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Temperature-dependent Raman spectra and anomalous Raman phenomenon
of highly oriented pyrolytic graphite

PingHeng Tan, YuanMing Deng, and Qian Zhao
National Laboratory for Superlattices and Microstructures, P.O. Box 912, Beijing 100083, People’s Republic of China

~Received 21 April 1998!

The Stokes and anti-Stokes Raman spectra of the pristine and ion-implanted highly oriented pyrolytic
graphite~HOPG! are reported. For all Raman bands, noticeable frequency shifts are observed in the different
temperature of samples. The anomalous Raman phenomenon~ARP! indicates that some modes occurring on
the Stokes and anti-Stokes sides have different frequencies for HOPG. The data suggest that the ARP is closely
related with the excitation wavelength~l! dependence of Raman bands of the graphite. According to the
temperature effect and the ARP, we assign and verify some modes of HOPG, and predict some new results.
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I. INTRODUCTION

The Raman spectra of graphite materials are known
reflect their structures very sensitively, and the relation
tween the spectra and structures has been well discusse1–10

The technique of ion implantation provides a method
artificially producing disordered regions of various sizes a
it is applied in several studies.4,5 The carbon materials hav
strong temperature effect.11,12 It is expected that the ion
implanted samples have stronger temperature effect,
there are few reports about it for the ion-implanted high
oriented pyrolytic graphite~HOPG!. For a reciprocal system
by symmetry, it is well known that the same Raman mod
occurring on the Stokes and anti-Stokes sides have the s
frequencies according to the Raman theory that have b
proved by many experiments. However, we find that it is
the case for HOPG. Some modes of the pristine and
implanted HOPG occurring on the Stokes and anti-Sto
sides have different frequencies. In this paper, we study
Stokes and anti-Stokes Raman spectra of the pristine
ion-implanted HOPG, and report this anomalous Raman p
nomenon~ARP! carefully.

II. EXPERIMENT

Samples of HOPG are the standard sample for achie
an atomic image of a graphite layer in a scanning tun
microscope system~Park Scientific Instrument, U.S.A.!.
Some of the samples have been implanted with carbon (12C)
ions at ambient temperatures~CHOPG! with fluence of 1.0
31014 ions/cm2 and at an accelerating voltage of 100 ke
The ion beam was directed normal to the graphitec face.

The Raman spectra of pristine and ion-implanted HOP
are recorded by the Dilor Super Labram with a typical re
lution of 1 – 2 cm21 in backscattering geometry at room tem
perature. The system consists of a holographic notch fi
for Rayleigh rejection and a microscope with an 1
3objective lens~numerical aperature50.9), allowing a spa-
tial resolution of less than 2mm. The sources are an Ar1

laser at 488.0 and 514.5 nm~the laser power arrived at th
samples in the range 2–100 mW!, and a He-Ne laser at 632.
nm with a typical laser power of 35 mW. The temperatu
PRB 580163-1829/98/58~9!/5435~5!/$15.00
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of the samples are determined by measuring the relative
tensities of Stokes and anti-Stokes Raman lines
1582 cm21.12,13All Raman lines are calibrated by a Ne lam
at the same experiment condition, and peak parameters
obtained by least-squares fitting Lorentzian line shapes to
measured spectra.

III. RESULTS AND DISCUSSION

Monocrystalline graphite belongs to theD6h symmetry
group;1 the irreducible representation for the Brillouin-zon
center optical modes is given by

Gopt52E2g~R!1E1u~ IR!12B2g1A2u~ IR!.

The 2E2g modes are Raman active. HOPG shows these 2E2g
modes at 42 and 1582~G! cm21, respectively.2,3 In addition,
there are two extra first-order lines at;1360 and 1620 cm21

for ion-implanted HOPG and microcrystalline graphite,2,4–8

which have been interpreted as fundamentals correspon
to the high density of phonon states on the basis of the wa
vector selection-rule relaxation that results from finite-crys
size effects and defects. Those two modes are often de
nated as theD mode andD8 mode. In the region of higher
order Raman spectra, four distinct lines at;2440, ;2720
(2D), ;3240 (2D8), and;4320 (2D1G) cm21 are exhib-
ited in HOPG ~Refs. 5–9! and a extra line;2950 (D
1G) cm21 is shown in ion-implanted HOPG.2,4,5 Those Ra-
man bands have been observed in the Raman spectr
HOPG and CHOPG excited with 514.5 nm~Fig. 1!. For the
CHOPG, there exists a Raman band of 1084 cm21 ~marked
asT for convenience! that is not observed in the HOPG. Th
band is considered to be fundamental, which is attributed
the features in the density of states. At the same time, the
a doublet at 1352 and 1370 cm21 in the position of
;1360 cm21 (D) ~Ref. 8! and a doublet at 2693 an
2728 cm21 in the position of overtone ofD mode at
;2730 cm21 (2D); we designate the doublet at 1352 a
1370 cm21 asD1 andD2 , and its overtone as 2D1 and 2D2 .
According to the previous calculation of the phono
dispersion relation and phonon density of states for
graphite,1,14,15 the mode 1084 cm21 is probably associated
5435 © 1998 The American Physical Society
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with contributions from regions near theK point of the
Brillouin-zone boundary~for example, see Fig. 2 in Ref. 14!,
and becomes Raman active due to the selection-rule re
ation resulting from defects. For theD doublet, we assign its
low-energy sideD1 that mainly comes from theK point and
high-energy sideD2 that mainly comes from theM point.
This assignment agrees with the calculation of a seco
order Raman cross section by Al-Jishi and Dresselhau15

The assignment of other observed peaks in Fig. 1 follo
that of Ref. 7.

The Raman spectra of CHOPG and HOPG excited
514.5 nm with different laser power are shown in Fig.
Table I summarizes the frequencies of Raman lines and
frequency shifts of the same Raman peaks between the
spectra excited with different laser power. Compared w
the Raman spectrum of CHOPG in Fig. 1, the sample
annealed due to absorbing the energy of the laser; the de
of laser annealing is even comparable to annealing at t
perature 950 °C for 0.5 h.5 After laser annealing, the inten
sity of T is too weak to be identified, and as is also the c
with that of theD mode which indicates the disorder of th
samples is much decreased. However,D and 2D modes
show doublet structures clearly, and the line of;2454 cm21

of unannealed CHOPG in Fig. 1 shows a clear double
2440 and 2460 cm21. We assign these two doublet peaks
T1D1 andT1D2 from the frequency match of these com
bination modes. This assignment is consistent with tha

FIG. 1. Raman spectra of HOPG and CHOPG excited by 51
nm with laser power of 2 mW at the sample. The inset shows
doublet structure ofD mode.
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;2450 cm21 in the graphite from frequency match and th
excitation wavelength~l! dependence.7 For HOPG, although
theD doublet andT mode are forbidden due to the selectio
rule, the doublet of;2450 and;2720 cm21 should be de-
signed asT1D1 , T1D2 modes and 2D1 , 2D2 modes, re-
spectively.

According to the relative intensities of Stokes and an
Stokes Raman lines ofG mode, we can calculate that th
temperatures of CHOPG and HOPG are 815 and 647
when the laser power is increased to 100 mW, and t
decrease to about room temperature when the laser po
decreases to 2 mW. Noticeable frequency shifts are obse
for all the Raman bands during this process. This indica
that HOPG and CHOPG have strong temperature effe
The temperature dependence of higher-order bands foll
that of the fundamentals and satisfies the sum rule. For
ample, the frequency shift of the 2D1G mode
(;41 cm21) between two different temperatures fo
CHOPG is the sum of that of the 2D mode (;23 cm21) and
G mode (;15 cm21) or that of D1G mode (;29 cm21)
andD mode (;11 cm21). So, according to the temperatu
dependence of Raman modes, we can verify the assignm
of higher-order Raman modes of HOPG.

If we define the temperature coefficientx of the G mode
as the frequency shift of theG mode when the temperature o
the sample increases 1 K, then,xHOPG50.028 cm21/K and
xHOPG50.011 cm21/K. The HOPG has a weaker temper

FIG. 2. Raman spectra of CHOPG and HOPG excited w
514.5 nm while laser power at the sample increased to 100
from 2 mW ~the solid lines! and then decreased to 2 mW~the
dashed lines!.
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TABLE I. The Raman peaks of HOPG and CHOPG excited by 514.5 nm with different laser power. The temperature labeledv
is the calculated temperature of the sample.dv is the Raman shifts of the same Raman peaks between two Raman spectra with differe
power.

Assignment D1 D2 G D8 T1D1 T1D2 2D1 2D2 D1G 2D8 2D1G

HOPG v647 K/cm21 1578 2433 2452 2680 2720 3239 4294
v286 K/cm21 1582 2439 2458 2687 2727 3248 4306

dv/cm21 4 6 6 7 7 9 12

CHOPG v815 K/cm21 1339 1357 1567 1606 2422 2443 2668 2705 2930 3214 426
v288 K/cm21 1350 1368 1582 1623 2440 2460 2689 2728 2959 3248 430

dv/cm21 11 11 15 17 18 17 21 23 28 34 41
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ture dependence due to higher thermal conductivity an
lower thermal expansion coefficient. However, the sam
absorbs laser energy and expands easily due to the lo
thermal conductivity that is caused by the shorter crys
planar domain size16 when there exists defects and an imp
rity such as CHOPG. The thermal expansion induce
longer C-C distance and a downshift in the C-C stretch
frequency.

The intensity of anti-Stokes Raman scatteringI AS is re-
lated to the temperatureT of the sample sensitively,

I AS}~vL1v!4/@exp~\v/kT!21#,

wherevL and v are the frequencies of the excitation las
and photon, respectively. Higher temperature of the sam
is advantageous when observing the anti-Stokes Raman
tering. Because it is easy to increase the temperature o
ion-implanted HOPG by absorbing the energy of the las
the anti-Stokes Raman scattering can be measured ea
including the 2D1G mode whose frequency is up t
;4320 cm21. It has been observed that modes occurring
the Stokes and anti-Stokes sides had different frequencie
the antiparallel antiferromagnet, but this comes from the f
that an antiparallel layer isa truly nonreciprocal systemby
symmetry.17 So, the modes occurring on the Stokes and
anti-Stokes sides arenot the same modes. For a reciprocal
system by symmetry, different frequencies between som
the same Raman modesof the HOPG occurring on the
Stokes and anti-Stokes sides are observed in our ex
ment. For example,vS(2D)52735 cm21, but vAS(2D)
522761 cm21. The frequency shift betweenvS(2D) and
vAS(2D) is even on the same magnitude of the half width
half maximum of the 2D mode.

Figure 3 shows the Stokes and anti-Stokes Raman sp
of CHOPG, HOPG, and diamond excited by 488.0 nm.
spectra on the same picture are labeled with the same s
for convenient to compare. It does not showfrequency shifts
between Stokes and anti-Stokes lines~FSSA! of G, D8, and
2D8 modes for CHOPG and that of the peak of;1332 cm21

for diamond in the range of experimental precision. Ho
ever, obvious FSSA can be found from the other modes.
define the FSSA of theM mode as D(M )5(uvS(M )u
2uvAS(M )u), where vS and vAS are the frequencies o
Stokes and anti-Stokes, respectively. Then,D(D1)
526 cm21, D(D2)527 cm21, D(T1D1)521 cm21,D(T
1D2)522 cm21, D(2D1)5225 cm21, D(2D2)5226
cm21, D(D1G)5213 cm21, and D(2D1G)5245
cm21. So, the FSSA of CHOPG can be divided into thr
classes: compared with that of anti-Stokes lines, the Ra
frequencies of Stokes lines of CHOPG are upward shif
(T1D1 and T1D2), insensitive ~G, D8, and 2D8) and
downward shifted (D1, D2, 2D1, 2D2, D1G, and 2D
1G). This is one of the anomalous phenomena of Ram
spectra of HOPG. At the same time, the data also sug
that the FSSA of overtones or combinations do not obey
sum rules of their fundamentals in contrast to the tempe
ture dependence. For example,D(2D1) (5225 cm21) is
not twice as much asD(D1) (526 cm21). The same results
are found in the HOPG as well as in the ion-implant
HOPG@see Fig. 3~b!#. This indicates that the ARP is mainl
dominated by the structure feature of the graphite layer,
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has little relationship with the degree of disorder in spite
the important role that disorder plays in the spectra. It
reasonable to predict that the ARP could be observed in
samples with small crystalline domain sizes such as grap
fibers, carbon nanotubes, and graphite intercalation c
pounds.

Because the spectra of CHOPG have strong tempera
dependence, we measured the Stokes and anti-Stokes R
spectra of CHOPG excited by 514.5 nm at two differe
temperatures~816 and 567 K!. They are shown in Fig. 4. At
816 K, D(2D1G)5244 cm21 is observed. With the tem
perature increasing, the Stokes and anti-Stokes lines shi
almost the same frequency. So, the FSSA is almost inse
tive to the temperature of the sample although the frequ
cies of Stokes and anti-Stokes are notably shifted with
changing of the sample temperature. The spectra of CHO
excited by 632.8 nm are also shown in Fig. 4 andD(T)
514 cm21 is measured. Since the laser power of 632.8 nm
relatively small and the laser annealing is weak, the inten
of theT mode is stronger than that of larger laser power, a

FIG. 3. The Stokes and anti-Stokes Raman spectra excite
488.0 nm:~a! CHOPG. The left insets show Raman spectra of
doubletD mode and the right insets show those of 2D1G mode at
the higher temperature of sample.~b! HOPG. The dashed lines
show the peaks used to fit the spectra, the solid lines are the fi
results, and the dashed-dotted lines show the spectra of diamo
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it is easy to obtain the anti-Stokes line of theT mode. Be-
cause the FSSA is almost insensitive to the temperatur
the samples, all the data about the FSSA of HOPG
CHOPG excited with difference sources are summarized
Table II.

In order to exclude the influence of temperature, the R
man spectra of HOPG and CHOPG excited by the la
power of 2–5 mW at the sample is measured; in this case
temperature of all samples is about room temperature,
Raman spectra of CHOPG are obtained after laser anne
with laser power as high as can be obtained, for exam
100 mW for 514.5- and 488.0-nm excitation, and 10 mW
632.8-nm excitation. The frequencies of all those bands
also summarized in Table II. Thel dependence of all Rama
bands of HOPG and CHOPG is the same as that of pyrol
graphite:7 with the increase of excitation wavelength~l!, the
frequencies of Stokes and anti-Stokes bands of CHO
and HOPG are upward shifted~T, T1D1 , and T1D2),
insensitive ~G, D8, and 2D8), and downward shifted
(D1, D2, 2D1, 2D2, D1G, and 2D1G) separately, and

FIG. 4. The Stokes and anti-Stokes Raman spectra of CHO
excited by 514.5 nm at two different sample temperatures and
cited by 632.8 nm. The dashed-dotted line shows the spectr
diamond.
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the Stokes and anti-Stokes lines shift at nearly the same
quency. Therefore, the FSSA are almost insensitive to
excitation wavelength~l! although the frequencies of Stoke
and anti-Stokes shift obviously when the excitation wav
length is changed. This also affirms that ARP does not a
from the error of the instrument. Furthermore, because
Raman frequencies of Stokes lines of HOPG and CHO
are upward shifted~T, T1D1 , andT1D2 modes!, insensi-
tive ~G, D8, and 2D8 modes!, and downward shifted
(D1, D2, 2D1, 2D2, D1G, and 2D1G modes! compared
with that of anti-Stokes lines, this indicates that the shifts
the frequencies between Stokes and anti-Stokes lines a
concord with the shifts of the corresponding Raman lin
while increasing the excitation wavelength. This sugge
that ARP has close relationship with thel dependence of the
Raman spectra of HOPG. With regard to this point,
firmly believe that the ARP and thel dependence of HOPG
have the same origin, although thel dependence of Rama
lines is too complicated to be explained by the existi
calculations.7

According to the calculated phonon-dispersion relatio
and the phonon density of states,6,14,15 a high density of
states is associated with the highest phonon branch wi
large contribution arising from modes near the Brilloui
zone boundary, such as theT andD modes. However, for the
highest-lying branch, the maximum phonon frequency d
not occur at the zone center but at a lower symmetry poinS
along theG-M axis, which is designed as theD8 mode. The
T and D modes and their combinations such as theT
1D, 2D, D1G, and 2D1G modes exist in the ARP and
strongl dependence, but theD8 mode, zone-center optica
lattice mode such as theG mode, and the overtone of theD8
mode do not exist in the ARP and thel dependence. There
fore, as well as thel dependence of Raman modes
graphite,8 the ARP of theT and D modes and their combi
nation modes may be related to the dispersion ofT and D
modes at the Brillouin-zone edge. We can use the ARP
distinguishing whether the Raman mode of graphite mate
can be attributed to features in the density of states near
Brillouin-zone boundary or not, and for determining wheth
the combination modes of graphite material consists of
fundamentals that exist in the ARP such as theT and D
modes.

G
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.8 nm is
to weak
PG and
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20

07
TABLE II. Frequency difference between Stokes and anti-Stokes lines of HOPG and CHOPG excited by 488.0, 514.5, and 632
defined asD5(uvSu2uvASu). The blank cells indicate that those modes are silent or their positions are not easily determined due
intensity and low signal-to-noise ratio. The frequencies of all modes in the table are obtained when the temperature of HO
laser-annealed CHOPG are at the room temperature~see the text! except that of theT mode of CHOPG that is obtained before annealin

Assignment T D1 D2 G D8 T1D1 T1D2 2D1 2D2 D1G 2D8
2D1

G

HOPG
488.0 nm

v/cm21 1582 2433 2452 2696 2738 3247 4318
Dv/cm21 1 21 22 227 225 1

514.5 nm
v/cm21 1582 2439 2458 2687 2727 3248 4306

Dv/cm21 1 22 19 225 226 2
CHOPG

488.0 nm
v/cm21 1072 1359 1376 1582 1624 2435 2456 2703 2742 2964 3250 43

Dv/cm21 26 27 21 1 21 22 225 226 213 3 245

514.5 nm
v/cm21 1084 1350 1368 1582 1623 2440 2460 2689 2728 2959 3248 43

Dv/cm21 27 26 1 21 21 19 228 227 212 2 244

632.8 nm v/cm21 1115 1331 1350 1583 1623 2465 2648 2689 2936 3246 4262

Dv/cm21 14 27 27 1 0 19 228 227 212 22
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It is well known that carbon may form different types
bonding, for example,sp3 bonding in crystalline diamond o
sp2 bonding in graphite. We do observe the ARP of theD
mode at;1350 cm21 for the graphite, but we do not observ
the ARP of the 1332-cm21 line for the diamond. Therefore
the ARP may be a powerful tool for distinguishing betwe
the sp2 andsp3 bonding of carbon material.

IV. SUMMARY

The Stokes and anti-Stokes Raman spectra of the pris
and ion-implanted HOPG are reported. Noticeable freque
shifts are observed for all those Raman bands with differ
power of laser excitation. It is interpreted as a longer C
distance and a downshift in the C-C stretching frequency
are induced by the thermal expansion due to the abso
laser energy. The ARP where some modes of the pristine
ion-implanted HOPG occurring on the Stokes and a
Stokes sides have different frequencies is reported. The
culiar features of the ARP are found to be as follows:~a! the
Raman frequencies of Stokes lines of CHOPG are upw
shifted ~T and T1D modes!, insensitive~G, D8, and 2D8
modes!, and downward shifted~D, 2D, D1G, and 2D
in
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1G modes! relative to that of anti-Stokes lines,~b! the FSSA
are almost insensitive with the wavelength of laser excitat
and the temperature of samples,~c! the FSSA of higher-order
bands do not follow that of the fundamentals. The data s
gest that ARP is not related to the disorder of samples,
has a close relationship with thel dependence of the graph
ite Raman modes. This indicates that the ARP and thl
dependence of the graphite have the same origin.

Although the origin of those peculiar FSSA of HOPG h
not been as well understood as thel dependence of Rama
lines, it is useful for the assignment and verification of t
first-order and higher-order modes. It is necessary to inv
tigate Stokes and anti-Stokes Raman spectra in a variet
graphite materials with higher signal-to-noise ratio a
higher resolution than the present work to further reveal
origin of the ARP.
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