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Temperature-Frequency Scaling in Amorphous Niobium-Silicon near the Metal-Insulator
Transition
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Millimeter-wave transmission measurements have been performed in amorphous niobium-silicon
alloy samples where the dc conductivity follows the critical temperature dependgnce7T'/2. The
real part of the conductivity is obtained at eight frequencies in the range 87-1040 GHz for temperatures
2.6 K and above. In the quantum regifiew > kgT) the real part of the high-frequency conductivity
has a power-law frequency dependencesiRe) = w'/2. For temperatures 16 K and below the data
exhibit temperature-frequency scaling predicted by theories of dynamics near quantum-critical points.
[S0031-9007(98)06018-9]

PACS numbers: 72.15.Rn, 72.30.+q, 72.60.+g

The interplay between dynamics and statistical mecharroad range of frequency that probes the quantum regime
ics in quantum phase transitions suggests that experimerfix the lowest experimental temperatures. The transmis-
probing the frequency dependence of such systems wiglion data are analyzed to obtain the magnitude of the real
be useful in understanding the physics of quantum-criticapart of the conductivity as a function of temperature and
points, where quantum fluctuations have diverging charfrequency. In the quantum regime, the data is consistent
acteristic length and time scales,and &,, respectively  with a power-law frequency dependence for the conduc-
[1-3]. For example, recent studies of the quantum-Haltivity Reo « w'/2. For a range of temperatures from 2.6
effect [4,5] and two-dimensional superconductor-insulatoto 16 K we find that the temperature and frequency de-
transition [6] have exploited this approach. The disorderpendences of Re are consistent with the existence of a
induced metal-insulator transition in bulk systems hasrossover function.
been studied for decades as a quantum-critical point [7,8] Amorphous niobium-silicon samples are grown onto
(and see [9] for a recent review), yet few experiments.5 mm thick sapphire substrates using a sequential sput-
have studied the frequency-dependent conductivity in théering technique. The substrates are mounted on a ro-
guantum regimeliw > kgT, i/ &, (exceptions being far- tating stage and are exposed alternately to pure silicon
infrared conductivity measurements in Si:P near its metaland niobium sources, which deposit bilayers of approxi-
insulator transition [10,11]) or in the crossover regimemately 1 nm amorphous silicon and a submonolayer of
wherefiw = kpT. niobium. This technique produces large (15 mm diame-

Even without a microscopic model for the transition, ter), homogeneous samples with thickness uf.foum,
several general predictions can be made on the basighich are needed for the optical measurements. The rota-
of scaling arguments for the critical behavior of thetional rate of the substrate over each source determines the
conductivity as a function of temperature and frequencyniobium concentration of each sample. Low angle x-ray
o.(T,w). For hw > kT, one directly observes the diffraction experiments demonstrate near-total interdiffu-
quantum fluctuation conductivityr, < w!/¢ (wherez is  sion of the niobium and silicon, consistent with previous
the dynamical exponent); fapT > hiw, one expects [3] reports of niobium-silicon multilayers [12]. In addition to
the thermal energy scale to limit the duration of quantunthis large sample, a sample suitable for dc electrical trans-
fluctuations resulting in a dc conductivity varyinga@as «  port experiments is grown simultaneously in a Hall-bar
TV, For intermediate temperatures and frequencies, eonfiguration on an adjacent sapphire substrate.

L%?Uiversal crossover function that depends only on the ratio The temperature dependence of the dc conductivity
%7 interpolates between the limiting behaviors. for our samples is very similar to that found near the

We report measurements of the millimeter-wave transeritical niobium concentration in other studies of amor-
mission through an amorphous niobium-silicon alloyphous Nb-Si [13—-16], which all found a temperature de-
sample as a function of temperature. This sample has pendence for the dc critical conductiviy'/?, implying
temperature dependence for its dc electrical conductivity = 2. For the sample used in the transmission measure-
indicating that the niobium concentration is very close toment, the temperature dependence of the dc conductivity
the critical value that divides alloys having zero dc electri-in the temperature range 1.4—15 Kds= o + 475T'/2
cal conductivity forT — 0 (insulators) from those which (Q mK!/2)~! where oy = 125 (A m)~! (the absolute
conduct forT — 0. The experiment spans a sufficiently uncertainty is 5%). The positive, small value fof

0031-900798/80(19)/4261(4)$15.00 © 1998 The American Physical Society 4261



VOLUME 80, NUMBER 19 PHYSICAL REVIEW LETTERS 11 My 1998

implies that this sample is barely metallic and has a char  1.00 e

acteristic quantum energy scale that is small enough s :f;fél}z[z
that experiments for temperatures above 1 K (or frequen & 258GHz
cies Withi—: > 1 K) are probing the quantum-critical be- 323321‘}:
havior of this alloy system [3]. Tunneling experiments g 075 O 696GHz | |
support the existence of a small characteristic quantun’g pEonrd
energy scale in similar samples [13,14]. The conductivity =
for this sample begins rising above tifé/? dependence g é
for T > 15 K. g g

The millimeter-wave conductivity measurements are & 0.50 ] 8 1
performed by placing a sample as one window of a ﬁ
movable holder, which also contains an empty window, in A V
the tail of an optical cryostat. Several different backward- frei“’fm (an:m
wave oscillator sources produce a few milliwatts of 0.25 e
tunable monochromatic radiation in the frequency range 1 10 100
75-1080 GHz. During the experiment, the frequency TIK]

is dithered by a few percent in order to average over

interference oscillations in the transmission produced bFLIJGb'st%éte;D ?:‘kplt(;?tgzm;?ig“ fu(ﬁgtrirgr?t%? tfgr'_rn S‘ebrsé?ﬂ‘?go?ormeighhi
multiple reflections between other objects in the Opt'caEeak frequencies ranging from 87 to 1040 GHz for a 480 nm

path. Because the sapphire substrates are birefringemtick Nb-Si sample. The uncertainty for the transmission
a wire grid in front of the sample polarizes the incidentmeasurement is 0.02. Inset: transmission as a function of
radiation along the sapphire axis (the higher-index frequency through a substrate with no sample (dotted line) and
axis). The transmission (the ratio of the power transmittedihoeK’S"J‘rr‘:‘.lo::e folr dt}{vo ter?ﬁerat“'fﬁsi 2.8 K (thin sc:jhg line) gnd
th_rough the sample to that transmi_tted through the empz?vavegirllcthzoslapénh?é SUbit?zg.atlons are caused by standing
window) is measured as a function of frequency an
temperature for both the sample and a blank substrate (for ) )
the same relative polarization as for the sample). much closer to unity for the lower frequencies than
The transmission oscillates as a function of frequencyh€ higher frequencies, which shows thatoRcreases
because the substrate acts like a Fabry-Perot resonafffongly with frequency in this frequency range. At
with a rather low Q factor (see the inset of Fig. 1, higher temperature, the transmission |s.I0\(ver_for all
the transmission of the sample at two temperatures as fiegquencies than at lower temperature (indicating that
function of frequency and for a substrate without a samplét€c is greater for high temperatures) and the transmission
at room temperature). In principle, if the thicknegsand ~ values are approximately the same for the different
refractive indexn; of the substrate and the thickness 0f_frequenmes, indicating that the_ conductivity is essentially
the sampled are known, then the complex conductivity independent of frequency at this temperature.
of the film o (w) can be determined at a discrete set of Figure 2 shows the frequency dependence of the real
frequencies from the magnitude of the transmission aPart of the conductivity, plotted as a function of the square
each peak frequendy(wpe.i)|> and the shifts of the peak root of frequency, for several temperatures in the range
frequency value. In practice, experimental uncertaintie2-8—32 K. For the lowest temperatures (2.8 and 4.7 K,
make this inversion problematic; however, in the limit thatWhere ksT < hiw except for the lowest frequency), the
(loldZy)/n; < 1 (WhereZy =~ 377 Q is the impedance data follow a purgwl/2 _freq_uency erendence (as .Indl—
for electromagnetic waves in vacuum), one finds thiscated by the straight line in the figure). For the inter-
approximate linear relationship (accurate to 3% or bettefnediate temperatures (whekg7 falls in the middle of

in our experiment) from standard transmission-line theorythe range offiw), the data approach a similar'/> de-
5 : pendence only for the highest frequencies and approach
1
(lt( )

A . (1) the dc values for lower frequencies. For 40 K (where
Zyd Wpeak)| kgT > hw), the increase in the conductivity with increas-
This relation assumes no absorption in the substrate; 489 frequency has vanished.

shown by the data for the substrate in the inset, absorption The systematic crossover from a frequency-determined
by the substrate alone becomes noticeable for the highép @ temperature-determined conductivity whiegll™ =
measurement frequencies, but correcting for its presendie suggests the existence of a crossover funclioof

ReU(wpeak) =

is straightforward. the form expected for quantume-critical dynamics [1,2]:
The main panel in Fig. 1 shows the peak transmission fiw

(corrected for absorption by the substrate) as a function o(xe, T, ) = CT'3 T 2)
B

of temperature for eight peak frequencies ranging from
87-1040 GHz. At low temperature, the transmission iOne can test for the existence of such a function using
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FIG. 2. Rer(w) is plotted against the square root of the 10 - S -
frequency for several temperatures in the temperature range
2.8 to 32 K and over the frequency range 87-1040 GHz. o o
The uncertainty in the conductivity 450 (Qm)~'. For 0.10 1.00 10.00
the lowest temperatures and whém > kT, the data fol- * * ¢
low a w'? dependence (as indicated by the straight line). (’fl(D)/(kBT)
The data approach the corresponding dc values (plotted L
on the vertical axis) ifiw < kzT. For the highest tempera- FIG. 3. Log-log plot of scaled conductivity data versus

tures, the conductivity is approximately independent of fre-scaled frequency with the factar = 475 (Q mK'/?)~!. The
quency in this range. uncertainty varies inversely witl'!/2, ranging from 20% at
2.6 K to 6% at 25 K. When temperature is 16 K and below,
. the data for the entire frequency range collapse into one
the dynamical exponent valuez =2 and C =  cyne within the experimental noise. Higher temperature data
475 (O mK'/2)7! (as suggested by the temperaturebegin to rise above the collapsed data systematically for low
dependence of the dc conductivity data at the criticabcaled frequencies. The trial scaling function (dashed line) was

point) and plotting the scaled conductivity data R@, adjusted to match approximately the slope of the collapsed data
©)/CT'? versus scaled frequenc;?/ﬂ' the results are f?r high frequencies but it does not describe the data well for
sl © o~

shown in Fig. 3. The scaling procedure collapses thé*” —

data over the entire frequency range for temperaturesosed to be a dimensionless constant of order unity, is
16 K and below, indicating the existence of a singlegpown by the dashed line in Fig. 3. This function de-
crossover function that depends only on the scaled freseripes the high- and low-frequency behavior of the col-
quency. Higher temperature data begins to rise above thgyseqd data but misses the sharp crossover in the data for
collapsed data, especially for lower frequencies. Vary'”@iw/kBT ~ 1. This expression implies that there should
the value ofz by more than 10% makes the collapsepe 5 sizable imaginary component for the conductivity,
much less satisfactory. which is negative in sign and, for exponent2] equal in

The curve defined by the collapsed data has severafze 1o the real part for high frequencies. The imaginary
features that a quantum-critical crossover function shoul%art of the conductivity can be extracted in this type of
possess. The demarcation between the flat part of thexperiment from the shifts of the peak transmission fre-
curve ("-dominated dynamics) and the Increasing pariguencies; however, these shifts tumn out to be small and
of the curve {p-dominated dynamics) occurs fgiz =  difficult to measure accurately when the index of refrac-
1. This indicates that the thermal energy defines the tim@ion of the substrate is large (as it is here for sapphire,
scalekBiT that limits the size of the quantum fluctuations 3.35). For the four low-frequency peaks (85—340 GHz),
(as measured by the frequency-dependent conductivity)ye do observe peak shifts as a function of temperature
which is a key prediction of quantum-critical scaling that have the correct sign and the expected magnitude.
theory. In addition, for high scaled frequencies, the The fact that the scaling works only for temperatures
crossover function follows a power-law dependence ori6 K and below is reasonable given the behavior of the dc
scaled frequency with the same value for the dynamicatonductivity for the sample, which begins to deviate from
exponent as was used to scale the vertical axis in tha T'/2 temperature dependence for higher temperatures.
figure. This means that one could have found a crossovérhis implies that there is an additional mechanism that
function by scaling the conductivity data by'/2 and  becomes active for higher temperatures (electron-phonon
plotting the result as a function (%‘;T interactions, for example) and a new time scale (in

An attempt to guess the form of the universal crossoveaddition to kBiT) that acts to limit the size of quantum
function 3 = Re(l — tbliw/kzT)"/?, where b is sup- fluctuations.
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