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ABSTRACT: Metal−organic frameworks (MOFs) containing redox
active linkers have led to hybrid compounds exhibiting high electrical
conductivity, which enables their use in applications in electronics and
electrocatalysis. While many computational studies predict two-dimen-
sional (2D) MOFs to be metallic, the majority of experiments show
decreasing conductivity on cooling, indicative of a gap in the electronic
band structure. To date, only a handful of MOFs have been reported that
exhibit increased electrical conductivity upon cooling indicative of a
metallic character, which highlights the need for a better understanding of
the origin of the conductivity. A 2D MOF containing iron bis(dithiolene)
motifs was recently reported to exhibit semiconducting behavior with
record carrier mobility. Herein, we report that high crystallinity and the
elimination of guest species results in an iron 2,3,6,7,10,11-tripheylene-
hexathiolate (THT) MOF, FeTHT, exhibiting a complex transition from
semiconducting to metallic upon cooling, similar to what was shown for the analogous CoTHT. Remarkably, exposing the
FeTHT to air significantly influences the semiconducting-to-metallic transition temperature (100 to 300 K) and ultimately
results in a material showing metallic-like character at, and above, room temperature. This study indicates these materials can
tolerate a substantial degree of doping that ultimately results in charge delocalization and metallic-like conductivity, an
important step toward enabling their use in chemiresistive sensing and optoelectronics.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are crystalline nano-
porous materials composed of metal ions or clusters linked
by organic ligands.1−4 The hybrid organic/inorganic nature of
MOFs allows for synthetic tunability, leading to MOFs with
varying pore sizes and chemical environments and, therefore,
different physical and chemical properties.1−5 These properties
have led to applications primarily in gas storage and
separation6−8 and catalysis,9 which take advantage of the
inherent porosity and high surface area of these materials.10

The use of MOFs in technologies that require charge transport,
such as electronics11,12 and electrocatalysis,13 has lagged due to
their generally poor electrical conductivity. The weak covalent
overlap between the metal and ligand orbitals results in
localized (small bandwidth) electronic band structures with
low mobility charge carriers, preventing fast charge transport
through the framework. This leads to materials with insulating

or large gap semiconducting behavior.5,14,15 Efforts to reduce
the barriers to charge transport have included the addition of
guest species,16−18 doping,19−21 and variation of the metal
center and its oxidation state.22−26 These modifications can
encourage through-space27,28 or through-bond29 electronic
transport and have led to MOFs with improved conductivities,
with one example reporting tunable conductivity over 6 orders
of magnitude.17

Recently, the development of MOFs with redox active
linkers has led to a breakthrough in the field of electrically
conductive MOFs.11,12,15,30−34 Several two- and three-dimen-
sional (2D/3D) frameworks with planar, π-conjugated, and
redox-active linkers, like semiquinones/cathecolates,35−43

diimines,44−48 and dithiolenes,19,21,48−61 have been reported
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to display high electrical conductivity. Yet, while computational
studies often predict these 2D MOFs to be metallic,50,62−65 the
majority of the frameworks reported display a decrease in
conductivity on cooling as thermally populated carriers are
lost. In contrast, the primary mechanism for carrier scattering
in metals is due to lattice vibrations that are significantly
dampened at lower temperatures, resulting in more efficient
transport on cooling. We previously reported the temperature-
dependent electrical conductivity of a 2D cobalt 2,3,6,7,10,11-
tripheylenehexathiolate (THT) MOF.52 While the measured
conductivity at 300 K was modest (3.2 × 10−2 S/cm), a
complex transition from semiconducting to metallic behavior
was observed on cooling. This represented the first direct
experimental observation of a MOF exhibiting metallic
conductivity. The metallic character was corroborated by
density-functional theory (DFT) calculations, which predicted
semimetallic behavior through electronic states arising from
interlayer overlap of metal d and ligand p orbitals. This
complex behavior was attributed to a convolution of thermal
expansion along the c-direction, stacking faults leading to
misalignment of the layers, and significantly different transport
at the grain-boundaries.
Recently, an analogous iron THT MOF with ammonium

charge-compensating cations, Fe3(THT)2(NH4)3, was studied
using high-frequency terahertz photoconductivity and Hall
effect measurements. The reported Fe3(THT)2(NH4)3 ma-
terial displays semiconducting behavior with record room-
temperature carrier mobilities.55 The calculated band structure,
which explicitly included ammonium counterions, predicts
semiconducting behavior with a bandgap of ∼350 meV. Strong
orbital hybridization is observed between the d orbitals of Fe,
the bis(dithiolene) moieties, and the triphenylene units. While
promising room-temperature mobilities were reported for this
material, the reported temperature-dependent resistivity
studies indicate a decrease in conductivity on cooling, in
contrast to the cobalt analogue.51 This discrepancy emphasizes
the current knowledge gap in understanding the nature of
charge transport in MOFs. This shortcoming is especially
noteworthy in materials reported to date using benzenehex-

athiolate and hexaiminobenzene linkers, which display
decreases in their conductivity on cooling, despite ultraviolet
photoelectron spectroscopy (UPS) studies revealing Fermi
edges that strongly suggest metallic character.46,50,58

Related studies of a copper benzenehexathiolate (CuBHT)
MOF report a decrease in conductivity on cooling, consistent
with semiconducting behavior.49 Using a modified synthetic
procedure, the crystallinity of the resulting CuBHT was
improved as evidenced by powder X-ray diffraction (PXRD)
studies.61 Temperature-dependent resistivity studies of the
crystalline MOF indicate a decrease in resistivity upon cooling,
as expected for a metal, followed by the noteworthy
observation of a superconducting transition at low temper-
atures.61 These studies highlight the influence of crystallinity in
dictating the transport properties of 2D MOFs (semi-
conducting vs metallic). Yet, ideally, the transition from
semiconducting to metallic behavior would be controllable
through chemical and postsynthetic modification rather than a
reliance on single-crystal growth, which remains a substantial
challenge in the field. As a promising example of this goal, the
chemical reduction of an analogous silver benzenehexathiolate
(AgBHT) 2D MOF was shown by UPS studies to eliminate
the Fermi edge of the pristine material, suggesting a metallic-
to-semiconducting transition, with a corresponding reduction
(∼3500-fold) in the electrical conductivity.58

Motivated by the knowledge that metal identity, doping, and
the presence of guest species all have significant influence on
the electronic properties of metal bis(dithiolene) species and
related 2D MOFs,66−68 we present a modified synthetic
procedure to prepare the FeTHT framework as a comparative
analogue to CoTHT. This modified protocol is informed by
DFT predictions and seeks to circumvent the inclusion of
ammonium guest species and generate materials with
improved crystallinity as a means of inducing the semi-
conducting-to-metallic transition observed in CoTHT. Tem-
perature-dependent resistivity studies of the as-prepared
FeTHT framework confirm a transition from semiconducting
to metallic upon cooling, which is analogous to the behavior
observed for the CoTHT system.52 We further explore the

Figure 1. Synthesis and structure of the FeTHT framework. The plot shows a comparison of the experimental (red; synchrotron radiation with λ =
0.414576 Å) and simulated (black) PXRD patterns, and the inset shows an SEM image at 75× low magnification.
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effect that exposure to oxygen has on the conductivity of the
framework and show that oxidation of the sample leads to an
increase in the semiconducting-to-metallic transition temper-
ature as a function of exposure, resulting in a material with
metallic-like character at room temperature. Using a
combination of X-ray photoelectron spectroscopy (XPS) and
magnetic studies, we confirm that both the metal center and
the ligand scaffold in FeTHT are oxidized. These results show
that the semiconducting-to-metallic transition temperature is
highly sensitive to dopant concentrations and suggests that the
development of controlled postsynthetic redox treatments
could be effective at enhancing the functional properties of this
family of materials.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The 2D FeTHT MOF
was synthesized using a liquid−liquid interfacial reaction as
previously reported for the cobalt analogue (Figure 1).52,69

The trinucleating ligand scaffold, triphenylene-2,3,6,7,10,11-
hexathiol, was treated with N-methyl-2-pyrrolidone (NMP) in
an ethyl acetate solution and sonicated. The generated
suspension was gently layered onto an aqueous solution of
the Fe(II) chloride, leading to the formation of a black film of
FeTHT at the liquid−liquid interface over the course of 5
days. The black film was then deposited onto glass substrates
as thin films or collected as a powder for bulk measurements.
This synthetic methodology is in contrast to that reported
recently for Fe3(THT)2(NH4)3, where a solution of Fe(acac)2
in chloroform was layered with an aqueous solution of THT
ligand with NH4OH as base.55 Since our synthetic procedure
does not include NH4OH, the variations employed here serve
to exclude the NH4

+ guest species. This approach provides a
platform for demonstrating the influence of guest species on
bulk transport properties of the Fe system, as well as
appropriately comparing the electronic behavior of the Fe
and Co systems.
The crystallinity of the FeTHT framework was confirmed by

PXRD using synchrotron radiation. FeTHT displays prom-
inent peaks at 1.21°, 2.18°, 2.42°, and 3.21°, and a broad peak
at 7.09° (Figure 1). These peaks are similar to the ones
reported for the CoTHT framework, suggesting analogous
structural environments for the Co and Fe systems.52,69 The
peak at 1.21° corresponds to the [100] reflection and is
indicative of a pore diameter of approximately 2.0 nm. This
pore diameter is consistent with the recently reported PXRD
pattern of Fe3(THT)2(NH4)3 (∼1.9 nm), confirming that the
modified synthetic procedure employed here enables exclusion
of the ammonium guest species without substantially altering
the 2D structure of the material.55 Figure 1 illustrates a
comparison of the experimentally observed diffraction pattern
of FeTHT with the simulated pattern of a model using the P6/
mmm space group and unit cell parameters of a = b = 22.52 Å
and c = 3.34 Å (Figure S1). This diffraction data indicates good
long-range order in the ab plane and weak ordering along the c
axis. The morphology of FeTHT films was examined using
scanning electron microscopy (SEM). Low magnification
images (Figure 1, inset) show few cracks, and higher
magnification images (Figure S2) reveal flat, sheet-like
morphologies consistent with images of similar 2D MOFs.
Nitrogen gas sorption isotherms show that FeTHT has a
Brunauer−Emmett−Teller (BET) surface area of 441 m2/g
(Figure S3), which is similar to the surface areas reported for

analogous cobalt and iron THT frameworks of 370 and 526
m2/g, respectively.52,55

Following exposure of the frameworks to air (3 days at 60
°C), the PXRD pattern of FeTHT samples show the strong
peaks at 1.21°, 2.18°, 2.42°, 3.21° in the as-prepared sample
(Figures S4−S6) are maintained after exposure to the
atmosphere. The broad peak at 7.09° shifts to lower angles
and sharpens to reveal features consistent with the simulated
spectrum, suggesting more structural order in the c-direction.
Upon cooling, a decrease in interlayer distance is observed for
the [001] reflection (from 3.34 to3.23 Å), however the [100]
reflection remains unchanged (Figure S5). No significant
change in film thickness or morphology was observed by AFM
after oxidation of the framework (Figure S7). The measured
BET surface area of the oxidized FeTHT sample was
determined to be 27.6 m2/g (Figure S8), indicating a
significant loss of accessible surface area. A similar reduction
in the available surface area from 370 to 50 m2/g was
previously reported for Fe(tri)2 MOF upon oxidation, where
tri = 1,2,3-triazolate, and was attributed to occupation of the
pores by charge-balancing species (BF4

−).26

Density Functional Theory (DFT) Calculations. To
understand the electronic structure of the FeTHT framework
in the absence of ammonium guest species, first-principles
calculations were carried out on the modeled structure using
plane-wave DFT (see the Supporting Information for details).
The calculations predict a ground-state magnetization density
with one unpaired electron per Fe ion, consistent with Fe3+ in a
distorted-octahedral crystal field. A strong preference for
ferromagnetic coupling between layers and a weaker frustrated
antiferromagnetic coupling within the 2D sheets produces a
net magnetic moment of 2.2 μB per unit cell. The predicted
equilibrium geometry is in good agreement with the
experimentally measured lattice parameters, and similar results
were obtained from DFT+U calculations with a Hubbard U
correction of 5 eV applied to the Fe d orbitals.
As in our previous calculations on the analogous CoTHT

framework,52 the band dispersion suggests that bulk FeTHT is
a semimetal with a small density of states at the Fermi energy
(Figure 2). These states are primarily composed of Fe d and S
p, with a strong interlayer interaction along the c-axis,

Figure 2. Calculated band dispersion and electronic density of states
curves for the FeTHT framework with no guest species. The blue and
red lines denote electronic states in the “up” and “down” spin
channels. The thick black lines mark the regions of the dispersion
used to evaluate ∂

2E(k)/∂k2 to estimate the carrier effective masses
discussed in the text.
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corresponding to the Γ-A segment of the band structure, which
shows a significant dispersion of ∼1.8 eV. Carrier effective
masses ranging from 0.55 to 6.72 me were estimated from the
band dispersion, which are comparable to the values of 0.29−
8.04 me predicted for the CoTHT analogue.52 The band
dispersion also shows a small number of metallic states along
the M−Γ segment, corresponding to in-plane conductivity,
with a carrier mass around 0.99 me. Semimetallic electronic
structures were also predicted for both the FeTHT and
CoTHT frameworks with DFT+U calculations, which provide
confidence that these results are not an artifact of unphysical
delocalization of the Fe d electrons. Prior electronic-structure
calculations on the FeTHT framework with explicit
ammonium guest molecules predict a narrow bandgap (∼350
meV),55 highlighting the sensitivity of the electronic structure
to subtle environmental factors. The predicted elimination of
this gap upon removal of the NH4

+ provides a strong
indication that the modified FeTHT reported here should
exhibit distinct electronic behavior relative to the previously
reported semiconducting FeTHT.
Computational studies of the Ni3(HITP)2 framework44

reported that a staggered arrangement of the layers has the
lowest total energy compared to an eclipsed geometry, whereas
our previous calculations on the CoTHT framework found the
latter to be lowest in energy.52 The calculated potential-energy
surface for stacking faults in FeTHT (Figure 3) shows that

layer offsets of ∼1.0−1.25 Å along the a/b axis or a combined
offset of 1.25 Å along both axes are lower in energy than the
eclipsed configuration by ΔE = 83 and 98 meV per Fe ion,
respectively. These small energy differences between the two
configurations suggest that formation of stacking faults in
FeTHT is likely to be somewhat facile, which is consistent with
the broad [001] PXRD peak observed. Earlier calculations on
the FeTHT framework with ammonium guest species suggest
that an inclined AA-stacked geometry is the most stable, which
is consistent with our results.55 As for the CoTHT framework,
the calculations predict that the stacking faults would reduce
the density of states around the Fermi energy and introduce a
gap into the conduction band, both of which are intuitive given
the nature of the metallic states. Intrinsic stacking faults, as well
as environmental factors, may play key roles in defining the
electronic structure of FeTHT and inducing a semiconductor-
to-metal transition.

X-ray Photoelectron Spectroscopy (XPS) and Mag-
netism Studies. The surface composition of the FeTHT
films was investigated using X-ray photoelectron spectroscopy
(XPS). Survey scans of pristine FeTHT films reveal the
presence of Fe, S, C, and O. Fitting of the Fe 2p, shown in
Figure 4a, was primarily based on the Fe 2p multiplet splitting
of Fe3O4 which was used as a reference.

70 The peaks at binding
energies of 708.2, 709.2, and 710.3 eV are assigned to Fe2+, and
the peaks at 710.1, 711.2, 712.3, and 713.5 eV are assigned to
Fe3+ (see Table S5). The Fe 2p region shows mixed Fe3+/2+

valency with approximately 52% Fe2+ and 48% Fe3+; indicating
the presence of mixed oxidation states in pristine FeTHT.23

Figure 4b shows peak fitting of the S 2p regions for the pristine
sample. The binding energy difference of the S 2p3/2−S 2p1/2
doublet was fixed to 1.2 eV with intensity ratio 2:1.71,72

Examination of the same XPS regions in a sample after
prolonged air exposure reveals distinct changes in the Fe 2p
and S 2p regions. Following 7 days of exposure to ambient
atmosphere, the first peak of the Fe2+ multiplet disappears and
the experimental data can be fit by the Fe3+ multiplet alone
(Figure 4a), indicating complete surface oxidation of the metal
sites. In the S 2p region, two new sets of peaks appear at higher
binding energies of ∼166 and ∼168 eV, indicating
concomitant ligand oxidation (Figure 4b). These environments
are attributed to sulfenate and sulfinate moieties, as previously
reported in a palladium dithiolene molecular complex.73 To
further substantiate these assignments, high resolution XPS of
the corresponding Pd and Fe molecular species have been
collected before and after O2 exposure (Figure S18−S21). The
S 2p region of the previously reported palladium coordination
polymers confirms that aerobic oxidation results in a new
oxidized sulfur-containing moiety, which appears at ∼167 eV
(Figures S20 and S21).73 This new feature was assigned as the
added presence of sulfenate/sulfinate moieties, which was
confirmed by the reported crystal structure of the resulting Pd
polymer.73 Likewise, aerobic oxidation of the analogous iron
dithiolene complex reproduces the additional S 2p features
observed for the FeTHT framework, which supports the
assignment of these new features as sulfenate/sulfinate
moieties (Figures S18 and S19). By examining the area of
the peaks in the O2-exposed FeTHT sample (Figure 4b),
approximately 49% of the thiolate moieties appear to be
oxidized, with a sulfenate:sulfinate ratio of 1:4. These numbers
are similar to the reported Pd dithiolene complex, in which half
of all thiolates are oxidized, with a sulfenate/sulfinate ratio of
1:2.3.73

These XPS results thus confirm that both the metal center
and the ligand backbone are oxidized after prolonged exposure
to air. This is consistent with the predominant contributions
from interacting Fe and S orbitals to the partially occupied
bands predicted by DFT. The calculations also reveal a
preference for an offset rather than eclipsed layer stacking,
indicating that interlayer Fe−S interactions may play a role in
directing stacking manifolds. As these are expected to be weak
interactions, based on the predicted ease of generating stacking
faults, the formation of new S−O bonds upon oxidation may
facilitate stronger Fe−O interlayer interactions, consistent with
the sharpening of the peak at 7.09° by synchrotron PXRD. As
no such oxidized thiolate moieties were evident in the CoTHT
material, we attribute the thickness-dependence of the cobalt
system to a slower oxidation process relative to the analogous
iron-containing framework.51

Figure 3. Calculated DFT potential-energy surface associated with
layer offsets (stacking faults) in the pristine FeTHT framework.
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To evaluate the mixture of iron oxidation states in bulk
FeTHT, magnetic measurements were performed. It was
previously reported that mixed-valency in MOFs can enhance
conductivity by promoting charge hopping.74 Recent studies of
iron-based 3D MOFs have shown that controlling mixed-
valency at Fe sites can have dramatic effects on the bulk
transport properties, increasing conductivity by as many as 8
orders of magnitude.25,26,75 By examining the saturation of
unpaired spins in the hysteresis loop in FeTHT (Figure S22b),
it is estimated that 33% of the iron centers are Fe3+, with the
remaining 67% Fe2+. These results are in agreement with the
XPS studies, as similar mixed Fe3+/2+ valency is observed in the
as-prepared FeTHT material, albeit a higher degree of
oxidation is estimated by XPS (1:1 from XPS studies vs 2:1
from magnetic studies). The higher degree of oxidation
observed by XPS suggests that the oxidized species are
concentrated toward the surface of the sample, as magnetic and
XPS measurements analyze the bulk vs surface composition,
respectively. After exposure of the FeTHT to air for 3 days at
60 °C, the observed magnetic moment of the sample increases,
which is consistent with oxidation to give an increased amount
of Fe3+ (Figure S22a). This increased moment reflects an
increase of the Fe2+/Fe3+ ratio from 2:1 to 1:1. The magnetic
studies thus indicate a slightly lower degree of oxidation of
FeTHT compared to the results from the XPS studies (only
Fe3+ is detected by XPS upon exposure of the sample to
ambient atmosphere for 7 days). These results demonstrate
O2-treatment as an accessible tool for surface-localized
chemical oxidation of 2D MOFs.
Resistivity Studies. The temperature-dependent resistivity

of FeTHT was measured using a four-point Van der Pauw
geometry. Films of thicknesses ranging from 84(8) nm to
410(41) nm, as determined by AFM studies (Figure S24),
were analyzed under identical conditions. Ohmic contacts, as
demonstrated by linear I−V traces (Figure S25), were made
using graphitic carbon adhesive in ambient atmosphere with
minimal (<10 min) air exposure. At 300 K, the bulk resistivity
of the 275 nm-thick FeTHT film was determined to be 5.4 Ω·
cm, corresponding to a conductivity of 0.2 S/cm (Figures 5
and S26 and Table S7). Cooling from 300 to 140 K results in
an increased resistivity, as expected for a semiconducting
material where transport is dominated by thermally populated
carriers (Figures 5 and S26). This is similar to what was

observed for films and pressed pellets of CoTHT at elevated
temperatures and is consistent with the report of semi-
conducting behavior for Fe3(THT)2(NH4)3 (Table S8).52,55

An Arrhenius fit to the resistivity data recorded between 300
and 200 K indicates an activation energy for electron hopping
between 6 and 13 meV (Figures S27 and S28), which suggests
defects, most likely grain boundaries in the 2D sheets,
significantly influence the charge transport.
Below 140 K, the FeTHT film exhibits a maximum in the

resistivity followed by a change in slope to decrease below 100
K (Figures 5 and S26 and Table S7). These observations are
qualitatively very similar to the behavior of CoTHT,52 and are
fully reversible with no signatures of thermal hysteresis. Given
the complex nature of the transition, Tmetallic is defined as the
lowest transition temperature at which FeTHT becomes
metallic (100 K). No morphological changes are observed by
scanning electron microscopy (Figure S29). The measured
semiconductor-to-metal transition temperatures (Tmetallic) for
FeTHT do not display any appreciable shifts with film
thickness (Figure S26 and Table S7).
To further examine the influence that oxidation has on the

conductivity, resistivity measurements were collected on
samples exposed to air for various durations. The original
275(28) nm-thick FeTHT film was exposed to the ambient

Figure 4. Fitting of the XPS spectra of pristine FeTHT and samples exposed to ambient atmosphere for 7 days. (a) Fe 2p region showing mixed
valency (Fe2+/3+) in pristine FeTHT; after exposure to air, only the Fe3+ peak is observed. (b) S 2p region in the pristine FeTHT; after exposure to
air, two new doublets at ∼166 (pink) and ∼168 eV (burgundy) appear, in addition to the original features for the pristine FeTHT (green),
indicating the formation of dithiolene moieties with different degrees of oxidation.

Figure 5. Temperature-dependent resistivity data for FeTHT films
with 275(28) nm thickness, as-prepared with minimal (<10 min) air
exposure (red) and following exposure to ambient atmosphere for 2.5
days (blue), 1 month (green), and 1.5 months (magenta).
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atmosphere, while taking care to maintain the original contacts.
After two and a half days of exposure, the resistivity was
observed to increase nearly 10-fold, from 5.2 to 47.5 Ω·cm at
300 K (Figure 5). Remarkably, this coincides with a signficant
increase in the maxima of the resisitivity from 100 to 135 K.
Further oxidation over a one month period led to a shift to
approximately 300 K with a corresponding increase in
resistivity to 735 Ω·cm. By one and a half months, the
transition was shifted to room temperature and exhibited a
ρ300 K of 1260 Ω·cm. These effects were seen to accelerate
when a 310(31) nm-thick sample of FeTHT was heated in air
at 60 °C for 3 days (Figure S30). In contrast, heating the
sample for the same duration under helium shows nearly no
change in the position of the maxima (Figure S31), which
supports the conclusion that the shifts in the transition
temperature are related to the oxidation of Fe2+ to Fe3+.

■ CONCLUSIONS
We have presented a modified synthesis for the recently
reported iron 2,3,6,7,10,11-tripheylenehexathiolate (FeTHT)
MOF, generating a material with unusual electronic properties
that is isostructural to the previously reported CoTHT.
Temperature-dependent resistivity studies reveal a transition
from semiconducting to metallic character on cooling, which is
analogous to the behavior observed for CoTHT. This contrasts
with previously reported measurements on FeTHT where
NH4

+ was present as a guest species and exhibited purely
semiconducting behavior. Interestingly, oxidation of the
material on exposure to ambient conditions has a significant
effect on the semiconducting-to-metallic transition temper-
ature over time, resulting in a material with metallic-like
behavior at room temperature. Through a combination of X-
ray photoelectron spectroscopy (XPS) and magnetic suscept-
ibility studies, we have shown that both the metal center and
the ligand backbone are susceptible to oxidation. These results
indicate the semiconducting-to-metallic transition is strongly
influenced by changes in the degree of doping of the material
and provides greater insight into the possible origin of this
behavior.
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