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|.  Need to understand entanglement in quantum materials.
lI. Detect entanglement in materials with entangled probes?
lll. How to generate entangled x-rays?



|.  Need to understand entanglement in quantum materials.

A. Many quantum phases are predicted to have entanglement:

 Quantum magnets - dimer, spin clusters, Heisenberg spin chains...
 Quantum spin liquids

* Correlated electron systems, heavy fermions

* Quantum fluids

B. Entanglement “withesses” do give us one handle on detecting entanglement

Entanglement must affect # of states, hence entropy

Can be reflected in magnetic susceptibility, diffraction, various spectroscopies
E.g. Quantum Fischer Information has been applied to multiple systems
...butthese witnesses are all indirect.

C. Currently there are no known ways to directly measure entanglement.
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lI. Detect entanglement in materials with entangled probes?

777 77
A. Neutrons can, in theory. VAN, = VA,
* Consider: Entangled spin dimer|¢‘)=71§(|1,0)— 10,1)) B
. . . [ [/ [/
* Now consider two entangled neutron modes incident on the entangled dimer: 7 | "/f /
.. WA,
* lIrfanetal. predictthat scattering of entangled neutron modes can be very , / / /

different from scattering by non-entangled neutron modes.

* Hence, entanglement between spins can be detected by entangled neutron
probes (in theory).

B. Note - there is never enough neutron flux to entangle two neutrons. Instead, two
different modes of a single neutron are entangled via interferometry.
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How to generate entangled x-rays?

Visible optics: The Hong-Ou-Mandel effect creates an
entangled pair of two-photon states.

Converts two indistinguishable photons into one two-
photon state, by applying boson quantum statistics.
The two exit photons are called a biphoton.

They are not entangled.

The state with the biphoton in one exit path is entangled
with the state having the biphoton in the other path.
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...aka, a NOON state (N=2).
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Want to do HOM with x-rays.
Requirement: two indistinguishable photons at a beamsplitter
|.e., Photons come from the same mode and at the same time

(Note: automatic with SPDC)



1. Light sources can be 3. Upgraded synchrotrons can

decomposed into modes: now have mode occupation
greater than one:

Photon mode structure:
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2. Modes have an average
occupation (or degeneracy):

O X-ray tubes
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4. BUT we must use optics that
Non = BpearA® /4 2c preserve brightness.



lll. How to generate entangled x-rays?

. ——{PDC
B. How to do HOM with x-rays: Pump

* Use synchrotron with high peak brightness, to
get two photons in the same mode m path Entangled x-ray
entanglement NOON state

 Use beamsplitter to separate paths, mirrors to

recombine at HOM beamsplitter 'o\/\/
|
|

|
|
|
|
|

 Require detectorsthatcan countO, 1, 2... x-rays
from every synchrotron bunch

\

Quantum Bragg Interferometer

* Requires ultrafast analysis system that treats
each new synchrotron bunch as a new
experiment.

# photons/mode = photon degeneracy < brightness

Silicon beamsplitter SiMonolith Bragg mirrors.




Variable Bragg x-ray beam splitters @
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C. Result from preliminary measurement
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D. Synchrotron is a chaotic source, with Poisson statistics applied to each bunch. Some numbers:

e Bunchrateis 13 MHz (APS-U timing mode)
» 8keVfluxis 1 photon/bunch at each detector
* Average rate of (1,1) pairs/sec=1.76 MHz

* Percent of bunches causing (1,1) pairs = 13.5%




* How many quantum entangled x-ray pairs were generated?
About 2% of the pair rate ~ 30,000 Hz

* What would this be under optimal beam line conditions?
At least a factor of 25 higher, ~ 750,000 Hz

* And whatif the fullincident beam flux were used?
Over one percent of the total, > 1070 Hz.

BUT the signal-to-background ratio would be S/B ~ 1/40.
There are ideas (diffraction filtering) for removing this background.
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Assume beam-splitter produces a pure NOON state with N=2. Only one exit
beam is directed to a Young’s double slit. Does the interference pattern
correspond to a wavelength A or to A/2?
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GOAL.:

Two photon A/2 interference

However, the same effect with reduced contrast
was also observed from a chaotic light source,

indicating that this could also be done with

synchrotron x-rays.
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Diffraction filtering of NOON states?

single:  sinO,,0= A,/2d5y
biphoton: sinB,;,=A,/4d,,
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How can these entangled x-rays interact with entangled materials?

To study qguantum magnets, must couple x-rays to conduction/valence electron spins.
X-rays don’t couple much to these outer electrons...

BUT they do when the energy matches L shell binding energies

o 0w >

. S0 do magnetic x-ray scattering at these characteristic energies

Resonant Magnetic X-ray Diffraction

Quantum magnet containing element between gadolinium (Z=64) and gold (Z=79); includes
Ho, Er, Yb, Os, Ir.

20

BazNaOSOG lc 18 F N'\:1R Ref.[21i nematic
—o—Ts
Forexample, Ba,NaOsOy: " o=,
. / b E orthorhombic
(from Zahir Islam) 0 2¢etY o .. = 12 . o)

£10F paramagnet -

specific heat -

®
.1
(
(%]
m
M
¢ O
Il
g o
o N A O
*.
\l('

_*_Ts

®0 1 —8—=T,
EFG=0 @ @ Na i . . . .
8 14 16

14



How would entanglement in a material be identified?

A. Phenomenological:
* observe behavior of resonant magnetic Bragg peaks vs x-ray

entanglement.

B. Theory-driven:
* Develop entangled x-ray scattering from entangled dimer, equivalent to

Irfan’s entangled neutron model.
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Special thanks to APS-U collaborators Diego Casa,
Jungho Kim, and Thomas Gog.

Thanks! Questions?
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