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Raman spectra of BN nanotubesAb initio and bond-polarizability model calculations

PHYSICAL REVIEW B 71, 241402R) (2009

Ludger Wirtzl* Michele Lazzer? Francesco Mauf,and Angel Rubib
IDepartment of Material Physics, University of the Basque Country, Centro Mixto CSIC-UPV,
and Donostia International Physics Center (DIPC), Po. Manuel de Lardizabal 4, 20018 Donostia-San Sebastian, Spain
2Institut de Minéralogie et de Physique des Milieux Condensés, 4 Place Jussieu, 75252 Paris cedex 05, France
(Received 2 February 2005; revised manuscript received 14 April 2005; published 6 June 2005

We presentb initio calculations of the nonresonant Raman spectra of zigzag and armchair BN nanotubes.
In comparison, we implement a generalized bond-polarizability model where the parameters are extracted from
first-principles calculations of the polarizability tensor of a BN sheet. For light polarization along the tube axis,
the agreement between model atdinitio spectra is almost perfect. For perpendicular polarization, depolar-
ization effects have to be included in the model in order to reproducakihieitio Raman intensities.
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Besides its success in the characterization of a large range
of materials} Raman spectroscopy has also developed into
an invaluable tool for the characterization of nanotubes.
Since the first characterization @isorderedl carbon nano- Heregi(gy) is the polarization of the incidertscatteredilight
tube(CNT) sample€ the technique has been refined, includ-andn,=[exp(fiw,/kgT)-1]"" with T being the temperature.
ing, e.g., polarized Raman studies of aligned nanofubes  The Raman tensok” is

1
1" o g -A”-eslzw—(nv+ 1). (1)

isolated tube&.On the theoretical side, nonresonant Raman o WL
intensities of CNTs have been calculated within the bond- A=2 Bijy,—l\Ty‘, (2)
polarizability modeP® The empirical parameters of this ky VWVly

model are adapted to fit experimental Raman intensities vaherewﬁy is thekth Cartesian component of atogof the
fullerenes and hydrocarbons. However, the transferability ojth orthonormal vibrational eigenvector aktl, is the atomic
the parameters and the quantitative performance in nangnass.
tubes, in particular distinguishing between metallic and

3
semiconducting tubes, is still not clear. 5«/: _TE = %, (3)
In this Rapid Communication, we report on the Raman IE JEjduy, du,

spectra of boron nitride ”a”OtUbé_B_NNTS)-7'8 Recently, \yhere¢ is the total energy of the unit celE is a uniform
synthesis of BNNTSs in gram quantities has been repdited gjectric field andu,, are atomic displacements. This is
Their characterization through Raman and infrared spectrossquivalent to the change of the electronic polarizability of a
copy is expected to play an important role. However, due tQunit cell, a;; =Qy;; (where is the unit cell volume ang;
difficulties with the sample purification no experimental datathe electric susceptibilily upon the displacement,. The
on contamination-free samples has been reposbdnitio™® phonon frequencies and eigenvectBrare determined by
and empiricaf12 phonon calculations have determined thedensity functional perturbation thedfyas implemented in
position of the peaks in the spectra. However, due to missinthe codeABINIT.'* For the determination of the derivative
bond-polarizability parameters for BN, the Raman intensitiestensorB:jy we proceed in two waydi) we calculate it from
have been so far addressed using the model bondist principles using the approach of Ref. 15 afid we
polarizability parameters of carbdAOnly the intensities of ~develop a generalized bond-polarizability model.
high-frequency modes were presented, as it was argued that The basic assumption of the bond-polarizability
the intensity of low-frequency modes are very sensitive tonodel*®*is that the total polarizability can be modeled in
the bond-polarizability value. Here, we derive the polariz- terms of single bond contributions. Each bond is assigned a
ability parameters for BNp? bonds from a single hexagonal 'ongitudinal polarizability«;, and a polarization p_erpe_:ndécu-
BN sheet by calculating the polarizability tensor and its!a t©© the bonda,. Thus, the polarizability contribution;
variation under deformation. We compare the resulting spec?§ @ particular bond is
tra for BNNTs with full ab initio calculations. We derive b 1 ~ao 1
conclusions about the general applicability of the bond- 4ij zg(zapJ’“I)‘SiJ +(“I_“p)(RiRJ_§5Ij)7 (4)
polarizability model for semiconducting CNTSs. R

In nonresonant first-order Raman spectra, peaks appearwahereR is a unit vector along the bond. The second assump-

the frequenciesw, of the optical phononsy with null  tion is that the bond polarizabilities only depend on the bond
wave vectors. The intensitield are given in the Placzek lengthR. This allows the calculation of the derivative with
approximatiof as respect to atomic displacememﬁ/&uky, in terms of four
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TABLE I. Parameters of the bond polarizability model extracted
from ab initio calculations(see text

R

3 3 1(R2 r(R2

FIG. 1. Unit cell(marked by dashed linef a BN sheet for the A @A) A o(AY (A
calculation of the bond-polarizability parametefa) equilibrium a:0.28 o' 6.60

geometry,(b) geometry with one bond elongated. BN sheet 144 331 P" 1.03 pi*

apo: 0.44 @,:0.77
, , c-BN 1.56 1.58 0.42 4.22 0.90
parametersy (R), ap(R), ¢/ (R), and ap(R) (see, e.g., Ref. Diamond 153 1.69 0.71 . 0.37

17). The use of only one perpendicular parametgimplic-
itly assumes cylindrical symmetry of the bonds. That can be
justified in asp® bonding environment. However, in the

highly anisotropic environment in a sheetsjf bonded car-  erintion of a;; and its derivatives. In the shee, is about

bon or BN and.the_ porresponding nanotubes this assumptiqwce as large as in cubic BX&-BN) due to the additional
seems hardly justified. In our model we therefore define g,ntribution of ther electrons to the longitudinal polariz-
generalized polarizability with an in-plar{e,) and out-of-  apjjity Comparison of-BN with the isoelectronic diamond
plane value(ay) of ap. S shows a slightly higher polarizability of the C—C bond.

With the larger set of parameters, the polarizability tensor A 3 first application of the generalized bond-
takes on the more general form polarizability model, we present in Fig. 2 the polarizability
(per unit length of different BNNTs?° For the polarizability
along the tube axigz-direction, the modelEqg. (5)] agrees
hereS i it vect inti dicular to the bond i almost perfectly with ourb initio calculations. The polariz-
wheresis a un! v.ec orpoin 'r.'g perpendictiarto the bon Inability is proportional to the number of bonds in the unit cell,
plane, andr’ pointing perpendicular to the bond out of plane. which is proportional to the tube radius. For the perpendicu-
[In the case ofyi=ap,, Eq. (5) simplifies to Eq.(4) due to  |ar direction, the model calculations overestimate e
the relation§S+T;T;=&;—-RR;.] For the derivative tensor initio values considerably. This discrepancy demonstrates the

polarizability model would lead to inconsistencies in the de-

) = aRR + 2SS + apeTi Tj, (5)

(of a single bong we obtain importance ofdepolarization effecté the perpendicular di-
rection: due to the inhomogeneity of the charge distribution
(9&-- NN ~ A ~ ~ . . . . . . .
9% _ 55 - in this direction, an external field induces local fields that
AUy @ RRR+ al(dRIR; +R(4R)] counteract the external field and thereby reduce the overall
L aa A~ A polarizability. The size of this effect can be estimated from a
+ @SSR+ 4l (48)§ + S(4S)] simple model. Imagine a dielectric hollow cylinder of radius

, ana A~ oA R (measured at the midpoint between the inner and outer
o Ti TR+ apd (AT T + Ti(4T)) . © walls) and thicknessl. The dielectric constant in the tangen-
The total derivative tensdB” is then just the sum over all tial direction, g=(d+4mf3)/d, is different from the dielec-
da | auy., of all bonds of the system. The orientation of the Iric constant in radial directions, =d/(d-47,). Here, B,
plane at the position of a particular atom is thereby define@nd /3, are the polarizabilities per unit area of the BN sheet,
by the three nearest-neighbor atoms. which are extracted from the bulk calculatishiThe polariz-

In order to determine the six parameters of our model, webility y per unit length of the cylinder due to an external
performab initio calculations of the polarizability tensa; ~ homogeneous electric field perpendicular to the tube akis is

of a unit cell of a single BN she&'®[see Fig. 18)]. The

geometry of the system leads to the relatiomg=ay, ~ o7 sy Gomie ' ' ]
=(3/2)(eq+ o)) and ar,= 3y, (With the z axis perpendicular T sk Yj(model with depol.) (13,13)
to the sheet Displacing atom 2 in thg direction yields the £ .y, (model without depol.) 1109 -~
relation  day/ dup,=(3/4)(af + af) +(3/2)(ay+ ap) IR Fi- & S0[ 3 (abrinitio) " 8516’0) ]
nally, by changing the geometry of the unit cell such that one ~ § 4o = % (modeD 130 =" |
bond is elongated while the other two bond lengths and all 5 66) =~
the bond angles are kept constfsee Fig. 1b)], we extract 530 o .
the derivatives of the bond polarizabilitiesy = a;,, Z 20f e . T
api=ay,, and ay,=a;, The resulting parameters are dis- gt P
pf)ayed in Table | and compared to the parameters we calcu- % 1or o 7
lated for cubic BN and diamond. The longitudinal bond po- Ry i ! | !
larizability « is considerably larger than, which can be 0 4 .8 8 10
p tube radius (A)

intuitively explained as a consequence of the “enhanced mo-
bility” of the electrons along the bond. For the sheet, the FiG. 2. Perpendiculafy, ) and longitudinaly,) polarizabilities
perpendicular polarizabilities clearly display different valuesper unit length of different BN nanotubeab initio and our gener-

in the in-plane and out-of-plane directions. Without thealized bond-polarizability model. The influence of depolarization
added flexibility of different parameters, the bond- can be seen foy,.
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tra of the zigzag tubes. The peaks below 700 tare due to

FIG. 3. Raman spectrum for different BN tubes: Comparison oflow-frequency phonon modes that are derived from the
ab initio calculations (positive axi$ with the bond-polarization acoustic modes of the sheet and whose frequencies scale in-
model (inverted axi$. The symmetry assignment follows Ref. 23. versely proportional to the tube diametgxcept for the
The lettersR, T, L denote the character of the corresponding pho-E»(R) mode, which scales with the inverse square of the

non oscillation: radial, transverse, or longituditisée Ref. 10 diametet.1° The E,(R) mode gets quite intense with increas-
ing tube diameter, but its frequency is so low that it will be
1 d\2 (e, - 1)(1-02) _hard to Qistinguish it from the strong Raleigh—s;at'gering peak
YR) = - —< —> — — , (7) in experiments. Thé&;(L) peak has almost vanishing inten-
2 2/ (Ve = 1?07 = (Veje, +1)? sity in the ab initio spectrum and is overestimated in the

with ©=(R-d/2)/(R+d/2) and v:\s’%_ In the limit  Model. The radial breathing modBBM) yields a clear peak
R/d— o, the polarizability in Eq.(7) displays a linear de- that should be easily detectable in Raman measurements of

pendence on the radiusy(R)— y(R)~3, where y(R) ~ BNNTS, just as in the case of CNTs. Bo#b initio and

- : b : model calculations yield a similar intensity for this peak. The
_W('B‘ﬁfgi).R' This corresponds_to _the polgr|zab|llty without high-frequency modes above 700 ¢nare derived from the
depolarization effects and coincides with the undamped

model curve fory, (dotted line in Fig. 2 optical modes of the sheet and change weakly with diameter.
YL 9. . The A;(R) mode at 810 cimt gives a small contribution that
The depolarization effects are introduced into our model_ . . . .
by multiplying the undamped model curve for the perpen-.mlght b_e detgctable. The intensity decre_ases, “OWQ.V“-‘F with
dicular polarizability with the “damping” factor['(R) increasing diameter. The model only yields a vanishingly

= (R)/ 74(R). This factor depends on the cylinder thiCkneSSsmaII intensity for this peak. At 1370 ctha clear signal is

d. The valued=3 A, which corresponds approximately to giveq by theA(T) m'oq'e, which has very similar intensity
the full width of the charge density of a BN sheet, leads to anboth in model anab initio calculations. The small side peak

almost perfect agreement between model aid initio at slightly lower frequency is due to thig(L) mode. The

. 2 E.(T) peak at 1480 cnt is gaining intensity with increasing
calculations’ be radius. Th IR (el
To compute Raman intensities we make the further asiUPe radius. The overall Raman spectrum 18,10 arm-
sumption chair tube exhibits similar trends.

In Fig. 4 we show for th€16,0 tube the dependence of

I} ai) da; the intensities on the light polarizations. If bogh and e

ky _ | | — | i . .

i = e, L e, ®) point along the tube axigFig. 4@], only the A; modes are
Y Y

visible and described well by the mode&xcept the 810-
whereda;;/ duy,, is constructed according to E(6). We as-  c¢cm! mode. This coincides with the finding that for the po-
sume here that to first order the atomic displacement dodarizability along the tube axis, depolarization does not play
not change the depolarization. Ferj=3, i.e., for incoming  a role?* The E modes are only visible if at least one@®fand
and scattered light polarized along the tube akKjsz 1, oth-  e; has a component perpendicular to the tube EXigs. 4b)
erwisel';; =I'(R). and 4c)]. The bond-polarizability model reproduces these
In Fig. 3 we present thab initio and model Raman spec- peaks, but tends to overestimate thenodes. The inclusion
tra for the(9,0), (13,0, and(16,0 zigzag BN nanotubes and of depolarization effects is absolutely mandatory. Without
a (10,10 armchair tube. The latter two have diamet&r8.8  depolarization, the model overestimates the Raman intensi-
and 13.8 A in the range of experimentally produced BN ties for perpendicular polarization by about a factor of 15.
tubes®® The spectra are averaged over the polarization of th&he remaining discrepancies are mainly due to the assump-
incoming light and scattered light. We first discuss the spection in Eq. (8).
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In conclusion, we implemented the bond-polarizability modeled accordingly. A similar bond-polarizability model
model for BN nanotubes with parameters taken framini-  can also be developed for the nonresonant Raman spectra of
tio calculations and under inclusion of depolarization effectssemiconducting carbon NTs. However, due to the metallic
Going beyond previous models for graphitic systems, oubehavior, a bond-polarizability model is not applicable to the
calculations yield different parameters for the in-plane andyraphene sheet. Consequently, the modeling of the polariz-
out-of-plane perpendicular polarizabilities. Good agreemenjpility of semiconducting tubes is very sensitive to the band

between model andb initio calculations of the nonresonant strycture?® in particular to the bandgap that depends on the
Raman spectra of BN nanotubes is obtained for light polar;,gius and chirality of the tubes.

ization along the tube axis. For perpendicular polarization,

the inclusion of depolarization effects leads to a reasonable This work was supported by EU Network of Excellence
agreement between model agdlinitio spectra. The modelis NANOQUANTA, Grant No. NMP4-CT-2004-500198 and

implemented for single-wall BN tubes but can be extended t&panish-MCyT. Calculations were performed at IDRIS
multiwall tubes if the strength of the depolarization effects is(grant 051202 and CEPBA supercomputer centers.
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