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Absence of an Isotope Effect in the Two Level Spectrum of Amorphous Ice
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We have measured the low temperature far infrared absorption in the high and low density amorp
phases of H2O and D2O in the region2 30 cm21. For each isotope, resonant absorption by two leve
systems is observed for the high density amorphous phase but not for the low density amorphou
In addition, within our experimental uncertainties no isotope effect is detected in the strength or e
of the two level spectrum in the high density phase. [S0031-9007(98)06008-6]

PACS numbers: 63.50.+x, 78.30.Ly, 78.90.+ t
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Although the low lying excitation spectrum of two leve
systems (TLS) in glasses, first observed in the low tempe
ture specific heat [1] and described as a tunneling entity
atoms or groups of atoms [2,3], has been studied for ma
years with a variety of experimental techniques and the
retical models [4] the source of these TLS remains outs
the framework of lattice dynamics theory. The surprisin
report [5] that films of hydrogenated amorphous silicon d
not show such TLS whereas films of amorphous silico
do only reinforces the puzzling nature of these near u
versal low energy excitations. Amorphous ice films whic
are topologically similar [6] to that ofa-Si have also been
studied. Some measurements of TLS related pheno
ena for vapor deposited amorphous ice were made us
the spectral hole burning technique [7] and also intern
friction [8]. Spectral hole burning experiments on hype
quenched glassy water [9] have revealed an independe
of the dephasing time on deuteration indicating a bigg
tunneling entity than one proton or deuteron in this pha
Surprisingly few measurements have been carried out
bulk amorphous ice produced by a pressure-induced am
phization process even though it has the added feature
two different amorphous phases, a low density amorpho
(LDA) phase as well as a high density amorphous (HD
one [10]. Both vapor deposited and hyperquenched am
phous films are known to be closely related to LDA [11
but as yet no TLS measurements have been performed
the HDA phase.

In this Letter we describe our investigation of the tem
perature dependent absorption of very far infrared radiat
for the two forms of amorphous ice as well as its cub
and regular hexagonal crystalline phases for both H2O and
D2O isotopes. The existence of the two different amo
phous phases [12] enables one for the first time to lo
for correlations between structure of the phases and
properties of the spectrum of the TLS. Previously th
quantitative spectroscopic technique has been used to id
tify TLS in glasses [13] and glassy crystals [14]. W
find the surprising result that only the HDA phase show
a TLS spectrum and that within the experimental uncerta
ties of the measurements the TLS spectrum is independ
of the H-D isotope effect.
0031-9007y98y80(19)y4209(4)$15.00
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The discovery of the irreversible production of an amo
phous phase of ice by pressure at low temperature ma
possible the measurement of bulk amorphous samp
[15,16]. The HDA form is produced by the compression
regular ice at 77 K. Upon heating to,120 K it transforms
to the LDA form. At still higher temperatures,145 K it
transforms to the cubic crystalline phaseIc and then at
225 K toIh the hexagonal crystalline phase [17]. So it
possible to make measurements on a variety of phases
single sample.

The spectroscopic samples of the HDA ice were p
duced by compressing regular iceIh at liquid nitrogen
temperature to1.5 6 0.5 GPa. The regular ice was mad
from high performance liquid chromatography grade w
ter from Fisher Scientific contained in indium open end
cups which had been placed in a standard 10 mm die
The entire assembly was then immersed in liquid nitrog
To prevent the ice from sticking to the anvils both we
covered with a6 mm Teflon film. The thickness of the re
sulting amorphous ice cylinders used in these experime
varied from 0.4 mm to 15 mm with a diameter between 7
8 mm. The samples were removed at atmospheric pres
and 77 K, mounted in the sample holder while still u
der liquid nitrogen, and the arrangement was then inser
into a precooled transmission light pipe-detector cryos
Temperature dependent transmission spectra in the s
tral region 2 30 cm21 were measured with a lamella
Fourier transform spectrometer together with a germani
bolometer which operates at 0.3 K. The details are
scribed elsewhere [18].

At the conclusion of these measurements the LDA ph
was prepared by first heating the samples to 135 K a
cooling back to low temperatures, and theIc phase by then
heating to 175 K with subsequent cooling back to 4.2
The heat release associated with a phase transition
monitored using a differential thermocouple with one jun
tion mounted on the sample holder while the other touch
the sample. Typical traces of the differential signal vers
temperature are shown in the inset in Fig. 1 where a hea
rate,2 K min21 was used. The HDA to LDA transition
starts at about 95 K, has maximum rate at 118 K, and
finished by 126 K. The beginning of LDA toIc transition
© 1998 The American Physical Society 4209



VOLUME 80, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 11 MAY 1998

p

a

e

s

e
ld
t
e

p
fo
t
d

K
w

y
u
d
9
D
a
v

h

e
the

a
ith
ure
oth

ra-

rp-

-
o
e.
he

n-
es.
id

ffi-
ef-
A

FIG. 1. Temperature dependence of the far infrared abso
tion coefficient of amorphous ice. (a) HDA H2O; (b) HDA
D2O. Inset—Heat release during annealing of the ice sam
Dotted line: the HDA to LDA transition; solid line: the LDA to
Ic transition for the same sample.

occurred at 153 K and was completed after a sharp m
mum at 170 K. The polycrystalline iceIh samples were
produced by simply freezing the water at ambient pr
sure. The experimental procedures described above w
also used for the preparation of the D2O ice samples.

The amorphous structure of the samples was tested u
x-ray diffraction. A thins,1 mmd thick sample of HDA
ice was prepared in the same way as the samples for th
infrared measurements. It was placed on a copper ho
in a small Styrofoam Dewar so that the sample was loca
in the normal position of a powder diffractometer. Th
nitrogen vapor blocked the air from reaching the sam
surface. Since the liquid nitrogen in the Dewar lasted
7–8 min the x-ray scan duration in the region from 1
4 Å21 was set for 5 min. In order to produce LDA an
Ic phases the sample was subsequently warmedin situ to
140 and 190 K, respectively, and cooled back to 77
Consecutive scans of all the phases were reproducible
no visible change appearing on the time scale of 1 h. T
x-ray diffraction spectra of HDA ice did not reveal an
additional reflections except those produced by the indi
ring and the copper holder and the results correspon
well to the literature data both for vapor-deposited [1
and pressure-induced amorphous phases [20]. The L
andIc spectra also corresponded well to the literature d
though small unidentified sharp reflections were obser
at 1.58, 1.83, and3.33 Å21 in the LDA phase. The inten-
sity of these reflections totaled not more than 5% of t
4210
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wide LDA component so the fraction of the crystallin
phases present in the LDA phase is estimated to be of
same order.

The absorption spectra for the HDA (a) H2O and
(b) D2O ices are shown in Fig. 1. Both isotopes show
characteristic bleaching of the absorption coefficient w
increasing temperature. Remarkably, the temperat
dependent spectral region is nearly the same for b
substances with the high frequency cutoff at,20 cm21.

The low frequency absorption spectra at low tempe
tures for the HDA and the LDA phases of H2O are shown
in Fig. 2(a) while those for D2O are shown in Fig. 2(d).
A fairly large change in the absolute value of the abso
tion coefficient is produced by the HDA! LDA transi-
tion. Since the density of the H2O changes from 1.17 to
0.94 gycm3 [10] during the transition the amorphous ma
terial is extruded from the indium cup if the walls are to
thick giving rise to additional scattering from the sampl
This problem has been solved by making the walls of t
cup thin enough so they expand with the ice.

FIG. 2. Absorption coefficient and its temperature depe
dence for the two amorphous phases of the two isotop
(a) Low temperature absorption coefficients for HDA (sol
line) and LDA (dashed line) phases of the same H2O sample.
(b) Temperature dependence of the HDA absorption coe
cient. (c) Temperature dependence of LDA absorption co
ficient. (d) Low temperature absorption coefficients for HD
(solid line) and LDA (dashed line) phases of a D2O sample.
(e) Temperature dependence of the HDA D2O absorption coef-
ficient. (f) Temperature dependence of LDA D2O absorption
coefficient.
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The LDA ! Ic transition does not change the far in
frared absorption coefficient value but in the case of th
walled samples some additional scattering was obser
because of the continued extrusion of the ice. The abs
tion coefficient for the regularIh is the same as the litera
ture data [21] within experimental error. The crystallin
Ic form of the ice produced by annealing is polycrystallin
and inhomogeneous resulting in higher scattering and
sorption compared to theIh sample made by simple freez
ing of water though these two forms are indistinguisha
in terms of their spectral properties.

Figures 2(b) and 2(c) illustrate the effect of the HDA!
LDA transition on the temperature dependent part of
absorption coefficient of H2O ice while Figs. 2(e) and 2(f)
show the same results for D2O ice. For both isotopes the
temperature-induced bleaching effect (decrease in abs
tion with increase of temperature) is at least an order
magnitude weaker for LDA when compared to HDA. It
also absent for both theIc andIh phases.

If the temperature dependence of the resonant abs
tion by TLS is responsible for the bleaching effect show
in Figs. 1 and 2 then the effect is described by the expr
sion [13]

aressvd 
4p2Nsvdm2v

3c
p

´0
tanh

µ
h̄v

2kT

∂
, (1)

whereNsvd is the density of TLS states,´0 is the dielectric
constant,c is the speed of light,k is Boltzmann constant,
andm2  m

2
bfs´0 1 2dy3g2 is the modulus squared of th

effective electric dipole matrix element of the transitio
between the two states assuming a standard local fi
correction. The quantityNsvdm2

b in Eq. (1) will be re-
ferred to as the weighted spectral density (WSD) of T
states. When the temperature dependent change o
absorption coefficient is plotted against the change in
population factor the data should fall on a straight line f
the purely resonant absorption described by Eq. (1).

Figure 3 shows that at least up to 15 K (the highe
temperature point shown) the TLS spectrum describes
experimental results. From the slopes of the lines
Fig. 3 which identify a nonlinear least squares (NLS)
to the experimental points the weighted density of sta
of TLS Nsvdm2

b can be determined given the value of th
dielectric permittivity´0. For the HDA ice´0?  5.1 6

0.5, which is obtained from the channel spectrum for a th
sample. This is somewhat larger than the value of regu
crystalline ice´0?  3.17 in the microwave region [22].
The channel spectrum could not be observed for LDA
because of sample deformation. The same value of´0? was
assumed as forIc andIh based on their similar vibrationa
spectra as determined by inelastic neutron scattering [2

Figure 4 summarizes our measured weighted densit
states (WDS) for TLS for HDA, LDA,Ic, andIh phases
for H2O and D2O ices. Only the HDA phase shows th
contribution and within experimental error its magnitud
-
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FIG. 3. Temperature dependence of the absorption coeffici
versus the population difference parameter for both isotop
illustrating two level behavior. (a) For HDA H2O and
(b) for HDA D2O. The reference temperatureTR  2.5 K.
The straight lines represent the NLS fit to the experimen
points.

and spectral range is the same for both isotopes. To co
pare with other glasses its magnitude is about half t
value of that found for bulk soda-lime-silica glass [24
Some differences in the magnitude of WDS observed f
H2O and D2O ices can originate from slightly different
pressures applied in the amorphization process and the
that the pressure where the sample appears homogen
in Raman scattering is 1.5 GPa for H2O (Ref. [25]) but is
still undetermined for D2O.

Quite unexpectedly the LDA H2O and D2O ices do
not reveal a comparable temperature dependent reson
absorption from TLS and, in addition, the transition from
LDA ! Ic gives rise to essentially unchanged far infrare
spectral properties for both sample isotopes. This findi
puts bulk LDA ice in line with another exotic amorphou
thin film system Si0.99:H0.01 which does not possess TLS
[5]. In principle there is a possibility that the electric
dipole moment is vanishingly small for the former while
the elastic dipole moment is vanishingly small for the latt
but this seems highly unlikely in the case of H2O since it
is a disordered solid consisting of dipolar molecules.

In summary, we have measured the low temperatu
far infrared absorption spectra for HDA, LDA,Ic, andIh

phases of bulk ice and heavy bulk ice. It is shown th
4211
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FIG. 4. Weighted density of states for the TLS spectru
versus frequency. Filled circles—HDA H2O; filled squares—
HDA D2O; open squares—LDA H2O; stars—LDA D2O; open
triangles—Ic H2O; diamonds—Ic D2O; open circles—regular
Ih H2O.

the LDA phase does not display TLS despite its know
amorphous properties. This represents the second ob
vation of the absence of TLS in an amorphous material a
the first for a bulk solid. In addition no TLS absorptio
was found for the crystalline phases of ice which conta
a disordered hydrogen sublattice in agreement with int
nal friction experiments [8]. Only for the HDA phase ha
far infrared absorption by TLS been detected. Deute
tion does not change the high frequency cutoff of the TL
spectrum indicating that at least whole molecules and
just hydrogen or deuterium participate in the tunneling e
tity. Note that this result is not inconsistent with the tun
neling of special localized acoustic modes [26]. Finall
it should be emphasized that our discovery that the T
spectrum of this simple bulk amorphous system can
turned off through temperature cycling to another amo
phous phase should provide new and defining experime
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opportunities for identifying the source of these low energ
excitations.
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