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We have examined several samples of first- to third-stage RdAintercalated graphite under hydrostatic
pressures up to 1 GPa. In stage-1 highly oriented pyrolytic grapi®RG and single-crystal-graphite-based
materials, thec-axis resistivity decreases sharply above a few kilobars; pressure release induces a reversible
return to the initial value only in the case of the latter sample. Raman spectraitakiémunder pressure on
a HOPG-based material show similarly irreversible effects. Analysis of the spectra taken on higher-stage
samples leads to the conclusion that hydrostatic pressure beyond a few kilobars increases the density of the
intercalate within the graphitic galleries, transforming the initial sample to a higher-stage material. Since there
is no loss of intercalate, the overall intercalate-to-host charge transfer remains constant so that the Raman
frequency is approximately the same for both first- and second-stage products. This is an unusual situation in
which there is thus aapparentlack of Raman signature in spite of the stage change.

[. INTRODUCTION certain highly anisotropic high-temperature cuprate
superconductofsand at 295 K the “residual” component is

It has been well documented that the intercalation intoof the order of 75% of the total value. Of particular interest
graphite of most electron acceptors vyields graphitehere is the fact that under pressure thexis resistance ex-
intercalation compoundéGIC’s) that are electrically more hibits a sharp decrease centered around 0.4 Gfapping
anisotropic than the host material itself, with values of room-{0 a@bout 10% of its initial value by 1 GPa. 001 x-ray diffrac-
temperature resistivity anisotropy/p,>10f in a number of tion studies done on the samples before the pressure cyf:le
cased 2 After synthesis at a few hundred degrees centi-and then after removal from the pressure cell show that in

grade, cooling any given sample to room temperature Ieavé[%()th tc?se}s,” the zamtplesd i\rr]e flrst stagde t;nz;ter!als. In z;n at
the intercalate layers in either a liquidlikdisordered state empt 1o Tully understan € observed benavior, we have
. . . extended our analyses to second- and third-stage materials
or with a two- (2D) or three-dimensiona(3D) structure, .
. . : .that we have recently successfully synthesized and we have
which can be either incommensurate or commensurate wit

: s ttempted to examine the nature of the resistivity transition
the host lattice. In the case of many acceptor GIC's, sever sing other means.

such phases can coexist even within one single s_ample. First-order Raman spectroscopy has proved to be a valu-
These structures can further evolve as the temperdliie  4pje ool for probing lattice dynamics and charge transfer in
lowered or the pressurdp) increased, giving rise 0 G|c's1011 Symmetry arguments for graphite show that two
liguid—solid or incommensuratecommensurate transi- E,, modes are Raman active, an interlayer shear mode
tions. A vast literature exists on the structural changes withiyround 40 criit and an intralayer mode at 1581 ¢in In
the layers of, for instance, the fluoride and chloride GIC’sG|C’s, Raman studies have centered on the effects of charge
and the associated electrical and magnetic effects. While th@ansfer between intercalate and the bounding or inner gra-
underlying reasons are not yet clear, it has been experimephene layers and the upshift in frequency this provokes in
tally shown that crystallization of the intercalate layer sig-the 1581-cm? line. Of particular interest here are the
nificantly increases the-axis conductivityo.(=1/p;), as  ambient-pressure Raman studies on graphite intercalated
explicitly shown for the SbGl(Refs. 4 and band Ask (Ref.  with the chlorides FeGJ*2 AICI,, 2 ShC,* and AuCk.™®
6) GIC’s. In both cases, the-axis conductivity is greater by While pressure-provoked transitions have been experimen-
a factor of 3—-4 when the intercalate layer is crystallizedtally observed in a number of GIC’s, to our knowledge Ra-
rather than “liquidlike.” The intercalate layer thus plays an man scattering has been used to investigate them in only a
“active” role in the c-axis conduction process and is not small number of case$ 18
simply a neutral spacer. In what follows, we will present evidence that the
The present contribution focuses initially on a relatively pressure-initiated transitions observed in the BEAGIC’s
new, first-stage compound resulting from the intercalation otan be attributed to intercalate-layer densification.
PdALClg into HOPG! Previous studiéshave shown that the Intercalate-poor regions are formed and a consequent stage
electrical resistivity is “metallic” within (p,) and perpen- change takes place; upon pressure release, the relaxation pro-
dicular (p.) to the planes(i.e., dp, ./dT>0). The room- cess is sluggish. This interpretation will be seen to be con-
temperature anisotropy{/p,) can exceed %1(P. The be-  sistent with both the Raman spectra and ¢keis resistance
havior of p.(T) is markedly quadratic, as found in results.

0163-1829/2000/620)/1375710)/$15.00 PRB 62 13757 ©2000 The American Physical Society



13758 E. McRAE et al. PRB 62

Il. EXPERIMENT 958 ——

Full details on synthesis procedures for the first-stage ma- 956 |
terials can be found in Ref. 7. Summarized briefly, the chlo-
roaluminate PEAICI,), was presynthesized by heating a
mixture of 3§ PdCl, and 5 AICI; (molar fraction$ until a 952 |
homogeneous liquid was obtained. Slow cooling led to for- . o
mation of red needlelike PdAClg crystals. The first-stage 950 1
compounds were obtained by reacting P& vapor with

954 [

d(pm)

an excess of chlorine ga®.5-0.7 atm at 25°Cusing a S48 o
two-zone Pyrex reactor placed in a two-temperature furnace 94 Ll
(300—310°C; 4 days To prepare the second- or the third- 0 50 100 150 200 250 300

i T K
stage compounds, we heatéP0 °C under chlorine gas emperature (K)

mixture of graphite and chloroaluminate with gravimetric ra-  FIG. 1. Thermal variation of interplanar distandefor a first-

tios based on the chemical compositiopRHALClgs. The  stage HOPG-based sample.

graphite used in these studies was highly oriented pyrograph-

ite (PGCCL-Carbon Lorraine or ZYB—Union Carbida the  then sealed, and the spectrum remeasured. At no time during
form of rectangular samples (¥®2x0.1mn?) or 4-mm-  the loading or unloading processes did the sample come in
diameter disks(001) x-ray diffraction analyses were done to direct contact with ambient atmosphere.

determine stage fidelity.

Measurements of the-axis resistance of a number of . RESULTS
stage-1 samples have been presented elsewhere both as a
function of temperature from 4.2 to 295 K and as a function The first-stage materials of this study are formulated
of pressure(at 295 K) up to 1.5 GP&. As to the Raman CxPdALClgs 001 x-ray studies at room temperature and
spectra, in addition to some preliminary data on the firstpressure yield an interplanar distartte- 956+ 2 pm. Figure
stage spectra under pressliteye present here a set of spec- 1 shows a smooth thermal variation, from which the coeffi-
tra on first- to third-stage samples before and after pressugient of thermal expansiori295 K) is determined asx
treatment. =[1/d;(295 K)](9d; /dT)=40(=1)x 10 ° K™ L. The (k0)

The Raman spectra taken as a function of pressure for thaiffractograms of single-crystal-based samples have shown
first-stage materials were recorded through an increasinghe presence of modulated rings, suggesting some degree of
then decreasing pressure cycle between*l#nd 0.83 GPa order but only over a very short distance. The graphene
in a sapphire ball anvil céff using a 180° scattering geom- stacking isA/B/A, where the slash signifies the intercalate
etry. The beam from an argon-ion las€pectra-Physics layer.

2029 operating at 514.5 nnt60 mW) was focused into the We show in Fig. 2 the results of normalized resistance
cell held at 295 K. Small pieces of the GIC were cut out[R(p)/R(p=10%GPa)] at 292 K for three HOPG-based
from a fresh sample under argon atmosphere in a glove bdfirst-stage samples; designated PdAl-4, -6, and -7, taken, re-
and transferred into the cell together with a 50/50 pentanspectively, to 0.7, 1.1, and 1.5 GPa. Marked hysteresis in
isopentane mixture used as a pressure medium. The pressunaserved: slow pressure release from the maximum back to
was measureth situ using the ruby pressure scale. A Dilor ambient pressure leaves the resistance of all three samples at
triple monochromator with 1800-lines/mm holographic grat-about one-quarter of their initial value. Furthermore, the
ing was used to resolve the backscattered Raman spectrulnigher the final pressure a sample has been subjected to, the
Slits were set to give a resolution of 3 ch

The more recent spectra taken on a new set of stage-1 1 _K
through stage-3 samples were recorded using a Renishaw -4 \
1000 grating spectrometer with a charge-coupled device 0.8 + N
(CCD) detector and a notch filter to remove the Rayleigh i
line. The power density of the probing laser was about 1
W/cn?. In this case, the first spectrum was acquired over a
400-3500-cm’ spectral range with the samples inside their
Pyrex tubes under argon. These tubes, the pressure cell, and
the pentane-isopentane pressure-transmitting medium were i
then placed inside a glove bag, which was fluxed three times 0.2 —&%\,.__ -
with argon. The tubes were opened and the sample was then I s T
removed and placed in the cell filled with the pressure me- 0
dium. The pressure was increased to 1 GPa at 0.1-0.2 GPa/h 6 02 04 06 08 1 12 14 1.6
with two intermediate 1-h stops, held at 1 GPa for 1 h, then Pressure (GPa)
returned to ambient pressure, at a rate-@.06 GPa/h. The FIG. 2. Variation of the relative c-axis resistance,
pressure cell was placed within the glove bag, fluxed aR (p)/R, (10 % GPa=1bar) as a function of pressupefor three
above, and the sample removed, dried, and placed within theOPG-based samples, designated PdAl-4, -6, and -7 taken, respec-
glass tube. To remove any solvent that might still remain onively, to be 0.7, 1.1, and 1.5 GPa. Arrows indicate the finakis
the sample surface, the tube was pumped to primary vacuumngsistance upop decrease.
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FIG. 3. Series of pressure and temperature treatments applied to
the single-crystal-based stage-1 sample. The numbers 18 in
indicate the sequence, as follows: 1-2; pressure increase at 292
+2 K; 2 and 3, respectively, the initial and final points of the tem-
perature ruritop curves, panelb)]; 3—4, pressure release at 292
+2 K; 4-5, pressure increase at 292 K; 5 and 6, initial and final
points of temperature rufiower curve, panelb)]; 6—7, pressure
increase at 2922 K, overnight stay at point 7; 7—8, pressure re-
lease at 292 2 K over a period of several hours, overnight stay at
point 8, to point 9, then returned through the day to point 1. Num-
bers on right-hand side @§b) show starting and ending points of the
temperature runs. The lower curve is downshifted by 0.1 to avoid
superposition. The measured pressures at the initial, final, and low-
est temperature€l66 K) are indicated in the figure. In both cases,
pressure decreased with temperature, and upon reheating to about

Raman Intensity (arb.units)

1575 1600 1625 1650 1675

290 K, the final pressure was somewhat greater than the initial (b) Raman shift (cm™ 1)
pressure. The lower curve is almost independent ahdp, con- ) . .
trary to the upper curve taken in the middle of the transition. FIG. 4. Ramark,, spectra for(a) increasing andb) decreasing

pressure for a first-stage HOPG-based sample. Circles are experi-

lower the relativec-axis resistance after pressure releasemental data points; lines are results of fitable ).
The pressure sensitivity, however, is not correlated with the
values ofp.(295K) of the three samples that vary by a fac- shows much les3 and p sensitivity. The transition is not
tor of 2. only influenced by thermal effects, as between points 2 and

Figure 3 presents a series of results on a single-crystaB, but also there are relaxation effects, as brought out by the
based sample. The legend of Figa@indicates the sequence small decrease in relative resistance during an overnight stay
of pressure and temperature runs. Contrary to the case of tljpoints 8-9.
HOPG-based materials, after pressure release from about 0.7 The evolution of the Raman spectrum from 1550 to 1700
GPa, the resistance returns to within a few percent of them * is shown in Fig. 4 for a freshly prepared first stage,
initial value. The temperature run initiated in the middle of HOPG-based sample. As observed ger(Fig. 2), increasing
the transition is strongly dependent ®randp. The pressure and decreasing pressure cycles give rise to vastly different
after the temperature run is marginally higher than the initiaimodifications of the Raman spectra. The numerical results of
pressure, but the relative resistance has decreased from 0.8% curve analysis illustrated in Fig. 4 are presented in Table
to about 0.3. On the other hand, the lower curve of Fig) 3 |. The initial spectrum and all those analyzed during pressure
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TABLE I. Spectral parameters under pressure for a stage-1, 1640 ———————— 1
HOPG-based sample»,, w,, and w5 are the center frequencies - - o,
used for the fits indicated in Fig. 4 with corresponding full widths at 1630 -
half maximum(FWHM) in cm ™. [ (a) 4
~ 1620 |
£ C a x
wq wy w3 A r A/ mz
FWHM FWHM FWHM 8 1610
p (GPa % Total area % Total area % Total area r
1600
1074 1632.2 : o
9.6 1600 L I b
100 % 0 0.2 o.p4 (c.pa(;'s 0.8 1
0.47 1637.0 1612.3
12.4 44.7 E R P Py ey
. . E"' L —— ._a-: Ll
5% 95 % 1630 g
0.50 1637.1 1615.8 N o,
1620
18.1 40.1 ~ C (b)
£ £
20.4 % 79.6 % & 1610 ¢
3 C
0.81 1637.9 1618.2 1600 o
17.3 34.3 r e
r % % = X
49 % 51 % 1590:" e e R
0.83 1637.4 1626.1 1593.6 N D I I
14.5 15.2 22.1 0 0.2 0.4 0.6 0.8 1
83.7 % 11.6 % 4.7 % P (GPa)
0.47 1638.0 1632.1 1587.9 FIG. 5. Variation of Raman frequencies with increasitgp)
117 16.9 43.3 and decreasin¢pottom) pressure.
41.9 % 39.3 % 18.8 %
0.43 1636.5 1629.0 1589.0 pressure insensitive: at 0.03 GPa, it was less than 8'cm
13.2 16.2 39.9 below the upper. These frequency variations with pressure
51.3 % 21.6 % 271 % are represented in Fig. 5.
0.33 1635.8 1627.2 1591.6 As mentioned in Sec. I, under appropriate conditions, it
131 18.7 32.1 is possible to synthesize some higher-stage products. We
63.6 % 242 % 12.2 % thus studied several freshly prepared samples including a
0.18 1634.4 1627.1 1592.0 new first-stage compound and two others, identified using
13.0 17.2 31.0 x-ray diffraction as being a pure stage-3 material and a
62.9 % 26 % 11.1 % mixed stage ¥ 2, stage 2 being predominant based on x-ray
0.03 1633.7 1627.6 1582.2 data. The Raman spectra acquired from 300 to 3500'cm
11.6 16.2 64.0 before and after a 1-GPa pressure treatment are shown in
44.2 % 27.9 % 278 % Fig. 6(@) and over the range around tfi®, peak in Fig.

6(b). Table Il summarizes the important parameters. Fig). 6
shows in all cases that there are no significant features below
release could best be fitted by Lorentzian peaks; those during500 cm ?; aside from the main peak, there is a wide peak
the pressure increase were somewhat better with \(o@gt-  centered around 2700 ¢rh the intensity of which increases
voluted Gaussian and Lorentzian peak&t ambient pres- after pressure treatment. Figuréopand Table Il show that
sure, the peak is centered at 1632 ¢ frequency compa-  while the original spectra can largely be fitted by a single
rable to that of other first-stage acceptor GIC's. Thepeak, the spectral decomposition after pressure treatment ne-
following spectrum, taken at 0.47 GPa, corresponds, as seagssitates a second component or even a third.

in Fig. 2, to a point within the transition region close to the

pressure at whichd In R./dp| is maximal(>300% GPa® at IV. DISCUSSION
0.4 GPa. Not only does a very broad second component '
appear(Table ), but it is dominant and significantly25 As the temperature is decreased below 295 K, many

cm 1) downshifted; the initial peak is slightly broadened andGIC’s are known to undergo structural transitions, and in
is at a slightly higher frequency. As the pressure further risesseveral, the application of hydrostatic pressure at ambient
Fig. 4 shows that the frequency of the second peak alstemperature can initiate comparable effects. In the case of the
increases and the full width at half maximufWHM) and  GIC's of this study, neither the in-plang@J) andc-axis (o.)

the intensity decrease. At the maximum applied pressure aksistivity’ nor the interplanar distand@ig. 1) exhibit any
0.83 GPa, the dominant peak is centered at 1637'cthe  detectable anomalous changes upon decredBitigas low
second at 1626 cnt, and the FWHM of both are around 15 as 4.2 K. On the other hand, the properties of samples sub-
cm 1. The pressure was then slowly released in steps to 0.0@cted to moderate pressuresl GPa change drastically as
GPa. The frequency of the highest-frequency component deslearly brought out by Figs. 2—6. The following discussion
creased to 1634 cnt, and the second component was almostwill center around interpreting these effects. We will first
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i sege s e pesure depth compared with many GIC’s. Furthermore, the data of
A B Figs. 2 and 3 cannot be simply a sample-dependent surface

effect since they are reproducible for samples with different

absolute values gi.(T). If the effect detected by the Raman

probe was related only to a surface resistance, even an enor-

stage 3

AN

—

stage 2, after pressure

s mous resistance change within this depth cawddunderlie
g TN AN N .
3 Jk T the change observed on Figs. 2 and 3.
3 That this kind of vibrational spectroscopy is a surface
£ J\ swge |, dler pressure probe but can translate bulk behavior has been confirmed in
g a number of different instances. Various studies have treated
& stoge 1 the carbon-layer vibrational modes in chloride-based GIC's
— ) - ) ) . as intercalate-poor as 11th-stage Rei@lwhich the c-axis
500 1000 1500 2000 2500 3000 3500 repeat distancé, is about 45 A: the Raman spectrum quite
@ W avenum bers (cm")) clearly evolves as the stage index rises from 1 t¢Rdf. 12
as determined by x-ray diffractiadiXRD). Similar evolutions
' " ' * " ' over more limited ranges of stages have been observed in
_,/AN‘ e 3, st presuse GIC’s containing AIC} (Ref. 13 and Sbd (Ref. 14. For
~ i donor GIC's, bulk pressure-induced staging transitions have
E ,S__/L{/\‘_‘ been followed through Raman scattefingf for a range of
= ’ stage 3 e
5 samples initially of second stage or poorer. 'IEE}fg2 peak
i stage 2, after prassure position is thus an excellent probe of staging, although as we
= __A e 2 will see below, it is far more insensitive to ordering within
2 the intercalate layer. One might add that Raman studies on
= Ml atter pressure the intercalate layer modes have successfully probed a vari-
£ ety of bulk transitions including, e.g., melting of the interca-
e A stage 1 late layef* in CsG; or the order-disorder transition in stage-2
, — , , graphite-rubidiunt?
1500 1600 1700 1800 We believe therefore that the data observed in resistivity
(b) Wavenumbers (cm™') and Raman scattering under pressure are due to the same

bulk phenomenon. Based on studies done on other GIC's,

FIG. 6. Spectra for freshly prepared samples, identified by x-rayseveral possibilities arise, to be examined in the following
analysis as being pure stage 1 and 3, and a mixed stagewith section.

stage 2 being predominant. Top panel shows the overall spectra;

bottom panel shows the region around the most intéigepeak.

The lower panel shows the spectral decomposition given in Table3. Pressure- and temperature-induced structure modifications
II. and their effects on conduction

. . , Significant drops irp; have been observed in other GIC
treat in Sec. IVA the validity of correlating a bulk effect tymjjies; either following application of hydrostatic pressure
(resistivity) and results of a surface prob@aman light scat- o |owering of temperature. According to the intercalate and

tering. Pressure is known to strongly influence structurali,e siage " such significant variations as those observed in
parameters of GIC’s and their effects on electrical propertleq‘:igsl 2 and 3 have been related eitherptoor T-induced
are dealt with in Sec. IVB. In Sec. IVC we examine the (reJorganization of the intercalate layer or tp- or

Raman spectra of samples before and after pressure tregtyyitiated stage changes.
ment. This analysis leads to hypothesizing in Sec. IV D that Examining the first possibility, anomalous electrical be-

Figs. 2—6 can be consistently understood as the result of g,yior que to intercalate-layer ordering upon lowerihgs
pressure-initiated intercalate-layer densification and ensuing,own for several GIC families3° A Raman-scattering

stage modification. In Sec. IV E we discuss this interpreta—study of the carbon layer modes in the alkali-mewC,,

tipn of the c-axis registivity data and finally in S_ec. IVFwe Gic’s showed no particular signs upon going through the
discuss the strong influence of the host graphite. lower and upper transition temperatur@,andT,, simply
the predictable frequency shifts and linewidth
A. Can we correlate Raman spectra with bulk resistivity modifications'>?® Similar studies on rich Asf GIC's
data? showed that the line-shape parameters ofthg mode were

In order to correlate the experimental observations ofnsensitive to the onset of ordering in the bounding interca-
Figs. 2—4, one might first question whether it is physicallylate layeré’ althoughp, varies strongly. Based on these re-
meaningful to do so. Thes-axis resistivity probes bulk- sults, we are led to conclude that the delocalized electrons in
carrier transport through the sample, but the Raman probthe graphene layers are sensitive to ordering within the inter-
depth is very much smaller than the sample thickness; ialate layers since resistive anomalies are observed, but the
fact, it has been indicated as varying from about 30R&f.  coupling between the graphene layers and the intercalate is
21) to several hundred angstrofRef. 22 depending on the too weak for modifications of the latter to affect the intrapla-
value of p.. In view of the highc-axis resistivity of our nar E,4 phonons. In the case of the heavily studied $bCl
samples, they should thus have a considerable penetrati@BlC’s, intercalate-layer crystallization can be initiated not
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TABLE IlI. Spectral parameters from Lorentzian peak analyses of Fig. 6. Spectra were taken at room
temperature before pressure treatment, then after having been taken slowly to a pressure of 1 GPa and slowly
brought back to ambient pressure. The stage-1 sample is different from that of Fig. 4; components 1, 2, and
3 in this table are therefore slightly different than, w,, and w; of Table I. Frequency and FWHM in
cm L. The percentage of total area refers only to first-order peaks.

First order Second order
Component 1 Component 2 Component 3 Component 1
Frequency Frequency Frequency Position
FWHM FWHM FWHM FWHM
Sample % Total area % Total area % Total area
Stage 1 before 1629.3
pressure 10.4
100 %
Stage 1 after 1628.5 1612.5 1587.6 2706.6
pressure 16.9 195 27.2 86.8
74.1 % 15.1 % 10.8 %
Stage 2 before 1628.5 1619.9 2711.6
pressure 11.2 8.22 88.6
77.4 % 22.6 %
Stage 2 after 1609.4 1583.7 2710.9
pressure 29.0 27.0 80.6
61.2 % 38.8 %
Stage 3 before 1609.4 1585.3 1559.3 2716.1
pressure 19.4 12.6 315 72.1
83.5% 5.30 % 112 %
Stage 3 after 1607.7 1583.5 1555.2 27143
pressure 13.7 22.2 36.8 73.7
53.2 % 37.9 % 8.94 %

only by lowering the temperature but also by application of While it is possible for pressure to influence only the
pressuré2°but we are aware of no Raman study under presintercalate-layer structure without affecting staging, the con-
sure on this family. trary is not so. In order for a staging transition to take place,
Pressure inducedtage changefave been observed in there must be a diffusion of the intercalate, creation of more
both donor- and acceptor-type GIC’s. In all but a few caseglense regions and movement(or creation of
[CuCl and K GIC's (Refs. 30 and 3, these have dealt Daumas-Heold** (DH) walls. Experimental studies on many
exclusively with materials of stage 2 or higher. Using RamarGIC families have confirmed the strong dependence ain
scattering, the staging transitions induced by application oftage and intercalate-layer organization, and as we have just
hydrostatic pressure were studied in the alkali-mtéfdland ~ discussed, both strongly affect the Raman spectra.
FeCk GIC'’s (Ref. 17 for s=2: the new peak that grew was
easily identifiable as being due to creation of an inner gra-
phene layer upon the stage—Z transformation or its Table Il furnishes a number of experimental results con-
growth in intensity for the stage-34. cerning the observed Raman frequencies of other stage-1 and

C. Raman spectra before and after pressure treatment

TABLE lIl. Literature results concerning Raman spectra for stage-1 and -2 GIGisdT" (in cm™?) are
the center frequency and FWHM values.

Intercalate o (first stage I (first stage o (second stage I (second stage Reference
AICl 4 1635.0 3.0 1616.5 4.5 13
FeCk 1626.0 3.0 1612.9 3.0 12,21

1626 1613 17
AuCl, 1627.6 11.6 1617.3 9.2 15
AsF: 1636.0 5.1 27
1639.0 22
Sulfate 1632 1616 33
Uranyl sulfate 1632 1616 33
SbCk 1616+1 14, 27

aStudy with pressure.
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-2 acceptor-type GIC's: the average frequencies are, respeshows that after pressure treatment, all spectra require two or
tively, 1632.5-6.5 and 1615.42.2cm . We observe that three peaks to fit the experimental data, and the supplemen-
in all cases, the frequency separation is more than adequat&ry peaks are always downshifted in frequency. Aside from

to determine unambiguously the stage even taking into acthe Eag, peak, there are no significant features between 300

count the linewidths and the fact that different samples caRnq 1500 cril either before or after the pressure treatment.
yield slightly different values for a given stage and interca- g tg the second-order characteristics, the stage-1 sample

late. =
. . ! ) (Table 1)) has no feature around 2700 cibefore pressure
Some of our data.were b_rlefly d'SCUS.SEd edﬁ'.bm will treatment, whereas there is a small peak for the stage-2
be reanalyzed here in the light of new information. The re-

sults of our preliminary analysis of the data in Figs. 2 and 4sample, and a much greater and less symmetric peak for the

ird- 1
were somewhat enigmatic inasmuch as the x-ray analyses 6I?|rd stage sample. After pressure trea@me.nt, a .2707 em
Ip&ak appears for the stage-1 GIC and its intensity and fre-

Jcihuency increase for the stage-2 and -3 GIC'’s. This feature in
materials(x-ray studies could not be dorie situ). Further- the second-order spectral region in carbonaceous materials is

more, this appeared to be in agreement with the Raman pe&€nerally associated with structural disordfer. _
frequencies at the beginning and at the end of the pressure 1he above analysis of the samples before and after appli-
treatments, which, as observed by comparing Tables | ang@ation of hydrostatic pressure leads to the conclusion that
lll, were in the range expected for a stage-1 material. Théuch treatment has introduced regions of greater disorder and
phenomena observed in Figs. 2 and 4 thus appeared to égher-stage content and that such changes are stable over a
representative of materials that were stage 1 both before angeriod of time. We will examine this idea in the following
after the transition, with perhaps an initially unorganizedsection concerning thia situ study.
layer of intercalate transforming into a more organized struc-
ture.

It was our intention to investigate more extensively the D. A pressure-initiated stage transformation?

possibility of such a pressure-initiated in-plane structural Figure 4 and Table | summarize the results on the stage-1
change in the intercalate layer through intercalation into ac, going through the transition. Spectral decomposition is
Madagascar single-crystal graphit€CG sample so that jfficult in the case of wide peaks such as those observed
(hk0) XRD could be carried out after pressure treatmentqyring the initial stages of pressurization withaaitpriori
However, to our surprise, thg,(p) results were those of quantitative knowledge of exactly what is occurring and thus
Fig. 3: in SCG-based samples, the pressure effegicomas  how many peaks should be used in the decomposition. We
fully reversible. The single-crystal or multidomain structure have used the minimum number consistent with obtaining a
of the host plays a significant rolef. Sec. IVB. good fit to the experimental data and suggest the following
As we will now see, based on some newer results and gterpretation of the spectral decomposition under pressure
more complete analysis, we believe that the full interpreta(pig_ 4 and Table)] taking into account the observed fre-
tion of the experimental results of Figs. 2—4 does indeefbuencies, surface areas and linewidtRgvHM).
involve _Changes Wlthln the intercalate Iayer, bUt the -majo-r (1) The initial Samp|e isa Sing|e_staged materm;lz(l) in
underlying reason is a stage change. Our starting point Willyhich the intercalate layer is not densely packed. This gives
be Tables | and Il concerning the spectral analyses of Figs. dse to the peak at 1632 cm a value typical of that of
and 6, respectively. Comparison of these tables as concerggyeral first-stage GIC's, as confirmed by Table I1l.
the two first-stage samples gives &y, frequency w(s (2) The first spectrum taken under press®e47 GPa
=1)=1630.3-2 cm 1. As mentioned above, while XRD can be decomposed into a very wide signal
showed the “stage 2” sample of Fig. 6 to contain only a(FWHM=~45cm %) centered at 1612 cnt and a low-
small amount of stage 1, the Raman results of Table Il leaéhtensity, narrow peak at 1637 ¢rh The total surface area
us to suggest that the skin depth “seen” by the light scatterof the new peak i$>95% of the total surface area. We in-
ing probe is essentially stage 1. Indeed, Table Il shows thaerpret this as being due to the fact that application of pres-
the upper frequency observét628.5 cm?) is very close to  sure beyond 0.1 GPa has condensed the intercalate within the
that of the pure stage-1 sample, so we interpret the lowegalleries, leading to a strongly inhomogeneous, i.e., multi-
frequency(1619.9 cm?) as being the stage-2 component stage material with intercalate-depleted and intercalate-
before pressure application. This frequency is a little highedensified regions. Such a wide peak is the result of contribu-
than that of the second component in the stage-1 sample aftdgons from many locally different stage components,
pressurg(1612.5 cm?). From these latter two numbers we depending on local strain. The total surface area associated
deducew(s=2)=1616.3t4 cm * at ambient pressure. The with the 1637-cm* peak being<5%, most of the first stage
third-stage sample before pressure treatment has its majoontent has disappeared.
peak at 1609.4 ciml, so we take this to be(s=3) (imply- (3) As pressure continues to rise, the upper peak) (
ing that after pressurization, the stage-2 sample has beconaecounts for an increasingly greater percentage of the total
essentially stage 3; see belpwf we plot these three fre- peak surface area as its frequency and FWHM slightly rise.
guencies versus inverse stage, we obtain a straight line, &e attribute this to formation of a second-stage component
observed in other studies: what is even more interesting i81 which the intragallery density of intercalate is about twice
that this line is identical to that obtained from a straight linewhat it was in the initial first-stage material. This would
fit to all the previously known acceptor dat&. Ref. 11, Fig.  explain that the frequency is comparable to that of a first-
2.13. Analyzing the first-order data of Table Il further stage material assuming a pressure-independent value of

after removal from the pressure cell indicated pure stage-
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charge transfer per intercalated entity. As more and more di, and 6 is the same to within a few percent, suggesting that
this dense second-stage GIC is formed, there are increasingbnce the dense stage-2 material has been formed, it is stable
fewer areas of higher-stage content and those that do remaaver a wide range of pressure.
may tend to coalesce, forming richéiower-stage areas; We believe that such an interpretation is consistent with
thus, the wide peak initially centered at 1612 Crmises in  ideas put forward by Kirczenow. This author presented a
frequency rapidly and its contribution to the total peak sur-model for stage transitiof$and their kinetic¥ founded on
face area decreases as it becomes narrower. the Daumas-A®Id view of intercalatior’? Stage disorder

(4) By the time the pressure has risen to its highest valuevas found to be an inherent property. Low-stage numerical
(0.83 GPa, Table)) the highest frequency,=1638cm?*  calculations showed that the extent of this disorder rose with
and the peak associated with the dense second-stage conterdreasing stage index or temperature and with decreasing
account for about 85% of total surface area. domain size, in-plane density or charge transfer, as a result of

(5) Pressure release provokes a few new effects. Théhe competition between the entropy of stage disorder and
FWHM of the two high-frequency peaks; and w, remain  the energy of repulsion between intercalate layers. On the
almost constantcf., Fig. 5 and relatively narroww; de-  other hand, it was not expected that the stage disorder would
creases as would be expected if it were only a pressure effebe significantly influenced by other 2D features such as the
(dw/dp~5.2 cm Y/GPa) whilew, remains almost indepen- in-plane intercalate-layer order or registry between interca-
dent ofp. The surface areas of these two peaks account fdate and host. Several results of the preceding paragraph are
over 80% of the total area throughout thelecrease. It thus in line with expectations of this model. First, Kirczenow
appears that the new structure created by the application gointed out® the consistency between his model and other
pressure is quite stable under pressure release, as translaggberimental results on the temperature driving a mixed
by both the resistivity and the Raman results upon pressurstage compound to the lower stafeas discussed above
releasgcf. Sec. IV B. A new effect noted is the necessity of between points 2 and @-ig. 3). Second, strong disorder is
a third contributionws at a much lower frequency, which we suggested by the Raman spectrum taken in the middle of the
interpret as being due to the appearance of some very-higltransition zone(Fig. 4) and this would be consistent with
stage areas, as discussed in Sec. IVC. small domain size and low charge transfer associated with

As a final comment, Fig. 5 shows that over the pressur@cceptor GIC’s. Kirczenow pointed ddtthat during stage
range utilized,dw,/dp=5.8+0.6cm *GPa ! for both in-  transitions, the in-plane dimensions of the DH domains could
creasing and decreasing pressure and the second pghk ( change radically in size and shape, and smaller ones could
has a similar slope above 0.5 GPa. This value is close teven appear and disappear. The spectrum taken at 0.47 GPa
those indicated for the host grapHfté!6*°and agrees well  (Fig. 4 might be proof of this in the case of these GIC's,
with that observed in first-stage FeGBIC’s,}” which were  knowing that Raman spectroscopy is a particularly sensitive
studied to 5 GPa. In the latter case, no staging transition wagrobe of domains in carbonaceous materials smaller than
indicated for stages 1 and 2 up to 5.18 and 6.61 GPa, respethose detected using XRY.That pressure treatment has in-
tively, while a reversible transition from stage 3 to stage 4troduced such disorder would further be in line with creation
was inferred at 8.4 GPa. of the second-order features discussed in Sec. IV C. Finally,

the slow kinetics during, for example, the overnight stays at
a given pressurge.g., 8—9 on Fig. @] are further in agree-
E. Resistivity and Raman spectra correlation ment with the expectations of this staging model.

The light-scattering results yield strong evidence for a A final commentis in line as regards the electronic prop-
pressure-driven change to a higher stage whatever the initigfies of these materials. It has recently been shown using the
stage. We believe that several features ofRbgp, T) behay- ~ >hubnikov—de HaaeSdH) effect;™ that the quantum oscil-

ior lend further support to this interpretation, particularly the!ations in stage-1 PdAClg GIC’s can be interpreted within
temperature runs of Fig.(B) between 2—3 and 5-6 of Fig. the framework of the strictly 2D Blinowski-Rigaux band
3(a). Starting at point 2 in the transition zone, Ass de- model?° whereas those of the higher stage-3 materials can-

creasedp simultaneously diminishes. A significant decrease'’0l Suggesting that the latter are less anisotropic. Since in

in R, [Fig. 3()] is contrary to what would be expected if general, the in-plane resistivity of GIC’s is relatively insen-
pressure alone played the dominant role. IncreaSinguses  Sitive t0 stage(at least fors<'10), this SdH study would

p to increase, an, further decreases right up to 290 K at SU9gest lower values gf; as the stage index rises. This is
which point the pressure is marginally greater than its initiai"de€d compatible with interpreting Figs. 2 and 3 as a trans-
value. This suggests that the initialdecrease and then the formation to a higher-stage material under hydrostatic pres-

subsequenp increase both drive the sample towards forma-SU"€-
tion of the denser second-stage compound. For the
temperature-run starting at point, is almost independent

of pandT. Compared to the lower-pressure results, this can

be understood in the light of two factors. Fir&, is much As illustrated in Figs. 2 and 3, thg.(p) results are a
more pressure-sensitive in the middle of the transition zonstrong function of the host: in SCG samples, the pressure
(point 2 than at 0.6 GP#cf. Fig. 3@)]. Second, for almost effect on c-axis resistivity was reversible whereas those
all known GIC's, p. is less temperature sensitive for a samples based on HOPG always gave metastable changes.
second-stage than for a first-stage GlThe combined effect The single-crystal or multidomain structure of the host plays
gives rise to the almost- andp-independent behavior of the a significant role in the stage transformation. It appears that
lower curve on Fig. @). Finally, the value oR, at points 3, the domains or domain boundaries initially present within

F. Role of the host graphite
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the HOPG host pin the Daumas4tdld walls*? during pres- a second-stage material so that the total charge transfer on
sure release, rendering the transition extremely sluggisteach graphene sheet remains approximately the same. All the
whereas this does not occur in the SCG-based material. Aght-scattering results as well as those concerningcthgis
host-based difference was also indicated in the pressureesistance can be qualitatively explained through this mecha-
driven stage changes of the alkali-metal GIC's in which thenism. The transition is found to be broad and very sluggish
pressure range over which two stages could coexist waand we have shown that the nature of the host plays a critical
greater in SCG-based materials than those synthesized usingle. A pressure within the cell some 10 times greater than
HOPG. This was attributed to a higher dislocation density inambient pressurs is sufficient to stabilize the second-stage
the latter, which facilitated slippage and therefore stagdHOPG-based samples: the x-ray studies show that they re-
transformation. In PdALCIg GIC’s on the other hand, the use vert to primarily first stage only after removal from the re-
of HOPG instead of SCG renders the transition irreversiblesistivity cell. It would certainly have been of interest to make
or at least metastable and very sluggish. This would be morfurther Raman studies by extending the results of Fig) 4

in line with the ideas suggested elsewhere that “domain-walbelow 0.03 GPa. However, it is not an easy task to do so
friction” or “viscosity” might be expected to play a non- from an experimental viewpoint.

negligible role in the kinetics of such transitiofs.
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