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DM Collision Kinematics

• Recoil energy for a typical WIMP 
velocity depends on target mass and 
recoil type

• Electron and nuclear recoils have 
different kinematics; nuclear recoils are 
simple elastic collisions, electron 
recoils are largely inelastic and depend 
on electron orbital and kinematics 
within the bound electron-atom system

• In addition to momentum transfer for a 
fixed velocity, using a velocity and 
angular distribution yields an expected 
energy spectrum
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General Idea
• Low-mass dark matter searches would greatly benefit 

from new detector materials with small gaps or long-lived 
phonon modes

• In the case of materials with small energy gaps, the 
technology challenges are identical to the early days of 
Si, Ge, etc photodiodes, with some exceptions
- We have the advantage of years of R&D into single-charge 

resolving Si detectors
- We can reliably make APDs from many materials down to the 

single electron level, and SiPMs are a mature technology

• Technology challenge: develop single charge resolved 
materials with small gaps at temperatures compatible 
with low dark rates
- Driven by DM science
- Inherently useful for other sub-eV processes

• Motivates developing technology driven by intrinsic 
microphysics rather than heterostructures
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https://arxiv.org/pdf/1910.10716.pdf
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Classical Picture of Semiconductors

• Charges produced, and minimum photon energy, determined by material bandgap

• Bandgaps can be engineered, but only to some extent

• Indirect bandgaps require more energy to liberate electrons thermally, but are still sensitive radiation down to 
bandgap energies (though the efficiency is reduced)
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Classical Picture of Semiconductors Updated

• Charges produced, and minimum photon energy, determined by material bandgap

• Bandgaps can be engineered, but only to some extent

• Indirect bandgaps require more energy to liberate electrons thermally, but are still sensitive radiation down to 
bandgap energies (though the efficiency is reduced)
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From Sub-GeV DM Workshop (L. Wagner)

https://indico.fnal.gov/event/20385/session/55/contribution/39/material/slides/0.pdf

https://astro.fnal.gov/ldm/

https://indico.fnal.gov/event/20385/session/55/contribution/39/material/slides/0.pdf
https://astro.fnal.gov/ldm/
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From Sub-GeV DM Workshop (L. Wagner) https://astro.fnal.gov/ldm/

https://indico.fnal.gov/event/20385/session/55/contribution/39/material/slides/0.pdf

https://astro.fnal.gov/ldm/
https://indico.fnal.gov/event/20385/session/55/contribution/39/material/slides/0.pdf


Dirac materials for DM
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• meV excitation energies 
• Anisotropic (bands and crystal) 
• (Theoretically) insulating at zero temperature

3D Dirac semimetal (ZrTe5)

Potential new class of materials for DM detection!

[Hochberg, YK, Lisanti, Zurek, Grushin, Ilan, Liu, Weber, Griffin, Neaton,  
Phys. Rev. D 2018, 1708.08929]



What is a Dirac material?
ZrTe5 is a “Dirac material” with highly anisotropic band structure

Inter-band scattering Absorption
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Like a rescaled relativistic (“Dirac”)  
electron if space were anisotropic

DM has a quadratic dispersion, 
so solving energy-momentum  

conservation with a linear dispersion  
leads to curious effects:

Assuming a spherically-symmetric velocity distribution, the leading e↵ects of the anisotropic tensor

(✏r)ij can be captured by its rotationally-invariant component 1
3Tr(✏r):
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where

e =
3

1/xx + 1/yy + 1/zz
. (B.5)

Therefore, in our analysis of scattering in ZrTe5 where ij is anisotropic, we compute spherically-

symmetric rates using e.

B.2 Scattering in Anisotropic Dirac Materials

The impact of anisotropic dispersions on the DM scattering rate, Eqs. (3.13) and (3.14), can be

estimated in a straightforward manner. In typical Dirac materials, the anisotropy of the Dirac

cones often involves a hierarchy of Fermi velocities vF,z ⌧ vF,x, vF,y, where vF,x ' vF,y ⌘ vF,?. In

this limit, Eq. (B.2) becomes
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where q? = (qx, qy, 0). Following the arguments of Section 3.2, the total scattering rate will then

be proportional to v
2
F,z, the smallest of the Fermi velocities. However, vmin, which controls the

behavior of the integral as a function of the Fermi velocities, now takes the form
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Here, the argument of Section 3.2 that DM scattering is allowed only when vF < vDM fails because

by taking q? = 0, `? small and qz large, the first term can be made much smaller than vF,? and

scattering is allowed even when vDM < vF,?. On the other hand, we can obtain a lower bound for

vmin(|q|, !`,`+q) by taking vF,? = vF,z, and by repeating the kinematic argument of Section 3.2,

we see that we need vDM > vF,z for scattering to occur. As a result, the behavior of the integral is

also dominated by the smallest velocity vF,z, so we expect similar results to the isotropic case.

To make this comparison concrete, we recall the isotropic rate integral I(vF ,⇤, m�) implicitly

30

No scattering if DM is  
slower than vF, but this depends  

on direction of q! 
Strong directional dependence

2� ⇠ 30 meV
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Detection by charge avalanche
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ZrTe5 band diagram

Would operate like an APD or a SiPM: 
e-h pair created in insulating layer is accelerated, impact ionization leads to 

charge cascade: mA for exponential gain, 10-100 e for linear gain

+10-100 V

+10-100 V

0 V

0 V

1� 300 µm
<latexit sha1_base64="IYiKdqKX/ZekYPPu+7tTYh46oBU=">AAAB+3icbZDLSgMxFIbPeK31Ntalm2AR3FhmVNBl0Y3LCvYCnaFk0rQNTTJDkhHLMK/ixoUibn0Rd76NaTsLbf0h8PGfczgnf5Rwpo3nfTsrq2vrG5ulrfL2zu7evntQaek4VYQ2Scxj1YmwppxJ2jTMcNpJFMUi4rQdjW+n9fYjVZrF8sFMEhoKPJRswAg21uq5Ff/swvNQgAKRZoESSOQ9t+rVvJnQMvgFVKFQo+d+Bf2YpIJKQzjWuut7iQkzrAwjnOblINU0wWSMh7RrUWJBdZjNbs/RiXX6aBAr+6RBM/f3RIaF1hMR2U6BzUgv1qbmf7VuagbXYcZkkhoqyXzRIOXIxGgaBOozRYnhEwuYKGZvRWSEFSbGxlW2IfiLX16G1nnNt3x/Wa3fFHGU4AiO4RR8uII63EEDmkDgCZ7hFd6c3Hlx3p2PeeuKU8wcwh85nz+rBZLq</latexit><latexit sha1_base64="IYiKdqKX/ZekYPPu+7tTYh46oBU=">AAAB+3icbZDLSgMxFIbPeK31Ntalm2AR3FhmVNBl0Y3LCvYCnaFk0rQNTTJDkhHLMK/ixoUibn0Rd76NaTsLbf0h8PGfczgnf5Rwpo3nfTsrq2vrG5ulrfL2zu7evntQaek4VYQ2Scxj1YmwppxJ2jTMcNpJFMUi4rQdjW+n9fYjVZrF8sFMEhoKPJRswAg21uq5Ff/swvNQgAKRZoESSOQ9t+rVvJnQMvgFVKFQo+d+Bf2YpIJKQzjWuut7iQkzrAwjnOblINU0wWSMh7RrUWJBdZjNbs/RiXX6aBAr+6RBM/f3RIaF1hMR2U6BzUgv1qbmf7VuagbXYcZkkhoqyXzRIOXIxGgaBOozRYnhEwuYKGZvRWSEFSbGxlW2IfiLX16G1nnNt3x/Wa3fFHGU4AiO4RR8uII63EEDmkDgCZ7hFd6c3Hlx3p2PeeuKU8wcwh85nz+rBZLq</latexit><latexit sha1_base64="IYiKdqKX/ZekYPPu+7tTYh46oBU=">AAAB+3icbZDLSgMxFIbPeK31Ntalm2AR3FhmVNBl0Y3LCvYCnaFk0rQNTTJDkhHLMK/ixoUibn0Rd76NaTsLbf0h8PGfczgnf5Rwpo3nfTsrq2vrG5ulrfL2zu7evntQaek4VYQ2Scxj1YmwppxJ2jTMcNpJFMUi4rQdjW+n9fYjVZrF8sFMEhoKPJRswAg21uq5Ff/swvNQgAKRZoESSOQ9t+rVvJnQMvgFVKFQo+d+Bf2YpIJKQzjWuut7iQkzrAwjnOblINU0wWSMh7RrUWJBdZjNbs/RiXX6aBAr+6RBM/f3RIaF1hMR2U6BzUgv1qbmf7VuagbXYcZkkhoqyXzRIOXIxGgaBOozRYnhEwuYKGZvRWSEFSbGxlW2IfiLX16G1nnNt3x/Wa3fFHGU4AiO4RR8uII63EEDmkDgCZ7hFd6c3Hlx3p2PeeuKU8wcwh85nz+rBZLq</latexit><latexit sha1_base64="IYiKdqKX/ZekYPPu+7tTYh46oBU=">AAAB+3icbZDLSgMxFIbPeK31Ntalm2AR3FhmVNBl0Y3LCvYCnaFk0rQNTTJDkhHLMK/ixoUibn0Rd76NaTsLbf0h8PGfczgnf5Rwpo3nfTsrq2vrG5ulrfL2zu7evntQaek4VYQ2Scxj1YmwppxJ2jTMcNpJFMUi4rQdjW+n9fYjVZrF8sFMEhoKPJRswAg21uq5Ff/swvNQgAKRZoESSOQ9t+rVvJnQMvgFVKFQo+d+Bf2YpIJKQzjWuut7iQkzrAwjnOblINU0wWSMh7RrUWJBdZjNbs/RiXX6aBAr+6RBM/f3RIaF1hMR2U6BzUgv1qbmf7VuagbXYcZkkhoqyXzRIOXIxGgaBOozRYnhEwuYKGZvRWSEFSbGxlW2IfiLX16G1nnNt3x/Wa3fFHGU4AiO4RR8uII63EEDmkDgCZ7hFd6c3Hlx3p2PeeuKU8wcwh85nz+rBZLq</latexit>

1� 10 µm
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Cryogenic Single Charge Detector

• Charge resolution is determined by 
detector+readout capacitance, voltage 
noise, and 1/f cutoff

• Capacitance and volume directly trade off, 
allowing for larger pixels to have the same 
charge resolution in a material with lower 
permittivity, or lower resolution in pixels of 
the same size

• Recent HEMT amplifiers have achieved 
performance at 4.2K sufficient for single-
charge ionization-chamber style detectors 
for low-rate signals at ~mg masses

• For diamond (epsilon~4) examples 
explored in table below
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ZrTe5 state of the art
• Gap is ~20 meV at 4.5 K, band 

structure is very close to linear 
near BZ center 

• ~50 mg single crystals have been 
grown at Brookhaven and in China 

• Fermi level can be manipulated 
with epitaxial strain and/or Te 
concentration 

• Need to measure dielectric 
function and Fermi velocities in 
an insulating sample: UIUC 
has unique expertise and 
equipment to do this

2 
 

Proposed Work 

Band topology, Fermi energy (chemical potential), Fermi velocity, magnetism, strain/pressure, spin-orbital 
coupling (SOC), and dimensionality are all potential tuning parameters for optimizing the quantum effi-
ciency associated with the dark matter detection. Understanding these tuning parameters’ role and interplay 
is a key step toward gaining control of the required properties of ZrTe5 for dark matter detection.  

We have grown several series of ZrTe5 single crystals, over a large range of doping/composition. Te-defi-
ciency – ubiquitous charged bulk defects in chalcogenides– is known to pull Fermi energy into the bulk 
bands. These charged defects have become a major challenge in the experimental effort of positioning 
Fermi energy inside a small band gap. A significant portion of the planned work on single crystal growth 
(Li) will be devoted to fine tuning the composition and doping level for desirable band structures. 

For example, we will use the technique of controlled vapor pressure annealing to address the issues of 
charged bulk defects in as-grown single crystals. A recent ARPES measurement not only demonstrated the 
extreme sensitivity of the electronic structure of ZrTe5 to Te-content, but also validated this annealing tech-
nique in the case of ZrTe5 (Fig. 2). Fig. 2c and 2d show the in-plane valence band dispersion of 0.4% Te-
deficient ZrTe5 single crystal we studied earlier, where the Fermi level is below the Dirac point and inside 
the valence band.2 Fig. 2e shows a recent ARPES data on a charge neutral ZrTe5 single crystal that was 
obtained by annealing samples under 
controlled Te vapor, where the Fermi 
level is tuned right at the Dirac point. 
These charge neutral samples are par-
ticularly important for Kev dark mat-
ter.  

Another effort in crystal growth is to 
achieve large crystals suitable for de-
tecting dark matters. Currently, the 
largest as-grown single crystal 
weights ~ 50 mg, with needle like 
morphology, shown in Fig. 3a. the 
longest dimension is ~ 2 cm, with the 
thickness and width between 0.1-0.7 
mm. We normally cleave the as-

 

 
Fig. 2. Electronic structure of ZrTe5 a) Crystal structure of ZrTe5 highlighting non-equivalent apical (Tea), dimer 
(Ted), and zigzag (Tez) tellurium atoms, along with the ZrTe3 (dashed-line triangle) chains; b) Schematic view 
of the surface Brillouin zone (BZ); c) in-plane valence band dispersion of a Te-deficient single crystal along the 
* − 𝑋 (chain direction), recorded at hv = 63 eV photon energy and T = 20 K,2 d) 3D plot of the ARPES data as 
in c); e) valence band dispersion (preliminary data) of a charge neutral single crystal along the * − 𝑌 momentum 
line (perpendicular to the chain direction). The second BZ * points are visible at 𝑘𝑐 = 0.454 Å−1. 

 

 
Fig. 3 a) as-grown ZrTe5 single crystals (b) Electron diffraction 
from a cleaved single crystal looking down the (001) direction. The 
inset shows the single crystal with the contacts for transport meas-
urements  

(a)

a)

b) c)
the linearly dispersing conduction and valence band degenerate at
the Γ point were suggested to exist in this material by previous
angle-resolved photon emission spectroscopy, transport, and op-
tical experiments (38–41). Considering that (i) our ZrTe5 thick
crystals were experimentally shown to be Dirac semimetals hosting
3D massless Dirac fermions, (ii) ZrTe5 monolayers were theo-
retically predicted to be quantum spin Hall insulators, and (iii) the
bulk state of ZrTe5 is very sensitive to its interlayer distance, which
might be a discrepancy in different samples (33, 40); it is signifi-
cant to quantitatively verify whether 3D massive Dirac fermions
with a bandgap and nearly linear bulk-band dispersions can be
realized in dramatically thinned flakes of our ZrTe5 crystals.
Infrared spectroscopy is a bulk-sensitive experimental technique

for studying low-energy excitations of a material. Here, to investigate
the bulk-band inversion and the nature of the bulk fermions in
ZrTe5, we measured the infrared transmission spectra T(ω, B) of its
multilayer flake with thickness d ∼180 nm at magnetic fields applied
along the wave vector of the incident light (Materials and Methods
and Supporting Information). A series of intra- and inter-LL transi-
tions are present in the relative transmission spectra T(B)/T(B0 =
0 T) of the ZrTe5 flake. The linear

ffiffiffiffi
B

p
dependence of the LL

transition energies at B ≤ 4 T and the nonzero intercept of the LL
transitions at B = 0 T, combined with the linear relationship between
the zero-magnetic-field optical absorption and the photon energy,
indicates 3D massive Dirac fermions with nearly linear band dis-
persions in the ZrTe5 flake. Moreover, a 3D massive Dirac model
with a bandgap of ∼10 meV can quantitatively explain the magnetic-
field dependence of the measured LL transition energies very well.
At high magnetic fields, we observed fourfold splittings of the LL
transitions. In addition, our analysis of the split LL transitions shows
that the intra-LL transitions, which are associated to the two zeroth
LLs and disappear at B ∼ 2.5 T, reemerge at B > 17 T. Considering

that the zeroth LL crossing in a Zeeman field would make the two
zeroth bulk LLs intersect with the chemical potential here and then
alter the carrier occupation on the zeroth LLs, we attribute the
reemergence of the intra-LL transitions in the ZrTe5 flake to the
energy crossing of its two zeroth bulk LLs, which originates from
the bulk-band inversion. These results strongly support the theoret-
ically predicted 3D TI states in 3D ZrTe5 crystals.

Results
Three-Dimensional Massive Dirac Fermions. At zero magnetic field,
the measured absolute transmission T(ω) corresponds to the
absorption coefficient: A(ω) = −[lnT(ω)]/d, where d is the thick-
ness of the sample and ω is the photon energy (see the methods
section of ref. 42). In solids, the absorption coefficient is de-
termined by the joint density of state D(ω): A(ω) ∝ D(ω)/ω.
Three-dimensional electron systems with linear band dispersions
along three momentum directions have the D(ω) proportional to
ω2, and for 2D linear dispersions, D(ω) ∝ ω. Thus, in stark
contrast to the ω-independent absorption of 2D Dirac materials
like graphene (43), the linear ω dependence of A(ω) in Fig. 1D
indicates 3D linear band dispersions in ZrTe5. Moreover, at low
energies, the absorption coefficient apparently deviates from the
linear relationship with ω, implying the opening of a bandgap at
the original Dirac point. The 3D linear band dispersions, to-
gether with the possible bandgap, suggest the presence of 3D
massive Dirac fermions in the exfoliated ZrTe5 flake.
To confirm the 3D massive Dirac fermions in ZrTe5, we fur-

ther performed infrared transmission experiments at magnetic
fields applied perpendicular to the ac plane (xy plane) of the
crystal (Faraday geometry). The low-field relative transmission
T(B)/T(B0 = 0 T) spectra in Fig. 2A show seven dip features Tn
(1 ≤ n ≤ 7) directly corresponding to the absorption peaks of LL

Fig. 1. Bulk band and crystal structure of ZrTe5. (A, Top) Schematic of the topological phase transition from trivial to topological insulators. A 3D Dirac
semimetal (DS) can be regarded as a quantum critical point with a gapless band structure. Due to the bulk-band inversion in TIs, the conduction and valence
band exchange their extrema. Bottom row: energy spectrum for the Landau-index N = +0 and − 0 LLs with a Zeeman splitting. (B) Atomic structure of ZrTe5.
Each unit cell contains two ZrTe5 layers. (C, Left) AFM image of ZrTe5 flakes. (Right) thicknesses along the colored lines on the left. Thicknesses from 5 to
13 unit cells (u.c.) are shown. (D) Absorption coefficient A(ω) of the ZrTe5 flake with thickness d∼180 nm as a function of photon energy at B = 0 T. The linear
energy dependence of A(ω) is mainly associated with interband transitions of 3D Dirac electrons. A sudden drop in A(ω) at low energies implies the modi-
fication of the band structures within an energy range, namely the bandgap. D, Inset depicts the interband absorption in gapped ZrTe5.
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dominant exposed surface, yielding lamina-like crystals. In the
following process, ZrTe5 vapor molecules constantly combine with
the seeds, and the seeds gradually grow into large strip single
crystals, as shown in Fig. 4(c). By carefully adjusting the growth
parameters (temperature profile, temperature stabilization,
transporter species and concentration), large and high-crystalline
ZrTe5 crystals can be grown.

3.4. Electrical properties

Take advantage of the large ZrTe5 crystals (35!2!0.5 mm3),
we can measure the a-, b- and c-axis anisotropic resistance of
ZrTe5. Fig. 5(a) plots the temperature dependence of the resistivity
along a-, b- and c-axis from 10 K to 300 K. With a longitudinal
current applied along the a-axis of the single crystal, an abnormal
resistivity maximum and the nonmetal-to-metal transition are

observed at around 135 K in the curve of ρa–T, consistent with the
well-known resistivity anomaly reported in the previous studies
[8,10,11]. Similarly, there are two resistivity anomalous points
observed in the other two curves (ρb–T and ρc–T), respectively. By
comparing the resistivity along the three axes, it is found there
have obvious resistivity anisotropy in ZrTe5 crystals. Quantita-
tively, the resistivity anisotropies measured at room temperature,
ρb/ρa and ρc/ρa, are about 40 and 3, respectively. It should be
mentioned that we have measured temperature-dependent re-
sistivity of the three more different ZrTe5 crystals (data are avail-
able under request), the results are quite similar to those in Fig. 5
(a). It suggests that above-mentioned temperature-dependent re-
sistivities of ZrTe5 are quite universal. The resistivity anisotropies
are naturally attributed to chemical bonding in ZrTe5 crystal [28].
For example, ZrTe5 single layers loosely bound by van der Waals
forces along b-axis [15], resulting in very weak interlayer-electron-

Fig. 3. The schematics of ZrTe5 crystal structure along a-, b- and c- direction projections. The red rectangles highlight the unit cell of ZrTe5. TeI and TeII represent the Te atom
in the ZrTe3 trigonal prismatic and inter-chain site, respectively.

Fig. 4. (a) Schematic views of the CVT growth furnace and the growth process of ZrTe5 single crystal. (b) The temperature profile across the furnace. (c) Photograph of the
sealed evacuated quartz ampoule wherein the ZrTe5 single crystals grew up.
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Directional detection
With a charge detector, there is always a “dark rate” 

(impurities, thermal, stray light, etc), but this is isotropic
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Figure 6: Event rate in ZrTe5 as a function of time for the two benchmark points indicated in Fig. 5.
The two panels correspond to different assumptions on the material properties.

As a result, for the theoretically calculated properties of ZrTe5 we find a larger total rate but a
smaller modulation amplitude than for the experimentally measured properties. This is illustrated
in the right panel in Fig. 7, which shows the modulation amplitude (blue) and the significance
for a daily modulation for �e = 10�41 cm2 (orange) in the two cases. We can see that for the
experimentally measured properties the modulation amplitude is substantially larger and hence the
significance of a daily modulation is increased in spite of the smaller total rate.

Finally, we note that for the theoretical properties of ZrTe5 the amplitude of the modulation
vanishes for m� ⇠ 500 keV and becomes negative for larger DM masses. This is a result of two
competing effects: The velocity integral gives the largest contribution if the DM wind points in the
direction of the smallest Fermi velocity. At the same time, the combination of form factors FDM and
fk!k0 favors small q but large q̃. It, hence, prefers scattering in the direction of the larger Fermi
velocities. For small DM masses, the former effect dominates and leads to a modulation peaked at
t = 0.5 days while for larger DM masses the second effect can be comparable or even dominant.6
This can lead to a vanishing modulation amplitude for specific values of the DM mass or even an
anti-modulation peaked at t = 0days. Since our definition of �2 is symmetric in Nmax and Nmin

the case of anti-modulation is automatically included in our test for daily modulation.
An interesting side remark concerns the dark matter form factor. Since we focused on the

exchange of a light dark photon mediator, the latter was taken to scale as FDM / q�2 with the
four-momentum transfer. This behavior changes if we consider heavy mediator exchange for which
FDM approaches a constant. We find that the momentum scaling of FDM has profound implications
on the modulation of the DM scattering rate. For illustration, we depict the sensitivity of Dirac
materials for the heavy mediator case in App. A. Most remarkably, the modulation fraction is
increased and the flip in the modulation amplitude at m� ⇠ 500 keV completely disappears for
ZrTe5.

Thanks to its tiny band gap the organic Dirac material BNQ-TTF can probe significantly smaller
6
This is because the minimal velocity for scattering vmin decreases with mass (cf. 2.20) such that the suppression

of the velocity integral in the direction of the large Fermi velocity becomes less pronounced.
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Daily modulation of event rate is a smoking gun for DM
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�e
<latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit><latexit sha1_base64="hqjQp0Pb/9qLbkjw/xV0Yy+guLk=">AAAB+nicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bJJTzmfrbo0UhfwELVR0iJafoeBfsI0LSJhqNLOrnZ0gVtKS6346K6tr6xubpa3y9s7u3n7l4LBlo8QIbIpIRaYTgEUlNTZJksJObBDCQGE7mNxkfvsBjZWRvqdpjH4IIy2HUgClUqdHYyToY79SdWtuDr5MvIJUWYFGv/LVG0QiCVGTUGBt13Nj8mdgSAqF83IvsRiDmMAIuynVEKL1Z3neOT9NLFDEYzRcKp6L+HtjBqG10zBIJ0OgsV30MvE/r5vQ8NqfSR0nhFpkh0gqzA9ZYWRaBPKBNEgEWXLkUnMBBojQSA5CpGKSNlNO+/AWv18mrfOa59a8u4tq/bJopsSO2Qk7Yx67YnV2yxqsyQRT7Ik9sxfn0Xl13pz3n9EVp9g5Yn/gfHwD12KUeQ==</latexit>

crystal
<latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit>

z�axis
<latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit>

t = 0
<latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit><latexit sha1_base64="FykfVh8EGafe2dktb3LF+5DfqWQ=">AAAB93icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1EYI2FhG8JJAcoS9zSQu2ftgd04IR36DrVZ2YuvPsfC/eHdeoYmverw3w7x5fqykIdv+tCorq2vrG9XN2tb2zu5eff+gY6JEC3RFpCLd87lBJUN0SZLCXqyRB77Crj+9yf3uI2ojo/CeZjF6AZ+EciwFp0xyiV0ze1hv2E27AFsmTkkaUKI9rH8NRpFIAgxJKG5M37Fj8lKuSQqF89ogMRhzMeUT7Gc05AEaLy3CztlJYjhFLEbNpGKFiL83Uh4YMwv8bDLg9GAWvVz8z+snNL7yUhnGCWEo8kMkFRaHjNAyawHZSGok4nlyZDJkgmtOhFoyLkQmJlkttawPZ/H7ZdI5azp207k7b7QuymaqcATHcAoOXEILbqENLgiQ8ATP8GLNrFfrzXr/Ga1Y5c4h/IH18Q0hBJJG</latexit>

t = 1/2 day
<latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit><latexit sha1_base64="sArTlKCJZIUZVTYSV66yDVVy/mk=">AAACBnicbVDLSgNBEJyNrxhfMR69DAbBU9wNooIIAS8eI5gHZEPonXTikNkHM71iWHL3K7zqyZt49Tc8+C9u4h40sU5FVTddXV6kpCHb/rRyS8srq2v59cLG5tb2TnG31DRhrAU2RKhC3fbAoJIBNkiSwnakEXxPYcsbXU391j1qI8PglsYRdn0YBnIgBVAq9Yol4pfcOa66F4mrfd6H8aRXLNsVewa+SJyMlFmGeq/45fZDEfsYkFBgTMexI+omoEkKhZOCGxuMQIxgiJ2UBuCj6Saz7BN+GBugkEeouVR8JuLvjQR8Y8a+l076QHdm3puK/3mdmAbn3UQGUUwYiOkhkgpnh4zQMi0FeV9qJIJpcuQy4AI0EKGWHIRIxThtqZD24cx/v0ia1YpjV5ybk3LtNGsmz/bZATtiDjtjNXbN6qzBBHtgT+yZvViP1qv1Zr3/jOasbGeP/YH18Q21/peD</latexit>

crystal
<latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit><latexit sha1_base64="eiFKczBVQ1mozkboE+Ln4a+jc6I=">AAAB/3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQBmJhjJI5CElVrS+bMIpd7a5WyNFVgq+ghYqOkTLp1DwLzjGBSRMNZrZ1c5OECtpyXU/naXlldW19dJGeXNre2e3srffslFiBDZFpCLTCcCikiE2SZLCTmwQdKCwHYyvZn77AY2VUXhLkxh9DaNQDqUAyiQ/7RnNhZlYAjXtV6puzc3BF4lXkCor0OhXvnqDSCQaQxIKrO16bkx+CoakUDgt9xKLMYgxjLCb0RA0Wj/NQ0/5cWKBIh6j4VLxXMTfGyloayc6yCY10J2d92bif143oeGln8owTghDMTtEUmF+yAojszaQD6RBIpglRy5DLsAAERrJQYhMTLJ6ylkf3vz3i6R1WvPcmndzVq2fF82U2CE7YifMYxeszq5ZgzWZYPfsiT2zF+fReXXenPef0SWn2Dlgf+B8fAPytJbK</latexit>

z�axis
<latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit><latexit sha1_base64="L+nTHHTBtwA+ivUuw2loxBZ5zo4=">AAAB/nicbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUkGsogkYcUW9H6sgmnnB+6WyOCFYmvoIWKDtHyKxT8C3ZwAQlTjWZ2tbPjx0oasu1Pa2FxaXlltbRWXt/Y3Nqu7Oy2TJRogU0RqUh3fDCoZIhNkqSwE2uEwFfY9keXud++Q21kFN7QOEYvgGEoB1IAZZL7kLo64MdwL82kV6naNXsKPk+cglRZgUav8uX2I5EEGJJQYEzXsWPyUtAkhcJJ2U0MxiBGMMRuRkMI0HjpNPOEHyYGKOIxai4Vn4r4eyOFwJhx4GeTAdCtmfVy8T+vm9DgwktlGCeEocgPkVQ4PWSEllkZyPtSIxHkyZHLkAvQQIRachAiE5OsnXLWhzP7/TxpndQcu+Zcn1brZ0UzJbbPDtgRc9g5q7Mr1mBNJljMntgze7EerVfrzXr/GV2wip099gfWxzfFdpYa</latexit> Earth�s

<latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit><latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit><latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit><latexit sha1_base64="e6+l1nFo+r60WOczEb2khR+7QS8=">AAAB/3icbVC7SgNBFJ2NrxhfUUubwSBahV0RtQyIYBnBPCBZwuzkJhkys7vO3BXCksKvsNXKTmz9FAv/xdk1hSae6nDOfZ4glsKg6346haXlldW14nppY3Nre6e8u9c0UaI5NHgkI90OmAEpQmigQAntWANTgYRWML7K/NYDaCOi8A4nMfiKDUMxEJyhlfy0qxW9ZhpHx2baK1fcqpuDLhJvRipkhnqv/NXtRzxRECKXzJiO58bop3ac4BKmpW5iIGZ8zIbQsTRkCoyf5kdP6VFiGEY0Bk2FpLkIvztSpoyZqMBWKoYjM+9l4n9eJ8HBpZ+KME4QQp4tQiEhX2S4FjYNoH2hAZFllwMVIeVMM0TQgjLOrZjYeEo2D2/++0XSPK16btW7PavUzmfJFMkBOSQnxCMXpEZuSJ00CCf35Ik8kxfn0Xl13pz3n9KCM+vZJ3/gfHwDPACWVg==</latexit>

ve
<latexit sha1_base64="Ag8Mh6MDz7GIhdE5nSiX9WiLL0U=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJI5IESKzpfNuGUu7N1t44UWf4KWqjoEC0fQ8G/YBsXkDDVaGZXOztBJIVF1/10VlbX1jc2K1vV7Z3dvf3awWHHhrHh0OahDE0vYBak0NBGgRJ6kQGmAgndYHqT+90ZGCtCfY/zCHzFJlqMBWeYSQ/JIBjTWTqEYa3uNtwCdJl4JamTEq1h7WswCnmsQCOXzNq+50boJ8yg4BLS6iC2EDE+ZRPoZ1QzBdZPisApPY0tw5BGYKiQtBDh90bClLVzFWSTiuGjXfRy8T+vH+P4yk+EjmIEzfNDKCQUhyw3ImsC6EgYQGR5cqBCU84MQwQjKOM8E+OsmmrWh7f4/TLpnDc8t+HdXdSb12UzFXJMTsgZ8cglaZJb0iJtwokiT+SZvDip8+q8Oe8/oytOuXNE/sD5+AZmVpTP</latexit><latexit sha1_base64="Ag8Mh6MDz7GIhdE5nSiX9WiLL0U=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJI5IESKzpfNuGUu7N1t44UWf4KWqjoEC0fQ8G/YBsXkDDVaGZXOztBJIVF1/10VlbX1jc2K1vV7Z3dvf3awWHHhrHh0OahDE0vYBak0NBGgRJ6kQGmAgndYHqT+90ZGCtCfY/zCHzFJlqMBWeYSQ/JIBjTWTqEYa3uNtwCdJl4JamTEq1h7WswCnmsQCOXzNq+50boJ8yg4BLS6iC2EDE+ZRPoZ1QzBdZPisApPY0tw5BGYKiQtBDh90bClLVzFWSTiuGjXfRy8T+vH+P4yk+EjmIEzfNDKCQUhyw3ImsC6EgYQGR5cqBCU84MQwQjKOM8E+OsmmrWh7f4/TLpnDc8t+HdXdSb12UzFXJMTsgZ8cglaZJb0iJtwokiT+SZvDip8+q8Oe8/oytOuXNE/sD5+AZmVpTP</latexit><latexit sha1_base64="Ag8Mh6MDz7GIhdE5nSiX9WiLL0U=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJI5IESKzpfNuGUu7N1t44UWf4KWqjoEC0fQ8G/YBsXkDDVaGZXOztBJIVF1/10VlbX1jc2K1vV7Z3dvf3awWHHhrHh0OahDE0vYBak0NBGgRJ6kQGmAgndYHqT+90ZGCtCfY/zCHzFJlqMBWeYSQ/JIBjTWTqEYa3uNtwCdJl4JamTEq1h7WswCnmsQCOXzNq+50boJ8yg4BLS6iC2EDE+ZRPoZ1QzBdZPisApPY0tw5BGYKiQtBDh90bClLVzFWSTiuGjXfRy8T+vH+P4yk+EjmIEzfNDKCQUhyw3ImsC6EgYQGR5cqBCU84MQwQjKOM8E+OsmmrWh7f4/TLpnDc8t+HdXdSb12UzFXJMTsgZ8cglaZJb0iJtwokiT+SZvDip8+q8Oe8/oytOuXNE/sD5+AZmVpTP</latexit><latexit sha1_base64="Ag8Mh6MDz7GIhdE5nSiX9WiLL0U=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJI5IESKzpfNuGUu7N1t44UWf4KWqjoEC0fQ8G/YBsXkDDVaGZXOztBJIVF1/10VlbX1jc2K1vV7Z3dvf3awWHHhrHh0OahDE0vYBak0NBGgRJ6kQGmAgndYHqT+90ZGCtCfY/zCHzFJlqMBWeYSQ/JIBjTWTqEYa3uNtwCdJl4JamTEq1h7WswCnmsQCOXzNq+50boJ8yg4BLS6iC2EDE+ZRPoZ1QzBdZPisApPY0tw5BGYKiQtBDh90bClLVzFWSTiuGjXfRy8T+vH+P4yk+EjmIEzfNDKCQUhyw3ImsC6EgYQGR5cqBCU84MQwQjKOM8E+OsmmrWh7f4/TLpnDc8t+HdXdSb12UzFXJMTsgZ8cglaZJb0iJtwokiT+SZvDip8+q8Oe8/oytOuXNE/sD5+AZmVpTP</latexit>

DM wind
<latexit sha1_base64="XbgDZ6uXNBBHBfqf+Im4I7y/TXQ=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgEQTCQoapCCRhxSb6HzZhFPOZ+tuDYqsNHwFLVR0iJY/oeBfsI0LSJhqNLOrnR0/ksKgbX9ac/MLi0vLpZXy6tr6xmZla7tlwlhzaPJQhrrjMwNSKGiiQAmdSAMLfAltf3Se+e170EaE6gbHEXgBGyoxEJxhKt0mrg7oxZV79iBUf9KrVO2anYPOEqcgVVKg0at8uf2QxwEo5JIZ03XsCL2EaRRcwqTsxgYixkdsCN2UKhaA8ZI89YTux4ZhSCPQVEiai/B7I2GBMePATycDhndm2svE/7xujINTLxEqihEUzw6hkJAfMlyLtA6gfaEBkWXJgQpFOdMMEbSgjPNUjNN+ymkfzvT3s6R1WHPsmnN9VK0fF82UyC7ZIwfEISekTi5JgzQJJ5o8kWfyYj1ar9ab9f4zOmcVOzvkD6yPb9sGlqw=</latexit><latexit sha1_base64="XbgDZ6uXNBBHBfqf+Im4I7y/TXQ=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgEQTCQoapCCRhxSb6HzZhFPOZ+tuDYqsNHwFLVR0iJY/oeBfsI0LSJhqNLOrnR0/ksKgbX9ac/MLi0vLpZXy6tr6xmZla7tlwlhzaPJQhrrjMwNSKGiiQAmdSAMLfAltf3Se+e170EaE6gbHEXgBGyoxEJxhKt0mrg7oxZV79iBUf9KrVO2anYPOEqcgVVKg0at8uf2QxwEo5JIZ03XsCL2EaRRcwqTsxgYixkdsCN2UKhaA8ZI89YTux4ZhSCPQVEiai/B7I2GBMePATycDhndm2svE/7xujINTLxEqihEUzw6hkJAfMlyLtA6gfaEBkWXJgQpFOdMMEbSgjPNUjNN+ymkfzvT3s6R1WHPsmnN9VK0fF82UyC7ZIwfEISekTi5JgzQJJ5o8kWfyYj1ar9ab9f4zOmcVOzvkD6yPb9sGlqw=</latexit><latexit sha1_base64="XbgDZ6uXNBBHBfqf+Im4I7y/TXQ=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgEQTCQoapCCRhxSb6HzZhFPOZ+tuDYqsNHwFLVR0iJY/oeBfsI0LSJhqNLOrnR0/ksKgbX9ac/MLi0vLpZXy6tr6xmZla7tlwlhzaPJQhrrjMwNSKGiiQAmdSAMLfAltf3Se+e170EaE6gbHEXgBGyoxEJxhKt0mrg7oxZV79iBUf9KrVO2anYPOEqcgVVKg0at8uf2QxwEo5JIZ03XsCL2EaRRcwqTsxgYixkdsCN2UKhaA8ZI89YTux4ZhSCPQVEiai/B7I2GBMePATycDhndm2svE/7xujINTLxEqihEUzw6hkJAfMlyLtA6gfaEBkWXJgQpFOdMMEbSgjPNUjNN+ymkfzvT3s6R1WHPsmnN9VK0fF82UyC7ZIwfEISekTi5JgzQJJ5o8kWfyYj1ar9ab9f4zOmcVOzvkD6yPb9sGlqw=</latexit><latexit sha1_base64="XbgDZ6uXNBBHBfqf+Im4I7y/TXQ=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgEQTCQoapCCRhxSb6HzZhFPOZ+tuDYqsNHwFLVR0iJY/oeBfsI0LSJhqNLOrnR0/ksKgbX9ac/MLi0vLpZXy6tr6xmZla7tlwlhzaPJQhrrjMwNSKGiiQAmdSAMLfAltf3Se+e170EaE6gbHEXgBGyoxEJxhKt0mrg7oxZV79iBUf9KrVO2anYPOEqcgVVKg0at8uf2QxwEo5JIZ03XsCL2EaRRcwqTsxgYixkdsCN2UKhaA8ZI89YTux4ZhSCPQVEiai/B7I2GBMePATycDhndm2svE/7xujINTLxEqihEUzw6hkJAfMlyLtA6gfaEBkWXJgQpFOdMMEbSgjPNUjNN+ymkfzvT3s6R1WHPsmnN9VK0fF82UyC7ZIwfEISekTi5JgzQJJ5o8kWfyYj1ar9ab9f4zOmcVOzvkD6yPb9sGlqw=</latexit>

FIG. 2. Orientation setup of the experimental apparatus. At t = 0 the z-axis of the crystal is aligned

with the Earth’s velocity (which is approximately in the direction of Cygnus). With this choice for the

crystal orientation, the modulation of the signal is independent of the position of the laboratory.

first is kinematic, where the flux of DM particles in the kinematic configuration that can excite
a response in the target changes on a daily basis. This effect is dominated by the anisotropy
of the Fermi velocity in the material. The second is due to the size of the matrix element,
as shown for example in Eq. (17), where the direction of the momentum transfer (typically
oriented along the DM wind) changes with respect to the anisotropic permittivity tensor ✏. We
will detail these effects separately for both absorption and scattering below.

But before moving to the results we summarize here our conventions for the DM velocity
distribution and the orientation of the DM wind in the crystal rest frame, using a set-up
similar to Ref. [39]. For the velocity distribution in the galactic rest frame, fgal(v), we assume
a Maxwellian form, with velocity dispersion v0 = 220Km/ s, truncated at vesc = 500Km/ s.
The velocity distribution in the laboratory frame is related to the one in the galactic frame by
flab(v, t) = fgal(v + ve(t)):

flab(v, t) =
1

N0
exp


�
(v + ve)2

v20

�
⇥(vesc � |v + ve|) , (18)

where ve(t) is the Earth’s velocity with respect to the DM rest frame due to its revolution
around the Sun and N0 is a normalization constant given by

N0 = ⇡3/2v30


erf(vesc

v0
) �

2
p
⇡

vesc

v0
exp

✓
�(

vesc

v0
)2
◆�

. (19)
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[Coskuner, Mitridate, Olivares, Zurek, arXiv:1909.09170; Geilhufe, Kahlhoefer, Winkler, arXiv:1910.02091]



Alternative: InSb APD
• Making an avalanche device out of a 

new material is hard. Practice on an 
easier material 

• InSb has a gap of ~235 meV and was 
first made into an APD in 1967 (!!) 

• Large gap isn’t great for lightest DM, 
but still sensitive to DM down to 200 
keV

• To do: make a device, test at mK 
temperatures, calculate DM sensitivity 

• Novel elements: cryogenic 
temperatures, SQUID current 
sensor readout in linear gain mode

The spin-orbit splitting for the second conduction band also
compares well with the experimental data for InSb. The ex-
perimental value for InP is most likely inaccurate and not
supported by ours or the LMTO+scQPGW calculations.

On top of the HSE06 calculations, the single-shot G0W0
calculations were performed, and the results are also in-
cluded in Table III. SOC was not included in these calcula-
tions and only added a posteriori using the values obtained
for the HSE06 functional. Using a simple single-shot G0W0
calculation, starting from HSE06 wave functions and eigen-
values, too large band gaps were found, a trend that has also
been observed for other materials.41,42 This is related to the
fact that the HSE06 functional predicts too small dielectric
constants if the random-phase approximation is used !as it is
commonly done in the GW approximation".42 Similar obser-
vations are made in the self-consistent quasiparticle GW
!LMTO+scQPGW" method of Chantis et al., which also
tends to overestimate the band gaps.13 Considering that a
technical accuracy of 0.1 eV is difficult to attain using GW
methods, our results compare well with these scQPGW cal-
culations. The overestimation can be almost entirely re-
moved by including the electrostatic interaction between
electron and holes in the calculation of the screening prop-
erties !, which enter W=!−1v, where v is the bare Coulomb
kernel. The corresponding results are reported in the row
G0W0

TC-TC. Except for InSb, the results are now in good
agreement with experiment. For InSb, we believe that the
error is related to the neglect of SOC in the calculation of the
dielectric properties: SOC lowers the split-off band and
raises the heavy-hole and light-hole bands, on average con-
serving the center of mass. As long as the SO splitting is
small compared to the band gap, it is reasonable to approxi-
mate the eigenvalues by the center of mass !i.e., neglecting
SOC". But when the SO splitting approaches the value of the
band gap, the influence of SOC on the screening properties
can no longer be neglected and should be taken into account.
A similar observation was also made for PbTe GW
calculations.24 Unfortunately our GW code currently does
not allow for a consistent inclusion of SOC.

In summary, it is obvious that the GW approach hardly
yields quantitatively more accurate results than the HSE06
functional. Even though the HSE06 functional lacks the fun-

damental justification of the GW method, it is fairly clear
that HSE06 allows for a very accurate description of the
band gaps, without going through all the complications of
sophisticated many-electron calculations !which in the
present case would even require vertex corrections in W".
Using the HSE06 functional, the calculation of the effective
masses is also much more straightforward, and we will,
therefore, limit the following calculations to the HSE06
functional.

2. Band structure

The band structures of the In X semiconductors were cal-
culated using the HSE06 functional including SOC. In Fig.
1, the In X band structures are shown in an energy range
from −7 to 5 eV and drawn along the important high-
symmetry lines. The results are fairly similar to those of
Cardona et al.12 who used an LMTO approach with muffin-
tin potentials that were empirically adjusted to fit the experi-
mental band gaps. Since SOC was included in the calcula-
tions, the SO splitting is clearly visible in the valence and the
conduction bands. The maximum SO splitting for the va-
lence band and the conduction band was found at L and X,
respectively. One qualitative difference is that the first and
the second conduction bands along "X seem to cross in InP
and InAs, whereas Cardona et al. observed a clear level re-
pulsion resulting in a forbidden crossing.12 Using a purely
local functional !PBE" we find good agreement with Cardona
with a forbidden crossing. In principle, the “crossing” is a
result of an interchange of the order at X compared to the "
point, i.e., at the X point the In px orbital !X6

c" is below the
In s orbital !X7

c", whereas at " the In s orbital makes up the
conduction band edge !"6

c state". Nevertheless, since the two
bands belong to the same irreducible representation along
"X!#5",37 the matrix element between the two states is not
necessarily zero and the crossing is in principle forbidden.
The matrix element in the HSE case is negligible resulting—
within the limits of our calculational accuracy—into a cross-
ing. A similar observation is made for InAs.

Due to the absence of inversion symmetry in the zinc-
blende In X semiconductors, the degeneracy between spin up
and spin down is lifted for the electron band, the heavy-hole,
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FIG. 1. !Color online" The band structures of !a" InP, !b" InAs, and !c" InSb along "-X-W-L-"-K obtained from PAW HSE06 calculations
!including SOC". The electronlike conduction band !elec", heavy-hole !hh", light-hole !lh", and split-off !so" bands are shown. The Fermi
level is indicated by the horizontal doted line.
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Multiplication and noise measurements on InSb avalanche photodiodes have been made from 77° to 
125°K. For the diodes studied, the electron ionization rate is much larger than the hole ionization rate and 
depends only weakly on the field for fields between 5X loa and 1()4 V fcm. The electron ionization rate in-
creases and the breakdown voltage decreases with increasing temperature. The dependence of the ionization 
rate on field and temperature is explained by the weak dependence of the distribution function on field for 
high fields. The noise measurements are consistent with McIntyre's theory providing that the electron 
ionization rate is much greater than the hole ionization rate. A current-controlled negative resistance is 
observed in InSb avalanche diodes at breakdown. 

I. INTRODUCTION 

Improvements in the signal-to-noise ratio in an 
avalanching silicon diode used as a broadband detector 
for high-frequency modulated light were reported by 
Johnson.! It was thought at that time that the 
state analog of the photomultiplier had been discovered. 
The calculations of the noise generated in an avalanch-
ing photodiode by Tager2 and McIntyre3 showed, how-
ever, that the noise associated with avalanche multi-
plication increases more rapidly than the signal. Thus 
the gain in signal obtained in an avalanche photodiode 
is only useful if the system under consideration is 
limited by amplifier noise or the thermal noise of the 
diode load resistance. This limitation is obtained only 
in broadband systems. 

The noise generated in an avalanche photodiode 
depends critically on the ratio of a to (3, the electron 
and hole ionization coefficients, respectively.3-6 The 
least noise is obtained if the ratio of the ionization rates 
is very large and the primary photocurrent is carried 
by the carrier with the higher ionization rate. .The 
maximum frequency response of an avalanche photo-
diode is also obtained if the ratio of the ionization rates 
is large.7 

The ratio of the electron to hole ionization rates in 
silicon varies between 10 and 50 depending on the elec-
tric field,S while in germanium the hole ionization rate is 
a factor of two larger than the electron ionization rate.9 

1 K. M. Johnson, IEEE Trans. Electron. Dev. ED 12, 5S 
(1965) . 

2 A. S. Tager, Soviet Phys.-Solid State 8, 1919 (1965). 
3 R. J. McIntyre, IEEE Trans Electron. Dev. ED 13, 164 

(1966) . 
4 H. Melchoir and L. K. Anderson, 1965 Intern. Electron 

Devices Meeting, Washington, D.C. 
5 R. D. Baertsch, IEEE Trans. Electron. Dev. ED 13, 383 

(1966) . 
6 R. D. Baertsch, IEEE Trans. Electron. Dev. ED 13, 987 

(1966) . 
7 R. B. Emmons and G. Lucovsky, IEEE Trans. Electron. 

Dev. ED 13, 297 (1966). 
8 C. A. Lee, R. A. Logan, R. L. Batdorf, J. J. Kleimack, and 

W. Wiegmann, Phys. Rev. 134, A761 (1964). 
9 S. L. Miller, Phys. Rev. 99, 1234 (1955). 

The measurements in GaAsI0,l1 and GaP12 show the 
hole ionization rate to be equal to the electron ioni-
zation rate. 

This paper reports on measurements of ionization 
rates and noise in InSb avalanche photodiodes at tem-
peratures from 77° to 125°K. From the temperature 
and field dependence of the ionization rate some sug-
gestions as to the distribution function of hot electrons 
in InSb for very high fields are made. 

The calculation of the ionization rates from the 
multiplication data is given in the Appendix. 

II. DEVICE FABRICATION 

Single-crystal n-type indium antimonide with a con-
centration of approximately 2 X 1014 donors/ cm3 was 
sawed into slices 1 mm thick and oriented in the (100) 
plane. The slices were chemically polished in a meth-
anol-bromine solution in contact with a rotating wheel 
covered with a fine polishing paper.I3 The polished 
slices were sealed in an evacuated quartz tube with an 
indium-candmium alloy and diffused at 400°C for 60 
to 200 h. The slices were then back lapped and etched 
to a thickness of 150 }J., and cleaved along the [110J 
directions into dice approximately 1 mm on a side. The 
dice were alloyed to a gold-plated Kovar header with 
pure tin. A platinum wire was soldered to the player 
with pure indium. Care was taken that the indium did 
not alloy through the p layer which was 3 to 6}J. thick. 
A portion of the p layer was masked with Apiezon W 
black wax and a mesa was etched electrolytically in 
NaOH. A final clean-up etch was used to restore surface 
stoichiometry.14 

In some cases the diode was then anodized in a solu-
tion of O.lN KOH to form a passivating oxide film over 
the diode. In other cases silicon monoxide was evapo-

10 R. A. Logan, A. G. Chynoewth, and B. G. Cohen, Phys. 
Rev. 128, 2518 (1961). 

11 C. R. Crowell and S. M. Sze, App!. Phys. Letters 9, 242 
(1966) . 

12 R. A. Logan and H. G. White, J. App!. Phys. 36, 3945 (1965). 
13 M. V. Sullivan and G. A. Kolb, J. Electrochem. Soc. 110 

585 (1963). ' 
14 H. L. Henneke, J. App!. Phys. 36, 2967 (1965). 
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Figure 1. Projected reach from single phonon excitations (dashed) and electron transitions (solid) for DM scattering mediated
by a kinetically mixed light dark photon (the smallest-gap target InSb su↵ers from slow convergence in the electronic transition
calculation at m� < 1MeV, for which we show results of the two most accurate runs with solid and dotted curves, see
Appendix A 1 for details). Nuclear recoils (not shown) can also probe this model, but the conclusion on which targets are
superior is the same as for the light hadrophilic mediator model. A detector threshold of 1meV is used for the phonon
calculations, and all transitions with energy deposition greater than the band gaps are included in electron excitations. The
freeze-in benchmark is taken from Ref. [72], corrected by including plasmon decay for sub-MeV DM [73]. Stellar constraints
are from Ref. [74] and existing constraint from Xenon10 is from Ref. [75].

example, has particularly low-lying optical phonon exci-
tations, and its sensitivity to the lightest DM masses is
seen in Fig. 1.

We can also see that at higher masses, single optical
phonon production rates vary widely between materials.
This can be understood analytically. Consider first the
simplest case of a diatomic polar crystal (e.g. GaAs).
The dominant contribution to the q integral in Eq. (20)
is well within the 1BZ and therefore we can set G = 0,
Wj ' 0, and g(q,!) / q�1. Approximating Z⇤

j
' Z⇤

j
1,

and noting that Z⇤
1
= �Z⇤

2
⌘ Z⇤, we see that the rate

is dominated by the longitudinal optical (LO) mode, for
which one can show ✏LO,k,1 and ✏LO,k,2 are anti-parallel,
and |✏LO,k,j | =

p
µ12/mj in the limit k ! 0, where µ12 is

the reduced mass of the two ions. Further approximating
the phonon dispersion as constant and "1 ' "1 1, the
rate simplifies to

R /
q4
0

mcell

⇢�
m�

�e

"21!LO

Z⇤2

µ2
�e
µ12

log

✓
m�v20
!LO

◆

/
Z⇤2

A1A2"21

✓
meV

!LO

◆
⌘ Q . (25)

We call Q a quality factor, since it is the combination
of material-specific quantities that determines the direct
detection rate. A higher-Q material has a better reach
in the high mass regime. More concretely, we find

R '
1

kg yr

✓
Q

10�7

◆✓
me
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m2

e
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�e
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�e

10�39 cm2
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⇥ log

✓
qmax
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◆
. (26)

Note that although we have focused on the special case
of diatomic polar crystals in order to derive analytic esti-
mates, similar considerations apply for more complicated
crystals. For example, it is not surprising that larger
Born e↵ective charges and lighter ions are helpful. When
comparing the targets, we adopt the following prescrip-
tion for the quality factor,

Q ⌘
1

"21!O

nY

j=1

✓
|Z⇤

j
|

Aj

◆ 2
n

, (27)

[Griffin et al., arXiv:1910.10716]
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Summary of Work Needed

• Identify candidate materials
- So far InSb, ZrTe5, new materials identified by materials project

• Establish testing program to validate theoretical properties
- Resistance vs. temperature (RRR) and current-mode dark count measurements
- Room temperature/cryogenic permittivity
- Charge lifetimes and diffusion lengths
- Characterize impact ionization in pure samples; determines monolithic or avalanche readout mode

• Establish cryogenic readout
- ASICs being developed by CNRS for use with low capacitance HEMT amplifiers
- Work starting at FNAL to develop integrated charge amplifiers at 4K

• Dark matter search is the ‘black box’ test that established technological viability; dark rates 
approaching single events/day are the long-term goal, but even Hz/mm is an excellent start
- High dark rates in low-gap materials still translate to low dark rates at higher energies with adequate 

timing resolution
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