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Raman spectroscopic evidence on molecular mercuric bromide in the two-dimensional lattice
of (HgBr), sBi,Sr,CaCu,0,
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Polarized Raman spectroscopic experiments have been carried out for the mercuric bromide intercalated
Bi,Sr,CaCyO, single crystal in order to investigate the evolution of electronic and geometric structures of
host and guest upon HgBintercalation. All the present spectra indicate the presence of the symmetric linear
HgBr, molecule in the interlayer space of the intercalate together with an interaction between the intercalated
HgBr, and host lattice, which confirms clearly the previous extended x-ray-absorption fine structure/x-ray-
absorption near-edge structure resUl80163-18207)06209-1

I. INTRODUCTION ing nature and crystal structure, because this spectroscopy
is a very effective method to investigate the electronic and

Since the intercalation reaction makes it possible to hy'crystal structures of high, superconducting materi-

br|d|ze_ various kmds of chem|cql species into the same Crys316.7.9-2\oreover, this method has also been usefully ap-
tal lattice, it provides an effective method not only 1o de-pjieq to characterize the mercuric halide species in various

velop an interstratified compound but also to study thesiaies such as gas, solid, and molten salt, and to probe the
chemical and physical properties of low-dimensional materiigcal structure and bond strength @fg-X).22-24

als. Recently its application has been extended to figh-
superconducting materials, especially to Bi-based cuprate
superconductors with extreme anisotropic crystal struc-
turest A single crystal of pristine BSr,CaCyO, was synthe-
Previously we have performed systematic Ramarsized by the traveling-solvent floating-zone method. The in-
studies on iodine-intercalated Jfi,CaCyO, and tercalation of HgBj into the BLSr,CaCyO, single crystal
Bi,_,Ph.Sr,CaCu0,, and found that the guest iodine is was performed by using the vapor transport reaction between
stabilized as a tri-iodide ion, acting as an electron accégtor. the guest HgBr and the pristine BBr,CaCyO, . The first
Based on this finding, an attempt has been made to intercataged HgBy intercalate was prepared by heating a vacuum-
late various guest species with Lewis acidity. Recently wesealed Pyrex tube containing Br,CaCyO, single crystal
have successfully developed a type of highsuperconduct- and mercuric bromidémole ratio of 1:5 at 230 °C for five
ing compound ofM-X-Bi-Sr-Ca-Cu-O (M=Hg and Ag; days in a uniform temperature furnace.
X=Br and I, where a superconducting layer and an The formation of a single phasic intercalate was con-
insulating/superionic conducting one are regularly interstratifirmed by the x-ray-diffraction pattern as shown in Fig. 1.
fied!~ According to x-ray-diffraction(XRD) analysis and According to least-squares refinement, thaxis unit-cell
magnetic-susceptibility measurement, theXddntercalates parameters were determined to be 30.6 A for the single crys-
are all superconducting with slightly lowerdd (AT,=5-7 talline Bi,Sr,CaCyO, and 43.2 A for its HgBy intercalate.
K) relative to the iodine intercalatdT.=13 K), in spite of  Since there are two intercalated layers of Hger each unit
their remarkable basal incremefd=6-7 A) which is al-  cell of BiZSrzct';\CléOy,l‘3 each mercuric halide layer ex-
most twice as large as that for the first staged iodine intercapands thec axis by about 6.3 A, which is well consistent
late (Ad=3.6 A).1"3 In previous studies on the iodine- with the basal increment for the first staged HgBitercalate
intercalated BjSr,CaCyO, compound, it has been argued of the polycrystalline BerZCaCLQOy.l_S
that T, evolution upon intercalation is likely dependent on  On the basis of thg00) reflection intensities in the
one of two factors or both: the doped hole concentrdtion present XRD pattern, we have calculated a one-dimensional
and/or interblock couplin§.But an insignificantT, depres- electron density map along theaxis, as shown in Fig. 2.
sion upon H, intercalation seems not to be comparableAlternatively, we have obtained the other Fourier map from
with the interblock coupling modél.Therefore, we have the suggested crystal structure where the intercalated HgBr
turned our attention to an interaction between guest and hoss stabilized as a linear molecule with a tilting orientation
giving rise to the modification of the superconducting blockwith respect to the basal plane. As can be seen from the
and, therebyT . evolution. figure, there is good agreement between both electron den-
In this study, we have performed Raman spectroscopisity maps, confirming the fitness of the present structure.
studies on the HgBrintercalate of a single crystalline The Raman measurement was carried out at room tem-
Bi,Sr,CaCyO, compound to investigate its chemical bond- perature using a Jobin-Yvon/Atago Bussan T64000 triple

Il. EXPERIMENTAL
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26 (deg) FIG. 3. The polarized Raman spectra for the HgBitercalate

of Bi,Sr,CaCyO, single crystal with scattering geometry )
FIG. 1. X-ray-diffraction patterns for(a) the pristine z(xTzz,(zb) z(yﬁand(c) X(2)X
Bi,Sr,CaCyO, single crystal andb) its HgBr, intercalate. All re-
flections could be indexed on the basis of the double-slab tetragonal

unit cell. the cleaved surface gave identical spectra, indicating the ho-
mogeneity of the intercalate.

spectrometer equipped with micro-optics. The samples were

excited with the 514.5 nm line of the Ar laser. All the present IIl. RESULTS AND DISCUSSION

spectra were obyamed by backs_catten_ng from fres_hly cleaved e group-theoretical analysis based on the space group
surfaces of a single crystal with various scattering geomy4/mmm of tetragonal structure predicts six Raman-active
etries. In order to prevent possible thermal damage of thg‘1g modes for the pristine B8r,CaCyO, under the present

sample, the power of inciden_t laser light was maintained a&xperimental geometries, those which correspond to the
less than 20 W. The resolution of the present spectra Waymmetric c-axis vibrations of Bi, Sr, Cu, §, O, and

_1 .
3—4 cm *. The Raman measurements for a different area obCu_12,15 Among these Raman-active modes, the phonon

modes of Bi and @ appear at 65 and 634 crhin the
x(z2)x-polarized spectr&*® According to the previous Ra-

05 man study of the La-substituted i, _,La,CuQ, phase’*
oa | the latter peak is found to be quite sensitive to the modifica-
‘ tion of the SrO plane. On the other hand, the other fayy
03 b modes relating to the-axis vibrations of Sr, Cu, §,, and
Og; are observed at 116, 145, 409, and 466 trn the
0.2 | z(xx)z- and z(yy)z-polarized spectra, respectiveéfy-® Es-
pecially, the phonon line at 466 crhis expected to provide
@ 01f a sensitive probe to the variation of the,8j layer that may
2 be drastically affected by the intercalation reaction. In addi-
T or tion to these peaks, there are several weak bands originated
8 from orthorhombic distortion and incommensurate super-
N -0 structural modulatioh®*®
Figure 3 exhibits the polarized Raman spectra of the
0z HgBr,-intercalated BiSr,CaCyO, single crystal with the
os scattering geometries afxx), z(yy)z, andx(z2x. Regard-
' less of scattering configuration, a characteristic Raman peak
oa | with considerable intensity is observed at around 170%tm
Since there is no intense Raman feature in this frequency
05 region for the pristine compound, this peak should be attrib-

uted to the phonon mode of the intercalated Hg§pecies.

FIG. 2. Crystal structure of the tetragonal Polarizgtion-independent occurrence of this peak_ allows us
(HgBr,)o sBi,Sr,CaCuy0 , , together with one-dimensional electron to confirm f[he above gsagnment, _because the intercalated
density maps along the axis. The dotted and solid lines represent HJBr, species have a tilted orientation to the basal plane as
the calculated electron density based on the observed XRD pattersown in Fig. 2, resulting in considerable Raman activity of
and that on the basis of the present crystal structure, respectivelythe (Hg-Br) vibration for all the scattering geometrits
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The group-theoretical calculation based on the triatomiaue to the electrostatic interaction witBr!™-Hg?") pair. In
symmetric linear structure of point group.,,, predicts one fact, the in-plane bond distance @fig-Br) calculated from
Raman-active modgr;) and two Raman-forbidden but XRD and EXAFS results is well consistent with the in-plane
infrared-active oneév, andws). In fact, the free HgBrvapor  (Bi-Og;) bond length, which makes the effective interaction
with linear structure exhibits only one Raman peak at 228petween two bonding pairs possiffeSuch a hardening of
cm !, corresponding to the symmetric vibration modethe Qs mode is partially due to the oxidation of the, Bk
(v1).22~%However, a slight deviation from linear symmetric layer, which was found from the previogs x-ray-absorption
structure in the molten salt of HgBmakes the Raman- N€ar-edge structuréXANES) spectroscopic studyIn fact,
forbidden v, mode visible at 271 cm.2 For the HgBg this phqnon line is affected very dra_lstlcally by modification
vapor with isotropic components &1Br and®!Br where the ©f the BO, layer, as can be seen in the Raman spectra of
vy vibration mode is Raman active, the corresponding phon'SUbSt'MeOI BLPHSr,CaCuy0, compounds where this

non line is observed at 293 ¢rh?® But the present spectra of phonon line is replaced by a wide band extending from 450

- o . to 570 cm ! upon Pb substitutiol’. On the other hand, the
HgBr intercalate exhibit only a peak corresponding to thesplitting of this phonon line into two peaks at 520 and 585

symmetric stretchind,) vibration of (Hg-Br) but no peak cm ! indicates two kinds of oxygen sites in the,Bj, layer

corresponding to the Raman-forbidden m around : . . : .
270_2%0 leg indicating the presence of a Ii(r)gg)r symmetric of intercalate, that is, a Hg-coordinates site and an uncoordi-
' QDated one.

HgBr, molecule as in the gaseous state. This symmetri . .
gsh g y Another intense Raman peak is observed at 614cm

stretching mode is remarkably softened from 225 trfor . —— ; ) ; T

the vapor to 170 cmt for the intercalaté-~23 Moreover, its with thex(z2)x scattering configuration, which is reasonably

frequency is smaller for the intercalate than even for theass!gned to the-axis vibration of @, on the basis of polalr-'
ization dependence. Contrary to the spectra for the pristine

HgBr, solid (186 cmi t).2* Since this mode is quite sensitive . . S
to environmental effects as found in the marked solvenf:Ompound lehgr% }2'3 peak is split into two featL_Jres at 630
nd 660 cm~,~"the present spectra for the intercalate

shift,™ its frequency difference among the vapor, solid, an exhibit only a single peak as observed for the other interca-

intercalated states reflects different interaction with th tion compounds of iodine and 187 Such litting for
neighboring chemical species in each state. In the case of t(a{ on compounds ot 1odine a -~ Such a spiiting for.
e pristine has been understood as a result from a distribu-

vapor state, the HgBrexists as a linear molecule without . . . )
any significant interaction with the other molecules, whereastion Of OsBi-Og; force constants induced by the incommen-

in the solid state, the HgBis stabilized as a Céditype struc- Surate superstruc_tural modula’;i&ﬁwl.f’_’leln fact, only a single
ture where the HgBrspecies interact slightly with the other E)Oeal)( _corrt()aspon(;mgz goggmﬁ \f/lbrztartllorégg tge é’ipgx o>k<]ygen
one in the adjacent layé?.In contrast, there is a significant tsr; "E% serve Ia Ch or the ISBat ULy p_gse
electrostatic interaction between the electronegative broming" ! 19?(,0”0 ayer where inere 1S no SQB." Bi
and electropositive bismuth in the HgBintercalate. Since interaction.™“In the case of the present mtercalatlon com-
enhanced interaction with the environment gives rise to th@oqnd, a collapse of two peaks_mto a smgle_ peak_ IS ex-
weakening of the competingdg-Br) bond, the observed or- plained by the weakening of th@i-Og;) interaction, since

der of peak frequencyy (vapon>v (solid)>v (intercalate, the |n'tetrlaye|r t<j|stance of ?DZ flayecrjstk:str?hqch : longated d
is well consistent with the expected order of interaction with!PON Intercaiation. it was aiso found that this phonon mode
the neighboring chemical species. is softened upon intercalation as observed in the iodine in-

In addition to this peak, several Raman features Corre’gercalate, suggestive of the interaction between host lattice

i : nd guest molecufé!®
sponding to the phonon modes of the host lattice are als8 ;
observed. In order to assign these peaks, we have carried out T?gretrr]emalrﬁmed WezMeakst at tlr?4 11‘:1'. ?]nd 288
factor-group analysis on the basis of the structural modet™ ~ !N e Z(;X)Z an z(ylyf)z spectra, those fW Ich are
suggested from the previous XRD and extended X_raygss&gnegsto t Zttﬁtretlg:)na-orlbfldd;gdmodeCj) B}/B[g
absorption fine-structurdXAFS) analysesFig. 2).2 For the mode o r,zan € tetragonal-forbidden mode A
sake of simplicity, we have taken the HgBnolecule as an r(_aspect|vely1. Up to this point, three .modes of the expec';eq
atomic species located in the position of mercury ion, sinc X Aqg onestagetot;szr\_/eihand assg[ned, tt)Ut t'r;e rematgnng
this treatment hardly perturbs the phonon modes of the ho Erei are ndo feEc,e'c e mt be pLesen ;pec;hra. mon? em,
lattice. From this factor-group analysis, it is found that the €A1 MOGE OT BI Cannot be Observed In the present mea-

. . . : i 80-700 cm?) due to its lower frequency. On
intercalate has six Raman-acti¥e, modes, corresponding suring range( .

to the c-axis vibrations of Bi, Sr, Cu, £, Og,, and Q,, thg ott_her hand, t\t/vobpeaks corlrejporlﬂmg to theSQu %tlgh O
those which are the same as the pristine’s. vibrations seem to be concealed in the noise. Since the in-

As can be seen in Fig. 3, the most prominent chang rease of hole concentration gives rise to an enhanced me-

induced by intercalation is the appearance of intense featur gllic _scre_ening within _and betwee_n adée'lcent (_;}LJ@/ers,
at 520 and 585 ciit in the z(xx)z- and z(yy)z-polarized resulting in the weakening of peak intenstfithe disappear-

spectra. Judging from their frequencies, they are likely to b@nt%etﬁf peak_s rel"’)‘xgég /tgi A%'S@yer IItS We;]" Co?ﬁ"Stemo

attributed to one of two phonon modés,, vibrations of Q; with the previous : 'S results where the Gu

or Og,.12%3 However, their polarization dependence a"OWSIayer is oxidized upon intercalation due to the charge trans-
r- 1

us to interpret them as theaxis vibration of @;, which is fer
completely absent in the(zZ)x spectrum, rather than as that

of Og, with a strongzz polarization. Therefore, this phonon
line shifts upward from 466 to 520—585 crhupon interca- In this study, we have performed a systematic polarized
lation, which indicates the stiffening of tH@i®*-03% ) bond  Raman experiment for the HgBintercalate. A clear obser-

IV. CONCLUSION
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vation of the symmetric vibration mode @flg-Br) indicates  model where the intercalant layer is stabilized in between the
that the intercalated HgBmolecule is stabilized as a sym- Bi,O, layers but far from the SrO one.

metric linear molecule as in the vapor state. The softening of

this mode upon intercalation is well understood on the basis

of our structural model. On the other hand, there are remark- ACKNOWLEDGMENTS
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