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microscope to see the checkerboard pat-
tern directly, that option wasn’t available 
to the USTC researchers. Instead, they 
used Bragg scattering to measure the 
spin ordering in their 3D lattice, similar 
to how x-ray scattering probes the order-
ing of atoms in a real crystal.

Figure 2 shows one of their experi-
ments that studied the antiferromagnetic 
phase transition. Panel a is a sketch of the 
system’s phase diagram in terms of en-
tropy (related to temperature) and the 
particle density n; the antiferromagnetic 
phase forms a symmetric dome on either 
side of the half-filled state n = 1. The se-
ries of blue dots shows how the research-
ers tuned n to probe a slice of phase space 
that cuts through the antiferromagnetic 
dome.

Panel b shows the USTC researchers’ 
measurements of the spin structure fac-
tor S, which quantifies how well-ordered 
the spins are. Near n = 1, S is large, as 
expected of an antiferromagnetic phase. 
But outside of the phase boundaries, 
which the researchers estimate to lie 
somewhere in the gray bands, S doesn’t 
abruptly drop to zero. Rather, it tails off 
with a power-law dependence.

The power law is defined by a critical 
exponent, and there are only a few val-
ues the exponent could plausibly take. A 
wide variety of seemingly disparate 
physical systems fall into a small number 
of universality classes, each with its own 
characteristic scaling behavior (see Phys-
ics Today, July 2023, page 14). The FHM 
is thought to belong to the same univer-
sality class as the 3D Heisenberg model, 
which would give it a critical exponent 
of 1.396. But that’s never been confirmed, 
because the FHM phase transition had 
never been observed before.

When the researchers drew a line 
with slope −1.396, they found that it 
agreed reasonably well with their data 
in the log–log plot in figure 2b. Impor-
tantly, though, the experiment doesn’t 
constitute a measurement of the critical 
exponent. “Accurately determining the 
critical exponent of a power-law func-
tion requires making measurements 
over several orders of magnitude,” ex-
plains Yao. “In our current work, we did 
not fulfill that condition. But in the fu-
ture, we hope to determine the value 
precisely.”

Your move
Pan, Chen, Yao, and colleagues have 
performed the most quantitative and 
informative FHM experiment to date, 
but there’s much more to be done. The 
superconducting phase, if it exists, lies at 
temperatures even lower than the re-
searchers have achieved, and they’ll 
need further experimental improve-
ments to access it.

If and when researchers do reach the 
superconducting phase, the next step 
will be to perform detailed experiments 
to try to uncover the mechanism by 
which the fermionic particles combine 
into bosonic pairs that condense into a 
superfluid. Part of the reason that cu-
prate superconductivity has been so 
enigmatic is that there’s no way to tune 
individual properties in isolation. Just to 
change the charge-carrier density, for 
example, it’s necessary to make a new 
sample with a different chemical compo-
sition, which changes other properties in 
tandem.

In the FHM, on the other hand, chang-
ing the particle density is as straightfor-
ward as reloading the lattice with more 

or fewer atoms. Other parameters can be 
tuned too, including those that take the 
model beyond the classic FHM to simu-
late effects such as phonons or spin fluc-
tuations. By testing how each parameter 
does or doesn’t contribute to supercon-
ductivity, researchers could finally un-
cover the mysterious electron-pairing 
mechanism.

But understanding superconductiv-
ity isn’t the only goal. Strongly correlated 
electron systems give rise to many other 
physical phenomena, some of which 
show up in the FHM at the temperatures 
researchers can achieve already. “Due to 
the difficulty in numerical calculations, 
little is currently known about the 3D 
FHM at low temperatures and away 
from half filling,” says Yao. “Mapping 
out its phase diagram is important in its 
own right.”

And the USTC group won’t be the 
only one working on the FHM. Box 
traps, the key to lowering the quantum 
gas’s entropy and temperature, are an 
established technology, so now that 
their importance for creating low-
entropy gases is known, other groups 
can start using them too. The diffractive 
optical elements used to create the flat-
top beams were custom designed, but 
similar products are available commer-
cially. “It will absolutely be possible 
for other groups to replicate these re-
sults,” says Hulet. “Pan’s group is ahead 
of everybody else, but only by a few 
months.”

Johanna Miller
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A titanium:sapphire laser on a chip

A standard tool in optics labs, 
titanium- doped sapphire lasers are 
valued for their ability to be pre-

cisely tuned across a wide wavelength 
range. In Stanford University’s Na-
noscale and Quantum Photonics Lab, led 
by Jelena Vučković, researchers use ta-

bletop Ti:sapphire lasers to excite artifi-
cial atoms in solid-state quantum optics 
experiments.

But the lasers typically require a 
bulky, expensive, high-power pump 
laser. And the Vučković group, like 
many others, require only a fraction of 

the Ti:sapphire’s output power: The 
researchers in the Nanoscale and 
Quantum Photonics Lab often end up 
attenu ating the laser from watts to 
microwatts.

Dissatisfied with the standard laser 
setup’s wasted power, high cost, and 
other shortcomings, the Stanford re-
searchers saw an opportunity to minia-
turize. Vučković is no stranger to shrink-
ing lab components: She and members of 

The miniaturized laser has a lowered output power suited 
for many applications without sacrificing stability and 
tunability.



 SEPTEMBER 2024 | PHYSICS TODAY  15

her team had previously collaborated on 
the construction of a particle accelerator 
on a chip.1

Taking advantage of recent improve-
ments in integrated photonics, the team 
has now scaled down the laser to an 
on- chip platform in which the light 
passes through a waveguide amplifier 
fabricated from a Ti:sapphire film.2 Al-
though it is only a first iteration, the 
smaller laser is a better match to the 
power, stability, and tunability needs of 
Vučković’s lab and presumably those of 
many others.

Why Ti:sapphire?
Developed in the 1980s, Ti:sapphire la-
sers are solid- state lasers that can oper-
ated in continuous or pulsed mode. A 
high- power pump laser— the 10 kg one in 
Vučković’s lab costs around $100 000—is 
directed through a crystal of Ti:sapphire, 
which serves as the gain medium. A 
pump laser of sufficient power excites 
the Ti atoms to generate lasing at a differ-
ent, longer wavelength.

Sapphire doped with Ti3+ ions has the 
largest gain bandwidth of any laser crys-
tal, which allows for a broad wavelength-
tuning range of 650–1100 nm and the 
generation of pulses as short as 5 fs. In 
their pulsed mode, Ti:sapphire lasers 
reach powers that are 100 times as great 
as those of dye lasers. The laser’s com-
bination of flexibility and power has 
been crucial for advancements in two-
photon microscopy and optical fre-
quency combs.

Previous attempts to scale down 
Ti:sapphire lasers have been only par-
tially successful. In 2023, researchers at 
Yale University bonded Ti:sapphire 
material onto a silicon nitride photonic 
chip, but only a small portion of the 
optical field was inside the gain mate-
rial. That partial overlap led to higher 
lasing thresholds and milliwatt output 
powers that are not well matched for 
many common experimental needs. 
Moreover, the lasers were not designed 
to be tunable, which severely limited 
their potential applications.3

Integrating photonics
The device developed by Vučković’s 
group is built on a thin- film monocrys-
talline sapphire-on- insulator photon-
ics platform. High-quality crystalline 
Ti:sapphire isn’t easily grown in a thin, 
uniform layer atop anything other than 

sapphire. Growth on a different mate-
rial results in a lattice mismatch, and the 
imperfections in the crystalline struc-
ture prevent the attainment of the de-
sired laser properties. So instead, the 
Stanford researchers start with a bulk 
material: a uniform wafer of approxi-
mately 0.5-mm-thick Ti:sapphire. The 
wafer is bonded to the sapphire (the 
translucent rod seen in figure 1) using 
silica as a glue before the wafer is 
ground and polished down to 450 nm.

Once the Ti:sapphire layer is 
thinned, it needs to be etched to create 
a waveguide, illustrated in figure 2, that 
serves as the laser cavity. The spiral 
waveguide, seen in figure 3, keeps the 
light inside the lasing medium for lon-
ger, thereby amplifying the light, than 
if the light had taken a straight path. 
Sapphire’s hardness makes waveguide 
etching a difficult and often long pro-
cess. So the researchers developed a 
pattern- transfer method that uses an 
electron- beam photoresist and a chro-
mium mask that can withstand the li-
thography process.

In tabletop Ti:sapphire lasers, the 
pump and lasing modes only partially 
overlap, which limits the pumping effi-
ciency and increases the pump- power 
requirements. But the on- chip wave-
guide achieves a near- perfect overlap 
between the pump and lasing modes, 
which increases the efficiency of the 
system and allows the laser threshold to 
be reached with a lower- power pump 
laser.

The laser developed by the Vučković 
group has a spiraling waveguide with a 
footprint of only 0.15 mm2, and it can be 
pumped with an off-the- shelf 110 mW 
green laser diode. Tuning the laser 
across the whole 650–1100 nm range is 
achieved via an integrated microheater 
that changes the index of refraction and, 
hence, the resonance wavelength.

Laser technology for all
For now, the new laser operates only in 
continuous- wave, nonpulsed mode. It 
uses a basic $37 pump laser—three or-
ders of magnitude cheaper than full-
sized pump lasers—that only weighs a 

FIGURE 1. A SAPPHIRE ROD holds a whole array of mini lasers, seen here leaning 
against a titanium:sapphire block. The mini lasers, each with up to milliwatt output 
power, are better for applications that require simultaneous control of many emitters 
at disparate frequencies. (Adapted from ref 1.)
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few hundred milligrams and delivers 
the few milliwatt output power 
needed. Vučković and her team have 
demonstrated that the laser is good 
enough to start using in their research 
experiments.

The inventors of the original Ti:sap-

phire laser didn’t file a patent. The 
open technology and lack of legal com-
plications allowed Vučković and her 
lab to improve on the design. Now 
Joshua Yang, one of Vučković’s stu-
dents and the first author of the paper, 
is starting a company to develop and 

distribute the tiny laser and ampli-
fier technology.

Meanwhile, Vučković and her 
group continue innovating on 
the design of their laser. Priorities 
include increasing the coupling 
efficiency from the current 16% 
and developing a pulsed version. 
Other plans include achieving 
better thermal stability based on 
the placement of the heater and 
achieving increased laser fre-
quency stabilization.4

Jennifer Sieben
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FIGURE 2. MINIATURE TITANIUM:SAPPHIRE LASERS are fabricated on a 
rectangular rod of sapphire. A thin layer of Ti:sapphire is connected to an 
intermediate layer of silica. The spiral shape of the waveguide etched from the 
Ti:sapphire layer increases the laser gain, and thus the output power, for a given 
chip size. Lasers with waveguide lengths of 3 mm and 8 mm have been constructed. 
(Illustration by Freddie Pagani.)
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Tenure-track Faculty 
Positions in Experimental 
and Theoretical Physics

The Department of Physics invites applications 
for several tenure-track faculty positions at the 
Assistant Professor level. An applicant must 
possess a PhD degree in physics or related 
field and provide evidence of strong research 
productivity. Appointment at Associate Professor 
level or above will also be considered for 
candidates with exceptional records of research 
excellence and academic leadership. 

We seek candidates in experimental quantum 
matter and quantum information, including 
quantum and low-dimensional materials , 
materials with strong electronic correlations, cold 
atoms, quantum optics, and quantum enabled 
technologies. The theoretical areas targeted are 
quantum science (preferably with a focus on 
atomic, molecular, or optical methods), statistical 
physics, neural networks, and data analytics. 
Candidates are also sought in experimental and 
theoretical wave functional materials and soft and 
living matter.

Appointees are expected to assume teaching 
responsibilities for undergraduate and graduate 
courses, and to conduct vigorous research 
programs. Fur ther information about the 
Department is available at http://physics.ust.hk. 

Starting salary will be highly competitive and 
commensurate with qualifications and experience. 
Fringe benefits including medical and dental 
benefits, annual leave and housing benefits will be 
provided where applicable. The initial appointment 
prior to tenure will normally be on three-year 
contract terms. A gratuity will be payable upon 
successful completion of a contract.

Application Procedure 

Applicants should submit their application 
including CV, cover letter, complete publication list, 
research statement, teaching statement, and three 
reference letters, via AcademicJobsOnline.Org at 
https://academicjobsonline.org/ajo/jobs/16290. 
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FIGURE 3. THE SPIRALING 8-MM-LONG 
WAVEGUIDE in a titanium:sapphire laser. The 
longer the waveguide, the longer the light 
interacts with the Ti:sapphire and can be 
amplified. (Adapted from ref 1.)


