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1. INTRODUCTION
Water is one of  the most popular compounds 
in nature. Water is a unique natural object, 
since plays the important role in the formation 
of  physical and chemical processes not only 
on Earth, but also in interstellar space. The 

uniqueness of  water is manifested in the fact 
that the simple structure of  water molecules is 
in stark contrast to the vast variety of  different 
phases and complex phase diagrams of  water. 
In despite of  the large and growing number of  
scientific studies on the structure of  water, so 
far there is no complete phase diagram of  water.

The water may exist in the gaseous, liquid 
and solid forms. The studying of  the structure 
of  water in the gas and the liquid state has a long 
history. This studying was passing ahead through 
accessibility and visibility of  the objects, as well 
as underdevelopment of  that time the methods 
and means of  scientific research. 

Investigation of  the structure of  water in the 
solid phase, i.e. water ice, rapidly started with the 
advent of  X-ray analysis method. It has become 
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the most common method for determining the 
structure of  matter in view of  the simplicity and 
relative cheapness. Currently, the X-ray analysis 
continue to play a major role in the study of  
processes of  structure and phase transitions of  
various substances and allows to obtain direct 
information about the structure of  the object 
being studied. The water forms the solid phases 
more than any other known substance. The 
result of  extensive researches (until 1974) of  the 
existence of  multiple forms of  ice by different 
research groups using modern methods of  the 
existence of  multiple forms of  ice is given in the 
beautiful encyclopedic review [1]. At present 15 
different stable and metastable phases crystalline 
ice are known [2]. It is found that in the crystalline 
phase ice the oxygen atoms are in fixed positions 
relative to each other, and the positions of  
the hydrogen atoms may be disordered, but 
obey Bernal-Fowler rule [3]. According to this 
rule, each oxygen atom is covalently bonded 
to two hydrogen atoms and each oxygen atom 
in the molecule of  water is linked to two other 
oxygen atoms by weak hydrogen bonds. Thus, a 
hydrogen atom is always located between each 
pair of  oxygen atoms, and a regular grid of  
crystal lattice is the result. The results of  studies 
in recent years of  different crystalline forms of  
ice and their mutual transitions with using mainly 
by X-ray and neutron diffraction methods are 
discussed in detail in review [4].

However, the structure of  the water allows 
the creation of  many more unique natural 
forms. Thus upon cooling below 0°C ultrapure 
water without germinal centers or impurities 
may not crystallize in a stable phase under ice 
Ih homogeneous nucleation temperature TH. It 
may remain in the form of  supercooled water up 
to a temperature of  ~231K at normal pressure 
[5]. Upon further cooling down to the glass 
transition temperature Tg, there is a structure in 
the form of  an amorphous solid ice, in which 
the crystalline and random mesh atoms coexist 
together. For condensed matter physics the study 
of  such a structure is a complex task. The exact 

determination of  the Tg has been the subject of  
years of  research and active debate. Currently it 
accepted Tg ~136K, as a result of  calorimetric 
experiments with amorphous ice at normal 
pressure [6].

Temperature range between Th and Tg 
in the foreign literature is called "no man's 
land". In this region, the supercooled water 
freezes spontaneously below the temperature 
TH, and amorphous ice crystallizes rapidly at 
temperatures above Tg. Experiments in this field 
are not fulfilled, because they require superfast 
millisecond methods of  recording parameters 
of  liquid water [7].

2. AMORPHOUS ICE AT LOW 
TEMPERATURES AND ATMOSPHERIC 
PRESSURE
An important and significant difference 
between amorphous and crystalline structures is 
the lack of  long-range order in the amorphous 
structure, resembling the chaotic structure of  
liquid water. The emergence of  the amorphous 
structure is determined by X-ray diffraction 
method because the lack of  Bragg diffraction in 
the crystal lattice is a criterion amorphization of  
substance. This results in the absence of  intense 
reflections from the crystal lattice and identity 
of  diffraction pattern shown in Fig. 1 for water 
[8] and for the amorphous ice [9]. Depending 
on the method of  preparation of  amorphous 
ice under normal pressure the amorphous 
ices are differed in the literature on the ASW 
(amorphous state water), produced mainly by 
cooling the low-temperature water vapor on the 
substrates and the HGW (hyperquenched glass 
water), resulting from rapid quenching of  water. 
Because thermodynamic properties of  these ices 
are practically identical, they may be regarded 
as one and the same phase of  amorphous ice 
[10]. First amorphous ice was prepared under 
normal pressure of  water vapor deposition on 
a cold substrate [11]. It is shown that the nature 
of  the resulting solid sample on the substrate 
depends strongly on the substrate temperature. 
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By X-ray diffraction it was determined that at a 
substrate temperature higher than -80°C ice Ih 
was formed , and at a temperature of  –110°C 
the two diffuse lines were appeared on X-ray 
pattern, resembling the spectrum of  liquid 
water. From this experiment it was concluded 
that at a substrate temperature below –110°C 
an amorphous material was produced. The 
mutual transformations Ih, Ic and amorphous 
ice (vitrified water) when the temperature 
changes were reviewed in [9]. On the basis 
of  X-ray diffractometer the low-temperature 
cell was designed with continuously variable 
temperature control of  the sample obtained by 
depositing of  water vapor on a cold substrate. 
The device provides a minimal temperature of  
sample –192°C. A typical diffraction pattern of  
vitrified water, which is characterized by two 
intense maxima, is shown on Fig.1. The first 
peak is located at 24° on 2θ and corresponds to 
the Bragg Distance 3.71Å, the second by 42° on 
2θ, and corresponds to the distance 2.15Å. It is 
noted that the distance of  3.71Å is very close 
to the value of  3.67Å, the corresponding line 
(111) of  cubic ice. The broadening of  the lines 
is clearly associated with the formation of  a 
disordered atomic grid of  amorphous structure. 
The mixture of  water and vitrified cubic ice 

converted irreversibly to hexagonal phase ice in 
the temperature range from –160°C to –130°C. 
It is important to note that, according to the 
authors, it is impossible to obtain vitrified water 
directly from the liquid water. Using X-ray 
diffraction method, the authors have discovered 
in the sample deposited on a substrate, the 
coexistence of  cubic ice Ic and a hexagonal ice Ih 
in admixture, which is transformed into ice Ih at 
about –75°C [12]. In this work the bond length 
α0 for ice Ic was determined as the 6.36 ± 0.03Å 
at –130°C. The same way X-ray diffraction 
method was used by authors [13] , but the 
water vapor was precipitated under vacuum 
conditions. It is shown that the amorphous 
structure is converted accurately into ice Ic in the 
range from –133°C to –117°C and ice Ic, in turn, 
is transformed into ice Ih in a wide range of  
temperatures, beginning from the temperature 
of  –73°C. The real possibility of  obtaining the 
solid ASW, free from the presence of  crystalline 
ice, is demonstrated in [14]. The resulting X-ray 
patterns of  film with a thickness of  50 microns 
on a pure copper substrate at temperatures 
of  50K, 77K and 145K show a lack of  crystal 
structure. However, in spite of  experiments with 
only an amorphous structure, the authors were 
unable to accurately determine the temperature 
of  transition from the ASW to the ice structure 
Ic.

The original method of  obtaining HGV 
(ASW) was proposed in [15]. The water 
specially prepared in cryogenic media type 
ethane, propane and butene-1, was passed under 
pressure through an injector in the form of  a 
jet. As was shown in [16] the water can move 
into a vitrified state when its ultrafast cooling at 
a rate of  about 108K/s. Carried out in [15] the 
calculation showed if  jet diameter was 10 μm 
and a pressure was 400 atm, the rate of  cooling 
water in the cryogenic medium reaches a value 
of  1010 K/s. However, X-ray diffraction method 
showed that the diffraction patterns of  fractions 
obtained in experiments differ significantly 
from the diffraction patterns of  HGV. Mainly 
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Fig. 1. The XRD patterns of  a) water, registered at 1.5°C 
[8]; b) amorphous ice, registered at –175°C [9].

AMORPHOUSE ICE



58

No. 1 | Vol. 7 | 2015 | RENSIT

fractions consist of  ice Ih with admixture vitrified 
material such as HGV. Thus, in jet stream of  the 
liquid there were or low speed cooling, forming 
ice Ih, or very high, leading to the formation of  
HGV. According to the authors this is due to 
formation of  vortices in a vigorously stirred 
cryogenic medium.

Interesting results are presented in [16]. 
Obtained by deposition of  water vapor 
the amorphous ice when heated above Tg 
(120K-140K) was transformed into a viscous 
liquid, at that dependences of  viscosity on 
temperature differed significantly for this liquid 
and liquid water. Investigations of  thin films 
of  ice by fundamentally different methods 
showed that the viscous liquid coexists with the 
crystalline cubic ice in the temperature range 
140K-210K. The authors suggest that this form 
of  water is very common in nature and exist 
in the subsurface layers of  comets and on the 
surfaces of  some planets and satellites.

The result of  years of  research of  
amorphous ice at normal pressure is the fact 
that when heated above the glass transition 
temperature Tg ASW and HGW transformed 
into a metastable cubic ice Ic. The density of  
this amorphous ices measured by buoyancy in 
the liquid nitrogen-argon mixture, determined as 
0.94±0.01g/cm3 [17]. Properties and parameters 
of  these amorphous structures are considered in 
comprehensive review [18].

Analysis of  the existing scientific literature 
leads to the conclusion that the current study 
of  amorphous ice passes only the accumulation 
phase of  information without theoretical 
understanding. In many respects the results are 
determined by methods of  sample preparation, 
modes of  experimentation and applied research 
methods. Only indisputable conclusion can be 
made from the large number of  reviews about 
the different states of  water ice: by heating all 
existing crystalline and amorphous forms of  
water ice pass sequentially under normal pressure 

to metastable ice Ic, and then to the stable state 
ice Ih. 

Nonequilibrium state and slow structural 
relaxation time is one of  the main difficulties in 
the studying of  amorphous ice. The structures 
of  amorphous ice can not be determined 
by crystallographic space groups, as they are 
metastable with respect to the thermodynamically 
stable crystalline polymorphs. However, 
the construction of  the radial distribution 
function, which in the literature is referred 
to as RDF (radial distribution function) is 
used as a powerful method of  investigation 
of  amorphous structures. Practically RDF is 
the Fourier transform of  diffraction pattern, 
obtained, for example, by X-ray diffraction, and 
allows to determine the number of  molecules at 
any distance from the molecule selected as the 
central [3, 19]. For H2O the correlation of  atomic 
pair oxygen-oxygen is calculated and atomic 
scattering factor of  hydrogen is very small.

The first analysis of  the amorphous structure 
with RDF is made in [20]. Slow condensation 
of  water vapor (~4mg/hour) on a carefully 
polished copper substrate area of  2×2 cm2 at 
a temperature of  77K was performed on the 
X-ray diffractometer, designed to explore the 
non-crystalline materials. The measurement was 
carried out in two weeks, when the investigated 
sample reached a thickness of  about 1 mm.

Fig. 2 shows the pair correlation function hoo 
(r) of  oxygen atoms calculated from diffraction 
patterns for liquid water [20], for polycrystalline 
hexagonal ice and ASW [21]. Analysis of  
the data shows that the interaction between 
oxygen atoms extends only to a few molecular 
shells. The first peak, which characterizes the 
immediate surroundings can be described by a 
Gaussian distribution centered at 2.76Å with 
a standard deviation 0.1Å. The area under this 
peak corresponds to the interaction of  the 
four pairs of  the oxygen atoms. Comparing 
RDF specifies the undoubted differences ASW 
structures and polycrystalline phase of  normal 
pressure Ih. Moreover, the polycrystalline phase 
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has a density of  0.93 g∙cm-3 at normal pressure, 
and density estimation of  amorphous ice for 
initial slope of  RDF is about 1.2 g∙cm-3. Thus, 
under normal pressure RDF for liquid water 
and ASW are much like, however, the maxima 
RDF for liquid water slightly shifted on longer 
distances and broadened as compared with the 
maxima for ASW.

3. AMORPHOUS ICE AT LOW 
TEMPERATURES AND HIGH 
PRESSURES
In 1984, for the first time from hexagonal ice 
at a temperature of  77K and a pressure of  1 
GPa, high-density amorphous ice HDA (high-
density amorphous) obtained by "melting" 
the crystalline hexagonal ice below the glass 
transition temperature Tg [22]. The presence of  
amorphous phase ice was confirmed by X-ray 
powder diffraction. The density of  the obtained 
sample was 1.31 g/cm3 when a pressure of  1 GPa 
and 1.17 g/cm3 at standard pressure. Subsequent 

annealing of  the sample at atmospheric pressure 
led to the formation of  a new amorphous 
phase with a density of  0.94 g/cm3. This phase 
is indicated in the literature as LDA (low-density 
amorphous) ice. Measuring by X-ray and neutron 
diffraction methods indicate the identity of  
structures for LDA, ASW and HGW [23]. Small 
differences of  the thermodynamic properties 
of  these structures is likely due to differences in 
the methods of  preparation of  material samples 
and experimental procedures. Currently, there 
is a single point of  view that the LDA, ASW 
and HGW are one and the same material [19]. 
The work [22] marked the beginning a new line 
of  research of  amorphous ice and their mutual 
transformations at high pressures (about 1 GPa) 
and low temperatures (below 77K). As example 
of  a rich polyamorphism water ice, that is the 
existence of  more than one amorphous state, 
was the discovery of  a new type of  amorphous 
ice, called VHDA (very high density amorphous) 
ice [24]. Amorphous ice VHDA was received 
isobaric heating HDA from 77K to 165K at a 
pressure of  1.1 GPa and subsequent reduction 
to normal pressure at a temperature of  77K. 
VHDA density was found to be 1.25±0.01 g/
cm3, which is ~ 9% higher than the density of  
HDA. VHDA turns back to HDA during 
isochoric heating to 140K at an initial pressure 
of  0.02 GPa or to LDA in the isobaric heating. 
Polyamorphism has now been observed in many 
other substances such as SiO2, GeO2, Si, Ge [25]. 
However, aqueous polyamorphism is so unique 
that it appears there is no substance capable 
of  competing with water in a manifold of  
known forms. Numerous conversion between 
amorphous states of  water ice and his various 
stable and metastable crystalline states in detail 
are considered in the last comprehensive review 
[26].

After the release of  seminal paper [7] it was 
believed that only two forms of  high and low 
density, i.e. LDA and HDA, can exist among 
all amorphous forms of  water ice. However, 
the existence of  the intermediate amorphous 
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Fig. 2. The pair correlation functions of  oxygen atoms: a) 
water at 3°C; b) polycrystalline ice Ih at 77 K; c) ASW at 

77 K. 
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forms of  the mutual conversion of  LDA and 
HDA was shown in [27] using the methods of  
neutron and X-ray diffraction. For structure 
comparison, samples of  HDA, derived from Ih 
at a temperature of  77K and pressure 18 kbar, 
annealed to temperatures of  95K, 100K, 105K, 
110K (up until the LDA) and reduced to 40K. 
Constructed by the authors from the diffraction 
patterns RDF function are shown in Fig. 3.

As the temperature changes the position 
of  the first peak, which determines the 
distance of  interaction of  pairs of  oxygen 
through hydrogen bonding, regularly changes 
from 2.80Å to 2.76Å for HDA for the phase 
with the lowest density. There are main 
deformation in region 4-8Å. With increasing 
annealing temperature the broad peak 
(~6.4Å) is shifted towards longer distances 
and intensity of  the broadened peak (~4.5Å) 
increases. These results indicate the possible 
existence of  a continuous intermediate 
metastable phases and extremely complex 
structural transformation of  amorphous 
forms of  ice obtained at high pressures and 
low temperatures.

Thus, at the present time the polyamorphism 
presence of  water ice at low temperatures is 
not contested and this significantly expands 
our knowledge of  the phase states of  water. 
Modern simplified diagram of  the temperature-
pressure water to the different phases is 
presented in Fig. 4 [28]. A feature of  the chart 
is the fact that, since the normal pressure, the 

melting line TM drops to the temperature 251K 
at a pressure of  0.2 GPa, and then rises to a 
high temperature equidistant from line of  the 
homogeneous nucleation TH when the pressure 
increases. Line homogeneous nucleation TH, 
situated below the melting line TM, denotes a 
lower temperature at which the freezing water 
can exist without crystallization. Below this line 
the volumetric mass of  water can not exist. 
The glass transition line Tg determines the 
highest temperature at which an amorphous 
ice can exist without crystallization. Several 
different types of  ice included in the chart 
area, designated II+. Upon application of  a 
high pressure of  about 1 GPa and temperatures 
below 150K the crystalline ice Ih transforms to 
the amorphous ice HDA, which in turn, if  the 
pressure is removed, spontaneously becomes 
amorphous ice type LDA. Annealing HDA to 
120K at high pressure leads to a more dense 
amorphous ice type VHDA, which, when the 
pressure is removed, transforms to the LDA 
also.

It should be noted that given the modern 
phase diagram of  water confirms the complete 
lack of  published data on the presence of  
amorphous ice near the melting point at 
atmospheric pressure.

CONDENSED MATTER PHYSICS

Fig. 3. RDF for HDA, annealed at various temperatures 
up to LDA. 

Fig. 4. The phase diagram of  water.
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4. THE AMORPHOUS ICE NEAR THE 
MELTING POINT AT ATMOSPHERIC 
PRESSURE
To study diffuse X-ray scattering by ice 
at temperatures close to its melting point, 
we developed a precise low-temperature 
semiautomatic attachment to X-ray 
diffractometer [29]. The attachment is 
made on the basis of  the Peltier element. 
This attachment provides adjustment and 
maintaining the temperature of  the test 
sample in the range from 0°C to –25°C 
with an accuracy of  ±0.1°C for multi-day 
recording of  diffraction patterns. 25W Peltier 
element freezes the copper cuvette by size 
of  30×30×10 mm3 with a volume of  the test 
sample of  1.4 cm3. Due to the small size of  the 
cell determined by the geometry of  the X-ray 
diffractometer, efficient removal of  significant 
amounts of  heat from the Peltier element 
was performed using a copper chamber with 
volume of  4.5 cm3, through which coolant was 
pumped. Measuring the temperature of  the 
sample was performed K-type thermocouple 
attached to the body of  the copper cuvette. 

Measuring the intensity of  the diffuse 
scattering of  X-rays was performed on an 
automated X-ray diffractometer type DRON 
on CuKα radiation. Monochromatization of  
beam is provided by a flat single crystal silicon 
(reflecting plane (111)). The scattered radiation 
was detected using a scintillation counter BDS-
6-05. The sample, counter and crystal of  the 
monochromator were located on one of  the 
focusing circle. To ensure the independence 
of  the absorption coefficient on the angle of  
incidence of  X-rays on the sample survey was 
used, in which the angle of  incidence of  X-rays 
on the sample was equal to the angle of  reflection. 
To obtain minimum air X-ray scattering 
collimators were used by which eliminates 
most of  the scattering by air. The remainder 
of  the radiation scattered by the air that enters 
to the counter, was excluded by subtracting of  
half  intensity measured in the absence of  the 

sample. The intensity of  the diffuse scattering 
consists of  two parts: 1)own diffuse scattering, 
2)"parasitic" diffuse background, which 
includes: a)cosmic background and the noice 
of  equipment, b)cattering of  the air during the 
passage of  the X-ray beam from the tube to 
the counter, c)Compton scattering. The cosmic 
background and noise of  equipment were 
determined when a high voltage is switched off. 
All of  the components of  the "parasitic" diffuse 
background were excluded from the measured 
values of  intensities.

The intensities of  the scattered X-ray 
radiation were leaded to the electronic units by 
measuring at large angles of  scattering intensity 
of  fused quartz according to [30]. The results 
of  measurements of  the scattering intensity of  
X-rays with ice prepared from distilled water, 
conducted at a temperature of  –10°C are shown 
in Fig. 5. It is seen that in the diffractogram  in 
accordance with the phase diagram of  the ice 
there are the structural reflexes, which are limited 
on level 1000 pulses. The positions of  structural 
reflexes correspond to hexagonal crystalline ice 
lattice with parameters a = 4.52Å and c = 7.36Å 
[31]. As is well known, the intensity of  diffuse 
scattering by several orders of  magnitude less 
than the intensity of  the strongest reflexes, 
therefore often the diffuse scattering is excluded 
from consideration. To prove the existence of  
diffuse scattering is necessary to use highly 
sensitive diffractometer. It is seen that the 
diffraction pattern of  hexagonal crystalline ice 
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Fig. 5. The XRD pattern of  ice, obtained at -10° C.
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indicates an intense X-ray diffuse scattering, 
as evidence of  the existence in the sample 
the proportion of  non-crystalline phase. The 
study of  such diffuse scattering in metals and 
metal alloys provides the valuable information 
on the imperfections of  their crystal structure, 
and about the short-range order and static 
displacements [30, 32].

Also, the study was conducted the scattering 
of  X-rays near the melting point of  ice. Fig. 6 
shows the results of  measurements carried out 
at a temperature of  –3°C [33]. It is seen that in 
the diffraction pattern of  ice, obtained near the 
melting point, there is no structural reflections 
of  hexagonal ice, but there is intense diffuse 
scattering that is typical for the amorphous state. 
Ibidem there are traces of  almost completely 
destroyed of  the crystal structure of  Ih ice. The 
maximum value of  the diffuse scattering of  ice 
corresponds to the angle of  sliding 2Θ, equal to 
22.3°.

For the purpose of  constructing the radial 
distribution function F(r)=4πr2ρ(r) of  the 
metastable amorphous ice was used [8]

2 2
0

0

24 ( ) 4 ( )sin ,rr r r si s rsdsπ ρ π ρ
π

∞

= + ∫  (1)
where r – the distance from the center of  every 
atom of  oxygen, ρ0 – density of  water or ice, 
expressed in molecules per cubic angstroms, s = 
(4πsinΘ)/λ, i(s)=I/Nf2 – 1, f – atomic scattering 
factor, I/N – experimentally measured intensity, 
expressed in electron units.

Equation (1) can be used to construct a 
radial distribution function of  the amorphous 
ice in the assumption that the contribution of  
the hydrogen atoms in the intensity of  X-ray 
scattering is very small.

Calculation of  the radial distribution 
function of  the amorphous ice 4πr2ρ(r) was 
held in the range of  r from 2Å to 7Å. The 
calculation results are shown in Fig. 7. From 
Fig. 7 it is seen that the radial distribution 
function of  the amorphous ice 4πr2ρ(r) is an 
oscillating function (curve B) around a smooth 
function 4πr2ρ0 (curve C). An alternation of  
maxima and minima of  the curve is preserved 
for large r. However, with the growth of  the 
interatomic distance r there are deviations from 
periodicity which is typical of  the crystalline 
state. The provisions of  the first five maxima 
of  the function 4πr2ρ(r) amorphous ice 
proved to be equal to 2.7Å, 3.6Å, 4.5Å, 5.4Å 
and 6.3Å accordingly. The observed maxima 
of  this function characterizes the position 
of  the maximum values of  the electron 
density distribution in a sample of  metastable 
amorphous ice and should correlate with the 
radial distribution of  oxygen atoms in the 
crystal lattice of  Ih ice. The arrangement of  
atoms of  hydrogen and oxygen in the crystal 
lattice of  hexagonal ice is shown in Fig. 8. 
Based on the layout of  the oxygen atoms 
in the crystal lattice of  ice Ih (Fig. 8), it was 

CONDENSED MATTER PHYSICS

Fig. 6. The XRD pattern of  ice, obtained near the melting 
point at atmospheric pressure.

Fig. 7. The dependence of  the radial distribution function 
F(r) of  amorphous ice from interatomic distance r: (4πr2ρ(r) 

– curve B;  4πr2ρ0 – curve C).
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calculated the radii of  the first five of  the 
coordination spheres. They turned out to be 
equal to 2.61Å, 3.69Å, 4.52Å, 5.22Å and 6.9Å 
accordingly. Comparing them with the values 
of  the first five positions of  the maxima of  
the curve of  calculated radial distribution 
function of  the metastable amorphous ice we 
see that for the first four focal areas they were 
close in value. The greatest discrepancy is 
observed for the fifth coordination sphere. It 
was about 10%. Such consent is not random 
and indicates on quasicrystal structure of  
metastable amorphous ice that occurs near 
the melting point. As shown by numerous 
experiments, the use of  equipment with 
a copper cold finger and small Dewar with 
liquid nitrogen was not allowed smoothly 
rearrange the sample temperature during the 
experiment and require considerable effort to 
maintain the desired temperature. Therefore, 
we developed a precision semiautomatic 
device for maintaining the temperature of  
the test sample for X-ray diffractometer [34]. 
The basis of  the device is a thermoelectric 
converter based on the Peltier element with 
power 25W which provides stable and smooth 
control of  the sample temperature. As shown 

in Fig. 9 Peltier element is sandwiched between 
copper cuvette with the sample and the copper 
cooling chamber through a layer of  thermal 
paste KPT-8 which retains its properties over 
a wide temperature range. The copper cuvette 
has dimensions 30×30×10 mm3, the test 
sample volume of  1.4 cm3. The main difficulty 
in creating such device is to take heat from the 
Peltier element size of  30×30×4 mm3 at small 
size of  the device defined by the geometry 
of  the X-ray diffractometer. To remove 
heat from the hot side of  element the pump 
through hoses pumps over the antifreeze with 
freezing point –40°C through the attached 
cooling copper chamber of  volume of  4.5 cm3. 
In turn, antifreeze was cooled in a 4 liter vessel 
installed in the freezer providing temperature 
of  antifreeze up to –25°C. The measurement 
the sample temperature was carried out by 
K-type thermocouple attached to the body of  
copper cell. The developed device can finely 
to adjust and to maintain temperature of  the 
investigated sample in the range from 0°C to 
–25°C with an accuracy of  ±0.1°C for many 
hours shooting diffractogram. Measurements 
of  the intensity the diffuse scattering of  the 
X-rays were performed on automated X-ray 
diffractometer type DRON on CuKα radiation, 
as described above. For calculating of  the 
radial distribution function was used the 
expression (1).
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Fig. 8. Location oxygen and hydrogen atoms in the crystal 
lattice of  hexagonal ice. The oxygen atoms lying at different 
levels, showing large and hydrogen atoms – small circles (a = 
4.52 Å, c = 7.36 Å) [31]. Projections along /001/ (a), 

/100/ (b), /120/(c).

Fig. 9. The cuvette with the thermoelectric converter.
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On Fig. 10 is shown a diffraction pattern 
obtained at a temperature of  ice at –10°C [35]. 
It is seen that, depending the intensity of  the 
diffuse X-ray scattering from angle 2θ, reduced 
after eliminating intense reflections of  structural 
phase Ih, there is a diffuse maximum in the vicinity 
of  40°, indicating a significant proportion of  
non-crystalline phase.

To identify the nature of  the diffuse maximum 
after exclusion of  spurious components, and 
subtracting the absolute Compton scattering the 
radial distribution function is calculated in the 
range for r from 2Å to 7Å and is shown in Fig. 
11. It can be seen that the curve F(r) oscillates 
around a smooth curve function 4πr2ρ0 (curve 
C). Such oscillations indicate the oscillations of  
the electron density of  the amorphous portions 
of  ice. It is also seen that in contrast to the 
results presented in [34], the first maximum of  
a fully amorphous ice, which was located near 
the r ≈ 2.7Å, splits into two peaks at r ≈ 2.6Å 
and r ≈ 3.1Å. Such splitting can be interpreted 
using the ice crystal structure model [31], given 
also in [33] in Fig. 6. Analysis of  the structure of  
amorphous ice [33] showed that the contribution 
in  the first maximum of  the curve F(r) of  the  
completely amorphous ice are making both the 
oxygen atoms, which are located in the corners 

of  hexagons, and the oxygen atoms, which are 
located at the nearest distance but on different 
levels. In the presence of  structural reflections in 
the diffraction pattern of  the sample of  the ice 
the structure of  amorphous ice is different from 
the ideal. In particular, it is probably distorted by 
increasing the interatomic distances between the 
oxygen atoms lying at different levels. This can 
condition the splitting of  the first maximum of  
the radial distribution function in samples of  ice 
with the non-ideal amorphous structure.

Fig. 12 shows a diffraction pattern obtained 
at the ice temperature –3°C. It can be seen 
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Fig. 10. The XRD pattern of  ice prepared from distilled 
water, obtained at –10°C.

Fig. 11. The dependence of  the radial distribution function 
F(r) of  amorphous ice fraction of  the interatomic distance r 
for XRD pattern, obtained at –10°C: (4πr2ρ(r) – curve В; 

4πr2ρ0 – curve С).

Fig. 12. The XRD pattern of  ice prepared from distilled 
water, obtained at –3°C.
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that, unlike the previous case, depending on 
the intensity of  the diffuse X-ray scattering 
from angle 2θ there are weak reflexes of  phase 
Ih and an intense modulated diffuse scattering 
with diffuse maximum, indicating a significant 
proportion of  non-crystalline phase. The radial 
distribution function, based on this diffraction 
pattern is shown in Fig. 13. As in the previous 
case, the curve F(r) oscillates around a smooth 
curve function 4πr2ρ0 (curve C), indicating on 
the oscillations of  the electron density of  the 
amorphous ice. The curve F(r) at r ≈ 2.6Å and r 
≈ 3.0Å indicate two peaks rather than one that is 
typical for the ideal structure of  amorphous ice 
[33] (in the absence of  reflexes of  the crystalline 
phase). Such splitting also corresponds to an 
increase of  the interatomic distances between the 
oxygen atoms lying at different levels. Subsequent 
maxima of  radial distribution function F(r) also 
correspond to model presented in [31].

These results suggest strongly presence of  the 
amorphous phase near the melting point of  ice. 
However, the question arises about the temporal 
stability of  the amorphous portion of  ice and 
the possibility of  reaching an equilibrium state 
of  the system in the presence of  polycrystalline 
and amorphous components.

To answer this question for two weeks one 
and the same sample of  ice made from distilled 
water is constantly maintained at a temperature 
of  –10°C and investigated on a diffractometer at 
regular intervals.

Fig. 14 shows some of  the diffraction 
patterns obtained during a two-week registration 
sample of  ice at –10°C. It is evident that diffuse 
maxima observed at angles of  40° and 70° on 
2θ gradually disappear and redistributed to 
24° on 2θ, practically maintaining the value of  
the scattering intensity. On some individual 
diffraction patterns there are intensive reflections 
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Fig. 13. The dependence of  the radial distribution function 
F(r) of  amorphous ice fraction of  the interatomic distance r 
for XRD pattern, obtained at –3°C: (4πr2ρ(r) – curve В; 

4πr2ρ0 – curve С).

Fig. 14. The diffraction patterns obtained from distilled 
water ice at a temperature of  –10°C: a) on the 6th day; b) on 

the 12th day; c) on the 15th day of  registration.
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of  hexagonal ice, which can be explained by best 
position for recording of  single crystals of  Ih 
ice which are formed. On the 15th day, there is a 
complete disappearance of  the diffuse scattering 
of  the radiation on ice up to the level of  residual 
X-ray scattering in air. Evidently, there is the 
complete formation of  the crystalline phase 
of  the sample. Apparently, the absence of  
other reflexes is determined by a non-optimal 
arrangement of  single crystals of  hexagonal ice.

5. CONCLUSION
On the diffraction patterns of  ice prepared from 
distilled water along with the reflexes hexagonal 
ice there are the diffuse X-ray scattering 
related to disordered phases ice. On one of  the 
diffraction patterns of  ice in the almost complete 
absence of  structural reflexes there is the diffuse 
maximum which is typical for the amorphous 
state. The studies demonstrated coexistence 
under normal pressure the amorphous structure 
and a crystalline structure of  hexagonal ice near 
its melting point. A permanent change in the 
character of  diffuse scattering with a continuous 
redistribution of  the intensity maxima from 
one to another was revealed on the diffraction 
patterns of  the sample ice, supported a long time 
at a constant temperature of  –10°C. We proved 
the metastable character of  amorphous phase of  
ice, derived from distilled water. In the future, 
there is necessary studying the static and dynamic 
structural deformations of  ice at a temperature 
close to the phase transition temperature.
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