
SPLENDOR: Narrow-gap 
semiconductors for light DM

Yoni Kahn (UIUC)

ALPS2024, 4/4/24

12

MILESTONE: final selection of target material candidates

Eu5In2Sb6 Black PhosphorusEuZn2P2

One of the originally 
proposed narrowgap 

SPLENDOR materials

Promising new material 
with potentially narrow 

indirect bandgap of 
O(10-100) meV

Commercially available 
(not a “LANL material”) 
 will be used as a baseline ⇒

215/18/21

Questions from the Science Panel
▶ Is the funding for the postdoc at UIUC for theory or experiment?

This funding will primarily support a postdoc at UIUC working under Abbamonte’s supervision in the 

task of using momentum-resolved electron energy loss spectroscopy (MEELS) to measure of the loss 

function of LANL’s materials.

However, a smaller fraction of this funding will be used to partially support a theory postdoc at UIUC 

working with Kahn, and in collaboration with Alves and Graesser.

22215/18/21

Questions from the Science Panel
▶ Is the funding for the postdoc at UIUC for theory or experiment?

This funding will primarily support a postdoc at UIUC working under Abbamonte’s supervision in the 

task of using momentum-resolved electron energy loss spectroscopy (MEELS) to measure of the loss 

function of LANL’s materials.

However, a smaller fraction of this funding will be used to partially support a theory postdoc at UIUC 

working with Kahn, and in collaboration with Alves and Graesser.

MILESTONES: final version of charge amplifier and DAQ
Final version of two-stage cryogenic charge amplifier

Detector housing and front end amplifier board 

Fully functioning DAQ and analysis software suite 

Ready to start testing detector prototype with different materials



Sub-GeV DM: 
we are approaching our targets!

but so far < 1 MeV  
is wide open

Yoni Kahn 1[SENSEI collab., arXiv:2312.13342]



Sub-GeV DM: 
a universe of constraints

Need a particle physics model with a consistent thermal history  
to make sense of experiments

too much 
DM

One in a billion late-time 
DM annihilations would  
ionize half the universe!

Yoni Kahn 2[Liu, Slatyer, Zavala, PRD 2016; Giovanetti, Lisanti, Liu, Ruderman, PRL 2022]

Extra stuff at T ~ MeV changes 
expansion rate of universe during BBN



Dark photon benchmark
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a)

FIG. 10: a) Scalar DM pair production in electron-nucleus

collisions. An on-shell A0
is radiated and decays o↵ diago-

nally to 'h,` pairs. b) Inelastic up scattering of the lighter

'` into the heavier state via A0
exchange inside the detector.

For order-one (or larger) mass splittings, the metastable state

promptly de-excites inside the detector via 'h ! '`e
+e�.

This process yields a target (nucleus, nucleon, or electron)

recoil ER and two charged tracks, which is a instinctive, zero

background signature, so nuclear recoil cuts need not be lim-

iting.
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FIG. 5. Same parameter space as Fig. 4 (right panel) but
interpreted in the context of dark photon mediated scattering
(see Scenario 1, Sec. IVA). The blue curve represents the
parameter space for which direct �� ! SM SM annihilation
accounts for the full DM abundance; parameter space above
this curve can be viably accommodated if the DM population
is particle-antiparticle asymmetric. The gray shaded region
below the bounds shown in Fig. 5 represents accelerator based
constraints for a representative choice of parameters mA0 =
3m� and ↵D = 0.5. This envelope contains bounds from
the LSND [38], MiniBooNE [39], and E137 beam dumps [40],
BaBar [41], and NA64 [42]. Also shown are projections for the
LDMX missing momentum experiment [43] and the B-factory
Belle-II [44]. As in Fig 4 (right), the pink shaded region is
compatible with a 20 Hz/kg plasmon excitation rate in Ge
for a virialized DM halo population; the region to the left can
also accommodate this rate if a DM subcomponent is faster
than the Galactic escape velocity.

solar reflection [49]).8 Unlike in Scenario 1 above,
here the rate scales inversely with the target’s mass
density since the plasmon is excited directly with-
out the DM having to first undergo nuclear scat-
tering.

These scenarios are complementary: Scenario 1 requires
no non-standard DM ingredients but features large the-
oretical uncertainty in the plasmon-phonon coupling; by
contrast, Scenario 2 has no theoretical uncertainty in the
direct plasmon excitation probability, which is in one-
to-one correspondence with an EELS measurement, but
requires an explanation for the fast DM sub-component.
In both scenarios, a plasmon with a large branching ra-
tio to phonons only can accommodate the excess spectral

8 Other possibilities for achieving a fast sub-component of dark
sector particles include boosted DM [50–52], cosmic ray up-
scattering [53–56], direct production in supernovae [57, 58], and
acceleration from supernova remnants [59].

shape and match the total observed rate in the EDEL-
WEISS 78 V run for 2 or more charges, ⇠ 20 Hz/kg [6].

Theoretically, both of these scenarios can be realized
within a popular framework for DM below the GeV scale.
Let � be a DM candidate particle of mass m� coupled
to a new spin-1 U(1) gauge boson A0, which kinetically
mixes with the SM photon. Here � can be a scalar or
a fermion and such an interaction has long been a stan-
dard benchmark for sub-GeV DM studies [60–62]. In the
mass eigenbasis, the Lagrangian for this scenario can be
written

L � �
m2

A0

2
A0

µA0µ + A0
µ(eJµ

EM + gDJµ
D), (8)

where JEM is the SM electromagnetic current,  ⌧ 1
is a small kinetic mixing parameter, gD is the DM-A0

coupling constant and Jµ
D is the DM current

Jµ
D =

(
i(�⇤@µ� � �@µ�⇤) Scalar

�̄�µ� Fermion,
(9)

which are analogous to scalar and fermionic versions of
“dark electromagnetism” with a massive dark photon.

In the limit where the dark photon is massless, mA0 !

0, the DM e↵ectively acquires an electric millicharge gD;
this interpretation holds as long as mA0 ⌧ q where q
is the typical momentum transfer in the process under
consideration. In the opposite limit, where mA0 � q,
the DM e↵ectively has contact interactions with charged
particles, including electrons and nuclei.

A. Scenario 1: Secondary Plasmon Excitation
through Hard Inelastic Scattering

One way to interpret the origin of this plasmon res-
onance signal is through the inelastic nuclear scatter-
ing of 100 MeV-scale DM through a contact interaction
(mA0 � q). This is similar to recent calculations of the
Migdal e↵ect [21], except that the existing literature pre-
senting the formalism for the Migdal e↵ect relies on an
isolated atom approximation and cannot be reliably ex-
tended to semiconductors.

In light of this uncertainty, we factorize the DM-
induced ionization rate R in a semiconductor into a spin-
averaged single-proton cross section

�p =
16⇡2↵↵Dµ2

�p

m4
A0

, (10)

where ↵D ⌘ g2D/4⇡, times an energy/momentum-
averaged plasmon excitation probability P  1 per in-
dividual nuclear scatter, such that the total plasmon ex-
citation rate is

R = NA
⇢�
m�

Z2

A
�pP, (11)

where ⇢� = 0.4 GeV cm�3 is the local DM density [63],
NA is Avogadro’s number, A is the atomic mass of Ge,

SM

SM

�
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Yoni Kahn 3[Hochberg et al. (YK), PRL 2021; Knapen, Kozaczuk, Lin, PRD 2021]

In both cases, non-relativistic limit is a coupling to charge density:

DM is a scalar or Majorana 
fermion, mχ ≳ 5 MeV

DM never in chemical equilibrium: 
no constraints on mass or spin

Yukawa potential

SM charge density



Is your detector a bag  
of free particles?

Yoni Kahn 4

“Free” =                   are the  
largest scales in the system.

Sub-MeV detection via electron scattering: novel materials!

<latexit sha1_base64="oJKktWnBsBgtPCFrQM4ZkKZhwbI="></latexit>m�

10 MeV

1 MeV

100 keV

atomic binding energy (10 eV)

Si band gap (1 eV)

optical phonon energy

(100 meV)

coherent-fi

(e.g. axions)

DM
DM

[YK and Lin, Rep. Prog. Phys. 2022; image credit LZ collab.]

<< eV macroscopic coherence, 
wave-like behavior
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vDM ⇠ 10�3 =) pDM ' 10�3mDM, EDM ' 10�6mDM
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EDM, pDM



Measuring electron response
Just like deep inelastic scattering lets us measure strong QCD effects 

with QED probes, electrons can act as “proxy” for DM
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✏(q,!)

[Pines and Nozieres Phys. Rev. 1959;  
Berggren, Hochberg, YK, Kurinsky, Lehmann, Yu, PRL 2021]Yoni Kahn 5

DM-electron interaction 
(assumed spin-independent)

Response function 
(dielectric, for electrons)

<latexit sha1_base64="k1+tknbeH486uKD/ADWz69w0lCc="></latexit>

�(v) =

Z
d3q

(2⇡)3
|V (q)|2


q2

e2
2 Im

✓
� 1

✏(q,!)

◆�

Note: requires some modeling to interpret 
results of EELS experiment, but still a 

“data-driven” determination of DM response

electron 
energy-loss


spectroscopy 
(EELS)



The SPLENDOR program

Goal: sub-MeV DM-electron scattering at the freeze-in target 
via charge detection in sub-eV-gap materials

Yoni Kahn 6

Search for Particles of Light dark mattEr with Narrow-gap semiconDuctORs



The SPLENDOR team

Amazing work by all of these people, won’t cite everyone 
by name in this talk: this is a true team effort!

Yoni Kahn 7



Materials synthesis: candidates

When we first went looking for a narrow-gap material, 
ZrTe5 seemed promising, but these lanthanides are exponentially better!

Yoni Kahn 8

linear scale log scale!!



Materials synthesis: in practice

All viable for ~gram-scale crystals!

Yoni Kahn 9



Characterization: benchmarking
Validate pipeline on black phosphorus (0.3 eV gap):

EELS

(q = 0)

two-band 
model

EELS (finite q)

DFT

Excellent agreement for both direct gap and anisotropy 
Yoni Kahn 10



Characterization of EuZn2P2

increased, the optical phonon somewhat softens. Fit values of this phonon are shown in

Fig. 6.8 (g). Measurements of the Bragg peaks and optical phonons in EuZn2P2 serve as

validation that we are measuring a crystalline sample which is consistent with the literature.

Measuring out to higher energy reveals signal from an interband transition. At q = 0.00

r.l.u. there is a band edge visible around 600 meV. Fitting the rising edge with a line gives

a gap value of � = 618 ± 30 meV. While this value is higher than what was reported in

optical measurements, it is of the same order of magnitude. Moving to q = 0.05 r.l.u., the

gap decreases to 450 ± 50 meV and at q = 0.10 r.l.u., the gap is 276 ± 43 meV. Despite

the large fitting error coming from the noise in the data, visible in Fig. 6.9, there is a clear

decrease in the gap as a function of q.

The momentum dependence of the gap was measured between q = 0.00 and 0.10 r.l.u.,

the results of which are shown in Fig. 6.10. Panel (a) shows a color map of the spectra.

The sharp phonons and zero loss peak are visible at low energy. At higher energy, the only

signal comes from the gap discussed above. The fitted gap values for all q points measured

are plotted in Fig. 6.10(b) along with experimental and theory data points taken from [177].

As mentioned, the q = 0 value measured with M-EELS is larger than that measured with

FTIR, however, the M-EELS data show a clear decrease with increasing q. The trend in the

data seem to support the claim of a small indirect gap at room temperature.

Note, however, that the measurements only go up to q = 0.10. This is because the

Figure 6.9: Linecuts of low-q gap in EuZn2P2. measured at T = 300 K at (a) q = 0.00,
(b) q = 0.05, and (c) q = 0.10 r.l.u.
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EELS nails the direct gap,  
but indirect gap is tricky: 

finite momentum probes surface 
rather than bulk

Yoni Kahn 11



Characterization: band gap

Strategy: validate DFT by measuring direct gap and anisotropy,  
then use DFT to extract finite-q response relevant for DM scattering

Yoni Kahn 12
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Characterization of Eu5In2Sb6
Hall effect: fit with 30 meV gap Resistivity is exponential

Material doesn’t cleave well, 
so EELS only measures a gap 
averaged over entire BZ

Yoni Kahn 13



Characterization: summary

our desired detector material: indirect gap likely 20-60 meV
Yoni Kahn 14



Detector concept

<latexit sha1_base64="ZyxxTorfuzL222ppHuZB15MiI+g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGpCIDas1t+7OgVaJV5AaFGgNq1+DUUxSQaUhHGvd99zE+BlWhh FOZ5VBqmmCyQSPad9SiQXVfja/dYbOrDJCYaxsSYPm6u+JDAutpyKwnQKbSC97ufif109NeONnTCapoZIsFoUpRyZG+eNoxBQlhk8twUQxeysiEVaYGBtPxYbgLb+8SjoXde+q3ni4rDVvizjKcAKncA4eXEMT7qEFbSAQwTO8wpsjnBfn3flYtJacYuYY/sD5/AEC+o48</latexit>�

Goal: “universal” capacitive charge amplifier with few e- resolution
Yoni Kahn 15



Detector: current status

511/26/23

Amplifier Prototype Testing 

arXiv:2311.02229 [physics.ins-det]

Testing of complete amplifier in dilution refrigerator – DONE! 

!!"#$%& 	 ~	$' 	 (&(#$#)*+*! + &*,(-+ + &.&+&!+/$)

~5-10 pF

Integrated measured voltage noise across 
expected capacitance results in charge 
resolution of 7 electrons

Just put out paper on progress of 
charge amp!

Reduction of EMI should give 2-3 electron 
resolution! 

Yoni Kahn 16[slide courtesy Caleb Fink]



Theory: reach projections

5

dark matter scattering  (1 g-yr, 90% C.L. sensitivity)
direct detection constraints:

SENSEI, DAMIC (Si CCD)
SuperCDMS (Si HVeV)

XENON10 (LXe TPC)

(phonon readout)

Al2O3 (phonon readout)

stellar + BBN 
constraints

GaAs

SPLEN
DOR

(1g-yr, no backgrounds,
    single-"! sensitivity)

Eu5In2Sb6,  90% C.L.

(prelimi
nary)

(phonon readout)Al superconductor

relic
dark matter density

Assuming 20 meV gap:

Yoni Kahn 17
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Theory: daily modulation

Expect ~20% daily modulation (full calculation forthcoming)

Yoni Kahn 18



Conclusion
two candidate materials 

plus commercially-purchased 
benchmark

EELS works! 
But must be 
combined 
with theory 
modeling

7e- resolution now,  
expect 2 or 3 e-

Potential for 
first DM search 
below 500 keV

Paper coming this summer, stay tuned!
Yoni Kahn 19
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Response functions
� �

p = m�v
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(insert your favorite 
detector here)
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Energy deposited by DM:

if your target is not a free particle, it is not a momentum eigenstate!
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General framework that works for any many-body system 
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Response functions

[Trickle, Zhang, Zurek, Inzani, Griffin, JHEP 2020; YK and Lin, Rep. Prog. Phys. 2022]
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DM scattering 
lives here
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Sub-GeV DM kinematics
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Under-explored energy/momentum regime: too high for CM, too low for materials science


