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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 amorphous
phases of KO and DO in the region2—30 cm™!'. For each isotope, resonant absorption by two level
systems is observed for the high density amorphous phase but not for the low density amorphous one.
In addition, within our experimental uncertainties no isotope effect is detected in the strength or extent
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

Although the low lying excitation spectrum of two level  The discovery of the irreversible production of an amor-
systems (TLS) in glasses, first observed in the low temperghous phase of ice by pressure at low temperature makes
ture specific heat [1] and described as a tunneling entity gbossible the measurement of bulk amorphous samples
atoms or groups of atoms [2,3], has been studied for manjl5,16]. The HDA form is produced by the compression of
years with a variety of experimental techniques and theoregular ice at 77 K. Upon heating t0120 K it transforms
retical models [4] the source of these TLS remains outsidéo the LDA form. At still higher temperatures145 K it
the framework of lattice dynamics theory. The surprisingtransforms to the cubic crystalline phake and then at
report [5] that films of hydrogenated amorphous silicon da225 K to I, the hexagonal crystalline phase [17]. So itis
not show such TLS whereas films of amorphous siliconpossible to make measurements on a variety of phases in a
do only reinforces the puzzling nature of these near unisingle sample.
versal low energy excitations. Amorphous ice films which The spectroscopic samples of the HDA ice were pro-
are topologically similar [6] to that af-Si have also been duced by compressing regular idg at liquid nitrogen
studied. Some measurements of TLS related phenontemperature td.5 = 0.5 GPa. The regular ice was made
ena for vapor deposited amorphous ice were made usirfgom high performance liquid chromatography grade wa-
the spectral hole burning technique [7] and also internaler from Fisher Scientific contained in indium open ended
friction [8]. Spectral hole burning experiments on hyper-cups which had been placed in a standard 10 mm die set.
quenched glassy water [9] have revealed an independeng@ée entire assembly was then immersed in liquid nitrogen.
of the dephasing time on deuteration indicating a biggeifo prevent the ice from sticking to the anvils both were
tunneling entity than one proton or deuteron in this phasecovered with & wm Teflon film. The thickness of the re-
Surprisingly few measurements have been carried out osulting amorphous ice cylinders used in these experiments
bulk amorphous ice produced by a pressure-induced amovaried from 0.4 mm to 15 mm with a diameter between 7—
phization process even though it has the added feature 8fmm. The samples were removed at atmospheric pressure
two different amorphous phases, a low density amorphouand 77 K, mounted in the sample holder while still un-
(LDA) phase as well as a high density amorphous (HDA)der liquid nitrogen, and the arrangement was then inserted
one [10]. Both vapor deposited and hyperquenched amointo a precooled transmission light pipe-detector cryostat.
phous films are known to be closely related to LDA [11] Temperature dependent transmission spectra in the spec-
but as yet no TLS measurements have been performed éral region 2-30 cm™!' were measured with a lamellar
the HDA phase. Fourier transform spectrometer together with a germanium

In this Letter we describe our investigation of the tem-bolometer which operates at 0.3 K. The details are de-
perature dependent absorption of very far infrared radiatioscribed elsewhere [18].
for the two forms of amorphous ice as well as its cubic At the conclusion of these measurements the LDA phase
and regular hexagonal crystalline phases for bot®ldnd  was prepared by first heating the samples to 135 K and
D,0 isotopes. The existence of the two different amor-cooling back to low temperatures, and thephase by then
phous phases [12] enables one for the first time to lookeating to 175 K with subsequent cooling back to 4.2 K.
for correlations between structure of the phases and thEhe heat release associated with a phase transition was
properties of the spectrum of the TLS. Previously thismonitored using a differential thermocouple with one junc-
quantitative spectroscopic technique has been used to idetien mounted on the sample holder while the other touched
tify TLS in glasses [13] and glassy crystals [14]. Wethe sample. Typical traces of the differential signal versus
find the surprising result that only the HDA phase showdemperature are shown in the insetin Fig. 1 where a heating
a TLS spectrum and that within the experimental uncertainrate ~2 K min~! was used. The HDA to LDA transition
ties of the measurements the TLS spectrum is independestarts at about 95 K, has maximum rate at 118 K, and is
of the H-D isotope effect. finished by 126 K. The beginning of LDA th. transition
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wide LDA component so the fraction of the crystalline
phases present in the LDA phase is estimated to be of the
same order.

The absorption spectra for the HDA (a),® and
(b) D,O ices are shown in Fig. 1. Both isotopes show a
characteristic bleaching of the absorption coefficient with
increasing temperature. Remarkably, the temperature
dependent spectral region is nearly the same for both
substances with the high frequency cutoffa0 cm™!.

The low frequency absorption spectra at low tempera-
tures for the HDA and the LDA phases of@ are shown
in Fig. 2(a) while those for BO are shown in Fig. 2(d).
A fairly large change in the absolute value of the absorp-
tion coefficient is produced by the HDA» LDA transi-
tion. Since the density of the @ changes from 1.17 to
0.94 g/cm?® [10] during the transition the amorphous ma-
terial is extruded from the indium cup if the walls are too
thick giving rise to additional scattering from the sample.
This problem has been solved by making the walls of the

10
frequency (cm™)

FIG. 1. Temperature dependence of the far infrared absorp-
tion coefficient of amorphous ice. (a) HDA,B; (b) HDA
D,0. Inset—Heat release during annealing of the ice sample.
Dotted line: the HDA to LDA transition; solid line: the LDA to

1. transition for the same sample.

occurred at 153 K and was completed after a sharp maxi-
mum at 170 K. The polycrystalline ick, samples were
produced by simply freezing the water at ambient pres-
sure. The experimental procedures described above were
also used for the preparation of the@ice samples.

The amorphous structure of the samples was tested using
x-ray diffraction. A thin(~1 mm) thick sample of HDA
ice was prepared in the same way as the samples for the far
infrared measurements. It was placed on a copper holder
in a small Styrofoam Dewar so that the sample was located
in the normal position of a powder diffractometer. The
nitrogen vapor blocked the air from reaching the sample
surface. Since the liquid nitrogen in the Dewar lasted for
7-8 min the x-ray scan duration in the region from 1 to
4 A~! was set for 5 min. In order to produce LDA and
I. phases the sample was subsequently warimesitu to
140 and 190 K, respectively, and cooled back to 77 K.
Consecutive scans of all the phases were reproducible with
no visible change appearing on the time scale of 1 h. The
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cup thin enough so they expand with the ice.
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x-ray diffraction spectra of HDA ice did not reveal any (I;IG. 2. Absorption coefficient and its temperature depen-

additional reflections except those produced by the indiu

ence for the two amorphous phases of the two isotopes.
) Low temperature absorption coefficients for HDA (solid

ring and the copper holder and the results correspondgghe) and LDA (dashed line) phases of the sam@Hsample.
well to the literature data both for vapor-deposited [19](b) Temperature dependence of the HDA absorption coeffi-

and pressure-induced amorphous phases [20]. The LDgient. (c) Temperature dependence of LDA absorption coef-

andI, spectra also corresponded well to the literature dat
though small unidentified sharp reflections were observe
at 1.58, 1.83, and.33 A~! in the LDA phase. The inten-

jcient. (d) Low temperature absorption coefficients for HDA
olid line) and LDA (dashed line) phases of a sample.
) Temperature dependence of the HDADabsorption coef-
ficient. (f) Temperature dependence of LDA® absorption

sity of these reflections totaled not more than 5% of theoefficient.
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The LDA — 1. transition does not change the far in-
frared absorption coefficient value but in the case of thick
walled samples some additional scattering was observed o-62cm’ a
because of the continued extrusion of the ice. The absorp- o1la-98 em™
tion coefficient for the regular, is the same as the litera- )
ture data [21] within experimental error. The crystalline
I. form of the ice produced by annealing is polycrystalline
and inhomogeneous resulting in higher scattering and ab-
sorption compared to thig, sample made by simple freez-
ing of water though these two forms are indistinguishable —~
in terms of their spectral properties. £0.0

Figures 2(b) and 2(c) illustrate the effect of the HBA =
LDA transition on the temperature dependent part of the <
absorption coefficient of HO ice while Figs. 2(e) and 2(f)
show the same results for,D ice. For both isotopes the 01l
temperature-induced bleaching effect (decrease in absorp- '
tion with increase of temperature) is at least an order of
magnitude weaker for LDA when compared to HDA. ltis
also absent for both the. and I, phases.

If the temperature dependence of the resonant absorp-
tion by TLS is responsible for the bleaching effect shown
in Figs. 1 and 2 then the effect is described by the expres- 0.0

o-27cm’

+-13.4cm’

sion [13] 0.0 0.2 0.4 0.
tanh(hw/2KT,) — tanh(hw/2kT
N . [tanh(fi/2KT,) — tanh(fie/2kT)]
Ures (@) = 3c\/e0 tan 2T )’ 1) FIG. 3. Temperature dependence of the absorption coefficient

versus the population difference parameter for both isotopes

. . . . . illustrating two level behavior. (a) For HDA # and
whereN (w) is the density of TLS states, is the dielectric (b) for HDA D,O. The reference temperatufé = 2.5 K.

constantc is the speed of light is Boltzmann constant, The straight lines represent the NLS fit to the experimental
andu? = ui[(so + 2)/3)% is the modulus squared of the points.
effective electric dipole matrix element of the transition
between the two states assuming a standard local field
correction. The quantityV()uj in Eq. (1) will be re- and spectral range is the same for both isotopes. To com-
ferred to as the weighted spectral density (WSD) of TLSpare with other glasses its magnitude is about half the
states. When the temperature dependent change of thalue of that found for bulk soda-lime-silica glass [24].
absorption coefficient is plotted against the change in th&ome differences in the magnitude of WDS observed for
population factor the data should fall on a straight line forH,O and DO ices can originate from slightly different
the purely resonant absorption described by Eq. (1). pressures applied in the amorphization process and the fact
Figure 3 shows that at least up to 15 K (the highesthat the pressure where the sample appears homogeneous
temperature point shown) the TLS spectrum describes thi@ Raman scattering is 1.5 GPa fos®l (Ref. [25]) but is
experimental results. From the slopes of the lines irstill undetermined for BO.
Fig. 3 which identify a nonlinear least squares (NLS) fit Quite unexpectedly the LDA ¥D and DO ices do
to the expenmental points the weighted density of statesot reveal a comparable temperature dependent resonant
of TLS N(w)u} can be determined given the value of theabsorption from TLS and, in addition, the transition from
dielectric permittivityeg. For the HDA icegy. = 5.1 = LDA — 1. gives rise to essentially unchanged far infrared
0.5, which is obtained from the channel spectrum for a thinspectral properties for both sample isotopes. This finding
sample. This is somewhat larger than the value of regulgputs bulk LDA ice in line with another exotic amorphous
crystalline icegg. = 3.17 in the microwave region [22]. thin film system Sjg:Ho0; Which does not possess TLS
The channel spectrum could not be observed for LDA icd5]. In principle there is a possibility that the electric
because of sample deformation. The same valug.afas dipole moment is vanishingly small for the former while
assumed as fdr. andI;, based on their similar vibrational the elastic dipole moment is vanishingly small for the latter
spectra as determined by inelastic neutron scattering [23put this seems highly unlikely in the case of®isince it
Figure 4 summarizes our measured weighted density af a disordered solid consisting of dipolar molecules.
states (WDS) for TLS for HDA, LDA]., andI, phases In summary, we have measured the low temperature
for H,O and DO ices. Only the HDA phase shows this far infrared absorption spectra for HDA, LDA,, andl,
contribution and within experimental error its magnitudephases of bulk ice and heavy bulk ice. It is shown that
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opportunities for identifying the source of these low energy
excitations.
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