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Resistance noise in amorphous Ni-Zr:
Hydrogen diffusion and universal conductance fluctuations
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Resistance fluctuations with a power spectrum of approximately 1/f have been studied in amor-
phous thin films of Ni3QZ17O and Ni, OZr, o in the temperature range 4& T &350 K. The primary
noise-generating source was found to be hydrogen contamination with concentrations up to roughly
30 at. %. Exceptionally large peaks in the spectral density versus T corresponding to short-range
hopping of hydrogen atoms were found between 90 and 200 K. The rms resistivity change due to
short-range hopping of a hydrogen atom was found to be larger than the average resistivity increase
per atom, indicating the importance of the random local environment. Below 50 K the noise in-
creased with decreasing temperature and was reduced by magnetic fields, indicating a universal
conductance-fluctuation-coupling mechanism.

INTRQDUCTIQN

Properties of metallic glasses can be completely
different from those of the corresponding crystalline
states. The electrical resistivity of a metallic glass often
has a negative temperature coe%cient for reasons that are
still controversial. Atomic diffusion in amorphous sys-
tems can occur with much faster rates than the corre-
sponding crystalline states. In this paper we present mea-
surements of electrical noise due to motion of dissolved
hydrogen in an amorphous metal and examine their im-
plications for the electrical properties and diffusion dy-
namics.

Dissolved hydrogen has been used extensively as a
probe of metallic glass structure. The effects of hydro-
gen on the electrical properties of amorphous metals have
not been studied as much. However, it has been shown
that diffusion of hydrogen through a metal can cause
resistance fluctuations from both long-range diffusion
corresponding to anelastic mechanical relaxation from
the Gorsky effect or short-range hopping corresponding
to internal friction mechanisms. The resistance noise can
therefore be a very useful tool to study the electronic
properties and atomic diffusion characteristics of amor-
phous thin metal films. The material chosen for this
study was Ni-Zr, which has an amorphous state stable to
temperatures well above room temperature.

Intrinsic resistance Auctuations of metallic resistors
typically have a roughly 1/f spectrum with resistance
and volume scalings given by the Hooge relation:

S~(f)/R
a

where Stt(f) is the spectral power density of resistance
fluctuations, X, is the number of atoms in the sample,

and a„ is a material-dependent constant used to indicate
the magnitude of the fluctuations.

For most metals the resistance fluctuations arise from
thermally activated defect motions ' that cause changes
in electron scattering. The spectrum of the Auctuations is
determined by the distribution of activation energies and
attempt rates for the defect motions. Typically, a single
site with activation energy E, and attempt frequency fo
would give a Lorentzian contribution with characteristic—E jkT
frequency f=foe ' . Values for fo are usually
10' — Hz. A Bat distribution of activation energies
would give a pure 1/f noise spectrum.

The temperature dependence of the spectral density is
then determined by the distribution of activation energies
(and, to a lesser extent, of attempt frequencies), by ther-
modynamic factors which determine how many sites are
allowed to fIuctuate at any rate and by any temperature
dependence of the sensitivity of the resistance to atomic
motion. Since the same distribution of activation ener-
gies appears in the the temperature dependence and in
the spectral slope, one contribution to the temperature
dependence may be inferred approximately from the
spectral slope using the Dutta-Dimon-Horn relation:

t) lnSk(T, f) t) inSq(T, f)= 1 —ln( fo/f ) 1+
8 lnT 0ln

where Sk( T,f) is the spectral density at a frequency f
normalized to have an integral of one. Typically
fS„(T,f) is in the range 0.01—0. 1, on the order of
1/ln(fo/f ).

The coupling of defect motion to resistance Auctua-
tions is a complicated problem. In crystalline materials
with dilute defects the rotation of defects with symmetry
less than the crystal will cause tensor resistance Auctua-

1989 The American Physical Society



40 RESISTANCE NOISE IN AMORPHOUS Ni-Zr: HYDROGEN. . . 901

tions. Other defect configuration changes can appear as
noise only if there are inequivalent configurations with
nearly equal energies. In materials with less dilute de-
fects, relative motion of defects may change scattering
rates. Quantitatively, the fiuctuating contribution of a
defect to the resistance via single-scattering events in
moderately clean systems can be calculated and is typi-
cally about an order of magnitude smaller than its net
contribution to the resistance.

For amorphous materials the idea of a defect and its
electron scattering cross section is less clear. One expects
that without crystal symmetry any atomic motion can
contribute to the noise. At low temperatures in disor-
dered systems atomic motions can lead to large Auctua-
tions in the conductance through universal conductance
fiuctuations' (UCF) from random interference between
multiple elastic scattering paths within an inelastic
scattering length. Feng, Lee, and Stone proposed the
significance of UCF's for 1/f noise in the limit that
L, ))l, and have shown that the magnitude is given to
within a dimensionless constant by'

az --(e Ih) s n, n, (T)fSz(f, T)L, L;„kf ',
where n,, is the density of atoms, l, is the elastic scatter-
ing length, L; is the inelastic scattering length, L;„is the
shorter of the inelastic scattering length and the thermal
length Lz =(Dh/k+T)'~, and d is the dimensionality.
n, (T) is a temperature-dependent density of scattering
sites which have thermodynamically allowed motions.
By extrapolation of typical heat-capacity measurements
on glassy materials, we can estimate n, (T) to be propor-
tional to T' + at low temperatures. ' The factor
L, "L;„contains the temperature dependence of the
sensitivity of the resistance to defect motion in the UCF
regime. This last factor is absent when I, ))L;„and
single-scattering events become more important. '

Therefore, the factors of L; and Lz- in UCF noise give a
distinctive negative temperature dependence at low tem-
peratures which is dificult to account for by any other
theory. Another distinctive feature of UCF noise is that
an applied magnetic field can reduce the noise by up to a
factor of 2 by breaking time reversal symmetry. ' At a
magnetic field of 8, =(0.15hc/eL, ) the noise should be
reduced by 25%.' ' UCF 1/f noise from atomic
motions has been observed only recently in metal-
insulator thin films of C-Cu, "Cue-Au, " Si-Au, ' and me-
tallic films of Bi.'

By looking at the noise in amorphous systems over a
broad temperature range it can be possible to explore the
coupling of defect motion to resistivity through universal
conductance fluctuations at low temperatures and lower-
order scattering effects at high temperatures.

When atoms with a very high mobility, such as hydro-
gen, are present it is possible to see resistance fluctuations
from long-range atomic diffusion through the sample.
The hydrogen atoms act as additional scattering sites that
on the average increase the resistance. Fluctuations in
the resistance then occur from random diffusion in and
out of a fixed volume. The spectral distribution of this
type of noise has been calculated before and has a well-

(4)

where X, is the number of atoms in the resistor. This as-
sumes a noninteracting ideal gas of hydrogen. If interac-
tions are included, the magnitude might be reduced by
the nonideal dependence of the chemical potential on
concentration. Pressure-concentration isotherms' for
amorphous Ni64Zr36 have shown only minor deviations
from Sieverts' law for the concentrations and tempera-
tures involved here so that Eq. (4) should be accurate to
within a factor of 2. The dependence of resistance on
concentration can be found for bulk samples by standard
hydrogen sorption. ' For thin films Co and (BR /BC) can
both be calculated if the noise and resistance are mea-
sured at two different H concentrations, even if those
concentrations are not independently known. The fre-
quency range over which the long-range diffusion charac-
teristics can be observed is of course finite, but the spec-
tral integral converges rapidly enough so that only the re-
gion around f, need be measured.

At frequencies much higher than f, interstitial hop-
ping of the diffusing atom can cause 1/f noise that is in-
trinsic to the bulk and does not depend on sample
geometry. Interstitial hopping is a thermally activated
process in most of the temperature range of our experi-
ments so that the Dutta-Dimon-Horn relation may be
used. If the activation energy distribution is sufFiciently
peaked, the spectral density should show a peak when
T=E, /kz ln(fo/f ), where F., is the most common ac-
tivation energy for the hopping. Similar peaks due to the
motion of defects and interstitial hopping can be ob-
served in internal friction and ultrasonic attenuation
studies. The connection between internal friction and
1/f noise has been noted before. '' However, internal
friction measurements are difficult to perform on thin
films and reveal nothing about the electrical properties.

EXPERIMENT

Thin films of amorphous Ni-Zr were prepared by co-
evaporation in a vacuum of 10 torr with substrates ei-
ther of Si with a 1-pm SiO2 layer on the surface or of sap-
phire. Films were known to be amorphous from
transmission electron microscopy (TEM) studies and x-
ray diffraction. Samples were patterned by conventional
photolithography techniques and etched by Ar ion mil-
ling in a background pressure of 10 torr. It is not
known at what point the hydrogen was entering into the
samples. Ni-Zr is a known hydrogen getter with absorp-
tion properties very dependent on the condition of the

defined power spectrum of f ~ for f ))f, and f
for f« f„where f, ' is the characteristic time for the
atom to difFuse across the sample given by f, =D/vrL
where D is the diffusion constant and L is the length of
the sample parallel to the current flow for a line-shape
resistor. The total magnitude of the ftuctuations is then
given by the relative concentration of atoms diffusing
through the sample, Co times the squared resistance
change per unit hydrogen

Co'f'"f =
x aca
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surface. ' Most likely, hydrogen entered in at some stage
of photolithography or etching because samples prepared
from the same substrate were found to have different hy-
drogen concentrations. The thin films had a typical
thickness of 35 nm with a sheet resistance of 70 0/ and
resistance ratio [R (300 K)/R(4. 2 K)] of about 0.8 with a
nearly constant negative temperature coefficient of resis-
tance.

All noise measurements reported in this paper were
performed using an ac measurement technique that usu-
ally used an eight-point double-bridge sample pattern and
lock-in amplifier as shown in Fig. 1. This pattern, like a
more conventional five-point bridge, is immune to Auc-
tuations in the current source and, approximately, to uni-
form temperature Auctuations. Unlike a conventional
bridge, it is also approximately immune to uniform tem-
perature gradients and to contact noise. This last proper-
ty allows the use of much less powerful current sources,
since large current-limiting resistors are not needed.
Sample dimensions were typically 2 pm wide and between
40 to 640 pm long on each leg of the bridge and 35 nm
thick. To observe long-range diffusion a five-point bridge
pattern with two legs of dimension 1X3 pm separated
by 1 mm was used. Contact was made by evaporating
silver onto the Ni-Zr after a brief milling in Ar to remove
any surface contamination. Indium pads were then used
to attach the leads. Possible noise from the contacts was
checked for by using the sample in a five-point bridge cir-
cuit and correlating the noise on the current leads to the
noise on the voltage leads. Temperature was controlled
using a Aow-through cryostat supplied by either liquid ni-
trogen or liquid helium. The largest uncertainty for the
absolute noise magnitudes was sample size which was
known to an accuracy of only about 25%. For a single
sample the relative noise magnitudes versus T could be
found to better than 1%. Some discarded samples
showed exceptionally large noise magnitudes that de-
pended on the ac reference frequency used. We believe
this exceptional noise came from noisy shorts to the Si
substrate. No such exceptional noise was found using
sapphire substrates.

Small changes in hydrogen concentration were made
on some samples by exposure to an atmosphere of H2 gas
at room temperature without any surface preparation.
Changes in hydrogen concentration could be observed by
changes in the resistance and noise magnitude. Resis-
tance changes of 20% could be obtained after several
days of exposure.

RESULTS
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The temperature dependences of the noise were mea-
sured for eight samples listed in Table I and are shown
for three typical samples in Fig. 2. Above about 250 K
sample geometry became important because of long-
range diffusion. Spectra for long-range diffusion were
measured on samples with lengths of 3 pm. A typical
spectrum is shown in Fig. 3 with a region of f ~~ fre-
quency dependency turning over into f '~ as expected.
Each sample had a characteristic frequency of 0.06 Hz
(within a factor of 1.5) at room temperature which im-
plies a diffusion constant of about 2X10 cm /sec.
From the observed shift in frequency with raising tem-
perature an activation energy for the long-range diffusion
could be calculated to be 450+50 meV in fair agreement
with values obtained for bulk samples of Ni64Zr36.
Long-range diffusion data on samples 7 and 8 was used to
estimate hydrogen concentrations which were found to be
0.20 and 0.30 H/M, respectively (within about a factor of
1.5) using (BR/BC)=100 (pQcm/fraction H) from pre-
vious measurements. '

The most pronounced feature of the noise temperature
dependence is the large peak between 90 and 200 K.
These peaks are similar to internal friction peaks ob-
served before that were attributed to short-range hydro-
gen hopping. Figure 3 shows the spectrum at the noise
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FIG. 1. Experimental apparatus for measuring the excess
noise using an eight-probe double-bridge sample geometry. The
variable resistor and capacitor are used to balance the bridge.
The series resistors are optional for constant voltage instead of
constant current. This method is less sensitive to contact noise
or uniform temperature fluctuations than other techniques.

Temperature (K)

FICr. 2. The temperature dependence of the noise in one oc-
tave centered at 1 Hz for three typical samples of Ni-Zr and one
sample of polycrystalline Zr. Noise magnitude is expressed in
terms of the Hooge parameter defined in the text.
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TABLE I. Summary of noise data for amorphous Ni-Zr thin films. Most samples carne from
different evaporations.

Sample
number Composition

NisoZrso
Ni3()Z17p

Nis(jZrs(j
Ni 3pZr7(j

Ni3()Zr7(j

N13oZr7o

Nis(jZrsp
Ni3()Z1 7p

Sample
length
(pm)

40
60
60
60
40

640
3
3

Peak
temperature

(K)

200
135
140
110
90

140
145
150

Activation
energy
(meV)

500+50
350+90
230+60
140+35
76+15

230+80
300+50
380+50

Noise
at peak
(10'o.~ )

6.0
23
26
23
38
19
20
18

peak. It appears that the distribution of activation ener-
gies is fairly Oat at lower energies (high frequencies) with
a sharp high-energy (low frequency) cutoft. Because the
spectrum itself shows a sharp feature, it is possible to
measure an activation energy for this short-range hop-
ping as well. Activation energy, peak temperature, and
approximate peak magnitude are shown in Table I. The
noise magnitudes at the peak are only qualitatively indi-
cative of the hydrogen concentration because of uncer-
tainties in sample size and variations in the peak shape.
There does appear to be a trend of decreased activation
energy with increased hydrogen concentration as would
be expected.

On sample 8 the activation energy for both the long-
range diff'usion (requiring short samples) and short-range
diffusion (easier with long samples) was found. The
long-range diffusion activation energy of 450+50 meV
agrees within experimental uncertainty to the short-range
hopping activation energy of 380+50 meV. Further-
more, if it is assumed that these two peaks are due to the
same diffusive motions, but with relevant distance scales

of about 0.3 nm and 3 pm, respectively, one obtains
another independent estimate of the activation energy of
410+50 meV, with the sources of error in this last esti-
mate being mainly the estimates of the relevant charac-
teristic distances.

These peaks are as much as two orders of magnitude
above the "baseline" 1/f noise and are at least as prom-
inent as any other peaks observed previously in noise
studies in metals. They allow an accurate fit of the tem-
perature dependence and the spectral slope to the model
of thermally activated noise as shown in Fig. 4. Devia-
tion from the Dutta-Dimon-Horn prediction occurs in
the high-temperature region where long-range diffusion is
important. At low temperatures there is deviation that
occurs from the extra temperature dependence of the sen-
sitivity of resistance to defect motion from the UCF cou-
pling. In the region of the peak the agreement is very
good, confirming that this peak is indeed due to a
thermally activated process approximately meeting the
criteria for the Dutta-Dimon-Horn relation. In particu-
lar, the agreement shows that the integral of the spectral
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FIG. 3. Spectra of the noise measured on sample 8 for long-
range diffusion noise at 350 K (lower spectrum) and short-range
hopping noise at 150 K (upper spectrum). Each spectrum has a
difl'erent scale. In this format f ' appears flat.

FIG. 4. Comparison of the measured slope for the spectral
density f at 1 Hz with the exponent obtained from the tem-
perature dependence and the Dutta-Dimon-Horn relation of Eq.
(2).
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density is not strongly temperature dependent in this re-
gime, ruling out the possibility that the sharp tempera-
ture dependence could be associated with any sort of
phase transition. The frequency dependence of the noise
data can therefore give direct information on the distri-
bution of the activation energies for H hops.

On sample 6 increasing the hydrogen concentration by
exposure to a hydrogen atmosphere changed the noise
magnitude at the peak by a factor of 2.0 with a corre-
sponding resistance change of 12% and a shift in the fre-
quency of the peak at fixed temperature by roughly a fac-
tor of 3. From this it was possible to estimate (BR /BC)
and Co using long-range diffusion data of other samples.
We obtained an (M /BC) of 80+40 (pQ cm/fraction H)
with a concentration of about 0.3 H/M (within a factor of
2) before H2 exposure. (The large error bars reflect the
sensitivity to uncertainties in the sample size. ) Previous
measurements' of resistivity change with hydrogen con-
centration on bulk samples of Ni64Zr36 yielded values of
70—130 (pA cm/fraction H) depending on hydrogen con-
centration in fair agreement with our values.

At lower temperatures the spectral density began to
rise as roughly T '~ . The spectral slope of f im-
plies that the distribution of activation energies in this re-
gion is near1y Hat and precludes any possible thermally
activated feature at these temperatures. The expected ki-
netic temperature dependence of the spectral density for
thermally activated processes is T — ' obtained from
the slope and the Dutta-Dimon-Horn relation. Including
the density of mobile scatterers n, (T)—T' , then th—e

expected temperature dependence of the spectral density
becomes T' — neglecting any temperature dependence
of the sensitivity of the resistance to atomic motion.
Some such dependence is obviously needed to fit the data
and can be obtained if we assume UCF coupling to the
fluctuations.

Reduction of the noise magnitude in a magnetic field
can provide a definite sign of UCF noise. In a magnetic
field of 30 kG at 4.2 K a 15%%uo reduction of the noise was
observed with essentially no effect on the resistance
( &0. 1%). Significant reduction of the noise in a metal
by such a small magnetic field is very difficult to account
for with any model of 1/f noise except UCF. A 25%
reduction was extrapolated to occur at 70 kG from
which, assuming a UCF model, we may infer an inelastic
scattering length of about 10 nm. This is comparable to
results obtained from magnetoresistance data on similar
materials without hydrogen.

The prominent UCF noise at low temperatures and the
prominent noise peak at high temperatures seem to be
unique to the amorphous state. As a comparison, the
temperature dependence of the 1/f noise was measured
in polycrystalline Zr films as shown in Fig. 2. The noise
showed no rise from UCF effects at low temperatures. A
peak was observed at 235 K with a measured activation
energy of 570+100 meV. From the literature, the activa-
tion energy for long-range H diffusion in crystalline bulk
Zr has been measured to be 490 meV (Ref. 25) which is
within the large uncertainty of our value. These results
are very similar to those obtained by Zimmerman on hy-
drogen in palladium films who also found a peak that was

attributed to interstitial hopping of the hydrogen. No
evidence of UCF noise was found in that system either
down to 20 K.

DISCUSSION

Several features of the peaks in the noise magnitude are
significant. The agreement of the activation energy and
diffusion constant with previous measurements for hydro-
gen diffusion supports the idea of a hydrogen diffusion
mechanism for the noise. It is very unlikely that any-
thing else could have such a large diffusion constant at
room temperature. Furthermore the agreement of the in-
ferred concentration dependence of the resistance and the
systematic variation of the noise magnitude with H-
induced resistance changes in single samples leaves little
doubt that H motions are the dominant noise source in
these experiments.

The existence of rather sharp structure in the spectra,
as seen in Fig. 3 is itself rather remarkable for an amor-
phous system. Because the structure showed up as both a
function of frequency and as a function of temperature, it
requires sharp features in the distributions both of activa-
tion energies and of attempt rates. With the prominence
of the features, we were able to confirm the Dutta-
Dimon-Horn relation with much greater accuracy than is
customary.

Since the noise-peak temperature depended on H con-
centration a highly homogeneous set of hopping sites
cannot be invoked to account for the sharpness of the
feature in the distribution of activation energies. Instead,
it seems necessary to make a description of the sites for
hydrogen hopping in which the bonding energy, attempt
rate, and hopping activation energy are all highly corre-
lated. Thus the sites whose occupancy fluctuates at a
particular H concentration do not have the full range of
kinetic parameters. If the potential saddles between
binding sites were all identical, then the characteristic
frequency would be determined by the energy depth of
the fluctuating site. While our data do not require a uni-
form saddle-point energy, they do strongly point to a
rather sharp maximum saddle-point energy. It would be
particularly useful in a future study to combine noise
measurements, which give a good picture of the distribu-
tion of hopping parameters, with other techniques which
give more accurate thermodynamic characterization.

These noise peaks provide a unique probe into the
effects of the hydrogen on the local electronic structure.
The relative size of the random effect of an H atom on
the resistance and the average effect is quite different in
amorphous Ni-Zr than in Zr or Pd. From the integrated
noise magnitudes of the long-range diffusion peak and the
short-range hopping peak one can compare the quantity
(var(b, RH)), the mean-square resistivity change per hop
from short-range diffusion with ((b,RH)), the average
resistivity change per hydrogen atom determined from
long-range diffusion noise. The quantity ( var(b, R H ) )
reflects the different relative effects that the occupation
sites have on the resistance, whereas ((hRH) ) measures
the resistance change averaged over all occupation sites.
For the short-range hopping peak the entire frequency
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range cannot be taken, but a fairly close lower limit on
the average resistance change per H hop can be calculat-
ed by integrating over the experimental bandwidth of five
decades. The finite bandwidth is not a problem for the
long-range diffusion, because the functional form of the
spectrum is known and converges fairly rapidly around

C'

This comparison was made on sample 8 where it was
possible to measure the noise of both long- and short-
range diffusion. We found (var(b, RH ) ) /((ARH ) )
~ 3.0, with an uncertainty of about a factor of 2 from es-
timating the net short-range noise and from possible devi-
ations from ideal behavior in the long-range noise. This
means that the rms resistance change due to hydrogen
hopping is as large or larger than the average effect of in-
troducing a hydrogen atom into the lattice. Treating hy-
drogen as a simple scatterer with constant cross section is
therefore very inadequate without considering the ran-
dom effect of the local amorphous environment on the
hydrogen scattering. In contrast, for crystalline palladi-
um Zimmerman found (var(ERH) ) /((bRH) ) =0.1.
We obtained a similar small value (about 0.2) for H
diffusion in Zr.

We believe that the ratio (var(ERH))/((b, RH)) may
prove to be a useful parameter in understanding the elec-
tronic properties of amorphous metals. The comparison
of the random and systematic effects of a small probe
scatterer introduced interstitially is obviously sensitive to
how close the electronic eigenstates are to simple Bloch
waves. It should be a calculable quantity within the con-
text of different theories that attempt to account for the
temperature dependence of the conductivity in disor-
dered metals. Qualitatively, it certainly makes sense for
the value of the ratio to be high in disordered metals.
Even in a simple, and inappropriate, Born-approximation
treatment, the net scattering cross section introduced by
a single scatterer involves interference terms with all oth-
er scatterers located within about a wavelength. Since in
an amorphous metal, essentially every atom can be
viewed as a scatterer, it is not surprising that the random
interference terms exceed the scattering introduced by a
single H. The relatively small scattering amplitude of an
H atom, which enters quadratically into the average
scattering cross section but only linearly into the random
interference terms, contributes to the relatively large
magnitude of the random effects. The small average
scattering does not, however, contribute to the contrast
between amorphous and crystalline materials.

The strong kinetic structure of the data in the 100-to-
200 K range makes it difficult to pick out any nonkinetic
temperature dependence of the spectral density. Thus
the temperature dependence alone does not tell us if the
noise is in the UCF-dominated regime within that range.
We did not have access to large enough quiet magnets to
test for magnetic UCF effects at high temperature. By
comparison with other disordered materials in which the
nonkinetic temperature dependence could be accurately
determined, "we think that it is unlikely that UCF effects
are important in this temperature range. What does be-

come apparent is the importance of medium-range in-
terference effects even at these high temperatures.

In the low-temperature range the noise was consistent
with UCF coupling. From the reduction of the noise in a
magnetic field we find an inelastic scattering length of
about 10 nm at 4.2 K which is smaller than L, T=50 nm
and the thickness so that the sample is three dimensional
with L;„=L;. The exact exponent for the temperature
dependence of the noise depends on the d.imensionality of
the system, the temperature dependence of the inelastic
scattering length, and the distribution of thermodynamic
energies of the two-level systems or other mobile sites.
Using Eq. (2) in three dimensions with n, (T) cc T'3—3,

Sl, ( T) ~ T ,
' —we can infer a very reasonable

L, ~ T —+ from the observed temperature depen-
dence of T —' for the noise. The scaling of L, is
nearly identical to that found in other similar materi-

11, 12, 24

The magnitude of the UCF noise appears to scale with
hydrogen concentration implying that locally mobile hy-
drogen dominates the noise-generating mechanism even
at these temperatures. It should not be expected that all
hydrogen atoms that contribute to the noise at 300 K
should contribute at 4 K. Using Eq. (3) as a very rough
estimate of the noise magnitude (within about an order of
magnitude) we can make an estimate of the density of ac-
tive hydrogen using L, = 10 nm, kf = 10 cm ', and a
noise magnitude of a~ =0.01. We obtain a density of ac-
tive hydrogen/octave at 1 Hz of about 3 X 10' cm, or
about 10 cm total mobile H concentration. This is
more than two orders of magnitude larger than typical
densities of two level systems in glasses without hydro-
gen, but is still a factor of about 10 less than the total
concentration of hydrogen. While these numbers should
not be taken too seriously, they do show that the low-
temperature results are nicely self-consistent and fit a
reasonable physical picture of noise from mobile hydro-
gen coupled via UCF.

The conductance Auctuations at 4 K for a coherence
volume of 10 nm on a side can be calculated to be
(BG) =10 ' 0 per octave which is about three orders
of magnitude less than the saturation value of (e /h ) .
Even integrating over a large range of about 40 octaves
would still leave the noise substantially less than the UCF
saturation value. Thus the observed frequency depen-
dence of f ' should closely rellect the actual distribu-
tion of characteristic frequencies of H motions.
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