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Solid solutions of Ar,_,(N,), have been investigated by x-ray powder diffraction in the range
0.5<x <1.0, 8<T <60 K, and under hydrostatic pressures up to 2200 bars. The structural hcp-
cubic (Pa3) phase transition is identified as a martensitic transformation with a wide transformation
hysteresis. For x <0.8 and T <30 K the solid solutions show the orientational glass state, which is
characterized by a superposition of inhomogeneous and homogeneous lattice strains. The inhomo-
geneous component is described by the random-field model. The homogeneous component corre-
sponds to an orthorhombic distortion of the hcp lattice. Two products of the Pa3 phase have been
detected: an orientationally disordered fcc state and the high-pressure ¥ modification. It is con-
cluded that the Pa3 phase and its products have no direct relevance to the orientational glass state.
The analogies to the glasslike state of the mixed cyanides and of ortho-para-H, are worked out.

I. INTRODUCTION

A quadrupolar orientational glass state has been ob-
served in three series of mixed crystals: (para-
H,),_,(ortho-H,), (Refs. 1 and 2), mixed cyanides’ like
(KBr);_,(KCN),, and Ar,_,(N,), (Refs. 4-12). For
x=1, where the aspherical species (N,, CN ™, 0-H,) is ful-
ly concentrated, a phase transition from a dynamically
disordered high-temperature phase to an orientationally
long-range-ordered low-temperature phase occurs. Upon
dilution with a spherical component (Ar, Br™, p-H,) the
transition temperature decreases and vanishes at a
threshold concentration x, (see, e.g., Fig. 1). For concen-
trations below x, the orientations of the aspherical com-
ponent freeze-in randomly at low T and the high-
temperature center-of-mass lattice is preserved down to
the lowest temperatures.

For Ar:N, (and o-p-H,) the dynamically disordered
high-T B phase is hcp.'? At least for pure N, it is
known!®!* that the molecules precess around the ¢ axis
with an inclination angle which is close to the magic an-
gle of 54.7°. This means that the time-averaged quadru-
pole moment of the N, molecule approximately vanishes.
Accordingly, the ¢ /a ratio is close to the ideal value of
the hexagonal close packing of spheres.

The low-T ordered a phase of N, and the N,-rich
Ar:N, mixed crystals is cubic. The center-of-mass lattice
is fcc: the N, orientations are arranged in a four-
sublattice pattern.'> In each of the sublattices the mole-
cules are parallel along one of the (111) directions (space
group Pa3).

For Ar:N, the formation of the orientational glass state
is evidenced from inelastic-neutron-scattering* and NMR
experiments.”~ 7 It has been concluded that the orienta-
tional degrees of freedom freeze-in rather gradually.
Specific-heat, 89 thermal-conductivity, !° and dielectric ex-
periments'' (on Ar:CO:N,) have confirmed the glassy
character of this state of frozen-in orientations, showing a
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linear specific heat, an excess Debye contribution, a pla-
teau in the thermal conductivity, and a dielectric relaxa-
tion with a broad distribution of barrier heights. A mod-
el explaining these observations by assuming the ex-
istence of two-level systems with a distribution of energy
barriers and energy differences between the two minima
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FIG. 1. x,T phase diagram of Ar,_,(N,), under its own va-
por pressure. The hcp-cubic transition temperatures are defined
as temperatures where the diffraction lines of the two phases are
of comparable intensity (circles). Solid symbols refer to slow
cooling and open symbols to slow heating. The bars indicate
the width of the hcp-cubic coexistence region (see Sec. IV B).
The freezing temperatures T, (crosses) are derived from the T
dependence of the width of the powder lines (as discussed in
Sec. IVE). The triangles denote the temperatures, where the or-
thorhombic distortion becomes detectable (see Sec. IV F).

3152 ©1990 The American Physical Society



42 X-RAY-DIFFRACTION STUDY OF THE CRYSTAL ...

of the postulated double-well potential has been
developed for the cyanides.'® Its application to
Ar:CO:N, has been studied in Ref. 9.

For the cyanides, detailed theoretical investigations of
the orientational glass state have been based on a
random-field model,!’~% random strain fields being in-
troduced by the substitution of ions with slightly different
sizes. On the other hand, o-p-H, is traditionally de-
scribed by a random-bond model’> known from spin
glasses.?! The application of the random-bond model to
quadrupolar glasses has been studied by mean-field
theory?? and by computer simulations for hexagonal?}
and cubic lattices. %%

Two different phase diagrams obtained by x-ray
diffraction have been reported in the literature: samples
grown from the melt show complete miscibility;'? sam-
ples vapor-deposited on a cold surface show a large misci-
bility gap.?® [Effects of the preparation technique on the
crystal structure are also known for o-p-H, and -D, (Refs.
1 and 27).] Despite the fact that the x, T phase diagrams
of o-p-H,, Ar:N,, and the mixed cyanides are analogous,
the structural data illuminate essential differences, as
pointed out in the following.

For the mixed cyanides the orientation-transition cou-
pling leads to a variety of ferroelastic phases,?®?° which
can be derived from the cubic high-temperature phases
by combinations of three independent shear deformations
of T,, symmetry and by a concomitant alignment of the
CN molecules. The competition between the homogene-
ous shear deformation and the tendency of a macroscopic
crystal to keep its shape leads to multidomain states with
regular domain patterns in the pure cyanides and in the
mixtures with high CN™ concentrations.> The orienta-
tional glass has been regarded as a short-range-ordered
variety of the ferroelastic phases, with locally polarized
regions being the analog of the domains of the long-
range-ordered phases. The statistical variation of these
local distortions corresponds to a distribution of lattice
strains, observable in x-ray experiments as broadening of
the diffraction lines.’* 32 It is the aim of the present
study to investigate whether this concept can be
transferred to Ar:N,.

For o-p-H, and Ar:N, the orientationally ordered
phase is not a ferroelastic variety of the disordered high-
temperature phase. There is even not a group-subgroup
relation between the disordered and the ordered phase;
instead the formation of the ordered phase is accom-
panied by a rearrangement of the center-of-mass lattice,
which can be visualized by a change of the stacking se-
quence. Thus the question arises whether the ordered
phase (Pa3) is of any relevance to the glasslike state, as
the similarity of the Ar:N, phase diagram to that of the
mixed cyanides might suggest.

Orientationally ordered variants of the hexagonal lat-
tice, which might be the analog of the ferroelastic phases
of the cyanides, have been predicted theoretically,3 ™%’
but never found experimentally for Ar:N, or o-p-H,. For
Ar:N,, detailed structural data on the orientational glass
regime do not exist. Therefore an x-ray investigation has
been undertaken in this work. Application of hydrostatic
pressure clarifies the relationships of the observed phases
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with respect to each other.

The remainder of this paper is organized as follows: In
Sec. II we describe the details of the two experimental
setups, for low and high pressure. In Sec. III we present
the experimental results and data-reduction procedures.
In Sec. IV the results are discussed, concerning (A) the
phase diagram, (B) the a-B transition, (C) the ordered
low-T a phase, (D) stacking faults, (E) the orientational
glass, (F) the ferroelastic instability, and (G) the applica-
tion of high pressure. In Sec. V we summarize the results
and draw conclusions.

II. EXPERIMENT

A closed-cycle refrigerator was used to reach tempera-
tures down to 8 K. The temperature was controlled to
better than 0.1 K. Cu Ka x rays emerging from a con-
ventional tube operating at 1.2 KW were reflected from a
graphite  monochromator (A=1.5418  A). The
diffractometer was set up in Bragg-Brentano geometry.
The position-sensitive detector covered an arc of *6°
around its mean 26 position. The instrumental resolution
was 0.25° full width at half maximum (FWHM) at
26=40°, as derived from the linewidth of BN (hk0) and
of Ar:N, high-temperature (hcp) reflections.

Gases of high purity (>99.9997%) were mixed at room
temperature and condensed into the probe chamber at 65
K. The liquid was allowed to homogenize for 1 h. Since
the amount of gaseous Ar:N, in the filling capillary (0.1
cm® STP) was small compared to the liquid Ar:N, in the
probe chamber (typically 100 cm® STP), the change in
concentration due to the different vapor pressures of Ar
and N, was negligible.

The cell was stuffed with BN powder, which serves two
purposes: (i) BN reflections are an internal standard for
the determination of the lattice parameters of Ar:N,; (ii)
condensing Ar:N, into the pores of the BN matrix con-
siderably improved the quality of the samples in the sense
of powder diffractometry by reducing the effects of pre-
ferred orientations. However, we could not suppress
these effects completely and hence will not evaluate
Bragg intensities in a quantitative way. It was verified
that this procedure does not affect the position and width
of the Ar:N, reflections. The plane sample surface, need-
ed for the reflection of x rays in parafocusing geometry,
was provided by a Kapton foil of thickness 0.02 mm (Fig.
2).

The powder quality of the samples was further im-
proved by solidifying the liquid by rapid cooling (cooling
rate 5 K/min) from a temperature slightly above the
melting temperature down to 50 K. The sample was an-
nealed at 50 K for 1 h in order to remove internal strains.
Subsequently, the sample was cooled down in steps of
typically 5 K. At each step x-ray profiles were taken at
four positions of the position-sensitive detector, such that
an angular range 20° <26 < 60° was covered. Seven to ten
Ar:N, Bragg reflections were observable in this range. It
was necessary to reduce the cooling rate during the 5-K
steps to 0.5 K/min; otherwise a shift in the hcp-cubic
transition temperature, a suppression of the orthorhom-
bic distortion (see Sec. IV F), and an increase of the inho-
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FIG. 2. Experimental setup for investigations of Ar:N, under
its own vapor pressure: 1, position-sensitive detector; 2, copper
frame; 3, probe chamber containing BN powder and Ar:N,; 4,
Kapton foil; 5, x-ray shield; 6, thermal shield; 7, vacuum jacket
with Be window; 8, Soller slits; 9, vertical slits; 10, monochro-
mator; 11, x-ray tube.

mogeneous strains was observed. It was verified that a
reduction of the cooling rate by a factor of 10 did not
change the results any further. After the minimum tem-
perature of 8 K was reached, subsequent stepwise heating
to 60 K completed the measuring cycle.

In a second set of experiments, hydrostatic pressure
was applied. He gas was pressurized up to 2200 bars by
an air-driven diaphragm compressor. Gas-leading parts
and the probe chamber had to be changed to withstand
these pressures. A thick-walled Be capillary was used as
a probe chamber (Fig. 3). Strong Be- and weak Be-oxide
reflections contaminated the spectrum and prevented the
observation of more than the first three Ar:N, reflections.
The capillary was not filled with BN in order to avoid the

| —
> —?
Z R
é ng 3
NN
| 4L
Y N
Dy
L 5
2B
11 6

I |
&\

FIG. 3. High-pressure cell: 1, cold head; 2, thick-walled steel
filling capillary; 3, heater; 4, socket with conical seat for Be
probe chamber; 5, thick-walled Be capillary containing Ar:N,;
6, x-ray beam; 7, nut.
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screening of one of these few Ar:N, reflections by a BN
reflection. Thus a different technique of producing
powders acceptable for x-ray powder diffraction was ap-
plied: The liquid was condensed into the Be cell at low
pressure and then solidified within fractions of a second
by applying pressure. Subsequently, the sample was
cooled to 50 K as quickly as possible to avoid the coales-
cence of the crystallites. It was important not to overfill
the sample cell; otherwise the pressure in the sample was
not necessarily identical to the pressure read by the pres-
sure gauge. The actual pressure of the sample could be
estimated by referring to the literature values on the pres-
sure dependence of the hcp-cubic transition temperature
and of the lattice parameters of pure N, (Refs. 38 and 39).

III. RESULTS

Fifteen concentrations have been studied at low and at
high pressures. The counting time for the x-ray spectra
was 20 min. For the low-pressure experiments, the max-
imum height of the Bragg peaks was about 3000 counts
for the weakest and 100000 counts for the strongest
peaks, above a background of 3000 counts. For the
high-pressure setup, the Bragg peaks were about a factor
of 10 smaller due to the absorption of the thick-walled
probe chamber. The background was about 2000 counts
(for an example, see Figs. 13 and 14). Strong Be
reflections (150000 counts) and weak BeO reflections
(3000 counts) masked the Ar:N, reflections at 26 2 35°.

Gaussian profiles were fitted to the observed spectra.
The lattice parameters were determined by a least-
squares fit to the positions of ten Bragg reflections and
were converted to molar volume [Figs. 4, 7, and 8(a)] and
c/a ratio (Fig. 5). The observed linewidth (Fig. 10) was
converted to the intrinsic width, assuming that the in-
strumental resolution adds quadratically to the intrinsic
width. This is a good approximation since the observed
line shapes are close to Gaussian.

The x,T phase diagram is shown for low pressure in
Fig. 1 and for high pressure in Fig. 8(b). The hexagonal-
cubic transition temperatures have been determined from
plots of the line intensities versus T (Fig. 6).

IV. DISCUSSION

A. Phase diagram

The x,T phase diagram as derived from the present
study is shown in Fig. 1. As far as the miscibility of the
two species and the approximate size of the Pa3 field is
concerned, it is in general agreement with that of Barrett
and Meyer.!? The lowest N, concentration of the present
study falls into the range where these authors observed a
fcc low-T state after cold working. We never observed
this phase, though we used several types of annealing cy-
cles and applied hydrostatic pressure.

Figure 4 displays the molar volume of the hcp phase at
50 K as a function of x. It shows a positive departure
from Vegard’s law [as obtained by an interpolation be-
tween N, (Ref. 13) and Ar (Ref. 40)], but otherwise varies
smoothly with x, a fact which suggests that chemical
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FIG. 4. Molar volume of Ar:N, under its own vapor pressure
vs N, concentration x. The solid line connects the literature
values for pure N, and pure Ar.

decomposition does not occur.

For all x,T values the c/a ratio of the hcp phase is
close (within 0.5%) to the ideal value. Nevertheless,
significant departures exist: For x <0.95, ¢ /a is slightly
below ideal in the whole T range investigated; c /a in-
creases with decreasing T (Fig. 5).

B. a-pB transition

The hexagonal and cubic structures are easily dis-
tinguished by inspection of the strong hcp (101) and cubic
(200) reflections, which are well separated in 26 from
reflections of the other phase. In Fig. 6 the intensities of
these two reflections are plotted versus temperature for
two concentrations. The temperatures where the intensi-
ties pass 50% of their saturated values are regarded as
transition temperatures T, and T,,, respectively (circles
in Fig. 1). The characteristic temperatures M,, M., A,
and A, of the martensitic hysteresis loop*! are indicated
in Fig. 6. The widths of the hcp-cubic coexistence re-
gions, given by M -M, and A;-A,, are indicated as bars
in Fig. 1. For pure N, the transformation is sharp. The
small thermal hysteresis is AT =T, —T, =07 K, a
value which agrees with Ref. 15. With increasing Ar
content the transformation loop 1is progressively
broadened to about AT=15 K for x=0.81 (also see Fig.
1). When samples were kept for periods up to 14 h at
constant temperatures within the coexistence regions,
there was no change of the peak intensities with time.
Such a behavior is characteristic of an athermal martensi-
tic transformation.*' (The same conclusions' have been
drawn in o0-p-H, too.) Surprisingly, Barrett and Meyer!?
did not mention coexistence regions and hysteresis effects
in their diffraction study on Ar:N,.
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FIG. 5. Hexagonal c/a ratio for three different concentra-
tions. For x=0.82 the diamonds indicate the ¢ /a ratio of the
10% residual hcp amount in the Pa3 phase. Open symbols refer
to cooling and solid symbols to heating. Dashed horizontal
lines give the ideal value for the close packing of spheres of
V8/3=1.633.

Upon heating, cubic reflections always remain visible
up to 40-45 K. However, in contrast to o-p-D,, this cu-
bic residue could not be increased by repeated thermal
cycling through the transition. Furthermore, there are
no indications that parts of the sample transform into
parasitic structures, which are neither cubic nor hexago-
nal, unlike to 0-p-D, (Ref. 42). The hcp-to-cubic transfor-
mation of samples with x around x,=0.8 is incomplete,
the cubic fraction at low temperatures varying from 90%
at x=0.82 to 10% at x=0.79. For x <0.75 cubic resi-
dues do not occur any more.

In Fig. 7 the molar volume is plotted versus tempera-
ture for three different concentrations. For x >x_ the
volume jump AV,, at the hcp-to-cubic transition has been
determined and is plotted versus x in Fig. 8(a). AV,
changes sign at x=0.85: For x>0.85 the low-
temperature phase has the smaller volume, and for
x <0.85, the larger volume. (A corresponding change of
sign in the pressure jump at the transition, Ap at constant
volume, has been reported in the literature* for o-p-H,.)
The molar heat of transformation A is related to the
slope dp /dT of the phase transition line in the p, T phase
diagram in terms of the Clausius-Clapeyron equation:

A=Ahjhg%. (1



3156 H. KLEE AND K. KNORR 42

o® & o
—_ .
Uj 30 ...oomo
+ ° °
-
cC
3 20
_d .
C L x = 1.00
o B 35 36 . hex (101)
H
cod
> © ~
+ » " B 3 am
.
m
UC) 8r x = 1.00 1
[0} Fadipo o cub (200)
£ s
e n
-
> 4
©
C a
>|< 2 . Baogo g ]
34 35 36
%o
0 . — -
0 20 40 60

temperature T (K)

MT M
\!'lhc/s
i1'e e e o
TS .
100 H -
— o o; °
0w . o!
+ b o i
Nl :.’ H
1l o ;
S 1. !
e o !
50 ‘e F
a : 9 i
C : i1 x =0.82
LA i o hex (101)
. !
— L cﬂ’o o dJE
o o
2 AT A
- " A
g ¥ g x = 0.82
) . o cub (200)
€ 20 .
-r o
> - o
© . o
C 10 .
| a
X " a
o
- oo o
0 . o "
0 20 40 60

temperature T (K)

FIG. 6. Intensities of x-ray powder reflections (101),., and (200).,. These reflections are “pure,” i.e., not contaminated by
reflections of the other phase. For x=1.0, the inset shows the sharp transition in detail. Open symbols refer to cooling and solid
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FIG. 7. Molar volume for three different concentrations.
For x=1.0 and 0.82 we indicated how the volume jump AV, at
the hcp-to-cubic transition was determined. Open symbols refer
to cooling and solid symbols to heating. The solid lines are
guides to the eye.

Thus dp /dT has to change sign when AV,, changes sign.
As seen in Fig. 8(b), the transition temperatures T),. and
T,, are indeed shifted to higher values for x> 0.85,
whereas for x <0.85 T}, is shifted to lower values and T,
remains constant when pressure is applied.

The threshold concentration for ordering, x., is
changed to a value slightly larger than 0.82. These re-
sults are obtained if samples are cooled under pressure.
Cooling first and pressurizing afterwards gives different
results (see Sec. IV G). Using Eq. (1), A has been deter-
mined from cooling results and compared to calorimetric
results of Refs. 8 and 44 in Table I. The values of A as
determined by the two methods agree within the experi-
mental error. A is reduced when approaching x., but
remains finite. In principle, the results obtained upon
heating rather than those obtained upon cooling should
be compared to specific-heat data, but (i) the cubic-to-hcp
transition upon heating does not correspond to the
specific-heat peak as discussed in Sec. IVC, (ii) AV,
upon heating is undetectably small for x <0.9, and (iii)
T,, is insensitive to pressure. These points render the ap-
plication of Eq. (1) to the heating data impossible.

C. Ordered low-T a phase

The orientational order of the Pa3 structure gives rise
to a finite intensity of the mixed reflections (hkl) with
h,k,l partially odd and partially even, such as (210),
(211), (221), and (320), in addition to the other fcc-type
reflections. For pure N, these mixed, Pa3-specific
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FIG. 8. (a) Jump in the molar volume at the hcp-to-cubic
transition, changing sign at x=0.85. (b) Phase diagram with
transition temperatures: open circles, T, (0 bar); solid circles,
T, (0 bar); open squares, T, (1400 bars); solid squares, T.(1400
bars). For clarity, the hexagonal-cubic coexistence regions have
been omitted in this figure; the widths of these regions are prac-
tically unchanged by application of pressure. The temperatures
where the orthorhombic distortion becomes detectable are indi-
cated by triangles (p=0 bar) and diamonds (p= 1400 bars). The
solid lines are guides to the eye.

reflections are observed throughout the whole tempera-
ture regime of the cubic phase. We emphasize this point
because the loss of orientational order in the cubic state
in the temperature interval (T, —10 K) <T <T,, has
been suspected from recent Raman experiments*’ on pure
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N,. Cooling down mixtures with x =0.95, the Pa3-
specific reflections again occur exactly at the hexagonal-
to-cubic transition temperature T,.. However, starting
from the Pa3 phase, upon heating, the Pa3-specific
reflections vanish at a characteristic temperature T,,,
well below the cubic-to-hexagonal transition temperature
T,,. Thus an orientationally disordered fcc-like state is
suggested for T, <T <T,. The following transition
scheme is obtained:

Thc
cooling: disordered hcp—ordered cubic ,
TOI‘
heating: ordered cubic— disordered cubic
Tch

—disordered hcp .

T,, is larger than T,.. Note that T,, can exceed T, by
as much as 15 K. Unfortunately, the diffraction profiles
have been recorded with relatively coarse T steps in the
vicinity of T,,, so that an exact determination of T,, will
need future experimental work. Within the accuracy so
far available, T, coincides with the temperatures where
specific-heat anomalies have been observed,®* e.g.,
T, =27%2.5 K for x=0.83, compared to the value of the
specific-heat work,* T,, . =25.6 K. Obviously, the
specific-heat anomaly is due to the transition from orien-
tational order to disorder and not to the reconstruction of
the center-of-mass lattice. At the cubic-to-hexagonal
transition temperatures determined by the present work,
specific-heat anomalies have not been reported in Refs. 8
and 44. This point suggests that the energy difference be-
tween the hcp and fcc structures is small.*® Very analo-
gous phenomena have been found in 0-p-D, (Refs. 1 and
43), where thermal cycling was needed to stabilize the
disordered fcc state. For Ar:N, one arrives at the same
picture that has already been formulated for o-p-D, (Ref.
1): At high T, the disordered hcp is the stable structure.
Slightly above T,,, disordered fcc is more stable than hcp.
However, starting from hcp, the potential barrier for the
reconstruction of the center-of-mass lattice prevents the
appearance of fcc structure. Below T, the quadrupole-
quadrupole interaction drives the hcp-to-fcc transition,
because the lowest energy can be achieved when ordered
on fcc. Starting from the Pa3 phase, upon heating, the
most stable structure slightly above T,,, disordered fcc, is

TABLE I. The hcp-to-cubic transition temperatures T, = T, (p=0 bar), T, = T},.(p= 1400 bars); the
jump in the molar volume, AV,,, at the hcp-to-cubic transition; the molar heats of transformation A,,
calculated from x-ray results (see text); and A., obtained from specific-heat experiments (Refs. 8 and

44).

x T, (K) T, (K) AV,, (cm’/mol) A, (cal/mol) A, (cal/mol)
1.00 35.0+0.1 39.8+0.5 0.22+0.02 545 54.68
0.95 31.2%0.2 35.6%0.5 0.15+0.02 46+7
0.94 45.64
0.90 28.0+0.2 31.4%+0.5 0.12+0.02 33+6 37.16
0.85 25.5+0.5 26.2+0.5 0.00£0.05
0.83 23.3+0.5 18.0+0.5 —0.11£0.05 17£8 21.18
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favored. Thus the Pa3 phase has to be entered first; oth-
erwise the disordered fcc phase does not occur, but
thermal cycling is not needed, unlike the case of 0-p-D,.

D. Stacking faults

The two center-of-mass lattices observed in Ar:N,, fcc
and hcp, can be regarded as different stacking sequences
of close-packed (111),/(001),,., planes, following the
schemes ABCABC... and ABAB..., respectively.
Thus stacking faults are of importance for the hcp-cubic
transformation and perhaps even for the formation of the
orientational glass state. One distinguishes deformation
faults, caused by a translation of the whole crystal paral-
lel to the basal planes above the fault plane, and growth
faults, caused by a change of the stacking rule during the
growth process. Faults lead to a broadening and to shifts
of the powder lines. %’ =4

Following the explicit expressions of Ref. 48 for fcc
and hcp lattices, we extracted the growth-fault probabili-
ty a and the deformation-fault probability 8 from the
width and shift of the lines. The systematics of these
effects as a function of the line index allowed us to
discriminate against other sources of line broadening,
such as finite-size effects.

The results for the stacking-fault probabilities are
shown in Fig. 9 for x=0.82. The results on samples with
other concentrations are analogous. In the hexagonal
phase, a =0 within the accuracy of the experiment. De-
formation faults (B,.) are presumably produced by

c
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FIG. 9. Stacking faults: deformation-fault probabilities 3
and growth-fault probabilities a vs T for x=0.82. Open sym-
bols refer to cooling and solid symbols to heating. The solid
lines are guides to the eye. The top of the figure visualizes the
path through the phases.
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mechanical stresses which arise as a consequence of the
large thermal contraction of Ar:N,. In the hcp-fcc coex-
istence region, By, is slightly enhanced. In the cubic
phase the growth fault dominates. For the fcc lattice the
growth fault is a twin fault. Twinning at the hcp-to-fcc
transformation can be explained as follows: According to
the periodic-slip mechanism,* the martensitic hcp-fcc
transformation can be visualized as periodic slip of basal
planes parallel to one out of six possible slip vectors lying
in the planes. An eventual change of the slip direction
produces twin faults.

In the concentration regime 0.5 <x <x_, hexagonal de-
formation faults can be detected at high temperatures
(T> 40 K), analogous to the results for x >x_.. With de-
creasing temperature a strong additional type of line
broadening is observed, which concerns all reflections
and increases with wave vector Q. For the hcp reflection
(110), which is not affected by stacking faults, the line
broadening is especially strong. Therefore the possibility
that stacking faults are the source of the line broadening
in the orientational glass regime can be excluded.

E. Orientational glass

As the orientational glass evolves out of the high-T
phase, the molar volume decreases smoothly with T (Fig.
7). The slight deviation between cooling and heating for
12<T<30 K 1is observed for all concentrations
0.65=<x =0.78. This is the first time that hysteresis
effects are seen in an orientational glass. The origin of
this hysteresis is unknown. The ¢ /a ratio is displayed in
Fig. 5. For x <x, no phase-transition-like onset of the
orientational glass state is seen. The anomaly for x=0.82
is connected with the hcp-cubic phase transition. Here at
low T the c/a ratio of the 10% residual hcp amount is
plotted.

The most striking feature of the orientational glass is
the strong broadening of the Bragg lines with decreasing
temperature (see Fig. 10), which is reminiscent of the line
broadening in the glass-forming cyanides.?’ In the
cyanide single crystals the linewidth increased about
linearly with the line index. Such a behavior suggests
that the broadening is due to a distribution of lattice pa-
rameters®’ (as observed, e.g., in cold-worked metals) and
not to a fragmentation of the crystal or statistical varia-
tions of the next-neighbor distance (paracrystalline mod-
el’®3!). In the present powder results the experimental
information is sufficient for a clear-cut distinction be-
tween these different broadening mechanisms, and addi-
tionally the stacking faults. Nevertheless, there is clear
indication that the formation of the glass state leads to a
dominant type of line broadening which involves all lines
and which scales about linearly with |Q|. Thus we sug-
gest that inhomogeneous lattice strains develop in the
orientational glass, and we conclude that the orientations
are coupled to the lattice strains. For the mixed cyanides
this coupling leads to an instability with respect to shear
deformations and thus to the ferroelastic phases for
x >x,. For x <x_, Bragg lines which would show the
strongest splitting in the ferroelastic phases show the
strongest broadening in the orientational glass.? For
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FIG. 10. Apparent linewidth (FWHM) of the hcp (110)
reflection for x=0.60. Dashed lines show the result of three
least-squares fits: 1, pure random fields, J=0; 2, A/J?=0.05; 3,
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Ar:N, the broadening is strongest for (hk0) reflections,
suggesting an instability with respect to a shear of the cell
angle y. For 0.65 <x <x_ even a homogeneous ferroelas-
tic strain component is observed (see Sec. IV F), which
develops in addition to the inhomogeneous strains.

The inhomogeneous component of the strains is a basic
feature of the random-field model developed by Michel'®
for the orientational glass state of the mixed cyanides.
According to this model, disorder scattering occurs in
the vicinity of the Bragg lines, the diffuse intensity or,
equivalently, the width of the powder lines being propor-
tional to the “glass order parameter” g, which is defined
in a way analogous to the Edwards-Anderson glass order
parameter for spin glasses. > For spin glasses a transition
from a high-T state with ¢g=0 to a low-T glassy state with
g#0 is obtained, whereas in the random-field model for
orientational glasses g has nonzero values at any finite T
and increases gradually as T is decreased. Within the
high-temperature limit, ¢ =A/T?, where A is the vari-
ance of the random-strain-field distribution.'® Since pre-
dictions for q(7T) at low T do not exist, we apply a
theoretical result obtained for a random-bond classical Is-
ing system in a random field.*> It is by no means clear
whether this model describes quadrupolar glasses correct-
ly, but it reproduces the high-temperature limit of
Michel’s model, and has been successful in fitting NMR
results on the orientational glass order parameter of
NaCl:NaCN (Ref. 54) and of Rbg s4(ND,), 4,D,PO, (Ref.
55).

As shown by replica mean-field theory, ¢ (T) is deter-
mined self-consistently within the Ising model by the fol-
lowing equation:*?
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—_1 r= — 2 2
mf_wdx exp(—x*/2)tanh

(g +8)7
kyT '

(2)

The random bonds and the random fields are distributed
independently according to Gaussian probability densi-
ties of variance J? and A, respectively. Fits with J=0,
which would mean that quadrupole-quadrupole interac-
tions are absent and that the N, molecules freeze-in in-
dependently in the presence of random fields, are not
satisfactory (Fig. 10). For the pure random-bond case
(i.e., A=0) a sharp onset of q(T) below a characteristic
temperature T, is predicted followed by a linear increase
g(T)xTy—T just below T,. For intermediate cases the
onset of g(T) at T, is smeared out. Note, however, that
the folding with the instrumental resolution leads to a
rounding of the T dependence of the apparent linewidth
T too. Thus the values of A /J? obtained from the fit are
not very precise; they range between 0.03 and 0.07. Nev-
ertheless, they suggest the dominance of random bonds
over random fields, analogous to the results on
NaCl:NaCN, where A/J?=0.03. T, is in the range
40-46 K. A systematic concentration dependence of T,
or A/J? is not detected. It should be mentioned that an
Almeida-Thouless-type instability line 7,(A) exists in the
Ising model.>* For T <T,(A), Eq. (2) does not corre-
spond to a stable solution. For A/J2=0.05, T,(A)
=0.7T, (Ref. 53). Our conclusions concerning T, and
A/J?* are mainly based on I'(T) for T around T, and
thereby on a temperature region where Eq. (2) corre-
sponds to a stable solution.

Owing to the random-field contribution, a phase-
transition-like onset of the orientational glass state does
not exist; the order parameter g, or correspondingly the
linewidth T', develops rather gradually with 7. In this
case, at the “nominal freezing temperature” T, an experi-
mentally observable anomaly does not exist. Further-
more, the values obtained for T,, 405 T,546 K, are
surprisingly high compared to the “freezing tempera-
tures” T, reported for inelastic-neutron-scattering* and
NMR experiments’ (T; 520 K). Therefore we use an al-
ternative definition of T;: T, is the temperature where
g(T)=1. This definition has been used in the mixed
cyanides. At this T, the orientational susceptibility x is
maximum, both for Michel’s and for the Ising model for
A/J?=0.05. [In a previous publication,? we defined T,
by ¢(T;)=4, which corresponds to the position of the
maximum in y for A/J 2=0.2, and leads to 20% lower
freezing temperatures than ¢ =1.] In any case, T, seems
to be concentration independent and is somewhat higher
than the freezing temperature reported for inelastic-
neutron-scattering* and NMR experiments® (T, =20 K).
This deviation may be due to the uncertainty in the
definition of T, but also due to the fact that x-ray-
diffraction, inelastic-neutron-scattering, and NMR mea-
surements have different length scale and frequency win-
dows and couple to the orientational degrees of freedom
in different ways.
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F. Ferroelastic instability

In the orientational glass regime, for 0.65 <x <x,=0.8
and at low T, in addition to the inhomogeneous lattice
strains, a homogeneous strain component is observed,
causing, at least in principle, a splitting of all hexagonal
reflections except (00/). In the experiment, clear double-
peak profiles have been observed for the hep (110) line; in
all other cases the profiles acquire an asymmetric shape
only (Fig. 11). Data on hcp (110) have already been
presented in a previous publication.?’ Double-peak
profiles consisting of two Gaussians have been fitted to
the experimental profiles of (110) and (100). The smaller
of the two Gaussian components appears on the right-
hand side for (100) and on the left-hand side for (110).
The diffraction pattern is consistent with a slight decrease
of the cell angle y, from 120° to 119.3° at T=8 K and
0.65=<x <0.8. This result suggests that the hexagonal
lattice is deformed into an orthorhombic one. The rela-
tion of the orthorhombic to the hexagonal lattice cell is
shown in Fig. 12, together with the variation of y with
temperature. At higher T the orthorhombic distortion
Ay falls below the detection limit. At lower T the split-
ting is blurred by the broadening of the individual peaks
due to the inhomogeneous lattice strains. Thus it cannot
be decided whether the homogeneous strain component
evolves in a phase-transition-like manner at a certain
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FIG. 11. Peak profiles of hcp (100) and (110) reflections. The
dashed lines are the result of a least-squares fit to two Gauss-
ians, showing the asymmetry of (100) and the splitting of (110)
due to the orthorhombic distortion. A linear background has
been subtracted.
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FIG. 12. Upper frame: the relation of the orthorhombic to
the hexagonal lattice cell. Lower frame: cell angle y vs temper-
ature. The dashed line indicates ¥y =120° for the hexagonal
phase; the bars denote the limits for the detection of orthorhom-
bic distortions. Open symbols refer to cooling and solid sym-
bols to heating.

temperature, or whether the small distortions of the hex-
agonal lattice are already present at high temperatures
and increase gradually as the temperature is lowered, in
analogy to the inhomogeneous strain component. Con-
trary to the hcp-cubic transition, no hysteresis is seen ei-
ther in the splitting or in the broadening.

For 0.5<x <x, the c/a ratio of the hcp phase is
slightly below the ideal value, suggesting that the quadru-
pole moment along c is slightly negative, corresponding
to an oblate orientational distribution function. The hcp
symmetry requires that the moment within the basal
planes vanishes. Upon freezing into the orientational
glass, the ideal value is approached, if not reached. The
orthorhombic distortion suggests that an in-plane quad-
rupole moment develops. Such an effect has been pre-
dicted by Harris and Meyer (see below).

Theoretical investigations have searched for the orien-
tational ground state of quadrupoles on a rigid hexagonal
center-of-mass lattice.>> %" Several ordered structures
with comparable binding energies have been found.
Some of these ordered arrays correspond to orthorhom-
bic superstructures, and it seems likely that the center-
of-mass lattice would relax into an orthorhombic distort-
ed variant of the hep lattice. All these structures suggest-
ed theoretically are characterized by additional superlat-
tice reflections, which, however, have not been observed
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in the present study. In the neutron diffraction study* on
a single crystal of Arg,3(N;)57, at 10 K, some broad
maxima have been observed in the diffuse elastic intensi-
ty. In a powder-diffraction study such weak diffuse inten-
sity is beyond the detection limit. The maxima have been
attributed to frozen-in short-range orientational correla-
tions. The corresponding “unit cell” of these correlations
has dimensions 4a, 4b, and 3c. Since the structural pat-
tern of the orientational correlations is unknown, it is not
clear whether these observations are related to the ortho-
rhombic distortion of the center-of-mass lattice observed
in the present study. However, the slight orthorhombic
distortion is accompanied by correlations between the N,
orientations leading to a finite in-plane quadrupolariza-
tion, as discussed above. This point emphasizes the im-
portance of including a coupling between the orientations
and the lattice strains, as has been done for a molecular-
dynamics simulation of KCI:KCN, where a noncubic
orientational glass has been found.>® This noncubic glass
seems to be analogous to the nonhexagonal glass of
Ar:N,. Experimental indications of a noncubic glass in
the cyanides have been observed for NaCl:NaCN (Ref.
28). For KCLI:KKCN, related phenomena have been ob-
served after thermal cycling. >’

In the mixed cyanides the orientational glass is regard-
ed as a short-range-ordered variety of the long-range-
ordered ferroelastic phases. Correspondingly, the com-
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sure of 1400 bars. A splitting of (100) and (101) is due to the or-
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bination of homogeneous and inhomogeneous strains ob-
served in Ar:N, encourages the conclusion that the orien-
tational glass is a short-range-ordered variety of a ferroe-
lastic and presumably ferroquadrupolar variety of the
hcp structure, the long-range-ordered form of which has
not been observed directly because it is screened by the
Pa3 phase.

G. Application of hydrostatic pressure

For 0.75=x £0.8, hydrostatic pressure increases the
orthorhombic distortion and thereby the splitting of hcp
(100) and (101) (Fig. 13), and reduces the inhomogeneous
broadening. At T=8 K, Ay =0.8° at p=1400 bars and
Ay=1.1° at p=2200 bars, compared to Ay =0.7° at zero
pressure.

The sample with x=0.82 showed a peculiar behavior
under pressure. When cooled down under a pressure of
p=1400 bars, it entered from the hcp phase into the
orientational glass state, suggesting that the threshold
concentration x, is changed to a value slightly larger
than 0.82. If, on the other hand, this sample was cooled
down into the Pa3 phase under zero pressure, the appli-
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FIG. 14. X-ray-diffraction profiles of a sample cooled under
its own vapor pressure and pressurized at T=20 K. For
p> 1000 bars tetragonal reflections occur, which grow approxi-
mately linearly with pressure at the expense of Pa3 reflections.
1, Pa3 (111) reflection and/or tetragonal (101); 2, Pa3 (200); 3,
tetragonal (110); 4, tetragonal (002). At p=1400 bars theolattice
parameters are a =3.966+0.008 A and ¢ =5.266+0.01 A. For
comparison, y-N, at 4015 bars and 20.5 K (Ref. 38): a=3.957
A and c=5.109 A.
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cation of pressure induced a transition into a new phase
of tetragonal symmetry (Fig. 14). This phase is easily
identified as the y phase known as the high-pressure
modification of pure N,. Upon heating under pressure,
the y phase transforms back into the Pa3 phase at 7=30
K, and finally into the hcp phase at T=38 K.

Summarizing, two families of structures have to be dis-
tinguished: the hexagonal phase with its glassy, slightly
orthorhombically deformed offspring on one hand, and
the cubic Pa3 phase with the high-pressure ¥ variety and
the orientationally disordered fcc variety on the other.
Transitions within the families are practically reversible;
transitions between the families require a reconstruction
of the center-of-mass lattice and are, therefore, to a very
large extent, sluggish.

IV. SUMMARY AND CONCLUSIONS

The hcp-cubic transition has been identified as an
athermal martensitic transformation with a large thermal
hysteresis, coexistence regions, and an incomplete trans-
formation in the vicinity of x,. The similarity to the
analogous transition in o-p-H, has been pointed out. The
volume jump at the hcp-to-cubic transition and the slope
of the transition line in the p,T phase diagram change
sign at x=0.85. Referring to the Clausius-Clapeyron
equation, the heats of transformation have been deter-
mined, which agree with the calorimetric results of Refs.
8 and 44 within experimental error. The hcp-to-cubic
transition is accompanied by the orientational ordering of
the N, molecules in the four-sublattice Pa3 pattern.
Starting from the Pa3 state at low T, heating destroys the
orientational order at T,,, whereas the fcc center-of-mass
lattice is preserved up to T, >T,. Thus for
T, <T <T,., an orientationally disordered fcc phase ex-
ists. The orientationally disordered fcc phase exists ac-
cording to our results only for the mixed crystals, but not
for pure N,. It only appears when the cubic state can be
superheated to sufficiently high T.

Stacking faults are abundant, both in the hcp and the
cubic state. Our original presumption that the glasslike
state might be understood as resulting from an incom-
plete transformation from a hcp to a fcc center-of-mass
lattice, i.e., as a structure with a highly perturbed stack-
ing sequence of the (001),., planes, is not consistent with
the present results. The diffraction profiles of the hcp
lines in the orientational glass state instead suggest that
random lattice strains develop with decreasing T,
presumably due to the freezing of the N, orientations.
This view is analogous to that of the mixed cyanides, and
emphasizes the importance of the orientation-strain cou-
pling.

The T dependence of the linewidth agrees with the T
dependence of the ““glass order parameter” g predicted by
a random-bond-random-field Ising model. The best fits
have been obtained for a combination of random bonds
and weak random fields—gq is essentially due to random
bonds. Owing to the small random-field contribution,
g(T) has small nonzero values even at high T, and in-
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creases gradually with decreasing 7.

A freezing temperature may be defined somewhat arbi-
trarily as temperature where the “glass order parameter,”
or correspondingly the linewidth, exceeds a certain frac-
tion of its saturated low-temperature value, e.g., % or %
The so-defined freezing temperatures are approximately
concentration independent in the x range studied,
0.5<x <x,.

In the orientational glass state a homogeneous strain
component, corresponding to a slight orthorhombic dis-
tortion of the hexagonal unit cell, is superimposed on the
random strains. This shear of the basal planes is presum-
ably accompanied by slight changes of the in-plane orien-
tational distribution of the N, molecules. The average in-
clination of the molecules with respect to the c axis does
not change when the orthorhombic distortion occurs, as
suggested by the smooth T dependence of the ¢ /a ratio.
The shape of the orientational distribution is slightly ob-
late, i.e., the average inclination angle with respect to the
¢ axis is somewhat larger than the magic angle. With de-
creasing T there is a slight evolution towards the magic
angle. Referring to the orthorhombic distortion, the ex-
istence of a ferroelastic and presumably ferroquadrupolar
modification of hcp structure is suggested, the long-
range-ordered form of which has not been observed
directly because it is screened by the Pa3 phase. We sug-
gest that the orientational glass can be seen as the short-
range-ordered variety of this ferroelastic modification of
hcp structure, and analogous ideas have been formulated
for the mixed cyanides. The Pa3 phase, which is not a
ferroelastic variety of hcp structure, does not seem to
have any relevance to the orientational glass. This view
is further supported by the fact that the high-pressure re-
sults suggest a division of the Ar:N, structural phases
into two separate families not linked by group-subgroup
relations. These two families are the hcp phase with its
suggested ferroelastic modification and the orientational
glass state on one hand, and the Pa3 phase with its
tetragonal high-pressure product and with its disordered
fcc variety on the other.

Harris and Meyer have argued? that the distinction be-
tween random bonds and random fields in the quadrupo-
lar glasses is not as clear as in spin glasses. These authors
have analyzed a random-bond Hamiltonian for a system
of quadrupoles diluted on a rigid hcp lattice. The quad-
rupoles interact electrostatically. By use of replica
mean-field theory, they show that the random-bond
Hamiltonian can be separated into various terms, one of
them having the form of a random-field term, another
having the form of a Zeeman homogeneous field term.
Thus the system studied experiences random and homo-
geneous quadrupole fields. It is appealing to regard the
orthorhombic deformation of the present study as being
due to the homogeneous quadrupole fields of Harris and
Meyer. The gradual increase of our glass order parame-
ter ¢ (T) is consistent with the presence of random fields.
Thus we think that the analysis of Harris and Meyer is a
good starting point for the understanding of Ar:N,.

Recently, a certain universality of orientational glass
formation has been cited, as suggested by the similarity of
dielectric, thermodynamic, and NMR results of



42 X-RAY-DIFFRACTION STUDY OF THE CRYSTAL . ..

Ar:CO:N, and of the cyanides. The present study sup-
ports this view by illuminating great analogies between
these two systems concerning the structural aspects of
orientational glass formation.
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