PHYSICAL REVIEW B VOLUME 56, NUMBER 8 15 AUGUST 1997-II

Impurity screening in carbon nanotubes

M. F. Lin" and D. S. Chuu
Electrophysics Department, National Chiao Tung University, Hsinchu 30050, Taiwan, Republic of China
(Received 3 January 1997; revised manuscript received 7 April)1997

Nanotube geometry determines electronic structure and thus impurity screening. A metallic carbon nanotube
could effectively screen a charged impurity, while a semiconducting carbon nanotube could not. The ability to
screen a long-range Coulomb field is mainly determined by whether there are free carriers in the subbands
nearest the Fermi level. The detailed screening properties are sensitive to the impurity position, and the tubular
structure(such as radius and chiral angl&trong, short-wavelength Friedel oscillations at long distances are
found to exist only in metallic armchair nanotubes. They are relatively obvious for a smaller armchair nano-
tube, and could survive at room temperaty®0163-18207)06632-0

[. INTRODUCTION gation of screening-related physical properties, such as the
impurity level? the residual resistivity° the interaction en-
Carbon nanotubes have stirred many studies, since thegrgy of a pharged pa_rticle with a carbon nanottbetc.
were found in 1991 by lijima. They are predicted to be ~ Screening properties could be understood from the re-
metals or semiconductors, depending on radii and chiragponse functiony or the d|electr2|c_funct|_one. The self-
angle$ A single-walled nanotube could be regarded as gonsistent-field (SCH approactt? including the band-
rolled-up graphite sheet in cylindrical form. It is character-Structure effects, has been used to calcujateThe band
ized by a two-dimensional2D) vector R,=ma,+na,,®  Structure directly affects the characteristicsyoénd thus the
wherea, anda, are primitive lattice vectors of a graphite SC'€€ning properties. Whether a carbon nanotube could
sheet. A nanotube represented bm,f) has a radius screen the long-range Coulomb field is mainly determined by
r = by3(m2+ mn+ n?)2m(b=1.42 A and a chiral angle X [Eq. (3)] at zero momentumg=0) and angular momen-
9=tar _\/§ [(2ma It N tal iconduct tum (L=0). A finite x(q=0,L=0)=0.031, which is identi-
=tan n/(2m+n)]. IS a meta (St;:;mlcon uctor fied to be due to the lineal, subbands, is the same for all
when 2n+n=3I(+ 3l, wherel is an integex.” For a metal-
lic nanotube, the band gap due to the Peirels distdrfiand
the o-7 mixing effect is negligible at room temperature
except for a very small zigzag nanotub@=(0°).* The band
property, metal or semiconductor, will be reflected in most of
the physical properties, e.g., the impurity screening, studie:
here.
The tight-binding modet, as employed for a graphite
sheet, is used to calculate the bands formed by g, orbit-
als. A carbon nanotube has many 1D subbands, which ai
described by the axial wave vectors,s) and discrete an- 2
gular momenta I's). A metallic nanotube has linear sub- ™~
bands(denoted byd,’'s) intersecting at the Fermi levéFig. e
-
Nl
<3

Ep=0 eV

1); that is, the density of statd®OS9) is finite atEg. The

electrons in such subbands behave as free carriers in normr

metals, and make an outstanding contribution to the low: | e Y Y ( ; Jaf7 %%990%

frequency or static physical properties. They are thus ex 7 """" g'g ! j'*;gg ‘xf\’%o%o

pected to k_Je capable of completely screening the I_ong-rang 00600 16’4’ . 3,=22 S

Coulomb field. On the other hand, a semiconducting nano 17 e 10,4§; J,=30

tube without such free carriers could not effectively screen ¢ T 13,0); J=9

charged impurity. “L6 o T
Several theoretical studies on screening properties of ca - ’ ’

bon nanotubes have been performed. It is predicted that tr k,/G

impurity level in a semiconducting nanotube is a shallow

level? and that any nanotube could screen large external [ 1. The energy dispersion relations for the bonding energy
electric fields’ In this work, screening of a charged impurity pands nearest the Fermi level. They are symmetric, dBp&t0, to

is mainly studied at room temperature. The dependence Ofe antibonding energy bands. The metallic nanotubes, which in-
nanotube geometrisuch as radius and chiral anglémpu-  clude the(7,7), (9,6), and(10,4) nanotubes, have the linedy sub-

rity position, and temperatureT] is included in the study. bands intersecting &-=0. However, the semiconducting3,0

The present study could provide a basis for further investinanotube has the parabolic subbak9.
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metallic nanotubes. Howevey,(q=0,L=0) vanishes in all
semiconducting nanotubes. A logarithmic singularity at a fi-
nite g=2kg (kg is the Fermi momentujmandL =0 is fur-
ther found to exist only in a metallic armchair nanotube
[a(m,m) nanotube withd=30°]. It originates from the ex-
citation betweent kg states within the samg, subband. It is
even absent in other metallic chiral nanotubes with finite
ke's, owing to the lack of reflection symmetry. Such a sin-
gular structure could cause strong, short-wavelength Friedel
oscillations at long distances. The dependence of Friedel os-
cillations on impurity position, nanotube radius, and tem-
perature will be investigated. The above-mentioned charac-
teristics ofy clearly illustrate that the band structure plays an 0.0
important role in impurity screening. 0 1 2 3
This paper is organized as follows. The relation between
the 7= band and the static response function is discussed in 0.2 i (b)
Sec. Il. Screening properties of carbon nanotubes are studied : :
in Sec. lll. Concluding remarks are given in Sec. IV.

0.1

x(q,L=0)
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II. STATIC RESPONSE FUNCTION

:0)

The 7 band is briefly reviewed as follows. It is calculated

=
using the nearest-neighbor tight-binding Hamiltonidrhe o
energy dispersions of them;n) nanotube are ~
o 3b(kycosf+k,sing)
E> (kx,ky)zi’yo 1+4 co 2 — T=1200 K
0-1 T T T T T T T T T | T T T T T T T T T
. 1.5 1.7 1.9
\/3b(kysing—k,cosh) o_,
X COS 5 q (A7)
ing— 12 FIG. 2. (a) The static response functigp(q,L=0) for various
3b(kysind—k,cosd)
+4 cog > , nanotubes is calculated at room temperature. Also shown for com-

parison is that from the lineal,=7 subband in th€7,7) nanotube.
(1a (b) x(g,L=0) of the(7,7) nanotube exhibits a singular structure at

. . g=2kg, which is displayed at various temperatures.
and the corresponding wave functions are

metals due to the finite DOS B=0. The free carrier num-
1 _ HI(ky ky) ber per areal) is inversely proportional to radius. On the
Wk, ky)= E Ul(kx’ky)+muz(kX!ky) : other hand, a semiconducting nanotube has an energy gap
12meTy (1b) Eq 1/r.1* For example, thé7,7), (9,6), and(10,4 nanotubes
are metalgFig. 1), and the(13,0 nanotube is a semiconduc-
The superscripte€ and v, respectively, represent the anti- tor with E;=0.82 eV. Second, a metallic nanotube has a
bonding E=0) and bonding energy bands. They, as showrfinite (vanishing Fermi momenturnkz=*=G/3, if n—mis
in Fig. 1, are symmetric to each other about the Fermi leveequal (unequal to 3d1.1* G is the reciprocal-lattice vector,
Er=0. The transverse wave vector obtained from the periandd is the highest common divisor ofi andn. For ex-
odic  boundary  condition is k,=J/r, where amplekg of the(7,7) and(10,4 nanotubes i$/3, and that
J=1,2,...N,/2; N, is the atom number in a primitive unit of the (9,6) nanotube is zero. A metallic nanotube exhibits a
cell® The angular momenturd could serve as the subband finite y and q=0 andL=0, which is demonstrated to be
index. The axial wave vectdt, is confined within the first mainly due to the excitations from the states nkar Eq.
Brillouin zone.U; and U, are the two tight-binding func- (3)]. The finite y(q=0,L=0) contrasts strongly with the
tions, andH, is the nearest-neighbor Hamiltonian matrix vanishingy(q=0,L=0) in a semiconducting nanotube. The
element. The resonance integrgj=3.033 eV is taken in value of y(q=0,L=0) determines whether a carbon nano-
this work? tube could screen a charged impurity. Finally, carbon nano-
The geometric structure uniquely determines the electubes exhibit the reflection symmetiy(J,k,)=E(J,—ky)
tronic structure and thus the impurity screening. There argvhen the hexagons are arranged along the tubular axis in a
three main characteristics in the-band structure. First, a nonhelical fashion. They include both armchair nanotubes
metallic (m,n) nanotube, with t7a+n=3l, has linearly dis- and zigzag nanotubes, e.g., tfi€7) and (13,0 nanotubes.
persive antibonding and bonding bands intersecting aHence only an armchair nanotube has finite Fermi momenta,
Er=0. TheJ, subbands are described by the dispersion rekg =+ G/3, in the same linear subbadg. This means that a
lations *v¢|k*+kg|(vi=37,b/2). The carriers in such sub- (m,m) nanotube could exhibit the excitation betwesik,
bands would behave like conduction electrons in normaktates within the sam&, subband. Such a kind of excitation
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would lead to a singular structure j(q=2kg,L=0) [Figs.

2(a) and 2b)] and thus Friedel oscillationgigs. 5 and &

The m-band structure is included in the calculation of
dielectric function via the SCF approath.The static

€(q,L) of a single-walled carbon nanotube is givertby

€(q,L)=€—V(q,L)x(q,L), (2a)

dk
,L)=2 y
X h,hzzc,u g flsth(ZW)z

X[(3+L,k,+q;h’[€9et4| 3k, ;h)|2

y fIEM (3+L,k,+q)]— f[EN(J, k)]

; , (2o
EM(I+L.k,+a)—E"(J,ky) .
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screening properties. The finite valuexdfqg=0,L=0) could
be derived from the expression

x(q—0L=0)
B 2 ko dk, 3
— ) gk vkt q—ke| toglk—kel”

The contributions from the spin, E€R) and the degeneracy
of J,, Eq.(2) (or the states near the finitekz) have been
included in Eq.(3). Furthermore, the transition matrix ele-
ment in Eq. Zc) is equal to 1(0) for the left-hand(right-
hang states ok=k.

The value ofy(L=0) atq=0 is the same for all metallic
nanotubes; that aj=2kg, however, might be quite differ-
ent. An armchair nanotube would exhibit an obvious peak
structure atq=2kr=1.703 A1, e.g., the(7,7) nanotube
[the light solid curve in Fig. @)]. It is caused by the —c

excitation betweent kg states within the same linear sub-
band J,. Other chiral nanotubes, with finitk:'s, do not
exhibit such a singular structure because of the absence of
reflection symmetry, e.gx of the (10,4 nanotubdcircles in

Fig. 2(@]. The singular structure af=0 is a logarithmic

where

[(3+L,ky+q;h’[€e-4|3,k, ;h)|?

1 g%+ (L/r)?]) ~© divergence[the light dashed curve in Fig.(®]. It can be
=711t 36 obtained from the expression
Hio 3+ Lk, + HEJky) | ke ,L=0 J dk, 4
] ] = oC
X‘l"‘ 12! y 12 y (ZC) X(q*) F ) Uf|k+q_kF|+Uf|k+kF|' ( )

T H(I+ Lk + @HII k)| | o . .
[Had v+ OHL y)” where the upper or the lower limit of thek, integration
includes the— kg state. The logarithmic singularity becomes

€o=2.4 is the background dielectric constant due to all ex- : ; .
J : a peak structure &b increases, and disappears at high tem-
citations outside the = band®  V(q,L)= P uctu ! 'Sapp 'J

: . . eraturege.g., T=1200 K for the(7,7) nanotubég It is less
4me?l (qr)K.(qr) is the Coulomb interaction of a 1D elec- gpparents{fo?a larger armchair nanotube, and¢is more easily
tron gas(EGS, wherel (K,) is the first(second kind of  pjrred by the increasing. Generally speaking, an armchair
modified Bessel function of orddr. f is the Fermi-Dirac  nanotube withr <30 A could exhibit a singular structure at
function. The electron-electron interaction in a carbon nanoT <300 K.
tube includes two parts/(q,L) and a transition matrix ele-  The aforementioned singular structure deserves a closer
ment betweerh andh’ bands in Eq(2c) + and— in Eq.  examination. Within the tight-binding model, the-band
(20), respectively, correspond to=h’ andh#h’. The tran-  states of a carbon nanotube are sampled from those of a
sition matrix element is calculated from the band structuregraphite sheet, i.e., they are derived from the states inside the
which is very important in determining the static responsehexagonal Brillouin zoné.The +kg and —kg states in an
function. armchair nanotube, respectively, come from the two neigh-

The main features in impurity screening are closely re-boring corners, th& andK’ points. The excitation between
lated to the response function of the=0 excitations(Sec. =K states thus corresponds to the intervalley excitation, the
). The q dependence of the static response functiolK—K' excitation, in a graphite sheet. The similar logarith-
x(q,L=0) is shown in Fig. 2) for various nanotubes at Mic divergence aT =0 could also be found in a 1D EGS,
room temperature. The effect of temperaturesyds gener-  Which suggests that there exists a Peierls transition. Here an
ally weak except for the singular structure in an armchair@mchair nanotube might change from a metal into a semi-
nanotubdFig. 2(b)]. The excitations from the bonding to the conductor with a very narrow energy gap. The mean-field
antibonding energy bands {-c), the only excitation chan- transmon temperatureT() of a small armchair nanotube is
nel atT=0, would uniquely determine the principal differ- €Stimated to be much lower than room temperafuvtore- _
ence between semiconducting and metallic nanotubes. FQVer, Tc is very rapidly reduced as the nanotube radius
semiconducting nanotubes, the~c Coulomb interactions |ncrease§.ln general,.the. effect_due to Peierls transition on
[Eq. 2Ac)] vanish at q=0 and L=0, and so does the electronic properties is predicted to be negligible even at
x(q=0L=0), e.g., the(13,0 nanotube(the light dashed 'OW temperature.
curve. On the other hand, all metallic nanotubes have the
samey(q=0L=0)=2/7?v;=0.031. The finite value origi-
nates from the linear dispersion @f subbands, since the The dielectric function in Eq(2a) is used to study the
v—c Coulomb interactions may exist in these subbands, buscreening properties, mainly the effective potential and the
not in other subbands. For exampg(q=0,L=0) of the induced charge distribution. They are calculated for various
(7,7 nanotube is due to the linear subbahg-7 (the solid- nanotubes, with one charged impurity at the center or the
circled curve. In addition, other subbands contribute to surface. The effect due to temperatures is also investigated.
x(L=0) atg#0, so that they would modify the short-range  The ionized impurities may come from the substitutional

Ill. IMPURITY SCREENING



56 IMPURITY SCREENING IN CARBON NANOTUBES 4999

atoms (e.g., borons and nitrogen’ the intercalant atoms

(e.g., the alkali-metal atomsand the incident charged par- 0.5
ticles (e.g., the positrons! A large concentration of K and

Rb has been successfully intercalated into a carbol
nanotubeg® and electrons are suggested to be transferre 0.4
from the former to the latte'® The impurity screening stud-
ied here is suitable for the dilute intercalation, but not the
above-mentioned dense intercalati8i.et us first consider a
single-walled carbon nanotube including one charged impu
rity Ze at (R=vyjn,»=0°,y=0) (the cylindrical coordi-
nate. The charged impurity produces an external Coulomt
interactionV®{(q,L)=47Z€l (qr-)K (qr=) [r(r-) the
smaller (largep of r and r;,], on the (m,n) nanotube.
Electrons on the carbon nanotube would screen thi
external potential. The effective potential and the inducec
charge density within the SCF approach are
given by Ve(q,L)=V®{(q,L)/e(gq,L) and n"(q,L)= S
x(q,L)Vef(qg,L). The real-space effective potential is ob- 0.0 P ARARAREP SRR SARRAARAP SRR AR
tained by the inverse Fourier transform

o
w
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o
[\
IR IS T T " TN ST T WO N SN TN PO SR AN TR TN N SN U TN TN WO N '

Vi(y)/V(y)

0.1

10

y/r

+

1 . te
Ve p,y) = yp > e"‘d’f e'Wvei(q,L)dg. (5 FIG. 3. The ratio of the effective potential vs the external po-

Tl=-o - tential is shown for various nanotubes, with a charged impurity at

—_ H eff ex;

A similar relation holds true for the induced charge densityg;ev(;?m?;(rthgrjg_fg iﬁze'sl&?cz%i;%setniﬁfbegg \é) ;)r/n)d
n"(¢,y). The total induced charges are given by (13 1])y Tha% c)(/)rres onding to the Iinea£:g7 subband in ’thé7 7
vef(q,L)x(q,L) at g=0 and L=0. They are equal to o P g !

e L . nanotube is also displayed in the lower inset for comparison.
—Z2e(0) for a finite (vanishing x(q=0,L=0), since the pay P

) L . { - . r;=4.75 Ais the radius of thé€7,7) nanotube, here and henceforth.
Coulomb interaction is logarithmically divergent there. This
result implies that metallic and semiconducting nanotubes
are, respectively, able and unable to screen the long-rangeibbands, since the largebehavior of Vefi(y) principally
Coulomb field. It is also a good indication of the validity of reflects the smali characteristic ofy(L=0). For example,
the calculated response function for carbon nanotubes.  the J,=7 subband of thé7,7) nanotube produces a finite
The valence of the charged impurity is takerZas*1 in (L =0) at smallq’s [Fig. 2@)], so that the free carriers in it
the following calculations: The .effecti\'/tle potential in £§) have the ability to screen the long-range Coulomb fiéte
strongly depends on the impurity position. Thg=0 case,  gqlid-circled curve in the lower insetOther subbands make
Wh_ere a c_harged |mpu_r|ty is situated at the center of a hoII_ovxél contribution toy(L=0) at finite g’s, while they only
cylinder, is ﬂrgt examined. The extemal Coulomb .pOtent'almodify the effective potential at short distances. In short, the
for .L:O’ Ame“K _o(qr), is the only electric potential; Eq. main difference in screening properties between metallic and
(5) s thus reduced to semiconducting nanotubes is determined by whether there
1 [+e are free carriers or not.
Vefi(y) = —zf e'vvefiq,L=0)dq. (6) The detailed screening properties are sensitive to the
4m°) nanotube radius. The effective potential is almost the same

The effective potential and the induced charge density arl" various metallic or semiconducting nanotuligarious
independent of the azimuthal angfe This result is consis- ¢'S) With similar radii, e.g., metallic nanotube&’,7), (9,6),
tent with the symmetry considerations. and (10,4. However, the free-carrier density of metallic
The ratio of Ve(y) to VeX(y)[ =€/ J(rm—1)2+y?] is nanotubes .and the energy gap.of semiconducting nanotubes
shown in Fig. 3 for various nanotubes. TH&7) nanotube are appreciably affected by radius, so does the effective po-
and the(13,0 nanotube, with similar radii, are taken to il- tential. A smaller metallic nanotube has higliertherefore,
lustrate the main difference between metallic and semiconV®"/V®* would fall off more quickly, as obtained from the
ducting nanotubesve/Vve* of the (7,7) nanotube(the light ~ comparison of the7,7) and (12,12 nanotubes. But for a
solid curve decreases witly’s, while the opposite is true for smaller semiconducting nanotubé®"/Ve is comparatively
the (13,0 nanotube(the light dashed curye Furthermore, high, as shown by th€¢13,0 and (13,11 nanotubes. The
the former at long distance approaches zeros approximatelyicreasingg, or the stronger binding of valence electrons is
in the formVe/ vy~ which is in great contrast with the the main reason. The short-range screening of the Coulomb
finite value 1£;=0.417 of the lattekthe upper inset in Fig. field is more efficient for a smaller metallic nanotube—a
3). The long-range Coulomb field is effectively screened bytrend contrary to that of a smaller semiconducting nanotube.
a metallic nanotube, but not a semiconducting nanotube. MeFhis feature is essentially independent of the impurity posi-
tallic nanotubes thus behave as good conductors, and sentien. The calculated effective potential would be useful for
conducting nanotubes as dielectrics. The screening ability aftudying other physical properties, e.g., the impurity Iével,
a metallic nanotube results from the free carriers indpe the elastic scattering between conduction electrons and
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N Ze
J N"(y)dy= — (7)
-

0.09

0.07 \ is sensitive to radii, but not chiral angles. It is above 3.4
and 5.7 A, respectively, for th¢7,7) and (12,12 nanotubes.
Gl S O L The induced charge distributions are relatively extended for
0 2 4 8 a larger metallic nanotube, owing to the lower free-carrier
density. The characteristic length is also useful in under-
standing under what condition the impurity distribution is
dilute. Impurities are indicated to be distributed in a dilute
manner, when the average distance among impurities is
much larger tharm\. Their correlations are generally weak
under such a condition.
When the impurity position is changed from the center to
- the surface, the screening properties become complex be-
=0.01 T T cause of the dependence on azimuthal angle. The average of
2 4 6 8 10 . S :
¢'s here is taken to simplify the problem. That is to say, the
y/ri L=0 excitations, as expressed in Ef), are the only con-
tribution to the impurity screening. Such an average is based
FIG. 4. The induced charge distributions along the tubular aX|son the following reasongi) If all L #0 excitations are taken
are ShOW']nfor various nanotubes. The inset shows the comparisqfy, consideration, the numerical calculations of the multidi-
betweenN"(y) due to all subbands and thig=7 subband in the  ,engional integration in Eq&2b) and(5) will be difficult to
(7.7) nanotube. be managed. Some of them are calculated, and their contri-
charged impuritied® and the interaction energy between abutions to screening properties are smaller than those of the
carbon nanotube and a charged parﬂ&le_ _ L=0 excitations.(ii) Impurities, for example, borons and
The screening charges per unit lengtf\™(y)  nitrogens, on a carbon nanotube might be distributed in a
=2an"(y), for ther,,,=0 case is shown in Fig. 4. For semi- random and dilute manner. The above approximation is suit-
conducting nanotubes, the induced charges near a positiable for such kind of impurity distributioriii) The essential
charged impurity are electrons, and others are holes, e.gsereening features are expected to remain unchanged, since
N"(y) of the (13,0 and (13,11 nanotubes. They are essen- they are principally dominated by tHe=0 excitations. For
tially distributed along the tubular axis in a dipolelike form, example, the ability to screen the long-range Coulomb field
and the net induced charges are zero. The dipolelike distridepends only on the=0 excitations of the free carriers in
bution, which weakly reduces the Coulomb fi¢klg. 3), is  the linearJ, subbands.
the basic response of valence charges to an external electric The effective potential for the;,=r case is also calcu-
field. Such a distribution is comparatively short ranged for dated from Eq.(6), but with the external Coulomb potential
smaller semiconducting nanotube, on account of the largetme?l (qr)K (qr). It is shown in Fig. %a) for various me-
value of Eg. These results further exemplify the dielectric tallic nanotubesVe(y)/V®(y) is equal to zero ay—0,
behavior of semiconducting nanotubes. They also reveal thaétecause the integrand®(q,L=0) in Eq. (6) is a well-
the transferred charges from the dilute intercalant atombsehaved function at any. The vanishing value quite differs
(e.g., K would form impurity levels. Such bound states from the finite value(1) in a 2D or 3D EGS®?! Metallic
could be further obtained from the effective potential. nanotubes thus exhibit the 1D screening charactefistic.
There are net screening charge€e in a metallic nano-  V®f(y)/V®{(y) at short distances is much lower than that in
tube. The free carriers in the linear subbardgs would  ther;,=0 case(Fig. 3), e.g., the(7,7) nanotube. This result
form a screening cloud to shield the long-range Coulomlzould be understood from the induced charge distributions.
field separately, e.g., those in thg=7 subband of th€7,7) Most of the screening charges, as shown in Fig. 6, are dis-
nanotube(the inset in Fig. % Other valence electrons only tributed within a small characteristic length, e y+0.7 A
cause a dipolelike distribution similar to the situation en-for the(7,7) nanotube. Hence they could screen the Coulomb
countered in semiconducting nanotubes. Such a charge difield very efficiently, i.e., the effective potential falls off
tribution further makes the screening charges piled up closeguickly.
to the charged impurity. It also reduces the effective poten- The screening properties at long distances show a diffuse
tial at smally’s (the lower inset in Fig. B however, the behavior. The;,=r case is similar to the;=0 case except
falloff of Ve/V® might become slower. The induced chargefor the armchair nanotubes; that i8/¢f(y)xy~2 and
distributions exhibit a diffuse behavior at large distancesN™(y)=y~%? at largey. The (7,7) and (12,12 nanotubes
which is approximately described lyy *2. Such a behavior exhibit another outstanding feature, namely, strong, rapid
is more obvious than that in a 2Dy(?) (Ref. 20 or 3D  Friedel oscillations. Such oscillations at largeare derived
(y™®) (Ref. 21) EGS. from the first-derivative singularity of the integrafieq. (6)]
The effective screening length\) is further used to de- in the Fourier transforra> The singular response function at
scribe the charge distributions.here is chosen to be related gq=2kz andL =0 [Fig. 2(b)] is the cause of the Friedel os-
to the median of the net screening charges: cillations. The strong, rapid oscillations with a period of
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0.03
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gt b e v b sl bl
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> FIG. 6. A similar plot to that in Fig. 4, but with a charged
g impurity at the cylindrical surfacdthe ri,=r casg. The inset
> shows the details at large distances. Please noticé\tfat) of the
(12,12 nanotube is only shown in the inset for clarity.
0.005 T——— 11— dence on azimuthal angle is neglected in the above calcula-
° 7y/r o tions. If theL #0 excitations are included in the calculations
1

of Eq. (5), they would somewhat modify the Friedel oscilla-
tions for different azimuthal angles. However, the strong,
short-wavelength oscillations would remain similar. The
Friedel oscillations might affect, e.g., correlations between
impurities on a armchair nanotube.

FIG. 5. (a) Similar plot as in Fig. 3, but for the,,=r case.(b)
The strong, rapid Friedel oscillations in tfig7) nanotube is shown
at various temperatures.

mlke=3.69 A are approximately described by sik{p/y at
largey [Fig. 5(b) and the inset in Fig. B It is also noted that
the oscillation period is the same for all armchair nanotubes. IV. CONCLUDING REMARKS

The Friedel oscillations in armchair nanotubes are similar to The imourity screening in carbon nanotubes are studied
those in a 1D EG%? However, they are much stronger than purtty 9

: : 2 : within the SCF approach. The-band structure completely
'Egoesfezljn) EégDFsm(Zk,:y)/y ] (Ref. 20 or 3D [sin(Zey)/y’] dominates the response fqnc'Fiqn and thus the. screening prop-
The Friedel oscillations depend on impurity position, &rti€s-x atq=0 andL =0 is finite for a metallic nanotube,
nanotube radius, and temperature. The oscillation amplitugBUt vanishing for a semiconducting nanotube. That a metallic
should be proportional to the external Coulomb interactionn@notube owns the linear subbands intersecting at the Fermi
41?1 | _o(2Ker im) K —o(2Ker); therefore, it is affected by level is the main reason. Hence a metallic carbon nanotube
rim andr. When the impurity is located at the center, thecould effectively screen a charge impurity, while a semicon-
amplitude decays in the exponential form exgker) be-  ducting carbon nanotube could not. The ability to screen the
cause of Rzr>1. This result could explain why Friedel os- long-range Coulomb field is determined by whether there are

cillations are absent in the,,=0 case(Figs. 3and & Italso  free carriers in the subbands nearést

implies that one charged impurity needs to be close to an The detailed screening properties are strongly affected by
armchair nanotube in order to cause the Friedel oscillationghe impurity position and the tubular structure. As a result of
As for ther;,=r case, the oscillation amplitude is inversely the higher free-carrier density, the short-range screening is
proportional tor (the inset in Fig. & For a smaller armchair more efficient for a smaller metallic nanotube. The opposite
nanotube, the Friedel oscillations would be relatively obvi-is true for a smaller semiconducting nanotube because of the
ous. The singular structure p(q=2kg,L=0) is gradually larger energy gap. Metallic nanotubes, armchair nanotubes
broadened by the increasing [Fig. 2(b)], and the Friedel excepted, exhibit monotonously diffuse behavior at long dis-
oscillations behave sfFig. 5(b)]. The temperature must be tances. Their long-range screening behavior is indicated to
sufficiently high to destroy the strong, rapid oscillations thor-be very different from that in a 1D EGZ.

oughly, e.g.,T=1200 K for the(7,7) nanotube. Hence the For an armchair nanotube, it has finite Fermi momenta
Friedel oscillations in a small armchair nanotube are exand reflection symmetry; therefore, it could exhibit strong,
pected to be pronounced at room temperature. The depeshort-wavelength Friedel oscillations. Such oscillations are
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relatively obvious for a smaller armchair nanotube, andther used to study the impurity lev@lthe residual
could survive at room temperature. They are expected teesistivity° the electrodynamics of charged particles inside
affect the impurity ordering, e.g., borons and nitrogens on am carbon nanotub¥, etc.
armchair nanotube. A closer investigation in this regard is
needed.

The study on impurity screening clearly illustrates the im-
portance of the uniquer-band structure. It could provide a  This work was supported in part by the National Science
basis of understanding for other impurity-related propertiesCouncil of Taiwan, Republic of China, under Grant No. NSC
For example, the calculated effective potential could be fur86-2112-M-009-006.
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