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Magnetodielectric coupling in nonmagnetic Au/GaAs:Si Schottky barriers
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We report on a heretofore unnoted giant negative magnetocapacitance (>20%) in nonmagnetic Au/GaAs:Si
Schottky barriers that we attribute to a magnetic field induced increase in the binding energy of the shallow
donor Si impurity atoms. Depletion capacitance (Cgep,) dispersion identifies the impurity ionization and capture
processes that give rise to a magnetic field dependent density of ionized impurities. Internal photoemission
experiments confirm that the large field-induced shifts in the built-in potential, inferred from I/Cgep vs voltage
measurements, are not due to a field-dependent Schottky barrier height, thus requiring a modification of the
abrupt junction approximation that accounts for the observed magnetodielectric coupling.
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I. INTRODUCTION

Electronic transport across metal-semiconductor inter-
faces, which are ubiquitous in semiconductor technology, is
mediated by the formation of Schottky barriers and associ-
ated depletion capacitance. Numerous studies have estab-
lished the relationship between the Schottky barrier height
and materials properties and have at the same time fully
characterized the dependence of electronic transport across
metal-semiconductor interfaces on temperature, frequency,
and voltage bias/polarity.'"® Despite decades of investiga-
tions and the use of concepts such as metal-induced gap-state
models?3 and bond polarization theory,*> a consensus under-
standing of Schottky barriers has not been reached. Schottky
contacts on the semiconductor GaAs are particularly interest-
ing due to considerations such as a long spin lifetime in
GaAs,’ the demonstration of spin-polarized current injection
from a metal into GaAs'? and spin extraction from GaAs into
a metal.'! An additional gap in knowledge however becomes
apparent with the realization that there are relatively few
studies of the effect of externally applied magnetic fields H
on the electrical properties of Schottky barriers.

We address this deficiency by reporting on a surprisingly
large negative magnetocapacitance (MC>20%) associated
with Au/GaAs:Si Schottky barrier samples fabricated and
characterized by standard techniques as described below. The
MC is independent of field direction and is unexpected be-
cause (1) there are no magnetic impurities in the Au/GaAs:Si
system and (2) the GaAs:Si is homogeneous and thus not a
candidate for “magnetocapacitance in nonmagnetic compos-
ite media.”!? Clearly, such large MC effects in nonmagnetic
semiconductor systems must be explained before the behav-
ior of metal-semiconductor interfaces involving spin-
polarized metals and/or dilute magnetic semiconductors
(DMS) for spintronics applications'? can be understood. Us-
ing a combination of current voltage, capacitance (C), and
internal photoemission (IPE) studies, we show that the MC
can be attributed to a novel magnetodielectric coupling in
which a H-induced increase in the binding energy of the Si
donor impurities strongly affects the density of ionized im-
purities (N,) within the depletion width of the Schottky bar-
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rier, and hence the polarization. We identify the ionization
and capture transitions between the shallow impurity E;, and
conduction E, bands (see schematic of Fig. 2 inset) and show
that the apparent large H-induced increase in the built-in
potential V,; deduced from linear 1/C? versus reverse-
voltage bias Vj plots is not due to a change in the Schottky
barrier height ®ggyy, but rather to a field induced increase in
the binding energy, E,=E.—E,, of the Si donor impurities.
The increase in E, with respect to H (carrier freeze-out) has
been previously studied as a bulk effect both
theoretically'#!> and experimentally using optical'®!” and
Hall measurements.'®!” Magnetic field tunability of the
Schottky capacitance due to field-induced carrier freeze-out
is an interface effect that offers a new degree of freedom in
the design and application of magnetoelectronic devices.

II. EXPERIMENTAL METHODS

Commercially available (Sumitomo Electric Europe Ltd.)
GaAs wafers with a nominal Si dopant density of 3
% 10'® cm™ were used. Ohmic contacts were made based on
multilayer recipes existing in the literature.?*-??> Rapid ther-
mal anneals in nitrogen gas at temperatures in the range
400-460 °C assured good ohmic contact with low parasitic
resistance down to temperatures as low as 10 K. Prior to
evaporating the front-side Au Schottky contact, the samples
were thoroughly cleaned in 3:1:50 HNO5: HF:H,O for 3-4
min to remove any native oxide. Schottky contacts ranging
in diameter from 100 to 1000 wum were formed by thermal
evaporation of Au at a base pressure of 10~ Torr. Nine
separate samples prepared with different contacts were stud-
ied, all giving similar results. At room temperature the ex-
perimental values for N, determined from 1/C? vs V mea-
surements were found to be in the range 1-2X 10'® cm™.

The current-voltage (I-V) characteristics of a high-quality
Schottky diode should exhibit pronounced asymmetry with
respect to the sign of the bias voltage and also be well de-
scribed in forward bias by thermionic emission.! These at-
tributes are satisfied for our samples as shown in Fig. 1(a) by
the forward and reverse bias /-V characteristics measured at
300 and 20 K, of the same Au/GaAs:Si Schottky sample on
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FIG. 1. (Color online) Current-voltage characteristics show a
temperature- and field-dependent forward-bias threshold. The top
panel shows the rectifying (diode) characteristics on a semilogarith-
mic current-voltage scale for forward (+) and reverse (—) bias volt-
ages at 300 K (red circles) and 20 K (blue squares). The bottom
panel shows on a linear current-voltage scale the forward bias on-
sets of conduction at the indicated temperatures for H=0 (closed
symbols) and H=70 kOe (open symbols).

which ac impedance measurements are performed. At 300 K
the Schottky barrier height, ®gpy, and the ideality factor, 7,
are extracted for a total of nine different samples using ther-
mionic emission theory1 and found to be, respectively, in the
ranges 0.82<Pyy<0.92 V and 1.05<7<<1.15. These
values are in good agreement with the current literature' and
with our IPE data discussed below. At low temperature (20
K) the I-V characteristics of the same sample [Fig. 1(b), blue
diamonds] show similar high-quality rectifying behavior; re-
liable barrier parameters however cannot be extracted using
thermionic emission theory because of competing processes
such as generation, recombination, quantum tunneling, and
thermionic-field emission’®?? taking place at low tempera-
tures.

Complex impedance measurements over a frequency
range 20Hz—-1MHz were made using an HP4284 capacitance
bridge. The output of the bridge can be interpreted by one of
two different models each having two unknowns: a resis-
tance R, in series with a capacitance C, (series model) or a
resistance R, in parallel with a capacitance C, (parallel
model). The simplest model for a Schottky diode however
involves at least three unknowns: Ry in series with a two-
component complex capacitance C* which comprises the ca-
pacitance C=Re{C"} of the depletion region in parallel with
a loss term that represents dc transport (tunneling) and ac
loss due to changes in polarization. It is straightforward to
show that C is bounded by C; and C, (i.e., C;>C>C,) and
that if C; is found to be close to Cp, then Ry is small and can
be ignored.® For the measurements reported here we find at
most C;=1.07C,, thus implying the narrow constraint
1.07Cp> Cc> Cp, and hence the assurance that the measured
C,, of the parallel model accurately represents the depletion
capacitance Cge,. Since Ry is negligible, then any field de-
pendence of Ry is also negligible, and we can conclude that
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FIG. 2. (Color online) Capacitance of a Au/GaAs:Si Schottky
junction decreases with increasing applied magnetic field H. The
relative change in capacitance ACye,/ Cyep becomes increasingly
more negative with increasing field. The solid curves represent data
taken at the decreasing temperatures (top to bottom) indicated in the
legend. The solid orange squares associated with the 20 K isotherm
are calculated using Eq. (1) with the M-S parameters extracted from
1/C? versus voltage plots such as shown in Fig. 3. Inset: schematic
of band bending with parameters defined in the text. Capture pro-
cesses (red arrow) tend to dominate near the interface whereas ion-
ization processes are distributed over the depletion width W. The
large capacitance associated with a high density of polarized bonds
at the interface is in series with the much smaller depletion
capacitance.

the measured MC is associated with the Schottky depletion
capacitance rather than magnetoresistance in the contacts or
bulk masquerading as magnetocapacitance.’* At tempera-
tures lower than the 20 K, a rapid increase in Ry manifests
itself as a large difference in C, and C, (i.e., C;>C,), and
C, is no longer an accurate measure of the depletion
capacitance®

We have also used IPE to directly measure ®gpyy. The
sample is mounted in a cryostat and illuminated by ac modu-
lated light emerging from an optical fiber.?> The internal pho-
tocurrent through the sample is synchronously demodulated
and the square root of the photoyield defined as the photo-
current per incident photon is plotted against photon energy.
A linear extrapolation to zero gives the minimum energy, i.e.,
Dgpp, necessary to excite electrons from the Fermi energy of
the metal over the barrier.

III. EXPERIMENTAL RESULTS

In Fig. 2 we show as our main result the effect of mag-
netic field on capacitance. The magnitude of the relative
change in capacitance ACg,/ Cyp, measured at frequency f
=1 MHz and over a field range of 0—70 kOe is observed to
increase as the temperature 7 is lowered from 300 to 20 K.
Near freeze-out temperatures>® the MC grows rapidly, reach-
ing —21% at H=70 kOe and 7=20 K. To understand these
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FIG. 3. (Color online) Linearity of 1/C? vs Vj plots enable
determination of M-S parameters. Data at 20 K are shown at 1 MHz
for the indicated fields H (top panel) and at H=0 for the indicated
frequencies f (bottom panel). The vertical arrows mark selected
extrapolated intercepts with the abscissa corresponding to the
built-in potential V,;(f,H) at 20 K. The inset to the lower panel
shows the frequency dependence of V,; (right-hand axis) for H=0
(70 kOe) for solid (open) triangles and the frequency dependence of
Np (left-hand axis, see text) for H=0 (70 kOe) for solid (open)
squares. The inset of the upper panel shows IPE data in which
H-independent extrapolations (dotted lines) to the abscissa at the
indicated temperatures imply that there is no dependence of the
Schottky barrier height on H up to 70 kOe.

data, we generalize the Mott-Schottky (M-S) picture! by ex-
plicitly including the independent variables, f, 7, and H, and
writing

1 _2[Vulf.T.H) + Vi]
Cdep(f’ T’H)z es_yNd(f, T,H) ’
2e [V, (. T.H) + V] |2
W(f, T,H) — 83[ bt(f ) R] ’ (l)
ENd(f’T7H)

where g, is the dielectric constant of the semiconductor, e is
the charge of the electron, V; is the magnitude of the applied
reverse bias voltage (metal electrode is negative), and
N,(f,T,H) is the density of ionized Si impurities within the
depletion width W(f,T,H). In the M-S picture a term equal
to kgT is subtracted from V,;, the built-in potential, in the
numerator.”’” However this term is typically much smaller
than the measured V,; and often neglected' as it is in our
case, since our measured values of V,; near 1 eV assure the
inequality V,;>kgT at room temperature and below. In
agreement with Eq. (1), a linear dependence of 1/Cj,, with
respect to Vy is found at f=1 MHz for different H (Fig. 3,
top panel) and at H=0 for different f (Fig. 3, bottom panel).
For each data set there are two extracted parameters: the
slope from which N,(f,T,H) can be calculated [Eq. (1)], and
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FIG. 4. (Color online) Temperature- and field-dependent fre-
quency dispersion of the capacitance reveals two separate loss pro-
cesses. In the three panels the frequency-dependent capacitance
(left-hand axis, top curves) and loss (right-hand axis, bottom
curves) are shown as a function of frequency for each of the three
indicated temperatures. Each group of curves contains data for the
five different fields indicated in the legend of the middle panel. For
fixed fields the loss peaks shift to lower frequency as the tempera-
ture is reduced. The horizontal arrow in each panel marks the iso-
thermal shift to lower frequency of the low-frequency loss peak
(ionization) as the field is increased from 0 to 70 kOe.

the intercept V,,,(f,T,H). At room temperature almost all the
donor electrons are excited into the conduction band leaving
the donor atoms fully ionized with a density NS(T=3OO K)
=~ N, However, temperature and magnetic field freeze-out
take place at lower temperatures and N,(f,T,H) becomes a
function of H at fixed 7 as shown in the inset of the lower
panel of Fig. 3. The related changes in V,,(f,T,H) are also
shown in the same inset. We note that N,(f,T,H) and
Vii(f,T,H) extracted from the linear plots of Fig. 3 can be
used in Eq. (1) to calculate the MC (e.g., squares in Fig. 2 for
T=20 K) and are found to be in good self-consistent agree-
ment for all measured f, 7, and H. The remainder of this
paper will focus on elucidating the magnetodielectric cou-
pling that gives rise to the pronounced f, 7, and H depen-
dence of the extracted M-S parameters of Eq. (1) and the
associated MC shown in Fig. 2.

The underlying physical processes are revealed in the
frequency-dependent capacitance and loss plots of Fig. 4.
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FIG. 5. (Color online) Activated binding energy E, of Si impu-
rity donated electrons increases with increasing field. The depen-
dence of E, on H is shown for both the low-frequency (red squares,
ionization) and high-frequency (blue circles, capture) loss peaks.
Each point is determined by fixing the field and plotting the fre-
quencies of the loss peaks versus 1/7 on a semilogarithmic plot.
The slopes of the resulting linear plots (e.g., inset for H=70 kOe)
determine the H-dependent binding energies.

There are two prominent loss peak regions: the first low-
frequency region extends over the frequency range 100
Hz—10 kHz and the second high-frequency region, with
more pronounced loss, extends from 10 kHz to greater than
the 1 MHz limit of our capacitance bridge. With decreasing T
and/or increasing H, the lossy regions move to lower fre-
quency as shown in the successive panels of Fig. 4. One
might expect to see only one loss peak. However, when there
is more than one dielectric relaxation process contributing to
the measured capacitance, multiple loss peaks centered at
different frequencies, each adhering to a Debye response, can
be observed providing there is sufficient resolution.

We find that each loss curve is well described by the
imaginary part of the ubiquitous Cole-Cole expression®® for
the generalized dielectric constant,

+ €p)— €x
1+ (iwn)' 8"’

(2)

E=Eyp

where .. and g, are the dielectric constants in the high- and
low-frequency limits, S is a constant smaller than one, 7is a
relaxation time, and w is the angular frequency. The analysis
of the low-frequency peaks is straightforward, since the fre-
quency range is broad enough to include the full peak,
thereby enabling us to determine in a straightforward manner
the peak frequency f,=1/7 and a corresponding relaxation
time 7 at which the loss for a particular 7 and H peaks
at a maximum. For constant H the relaxation rate 7'
adheres to a thermally activated Arrhenius dependence, 7!
=1,'exp(~E,/kgT), where E, is an activation energy, k the
Boltzmann constant, and 7'61 a prefactor. The semilogarith-
mic plot of 7! versus 1/7 for the low-frequency peak shown
in the inset of Fig. 5 (H=70 kOe) manifests typical acti-
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vated response. The field-dependent activation energies
E,(H) are extracted from the slopes of these lines and plotted
in the main panel of Fig. 5 against field (red squares) for the
low-frequency loss peaks.

Since the amplitude and shape of the low-frequency loss
peaks remain constant and are shifted only laterally with
temperature/field (see Fig. 4), we can extract similar activa-
tion energies for the high-frequency peaks by monitoring the
temperature dependence of an arbitrary point (e.g., half am-
plitude) rather than the peak. By making the reasonable as-
sumption that the high-frequency peaks also have an invari-
ant amplitude and shape, we extract the activation energies
shown as blue circles in Fig. 5. The error bars on these data
are larger because the high-frequency portions of these peaks
are greater than 1 MHz and there is consequently greater
uncertainty in the parameters of the Cole-Cole fits.

The loss peaks of Fig. 4 correspond to two relaxation
processes, each having similar activation energies which
increase with magnetic field (Fig. 5). At H=0, E,
=6.05*0.20 and 5.73%0.13 meV for the low and high
peaks, respectively, very close to the reported values of
5.8 meV"!? for Si impurities in GaAs. We therefore attribute
the two observed loss peaks to ionization from E, to E.
of the dopant valence electrons and capture from
E. back to Ey,. The separate relaxation frequencies imply
that the rate for ionization 7y,_,. is different than the rate
Ye_,sn for capture. Using detailed balance,” i.e., vy, /g
=v._Me Where ng, and n, represent, respectively, the den-
sity of carriers in E, and E., we can infer y._.,> Ys—e
since ng,>n, near freeze-out where the MC is dominant.
This argument allows us to identify the low-frequency loss
peak vy, with ionization and the high-frequency peak
Y._,sn With capture. Intraband transitions such as hopping are
not seen because our measurement temperatures are too high.

In the GaAs host, the Bohr radii of the hydrogenlike do-
nor electrons are renormalized upward by the small effective
mass, Mgaas=0.065m,, and the large relative permittivity,
£Gaas=13.5. The resulting magnetic freeze-out'*!° brings
electrons closer to the donor atoms, thus increasing the Cou-
lomb energy and E,,. The renormalization by the host lattice
sharply reduces the fields well below the levels required to
see an observable effect for hydrogen atoms in vacuum. Our
observed change in E, with H is in good qualitative agree-
ment in functional form'® and magnitude'>! with previous
experiments on Si-doped GaAs.

The above interpretation suggests that at low-T,, electrons
can be frozen out from the conduction band E. to the
impurity-band donors as H increases. This capture process
explains the H-induced decrease in N,(f,T,H) at fixed f and
T shown in the lower panel of Fig. 3. It does not explain
however the H dependence of V,,(f,T,H). Usually, V,; ex-
tracted from a M-S analysis is used to calculate ®gpyy from
the relation,! ®gpy=V,,;+(E.—Ep)/e. An increase in V,; cor-
responds by Eq. (1) to an increase in W and a corresponding
decrease in Cgep. Since E.—Ep, which is calculated to be
~10 meV, is a small correction with negligible H depen-
dence, the measured shift in V,; of 300 meV for a 7 T change
in H (see Fig. 3 top panel) implies that there is a comparable
shift in ®ggy. Such a dependence of ®gpy on H extracted
from C measurements is unphysical since, as shown by the
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schematic in the inset of Fig. 2, the capacitance, Cy4, aris-
ing from bond polarization and the associated dipole layer
giving rise to Pgpyy at the metal-semiconductor interface is in
series with the much smaller Cy, and hence can be ignored.
The expected H independence was checked using IPE
measurements>-3%3! on similar samples at various tempera-
tures and fields up to 70 kOe. The intercepts of the linearly
extrapolated photocurrent yield on the abscissa of the inset to
the top panel of Fig. 3 show a small 7 dependence® but no H
dependence. Thus the H-induced V), shift has another origin
and the M-S equations must be modified.

The above conclusion also applies to the magnetic field
dependence of the forward-biased threshold observed in the
I-V characteristics. In Fig. 1(b) we show the I-V characteris-
tics at the four indicated temperatures for two values of field,
H=0 Oe (solid symbols) and H=70 kOe (open symbols).
We note that while the magnetic field has negligible effect on
the forward bias threshold at high temperatures (300 K),
there is a systematic increase in the field-dependent incre-
ment of the forward bias threshold as 7 is lowered to 20 K.
At 20 K the ideality factor is significantly larger than unity,
thus indicating that accurate estimates of ®gpy cannot be
obtained due to the presence of additional processes such as
generation, recombination, quantum tunneling, and
thermionic-field emission."“?3 The observed field induced
changes in the low-temperature forward-biased thresholds
are thus more likely attributed to corrections to @ggy derived
from image-lowering and thermionic-field emission. These
two processes become important at temperatures much lower
than the apparent barrier height and give a correction that
decreases when N,(f,H,T) decreases.?”3> Thus with increas-
ing H, the concomitant decrease in N,(f,H,T) leads to an
increase in the “effective” ®ggy and the forward-bias thresh-
old as seen in Fig. 1(b). However, our calculations show that
these corrections are only responsible for ~10 meV increase
in barrier height and thus do not explain the large shift in
built-in potential seen in Fig. 3. We conclude that the inter-
pretation of low-temperature /-V curves using traditional
thermionic emission theory, which remains an open problem
in the literature,® is unreliable. For these reasons we focus on
ac impedance measurements, which identify the frequency
magnetic field dependent processes occurring within the
depletion region, and the IPE measurements, which directly
determine ®gpyy.

IV. MODIFICATION OF THE ABRUPT JUNCTION
APPROXIMATION

The M-S relations for Cy, are usually derived using the
abrupt junction approximation (AJA), a phenomenological
description which assumes a constant density N, of ionized
impurities within the depletion region in which N,(f,T,H)
:NS(T) is constant for all x within the depletion width
(0=x=W) and zero elsewhere. Although the AJA is overly
simplistic, it has the well-known advantage that when com-
bined with Poisson’s equation the relationship between
1/ Cﬁep and reverse bias voltage Vp is linear. This linearity of
the C-V plots is seen in many experiments' including ours
(Fig. 3). The failure of the AJA to include frequency (and
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field) dependence is an obvious deficiency. Thus, if Cg, is
frequency (magnetic field) dependent as it is in our experi-
ment (Fig. 3), the extracted slopes and intercepts are by ne-
cessity also frequency (magnetic field) dependent (Fig. 3)
and cannot be simply related to the high-temperature (fully
ionized) values of the built-in potential V}; and ionized im-
purity density Ng. Our solution to this deficiency, which has
been recognized in previous work,”3334 is the introduction of
a modification of the AJA as discussed below.

As T is lowered, electrons from the conduction band are
captured and N?,(T) decreases. To incorporate the effects of f
and H, we modify the AJA with the expression,

Ny(x,f,T,H) = N(T) + N (f, T.H)[O(y — x)exp(- x/L) + a]
+ Nioo(f, T, H)exp(x/W), (3)

where N, and N, are frequency-dependent parameters rep-
resenting, respectively, the additional charge (and hence po-
larization) of the high-frequency capture and low-frequency
ionization processes, O is the unit step function, L is a char-
acteristic length and y, which obeys the constraint 0<<y
<W, is a cutoff beyond which the exponential contribution
t0 Neqp 18 zero. The constant « assures that capture processes
can occur for all x while the characteristic length L deter-
mines a scale length for the exponential decay of N, away
from the interface. Our modified version of the AJA as ex-
pressed by Eq. (3), is valid only for x in the range, 0<<x
< W, and thus allows Poisson’s equation to be solved for the
charge distribution and associated capacitance. Overall, Eq.
(3) represents a phenomenological modification to the charge
distribution which includes frequency dependence embedded
in the parameters N, and Nj,,. Following Bauza,” who of-
fers a similar expression to account for deep level electronic
traps of Ti-W/n-Si Schottky diodes, we solve Poisson’s
equation using Eq. (3) and find
1 2{VpAT) = eNoy (. T.H) L[ ™™P(1 + yIL) Ve, + Vi)

Ciep e [INYT) + aNop(f. T.H) + 2No(f. T, H)]

(4)

Although the phenomenology, when compared with the
overly simplified M-S model, becomes considerably more
complex with the introduction of five additional unknown
parameters (Ngyp. Nion,L, ¥, a), our formulation has the
distinct advantage that frequency dependence is included and
the linearity of the M-S plots at different frequencies, tem-
peratures, and fields is preserved. The understanding gained
from this reformulation becomes evident in the redefinition
of the extracted slopes and intercepts, i.e.,

N(f.T.H) = NYT) + aNop(f.T.H) + 2N;on(f. T.H),  (5)
and
Vi . T.H) = VUT) = eNegp(f. T.H)L[ ™ (1 + y/L) Ve,
(6)

In the high-T limit where all impurities are ionized, i.e.,
Neap— 0 and N;,,,— 0, Eq. (4) reduces to the conventional f-
and H-independent M-S relation, l/Cﬁep(T)=2[V2i(T)
+Vg]/eg NY(T) and Schottky-Mott relation is preserved.
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With decreasing 7, Vgi(T) (and hence ®gpyy) increases due to
temperature variations in the bandgap,® and the decrease in
NS(T) (thermal freeze-out) is compensated by increases in
Nep and  Niy,, reflecting the dominance of f- and

H-dependent processes.

V. DISCUSSION AND SUMMARY

An intuitive physical understanding of the above equa-
tions derives from the fact that N, is exponentially dependent
on the ratio —E,(H)/kgT. Thus as T decreases, or H increases
with a corresponding increase in E, (Fig. 5), Ng decreases
from its high-temperature (100% ionization) value, and there
is a concomitant increase in the number of transitions be-
tween the shallow E;, and conduction E, bands (see arrows
in the Fig. 2 schematic). At fixed f and H the parameters N,
and N,,,, which as modifications to the AJA represent the
ionized donors participating in the interband transitions, thus
increase with decreasing temperature. However, the relative
increase in the quantity aN,(f,T,H)+2No,(f,T,H) in Eq.
(5) with decreasing temperature is not sufficient to compen-
sate for the decrease in N, thereby giving rise to a net de-
crease in N,(f,T,H) consistent with the decreased capaci-
tance with decreasing temperature. At fixed 7, the interband
transitions associated with N,, and Nj,, and shown in Fig. 4
decrease with increasing H (field freeze-out) and increasing f
(polarization cannot follow rapid changes), thus accounting
for the observed decrease in N, described by Eq. (5) and
shown in the inset to the lower panel of Fig. 3. As frequency
increases, the response of the low-frequency ionization pro-
cesses diminishes. However, the response of the higher-
frequency capture processes, which have the same activation
energy and are thus coupled to ionization, does not diminish
until the frequency comes into this higher-frequency range.
The largest decreases in N, and corresponding decreases in
polarization (see Fig. 4) thus occur in separate frequency
ranges where the ionization and capture processes dominate.

We emphasize that Eqs. (3) and (4) represent a useful
phenomenological generalization of the original M-S rela-
tions which in turn are based on the oversimplified phenom-
enological AJA. Importantly, for the purposes of this paper,
we see from Egs. (4) and (6) that the observed V,,; depen-
dence on H is a function of the unknown parameter y, which
in the limit, y> L, describes capture of carriers in close prox-
imity to the metal-semiconductor interface (x=0) where
electrons from the metal are readily available and in the op-
posite limit, y <L, describes capture processes occurring uni-
formly throughout the depletion width.

Similar arguments apply to the observed increases in V),
shown for 7=20 K in the inset to the lower panel of Fig. 3
and described by Eq. (6). The apparent large change in V),
with field does not imply a corresponding change in ®gpy as
some might incorrectly conclude. We attribute all of the field
dependence describing our observed magnetodielectric cou-
pling to the magnetic field dependent donor impurity binding
energy, E,(H), which in turn imposes field dependence on
Ny and Nio,. More explicitly, at fixed magnetic field and
low temperature (e.g., T=20 K) where freeze-out is impor-
tant and the corrections N, and Nj,, to the AJA are signifi-
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cant, the extrapolated intercept V,,(f,T,H) described by Eq.
(6) increases as the measurement frequency is swept from
100 Hz to 1 MHz (Fig. 3, bottom inset). At low frequencies
the dominance of capture and ionization processes leads to a
correction to V(7). In this low-frequency limit, V,; deter-
mined by M-S extrapolations agrees with ®gpy extracted
from IPE measurements (Fig. 3, top inset). Since IPE mea-
surements directly measure ®gpyy in the dc limit, it is this
limit where both relaxation processes occurring within the
depletion width have to be included. We have shown that the
AJA approximation alone is not sufficient in predicting @gpyy
and one has to take into account the frequency and field-
dependent correction terms associated with the capture/
ionization processes between the impurity and conduction
bands. As frequency increases, V,; also increases to signifi-
cantly higher values due to the decrease in the correctional
terms, Ngy, and Nigy, to VO(T).

At the highest frequencies, beyond the 1 MHz upper
bound of our measurements, N, and Nj,, both approach
zero, and the well-known AJA form, 1/C§SP(T)=2[V2i(T)
+Vg]/ee NYT), of the Mott-Schottky relation [Eq. (1)] en-
sues. In this limit V,,; is not a physically meaningful measure
of dgpy, since as shown in this paper the overly simplistic
AJA does not take into account the frequency- and field-
dependent processes revealed so explicitly in Figs. 3 and 4.
This understanding is relevant for higher-frequency applica-
tions.

In summary, we have shown that magnetic freeze-out'* of
shallow band carriers is responsible for significant changes
in polarization within the depletion width of conventional
Au/GaAs:Si Schottky barriers. Magnetic freeze-out is essen-
tially a bulk effect in which the binding energies of all the Si
impurity atoms in the GaAs host are simultaneously in-
creased. Accordingly, bulk-sensitive optical'®!” and Hall-
effect measurements'®!” clearly reveal the effects of mag-
netic freeze-out. In this paper we have demonstrated an
interface effect in which the same field-induced changes in
the binding energy of the Si donors redefines the charge dis-
tribution and the associated electric field, and hence the po-
larization (capacitance), in the depletion width of a Schottky
barrier. The magnetodielectric coupling is an interface effect
that arises from the correlation of magnetic freeze-out with
interfacial polarization and is thus responsible for the ob-
served large negative magnetocapacitance in a system which
does not have any magnetic impurities. Our unequivocal de-
termination of an H-independent Schottky barrier height to-
gether with our identification of thermally activated inter-
band ionization and capture processes justifies our
modification of the AJA to preserve the linearity of the
1/ Cﬁep vs Vi plots (as experimentally observed) and at the
same time imposes a dependence of N, and V,; on f, T, and
H. Finally, the underlying magnetodielectric coupling not
only allows a new experimental technique for the tuning of
the dopant carrier density at the same interface by magnetic
field but should also be important for engineering the high-
frequency (microwave) and magnetic field response of di-
odes and understanding the behavior of related interfacial
structures incorporating DMS and spin-polarized metals.
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