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Detailed x-ray studies of nitric acid intercalated in graphite have been carried out, notably on the
a-Cs,-HNO; modification. Single-crystal samples were prepared with staging indices n =8, 2, and
3. The material shows a rather complex behavior with pronounced aging effects, which have been
identified. The normal, aging-independent phases were found to be the following: Above ~250K a
disordered liquidlike phase exists, which by a first-order transition goes into an ordered phase upon
cooling. The transition shows a clear hysteresis (T, =249+1 K, T,;=244+1 K). The ordered
phase is incommensurate with the graphite lattice in one unit cell-direction (A =1.43ag), but com-
mensurate in the other direction (B=2as +9bg). A tendency for a lock-in transition along A by a
supercell 12 times larger was seen from the appearance of super-reflections for the fresh stage-2 and
the stage-3 samples, but full commensuration (A=17a;) was not achieved. A unique feature of the
ordering phase transition in this material is a pronounced sliding motion of the graphite layers out
of the normal hexagonal stacking below T,. The intercalant layers act effectively as ball bearings
for this motion. The motion is probably restricted by elastic deformations at the domain walls. Ag-
ing effects over a time span of a few months involve a change of staging, the disappearance of an in-
termediate phase of the low-stage samples, and, maybe most importantly, the growth of an extra or-
dered phase. The latter phase is commensurate with the graphite lattice and has a separate transi-
tion temperature, T.,=259+1 K. This phase may be the cause of a second peak previously ob-

served in calorimetric studies.

I. INTRODUCTION

Pure nitric acid, HNQ;, readily forms intercalation
compounds with graphite (GIC, denoting graphite inter-
calation compound). The “normal” or a form is known
to have a composition close to! Cs,-HNO,, where n is the
stage index, whereas a “residual” or 8 form with the com-
position Cg,-HNO; is formed from the a form by expo-
sure to air over an extended time.! The present work is
devoted to studies of the a form.

The scientific interest in a-Cs,-HNOj is connected to
the order-disorder of the intercalant layers taking place at
about 250 K. The transition is signaled both in conduc-
tivity studies®® and calorimetry,* and, in particular, in
several x-ray works.”~° It should be noted that also the
related compound with nitric pentoxide N,Os, Cs,-N,Os,
shows very similar behavior.’

The calorimetric studies strongly suggested the phase
transition to be a discontinuous one, with a hysteresis of
several degrees Kelvin. Furthermore, a two-peak
calorimetric anomaly, 4—8 K apart, was seen, the detailed
behavior being somewhat stage and heat-treatment depen-
dent. Also, the pentoxide compound shows this
behavior.’ The origin of the two peaks has not been un-
derstood until now. The early x-ray work by Riidorff!®
was aimed at understanding the staging and possible
molecular orientation within the graphite layers. The pro-
posed double-layer—model ordering of HNO; molecules
has been questioned,!' and, in a recent neutron- and
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resonant y-ray-scattering experiment by Pinto et al.,!?
has been shown to be incorrect. It turns out that the pla-
nar HNO; molecules enter the intercalant layers with
their molecular planes essentially normal to the graphite
layers.'"12 Since the interplanar distance does not change
much at the phase transition temperature, an essentially
perpendicular orientation is probably preserved at all tem-
peratures.

Details of the staging schemes and the effect of the
phase transition were explored in an excellent work by
Nixon, Parry, and Ubbelohde.® Stacking sequences of
graphite layers and their space-group symmetries were
determined from x-ray studies of stage-1, -2, -3, and -4
samples, but since only oriented polycrystalline graphite
samples were used, not much could be concluded about
the low-temperature phase-ordering scheme, except that it
is complex. More recent work on single-crystal materials,
however, also only concluded that the in-plane ordering is
complex.”8

In fact, only very recently have we managed to disen-
tangle the main features of the complex x-ray (hk0) pat-
tern of the low-temperature phase, of which a preliminary
report has been published.’

It is the purpose of this paper to present the a-Cs,-
HNO; GIC as a highly unusual and complicated material,
but with some new and unique features. In addition to
the large superstructure formation, the complication is
partly connected with pronounced sample-aging effects,
which must be identified in order to study further the
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TABLE I. Sample characteristics.

Sample Size Method of Time elapsed Stage
no. (mm?) intercalation after intercalation index
1 0.5%x0.9x4.5 Direct contact 13 months 6
HNOj; vapor, 25°C 25 months 8
2 0.5x1.2Xx4 Direct contact 1 month 2
HNO; vapor, 25°C 5 months 2 (89%); 3 (11%)
3 0.5X1.3X5 Vapor removal 1 month 2
before encapsulation 5 months 3 (95.5%); 2 (4.5%)

main structural aspects of the nitric acid intercalant. The
aging of our samples involves both staging transitions and
changes of commensurability, as well as chemical effects
involving an extra “impurity” phase.

A unique feature is the observation that the phase tran-
sition at about 250 K involves not only an ordering-
disordering of the intercalant, but also a sizable sliding of
graphite layers. Diffraction effects related to this unique
behavior were in fact already noted by Parry.” The sliding
motion is abrupt upon passing 7T,, and we argue that it
may be provoked by molecular tilt motion and is restrict-
ed by domain boundary strains. Also, intercalant inter-
layer correlations have been studied. Details of the in-
plane molecular structure will be given in a planned subse-
quent paper, in which we also discuss the “liquid” struc-
ture above 7.

II. EXPERIMENTAL DETAILS

A. Sample preparation and staging

The samples used were made from single-crystal pieces
of natural graphite from Madagascar. The preparation
methods and sample characteristics are given in Table 1.
After preparation, the samples were protected from expo-
sure to the atmosphere by sealing them in thin-walled
glass capillary tubes.

The stage index n was determined from x-ray studies of
the 00/ reflections, assuming the “repeat distance” I, (see
Appendix A) along the graphite unique axis to be expres-
sible by!3

I(A)=3.35(n —1)+7.80 . (1

As indicated in Table I and Appendix A the stage index
of sample 3 changed from pure n=2 to almost pure n=3
during four months. For sample 2, a minority fraction
[(114+3)%] had transformed from stage 2 to 3. Although
this indicates aging effects and long-time instability, it
provided an unexpected opportunity to demonstrate essen-
tial stage-independence of the main ordering features and
the ordering temperatures of «-Cs,-HNO;. Since the
samples are encapsuled, no direct compositional check has
been performed, but some desorption has most probably
taken place, because tiny droplets were found on the walls
of the capillary tubes. Checks with x rays showed no evi-

dence of alteration of the sample homogeneity upon ag-
ing.

B. Sample quality

Natural single crystals of a soft material such as
graphite.are usually less perfect than other crystalline ma-
terials one is used to dealing with. Furthermore, the cut-
ting and the fitting tightly of the crystal into a narrow
capillary tube may distort its edges. With this in mind,
the present samples must be characterized as being quite
good. In Fig. 1 we reproduce a precession picture con-
taining 00/ reflections, showing an angular spread of the
order of +3°in this particular projection. Rocking curves
taken with the diffractometer show that the crystallite
distribution is dependent on the position on the sample,
and they sometimes show the presence of two or three
peaks at separations of 1°—2°, each of width about

FIG. 1. Precession photograph of fresh sample 2 at 225 K
showing a section containing the graphite (00/) up to /=35, and
the intercalant (10/), showing ! modulation. C-axis mosaic
spread is seen.
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1°—1.4°. The in-plane mosaic spread is less, that is, 0.4°
and 0.5° as measured for the intercalant peaks. Except for
truly radial w —26 scans, the mosaic spread will influence
the peak widths of most diffraction scans, and corrections
are necessary for proper comparison with models. From
the width of the 00/ scans, a lower limit of the average
dimension along the ¢ axis of the regularly staged regions
can be inferred. This lower limit is found to be 210 A
for sample 2 and 120 A for sample 3. It should be noted
that the staging of the samples appears to be homogene-
ous, because diffraction (including 00/ scans) from various
spots of the samples were found to be identical.

C. X-ray equipment and cooling systems

The studies were performed using x-ray scattering from
a Cu anode tube, using doubly bent focusing graphite
monochromators. For sample 1, only film techniques
were used, both with stationary exposures and with a pre-
cession camera. Samples 2 and 3 were initially investigat-
ed by the precession technique and also stationary expo-
sures, and were four months later studied in more detail,
also by a counter diffractometer.

The Huber diffractometer provides a vertical-axis sam-
ple rotation (w) and detector equatorial-plane motion (o),
as well as an out-of-plane detector motion (7). A Tracor
Northern system TN-5300 is used to drive the three step-
ping motors and to collect the data.

The precession studies were performed with a 12-kW
Rigaku rotating-anode x-ray source, and the diffractome-
ter studies were performed with a Philips 2-kW stationary
anode. For the former case, the sample cooling was
achieved with cold N, gas from a LN, boiler. The tem-
perature accuracy was rather coarse, to within several de-
grees.
DE-204H closed-cycle cryostat with a temperature read-
ing accuracy of 0.3 K. The absolute-temperature scale
was not calibrated, but is probably correct to within
1-2 K.

For the low-temperature diffractometer runs the sam-
ples were oriented with the c¢ axis vertical, so that the
(hkO0) plane was confined to the horizontal plane. The
longest dimension of the samples, ([110])s, was thus hor-
izontal. For [/ scans the climbing-angle (7) option of the
diffractometer was used, moving the counter in the verti-
cal plane. This motion was, however, restricted by the
cryostat to £25°.

At room temperature, some 00/ and A0/ scans were
performed, both with the sample’s long dimension vertical
and horizontal. Also, rocking curves to determine the
mosaic spread of the samples were measured at these two
settings.

The angular resolution of the diffractometer system—
as determined by the monochromator mosaic and the
incident- and scattered-beam collimators—can be set to
I'rwnam (horizontal)=0.3° and T'gwpm(vertical)=0.55°
(FWHM denotes full width at half maximum) at scatter-
ing angles 0=35" and 7=12.5°. A full resolution-
correction procedure for the diffractometer has not yet
been developed.

The diffractometer is equipped with a Displex-

III. RESULTS OF OBSERVATIONS

A. The phase transition

All samples, irrespective of stage index and aging phe-
nomena, exhibit a disordered, partly modulated liquid
phase at room temperatures and down to the transition
temperature T, in the region just below 250 K. The hex-
agonal modulation’ of the liquid x-ray scattering is in all
cases somewhat temperature dependent. More detailed
discussion of the liquid structure will appear in a planned
subsequent paper.

Just below 250 K, a discontinuous transition takes
place, whereby the liquid scattering disappears and Bragg
scattering from ordered phases appear. The transition is
clearly discontinuous, and superheating and supercooling
hystereses of 3—5 K are seen when the temperature
change is sufficiently slow (i.e., 1 K in 5 min). The coex-
istence of liquid and solid phases, previously reported,®®
does not occur to any appreciable extent, except during
more rapid temperature changes. Examples of heating
and cooling curves for sample 2 are shown in Fig. 2.
Time-dependent effects, with time constants of the order
of several minutes, are seen, in particular, close to T,.
The actual transition is seen to be distributed over a tem-
perature range of about 2 K. In this region, scattering
from the normal intercalant structure disappears upon
heating, while liquid scattering appears (Fig. 3). Simul-
taneously, the scattering from graphite (10/)s and, in par-
ticular, (11/); changes greatly (Figs. 4 and 5).

However, since the peak widths of the intercalated
phase peaks do not show any variation in this region, it is
believed that the finite-temperature range of the transition
region reflects a spread in transition temperature due to
intercalation inhomogeneities, domain-size variation, etc.

The transition temperatures for the stage-2 and -3 sam-
ples are quite similar. For sample 2 (stage 2) we found
T,=244+1 K and T,,=249+0.5 K, and, for sample 3
(stage 3), T,;=244.5+1 K and T,,=248+0.5 K. The
“extra phase” (see below) appears at about 245 K upon
cooling and disappears upon heating at 259 K.
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FIG. 2. Intensity of intercalant reflection (050),,; vs tempera-
ture for stage 2 (sample 2) as observed in a temperature cycle of
(1) cooling (@) from 262 K through T, at a rate of 0.2 K/min,
then quickly to 216.5 K (2) at 216.5 K overnight, and (3) heating
(0O) at a rate of about 0.2 K/min to above T.
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FIG. 3. Radial diffractometer scans of (hh0)g of sample 2 at

247.3 K (O) and at 248.8 K (X) during heating, showing the
appearance of “liquid” scattering.
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FIG. 4. Vertical diffractometer scans of graphite (11/)¢ and
(100)g of the stage-2 sample at 246.7 K (@) and 248.8 K (X)
upon heating. [ refers to a repetition distance 11.15 A.
(a) (111)g; (b) (10))g.
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FIG. 5. Vertical diffractometer scans of graphite (111)¢ and
(101)g for the stage-3 sample at 197 K (@) and 95 K (X). [
refers to the same repetition distance as in Fig. 4, but the stage-3
repetition distance is 29 A. (a) (111)g; (b) (10]);.

B. Ordered phases and aging

The actual phases observed in the ordered region below
T, turn out to be somewhat dependent on sample age, and
possibly also on the detailed sample thermal history. For-
tunately, however, one phase, labeled phase M in Ref. 9,
which we shall refer to as the ‘“normal phase,” does ap-
pear for all samples independent of staging. It will be fur-
ther described below.

The intermediate phase (I) is a phase found in the fresh
stage-2 samples in a temperature region just below 7,.° It
was indexed on a cell strongly incommensurate with the
graphite lattice. However, after four months this phase
had completely disappeared in sample 2, and the transi-
tion at 7, is directly from the liquid state to the normal
phase M upon cooling. In sample 3, now of stage 3,
traces of the intermediate phase were still seen, but it did
not appear as a separable phase in a certain temperature
region, but rather as a phase coexistent with the normal
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FIG. 6. For sample 3, diffractometer intensity of
intermediate-phase peak (230); (@) (scale to the right) and su-
perlattice peak (IS—Z,S,O)M (O and M) (scale to the left), vs tem-
perature.

phase, as is seen from Fig. 6. The amount of the I phase
depends on the thermal treatment. We conclude that the
phase is primarily a property of fresh samples. No fur-
ther attempts will be made in the present work to analyze
it.

The normal phase (M) is a phase present in all samples
at all times in some temperature range. It is the phase in
the low-temperature region into which the liquid phase
normally transforms upon cooling through T,.. In Fig.
7(a) we reproduce hkO precession photographs showing
this phase for sample 1 (stage 8). A similar photograph
for the fresh sample 2 was shown in Ref. 9. Figure 7(b)
depicts the indexing of the picture in 7(a) taking into ac-
count the six equivalent domains. The planar reciprocal
unit cell is oblique, with the following dimensions at 213.5
K’

A* =(0.698+0.003)a¥; —(0.1542+0.0009)b%; ,

()
B*=(0.1108+0.0004)b; ,

corresponding to an oblique direct lattice with

A =(1.433+0.006)as , _
(3)
B=(1.994+0.016)as +(9.025+0.03)b; ,

and five other equivalent domains. The appropriate rela-
tions are given in Appendix B. These values are close to
those determined in Ref. 9 for the fresh stage-2 samples,
showing that the normal-phase geometry is indeed the
same.

On stationary photographs covering a larger angular re-
gion than in Fig. 7, also additional Bragg spots were seen,
among them (200),, and (0k0)s, with k =10—15. Very
careful diffractometer runs were not performed to redeter-
mine 4* and B* of the five-month-old, low-stage sam-
ples.

The intercalated layers turn out to be correlated among
themselves in the ordered phase of the low-stage samples,
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as discussed in Sec. IVB. The C-axis periodicity coin-
cides with that of the graphite-lattice stacking (for the
stage-2 sample), or it may even be twice of it (for the
stage-3 sample).

As seen from Egs. (2) and (3), the M phase is commen-
surate with the graphite lattice along B but not along 4.

Satellite reflections would appear if the intercalant lat-
tice interacts strongly with the graphite substrate, due to
lattice modulation. This is discussed in the following sec-
tion. For our structure, the incommensurability can also
be monitored by careful determination of angles. For this
purpose, the (150),, reflections of pairs of domains may
be used, since they fall within 1°—2° separation on the
(100)¢ axes;’ see Appendix B. This splitting (¢) turns
out to be temperature dependent, indicating a
temperature-dependent incommensurability. It is shown
in Fig. 8 for the stage-2 and -3 samples, as measured by
the diffractometer study. The splitting saturates below
about 200 K at a value around 0.7°. By contrast, the pre-
cession photographs for the stage-8 sample gave values
ranging from 1.5°+0.3° at 194 K to 1°+0.3° at 243 K, and
somewhat lower values for the stage-2 samples.

1. Lock-in transition of normal phase

In the fresh stage-2 samples, strong indication of a
lock-in transition to a large supercell along A (A=17ag)
was found between 210 and 230 K, through the appear-
ance of superlattice lines.’ It turns out that this lock-in
transition is also age dependent. For sample 2 in the dif-
fractometer study, we no longer found any superlattice
lines. In fact the “splitting” value of 0.7° is 35% too low
to account for the fully commensurate A=17ag, and the
structure thus remains incommensurate at all tempera-
tures.

The situation is slightly different for sample 3. There
weak superlattice lines do appear at low temperatures,
also four months later. An example is shown in Fig. 9.
They gradually lose their intensity upon heating, and
disappear between 230 and 240 K (see Fig. 6). On the
other hand, also for sample 3, the low-temperature struc-
ture is not fully commensurate, because the “splitting” is
lower than the theoretical value, ¢, =0.915°, of the fully
commensurate case.’

It is easily shown that a splitting angle ¢ of 0.7° re-
quires that 4 =16.96a; rather than 17ag, and also that
precession data for sample 1, with ¢ > ¢,, are consistent
with an A4 value > 17a5. In neither case is the structure
entirely commensurate. The implications of this are dis-
cussed later.

2. Additional phase by aging

A further complication of this system is the occurrence
of an extra phase, increasing in importance upon aging.
In Fig. 7(a) several fairly strong spots may be identified
which are not indexable on either of the structures already
described. In fact, these spots were not found on pictures
of the fresh stage-8 sample,® but are quite pronounced
after one year of storage. On the fresh stage-2 samples,
spots belonging to this phase were seen also, although
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(a)
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(b)

FIG. 7. (a) Precession photograph of (#k 0) of sample 1 at 223 K. (b) This figure is an attempt to clarify the indexing of the spots
of (a): The upper half of the figure contains spots related to the M phase only, one domain being illustrated by the reciprocal net and
the larger solid circles (®). Contributions from equivalent domains are shown by various symbols (®, ®, A, V, ®). In order to identi-

[e)e]

fy the six characteristic groups of stronger spots (O “5°O) of (a), spots designated O are added throughout. The graphite spots are
indicated by ®. The lower half contains some of the additional spots due to the X phase, one domain being illustrated by the dashed
reciprocal net and the asterisks (% ). Contributions from equivalent domains are shown by + and + , primarily in the lower-left qua-
drant. Identification of some numbered spots is as follows: (1) (050),, (2) (060), and (620)%, (3) (150),, doublet, (4) (100) 4y, (5)

(730)x, (6) (630)x, (7) (430)x, and (8) (600)y.

weak, but after four months they are quite strong both for
sample 2 and sample 3. Examples of such peaks are seen
in Fig. 7(a) and also in Fig. 10.

The extra peaks can be indexed on a commensurate lat-
tice with the reciprocal-lattice dimensions

10F ot
= Fe'\PC i 5nH 03
b
k=l
s [° § o° ° .O.o
2.5 & ©° |
p o
= o :sample 2
w
o: 3
0 , . . g
100 150 200 250
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FIG. 8. Angular splitting (¢) by diffractometer scans of
(150)r of pairs of domains [spot (3) of Fig. 7(b)] vs temperature
for sample 2 (O) and sample 3 (®). Commensurate value
@.=0.915° is indicated. The FWHM of each peak of the doub-
let is 0.42° for sample 2 and 0.50° for sample 3.

Ay =5:(2a5 +b%), By=-(—2a%+3b*),
and their equivalents corresponding to a direct lattice,
AX:9aG +6bG, BX: —3aG +6bG 5

4)

&)

with two equivalent other domains, as given in Appendix
B.

It is characteristic that this phase does not vanish at the
same temperature as the ‘“normal” lattice. For both sam-
ples 2 and 3, it has a higher transition temperature upon
heating (7., =259 K). The extra peaks are, however, in-
fluenced considerably by the transition of the normal
structure, as is seen from Fig. 10. Also the extra structure
may be supercooled.

We consider it likely that the upper of the two
calorimetric anomaly peaks observed* in a-Cs,-HNO; is
due to the extra phase. It is quite probable that the extra
phase is due to some chemical species evolved by slow re-
action within the intercalated graphite. According to
Fuzellier,” HNO; is easily dissociated into NO, + H,0,
and also higher oxides such as N,Os or N,O, may be
present. The presence of NO, is readily seen from the
brownish color of the gas surrounding the specimen in the
capillaries. As this phase is commensurate with the
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FIG. 9. Sample-3 diffractometer scan along [£50], at 147 K showing one normal-phase peak, (050),,, two extra phase peaks,
(340)x and (600)y, and some superstructure peaks, (n/12). Referred to the graphite lattice, the scan is along [, —;—( 5-2£),0]g.

graphite and not with the normal phase M, it must exist
intercalated at locations by itself, rather than mixed into
the normal phase. The dip in Fig. 10 at T,,, however,
shows that its ordering is influenced either by the
normal-phase ordering or by the graphite-layer sliding
(Sec. IV A).

IV. INTERLAYER EFFECTS

A. Graphite-layer stacking and sliding

The graphite-layer stacking is normally denoted by the
letters A, B, and C such that if the origin of layer A, say,
is taken at the (hexagonal) posmon Xy=0,Y4=0, B
layers are shlfted by Xf=1 ,YH— %, and C layers by
Xf=%,Y5=

Nixon et al. s concluded from their x- ray study that the
stage-2 a-Cs,-HNO; could be described by the c-axis se-
quence

A/AB/BC/C (6)

Sample 2

(10‘c0tﬂ1fs1sec)
(=]

(4301

“extra phase”

Ul
T

Intensity

(=)
T

%0 ™0 %0 s+
Temperature (K)

FIG. 10. Sample-2 diffractometer intensity of extra phase
peak, (430)x [spot (7) of Fig. 7(b)] vs temperature for one tem-
perature cycle; (1) heating at 0.2 K/min, (2) 1 h above 268 K
and (3) cooling at 1 K/min.

(where / indicates an intercalant layer), with a distance I,
between nearest intercalant layers being 11,15 A, corre-
sponding to a repetition length of 33.45 A. However,
Fuzellier® found that the sequence for stage 2 is instead

A/AB/B , )

with a repetition length of 22.30 A.

The ! dependence of the (10/)g scattering of our stage-2
sample above T, is, in fact, in agreement with (7), al-
though we cannot entirely exclude the presence of some
small percentage of (6). Such a stacking is, furthermore,
in agreement with the ! dependence of the intercalant
scattering.

For stage 3, Nixon et al. found a stacking

A/ABA/ACA/A , (8)

with I,=14.48 A and a repetition distance of 28.96 A.
The (10]) scattering from our stage-3 sample is in agree-
ment with this, although the intercalant scattering may
point to a doubling of this repetition unit (see below).
These are the stacking sequences above 250 K.

However, as already noted by Parry,’ the intercalant or-
dering at T, is accompanied by a major change of the
scattering from (11/)g; some changes are, in fact, also
seen for (10/)g. The variation across the transition region
is seen from Figs. 4 and 5, showing [ scans of (10/); and
(11D)g., The convention is taken to refer to a ¢ axis of
11.15 A in both cases. For 110 the contribution is ap-
proximately halved upon passing 7, for both samples.
Simultaneously, the /=1 peak practlcally disappears, and
strong shoulders develop at / =~ for the stage-2 sample.
Similarly, for the stage-3 sample the contributions at
[~0.85 and 1.60 disappear, and peaks appear for [~0.40.
For 00!/ scattering, however, such a change was not ob-
served. We notice that the intercalant contribution to
(11])g should be negligible because of the incommensura-
bility.!* Since typical intercalant intensities are less than
one-tenth of the graphite-lattice intensities, the intercalant
contribution to (10/)s is also quite small. The effect de-
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TABLE II. Sliding-model intensities. Ratio R (hkl)=(I nsiided — Istidea)/ L unstided + Lsiigea) fOr stage-2
sample calculated for the graphite sliding model, compared with observations using I, unslided = T high temp
and Igigea =T iow temp (see Fig. 4). The sliding parameters x=0.2 and y=0.05 used for the calculations
give a good fit for the /=0 cases and a fair semiquantitative fit elsewhere. The case designated by an
asterisk (%) is contaminated by stage-3 contribution (cf. Fig. 5).

1— 0 . 1 5 2 >
Raps(110) 0.34 —04 0.5 0.4* 0.4 —0.6
X +p
Reac(111) 0.2 0.20 ~1.0 0.20 —1.0 0.20 —1.0
0.25 0.33 1.0 0.33 —1.0 0.33 —1.0
0.30 0.49 —1.0 0.49 -1.0 0.49 —1.0
R ;,(100)
or R,(011) 0.12 —0.13 —0.23 0.14 —0.5 ~0.0
X,y
[Rcalc( 101)
+ R (011)]/2 0.15, 0.10 0.08 —0.022 —0.26 0.08 —0.69 0.05
: 0.20, 0.05 0.14 —0.027 —0.30 0.10 —0.73 0.07
0.25, 0 0.17 —0.032 —0.33 0.12 —0.76 0.09

picted in Figs. 4 and S is therefore due to the graphite lat-
tice. Since, for graphite stacking involving only the pure
A, B, and C layers, (11/); should obey the same extinc-
tion rules as (00/)g, one is led to conclude, as did Parry,7
that some graphite layers are driven out of the pure hex-
agonal stacking below 7.

In fact, the observed curves may be semiquantitatively
reproduced by applying a model where the 4/4 (B/B)
sandwich transforms into 4/4' (B/B’) with A’ shifted
of the order of 0.2a; + 0.05bg (or the equivalent) relative
to A. Comparison between intensity-ratio calculations
and observations for the stage-2 case is given in Table II.
For stage 2, the sequence assumed below 7 is

A/A'B’'/B" 9)

so that the relation between A’ and B’ is the same as be-
tween A and B. (For the stage-3 case, it is, similarly,
A/A'B'A'/A"C"A".) To retain the repetition length of
22.30 A, it is also necessary that the shifts alternate plus

and minus from layer pairs to layer pairs, thus involving
an “antitranslational” ordering scheme of graphite layers,
making B""=B. We notice that neighboring 4 and B
layers may be considered bound units which interact with
neighboring units via the intercalant layers. Their order-
ing scheme below T, is “antitranslational” (see Fig. 11).
It would be natural to try and describe the system by use
of a one-dimensional model involving interaction between
neighboring units. The same applies for the stage-3 case,
with the units being 4BA4 and ACA layer groups.

The graphite-layer sliding represents a most unusual ef-
fect, not reported for other graphite' intercalation com-
pounds. Because of the strength of the in-layer graphite
bonding the sliding motion most likely involves dimen-
sions of the order of the domain sizes, probably several
hundreds of angstroms. Within the Daumas-Hérold
domain model the motion may be pinned at the domain
boundaries, as illustrated in Fig. 11. In addition, there
will be transverse elastic resistance to the sliding at the
sidewalls of the domains.

B. Intercalant interlayer correlation

In the disordered or liquid state there is no correlation
between intercalant layers, even for the stage-2 case. This

A _f_ N 1" ] can be seen from the precession pictures containing the c*
fo—o—A—o-o $ v p_l] axis. The liquid streaks parallel to the ¢* axis are dimin-

]

FIG. 11. Stacking schemes, domain boundaries, and
graphite-layer sliding at 7, for a stage-2 intercalation com-
pound. Carbon-atom sites are rendered schematically by open
circles; vertical bars between 4 and B layers are shown to indi-
cate stiffness. Nearly vertical dashed bars indicate possible
HNO; molecular-plane orientation connected with graphite slid-
ing. Horizontal and vertical scales are out of proportion.

ishing only slowly for increasing /, and there is no period-
ic modulation.

In the ordered region the normal-structure peaks show a
modulation along / somewhat dependent upon the thermal
history. Only a limited number of the peaks were studied.

Examples of [/ scans of intercalant scattering for the
stage 2 sample are shown in Figs. 12 and 13. As is seen,
the (0kl),, digrams indicate a considerable amount of in-
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FIG. 12. Vertical diffractometer scan for sample 2 of inter-
calant (051); at 246.8 K upon heating.

terlayer correlation. It is noteworthy that (057),, shows a
minimum intensity at /=0 and maxima at [=+0.5,
whereas (06]);; has the opposite characteristics (not
shown).

The modulation may be interpreted by allowing for a
pronounced in-plane shift X,s,Y,, of the intercalant lat-
tice from layer to layer. The detailed determination of
X, Yy can only be performed with full knowledge of the
actual intercalant molecular ordering. For instance, an
in-layer structure factor will enter. However, from the ra-
tio

I(0kO)y/I(0k 5 )y

for k=5 and 6, assuming nearest-layer correlations to be
dominant, one can derive an order of magnitude for Y,,,
giving Y,,~0.14.

The scattering from (10/),, is more thermal-treatment
dependent. In Fig. 13 we show three scans, with one
thermal cycle through T, between the one at 99.5 K and
the one at 246.7 K. Thus the X, is less well defined than
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FIG. 13. Vertical diffractometer scans for sample 2 of inter-
calant (10/)), at two different stages of thermal history. One
run at 99.5 K (@) is followed by one temperature cycle to above
T,, cooling again to 216.6 K, and then at 246.7 K (O ) and 248.8
K (X)) on heating.
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Yy, a fact which is probably connected with the incom-
mensurability along Ajs;. An analysis of the 246.7-K ob-
servation along similar lines as for Y,, gives values of X,,
in the range +(0.25—0.30).

It is probably significant that the values of X,,,Y,, thus
derived are in fair qualitative agreement with a shift of
(%,%) referred to the graphite lattice. (See Appendix B
for coordinate transformation.) This shift corresponds to
a translation along [120] from an A-layer site to the
nearest equivalent B-layer site.

The stage-3 sample was less extensively studied for the
intercalant stacking. Qualitatively, (10]),; scans showed
very little modulation, whereas (051),, did show well-
defined maxima at /=0.2, 1.0, and 1.4, and minima at
[=0, 0.35, 0.8, and 1.2. The latter periodicity indicates a
intercalant repetition period of 4 X I,~58 A.

The scattering from the extra phase (of sample 2) al-
ways showed a monotonic / dependence from maxima at
=0, with a FWHM normally (1.0—1.2)/ units. This
shows that the species of the extra phase are weakly corre-
lated, with a correlation length not more than to the first-
neighboring layers, and that there is no in-plane shift
from layer to layer.

V. DISCUSSION AND CONCLUSIONS

The normal, aging-independent behavior of the a phase
of nitric acid intercalated in graphite is that the liquid
phase transforms by a first-order transition into an or-
dered phase which is commensurate with the graphite lat-
tice is one direction (B) and incommensurate in the other
(A). The transition temperatures are staging independent,
being T,;=244+1 K upon cooling, and T,,=249+t1 K
upon heating. For the stage-2 sample, the most extensive-
ly studied case, the stacking sequence is 4/A4'B’'/B with a
repetition distance C =2I,=22.30 A. Intercalant layers
are correlated along C, with a shift from layer to layer
which is somewhat thermal-treatment dependent along A,
but less so along B.

The observed [/-scan diffraction is consistent with a ra-
tional intercalant stacking shift of +(ag+2bg), corre-
sponding to the line AB, of Fig. 14, so that the inter-
calant configuration at point 4 of layer O, say, is identical
to the configuration at point B, of layers +1 (perhaps ex-
cept for a minor tilting angle.)

At lower temperature the tendency for intercalant
modulation by the graphite lattice to create a superstruc-
ture with A =17a¢ lessens with time, and full commen-
surability is not achieved.

The intercalant ordering at T, is accompanied by an
unexpected sliding motion of graphite layers, so that the
layers on either side of an intercalant layer are shifted rel-
ative to each other. This shift between 4 and A’ in an
A/A’ sandwich could be determined semiquantitatively
to be of the order 9f (0.2,0.05)¢ or (0.05,0.2)g, amounting
to a shift of 0.45 A. Such shifts are indicated in Fig. 14.
It is noteworthy that they are essentially parallel to or
normal to B.
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FIG. 14. Four cells of a graphite layer with origin at 4, to-
gether with a % unit cell of the intercalant normal phase M,
Relative shift of intercalant layers for

Possible

showing A, and %BM.
stage 2 is of the order of A4 —Bz—_—%(ag +2bg).
graphite-layer slidings 4-4' (B’-B) are indicated.

The mechanism for the sliding interaction is somehow
mediated by the intercalant ordering. We notice that the
HNO; molecules are believed to have an orientation essen-
tially normal to the graphite layers.!!"'? Furthermore, we
notice that_cooling through T, shortens the c¢ axis by
0.04—0.05 A.15 A molecular tilt upon cooling through 7,
of about 5.8° around a horizontal axis (with a molecular
outer dimension 7.80 A—3.35 A=4.45 A) can account
for the c-axis reduction.

In fact, such a tilt, with the HNO; molecules acting as
a ball bearing between graphite layers, does account for a
shift of 0.45 A. Such a model requires that bonding exists
between the HNO; molecules and the graphite layers. To
preserve the c-axis periodicity the tilting angle must alter-
nate in sign along the ¢ axis. The tilting model may be
checked only by careful studies of 00/ scattering through
T..

We have not yet determined the molecular ordering of
the low-temperature phase. This will be the subject of a
subsequent paper. The intercalant layer of the M phase
contains five molecules,’ altogether with 5X2+5Xx3=25
positional and orientational parameters to be determined,
assuming rigid molecules. The interlayer correlation
strongly influences the actual interpretation of the hkQ
data set, and several Akl reflections may be required for a
full structural determination. An added complication is
that the interlayer correlation depends on the thermal his-
tory.

The one-direction incommensurability observed may
possibly point to a molecular chain structure. Chaining of
HNO; molecules by hydrogen bonds is, of course, quite
likely and probably occurs in solid HNO;.'

The observed incommensurability may be accounted for
by assuming commensurate regions along A separated by
walls or domain boundaries!” (“stripe domains™). For in-

stance, the presence of both modulation peaks (sample 3)
and a splitting angle @ < ¢, is consistent with a structure
involving regions with unit cells with A =17a; separated
by walls with A=16as. One 16a; unit in average per
twenty-four 17as units just corresponds to an observed

A=(17X24 + 16)/25aG =16.96a¢.

Since the B axis is commensurate, the molecular
chains, if present, would have to run along B, with some
zig-zagging in order to accomodate the five molecules (4.7
A linear extension each!!) within the 20.1-A B-axis
length. The graphite-layer sliding would best be normal
to the chains.
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APPENDIX A: NOTATION AND RELEVANT DATA

We use the following notation: index G, graphite lat-
tice; index I, intermediate phase; index M, normal phase;
index X, extra phase. Graphite lattice ag=2.46 A. The
intercalant-layer distance along the ¢ axis, often called the
“repeat distance,” I,=11.15 A, is used as a reference
length. All / indices refer to this length. Observed repeat
distances from (00/) at room temperature are 11.16+0.02
A for state 2, and 14.51+0.04 A for stage 3. Stage mixing
is determined in terms of relative volumes from the inten-
sity ratios of the pairs

(003)tage 2-(003.06)106¢ 3
(004 )5tage 2-(003.75)g10ge 3
and \
(006)stage 2-(006.13)1p0e 3 »

assuming vertical HNO; molecules in a concentration cor-
responding to Cs,-HNO;. This gave (11+3)% stage 3 in
sample 2 and (4.51+2)% stage 2 in sample 3.

APPENDIX B: INDEX AND POSITION
TRANSFORMATIONS

Normal-phase intercalant reflections (4kO0),, referred
to the reciprocal unit cell given by

A} =pag +qbg ,
B}, =rbg ,

with p~12/17, g~—24/(9x17), and r=1/9, and their
five graphite symmetry equivalents may be transformed
into a graphite reference frame ag,bg according to the
following table:



Domain Symmetry operation (hkO0)g
1 Identity E hp, hq +kr,0
2 Cs —(hq +kr), h(p +q)+kr, 0
3 C} —h(p+q)—kr, hp,0
4 Tp —hp, h(p +q)+kr,0
5 Cap —(hg +kr), —hp,0
6 g h(p +q)+kr, —(hq +kr),0

The intercalant direct-lattice unit cell is described by
A M =lag ,
BM =uag +Ub(; "

with t=1/p~17/12, u = —q/p, 1/r=2,and v =1/r=9.
Transformations  between  position  coordinates
(Xar, Yar,0)pr and (Xg, Yg,0) are given by

XG ———XMt + YMu N

YG—':YMU,
and
1 ul
=—Xg———Y;s,
Xum ;Xe— Yo
YM=;YG
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The extra phase reciprocal- and direct-lattice unit cells
will occur as three equivalent domains:

Domain Operation.

1 E A% = (2 —3bg)
B = (3a§ —b§)
AX: ——3(36 +3bG)
BX:3(3aG +b(;)

2 C, - Ay =;(3aG—2b%)
AX=3(2aG ‘-b(;)
By =3(2ag + 3bg)

3 c? A% =5 (2a% +b%)

B =5 (—2a¥ +3b§)
Ay=3(3ag+2bg)
BX=3(——3.G+2bg)

The angle ¢ between the type-(150);, reflections of
domains 1 and 5, say, may be obtained from the cross
product of the two vectors

R;=—pa*+(—q +5rb*,

Rs=(—g +5r)a* —pa*,
giving

V3(p?—q®—25r%+10gr)
2(p2+q2+25r2—10gr +pg —Spr)

sing =
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FIG. 1. Precession photograph of fresh sample 2 at 225 K
showing a section containing the graphite (00/); up to /=35, and
the intercalant (10/)y,, showing / modulation. C-axis mosaic
spread is seen.



(a)

FIG. 7. (a) Precession photograph of (hk0) of sample 1 at 223 K. (b) This figure is an attempt to clarify the indexing of the spots
of (a): The upper half of the figure contains spots related to the M phase only, one domain being illustrated by the reciprocal net and
the larger solid circles (®@). Contributions from equivalent domains are shown by various symbols (@, ®, /A, V/, ®). In order to identi-
fy the six characteristic groups of stronger spots (09%°0) of (a), spots designated O are added throughout. The graphite spots are
indicated by ®. The lower half contains some of the additional spots due to the X phase, one domain being illustrated by the dashed
reciprocal net and the asterisks (% ). Contributions from equivalent domains are shown by 4 and + , primarily in the lower-left qua-

drant. Identification of some numbered spots is as follows: (1) (050), (2) (060), and (620)y, (3) (T50), doublet, (4) (100)yy, (5)
(730)y, (6) (630)y, (7) (430)y, and (8) (600)y.



