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Scaling analysis was performed on families of DC and AC conductivity curves falling on the metallic and
insulating sides of the metal-insulator transition in the amorphous magnetically doped semiconductor,
a-GdxSi1−x. The transport curves were obtained both as a function of discretely varying both the gadolinium
dopant concentration, x, and separately by changing an applied magnetic field, H. Both tuning parameters
result in correlation length exponents of �=1 and dynamical scaling exponents of z=2. Temperature-frequency
results differ markedly as compared to previous work on the nonmagnetic analog a-NbxSi1−x. Our data also
indicate a broader than predicted parameter space showing quantum critical behavior, and a phenomenologi-
cally determined quantum critical line in the zero temperature x-H plane is presented. The results are explained
in terms of a single tunable parameter, namely disorder.

DOI: 10.1103/PhysRevB.73.155201 PACS number�s�: 75.50.Pp, 71.23.Cq, 71.30.�h, 73.43.Nq

I. INTRODUCTION

The metal insulator transition �MIT� in both doped crys-
talline semiconductors and amorphous metal semiconductor
alloys has been intensely studied for many years. Similar
experimental results emerge for both types of materials as
one tunes these structurally different systems through the
MIT using some tuning parameter, such as dopant concen-
tration, pressure, or magnetic field, indicating universal un-
derlying physics. In general the increased structural disorder
in the amorphous alloys has the effect that the MIT occurs at
much greater dopant concentrations in these systems as com-
pared to their crystalline counterparts. A subsequent result is
that this greatly enhanced dopant concentration leads to a
significantly larger Fermi energy, EF. Fundamentally this dis-
order driven phase transition is regarded as an example of a
quantum phase transition �QPT�, strictly speaking a T=0
phase transition. However, measurements of the material
properties taken at low but finite temperature in parameter
space proximal to the quantum critical �QC� point should be
controlled by the QC dynamics.1 The greater EF in the amor-
phous metal semiconductor alloy samples as opposed to their
crystalline counterparts, such as Si:P, results in a broader
region of parameter space wherein one can potentially ob-
serve scaling effects and the dependence of numerous param-
eters on critical exponents in and around the quantum critical
regime as demonstrated in results from the amorphous metal
semiconductor, a-NbxSi1−x.

2–4

Here we report on scaling results for the amorphous metal
semiconductor alloy, a-GdxSi1−x. The magnetic dopant Gd is
trivalent, and has a half-full f shell resulting in the magnetic
moment J=S=7/2. Introduction of a magnetic dopant has
prominent consequences on the behavior of the system, such
as an extremely large negative magnetoresistance �MR�, a
characteristic, concentration-dependent temperature scale at
which magnetic interactions between electrons and the mag-

netic ions becomes relevant �leading to the enormous −MR�,
magnetic-field-dependent anomalous optical conductivity
�spectral weight is not conserved up to the Si band edge�,
and a magnetic susceptibility which follows a near-Curie law
temperature dependence yet has a nonmonotonic Gd concen-
tration dependence.5–8 Certain indications of successful scal-
ing as a function of magnetic field have been seen in
a-GdxSi1−x before, including Hall coefficient measurements
and tunneling measurements of the electron density of states
�DOS�.9,10 These measurements were successful due in large
part to the extremely large response of the DC conductivity
to an applied field, with the phenomenological result that a
sample with fixed dopant concentration, falling on the insu-
lating side of the MIT, can be tuned through the transition
using an external magnetic field, resulting in a crossover
from insulating to metallic behavior.

We report here on scaling results in a-GdxSi1−x for a sys-
tematic and comparative investigation of both the concentra-
tion tuned and magnetic field tuned MIT. Experiments on
correlated disordered systems undergoing a MIT show a
wide range of values for the critical exponents � and z.11 We
report finding a dynamic scaling exponent z=2 as deter-
mined from the magnetic field tuned optical conductivity
data consistent with previous DC results. This further verifies
the important result that for a single system, using two dis-
tinct tuning parameters, concentration and magnetic field, we
find identical critical exponents of �=1 and z=2 in contrast
to experimental findings for Si:B, where different critical ex-
ponents, corresponding to different universality classes, are
found depending on whether the system was tuned via con-
centration or a magnetic field.12,13 However, we also note
dramatic differences in the temperature-frequency scaling of
a-GdxSi1−x as compared to the nonmagnetic analogous sys-
tem, a-NbxSi1−x, and discuss a possible reason for this
discrepancy.3 These results all indicate that the scaling expo-
nents come from the analysis of quantum critical �QC� dy-
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namics near a QPT; however, we also argue that �using the
conventional definition for the dimensionless distance over
which scaling behavior is expected� the parameter space over
which QC dynamics are observed seems to be larger than
theory predicts.13,14

II. EXPERIMENT

Samples of amorphous GdxSi1−x across a narrow range of
dopant concentrations about the MIT were made by electron
beam coevaporation at a base pressure of 10−9 Torr onto a
parallel array of SiN-coated Si substrates �for measuring DC
conductivity� and high resistivity silicon substrates �for opti-
cal measurement purposes� held at or below 70 °C. Film
thicknesses were approximately 4000 Å with the thicknesses
determined by profilometry. Rutherford backscattering veri-
fied the thicknesses and was used to determine the film con-
centrations relative to each other to an accuracy of
±0.2 at. %. Further details on sample preparation and char-
acterization can be found in the literature.6 DC conductivity
data from room temperature to liquid helium temperatures
were taken for all samples. By comparing these curves to
previously studied samples close to the MIT, metallic
samples, insulating samples, and a critical dopant concentra-
tion sample, xc=13.9 at. %, were selected for further study.
The magnetoconductivity of select samples was then mea-
sured in a He-3 charcoal sorption pump cryostat obtaining a
base temperature of 400 mK in magnetic fields up to 8 tesla
and these data are shown in Fig. 1. The optical magnetocon-
ductivity measurements were performed on a Bruker IFS 66
v/S FTIR spectrometer coupled to an optical cryostat in a
split coil superconducting magnet system capable of fields
up to 8 tesla.15 Transmission data in the FIR �0.3–3 THz�
were obtained for the sample in a Faraday configuration, i.e.,
the magnetic field of the magnet perpendicular to the sample
and the photon polarization �though since previous investi-
gations showed no anisotropy in DC transport between par-
allel and perpendicular fields, either a Faraday or Voigt con-
figuration could have been used�.9 Measurements taken with
0.25 cm−1 resolution resulted in transmission showing
Fabry-Perot-like resonances �multiple internal reflections�
which allows one to extract both the real and imaginary com-
ponents of the complex frequency dependent optical
conductivity.4 The absolute transmission as determined from
the optical measurements for this two-layer system �substrate
plus thin film� at 0, 4.5, and 8 tesla is shown in Fig. 2. As
described below, these fields correspond to insulating, criti-
cal, and metallic behavior as determined from the DC con-
ductivity results. This spectral range allows for direct com-
parison with successful QC scaling results on a-NbxSi1−x
found in the literature.3 Optical measurements were taken
below 10 K to remain in what we refer to as the quantum
limit, i.e., ���kBT.

Figure 1�a� shows a family of magnetoconductivity
curves in fields ranging from 8 to 0 tesla �top to bottom� for
a sample with dopant concentration x=13.7 at. %. Across
this range of magnetic fields, this one sample crosses over
from displaying insulating to metallic behavior. In these sys-
tems, a metallic sample is defined as having a finite conduc-

tivity, �DC�T=0��0, whereas an insulating sample has a
conductivity that extrapolates to zero, �DC�T=0�=0. The
conductivity of this insulating sample in an 8T field has a
similar low temperature value as the metallic x=14.3 at. %
sample in the zero field indicating that the sample in the field
is well into the metallic regime. Figure 1�b� shows a family
of DC conductivity curves for a-GdxSi1−x samples spanning

FIG. 1. The upper panel shows H-tuned magnetoconductivity
for a single a-GdxSi1−x sample for fields from 0 to 8 tesla. In zero
field this sample lies on the insulating side of the MIT. The lower
panel shows x-tuned DC conductivity curves for a range of dopant
concentrations from 13 to 18 at. % Gd. Similar low temperature be-
havior for both x and H-tuned curves is noticeable. However, for
the field tuned data, by 100 K, the effect of magnetic interactions on
the DC transport has disappeared resulting in a convergence of the
magnetotransport curves.

FIG. 2. Absolute optical transmission data taken at various mag-
netic fields for a-GdxSi1−x. A series of Fabry-Perot-like resonances
for this two-layer system �substrate+sample� are clearly discernible
across this portion of the measured spectral range. As described in
the text, these resonances allow for direct determination of both
�1��� and �1��� of the sample.
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a dopant concentration range of x=18.0 to x=13.0 at. % Gd,
from the top to the bottom in the figure. These sets of data
were chosen for attempted scaling since the critical magnetic
field and dopant concentration fall in the middle of the fam-
ily of curves. Note that the magnetoconductivity curves ap-
proach the 0T �DC curve by 100 K. This indicates that the
mechanism allowing for tuning through the MIT at low tem-
peratures near the QPT, have disappeared by this intermedi-
ate temperature; however, for samples tuned via concentra-
tion through the MIT, the curves are still distinct at 300 K.

III. RESULTS AND DISCUSSION

The continuous metal-insulator quantum phase transition
allows for scaling analysis similar to that used in the study of
continuous thermal phase transitions.1,12–14,16,17 For a QPT,
the DC conductivity can be written as follows:

�DC�g,T� =
e2

��T
f��T

�g
� 	 T1/zf� �g − gc��

T1/z � , �1�

where g�x , H is the tuning parameter, �T	T−1/z is a thermal
dephasing length14 �a length scale over which an electron
loses its quantum coherence�, �g	 �g−gc�−� is the correlation
length on the metallic side or the localization length on the
insulating side of the MIT, gc refers to the critical value of
the tuning parameter, and f is a generic function. Figure 3
shows the results of both x-tuned and H-tuned scaled DC
conductivity data for a-GdxSi1−x. In both cases the data show
a similar collapse of metallic and insulating curves onto a
generic functional form f��T /�g� as in the case of the non-
magnetic x-tuned analog a-NbxSi1−x.

3 This is, however, an
instance showing this type of scaling, which is a collapse of
data, for the field tuned MIT in this class of materials.
For both cases x and H, the metallic curves collapse on the
functional form f =1+ ��T /�g� and the insulating curves f
=exp�−��T /�g�� are shown as solid lines in the figure.

The residual T=0 conductivity, �0	 ��g�−1, for metallic
curves, was used to determine the critical tuning parameter,
xc=13.9 at. % or Hc=4.5T in the case of x or H field tuning,
respectively. Further verification of the validity of xc and Hc,
followed from much poorer scaling using neighboring curves
as the critical sample in trying to collapse the metallic and
insulating curves.

The critical exponents were determined following analy-
sis methods found in the literature.2,18 On the metallic side of
the MIT, �0 leads to a direct evaluation of the correlation
length exponent, �=1, again identical to x-tuned Nb-Si3.
Analysis of the data in terms of variable range hopping
�VRH� on the insulating side of the MIT has also been done.
However, the resulting characteristic temperature, T0 deter-
mined using the predicted form of Efros and Shklovskii
�which includes electron-electron interactions� is inversely
proportional to both the localization length and the dielectric
constant, both of which diverge as a function of g approach-
ing the MIT from the insulating side.19 Thus an accurate
determination of the localization length exponent � from

insulating data requires an independent evaluation of the di-
electric constant. However, T0 decays as a power law as a
function of �gc−g� for both x and H as one approaches the
critical tuning parameter, i.e., approaching the QC point,
from the insulating side and it is satisfying to note that the xc

and Hc that are approached as T0→0 closely match the val-
ues found from analysis of the metallic side and the “best
collapse” criterion �see Fig. 3�.

The real part of the complex optical conductivity, �1���,
and the dielectric constant, �1���=�
+4��2 /� �where �
 is
the background dielectric constant and �2 is the imaginary
part of the complex conductivity� for the a-GdxSi1−x sample
that displayed successful H-tuned scaling is shown in Fig. 4.
Both components are directly obtained from the structure in
the transmission data as shown in Fig. 2 with no Kramers-
Kronig �KK� calculation required. As explained in more de-
tail in the literature, both components of the complex con-
ductivity can be determined from the transmission data of
this two-layer system �substrate+thin film� only after care-
fully characterizing the transmission through the substrate
alone.4 The structure in a two-layer transmission data is pri-
marily determined by the 3 mm thick substrate, and shifts in

FIG. 3. �Color online� Results of scaling analysis for the dopant
concentration tuned MIT �upper�, and the magnetic field tuned MIT
�lower� in a-GdSi. Analysis for both H- and x-tuned data results in
�=1 and z=2. Both x-tuned and H-tuned metallic and insulating
curves collapse onto the same functional form as described in the
text.
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the peak height �mainly due to �1���� and center frequency
�mainly due to �1���� come from the thin film sample. We
find that both �1 and �1 are consistent with the KK compat-
ible form for the complex optical conductivity, �̂=�1+ i�2
=A�i��� plus an additive residual conductivity term that is
only dependent on the magnetic field.16 The dielectric con-
stant is expected to diverge as the transition is approached
from the insulating side.19 Though our experimental fre-
quency range is far from the �→0 limit, and for most of this
measured spectral range the magnetic field has no effect on
�1, it is satisfying to note that the proper trend is seen in the
low frequency end of the data, i.e., the insulating �0T� value
is lower than the metallic �8T� value as indicated by the
guides to the eye in the figure. We also point out that the
frequency at which the magnetodielectric response turns on,
i.e., where the �1�� ,H� data sets begin to deviate from each
other, occurs at approximately 800 GHz, which, setting ��
=kBT, is equivalent to 40 K. This is the same temperature at
which the field dependent �DC�T ,H� data begins to deviate
as well as seen in the upper panel of Fig. 1. Though no
complete theory has emerged to describe the interactions be-
tween the magnetic moments and the conduction electrons in
these amorphous magnetic semiconductor systems, the ex-
perimental evidence seems to indicate that screening and
consequently the dielectric constant plays an important role.

Having measured the real part of the optical conductivity
we are provided with an independent measure of the dy-
namic scaling exponent, z. At g=gc note the argument of f in

Eq. �1� is 0, but the function must be analytic, so by setting
it equal to unity, it follows then that �DC�gc ,T�=e2 /��T. The
dynamic scaling exponent z can be determined experimen-
tally then from the functional dependence of the “best” criti-
cal conductivity curve. That is, a sample at xc or Hc should
show �DC	T1/z, and indeed at low temperatures a-GdxSi1−x

shows �DC	T1/2 indicating z=2. For photon energy ��

kBT, the optical conductivity would be analogously related
to a frequency dependent dephasing length and should show
�1	�1/z3. At the critical magnetic field, HC=4.5 tesla, we
show in Fig. 4 that the data fits the following form, �1���
=A�1/2 as indicated by the dotted line. We therefore have
independently determined that z=2 from the optical data.
This is shown in Fig. 5 which shows our experimental scaled
H-tuned DC and AC transport data on a double logarithmic
plot, in that the low energy optical excitations for the critical
sample �solid gray circles; Hc=4.5T� have an �1/2 depen-
dence. In summary, as found in a-NbxSi1−x for only the
x-tuned MIT, we find for both the x and H-tuned sets of DC
data, and from the field tuned optical data that z=2, consis-
tent with theoretical predictions for a system with
interactions.3,13 Due to the successful scaling �i.e., the iden-
tical collapse of the metallic and insulating curves� and the
identical critical exponents for the x tuned and H tuned fami-
lies of curves, we conclude that both x and H are in fact valid
tuning parameters for this quantum phase transition.

Having established that both x and H tune the
a-GdxSi1−x system through the QPT, we continue by compar-
ing temperature-frequency scaling in the x-tuned a-NbxSi1−x
case to our H-tuned a-GdxSi1−x results. For a-NbxSi1−x, near
unity temperature-frequency scaling was observed for an in-
sulating, a critical, and a metallic sample.3 Figure 5 shows

FIG. 4. Upper panel shows the optical conductivity taken for
three different magnetic fields. The dotted line through the 4.5 tesla
data is a fit using �1���=A�1/2. The lower panel shows the mag-
netodielectric response, �1�� ,H�, of the sample. The dotted lines
are guides to the eye. In the limit of �→0, the insulating 0 tesla
sample shows a tendency towards a finite dielectric constant
whereas the dielectric constant of the metallic 8 tesla sample is
divergent.

FIG. 5. This figure shows �DC�T� �dotted lines� overlayed on the
optical data �1��� �symbols�, where the temperature and frequency
axes have been scaled by �h /1.25kB. The inset shows optical con-
ductivity data from another more insulating sample taken to higher
frequency �Ref. 7�. Only at the lowest temperature, i.e., when the
frozen magnetic disorder is still present does the DC magneto-
conductivity show marginal scaling with the optical
magnetoconductivity.
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both the real part of the complex optical conductivity, �1���
�symbols�, and �DC�T� �dotted lines� for an a-GdxSi1−x

sample, with x=13.7 at. % Gd, tuned with magnetic field
through the MIT across identical temperature and frequency
ranges as the study on a-NbxSi1−x. However, the temperature
frequency data do not collapse nearly as well as they do for
a-NbxSi1−x. The insulating, critical, and metallic curves for
a-GdxSi1−x correspond to 0T, 4.5T, and 8T, respectively. Set-
ting ��=� ·kBT, the horizontal axes have been scaled by �
=� /1.25 in order to �only marginally� visually collapse the
lowest energy portions of the data. This approximate scaling
value is also justified in that temperature-frequency scaling
analysis in other instances has found similar scaling factors,
i.e., a constant of order unity times the ratio h� /kB.3,20

Theory predicts this prefactor to be universal though,14 and
it is unclear to us what physical significance the differing
prefactors represent.

The inset in Fig. 5 is magneto-optical data for a lower
concentration, more insulating a-GdxSi1−x sample taken from
the literature,7 and is representative of all the magneto-
optical data for a-GdxSi1−x taken to higher photon energy,
namely that the magneto-optical conductivity curves merge
at an energy scale of order 50 000 GHz. For �DC�T ,H� there
is a clear energy scale at which the curves merge as well. The
striking result is that the �1�� ,H� curves do not meet until
much higher energy �30T Hz	1000 K� as compared to the
temperature at which the DC magnetoconductivity curves
merge �40 K�. Using this merging point to scale the tempera-
ture and frequency axes leads to a scaling factor �=� /50,
inconsistent with previous temperature frequency scaling
findings near a QPT. Attempts to scale the temperature and
frequency using a nonlinear relation, i.e., �	T� fails as well.
This can actually be easily seen in that no scaling factor
between � and T could successfully make the data �specifi-
cally the merging point� collapse, because in fact the merg-
ing point for the DC data occurs at 100�� cm�−1, whereas for
the optical data the extrapolated value where the various
H-field curves would meet for a similar dopant concentration
sample is 200�� cm�−1. From our results it is clear that the
magnetically doped amorphous semiconductor system, upon
tuning through the MIT with a magnetic field, does not show
the same near unity temperature frequency scaling as was
seen in the x-tuned case in a-NbxSi1−x. A possible explana-
tion for the differences between a-GdxSi1−x and the Nb
doped nonmagnetic analog naturally lies in the magnetic in-
teractions between the Gd ions and the charge carriers.

The magnetic ground state of a-GdxSi1−x �for H=0� is a
spin glass, with the quenched magnetic disorder stemming
from competing ferromagnetic and antiferromagnetic inter-
actions between the magnetic dopant atoms.8 As the tempera-
ture is increased to obtain �DC�T�, the frozen frustrated mag-
netic landscape “melts” reducing the magnetic disorder seen
by diffusing electrons increasing the conductivity of a given
sample �in fact it is the time scale of the magnetic moment
fluctuations that decreases with increasing temperature�. In
the parlance of continuous quantum phase transitions, we
may say that as the magnetic ground state melts, the chang-

ing magnetic correlation length becomes the dominant length
scale in the system, and the electrons lose their quantum
coherence, leading to the breakdown of the QC scaling. In
contrast, for increasing photon energy, i.e., with increasing
�, the pairs of electronic sites contributing to absorption,
continue to see the strong magnetic disordered potential
landscape of the quenched magnetic moment orientation,
which is indicated by the �1/2 dependence seen across the
entire measured frequency range in Fig. 5. A strong magnetic
field changes the magnetic disorder potential landscape seen
by the charge carriers as well, affecting both the low tem-
perature DC and the entire measured range of the AC data
similarly �for increasing H, unlike for T, the disorder actually
vanishes as the moments become more aligned�. This also
explains the observed increase of the conductivity with in-
creasing field, as the magnetic moments align more �very
likely as a function of the reduced magnetization M /MS�.21

However, M /MS has been shown to still be much less than
unity at 10 tesla in a-GdxSi1−x,

22 thus we would expect H to
tune the system through the QPT, though with decreasing
efficiency, up to MS. In fact M /MS, may be the more appro-
priate tuning parameter, but up to 10 tesla, there is a near
unity relation between H and M /MS for a-GdxSi1−x.

Having two separate controllable parameters in a single
system that successfully tune through the QPT allows for
unique insights into theoretical predictions for these T=0
phase transitions. Though critical exponents may be the same
or at least similar to within experimental and theoretical un-
certainty from one universality class to another, our initial
expectation was that a magnetic field of a few tesla, usually
considered quite strong by experimental standards, would be
sufficient to push the system into a different universality
class. Indeed as stated in their review, Belitz and Kirkpatrick
claim that the analogous system a-NbSi, falls in the spin-
orbit �SO� universality class, and that such systems, when
placed in a strong magnetic field cross over to the magnetic
impurity �MI� universality class, with distinctly different ex-
pected values of the dynamic scaling exponent, z.13 The fact
that z is the same for both x and H tuning, may be explained
in one of two ways. First, since Gd has a strong magnetic
moment, the system may originally fall into the MI class
�this seems the more obvious choice given the nature of the
Gd dopant ions� and remain there throughout the parameter
space of concentrations and magnetic fields that were used.
However, for both methods of tuning through the MIT we
find z=2, but for the MI universality class, z�2 is expected.
Second, if indeed a-GdxSi1−x falls into the SO class like
a-NbSi �for which z=2 is expected�, then the somewhat
striking result that the x and H tuned critical exponents are
the same may also be accounted for by the fact that the
magnetization is still far from being saturated, and that the
applied fields are not strong enough to push the system into
another universality class.

Theoretical predictions for the range of parameter space
over which QC behavior can be seen near the MIT state that
the following inequality for the dimensionless distance from
the MIT need apply: ���g−gc� /gc�0.1, where g is the tun-
ing parameter �i.e., x or H in our case� and gc is the critical
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value.13 Our experimental range for � over which we observe
scaling for the x and H tuned data varies quite dramatically.
For instance on the insulating side of the MIT for concentra-
tion tuning, using the extreme case, x=13.0 at. % and xc

=13.9 at. %, we find �=0.07, well within the acceptable the-
oretical limit. However, the opposite extreme occurs for the
results on the insulating side of the field driven family of
curves, which results in �=1, using H=0T and Hc=4.5T.
Other experimental evidence of scaling for regions larger
than ��0.1 exist.23,24 However, it is interesting to note that
the change in the magnitude of the low temperature value of
�DC�T� for the �=1 H-field tuned case, i.e., from 0 to 4.5T,
corresponds to changing the concentration of the system
from x=13.7 at. % to xc=13.9 at. %, a much smaller equiva-
lent �. Thus though both the concentration and the magnetic
field can be used to effectively tune through the MIT, that is
each separately changes the disorder of the system in a
unique manner, the dimensionless distance � as defined
above is not a good indicator of the QC parameter space. The
true tuning parameter for this QPT is disorder which appar-
ently has nonequivalent dependencies on x and H as seen by
the relative change in �DC�T� for equivalent changes in �,
�e.g., �=0.02�. This dramatic difference in dimensionless
distance from the MIT for corresponding changes in the con-
ductivity indicates that this criterion warrants closer inspec-
tion.

A subsequent result of our investigation of the x and
H-field tuned MIT in a-GdxSi1−x is shown in Fig. 6. Having
measured numerous samples near the MIT, and drawing
upon previous results, we have determined a phenomeno-
logical quantum critical line, i.e., a collection of quantum
critical points, in the zero-temperature x-H plane in the phase
space for our system. Hc and the error bars shown in the
figure come from analysis of the field tuned families of low
temperature �DC�T� curves. The residual conductivity was
analyzed for more metallic samples and the characteristic
VRH temperature was analyzed for more insulating samples,
each of which converge to zero at the MIT. This phase

boundary, we believe, must be a representation of the critical
disorder boundary, tunable via either dopant concentration or
magnetic field, for this QPT. However, the error bars indicate
not only a measure of the systematic error in the determina-
tion of Hc, but also the possible existence of slight variations
in the local DOS very close to the Fermi energy which be-
come more pronounced so close to the MIT. This subtle in-
homogeneity may cause a blurring of the otherwise sharp
phase transition, consistent with recent reports on measure-
ments examining the parameter space very close to the
transition.25

IV. CONCLUSION

Our system, a-GdxSi1−x, shows evidence of strong elec-
tron correlations, a high degree of disorder and complex
magnetic interactions, both between the ionic magnetic mo-
ments themselves �resulting in the spin glass ground state�
and between the conduction electrons and the Gd moments,
as indicated by the extremely large negative MR and
x-dependent characteristic onset temperature.6 Thus, though
this system is similar to the intensely studied manganites and
dilute magnetic semiconductors systems, like GaMnAs, there
is no all-encompassing theory that sufficiently accounts for
magnetic interactions, electron correlations, and disorder.
The benefit of utilizing scaling analysis on this system is that
successful scaling is independent of the underlying physics
in the quantum critical regime. Here from our temperature
frequency scaling results we observe the breakdown of QC
scaling either entirely or potentially at a much lower thermal
or photon energy scales than that seen in a-NbxSi1−x. Further
investigations to lower photon energy �i.e., below 300 GHz�,
but still in the quantum limit �i.e., kBT����, though ex-
tremely difficult from an experimental standpoint, would be
needed to shed light on whether temperature-frequency scal-
ing works in a-GdxSi1−x at all. Since the major difference
between these two systems stems from the magnetic nature
of the dopant Gd, we believe that we are observing this
breakdown in scaling due to some change in the local mo-
ment of the system and subsequent change in the interaction
between the local moments and the current carrying elec-
trons. The breakdown of QC scaling seen here has allowed
us to deduce important physical processes in these magneti-
cally doped amorphous semiconductor systems and hope-
fully will provide impetus for continued theoretical study.

In summary, we have shown successful scaling of both x
tuned and H tuned data near the MIT for a single system by
discretely varying the magnetic dopant concentration or the
magnetic field. The identical critical exponents, even up to
externally applied magnetic fields of 8 tesla suggest that the
system remains in a single universality class, perhaps be-
cause M /MS is still relatively small �
0.3� at this applied
field. We also find that QC dynamics persist to a much
broader parameter space than expected. The low energy elec-
trodynamics of this system, as probed via the real part of the
optical conductivity, show an independent determination of
the scaling exponent as z=2, consistent with previous dc

FIG. 6. Phase boundary, or quantum critical line, in the zero
temperature x-H plane, that separates metallic and insulating behav-
ior in a-GdxSi1−x.
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transport data on a-GdxSi1−x and a further link to the non-
magnetic analog a-NbxSi1−x. However, we find a distinct
breakdown of temperature frequency scaling in an identical
energy range over which successful near unity temperature
frequency scaling was seen in a-NbxSi1−x. A simple model
explaining the breakdown in scaling for the magnetically
doped system in terms of the variations in the Gd moment
potential landscape as seen by diffusing electrons is pre-
sented. Our data also allow us to determine a phenomeno-

logical phase boundary line, or quantum critical line, in the
zero temperature x-H plane.
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