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Raman spectroscopic characteristics of Mg-Fe-Ca pyroxenes
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ABSTRACT

Raman spectra of several compositions of (Mg, Fe, CajpyiOxenes were collected at ambient
conditions. More than 10 Raman vibrational modes were observed for these pyroxenes in the
wavenumber range between 200 and 12060.dmgeneral, these pyroxenes are characterized by (1)
the Si-O stretching modes above 800%if2) the Si-O bending modes between 500 and 768 cm
(3) SiQ,rotation and metal-oxygen translation modes below 500. ¢for a constant Ca content,
frequencies of the Raman modes in the enstatite-ferrosilite (opx) and diopside-hedenbergite (cpx)
series generally decrease with an increase in Fe content. This phenomenon is attributed to an in-
crease in both the bonding lengths and the reduced mas% asdubstituted for Mg. However, two
modes at ~900 crhin the enstatite-ferrosilite series increase in frequencies as Fe content increases.
A possible explanation is to the shortening in the Si-O-Si bridging bonding bonds when the M2 sites
are preferentially occupied by the iron cation. The effect of Fe substituting for Mg on the frequency
shift in cpx is less profound than opx because the larger M2 was occupied by calcium and the
substitution of iron and magnesium in the M1 site results in a less significant change in the bond
length. The major-element composition of the (Mg, Fe, Ca)-pyroxenes, especially the orthopyroxene
series, can be semi-quantitatively determined on the basis of the peak positions of their characteris-
tic Raman modes.

INTRODUCTION EXPERIMENTAL METHODS

Spectroscopic methods have become a vital investigative Chemical compositions of all natural single-crystals of py-
tool in determinative mineralogy (Calas and Hawthorne 1988pxene (Table 1) were analyzed by the electron microprobe. In
The infrared (IR) absorption and Raman scattering methogisch sample, several different spots were analyzed to check
probe the lattice vibrations of a material. Applications of theske homogeneity of the sample. We also examined series of
techniques to the study of rock-forming minerals, which esynthetic orthopyroxene with compositions {EnErg,, Ens,
ables us to understand the lattice dynamics of minerals (eEryo, Enso, Enso, Enyo, Enss, Ergg, Enys, Enyz, and Eny) that were
McMillan and Hofmeister 1985) and for the calculation of thproduced by H. Yang. See Yang and Ghose (1994) for details.
thermodynamic parameters of the minerals (e.g., Kieffer 198Bhe chemical composition of all the specimens in this study is
Xu et al. 1995). plotted in Ca-Mg-Fe pyroxene diagram (Fig. 1). Strictly speak-

Minerals of the pyroxene group (MSjQvhere M are cat- ing, wollastonite is not a pyroxene. However, it is also included
ions such as Mg, Ca, Feare one of the most abundant rockin this study because it is one of the end-members in the
forming minerals on Earth (Deer et al. 1966). RamaMgSiO,-FeSiQ-CaSiQ composition diagram.
spectroscopic studies on pyroxenes are relatively few Raman spectra were excited using the 514 nm line of an
(McMillan and Hofmeister 1988) and most are limited to enddrgon-lon laser. We used a Raman spectrometer of the
member compositions (e.g., White 1975; Mao et al. 1987; Ghd®enishaw Company, which contains a micro-objective that fo-
et al. 1994; Hugh Jones et al. 1998; Wang et al. 1994; Chopelases the size of the laser beam to abqum %t the surface of
1999). Here, we report a systematic survey on the Raman spettteasample. A charge-coupled device is used as a detector to
of (Mg, Fe, Ca)-bearing pyroxenes over a wide range of coepllect the signal in an 180geometry. The position of the
position. The results are used to infer and interpret the possiB@man peaks was determined by the PeakFit program. Typical
bonding characters in these minerals. Moreover, the feasibilggquisition time was about 10 minutes. Normally, the intensity
of using Raman spectroscopy as an indicator of chemical comfithe modes varies with the orientation of the single crystal
position of pyroxenes is discussed. under investigation whereas the wavenumber of the modes re-
mains the same. Therefore, in each sample, several orienta-
tions are attempted and an average in the peak position was
taken for each vibrational mode. The spectral resolution for
*E-mail: eugene@earth.sinica.edu.tw each mode is on the order=f cnr.
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TaBLE 1. Chemical composition of natural pyroxene specimens

No. Mineral Source Sio, FeO MgO CaO0O AlLO; Na,0 MnO TiO, Cr,0; Total
1 Enstatite Bamble 57.84 6.66  34.84 025 039 0.01 0.12 —_ —— 100.11
2 Enstatite Bamble 56.73 8.76 33.12 0.26 0.09 0.05 0.10 0.05 0.00 99.15
3 Enstatite St. Ludger-de-Milo 54.06 13.35 29.35 0.24 378 0.01 0.27 0.06 0.10 101.22
4 Enstatite Sh. John Lake 52.60 14.24  28.08 0.20 368 0.00 0.19 0.05 0.12 99.16
5 Enstatite Tsune Cho 54.22 16.82 26.23 1.31 1.49 0.03 0.43 0.30 0.04 100.87
7 Enstatite Ekersund 50.56  26.97 18.01 2.02 1.17 0.05 042 0.19 0.04 9943
8 Augite Hualalai 49.37 5.89 16.24 21.80 534 043 — 0.65 0.61 100.33
10 Augite Ney Mineral Co. 54.47 15.46 15.39 12.01 1.64 0.39 0.08 0.04 0.03 99.51
11 Augite Ney Mineral Co. 53.99 16.83 14.38 12.50 1.80 0.52 0.14 0.06 0.00 100.22
13 Diopside Natural Bridge 54.87 0.24 1830 25.63 0.11 0.34 0.04 e ——  99.53
14  Diopside Birds Creek 55.11 0.82 17.89 25.06 0.09 0.06 0.05 0.21 0.00 99.29
15 Diopside Templeton 53.69 2.83 1594 2472 211 0.70 0.14 0.10 0.00 100.23
16 Diopside Pierrepout 54.08 5.31 14.48 23.97 1.18 1.10 0.21 0.05 0.03 100.40
17 Diopside Otter Lake District 52.34 10.01 11.65 23.64 0.86 0.82 0.27 0.01 0.01 99.61
18 Hedenbergite Obira mite 50.20 22.56 2.98 23.42 0.24  0.05 1.02 0.02 0.01 100.50
19 Wollastonite ~ Willsboro 51.44 0.00 0.04 48.83 0.02 0.03 0.01 0.03 0.01 100.41

* Chen et al. (1992).
t Jarosewich et al. (1980).

TABLE 2. The Raman active vibrational modes of the pyroxene in this study

Composition v, V, V5 Vs V3 A Vs Vg vy Vg Vg Vio Vi Vi
EN grsFS 025 239 - 304 343 - 402 421 446 523 541 552 583 663 686
[P 233 - - 335 - 396 412 - 518 538 - 573 658 678
EN 7sFS 3 230 - - 333 - 392 408 - 516 537 - 570 656 676
EN7oFS.40 229 - - 331 - 390 406 - 515 536 - 566 655 675
EN soF S50 - - - 327 - 383 - - 511 533 - 562 652 671
EN soFS 60 - - - 325 - 380 - 416 511 531 - 558 649 669
EN4oFS.es - - - 319 - 370 - 406 508 528 - 554 645 665
EnssFsqo - - - 320 - 372 - 406 508 528 - 553 645 665
EN5oFS s - - - 315 - 365 - 405 506 526 - 550 642 663
EN5sFSgs - - - 313 - 360 - 400 504 524 - 548 640 661
EN.1/FS g - - - 312 - 356 - 395 502 523 - 547 637 660
EN 1oFS.e0 - - - 305 - 349 - 392 502 519 - 537 633 657
MEN 6oFS 1 235 - 297 341 - 400 - 441 521 537 549 - 662 683
#EN g,FS 135 234 - 297 339 - 398 - 439 518 537 548 - 661 682
EN goF'S 20 231 - 295 338 - 397 - 437 515 534 543 - 657 680
HEN 75FS 2 231 - 295 337 - 395 - 437 513 537 544 - 656 680
#SEN 75FS 26W0 6 230 - 291 335 - 394 - 436 515 533 545 - 657 670
PTEN 52FS.4aWO 04 224 - 292 330 - 386 - 420 513 530 539 - 653 672
19BN 47F'S 5,7 WO o6 218 - 290 - 357 382 427 - - 527 558 - 665 -
FILEN 44F'S 5 W0 7 218 - 289 - 359 383 424 - - 525 553 - 667 -
H3EN 5oWO 56 230 255 - 325 359 391 - - - - 558 - 665 -
FI4EN 46F'S 0,WO0 50 230 255 - 325 360 392 - - 508 528 559 - 665 -
HI5EN 45F'S 0, WO 50 230 255 - 325 359 392 - - 509 529 558 - 665 -
HI5EN 1,F'S 56O 50 229 253 - 325 359 392 - - 508 528 559 - 664 -
FTEN 34FS 1sW0 50 232 251 - 321 354 386 - - 505 529 557 - 663 -
HI8EN oF'S 30 WO 5 233 - - 307 338 375 404 - 495 522 549 - 660 -
#EN 46FS 0o WO 44 - - - 323 352 387 - 461* 508 531 556 - 662 -
“19Wo 226*,237 257* 303 321%337 - 400 412 - 485* - - 581 636 688
RESULTS Augite and pigeonite show little variation in chemistry and

More than ten Raman vibrational modes were observedtirerefore are difficult to find a systematic change in the Raman
these pyroxenes in the wavenumber range between 200 aratles with respect to the iron content. For a constant Ca con-
1200 cmi. (This number is far less than the expected numbi@nt, most Raman frequencies in the enstatite-ferrosilite and
of modes, see below.) The pyroxenes analyzed are classifiéobside-hedenbergite series decrease with increase iron con-
as five groups as (1) synthetic orthopyroxene (opx, enstatitent. We observed a linear relationship between the Raman fre-
ferrosilite series); (2) natural orthopyroxene; (3) clinopyroxergencies and Fe content for all observed modes in these two
(cpx, diopside-hedenbergite series); (4) subcalcic cpx (augitegries of pyroxenes. In general, the slopegdéd where x is
and (5) wollastonite (Wo). Table 2 lists the observed frequetie Fé* content in mol%) of Raman modes in the opx is steeper
cies and representative Raman spectra are shown in Figuré¢h2an those in the cpx (Table 3). All modes in opx series show

The variations of Raman frequency with Fe content (imegative slope except for,andv,s, which show a positive
mol%) for the opx series are in Figures 3 and 4, respectivedprrelation with F& content. All modes in cpx series show
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TABLE 1.—Extended Wo
Mg*=Mg/(Mg+Fe) En Fs Wo
0.90 0.90 0.10 0.00
0.87 0.87 0.13 0.00
0.80 0.79 0.20 0.00
0.78 0.78 0.22 0.00 \ ,
0.74 0.72 0.26 0.03 _ AV
0.54 0.52 0.44 0.04 \ /%\ %\ /
0.83 0.46 0.09 0.44 ' N
0.64 0.47 0.27 0.26 \% /%\ * :
0.60 0.44 0.29 0.27 #1a ’1|7\¥>__‘ /M#LS_
0.99 0.50 0.00 0.50 oy g‘ns%s AN /% N
0.97 0.49 0.01 0.50 0 9‘#{8> ¥_ v NN
0.91 0.45 004 050 FANANEANEANA
0.93 0.42 0.09 0.50 VAV VA % i
0.67 0.34 0.16 0.50 ) ?#ﬁ
0.19 0.09 0.39 0.52 ' N
1.00 0.00 0.00 1.00 o, .
#1#2 #3#4
TABLE 2. —Extended En Fs
Vis Via Vis Vi Vir Vi vl FIGURE 1. The chemical composition of the pyroxene specimens
750 854 933 1013 1033 _ _ determined by the electron microprobe in this study. Solid circles =
748 862 935 1006 1025 - - natural crystals; open circles = synthetic polycrystals.
748 866 935 1007 1022 - -
748 868 936 1004 1013 - -
745 876 940 1003 - - -
747 880 942 998 - - -
740 884 942 994 - - -
- 884 946 995 - - -
- 888 945 993 - - -
- 886 946 992 - - -
- 884 946 991 - - - Wo
- 890 949 988 - - - CaSio,
746 857 938 1010 1025 - -
748 858 938 1009 1025 - -
746 860 939 1003 1019 - -
- 860 941 1004 1019 - -
- 864 941 1003 1014 - - apx
- 880 948 997 1008 - - En,Fs,Wo,,
738 - 927 - 1023 1048 1060 T
736 - 927 - 1023 1049 1061 S
- 852 - 1011 - 1048 - augite
- 852 - 1012 - 1048 - En,Fs, Woy
- 854 - 1011 - 1047 -
- 856 - 1011 - 1044 -
- 853 - 1012 - 1043 -
750 853 907 1012 - 1031 -
769* 862 - 1007 - 1038 -
opx
EngFs,,
— 883 970* 997 1020 1044 -
opx(syn.)
{ En975F525

. . 200 300 400 500 600 700 800 900 1000 1100 1200
negative slope except fog, v, andv,s, which show nearly

flat to positive correlation with Pecontent. Accordingly, the
Raman frequencies for the end-member compositions in theFIGURE 2.Representative Raman spectroscopic patterns of the five
opx and cpx series can be obtained by the extrapolation of t#es of (Mg, Fe, Ca)Si{pyroxenes.

linear relationships shown in Figures 3 and 4. Raman frequen-
cies for the end-member Mg-Fe-Ca pyroxenes from the ex-
trapolated lines in Figures 3 and 4 are listed in Table 4. The
extrapolated mode frequencies of the end-members are in €Raracteristic Raman-active vibrational modes of

cellent agreement with those reported by Chopelas (1999) Ryfoxene

enstatite (see Fig. 3) and in agreement with those of Zhang andrhe Raman-active modes detected in natural and synthetic
Chopelas (unpublished data) for hedenbergite (see Fig. 4),sethopyroxene specimens listed in Table 2 are designated
spectively. vy7 With increasing wavenumber. Note that difference in the sym-

wavenumber(cm’')

DISCUSSION



476 HUANG ET AL.: RAMAN OF PYROXENES

metry between orthopyroxene and clinopyroxene would yietdent to identify the modes with nearly the same wavenumber.
spectra that are not exactly analogous. Some modes observédfiarphotomultiplier tube was used in stead of CCD as a detec-
the opx series will not appear in the cpx series or wollastoniter, the background can be minimized and some of the weaker
In the enstatite-ferrosilite series of the natural specimens, threedes can be detected (Chopelas 1999, personal communica-
moderate to weak modeg,(v,, andv;) below 360 crt, two tion). A further reason may be that the disorder created by cat-
moderate mode®{;andv,,) in the range from 600 to 700 cin ion substitution broadens the peaks, making them indistinct.
and three intense ones from 900 to 1056'@me the most promi- Because the symmetry differs for opx and cpx, a direct com-
nent Raman vibrational modes (Fig. 2). Depending on orienfarison of modes may be misleading. However, it is conve-
tion, the relative intensity of these modes may vary from rundent to list all modes with a similar frequency together.
run and may also vary with composition in this series (Fig. 13 In general, these pyroxenes are characterized by (1) the Si-
in Lin 1995). The Raman spectra of the synthetic opx are @nonbridging and bridging modes at 16280 cm* and 900
general similar to those of the natural samples. The syntheti&0 cn1?, respectively; (2) the Si-O bending modes at $00
samples lack, andv, (except for Eg, 5 but have additional 90 cnt and (3) metal-oxygen bending and stretching modes
Vi, When compared with the natural samples. Moreover, sofelow 600 cnt. Peaks in the 800-1100 cimegion are gener-
modes such as andv,; only present in Mg-rich opx synthetic ally assigned to Si-O stretching vibrations, normally related to
samples. The diopside-hedenbergite series differs from the dp& non-bridging Si-O bonds (McMillan and Hofmeister 1988;
by the appearance of four Raman modes below 369 oy Lazarev 1972; Farmer 1974; McMillan 198#he wavenumber
one mode from 600 to 700 chand two modes from 900 to of the Si-O stretching modes of the bridging O atoms (Ji-O
1050 cm®. The mode appears at ~250-€im the cpx series is is assigned to be in the range between 650—759 The bend-
termedv,' rather thaw, because it has a much higher frequendng modes are those from the O-Si-O bends with a wavenumber
thanv, in opx. The Raman spectra of augite studied have thetween 500-590 ca Therefore, in the opx series, there are
characteristics of both opx and cpx. However, it differs frofiour modes from the stretching bridging O atoms, three modes
opx by the lack of,, andv,, and differs from cpx by the lack from the stretching nonbridging O atoms, four modes from the
of v,' and the presence of;. However, due to the limited num-bending O-Si-O. In addition, two modes may result from the
ber of the specimens examined, the result is not conclusive amgO octahedron (375-490 cthand two modes from the Fe-
may not be taken as a general character Raman modesCactahedron (225-325 cth The assignments are in Table 4.
subcalcic cpx. The pyroxenoid wollastonite shows six modes Raman measurements should be carried out by inciting the
below 360 cmt and four modes in the range between 900 fmwlarized laser beam along some oriented crystals. The signals
1050 cmt, some which are drastically different from the pyshould be taken along some polarized directions. Mao et al. (1987)
roxene minerals, as indicated in Table 2. The characterisiitind a little variation in the wavenumber with the orientation
Raman modes for the five groups of specimens in pyroxeofthe crystal. In our measurements, we did not observe such
(and pyroxenoid) are compared in Table 5. phenomenon. The modes observed represent the average vibra-
Quialitative identification of the opx and cpx series can limnal modes of the pyroxene in random orientation.
achieved by checking the presence or absence of the character-
istic Raman modes (Table 5). However, one should keep\ariation of the Raman peaks with Fé" content
mind that the absence of the Raman modes mentioned aboverhe viprational frequency of a simple harmonic oscillator

in each series does not positively rule out the presence of the pe expressed as: 1/(2m)*(k/ W)¥2 where is the reduced
mineral in that series, only the presence of the characterig{gss, k is the force constant which is assumed to be an inverse
modes in a series indicates the presence of the minerals in figktion of interatomic distance, r. The reduced mass increases
series. Quantitatively, the opx and cpx can be distinguished\Qivh the Fe content in the pyroxene solid solutions. The nega-
the frequency ob,,. The frequency o, is always greater than tjye correlation of the Raman frequency with Fe content is at-
854 cm in opx while that of the cpx is less than 856cm tributed to the increase in both reduced mass and bond length
) as Fe substitutes for Mg (see below).
Mode assignment The structure of pyroxene minerals consists of chain SiO
Orthopyroxene has thebcaspace group (k) with Z = 8. tetrahedra parallel to theeaxis, that are linked laterally by lay-
The 240 total vibrational modes are 39@R) + 30B4(R) + ers containing six to eightfold-coordinated M cations. The M
30B, (R) + 30B, (R) + 30A,+ 30B,,(IR) + 30B,(IR) + 30B;, cations can reside in two crystallographic distinct sites, M1
(IR) for orthoenstatite, where R and IR denote Raman- aadd M2. M1 is nearly a regular octahedron, but the larger M2
infrared-active modes, respectively (Chopelas 1999). There aite coordination is irregular and varies according to the atom
fewer the optical modes for ti@2/c end-member cpx, Ca(Mg, present, sixfold for Mg, eightfold for Ca and Na. In
Fe)SiOs, series because Z is 4. The Raman-active modesoithorpyroxenes, long-range order occurs between divalent Mg
cpx are 14 4+ 16 By (Rustein and White 1971). We observednd Fe atoms in the two M sites, with Fe preferring the larger
less than 20 Raman-active modes in each solid solution. Frit sites (Ghose 1965). In the diopside-hedenbergite series,
intensity considerations and compared to Chopelas (1999; Tathle larger cation, Capredominately occupies the greater M2
1) most modes are assigned gse reasons for the low num-sites whereas the smaller Mgnd Fé' cations are randomly
ber compared to theory might be that some of the modes digtributed among the smaller M1 sites.
degenerate, some modes might be too weak to be observed, ofFhe average O-M1 interatomic distance of opx increases
the resolution of the present Raman spectroscopy is insuffiith Fe content (Domenegheti et al. 1985). A similar trend also
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FIGURE 3. Raman frequencies vs. Fe content for the enstatite-
ferrosilite series. Solid circles = natural crystals; open circles = synthetic
polycrystals. Data of enstatite reported by Chopelas (1999) are shown
as open squares. exists for M2. Therefore, most of the vibrational modes in opx

TABLE 3. The slope of Raman frequency versus composition
(dv/dx) for various modes in the opx and cpx series

Enstatite—ferrosilite
series

Diopside—hedenbergite

series

A —-0.3196
V5 -

V, —-0.1684
V3 —-0.4018
Vs -

Vg —-0.6097
Vs —0.5542
Vg -0.6223
\Z —-0.2388
Vg —-0.2457
Vo -0.2777
Vig -0.461
Vi1 —-0.3308
Vip -0.3114
Viz -0.143
Vig +0.4067
Vis +0.1916
Vie -0.2792
Viz -0.5234

Vig -

+0.0423
—-0.1339

-0.179; -0.828
—-0.1189

—-0.0639

+0.0016
+0.0097

—-0.2098

decrease in wavenumber as Fe content increases. However, for
the cpx series substitution of Fe for Mg does not cause a seri-
ous distortion in the octahedron and, therefore, does not cause
a significant variation in the Raman frequency as compared
with opx series. The relatively rigid Si-O bands can be affected
by the cation substitution. The frequency ofthenode of cpx
shows a positive correlation with the Fe content and cannot be
accounted for by the mechanism proposed above. However, if
225 cn! (from Zhang and Chopelas 1994) is taken asvthe
mode frequency of the end-member hedenbergite, then a nega-
tive slope is established. However, in both of the opx and cpx
series, some other modes show a positiwebdslope which
needs to be accounted for.

In pyroxene, the interatomic distance of Sj-@&creases as
the mean ionic radius of the cation increases while the inter-
atomic distance of Si-@) increases as the mean ionic radius of
cation increases (Cameron and Papike 1981; Domeneghetti et
al. 1985). The mean ionic radius of the M-cation increases with
Fe* substitution for magnesium in pyroxenes. Therefore, the
modes of which the frequency shows positive correlation with
the Fe content may be related to the stretching between the bridg-
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TABLE 4. Raman modes of the end-member Mg-Fe-Ca pyroxenes

Enstatite Fesilite Diopside Hedenbergite Wollastonite Mode type

A 238 206 230 234 226 M-O stretch
V5 - - 255 242 237, 337 Ca-0 stretch
V, 298 281 - - - Mg-O stretch
V3 344 304 327 304 303 M-O stretch
Vs - - 360 333 321, 337 Ca-0 stretch
Vg 407 346 393 372 - Mg-O stretch

- - - - 400, 412 Ca-0 stretch
Vs 422 367 - - - Mg-O stretch
Vg 447 685 - - - Mg-O stretch
Vs 522 498 510, 530 492, 521 485 0O-Si-0 bend
Vg 543 518 - - — O-Si-0 bend
Vg 551 523 559 547 - O-Si-0 bend
Vio 582 536 - - 581 0-Si-0 bend
Vi 665 632 665 659 636 Si-O-Si bend
Viz 685 653 - - 688 Si-O-Si bend
Vi 751 737 - - - Si-O-Si bend
Vi, 856 897 853 855 883 Si-O(br) stretch
Vis 931 950 1010 1012 970 Si-O(br) stretch
Vig 1013 985 - - 997 Si-O(br) stretch
V7 1035 983 - - 1020 Si-O(br) stretch
Vi7 - 1047 1027 1044 Si-O(br) stretch

TABLE 5. Characteristic Raman modes of the five groups of specimens in pyroxene

200-360 cm™ 900-1050 cm™ ) v, Vs Vo V1o Vi, Vis Vig
synthetic opx 2-3 modes 2-3 modes - + + + + + + >854
natural opx 3 modes 3 modes - + + + - + + >854
cpx 4 modes 2 modes + - - + - - - <856
augite 2 modes 4 modes - + - + - - + -
Wo 6 modes 4 modes + + + + - + 883

ing oxygen and silicon because the §idtance decreases within the opx and cpx series, respectively.

an increase in the Fe content. According to this interpretation, The cpx series plotted on Figure 4 showing linear relation-
the Si-Q, stretching mode frequencies are less than those for #igp of mode frequencies vs. Fe content have Wo contents near
Si-O,,y modes in the opx series, which is contrary to William$0 mol%. Raman mode frequencies of cpx with a large amount
(1995) scheme. Moreover, the Sis@node frequencies gener-of Ca content would yield a recognizable difference from the
ally decrease with the Fe content in Mg-Fe silicate solid solutiinear trends shown in Figure 4. For instance, cpx with the com-
such as the forsterite to fayalite series where there are no briggsition of Ep.f.0W0O,44 has it Raman mode frequencies
ing bonds (e.g., Guyot et al. 1986). deviate from the linear trends and can be resolved by the Raman

spectroscopy.
RAMAN SPECTROSCOPYAS A MICROPROBE FOR
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