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ABSTRACT: Simultaneous transmission infrared (IR) absorption and photo-
luminescence (PL) spectroscopies are used to reveal the correlation of free electron
and defect densities during the stepwise annealing of ZnO nanocrystals in high
vacuum. For increasing annealing temperatures between 700 and 1000 K, the free
electron density increases with a negligible increase in PL yield. With increased
annealing temperature above 1000 K, the free electron density decreases and the PL
yield increases in inverse proportion. Accompanying the free electron loss are
indications of increased bound charges and changes in the multiphonon bands in the
infrared spectrum, which collectively suggest that structural change and defect formation accompanies the loss of free electrons
and the increase in PL. Exposure of the previously annealed sample to electron (O2) and hole (MeOH) scavengers shows that
the buildup of holes quenches visible emission, while additional electrons have a marginal effect on the PL yield. Given that
certain neutral donors bind excitons and facilitate energy transfer to visible emitting sites, the buildup of free holes appears to
quench PL intensity by ionizing those neutral donors.

■ INTRODUCTION

The complex vacancy- and interstitial-related visible photo-
luminescence in ZnO has been actively explored for practical
device applications such as low-cost, low-toxicity, visible
wavelength phosphors.1,2 Although near-UV band edge
emission is dominant in highly ordered crystals, annealing or
other defect creation methods lead to efficient green emission
(∼2.4 eV).3 Previously, the visible emission was attributed to
substitution of copper for zinc4−6 (CuZn), oxygen,7−12 or
zinc13−16 vacancies (VO, VZn), oxygen

17 or zinc interstitials18,19

(Oi, Zni), or antisites of oxygen and zinc20 (OZn). Initially
copper substitution was considered the dominant mechanism,
often from unintentional doping.5,6 Further studies revealed
that intrinsic defects could create centers for visible PL. Early
evidence suggested that the creation of singly ionized oxygen
vacancies (VO

−) and an increase in free charges correlated with
an increase in visible PL.7−9 However, the EPR assignment of g
= 1.956 for the singly ionized oxygen vacancy was questioned,
and the method used to detect free charges by changes in band
edge absorption may not be reliable.1,11,12 Later, optically
detected magnetic resonance measurements also suggested that
oxygen vacancies were the origin of PL increase, but oxygen
vacancies were assigned to a different EPR resonance, and an
anticorrelation between the g = 1.956 signal and PL intensity
was found.11 Recent studies in which ZnO samples were
annealed in both oxygen- and zinc-rich environments have
established that both VO and VZn lead to increased defect
emission, but the origin of this emission is still debated.17,21−23

In this work we demonstrate that simultaneous IR absorption
and visible emission spectroscopies can be used to investigate

the correlation of carrier density and PL in high vacuum
annealed ZnO nanocrystals. Free carrier densities have
previously been shown to correlate with both increases7−9

and decreases17 in PL efficiency. In ZnO and other reducible
metal oxides, it is well-known that the introduction of electrons
into states at or near the conduction band generates absorption
in the IR, which increases exponentially toward lower
wavenumber.24−28 In this study we use this characteristic IR
absorption feature as a proxy for free carrier density to establish
the role of free electrons in ZnO visible PL. IR spectra also
include other information that can be used to gain an
understanding of annealing related changes. In the 700−1100
cm−1 range, phonon overtone and combination bands are
observed, and changes to these bands indicate lattice
distortion.29−31 Additionally, the appearance of a broad
absorbance in the higher wavenumber range (>2000 cm−1) at
high temperatures is an indication of an increase in neutral
donor concentration.32−34

PL experiments on the annealed samples, including exposure
to hole and electron scavengers, indicate that the buildup of
free holes quenches visible emission. This supports recent
findings which showed that visible PL in annealed ZnO is
mediated by neutral donor sites which bind excitons.35 While a
precise mechanism has not been elucidated, it was found that
the commonly labeled I3a neutral donor bound exciton (DBE)
facilitates energy transfer to deep gap states that emit in the
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visible region as shown in Figure 1. In this context we suggest
that quenching of visible PL is the result of free holes ionizing
the neutral donors responsible for mediating visible emission.

■ EXPERIMENTAL SECTION
Nanocrystalline ZnO (Alfa Aesar 99.99%, 300 nm mean
particle size) was pressed into a tungsten grid to create a
supported pellet with a diameter of 7 mm and thickness of 0.05
mm. During annealing the nanoparticles are expected to
agglomerate into particles of around 2 μm based on previous
experiments using similar annealing conditions.22,35 As
described previously, the tungsten grid was clamped onto two
copper bars attached to the copper wires of a vacuum
feedthrough at the base of a dewar used to hold liquid nitrogen
or acetone/dry ice for cooling.36 Heating was supplied to the
sample by passing a current through the tungsten grid. The
temperature was sensed by a K-type thermocouple spot-welded
to the grid, and temperature was controlled by the a home-built
proportional-integral-derivative (PID) controller, which main-
tained the temperature within 1 K and was programmed to the
ramp the temperature at 4 K/s during temperature changes.37

The sample was placed into a vacuum system with a base
pressure of 7 × 10−10 Torr and heated for 2 h at 700 K under 2
Torr of oxygen to remove any water, hydroxyl, or organic
contaminants, and the disappearance of these contaminants was
monitored in the IR with the full IR spectrum of the cleaned
sample shown in Supporting Information S1. The sample
holder was positioned at 45° to both IR and UV excitation
sources so that transmission IR and photoluminescence spectra
could be collected simultaneously. Differentially pumped KBr
windows in the vacuum cell allowed the transmission of IR
light, and IR spectra were collected using a PerkinElmer
Spectrum 100 with a liquid nitrogen cooled MCT detector. IR
spectra were all collected with 128 repeated scans with a
resolution of 4 cm−1. A glass window allowed excitation and
collection of PL light using two optical fibers with collimating
lenses at the sampling end. The PL excitation source was a 365
nm LED (LED Engin) whose emission was passed through a
10 nm band-pass filter to limit the excitation bandwidth.
Emitted light was analyzed using a Silver Nova dispersive
spectrograph (Stellar Net) with a 405 nm long pass filter to
remove excitation light. 250 PL exposures of 250 ms were
averaged for each scan.

■ RESULTS AND DISCUSSION
Sequential Annealing of ZnO. Vacuum annealing of ZnO

was performed in 20 K steps from 700 to 1240 K, with the
temperature maintained at each step for 10 min, and then
returned to 300 K where simultaneous IR and PL spectra were

collected. Figure 2A shows the full PL spectra after annealing at
several temperatures. The integrated intensity (400−700 nm)

of the PL spectra after each annealing cycle is plotted in Figure
2C. Figure 2B displays IR absorbance difference spectra: IR
spectra subtracted from a reference recorded at 300 K before
the annealing experiment began but after cleaning the sample in
oxygen at 700 K.
After annealing steps from 700 to 1000 K the PL intensity is

relatively unchanged, at first falling slowly, which may be
explained by the initial healing of defects, and then rising
slightly. In the same temperature range, a strong increase in IR
absorption is observed. The increased absorption rises with a
power law dependence toward low wavenumber and is assigned
to an increase in the free electron density based on this band
shape.32,38 The absorbance can be characterized by a simple

Figure 1. Schematic diagram illustrating how neutral DBE’s facilitate
visible emission.

Figure 2. (A) PL spectra recorded at 300 K after annealing to 700,
800, 950, 1100, and 1200 K. (B) IR absorbance difference spectra,
relative to a 300 K reference spectrum, recorded simultaneously with
the PL spectra. (C) ΔAbs recorded at 800 cm−1 (vertical dashed line
in panel B) and integrated PL intensity recorded after annealing in 20
K increments between 700 and 1240 K.
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electromagnetic model that takes into account the effective
mass of the electron using38

νΔ = ̃ −SAbs ( ) p
(1)

where S is a scaling factor, v ̃ is the frequency in wavenumbers,
and the exponent p is characteristic of the effective mass of the
electron. An exponent of 1.75 suggests scattering from acoustic
phonons in agreement with other polar metal oxide semi-
conductors with low trap densities.38,39 The data were fit using
eq 1 between 2000 and 640 cm−1 and extrapolated to larger
wavenumbers (Figure 3), revealing a second peak around 2800
cm−1 which has previously been identified as an indication of
neutral donors.32−34

A similar free electron signal is noted for ZnO and several
other reducible metal oxides.24−26,32,40 An increase in the free
electron signal in the IR and in conductivity measurements
during thermal annealing is often attributed to the loss of
neutral oxygen, creating ionized vacancies or Zn intersti-
tials.41−43 Some theoretical studies with experimental corrob-
oration suggest that oxygen vacancies in ZnO should generate
deep levels around 0.7−1.0 eV below the bottom of conduction
band and should not be responsible for free carrier
generation.44,45 Though the source of shallow donors remains
unresolved in the literature, in our high vacuum annealing
experiments it is unlikely that a significant number of extrinsic
donors are incorporated. We therefore suggest that shallow VO
donors are responsible for increased free electron concen-
tration, but we cannot completely rule out unintentional doping
with contaminants such as hydrogen. In any case, the key result
is that the increase in the free electron signal corresponds to
only a negligible increase in PL.7−9

At annealing temperatures above 1000 K, the free electron
signal begins to decrease sharply, and a simultaneous increase in
the PL intensity is observed. As seen in Figure 4, there is a clear
inverse correlation between free electron density and PL
intensity. The PL band shape during annealing slightly blue-
shifts as the number of oxygen vacancies increases, as shown in
the Supporting Information (S2).22

The decrease of the free electron signal may be caused by
damage to the Zn or O sublattice that generates an increased
number of deep defect sites for electrons to reside, resulting in
electron localization, reduced IR absorption, and an increased

number of sites that can produce visible emission.17 Additional
indications for lattice damage and deep defect sites are
observed in the IR spectra with new positive peaks appearing
in the multiphonon region of the IR spectra at annealing
temperatures near 950 K, as shown in Figure 2B (for reference,
compare with Figure S1 which shows the multiphonon peaks
before annealing). These features are likely to be associated
with changes in the ZnO lattice. The combination of two
effectsnew peaks appearing around the same annealing
temperatures as the free electron signal begins to decrease
suggests that damage to the lattice may create defect sites that
are occupied by previously free electrons. Evidence for
additional deep gap sites is also observed in the IR spectra
with a broad increase in absorbance toward higher wave-
numbers at higher annealing temperatures. Specifically, a broad
peak absorbance in the 2000−4000 cm−1 range increases at
higher temperatures (>1000 K, Figure 2B), which has
previously been associated with the presence of un-ionized
donors in ZnO.32−34

Dosing of Hole and Electron Scavengers. Shallow
penetration depths of UV light in ZnO and the high surface
area of microcrystalline particles make the properties of the
surface important for understanding emission. The transfer and
extraction of holes and electrons at the surface can be
controlled by choosing adsorbates that can be oxidized or
reduced at potentials of the free and trapped holes and
electrons in ZnO. In the hole and electron scavenger
experiments, the sample previously annealed up to 1240 K
was cooled to 100 K or held at 300 K, and simultaneous PL and
IR scans were taken. The lower temperature experiment shows
enhanced charge trapping and a greater response to charge
scavengers caused by lower charge mobility. Additionally,
MeOH is physisorbed onto UV-exposed ZnO at 100 K, while
at 300 K a chemisorbed layer of decomposed methanol is
formed (Supporting Information S3). We present the 100 K
experimental results here and report the 300 K results in the
Supporting Information (S4). Importantly, the direction of IR
absorption and PL intensity change are the same at both
temperatures, and only the magnitude is reduced at 300 K, so
the same mechanisms operate at both temperatures. The
integrated visible PL intensity (400−700 nm) and the IR
absorbance at 1760 cm−1 during UV and gas exposure at 100 K
are shown in Figure 5. The choice of 1760 cm−1 was made to
avoid vibrational absorbance from methanol (full spectra shown
in Supporting Information S5).

Figure 3. Fit of power-law increase of differential absorbance ΔAbs
toward low wavenumbers using eq 1. The sample was annealed to 800
K and then cooled to 300 K to acquire the spectrum. Fitting was
performed between 2000 and 640 cm−1 and extrapolated to reveal the
effects of neutral donors that are also formed during annealing.

Figure 4. Inverse correlation of the integrated PL intensity and free
electron IR absorbance at 800 cm−1 during successive annealing cyles.
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In vacuum the PL intensity decreases exponentially with a
time constant of approximately 400 s and approaches a final
value just below 80% of the initial PL intensity (see Supporting
Information S6). At the same time the free electron signal in
the IR increases and saturates around 0.01 absorbance units at
1760 cm−1. The loss of visible PL intensity during UV exposure
is likely caused by a buildup of trapped charges that cause a
shift to UV emission or nonradiative decay.46−48

To understand how the buildup of holes and electrons affects
the visible emission in the stepwise-annealed samples of ZnO,
we exposed the sample to electron (O2) and hole (MeOH)
scavengers and observed the effect of exposure on both the IR
absorption and PL yield. For both gases the same conditions

were used, with a background pressure of 5 × 10−4 Torr
supplied to the chamber for a period of 5 min, indicated by the
second vertical dashed line in Figure 5. Upon exposure to
oxygen, a small decrease in the PL intensity is noted, and a
relatively large IR absorbance decrease of 0.04 is observed in
the free electron region. This result confirms that the IR
absorption signal derives from the free electron density. During
exposure to methanol, the PL intensity rises sharply along with
a simultaneous but modest increase in the free electron IR
signal.
Next, the full pressure in the gas line was released to the

chamber, represented by the third dashed line in Figure 5. This
gave a pressure of 2.4 Torr for O2 and 0.2 Torr for MeOH,
although the latter pressure decreased quickly to less than 1
mTorr as MeOH cryo-trapped onto the liquid nitrogen dewar
used to cool the sample. After the high pressure dose of O2, an
additional decrease of the free electron signal was noted, but no
significant effect was noted in the PL spectrum. In the case of
MeOH, the high pressure dose again sharply increased the PL
intensity, reaching an intensity higher than the initial value,
while the free electron IR signal increased modestly. In all cases,
the band shape of visible PL was unaffected during changes in
intensity caused by UV exposure or scavenger dosing,
suggesting the emitting state is unchanged (Supporting
Information S7).
Previous research on freshly prepared, unannealed nano-

particles in suspensions of alkoxy solvent have exhibited the
opposite effect to that observed here.46,49,50 In those reports,
the efficiency of visible PL from alkoxy suspended nanoparticles
was reduced during exposure to UV light as the solution was
deoxygenated, and PL was restored when oxygen was admitted
to the solution. To explain why visible PL is quenched by hole
scavengers in these unannealed nanoparticles, it was proposed
that deeply trapped holes mediate visible emission by
recombining with donor electrons in shallow traps. However,
in our annealed micron-sized powders, visible PL increases
when exposed to hole scavengers. To understand this apparent
contradiction, we note that recent work using vacuum annealed
powders has shown that donor bound excitons (DBEs) are
important for the transfer of energy from band gap states to the
deep-trapped states responsible for visible PL.35 Using
measured PL frequencies and deduced binding energies, two
DBEs that facilitated energy transfer to the deep trapped state

Figure 5. Top: integrated PL intensity during UV and gas exposure
normalized to the first scan. Bottom: change in absorbance at 1760
cm−1 during UV and gas exposure. In both graphs, the black line
represents the MeOH-exposed sample and red line represents the O2-
exposed sample. The vertical dashed lines show timing of labeled
events.

Figure 6. Schematic of DBE mediated visible PL and hole quenching in annealed ZnO. (A) UV excitation of ZnO creates an exciton (dotted lines)
which can separate into free charges, with free electrons observed by IR spectroscopy, or bind to a donor site to create a donor bound exciton
(DBE). The DBE can then transfer energy to a visible emitting state. The horizontal lines in the bandgap represent neutral (●) and ionized (+)
donors. (B) In a vacuum at 100 K, the buildup of free holes during UV exposure ionizes the neutral donors responsible for facilitating exciton
binding and visible emission. (C) Exposure to methanol removes free holes, increases the free electron concentration, and regenerates neutral DBEs
which facilitate visible emission. (D) Exposure to oxygen removes free electrons and increases the amount of free holes to ionize neutral donors.
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were identified, commonly labeled I9 and I3a,
35,51,52 both of

which are associated with neutral donors.
We therefore suggest that the visible PL intensity decrease

during UV exposure is a result of free holes ionizing the I9 and
I3a neutral donors at sites created by the annealing process,
thereby eliminating the efficient path previously identified for
the generation of visible emission. This process is shown
schematically in Figure 6A−D. Part A shows above band gap
excitation and visible PL mediated by the neutral DBE. Part B
shows the suggested mechanism for the loss of visible PL
during UV exposure: reaction of photogenerated free holes
with neutral donors. In part C, the recovery of visible PL and
increase in free electron concentration during MeOH exposure
is illustrated, and in part D the further loss of visible PL and the
loss of free electron density during O2 exposure is shown.
Evidence for this model comes from both annealing and

scavenger dosing experiments. From the scavenger dosing data,
outlined in Figure 5 and shown schematically in Figure 6C,D, it
is seen that visible PL is very sensitive to the hole
concentration, which is noted by the sharp increase of PL
during the dosing of hole scavenging MeOH, accompanied by a
minor increase in the free electron signal in the IR. Conversely,
the PL is relatively insensitive to the concentration of free
electrons, as seen by the minor decrease of PL signal during O2
dosing accompanied by a large loss of the free electron signal.
During annealing above 1000 K we note that increased PL
intensity accompanies a loss of the free electron signal in the
IR. This is likely caused by neutral donor site creation where
previously free electrons were captured.53 Further evidence for
the creation of neutral donors comes from the increased
absorbance in the higher wavenumber region, as seen in Figures
2b and 3, which has been previously associated with the
creation of neutral donors.32−34

■ CONCLUSIONS
Simultaneous IR and PL spectroscopies are used to explore the
role free carriers and neutral donors play in producing visible
emission during stepwise annealing of ZnO nanocrystals. High
temperature (>1000 K) annealing studies indicate that
increases in visible PL emission intensity correlate with a
decrease in free electron concentration. Exposure of the
annealed sample to a hole scavenger enhances PL lost during
UV irradiation in vacuum, suggesting that a buildup of free
holes quenches fluorescence. Previous experiments showed that
neutral DBEs facilitate energy transfer to visible light-emitting
deep-trap states in annealed powders; therefore, we hypothesize
that this quenching is an indication that neutral DBEs are
ionized by free holes. Consequently, passivation of free holes
should increase the efficiency of visible emission, perhaps to the
point that annealed ZnO may be used as a viable alternate
visible light phosphor.
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(34) Göpel, W.; Lampe, U. Influence of Defects on the Electronic
Structure of Zinc Oxide Surfaces. Phys. Rev. B: Condens. Matter Mater.
Phys. 1980, 22, 6447−6462.
(35) Foreman, J. V.; Simmons, J. G.; Baughman, W. E.; Liu, J.;
Everitt, H. O. Localized Excitons Mediate Defect Emission in ZnO
Powders. J. Appl. Phys. 2013, 113, 133513.

(36) Basu, P.; Ballinger, T. H.; Yates, J. T., Jr. Wide Temperature
Range IR Spectroscopy Cell for Studies of Adsorption and Desorption
on High Area Solids. Rev. Sci. Instrum. 1988, 59, 1321−1327.
(37) Yates, Jr., J. T. Experimental Innovsations in Surface Science: A
Guide to Practical Laboratory Methods and Instruments; Springer: New
York, 1998.
(38) Panayotov, D. A.; Burrows, S. P.; Morris, J. R. Infrared
Spectroscopic Studies of Conduction Band and Trapped Electrons in
UV-Photoexcited, H-Atom N-Doped, and Thermally Reduced TiO 2.
J. Phys. Chem. C 2012, 116, 4535−4544.
(39) Zhao, H.; Zhang, Q.; Weng, Y.-X. Deep Surface Trap Filling by
Photoinduced Carriers and Interparticle Electron Transport Observed
in TiO2 Nanocrystalline Film with Time-Resolved Visible and Mid-IR
Transient Spectroscopies. J. Phys. Chem. C 2007, 111, 3762−3769.
(40) Panayotov, D. A.; Yates, J. T., Jr. Depletion of Conduction Band
Electrons in TiO2 by Water Chemisorption − IR Spectroscopic
Studies of the Independence of Ti−OH Frequencies on Electron
Concentration. Chem. Phys. Lett. 2005, 410, 11−17.
(41) Look, D. C. Recent Advances in ZnO Materials and Devices.
Mater. Sci. Eng., B 2001, 80, 383−387.
(42) Erhart, P.; Albe, K.; Klein, A. First-Principles Study of Intrinsic
Point Defects in ZnO: Role of Band Structure, Volume Relaxation, and
Finite-Size Effects. Phys. Rev. B: Condens. Matter Mater. Phys. 2006, 73,
205203.
(43) Tomlins, G. W.; Routbort, J. L.; Mason, T. O. Zinc Self-
Diffusion, Electrical Properties, and Defect Structure of Undoped,
Single Crystal Zinc Oxide. J. Appl. Phys. 2000, 87, 117−123.
(44) Janotti, A.; Van De Walle, C. G. Oxygen Vacancies in ZnO.
Appl. Phys. Lett. 2005, 87, 122102.
(45) Janotti, A.; Van de Walle, C. G. Fundamentals of Zinc Oxide as
a Semiconductor. Rep. Prog. Phys. 2009, 72, 126501.
(46) van Dijken, A.; Meulenkamp, E. A.; Vanmaekelbergh, D.;
Meijerink, A. Influence of Adsorbed Oxygen on the Emission
Properties of Nanocrystalline ZnO Particles. J. Phys. Chem. B 2000,
104, 4355−4360.
(47) van Dijken, A.; Meulenkamp, E. A.; Vanmaekelbergh, D.;
Meijerink, A. The Kinetics of the Radiative and Nonradiative Processes
in Nanocrystalline ZnO Particles upon Photoexcitation. J. Phys. Chem.
B 2000, 104, 1715−1723.
(48) Simmons, J. G., Jr.; Foreman, J. V.; Liu, J.; Everitt, H. O. The
Dependence of ZnO Photoluminescence Efficiency on Excitation
Conditions and Defect Densities. Appl. Phys. Lett. 2013, 103, 201110.
(49) Van Dijken, A.; Meulenkamp, E. A.; Vanmaekelbergh, D.;
Meijerink, A. Identification of the Transition Responsible for the
Visible Emission in ZnO Using Quantum Size Effects. J. Lumin. 2000,
90, 123−128.
(50) Stroyuk, O. L.; Dzhagan, V. M.; Shvalagin, V. V.; Kuchmiy, S. Y.
Size-Dependent Optical Properties of Colloidal ZnO Nanoparticles
Charged by Photoexcitation. J. Phys. Chem. C 2010, 114, 220−225.
(51) Meyer, B. K.; Sann, J.; Lautenschlag̈er, S.; Wagner, M. R.;
Hoffmann, A. Ionized and Neutral Donor-Bound Excitons in ZnO.
Phys. Rev. B: Condens. Matter Mater. Phys. 2007, 76, 184120.
(52) Meyer, B. K.; Alves, H.; Hofmann, D. M.; Kriegseis, W.; Forster,
D.; Bertram, F.; Christen, J.; Hoffmann, A.; Straßburg, M.; Dworzak,
M.; et al. Bound Exciton and Donor−acceptor Pair Recombinations in
ZnO. Phys. Status Solidi B 2004, 241, 231−260.
(53) Kodama, K.; Uchino, T. Thermally Activated below-Band-Gap
Excitation behind Green Photoluminescence in ZnO. J. Appl. Phys.
2012, 111, 093525.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b12094
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

http://dx.doi.org/10.1021/acs.jpcc.5b12094
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fpssb.200301962&coi=1%3ACAS%3A528%3ADC%252BD2cXhsFKgtr4%253D
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.73.205203&coi=1%3ACAS%3A528%3ADC%252BD28XlvVaqs7o%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0921-5107%2800%2900604-8&coi=1%3ACAS%3A528%3ADC%252BD3MXislOnsL0%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.4798359&coi=1%3ACAS%3A528%3ADC%252BC3sXltl2rsbc%253D
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fadfm.200500087&coi=1%3ACAS%3A528%3ADC%252BD2MXhtlers7fL
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.22.6447
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.22.6447
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Ff29837901779&coi=1%3ACAS%3A528%3ADyaL2cXptlyntA%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1088%2F0034-4885%2F72%2F12%2F126501&coi=1%3ACAS%3A528%3ADC%252BC3cXps1WmsQ%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.4829745&coi=1%3ACAS%3A528%3ADC%252BC3sXhslKrtLfL
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.76.184120&coi=1%3ACAS%3A528%3ADC%252BD2sXhsVantL3E
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp993327z&coi=1%3ACAS%3A528%3ADC%252BD3cXotlOksg%253D%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp993327z&coi=1%3ACAS%3A528%3ADC%252BD3cXotlOksg%253D%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp0404293&pmid=16851666&coi=1%3ACAS%3A528%3ADC%252BD2MXit1Cmsb0%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjz401823c&coi=1%3ACAS%3A528%3ADC%252BC3sXhslejsrfK
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjz401823c&coi=1%3ACAS%3A528%3ADC%252BC3sXhslejsrfK
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1520703&coi=1%3ACAS%3A528%3ADC%252BD38Xos1Sgurs%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1520703&coi=1%3ACAS%3A528%3ADC%252BD38Xos1Sgurs%253D
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.86.121203&coi=1%3ACAS%3A528%3ADC%252BC38Xhs1WmurrK
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRev.152.736&coi=1%3ACAS%3A528%3ADyaF2sXktFCrtA%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRev.152.736&coi=1%3ACAS%3A528%3ADyaF2sXktFCrtA%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1394173&coi=1%3ACAS%3A528%3ADC%252BD3MXlvVeju7Y%253D
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fadom.201400592&coi=1%3ACAS%3A528%3ADC%252BC2MXhtVektbzO
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.2053360&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFWjtb3M
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0022-2313%2802%2900634-8&coi=1%3ACAS%3A528%3ADC%252BD3sXit1Gjt70%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.371832&coi=1%3ACAS%3A528%3ADC%252BD3cXksVCgsA%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.cplett.2005.03.146&coi=1%3ACAS%3A528%3ADC%252BD2MXlsFahtLo%253D
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Ff29817702059&coi=1%3ACAS%3A528%3ADyaL38XktlaqsA%253D%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp0645566&coi=1%3ACAS%3A528%3ADC%252BD2sXhsFWmsro%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1526935&coi=1%3ACAS%3A528%3ADC%252BD38XpvVaqtbg%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp2053103&coi=1%3ACAS%3A528%3ADC%252BC38XlvVSqtQ%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1851599&coi=1%3ACAS%3A528%3ADC%252BD2MXhtlWksbk%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1566482&coi=1%3ACAS%3A528%3ADC%252BD3sXis1Oksr4%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp908879h&coi=1%3ACAS%3A528%3ADC%252BD1MXhsFGkurjM
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp993998x&coi=1%3ACAS%3A528%3ADC%252BD3cXisVyjsL8%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.4712624&coi=1%3ACAS%3A528%3ADC%252BC38XmslWqurs%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0022-0248%2895%2900634-6&coi=1%3ACAS%3A528%3ADyaK28Xisl2rt7o%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0022-2313%2899%2900599-2&coi=1%3ACAS%3A528%3ADC%252BD3cXjvFKhurk%253D
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.86.115205&coi=1%3ACAS%3A528%3ADC%252BC38Xhs1SrtrbP

