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ABSTRACT: We study light absorption by nearly monodisperse PbS nanocrystals
grown in a glass matrix. The absorption spectra demonstrate a well-resolved
structure at energies above the first absorption peak. The absorption cross sections
are calculated with an empirical tight-binding model accounting for the quantum
confinement, the band anisotropy, and valley splittings. Absorption spectra
measured at 4 K quantitatively agree with the atomistic calculations. This allows
us to unambiguously ascribe the much-debated second absorption peak to the p−p
optical transition and directly measure the splitting of excited p states.

■ INTRODUCTION

Lead sulfide (PbS) nanocrystals are highly promising for light-
emitting devices,1−4 photodetectors,5,6 and photovoltaic7−11

applications. Tremendous progress has been made in the
synthesis of colloidal PbS quantum dots over the past
decade.11−15 State-of-the-art technologies enable fine on-
demand engineering of optical spectra by surface chemis-
try16−18 and even self-organized growth of 3D nanocrystal
superlattices.19 Nevertheless, the connection between the
energy spectra and optical properties remains a subject of
ongoing debate. The reason is that lead chalcogenides (PbS,
PbSe, PbTe) have a complex energy band structure.20 The
extrema of both conduction and valence bands are located at
the four L points of the Brillouin zone forming four
inequivalent anisotropic valleys. This leads to a high degeneracy
of the energy spectrum in bulk materials. This valley
degeneracy is lifted in nanocrystals due to the surface scattering.
The resulting energy spectra of lead chalgodenide nanocrystals
become quite intricate, especially for the excited states. The
widely used 4 × 4 effective mass model for nanocrystals, put
forward by Kang and Wise in 1997,21 neglects both the
intervalley mixing and the anisotropy of the effective masses,
known to be large: me,l = 0.105m0, me,t = 0.080m0, mh,l =
0.105m0, and mh,t = 0.075m0 for PbS (m0 is the free electron
mass, me(h), l(t) is the electron (hole) band-edge longitudinal
(transverse) effective mass).22 Analysis of the optical absorption
spectra shows that the Kang and Wise model adequately
describes the nanocrystal size dependence of the fundamental

energy gap, corresponding to the lowest-energy optical
transition, but cannot explain the origin of the second
absorption peak. Namely, the observed energy of the second
absorption peak is very close to the energy of the se(h)−ph(e)
transition following from the Kang and Wise model (we use the
orbital momentum notation s, p, and d to describe the
symmetry of the envelope wave function23). However, this
transition is forbidden in the effective mass approximation21

because of the parity selection rules. Two explanations of the
apparent discrepancy have been proposed. The first explanation
argues that the anisotropy effects24−26 and intervalley
coupling27 split and shift the spectrum of Kang and Wise,21

so that the observed second spectral line in fact corresponds to
the allowed (split) pe−ph transitions. According to the second
line of arguments,23,28−30 the parity selection rules are relaxed
in nanocrystals as compared with the bulk, so the second
observed transition is in fact the s−p one. For PbSe
nanocrystals, the results of power-dependent pump−probe
spectroscopy31 favor the first, p−p explanation, which is also
consistent with the results of the scanning tunneling spectros-
copy of the density of states.32 Trinh et al.31 have studied the
probe absorption at the second transition after pumping in
resonance with the first one and failed to observe the bleaching
effect, which rules out the contribution of s levels to the second
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transition. On the contrary, the experiments by Nootz et al.33

with PbS and PbSe nanocrystals show one-photon and two-
photon absorption at the same energy, thus hinting toward the
relaxation of the parity selection rules and the s−p origin of the
second transition. For PbS nanocrystals, the question about the
origin of the second transition is not settled at least as of
2013.34 Diaconescu et al.34 have visualized the nanocrystal
density of states by means of the scanning tunneling
spectroscopy and compared it with the one-photon absorption
data of Nootz et al.;33 their analysis favors the parity breaking
explanation for the second transition. Recently, the detailed
experimental study of the size-dependent absorption spectra of
PbS nanocrystals in glass has been performed.35 The high-
energy peaks in the absorption spectra were attributed to defect
states at the nanocrystal interface.
The existence and the long history of the debate on the

origin of the second transition in PbS nanocrystals could be
explained by several reasons.
On the experimental side, the optical absorption of colloidal

samples is inhomogeneously broadened due to the size
dispersion, which was ∼10% in early studies,12 6−10% for
the samples of Cademartiri et al.,13 and has dropped below 5%
only recently.15 PbS nanocrystals grown in glass matrices
exhibit a large scatter of this parameter from 15−20%36 to 5−
7%37 depending on the realized stage of the supersaturated
solid solution decomposition. Only the latter samples
demonstrate well-resolved absorption spectra allowing to
observe the second optical transition.
On the theory side, the works in anisotropic k·p

approximation24,25 have neglected the intervalley splitting and
did not provide direct comparison of calculated and
experimental spectra. The more elaborate empirical tight-
binding models were put forward only for PbSe quantum dots28

and did not account for the effective mass anisotropy of PbSe.28

The semiempirical pseudopotential calculations27 have also
focused only on PbSe.
The ab initio calculation of bulk energy structure of lead

chalcogenides is difficult due to their narrow gap in L point and
strong spin−orbit interaction on semicore Pb d orbitals. In
particular, the standard density functional theory based on
either the local-density approximation (LDA) or the general-
ized gradient approximation (GGA) fail to reproduce even the
correct order of the bands near the band gap. This can be

overcome by using the hybrid functionals38 or the GW
approach,38,39 which allows one to obtain a good agreement
with the experimental data. However, because of computational
complexity these approaches can be hardly applied to the
calculations of the nanostructures. The attempts to extract
electron and hole effective masses directly from the ab initio
calculations to reach a reasonable agreement with experimental
data are also still challenging.40

Considerable progress was made in our 2012 work,41 where
the bulk dispersion39 and the experimental effective masses22

were fitted to finally obtain the empirical sp3d5s* tight-binding
approximation, suitable for large-scale calculations of lead
chalcogedide nanostructures.
In this work we aim to clarify the origin of peaks in optical

absorption spectra of PbS nanocrystals armed with high-quality
samples and state-of-the-art atomistic calculation techniques.
Namely, we consider nearly monodisperse PbS nanocrystals in
glass with the size dispersion of ∼5% on par with the best
colloidal quantum dots.15 The experiment is corroborated by
empirical tight-binding calculations based on our model41 that
explicitly accounts for the three main effects27 in the energy
spectra: the quantum confinement, the band anisotropy, and
the valley splittings. This enables us to undertake a quantitative
comparison between the measured and the calculated
absorption spectra. The resolution of experimental absorption
spectra is high enough to directly see the splitting of p−p
transitions, caused by the valley anisotropy, and unambiguously
attribute the second and the third peaks in optical absorption
spectra to the longitudinal and transverse p−p transitions,
respectively.

■ RESULTS AND DISCUSSION

Monodisperse PbS Nanocrystals. Samples of PbS
nanocrystals with varying mean diameters in the range D ≈
4÷11 nm were grown in glass matrices. The samples were
characterized by means of the small-angle X-ray scattering
(SAXS) technique. More details are given in the Experimental
Methods. Both mean diameters and nanocrystal size
dispersions were estimated from fits of the SAXS intensity
dependence on the scattering angle. A typical SAXS pattern is
given in Figure 1a. The nanocrystal size dispersion was on the
order of 5% depending on the sample and reached as low as
4.5%. Next, the optical absorption spectra were measured for all

Figure 1. (a) SAXS intensity as a function of scattering angle measured on PbS nanocrystals in glass. Blue crosses are experimental data for a sample
with mean nanocrystal diameter D = 8 nm, and red line is fitting by eq 2 of the Experimental Methods. (b) Dependence of the energy of first optical
transition on quantum dot diameter measured by SAXS (black crosses). Comparison with fitting from other works.13,14
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samples at 4, 77, and 300 K. Figure 1b summarizes the
dependencies of the ground state optical transition energy on
the mean nanocrystal diameter, obtained in our work and by
other groups. As expected, the quantum confinement leads to
the blue shift of the transition energy for smaller diameters.42

Black crosses in Figure 1b correspond to our experimental
measurements at T = 300 K. They can be well fitted by the
empirical dependence E = Eg + 4.06 eV·(1 nm/D)1.3 (black
dashed line). Red and green lines in Figure 1b show
dependencies of the first optical transition energy on the
quantum dot diameter measured by transmission electron
microscopy (TEM).13,14 Solid green and red lines correspond
to the range of diameters in the experiments,13,14 while dashed
green and red lines are extrapolations beyond these regions.
The literature data for colloidal quantum dots are in a good
agreement with our results. Recent Rayleigh and Mandel’sh-
tam-Brillouin scattering (RMBS) results obtained for glasses
containing PbS nanocrystals43 give an additional confirmation
of the nanocrystal size assignment made by the SAXS
measurements.
Having reproduced the well-known data for the first peak in

optical absorption, we now proceed to the calculation of the
interband absorption spectra, involving excited states of holes
and electrons and their comparison with the experiment.
Anisotropy-Split Excited States Manifested in Optical

Absorption. The absorption spectra have been calculated in
the framework of our empirical sp3d5s* tight-binding model for
PbS, developed and described in detail in our work.41 The
modeled nanocrystals had spherical shape: They were “carved
out” from the bulk rocksalt structure by a sphere drawn around
the center of the minimal lattice cube formed by Pb and S
atoms, and the lattice strain was neglected. The optical matrix
elements were evaluated in the diagonal approximation for the
coordinate matrix element, that is, neglecting the intraatomic
transitions.44 Figure 2a shows the calculated energy depend-
ence of the optical absorption cross section for the PbS
nanocrystal of the diameter D ≈ 6.5 nm. The calculated spectral
lines were broadened by the Gaussians with the dispersion δ =
40 meV (thick black curves) and δ = 5 meV (thin red curves).
This broadening phenomenologically accounts for the actual

homogeneous and inhomogeneous broadening of the nano-
crystal ensemble, inevitable in the experiment. For δ = 40 meV,
one can resolve five broad optical absorption peaks in the range
of photon energies E ≤ 1.4 eV, as indicated at the top of Figure
2a. As will be shown later, the value of δ = 40 meV roughly
corresponds to our experimental absorption spectra. The
spectrum calculated for δ = 5 meV reveals that each of the
peaks 3, 4, and 5 does not correspond to just a single optical
transition but is contributed by several transitions with varying
oscillator strengths and slightly different energies.
To elucidate the origin of the optical transitions, we have

plotted in Figure 2b the energy spectrum of the nanocrystals
under study. Whereas, for the chosen geometry, the nanocryst-
als do not possess microscopic inversion centers, the analysis of
the tight-binding wave function shows that parity can still be
considered as a good quantum number. The transitions
between the states of different parity have weak oscillator
strengths and cannot be resolved in the absorption spectra. In
Figure 2b we show by blue (red) lines the energies of the states,
odd (even) with respect to the cation. This procedure allows
one to separate the quantum confined states of electrons and
holes into well-resolved multiplets and uncover the origin of
the optical transitions. The ground states of electrons and holes
are labeled in Figure 2b as s states. The transition 1 in Figure 2a
is the s−s transition. The s states have two-fold degeneracy with
respect to spin and also almost complete four-fold valley
degeneracy, as the valley splitting cannot be resolved for D ≈
6.5 nm on the scale of Figure 2b. The energy spectrum of
excited states becomes more complex. There exist 3 × 4 × 2 =
24 excited p states of electrons and holes, differing by the
orientation of the p orbital with respect to the L valley
direction, by the valley number, and by the spin. The
anisotropy of effective masses of PbS splits these states into 8
longitudinal states and 16 transverse ones. This splitting is well
resolved in Figure 2b; the longitudinal states are lower in
energy by ∼50 meV than the transverse ones. An analysis of the
transition energies and oscillator strengths unambiguously
indicates that the transition 2 in Figure 2a takes place between
longitudinal p states of both holes and electrons (pL−pL). The
transition 3 is the transition between transverse states (pT−pT).
The transition between the states with different orbital
momentum directions is also possible but has a low oscillator
strength. It corresponds to the weak peak at about 0.95 eV in
Figure 2a, which can be resolved for a small spectral broadening
(red curve) but is washed out for realistic values of the
broadening (black curve). Interestingly, whereas for s states the
valley-orbit splitting is negligible for the given diameter, it
reaches several tens of millielectronvolts for transverse p states
of both electrons and holes and can be well seen in Figure 2b.
The peaks 4 and 5 in Figure 2a correspond to the transitions

between d and f states, respectively. However, contrary to the
case of p states, it becomes difficult to distinguish the individual
contributions of the transitions between the states with
different orbital momentum projections to the absorption
peaks. The band anisotropy only leads to the additional
broadening of the absorption peaks. Moreover, for highly
excited states, the anisotropic splitting becomes comparable to
the distance between d and f multiplets so that these multiplets
overlap. Hence, in what follows we will focus on the lowest
transitions 1−3.
To verify our assignment of the absorption peaks, we have

plotted in Figure 3 distributions of electron densities for the
corresponding confined states in the reciprocal space. To this

Figure 2. Calculated absorption (a) and energy (b) spectra for PbS
nanocrystal with D ≈ 6.5 nm. Thick black and thin red curves in panel
a are calculated with homogeneous broadening δ = 40 and 5 meV,
respectively. Major transitions 1−5 are indicated by vertical lines in
panel a and arrows in panel b. Blue (red) lines in panel b correspond
to odd (even) parity of the states.
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end we have replaced the tight-binding orbitals by the δ
functions, calculated the Fourier transform for each orbital, and
summed the probability densities in the reciprocal space over
orbital indices. Next, the probability densities were averaged
over the states corresponding to different spin directions and
different valleys. The calculated surfaces of constant density in
the reciprocal space, shown in Figure 3, clearly visualize the
symmetry of the atomistically calculated states and allow direct
interpretation in terms of the k·p method. Namely, the surfaces
of constant density for the s states have a close-to-spherical
form. For the longitudinal p states, the surfaces consist of
ellipsoids shifted along the [1, 1, 1] wave vector direction of the
L valley. For the transverse p states, the surfaces have a shape of
a doughnut oriented perpendicular to the valley direction.
Comparison of Theory and Experiment. Now we

proceed to the comparison of calculated and experimental
absorption spectra. Two typical spectra measured at T = 77 K
are shown in Figure 4. The samples had the diameter of 10.2
nm as estimated by SAXS and the size dispersion of 5.5%
(black curve) and 4% (red curve). The measured absorption
spectrum well agrees with the calculated one. Namely, all
transitions 1−5 are clearly resolved. Both in theoretical Figure 2
and in experimental Figure 4 the peak 2 has lower intensity and
is seen as a shoulder at the low-energy side of the peak 3. This
can be crudely explained by the fact that there are half as many
longitudinal p states (peak 2) as there are transverse ones (peak
3), and hence the effective total oscillator strength for the pL−
pL transition is lower. A good correspondence between the
measured and calculated absorption spectra confirms our
interpretation of the second and third optical transitions in
PbS nanocrystals as the anisotropy-split transitions between p
states24−27 rather than the transitions between the states of
different parity.23,28−30,34

Size Dependence of the Absorption Spectra. The raw
absorption spectra, measured at T = 4 K, for samples of
nanocrystals with different mean diameters, ranging from D =

5.0 to 10.2 nm are shown in Figure 5a−e. Depending on the
particular sample quality, up to 7 optical transitions can be
resolved. Figure 5f shows the calculated absorption spectra in
the wide range of diameters D = 4.7 ÷ 10.6 nm. For diameters
above 7 nm the spectral range was limited by the number of
calculated confined states and the spectra are cut off at larger
energies. The theoretical spectra were calculated with the
homogeneous Gaussian broadening of 20 meV. The overall
structure of both measured and calculated absorption spectra is
the same as in Figure 4 and weakly depends on the diameters.
The spectra exhibit blue shifts for smaller diameters. For small
nanocrystals, D ≤ 7 nm, an intermediate absorption peak can
be resolved in Figure 5f between the peaks 2 and 3 that
corresponds to the pL−pT transitions between the states with
different orbital momentum projections on the L valley axis.
For each diameter, the experimental spectra were carefully

Figure 3. Reciprocal space distribution of the wave function densities corresponding to the transitions 1−3 in Figure 2. Isodensity surfaces of the k-
space density of states summed over valley and spin degeneracy are shown.

Figure 4. Absorption spectra for two samples with different size
dispersion (δD/D = 5.5% for CS2; <4% for DS3) and the same mean
diameter D ≈ 10 nm.
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analyzed to extract the transition energies. To this end we
decomposed the spectra into the Gaussian peaks, shown in
Figure 5a−e. The comparison of all obtained spectral data with
our theoretical results is shown in Figure 6a that summarizes
our main results. The overall behavior of the measured
transition energies agrees well with our calculation. There
exists a systematic blue shift of the measured peak energies as
compared with the calculated ones. This blue shift is ∼50 meV,
and it is almost independent of the diameter or the transition
energy. Two explanations are possible for the origin of the blue
shift. The first one is the uncertainty in the determination of the
size of nanocrystals from SAXS measurements. According to

our estimations, the used procedure for extraction of the
diameters from SAXS spectra can overestimate the nanocrystal
diameters by about 10÷15%, which would explain the observed
discrepancy. The second possible explanation is associated with
the known sensitivity of the energy gap of nanocrystals to the
boundary conditions used in tight-binding calculations.45 In our
work41 we compared results of the calculations done for coated
PbS nanocrystals and PbS nanocrystals with abrupt boundaries
and found that boundary conditions can be responsible for the
difference in nanocrystal energy gap ∼50 meV. The presence of
the overall spectral shift does not affect our assignment of the

Figure 5. (a−e) Blue lines: Experimental absorption spectra of PbS quantum dots with average diameter D = 10.2, 8.0, 6.3, 5.5, and 5.0 nm,
respectively, and T = 4 K. Red lines: Fits of the experimental data using the Gaussian functions. (f) Calculated photon absorption cross sections for
single PbS quantum dots with diameters 4.7−10.6 nm.

Figure 6. (a) Positions of the s−s (black dots, short dashed line), p−p(L) (red diamonds, dashed line), p−p(T) (green crosses, long dashed line),
and d−d (blue x, solid line) optical transitions as functions of the quantum dot diameter obtained from the experimental data (symbols) and
theoretical calculations (lines). (b) Energy splitting of the first excited state as a function of the ground-state energy of the quantum dot measured at
different temperatures (blue dots: 300 K, green dots: 77 K, red crosses: 4 K) and calculated in this work (black dots).
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second and third optical absorption peaks to the pL−pL and
pT−pT transitions, respectively.

■ CONCLUSIONS

High-quality PbS nanocrystals in glass matrices with the mean
diameters in the range of D = 4÷11 nm and size dispersion
below 5% were synthesized. The mean diameters and size
dispersion of the nanocrystal samples were determined by
means of the small-angle X-ray scattering technique. The
optical absorption spectra were measured and compared with
our atomistic calculations based on the empirical tight-binding
method. The calculations quantitatively account for all of the
features of the PbS band structure, including the band
anisotropy and the valley-orbit splittings. An analysis of the
calculated transition energies, oscillator strengths, and wave
function symmetry has been performed to uncover the origin of
the optical transitions. Good agreement between experimental
and theoretical absorption spectra has allowed us to identify the
origin of lowest five absorption peaks in PbS nanocrystals and
assign them to transitions between the s, p, d, and f confined
states of holes and electrons with the same orbital momentum.
Moreover, we have experimentally resolved the anisotropic
splitting of p states with the orbital momentum oriented along
and perpendicular to the L valley direction, respectively. No
parity-breaking effects have been revealed either in the
calculations or in the experiment. Hence, our findings strongly
support the attribution of the second and third optical
transitions in PbS nanocrystals to the anisotropy−split
transitions between p states, rather than to the parity-breaking
s−p transitions. We hope that this study will help to finally
solve the long-standing controversy about the origin of the
high-energy absorption peaks in spectra of lead chalcogenide
nanocrystals and provide useful physical insights into their
successful applications in optoelectronics and photovoltaics.

■ EXPERIMENTAL METHODS

Sample Preparation and SAXS Characterization. Two
glasses of sodium-zinc-alumino-silicate system were used for
growing PbS nanocrystals. The detailed composition of glasses
can be found elsewhere.43 The basic glass (marked CS) was
synthesized by a conventional melting technique using a
covered crucible to prevent volatilization of sulfur. The other
glass (marked DS) was prepared by remelting the CS glass to
obtain a more dilute solution of lead sulfide in the matrix. The
main purpose was to avoid an early beginning of diffusion
interaction between growing PbS particles during the
precipitation process. As shown by Atonen et al.,46 this
interaction broadens the size distribution of nanoparticles even
before the coalescence stage.47 A theoretical consideration of
these effects proposed in ref 48 qualitatively describes the
results of Atonen et al.46 Using the DS glass, we were able to
obtain samples with the lowest size dispersion of PbS
nanocrystals by growing them at the initial stage of the
precipitation process, when the average size of nanocrystals
increases proportionally to the duration of the heat treatment,

∝D t . The absorption spectra in Figure 4 clearly
demonstrate the result.
As-prepared glasses were practically uncolored, and their

absorption spectra did not show any features at wavelength
above 500 nm. To precipitate lead sulfide phase, glass samples
were subjected to secondary heat treatments using a two-stage
procedure.49 The glass samples were annealed at 440÷450 °C

(glass-transition temperature Tg is ∼485 °C) for 150 h to form
PbS nuclei. The second annealing was carried out at the fixed
temperature of 530÷580 °C to grow PbS nanocrystals. Both
temperature and duration of the second annealing were varied
to obtain nanocrystals of different sizes.
The samples containing PbS nanocrystals were examined by

the small-angle X-ray scattering (SAXS) technique with the use
of a laboratory setup50,51 having a slit collimation system. The
SAXS intensity was measured in 7′÷450′ scattering angle range
using Ni-filtered Cu Kα radiation with the wavelength of 0.154
nm. The measurements were performed in the geometry of an
“infinitely” high primary beam. In the case of scattering by
identical particles of arbitrary shape the angular dependence of
SAXS intensity can be approximately described by the equation

≈ − ≲I s I s R sR( ) (0) exp( /3) at 12
g
2

g (1)

where Rg is the radius of gyration of a particle, s = 4π sin(φ/2)/
λ, φ is the scattering angle, and λ is the wavelength of X-ray
radiation. The radius of gyration can be estimated from the
dependence of ln I(s) on s2, known as the Guinier plot. The size
of PbS nanocrystals was determined by modeling the samples
by ensembles of monodisperse spherical particles. The radius is
then given by R = (5/3)1/2Rg.
To estimate the size dispersion of nanocrystals we measured

the scattered intensity in a wider range of the parameter sR.
Because of low concentration of PbS nanocrystals in our
samples the angular dependence of the scattered intensity can
be described by the following equation

∫=
∞

I s I R F sR P R R( ) ( ) ( ) d0
0

6 2
(2)

where F(sR) = 3 [sin(sR) − sR cos(sR)]/(sR)352 and P(R) is
the size distribution function. We use the normal size
distribution in calculations. The calculated dependencies for
different values of the size dispersion are shown in Figure 7. It
should be noted here that the experimental scattering curve in
Figure 1a is given after the introduction of the collimation
correction.

Optical Setup. Transmission spectra at liquid helium
temperatures were measured using a homemade setup based
on a closed-cycle helium cryostat and a prism spectrometer.
The resolution of the spectrometer was 2 nm in the range of
1000 to 2500 nm and gradually increased to the visible region

Figure 7. Calculated SAXS scattering intensity, I(s), as a function of
the parameter s for different values of the size dispersion, σ.
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of the spectrum. The spectrometer was calibrated using optical
glasses with rare-earth elements. The light from the
incandescent lamp was focused on the input slit of the
spectrometer set at a given wavelength. The transmitted light
with a spectral width on the order of 5 nm was focused on the
sample in a 1 × 5 mm strip. The power of the light incident on
the sample was from 0.1 to 2 mW. After the sample, the light
was focused on the surface of the bolometer with an InSb
sensitive element cooled with a Pellet element to a temperature
of −30 °C. To avoid simultaneous recording of the
transmittance and photoluminescence, the beam transmitted
through the sample was collimated by a diaphragm. The
incident light was modulated with a chopper. The signal from
the detector was recorded by a lock-in amplifier at a modulation
frequency of 400 Hz. A closed-loop cryostat provided cooling
of the sample to the temperature of 5 K. To determine the
position of the levels in the transmission spectra, we fitted the
spectrum with a function of the form y(E) = A exp[(E − Ec)/
E0] + ∑i Bi exp[−(E − Ei)

2/dEi], where the first term describes
the total exponential growth of the absorption coefficient and
the sum of Gaussians expresses contributions of different
transitions at Ei.
Transmission spectra at room and liquid-nitrogen temper-

atures were measured using Lambda 900 UV−vis−NIR
spectrophotometer (PerkinElmer) with 0.2 nm resolution in
the 1000−2500 nm range and a cryostat equipped with a
temperature controller.
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