increase[see Eq.(2)], i.e., the phonon FIG. 6. The Ba phonon mode in Pr-124) shows the line
line shape would become more symmetric when the elecprofile as measuredb) and(c) show the half-width and the energy
tronic continuum vanishes. This is what we observe in Figof the phonon vs temperature, respectively. Baseline&)irare
3(b). In Fig. 5, we show the integrated Raman intensity be-indicated; the dashed curve is the fitted profile for the 290 K spec-
tween 100 cm® and 800 crmt as a function of temperature, trum. Dashed lines itth) and (c) are guides to the eye.
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Pr-124 is around 12 cnt, which is significantly larger than pseudogap opening is not necessarily followed by a transi-
the corresponding energy change of 5¢nn Y-124. The tion to a superconducting state at lower temperatures.
half-width of the phonon increases significantly with de- This clearly raises questions about the nature and origin
creasing temperature down to about 150 K, then decrease$ the pseudogap. One common element connecting Y-124
drastically with further cooling to 80 K. Below 80 K the and Pr-124 is the presence of antiferromagnetic correlations
width remains almost constant. This behavior is reminiscenin both compounds. Hence, if part of the pairing interaction
of that observed for Y-124, i.e., for both compounds there ids related to these correlations, it is not surprising that one
a rapid sharpening of the Ba phonon line below 150 K. Thecan observe similar effects in the superconducting and non-
total change of the linewidth is, however, one order of mag-superconducting systems. The difference might arise from
nitude larger in Pr-124. It can be noted that the very sharphat the charge carriers in Pr-124 are more localized and,
Ba-phonon profile at low temperatures in Pr-124 speaksherefore, are unable to establish a global superconducting
against a disorder induced by, for instance, any significant Pstate. It appears as if the pseudogap state might be important
substitution on the Ba site. for the development of the superconducting state, but is in
The polycrystalline nature of the Pr-124 sample made poitself insufficient to establish it.
larized spectra inaccessible, and we cannot make a compari- In summary, we have presented results from Raman scat-
son between the low-energy electronic scattering for Pr-124ering experiments performed on a single crystal of Y-124
and Y-124. It is a reasonable assumption, though, to statand a polycrystalline sample of Pr-124 at temperatures from
that the Ba-phonon anomaly in Pr-124 around 150 K has itd0 K to 290 K. In Y-124, we observe a large loss of spectral
origin in a depletion of the electronic density of states toweight in the electronic continuum below 800 chat tem-
which the phonon couples, similar to Y-124, considering theperatures below* =150 K. We attribute the suppression of
similar behavior. Resistance measurements do show thapectral weight to an opening of a pseudogap, as several
there is a crossover in both Y-12Refs. 21-2%4and Pr-124  other properties indicate the opening of a pseudogap at this
occurring at about 150 K. In other words, there are severalemperature. This suppression correlates well with a sharp-
similarities between the anomalies observed in Y-124 anening of the Ba-phonon line. The data indicate that a further
Pr-124 around 150 K, the temperature where the pseudogdpss of spectral weight occurs at energies mainly below 400
opens in Y-124. This leads to the suggestion of a commorm ! when cooling the sample below the superconducting
origin of the behaviors aroun@* in Y-124 and Pr-124. transition temperature. In the phonon Raman data of Pr-124
As a precaution, we note that in some reports it has beea sharpening of the Ba mode occurs around 150 K, similar to
suggested that anomalies around 150 K in Y-124 might bé&’-124. This leads us to suggest that a pseudogap opens also
related to a lattice instability. For instance, in slightly Ca-in nonsuperconducting Pr-124 at around 150 K.
doped Y-1242.5% Cg, several studies indicate the presence
of a second-order phase transiftor attributed to such an
instability. It seems likely that these effects are connected to
anomalies observed iipure Y-124 at the same temperature, = We would like to thank Peter Svedlindh at the University
considering that even such small Ca dopings induce the ebf Uppsala, Zdravko Ivanov at the Department of Microelec-
fects. Our observations of the change in linewidth for the Baronics and Nanoscience at Chalmers, and Miles Klein at the
mode might reflect this instability. However, the excellentUniversity of lllinois at Urbana-Champaign for valuable as-
correlation between the Ba mode sharpening and the supistance and discussions. The Swedish Superconductivity
pression in the electronic excitation spectrum in Y-124 to-Consortium, the TFR under DOSS 251 DNR 97-597, the
gether with the agreement with the Fano formalism, show®FG via Ru 773/1-1, the NSF through STCS via DMR 91-
that the Ba-phonon anomaly in Y-124 is more likely a 20000, and the State of Texas through the Texas Center for
pseudogap-induced effect. This does suggest that there isSuperconductivity at the University of Houston are acknowl-
pseudogap opening also in Pr-124, and therefore that edged for financial support.
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