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Raman-active phonons in BjSr,_,La,CuOg, 4:
Phonon assignment and charge-redistribution effects
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Phonon Raman spectra of Br,_,La,CuQ;, 4 single crystals withx values close to 0, 0.4, and 0.8 have
been investigated. Room-temperature measurements were performed in the five main polarization geometries,
including thec-axis polarized configuration. We identify theA4, symmetry modes that are Raman allowed
within the ideal body-centered-tetragonal unit cell, as well as several disorder activated phonon bands from the
BiO and/or SrO layers. For an increasing degree of La doping, {@#;0A;4 mode at 624 cmt softens by
12 cm ! betweenx=0 andx=0.8. We attribute this softening to a weakening of the G@}-Bi bond due
to a reduction in Cu and Bi valences when going from the overdopedd] to the underdopedx& 0.8)
regime.[S0163-18207)04829-1

[. INTRODUCTION redistributioni’ effect associated with the aliovalent substitu-
tion of La®* for SP'. It is now well established that La
Since the discovery of higiiz superconductivity in cu- substitution continuously pushes the Bi2201 system from the
prates, Raman scattering has been extensively used in invdigavily overdoped to the heavily underdoped regime, with a
tigations of phonons and other low-energy excitatibss ~ maximumT, of ~20 K aroundx~0.4.*%" Here we report
opposed to the case of, e.g., YBaLO;_4, the assignments the hole-concentration dependence of phonon Raman spectra
of phonon eigenmodes in Raman spectra of the Bi-base@lf Bi2Sk—xL&,CuG;.q using three single crystals witk
high-T. cuprates are still controversial.For instance, C¢lose t 0, 0.4, and 0.8 grown from melts doped with La.
the assignments of the two most prominent high-frequen:rhese La concentrations correspon_d to the over(_joped, opti-
cy oxygen modes at about 460 and 630¢min mally doped, and underdoped regimes, respectively. Poly-

Bi,SK,CaCyOg, ¢ (Bi2212 and B,SKLCUOs, (Bi2201) cryst_alline Ramanggectra of &, ,La,CuG;, 4 have been
have been much debated. The uncertainty in the phonon ag[ewously reported:
signments can be traced to two facts. First, the complicated
local structure of the BiO layers, characterized by an incom-
mensurate superstructdfe as well as local atomic Single crystals of BiSr,_,La,CuQs,4 with x values
displacements gives rise to a number of disorder-activated close to 0, 0.4, and 0.8 were grown from the stoichiometric
phonons, which complicates spectral interpretation. Secondnelts, as described in a separate publicatfomypical di-
ary, the micalike nature of Bi2212 and Bi2201 single crystalsnensions were~5x3x0.1 mnt. X-ray-diffraction mea-
makes c-axis polarized measurements experimentally desurements showed that the crystals were of the proper 2201
manding, even though this scattering configuration has progghase. The lattice parameterwas found to decrease with
vided important phonon information in other high-cu-  increasing La concentratiort being 24.698, 24.391, and
prates. 24.101 A forx=0, 0.4, and 0.8, respectively. Complex mag-
In a recent publication we argued that Ramannetic susceptibility measuremett$® showed that thex=0
measurements in thec-axis polarized geometry of andx=0.4 samples were superconducting with critical tran-
Bi,Sr,Ca _,Y,Cu,0q, 4 (Ref. 2 were crucial for a correct sition temperatures of ;=7 and 17 K, respectively, while
phonon assignment. The two oxygen modes~a60 and the x=0.8 sample was nonsuperconducting down to 3 K.
~630 cm %, for example, exhibit completely different polar- ~ Room-temperature Raman measurements were performed
ization dependencies, which indicates that these two modassing freshly cleaved crystal surfaces. The laser beam (
are connected with § and Q,, vibrations along the axis, =514.5 nm) was focused to &3 um diameter spot by a
respectively. In this paper we report Raman measuremen80X microscope objective. The scattered light was analyzed
on Bi2201 single crystals in the five main scattering geom-with Jobin Yvon/Atago Bussan T64000 triple spectrometer
etries, i.e., including the importaotaxis polarized configu- and collected with a liquid-nitrogen-cooled CCD detector for
ration. 1500-3600 s. The spectral resolution was 2-3tm
Another aspect considered in this work is thehdarge-  Throughout this paper, the scattering configuration is defined
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xx/yy polarized oxygen phonon at454 cm ! is due to the
O(3)gi A1y mode. Note that the very different polarization
dependencies of the 454- and 620-¢nphonons indicate
that the @3)g; and Q2)s, modes are largely decoupled, in
contrast to the mixed character predicted from shell-model
calculations**® Since the assignments of the two high-
frequency oxygen phonons have been much debated, we re-
fer the interested reader to Ref. 2 for a thorough discussion
of this topic. The depolarizedy spectrum of Fig. 1 exhibits
two broad and weak bands arourne?244 and~549 cm't
probably induced b¥ -symmetry phonons. Figure 2 shows
that polarization dependencies of each phonon are left more
or less unchanged by the La substitution. This is also the
case for the relative phonon intensities in each scattering
configuration. All in all, the phonon frequencies and polar-
ization dependencies in Figs. 1 and 2 are very similar to what
has been observed in Bi22%2.

In addition to the Raman-allowed phonons discussed
above the spectra in Figs. 1 and 2 exhibit broad peaks around
95, 199, 315, and 651 cm. The activation of these éxtra’
phonons is connected to the strongly distorted and nonideal
structure of Bi220£° Such modes are a common property
of the Bi cuprates, in contrast to the case of the Tl cuprates
(e.g., the TI2201 compouhtiisostructural to Bi220} Since

FIG. 1. Raman spectra of a f8i,CuG;.. 4 single crystal in dif- it js not clear which space group best describes the distorted
ferent.scattering configurationg. The .short lines denote the.zerquysta| structure, group-theoretical analyses based on lower
mtensny Igvel for the spectrum |mmed|ately above. Note the d'ffer'symmetry space groups would at best produce tentative as-
ent intensity factors. Some of the lines below 150°¢mre due to  gignments. In general we expect that these disorder-activated
rotational lines of air. modes involve ion displacements within the BiO and/or SrO

. _ . ] planes. It is known, for example, that the Bi and Sr atoms in
by notations such as(xx)z (or xx, in shor, which means  Bj2201 exhibit largea-direction shifts from the ideal tetrag-
that the incident light polarized along theaxis propagates onal sites compared to CuAlso, the disorder-activated
along thez axis, and the scattered light polarized along themodes do not gain intensity with decreasing carrier concen-
x axis propagates along the opposieaxis (i.e., z). The  tration [i.e., with increasing La concentration; see, for in-
coordinates X,y,z) are chosen to coincide with the crystal- stance, Figs. @ and 2b)] as is the case for CuP
lographic axes4,b,c). plane-derived phonons in, e.g., ,;Bi,Ca _,Y,C,0q. 4.

It is possible that at least some of the disorder-related
phonons in Bi2201 are activated by the well-known incom-
mensurate superstructure formation through Brillouin-zone
folding.}’ In this respect, it is interesting that the shoulder of

Figure 1 shows typical Raman spectra of athe Q2)s phonon, appearing at651cm ™ for the x=0
Bi,SKLCUQs, 4 single crystal at room temperature under theSample, becomes sharplesr and better resolved for increasing
five main scattering configurations in the 50—745¢m La doping[see Fig. Z)].™ This effect could be related to
range. A group-theoretical analysis of a body-centered tethe incommensurate-to-commensurate superstructure transi-
tragonal unit cell of Bi2201(space groug4/mmm) gives  tion that has been observed at around0.8 for La-doped
4A4 and £, Raman-active vibration with displacement Bi2201; as this would tend to decrease the disorder related
vectors along the anda axes, respectively. Note that only Width of a phonon activated through Brillouin-zone folding.
the BiO and SrO layerfi.e., the Sr, Bi, @), and G3)g; Indeed, th_e_ band shape of this phonon mode appears to be
ions] contribute to these even symmetry modes. very sensitive to thg presence or absence of th_e quulatlon.

The Bi2201xx andyy spectra of Fig. 1 exhibit two sharp _For instance, the side band at higher frequencies cﬁsappears
low-frequency A;; symmetry modes: the Bi vibration at the Ramag 19 zospectra of  modulation-free
~69 cm t and the Sr vibration at- 119 cm. Thezzspec-  Biz-xPBSRCUGs ¢, ™" where the Bi-Q2)s; bonds
trum exhibits, in addition to the Bi mode, an intense oxygenShould be vertically aligned in a more ordered way.
band at~624 cmi L. A comparison with Raman spectra of
the Bi2212(Ref. 2 and Bi1212(Ref. 13 compounds gives
strong evidence for assigning this phonon to th@)Q A,
mode, since both these structures exhibit intermgolarized
oxygen modes around-624 cmi! and the only Raman- The most prominent change in the phonon spectrum upon
active oxygen ion common to all three structures is theLa substitution concerns the position of th€23, mode
0O(2)s,. This assignment then implies that the exclusivelyaround~624 cni®. This phonon softens by 12 cm be-
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Ill. RESULTS AND DISCUSSION

A. Phonon Raman spectra of BjSr,_,La,CuOg, 4

B. Charge-redistribution effects
and apical-oxygen (2)g, phonon
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FIG. 2. Polarized micro-Raman spectra op®}_,La,CuGs, 4 single crystals withk=0, 0.4, and 0.8 at room temperature in scattering
configurations(@ z(xx)z, (b) z(yy)z, and(c) x(z2)x. In (c) the dashed lines show the two-Lorentzian fits of partly overlappingbands
in the high-frequency region (550—700 cH (Ref. 18. The short lines denote the zero-intensity level for the spectrum immediately above.

tweenx=0 and 0.8, as is clearly seen in the spectra of Figdiscrepancy, we may use a simplified version of therGru
2(c). From a structural point of view this is unexpected: theeisen approximatiofi:?2 only taking into account the con-
decrease in the average Sr/La ionic radiusz+=1.26 A,  traction in the phonon polarization direction along thaxis:
ris+=1.16 A) for increasingx, which is reflected in a

c-axis contraction by~2.5% betweerx=0 and 0.8(see y=—(13)[d(In »)/d(In c)]. @)
above, should push the @)s, phonon up in frequency. In Here y is the mode Graeisen parameter estimated from
order to get a rough idea of the magnitude of this frequencyigh-pressure Raman measurementss the apical-oxygen
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Aq4 phonon frequency, and is the c-axis lattice parameter. 670
In Fig. 3 (Refs. 23-3p we have plotted the observed - —— (Sr/La)-Bi2201 .
0(2)s, phonon frequencies versus La content together with 660 [ —4A— (BaLa)-TI2201 ]
the calculated frequencies derived from Efj). We have - —%— (Ba/Sr)-TI2201 7]
used a Groeisen parametey~0.6 estimated from high- [ —8— (Ba/La)-Y123 ]
pressure Raman measurements of Bi2®1gince no high- 650  —e— (BaS-v123 O -
pressure data on Bi2201 are available. The very similar = N i ]
0O(2)s, phonon frequencies in Bi2201 and Bi2212 justify this g 640 N ]
approximation. As a comparison we have also included data ~— - o i
on Y123 from Refs. 32 and 33, where Sr and La have been g [ ]
substituted for Barge+=1.42 A), as well as results on Sr- & 630 [ ot ]
and La-substituted TI220%:%° Figure 3 shows that only in & - ]
the case of Sr substitution for Ba in Y123 do the experimen- & C ‘\ ]
tally determined apical-oxygen phonon frequencies coincide 5 620 1 ) ]
with the calculated data derived from E@). The disagree- 80 n (Sr/La)-BIZ\ZOY\‘ ]
ment between,s and v, is most pronounceg for Bi2201 % 610 § N
and for the isostructural TI2201 system. The @gisen ap- - C ]
proach attempted above is of course an oversimplification of & C ]
the real physical problem, since the apical-oxygenpho- = = =
non frequencies should depend mostly on changes in the twc ® N ]
nearest-neighbor distances in the vibration direction. In the 2 520 [ | } %]
Bi2201 case the two relevant distances would be the short : N (Ba/La)—Ylj%;’y Lo ]
0O(2)s-Bi bond (~1.97 A) and the @)g-Cu bond e i . R ]
(~2.58 A) *® The anomalous softening of the(®s, mode s S10 H .
suggests that one of these bonds expands and/or weaker g " O mws (Ba/Sr)-Y123 ]
upon La substitution, although the total C2R,-Bi dis- 2 500 &= 7
tance has to decrease due to the decreasing Sr/La averac 5 L (Ba/La)-Ti oy V]
radius. Unfortunately, there are no published bond-distance = F (Ba a)_gn]@v ]
. ) . . L A A Lia¥Ea .
data on La-substituted Bi2201 to verify this hypothesis. 490 - o .
In the case of TI2201, however, the softening of the apical- © e A ]
oxygen mode upon La substitution for Ba can indeed 480 L V\ .
be correlated to a slight increase in the short TRg, - aty .
bond lengti?® We suggest that the anomalous phonon F (Ba/Sr)-T12201v .
frequency dependencies observed in the La-substitutec 470 L L ' ' .
Bi2201, as well as in the La/Sr-substituted TI22@®efs. 34 0 02 04 06 03 1
and 35 and La-substituted Y12%, are connected with
“ charge-redistributiofi effects induced by the substitution x (La, Sr content)

ions. In the Bi2201 case, band-structure calculafidffan-
dicate that the metallic state extends over the whole FIG. 3. Filled symbols show the observed changes in the apical-

OCU'CL,"OSV'%"OBi c0r+nplex. '?OP'”Q electrons into this COM-=" xygen(Og, and Q) phonon frequency upon La or Sr substitution
plex via L& for SP* substitution V\{ould thus tend to in- in Bi,Sr, La,CuO; . 4 (present resullsTI,Ba, ,La,CuG. 4 (Ref.
crease the average electron density on both Cu and Bgg) 1)8a,  SrcCuQ;., (Ref. 34, YBa, La,CuOg. 4 (Ref. 33
thereby decreasing the electrostatic attraction in theng yBg_,Sr.Cu0;, 4 (Ref. 32. Open symbols show frequencies
Cu-O(2)s-Bi bond. This should result in a softening of the estimated from the Gneisen approximatiofEq. (1), see text The
O(2)s, phonon. This interpretation is supported by thecalculations for Bi2201, TI2201, and Y123 are based onn@sen
permanganate- and iodometric-titration experiments whiclparametersy=0.6 (Ref. 25, y=0.5 (Ref. 26, and y=1.35 (Ref.
indicate a valence change fromBi*3%ICu*2%for x=0to  27), respectively.

~Bi™3%Cu*1 % for x=0.8." The same scenario should be
valid when La substitutes for Ba in Y123 and TI2201 as
well, although in the Y123 case the “internal pressure” in-
duced by the La-Ba size difference actually dominates th
frequency dependence. The anomalous phonon softening r
ported for Sr-substituted TI2201, has been interpreted "Bhe carrier concentration with respectTig through a chemi-
terms of an electron transfer from the Cu@ane to the TI-O cal substitution.

layers, resulting in a smaller electrostatic attraction between

Tl and Qs,.3* Similar “charge-redistributiolt effects ac-

redistribution’ processes in a large number of high-cu-
rates. Such information is important not only for under-
tanding the basic physical properties of highcuprates,

Bt also for making “educated guesses” on how to optimize

companied by an anomalousphonon softening also oc- IV. CONCLUSION
cur when, e.g., Co, Fe or Al is substituted for chain Cu in
Y12332 Measurements of the apical-oxygen; @z, pho- Polarized Raman spectra of ,Br,_,La,CuG;, 4 single

non, together with lattice parameter determinations, can thusrystals have been measured under the five main scattering
be used for detection and interpretation ofcharge- configurations, including thec-axis polarized geometry.
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From the polarization dependence and a comparison withution’ induced by the La substitution, resulting in a weaker
previous reports on Bi2212 and Bil1212, we identify the Cu-O(2)s-Bi bond.

4A,4 symmetry modes that are Raman allowed within the
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