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A terahertz-driven non-equilibrium phase transition
In a room temperature atomic vapour
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There are few demonstrated examples of phase transitions that may be driven directly by
terahertz frequency electric fields, and those that are known require field strengths exceeding
1MV cm~1. Here we report a non-equilibrium phase transition driven by a weak (<1V cm™1),
continuous-wave terahertz electric field. The system consists of room temperature caesium
vapour under continuous optical excitation to a high-lying Rydberg state, which is resonantly
coupled to a nearby level by the terahertz electric field. We use a simple model to understand
the underlying physical behaviour, and we demonstrate two protocols to exploit the phase
transition as a narrowband terahertz detector: the first with a fast (20 ps) non-linear
response to nano-Watts of incident radiation, and the second with a linearised response and
effective noise equivalent power <1pW Hz=2. The work opens the door to a class of
terahertz devices controlled with low-field intensities and operating in a room temperature
environment.
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hase transitions consist of sharp changes in the macroscopic

properties of a physical system occurring upon the smooth

variation of an external driving parameter (for example
temperature, electric/magnetic field, etc.). The technological
applications of phase transitions are diverse, ranging from the
storage of energy as latent heat!, to the action of shape memory
alloys®. However, phase transitions directly induced by terahertz
frequency radiation are rare. Known examples either
require electric fields of order 1 MV cm™! that can only be cre-
ated transiently using pulsed sources>4, or rely on heating from
the terahertz radiation to drive the phase transition indirectly”.
Here, we report a non-equilibrium phase transition driven
directly by a weak, continuous wave (CW) terahertz frequency
field (<1 V cm™1), six orders of magnitude smaller than required
in other work34,

The system described in this work consists of an atomic vapour
under continuous optical excitation to an energy level with large
principal quantum number #, a so-called Rydberg level. Phase
transitions in such non-equilibrium Rydberg systems have been a
subject of recent experimental®-® and theoretical®~!! interest. The
Rydberg phase transition induces optical bistability® and has been
associated with the presence of an Ising-like critical point in
parameter space!?, while the bistability can be interpreted as a
hysteresis cycle across an underlying first-order line!®!4. In these
systems, the laser driving decouples the internal atomic degrees of
freedom from the thermal fluctuations, ensuring that the elec-
tronic configuration of the atoms does not reflect the temperature
of the vapour.

The abrupt changes in system properties in response to a weak
terahertz field make our non-equilibrium system applicable as a
sensitive room temperature terahertz detector!”. Terahertz devices
have seen rapid development in recent decades!®, with new
technology based on media from super-conducting!” and semi-
conducting!® solids to atomic vapour!®-21, However, the traceable
calibration of terahertz detectors, typically using cryogenic bol-
ometers, still yields substantial uncertainties??. Measurements of
atomic properties are readily reproducible, and therefore lend
themselves naturally to measurement standards. Rydberg atoms
were first used to read out mm-waves (~300 GHz) three decades
ago in beam-line experiments using field ionisation and sub-
sequent ion detection as the Rydberg sensor?3. Since then practical
techniques have progressed significantly, most notably through
the coherent optical detection of Rydberg states’*, allowing
coherent control of Rydberg states in compact, room temperature
vapour cells?®>. These developments have facilitated precision
microwave and mm-wave electrometry?1:26-28, where Rydberg
atom techniques promise to provide an SI traceable standard.

Here we use a weak, continuous wave (CW) terahertz-
frequency field to drive the Rydberg phase transition, and show
that the phase transition has the potential to enhance the sensi-
tivity of Rydberg microwave detectors, extending the spectral
range further into the terahertz band (~650 GHz).

Results

Experimental setup. Our experimental system is outlined in
Fig. 1a. The atoms of a thermal caesium vapour are continuously
driven to the 21P;, Rydberg energy level using a three-step
ladder laser excitation scheme?®, consisting of probe, coupling
and Rydberg lasers (Methods section). The vapour is monitored
by photographing optical atomic fluorescence and by measuring
the transmitted probe laser power, p, which increases when atoms
are shelved in long-lived Rydberg levels or ionised30. We use the
parameter t=(p — po)/po to indicate the fractional change in
transmitted laser power, where p, is the probe laser power
transmitted when the Rydberg laser is far off resonance.

By controlling the frequency and intensity of the Rydberg laser,
the vapour can be prepared in either of two distinct steady states.
The first, which we refer to as ‘Off, is characterised by the
emission of weak green atomic fluorescence (Fig. 1b) and low
probe laser transmission; the second, which we refer to as ‘On’,
corresponds to increased probe laser transmission, and bright
orange fluorescence (Fig. 1c). The bright orange fluorescence is
due to optical decay from a large selection of Rydberg levels,
indicating re-distribution of the atomic population®?!. As the
Rydberg laser frequency is scanned we see hysteresis in the
response, and the system undergoes abrupt changes as it switches
from one state to another (Fig. 1d)%8. Denoting positive (blue)
laser detuning from the atomic line by Ag/27, the transitions from
Off-to-On and On-to-Off occur at Ag=A, and Ax=A_
respectively, making the system bistable for A_ <Ag <A,.

The response is strongly modified when a continuous-wave
terahertz-frequency electric field is applied to the vapour. The field
has a frequency of 0.634 THz and resonantly couples the 21P;/,
Rydberg state to the neighbouring 2185, level. In particular, when
the terahertz field is introduced the bistablity window shifts to a
new range, A’_ <Ag <A’,, as shown in Fig. 1d. We define shift
parameters, §_ =A’_ —A_and §, =A’, — A, and we note that
in the example shown in Fig. 1d the hysteresis window shifts and
narrows, 0, <J_<0.

In order to demonstrate the terahertz field driving the phase
transition directly, we set the laser frequency to the value
denoted by the vertical dashed line in Fig. 1d, and hold all
parameters constant while the terahertz electric field amplitude
is varied. The vapour is initialised in the ‘Off state at zero
terahertz field amplitude, and Fig. 1e shows the response as the
terahertz field amplitude is slowly ramped up and then back
down again. As the terahertz intensity increases we initially
observe a quadratic rise in laser transmission (linear with
intensity), before the system switches to the ‘On’ state, indicated
by an abrupt increase in t. When the terahertz intensity is
decreased again the vapour returns to the ‘Off state (accom-
panied by another sharp change in t), completing the full
hysteresis cycle. The response of the system to sudden changes
was observed to slow down close to the threshold intensity, in a
manner which is qualitatively similar to that previously reported
in Carr et al.%. The hysteresis cycle constitutes a strongly non-
linear response of the system to the weak terahertz-frequency
electric field.

To characterise the system we map the optical response to
the terahertz field in the Rydberg laser- and terahertz-detuning
{Ag, At} plane for a selection of terahertz field amplitudes (Fig. 2).
We describe the response by considering the regions in parameter
space where the system is bistable. When the terahertz field is
blocked (Fig. 2a), the bistability region is, as expected, independent
of the terahertz field detuning. At intermediate terahertz field
strength (0.15Vcm~!, Rydberg transition Rabi frequency
Q7 /2m = 31 MHz) the bistable parameter space is deformed,
and we see that 6, <0 for Ar > Ag and 6. > 0 for At < Ay (Fig. 2b).
When the field is 0.23 V.em™! QP /27 = 48 MHz the bistable
parameter space is split into two separate regions (Fig. 2¢), and we
note that bistability becomes absent for all A = Ag. The Rydberg
transition Rabi frequency is recorded in a separate in-situ
measurement of Autler-Townes splitting?®3! (Methods).

Mean-field model. A full simulation of the microscopic dynamics
involved in the phase transition is computationally unfeasible;
however, previous work has been able to qualitatively describe the
Rydberg phase transition using a mean-field model®’. Here we
use a similar model to capture the response of the system to
the terahertz field (the full details of which are available in the
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Fig. 1 Experiment overview. a Experiment layout: A room temperature caesium vapour is continuously excited to a Rydberg energy level by laser driving,
and manipulated by a co-axial THz field. The vapour is monitored by measuring laser transmission and atomic fluorescence. b, ¢ Photographs of the atomic
vapour when it is in the ‘Off' b and ‘On’ ¢ steady states. The scale bars are each 500 pm long. d Laser transmission with cycled laser detuning: The
hysteretical system response (blue) is altered by the addition of a continuous wave terahertz field with amplitude 0.26 V. cm~ (red). The frequency
detuning range for which the response is bistable {A_ < Agr <A} shifts to {A’_ < Ag < A’.}, and the shift is parameterised by 6. (defined in text). e Laser
transmission with cycled terahertz power: The laser detuning is held at —145 MHz (vertical dashed line in d). The abrupt changes in laser transmission
corresponds to the system switching between the 'Off" and ‘On’ phases (inset photographs). In d and e the grey arrows indicate the sense of change of the
Rydberg laser detuning and the terahertz electric field amplitude, respectively

Supplementary Note 1). For simplicity, we start from the optical-
Bloch equations for a single atom, and we label |0) the ground state,
and |R) and |T) the two Rydberg energy levels, coupled by the THz
field (Fig. 2d). As a first approximation we neglect the two inter-
mediate states used in the experimental ladder excitation scheme,
and consider a direct effective coupling between |0) and |R). The
coherent part of the evolution is described (in a rotating-wave
approximation) by the Hamiltonian
N ToN

H= = Jor +7T‘7RT + h.c.| — Drogg — Dyropr (1)

with Qg(ry the effective Rabi frequency of the laser (terahertz field),
Dg(r) the corresponding detuning, Dry = Dr — Dy, and 0,4, = |a)(b]|
with a, b € {0,R,T}. For the dissipative part, we phenomenologically
describe depletion from the excited state |R) — |0) (|T) — |0)) ata
rate I'y (I'r). In the following, we set I'y =Tt =T, although the
qualitative results of the simulation do not rely on this assumption.
An observable O then evolves according to the Lindblad equation
O=i[H,0l + 3, 1 LLOL, — {LiL,, O} /2, where the jump
operator L, = /T 0,

In recent experimental work evidence that the feedback
mechanism responsible for the bistable behaviour derives from
ionised Rydberg atoms was reported®. The study suggests that ions
created by inter-atomic collisions generate electric fields within the
vapour, which in turn alter the Rydberg excitation rate through
Stark shifts of the atomic energy levels. To model the effect of
ionisation we assume that a fixed fraction gr(t)/(1 + gr(t)) of the
atoms in energy level |[R(T)) spontaneously ionises, producing an
ion density #ions = gr (Orr) + gt {orT) Of ions. We include mean-
field shifts of the Rydberg levels |[R(T)) in proportion to the ion
density, which can be reabsorbed in the detunings via appropriate
rescalings

Dp — Dy = Dy — agn

ions? (2)
Dyt — Dip = Dyr — agn

ions»

where the coefficient ag(ry is proportional to the polarisability of
the |[R(T)) energy level. We note that the 21S,,, state represented

by |T) is almost 20 times less polarisable than the 21Ps/, state
represented by |R) 32, and so we make the approximation ar = 0.

As an order parameter, we focus on the density of excited
atoms N = (ogr) + (0rr), which should provide an effective
qualitative comparison to the experimental data, as the
transmission ¢ monotonically increases with the number of
atoms shelved in the Rydberg energy levels®). The procedure we
use to estimate N is described in the Supplementary Note 1 and
consists of obtaining from the Lindblad equation the evolution of
spin observables, replacing the detuning with the effective values
in Eq. (2) and solving self-consistently for (orr) and (orr). The
calculation results are shown in Fig. 2e-g, and we note that the
model reproduces several important features of the experimental
data: first, the bistability region appears at negative laser
frequency detuning (Ag <0); second, the split in the bistability
window occurs around the condition Az = At and; third, the
upper bistability branch experiences a negative shift (6. <0),
whereas the lower one a positive shift (d. >0). The match was
obtained via a numerical scan of the parameters, and the plots in
Fig. 2 correspond to argr = — 8.3 and aggr = —5 in units of T.

The underlying mechanism leading to Rydberg bistability has
been a subject of debate. In cold atom ensembles the atomic
energy level shifts that lead to Rydberg blockade (or anti-blockade
in the opposite case)>3-3% are caused by dipole interactions, and
this mechanism was initially invoked to explain the collective
behaviour responsible for the vapour phase transition®. However,
according to a recent work3’, pure van der Waals interactions
among excited Rydberg atoms seem to be insufficient to support
bistability in a randomly distributed gas, even when thermal
atomic motion prevents the growth of fluctuation correlations. In
the development of the mean-field model, we trialled terms in the
equations arising from resonant dipole interactions. In the mean-
field picture, these pair-wise interactions are incorporated by
rescaling

’ o /
Dy — D’y = Dy — eng,

’ o ’
Drr — DRy = Dgpr — Y81,
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Fig. 2 Experiment and theory comparison. a-c Experimental phase maps in laser/terahertz detuning: In areas where the system is monostable (red), we
show the fractional increase in laser transmission, t (%). Where the system is bistable (blue) we show At = to,—tos, Where to, (tor) is the fractional

transmission change for the ‘On’ ('Off") state. In a, b and ¢ the terahertz electric field has amplitude {0, 0.15, 0.23} V cm™, respectively, corresponding to
Rydberg transition Rabi frequency QF**/2z = {0, 31,48} MHz. The solid black lines show the condition At = Ag, and the dashed black line in € shows the
frequency at which the laser could be stabilised in order to demonstrate a reversible latch, Ag = A, (see the Sensing applications section). d Theoretical
Model: Atoms are excited from |0) to |R) via a laser of Rabi frequency Qg and detuning Dr. A second transition takes them from |R) to |T) by means of a
terahertz field of corresponding parameters Qr and D+. Excited atoms spontaneously decay to |O) from the two levels |R) and |T) with rates TR =T1=1.
e-g Numerically calculated phase maps in laser/terahertz detuning: In areas where the system is monostable (red), we show the sum N = (ogg) + {o7T) Of
the excited energy level populations. Where the system is bistable (blue) we show AN = No,, — Nogr. The simulation parameters are fixed as follows: Qg =
1, a=—-83,f=-5y=e=0, while Qr takes the three values O (e), 0.3 (f) and 0.8 (g). All parameters are given in units of ['g = 't =T and are defined in

the text

where ¢, y are phenomenological parameters characterising the

strength of the interactions. However, when these terms are
dominant (arey <& ) the simulation does not match the
behaviour observed in the experiment. Specifically, both branches
display a positive shift . >0 and, furthermore, if y is very large
then the break in the bistability window does not occur at
Ar = Ag. This suggests that dipole interactions do not dominate
and instead ionisation plays the leading role in the feedback
responsible for the phase transition, in agreement with previous
work®. We note that the ionisation rate is dependent on vapour
pressure and hence the Rydberg phase transition is strongly
influenced by the temperature of the vapour.

Sensing applications. Room temperature atomic vapour holds
particular promise as a medium for measuring terahertz fields.
The well-known atomic properties allow for absolute calibration
to SI units?®, and rapid recent progress in Rydberg
electrometry?3839 has delivered unprecedented sensitivity in the
microwave?® and mm-waves range?. This technique has been
shown to be only limited by the shot noise of the probe laser3’,
the intensity of which needs to be kept low to avoid spectral-
broadening effects. Here, we report proof-of-principle terahertz
field measurements that harness the collective behaviour of the
vapour. Near the phase transition the abrupt changes in the
optical response of the medium provide sharp spectral features
even at high probe laser intensity, yielding a fast and sensitive
method for measuring narrowband terahertz radiation.

When configuring the system as a detector, the complexity of
the phase diagram provides the opportunity to exploit unconven-
tional measurement protocols. Cycling the terahertz intensity can

result in a complete hysteresis loop, however, this is not
necessarily the case. If the laser frequency is set so that
the system is bistable when the terahertz field has zero intensity
(A_ < AR <A,), the hysteresis loop opens and we see a latching
response (Fig. 3a). In this case f increases steadily as the terahertz
intensity is ramped up, until the system undergoes the transition
to the ‘On’ phase, giving a sharp increase in t. However, if the
terahertz field intensity subsequently returns to zero, the
transition back to the ‘Off state is absent. Instead the system
remains in the ‘On’ state for as long as the control parameters do
not drift, effectively latching in an altered state. To gain full
control of the ‘On’ and ‘Off states of the vapour using the
terahertz field alone, it would be necessary to stabilise Rydberg
laser to a detuning, A,,, that divides the two branches of the
bistable parameter space when terahertz field is at maximum
intensity (indicated by the dashed line in Fig. 2c). In this
circumstance we would expect a pulse of terahertz radiation with
Ar> Ay, to transfer the system from ‘Off to ‘On’ (as we
demonstrate with the latching detector configuration), and a
pulse with At <A, to reverse the operation, taking ‘On’ back to
‘Off.

The result of implementing the system as a latching detector is
shown in Fig. 3b. After the vapour is initialised in the ‘Off state, a
1 ms, 0.9 Wm—?2 terahertz pulse is ‘detected’ by the vapour, which
switches to the ‘On’ state. The detector is then reset some time
later by switching the laser power off for 1 ms. We present
measurements of the laser transmission, but the phase transition
is also very clear to the eye of an observer, as the vapour
fluorescence changes from pale green to bright orange (Fig. 1b, c).
The 1 ms gate time of the terahertz pulse was as short as we could
achieve with our equipment, however, this does not reflect the
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Fig. 3 Sensing configurations. a Latching configuration: We show the laser transmission as the terahertz power is cycled (indicated by the grey arrows).
Once a critical terahertz intensity has been exceeded the system latches in the ‘On’ state characterised by increased laser transmission. b Latching detector
protocol: Having initialised the system in the ‘Off state, a 1ms, 0.9 Wm~2 terahertz pulse is ‘detected’ and flips the system from ‘Off' to ‘On’. The system
remains in its altered state until the system is reset by cycling the laser power. ¢ Latching response time: We show the same latching response on a
microsecond timescale. Although the terahertz pulse is constrained to last Tms we see that the vapour takes only 20 ps to respond. d Frequency shift of
bistability boundaries: The frequency shifts 5, (blue), 6_ (red) and £ =5, + §_ (green) each show a linear dependence on the THz intensity. The error
bars show the statistical uncertainty (standard deviation) in the mean of 10 or 11 repeated measurements, each lasting 1ms

response time of the vapour. When the terahertz field is
introduced, the vapour takes only 20 ps to switch to the ‘On’
state (Fig. 3c), indicating that a short period of weak illumination
by terahertz radiation can permanently alter the collective state of
the system. Taking the sensitive area as the probe laser beam cross
section (1/e% radius 60 pum), we calculate that a minimum
terahertz pulse energy =2001] is required to latch the vapour.
A linear detector attempting to time the arrival of a single 200 {],
20 ps pulse would require a minimum bandwidth of 50 kHz and a
maximum noise equivalent power (NEP) of 50 pWHz /2, These
requirements can be met comfortably by cryogenically cooled
terahertz detectors®!, but stretch the ability of even high-
performance room temperature devices*2~4>. Further work
stabilising the Rydberg laser frequency to an atomic reference
would allow the vapour to be biased closer to the phase transition,
and therefore require a lower terahertz field intensity to latch the
system.

Finally we show how to implement a detector with linear
response, which—beyond speed and high sensitivity—is often a
desirable property. To linearise the detector output we demonstrate
a separate protocol, making use of the frequency shift of the laser
detuning range for which the vapour is bistable. The terahertz field
intensity is measured in situ by reading out Autler-Townes splitting
induced by the terahertz field?®3!, and we repeatedly scan the
Rydberg laser detuning (1 ms per cycle) and read A’, from each
scan. The shifts §,, §_ and £ =§, + §_ are then calculated using a
reference measurement of A,. With the terahertz detuning set to
Ar/2m=-91 MHz such that Ay >A_, we show the dependence of
the shifts on the terahertz intensity in Fig. 3d (error bars show the
standard error in the mean of repeated measurements). The
frequency shifts follow a linear relationship with intensity, and by
fitting straight lines constrained to pass through the origin*® we
deduce slope coefficients, m; 5, which we combine with the
average error of the data points, ¢ and the measurement time, 7, to

find an effective intensity NEP, \/76/my = 48 +3 yWm >Hz /2,
Taking the detector area as the probe laser beam cross section yields
NEP <1 pWHz!/2, though it is not clear how the noise will scale
with the laser beam area. Consecutive measurements at 2ms
intervals show no correlation, indicating that the noise present in
the system is white in character. We note that the sensitivity of the
detector to electric fields (rather than intensity) is not suitable to
characterise the system, because the response is non-linear in the
electric field strength (E = 1/2I/¢,c). In comparison to a detector
that has a linear response to the electric field, the sensitivity of our
system is suppressed for small fields but enhanced for strong fields.

In conclusion, we have demonstrated a phase transition in a
thermal atomic vapour driven by a weak («1 Vm~!) terahertz-
frequency electric field. The necessary field strength is smaller
than reported in other systems by over 6 orders of
magnitude®4. The strong, non-linear response is due to both
the inherent inter-particle interactions in the vapour, and the
large electric dipole coupling between the Rydberg atoms and
the terahertz-frequency field. Non-linear effects induced by
terahertz fields have been extensively studied?’, with applica-
tions ranging from non-linear spectroscopy*® and high-
harmonic generation*?, to the search for ferroelectric domain
switching®. Yet such demonstrations rely on high intensity
pulsed terahertz sources. By working in the vicinity of a phase
transition we have shown a non-linear response to terahertz
radiation in the CW regime, including permanent alteration of
the state of the system.

The system can be configured as a narrowband terahertz
detector, already showing performance comparable to state-of-
the-art room temperature terahertz detectors*!. While the
system would not be suitable for broad-band terahertz sensing,
transitions between different Rydberg states span the terahertz-
frequency spectrum?!, and a detector could be ‘tuned’ to any of
these frequencies by changing the Rydberg state to which the
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Table 1 Experimental parameters
Unit  Figs.1,3a-c  Fig. 2  Fig. 3d

Vapour temperature °C 71 77 71
Probe laser 1/e2 radius mm 0.06 0.03 0.03
Coupling laser 1/€2 radius ~ mm 0.05 0.10 0.10
Rydberg laser 1/e2 radius mm 0.06 0.13 0.13
Probe laser power pW 40 70 30
Coupling laser power pW 60 30 140
Rydberg laser power mW 330 310 410

atoms are driven. In general higher energy Rydberg states
would require more laser excitation power and correspond to
lower terahertz frequencies, but result in stronger interactions
(faster ionisation and stronger polarizability). We anticipate
further applications combining the phase transition with
Rydberg electrometry?® and Rydberg-fluorescence terahertz
imaging?!.

Methods

Atomic vapour. The caesium is contained in a quartz cell, with laser path length of
2 mm. The temperature of the vapour is stabilised around 70 °C using a servo
circuit controlling either of two ovens which encase the glass cell, one constructed
from stainless steel, the other from Teflon. The vapour temperature is inferred by
measuring the transmission spectrum of the probe laser®!.

Laser excitation. We use a three-step excitation process to excite caesium atoms to
the Rydberg state. The probe laser (852 nm) excites atoms to the 6P, state, and
the coupling laser (1470 nm) takes the atoms from the 6P5; state to the 7S,,,. Both
the probe and coupling lasers are stabilised to the atomic resonances using
polarisation spectroscopy’2. The Rydberg laser (799 nm) is tuned to the 7S;; to
21P5, state transition, and is stabilised to a reference etalon. All three laser beams
are co-axial and the Rydberg laser propagates in the opposite sense to the probe
and coupling beams, minimising the 3-photon Doppler shift due to atomic motion
through the optical fields.

Terahertz beam. The terahertz beam (0.634 THz) is generated from a microwave
signal using an amplifier multiplier chain (AMC), manufactured by Virginia
Diodes Inc. The beam is linear polarised to match the polarisation of the Rydberg
laser and couples the 21P;, state to the 21S;, state. The terahertz beam propagates
along the axis of the laser beams. We reference the terahertz field amplitude by
making a direct, in-situ measurement of the Rabi-driving frequency of the Rydberg
transition driven by the terahertz field. Combining the Rabi frequency with
knowledge of the atomic dipole matrix element3? then allows a calculation of the
field amplitude. The measurement is performed by setting the terahertz field
detuning to zero (At = 0) and reading out the frequency interval between a pair of
spectral features in the probe laser transmission (Autler-Townes splitting®!). The
result is an absolute measurement of the electric field amplitude, which can be
traced directly to fundamental units.

Automated control. The main experimental parameters (power and detuning of
the Rydberg laser and terahertz beams) are controlled from a computer using a
LabView program. The microwave source and terahertz AMC are controlled
directly through their respective interfaces, and the Rydberg laser frequency is
controlled in two ways: For slow frequency scans (Figs. 1, 2 and 3a) the computer
scans the reference etalon to which the Rydberg laser frequency is stabilised. For fast
frequency scans (Fig. 3d) an acousto-optic modulator (AOM) is used instead,
however, the range is limited to <100 MHz. The power of the Rydberg laser is
controlled using the same AOM. The automated control allowed fast data collection,
permitting the data shown in Fig. 2 to be recorded in only a few minutes. The data
were recorded on separate occasions, with parameters summarised as shown in
Table 1.

Data availability
All data are available at the Durham University Collections database at https://doi.org/
10.15128/r2s1784k74g.

Received: 6 March 2018 Accepted: 16 July 2018
Published online: 03 September 2018

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sharma, A., Tyagi, V., Chen, C. & Buddhi, D. Review on thermal energy
storage with phase change materials and applications. Renew. Sustain. Energy
Rev. 13, 318-345 (2009).

Jani, J. M., Leary, M., Subic, A. & Gibson, M. A. A review of shape memory
alloy research, applications and opportunities. Mater. Des. 56, 1078-1113
(2014).

Liu, M. et al. Terahertz-field-induced insulator-to-metal transition in
vanadium dioxide metamaterial. Nature 487, 345-348 (2012).

Thompson, Z. J. et al. Terahertz-Triggered Phase Transition and Hysteresis
Narrowing in a Nanoantenna Patterned Vanadium Dioxide Film. Nano. Lett.
15, 5893-5898 (2015).

Prober, D. E. Superconducting terahertz mixer using a transition edge
microbolometer. Appl. Phys. Lett. 62, 2119-2121 (1993).

Carr, C,, Ritter, R., Wade, C. G., Adams, C. S. & Weatherill, K. J.
Nonequilibrium Phase Transition in a Dilute Rydberg Ensemble. Phys. Rev.
Lett. 111, 113901 (2013).

de Melo, N. R. et al. Intrinsic optical bistability in a strongly driven Rydberg
ensemble. Phys. Rev. A. 93, 063863 (2016).

Weller, D., Urvoy, A., Rico, A., Léw, R. & Kiibler, H. Charge-induced optical
bistability in thermal Rydberg vapor. Phys. Rev. A. 94, 063820 (2016).

Lee, T. E., Haffner, H. & Cross, M. C. Collective quantum jumps of Rydberg
atoms. Phys. Rev. Lett. 108, 023602 (2012).

Lee, T. E., Hiffner, H. & Cross, M. C. Antiferromagnetic phase transition in a
nonequilibrium lattice of Rydberg atoms. Phys. Rev. A. 84, 031402 (2011).
Hu, A, Lee, T. E. & Clark, C. W. Spatial correlations of one-dimensional
driven-dissipative systems of Rydberg atoms. Phys. Rev. A. 88, 053627 (2013).
Marcuzzi, M., Levi, E., Diehl, S., Garrahan, J. P. & Lesanovsky, I. Universal
Nonequilibrium Properties of Dissipative Rydberg Gases. Phys. Rev. Lett. 113,
210401 (2014).

Weimer, H. Variational Principle for Steady States of Dissipative Quantum
Many-Body Systems. Phys. Rev. Lett. 114, 040402 (2015).

Weimer, H. Variational analysis of driven-dissipative Rydberg gases. Phys.
Rev. A. 91, 063401 (2015).

Raghunandan, M., Wrachtrup, J. & Weimer, H. High-Density Quantum Sensing
with Dissipative First Order Transitions. Phys. Rev. Lett. 120, 150501 (2018).
Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 1, 97 (2007).
Cherednichenko, S., Khosropanah, P., Kollberg, E., Kroug, M. & Merkel,

H. Terahertz superconducting hot-electron bolometer mixers. Phys. C 372,
407-415 (2002).

Vijayraghavan, K. et al. Broadly tunable terahertz generation in mid-infrared
quantum cascade lasers. Nat. Commun. 4, 2021 (2013).

Giirtler, A., Meijer, A. S. & van der Zande, W. J. Imaging of terahertz radiation
using a Rydberg atom photocathode. Appl. Phys. Lett. 83, 222 (2003).
Drabbels, M. & Noordam, L. D. Infrared imaging camera based on a Rydberg
atom photodetector. Appl. Phys. Lett. 74, 1797 (1999).

Wade, C. G. et al. Real-time, near-field terahertz imaging with atomic optical
fluorescence. Nat. Photonics 11, 40-43 (2017).

Werner, L. et al. Towards traceable radiometry in the terahertz

region. Metrologia 46, S160 (2009).

Goy, P., Raimond, J. M., Haroche, S. & Gross, M. Small and sensitive systems
interacting with millimeter and submillimeter waves: Rydberg atoms in a
cavity. J. Appl. Phys. 56, 627-633 (1984).

Mohapatra, A. K., Jackson, T. R. & Adams, C. S. Coherent Optical Detection
of Highly Excited Rydberg States Using Electromagnetically Induced
Transparency. Phys. Rev. Lett. 98, 113003 (2007).

Kiibler, H., Shaffer, J. P., Baluktsian, T., Low, R. & Pfau, T. Coherent excitation
of Rydberg atoms in micrometre-sized atomic vapour cells. Nat. Photonics 4,
112-116 (2010).

Sedlacek, J. A. et al. Microwave electrometry with Rydberg atoms in a vapour
cell using bright atomic resonances. Nat. Phys. 8, 819-824 (2012).

Simons, M. T. et al. Using frequency detuning to improve the sensitivity of
electric field measurements via electromagnetically induced transparency and
Autler-Townes splitting in Rydberg atoms. Appl. Phys. Lett. 108, 174101
(2016).

Simons, M. T., Gordon, J. A. & Holloway, C. L. Simultaneous use of Cs and Rb
Rydberg atoms for dipole moment assessment and RF electric field
measurements via electromagnetically induced transparency. J. Appl. Phys.
120, 123103 (2016).

Carr, C. et al. Three-photon electromagnetically induced transparency using
Rydberg states. Opt. Lett. 37, 3858 (2012).

Thoumany, P., Hinsch, T., Stania, G., Urbonas, L. & Becker, T. Optical
spectroscopy of rubidium Rydberg atoms with a 297 nm frequency-doubled
dye laser. Opt. Lett. 34, 1621 (2009).

Autler, S. H. & Townes, C. H. Stark Effect in Rapidly Varying Fields. Phys.
Rev. 100, 703-722 (1955).

6 | (2018)9:3567 | DOI: 10.1038/541467-018-05597-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sibali¢, N., Pritchard, J., Adams, C. & Weatherill, K. ARC: An open-source
library for calculating properties of alkali Rydberg atoms. Comput. Phys.
Commun. 220, 319-331 (2017).

Ates, C., Pohl, T., Pattard, T. & Rost, J. M. Antiblockade in Rydberg Excitation
of an Ultracold Lattice Gas. Phys. Rev. Lett. 98, 023002 (2007).

Amthor, T, Giese, C., Hofmann, C. S. & Weidemiiller, M. Evidence of
Antiblockade in an Ultracold Rydberg Gas. Phys. Rev. Lett. 104, 013001 (2010).
Lesanovsky, I. & Garrahan, J. P. Kinetic constraints, hierarchical relaxation,
and onset of glassiness in strongly interacting and dissipative Rydberg

gases. Phys. Rev. Lett. 111, 215305 (2013).

Lesanovsky, I. & Garrahan, J. P. Out-of-equilibrium structures in strongly
interacting Rydberg gases with dissipation. Phys. Rev. A. 90, 011603 (2014).
Sibali¢, N., Wade, C. G., Adams, C. S., Weatherill, K. J. & Pohl, T. Driven-
dissipative many-body systems with mixed power-law interactions:
Bistabilities and temperature-driven nonequilibrium phase transitions. Phys.
Rev. A. 94, 011401 (2016).

Kumar, S., Fan, H., Kiibler, H., Jahangiri, A. J. & Shaffer, J. P. Rydberg-atom
based radio-frequency electrometry using frequency modulation spectroscopy
in room temperature vapor cells. Opt. Express 25, 8625 (2017).

Kumar, S., Fan, H., Kiibler, H., Sheng, J. & Shaffer, J. P. Atom-based sensing of
weak radio frequency electric fields using homodyne readout. Sci. Rep. 7,
42981 (2017).

Simons, M. T., Gordon, J. A. & Holloway, C.L. in Terahertz, RF, Millimeter,
and Submillimeter-Wave Technology and Applications IX, Vol. 9747 (eds
Sadwick, L. P. and Yang, T.) 97471F (SPIE, Bellingham, WA, 2016).
Sizov, F. & Rogalski, A. THz detectors. Progress. Quantum Electron. 34, 278
(2010).

Qin, H. et al. Room-temperature, low-impedance and high-sensitivity
terahertz direct detector based on bilayer graphene field-effect

transistor. Carbon116, 760-765 (2017).

He, X. et al. Carbon nanotube terahertz detector. Nano Lett. 14, 3953-3958
(2014).

Vitiello, M. S. et al. Room-temperature terahertz detectors based on
semiconductor nanowire field-effect transistors. Nano Lett. 12, 96 (2011).
Cai, X. et al. Sensitive room-temperature terahertz detection via the
photothermoelectric effect in graphene. Nat. Nanotechnol. 9, 814-819 (2014).
Hughes, I. G. & Hase, T. P. A. Measurement and their Uncertainties (Oxford
University Press, Oxford, 2010).

Leitenstorfer, A., Nelson, K. A., Reimann, K. & Tanaka, K. Focus on nonlinear
terahertz studies. New J. Phys. 16, 045016 (2014).

Elsaesser, T., Reimann, K. & Woerner, M. Phase-resolved nonlinear terahertz
spectroscopy—From charge dynamics in solids to molecular excitations in
liquids. J. Chem. Phys. 142, 212301 (2015).

Schubert, O. et al. Sub-cycle control of terahertz high-harmonic generation by
dynamical Bloch oscillations. Nat. Photon 8, 119 (2014).

Morimoto, T. et al. Terahertz-Field-Induced Large Macroscopic Polarization
and Domain-Wall Dynamics in an Organic Molecular Dielectric. Phys. Rev.
Lett. 118, 107602 (2017).

Zentile, M. A. et al. ElecSus: A program to calculate the electric susceptibility
of an atomic ensemble. Comput. Phys. Commun. 189, 162-174 (2015).

52. Carr, C,, Adams, C. S. & Weatherill, K. J. Three-photon electromagnetically
induced transparency using Rydberg states. Opt. Lett. 37, 118-120
(2012).

Acknowledgements

The research leading to these results has received funding from: EPSRC (Grants EP/
M014398/1, EP/M013103/1 and EP/M013243/1, ‘Networked Quantum Information
Technology’ Hub, NQIT); the European Research Council under the European Union’s
Seventh Framework Programme (FP/2007-2013) / ERC Grant Agreement No. 335266
(ESCQUMA); FET-PROACT project ‘RySQ’ (H2020-FETPROACT-2014-640378-
RYSQ); Durham University; and The Federal Brazilian Agency of Research (CNPq). LL.
gratefully acknowledges funding through the Royal Society Wolfson Research Merit
Award. We thank Mike Tarbutt, Andrew Gallant and Claudio Balocco for the loan of
equipment, and Nikola Sibali¢ for stimulating discussions.

Author contributions

The investigation was conceived by K.J.W. and C.S.A. The experiments were designed by
C.G.W. and ].M.K. and performed by C.G.W. The simulation was performed by M.M., E.
L. and LL. All the authors contributed to writing the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05597-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

(57 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| (2018)9:3567 | DOI: 10.1038/541467-018-05597-4 | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-018-05597-4
https://doi.org/10.1038/s41467-018-05597-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	A terahertz-driven non-equilibrium phase transition in a room temperature atomic vapour
	Results
	Experimental setup
	Mean-field model
	Sensing applications

	Methods
	Atomic vapour
	Laser excitation
	Terahertz beam
	Automated control

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




