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Collective behaviour of the components of a quantum system can significantly alter the rates
of dynamical processes within the system. A paradigmatic collective effect is superradiance, the
enhancement in the rate that radiation is emitted by a group of emitters relative to that emitted by
independent emitters. Less studied are collective effects in energy transport, notably supertransfer,
the enhancement of the rate of energy transfer from donors to acceptors due to delocalised excitations.
Despite its proposed significance in photosynthesis, there has been no direct experimental detection
of supertransfer because, in biological or molecular systems, delocalisation cannot be turned on
and off to evaluate its effect on energy transfer. Here, we show that supertransfer could be directly
observed using a quantum device based on a superconducting circuit. The programmability and
control offered by an engineered device would allow controllable delocalisation of quantum states,
giving full tunability over supertransfer. Our guidelines for engineering supertransfer could inform
the design of future quantum-enhanced light harvesters.

Collective (or cooperative) effects occur when the rates
of dynamical processes in a many-body system depend
on its components’ interactions with each other. The
first collective effect to be studied was superradiance of
a radiating gas, where the delocalisation of the system’s
wavefunction across many atoms increases the rate of
emission [1, 2]. The collective effect that is the opposite
of superradiance is superabsorption, where delocalisation
over many particles enhances the absorption rate of
radiation [3, 4], a feature that is exploited in proposed
quantum batteries [4-6].

Collective effects also occur in transport, where su-
pertransfer is the collective enhancement of transport
rates due to delocalisation [7—12]. For example, collective
transport enhancements are known in both non-radiative
energy transfer and in electron transfer, where they are
described by, respectively, generalised Forster resonant
energy transfer (gFRET) [13] and generalised Marcus
theory (gMT) [12]. The rate enhancements due to super-
transfer can improve the efficiency of energy transport
in quantum systems [14]. As a result, supertransfer
is believed to contribute to the high efficiency of light
harvesting in certain photosynthetic antenna complexes,
especially those of purple bacteria [11, 13, 15-17]. The
possible role of collective effects in photosynthesis has
inspired suggestions for using them to improve the ef-
ficiency of artificial light-harvesting devices; in fact, of
all possible coherent enhancements of light harvesting,
supertransfer is the one most likely to be achievable in
natural sunlight [14, 18, 19].

Despite its promise to enhance transfer efficiency,
there have been no direct experimental demonstrations
of supertransfer. In molecular or photosynthetic systems,
this is likely due to the impossibility of turning coher-
ent effects on and off, making it impossible to compare
normal transfer and supertransfer in the same system
to show a clear enhancement due to delocalisation.

Here, we propose an artificial quantum device that
allows tuning the delocalisation in a way that could be
used to definitively show supertransfer. Our proposal
is based on superconducting circuits, which offer pro-
grammability and precise control for studying complex
quantum phenomena [20-22]. Furthermore, we present
design guidelines to optimise energy transfer using su-
pertransfer, which could be incorporated into future
quantum-enhanced light-harvesters.

I. SUPERTRANSFER

Supertransfer [7] is the enhancement of the transfer
rate from an aggregate (or group) of donor sites to an
aggregate of acceptor sites due to coherent delocalisation
among strongly interacting donors, acceptors, or both.
In the following, we will use the language of energy trans-
fer, where the donors are initially excited and transfer
excitation energy (or excitons) to the acceptors; however,
our results hold true for other types of supertransfer, for
example of charge. The transfer rate «y is defined by the
rate of change of the acceptor population Pa,

dP,

aTtA =7Pp, (1)
where Pp is the population of the donor aggregate.

The rate v can be derived through time-dependent

perturbation theory or Fermi’s golden rule [23] when
the coupling between the donor and acceptor aggregates
is weak compared to the system-environment coupling.
We assume that donor and acceptor sites are coupled
through Hpa = 3, Vj]iA |Ax) (D] + h.c., where the
states |D;) and |Ay) describe an excitation on an indi-
vidual donor or acceptor site. The rate of transfer from
donor eigenstate |i) to acceptor eigenstate |f) is then

v == (il Hoa | N)* v(w), (2)

2m
h |
where v(w) is the density of states near |f).

Normal transfer occurs when both eigenstates |¢) and
|f) are localised on individual sites, which means that
each donor site independently transfers energy to ac-

ceptor sites. The transfer rate from localised state
|i) = |D;) to localised state |f) = |Ag) is

Yoe o |(Ar| Hpa |D;)|? . (3)

The same result is obtained if the initial donor state is
in the mixed state - p; |D;) (Dj|, assuming that all

the Vj%A are equal. In that case, the rate is

Ymix X Zp] |<Ak:‘ HDA |D]>‘2 = Yoc» (4>

J

assuming v(w) remains constant.
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Figure 1. Simplest example of supertransfer. Two

degenerate donor sites (blue) interact through a dipole-dipole
interaction (purple) with each other and with an acceptor
site (red). a) Normal transfer. An excitation transfers
from weakly coupled donor sites to the acceptor. Because of
their weak coupling, the donors are in a mixed state of |D1)
and |D2), and transfer to |A) occurs at a rate of yioc. b) The
energy diagram corresponding to (a). ¢) Supertransfer.
The excitation transfers from strongly coupled donors in
the delocalised eigenstate |+) = (|D1) + |D2)) /v/2, with a
rate 7Yaeloc. The transition dipole of |+) is larger than the
transition dipoles of local states, leading to faster transfer,
Ydeloc = 2%10c. d) The energy diagram corresponding to (c).

By contrast, supertransfer occurs between delocalised
eigenstates. To show the enhancement due to delocal-
isation, we consider an excited delocalised eigenstate of
the donor aggregate,

Np
= anj D), (5)

where Np is the number of donor sites. For example, in
a fully delocalised donor state, co; = 1/v/Np, while a
localised state (|Dj)) has cqj = 6;;. Similarly, we take
a delocalised eigenstate of the acceptor aggregate,

Na

> cpn | Ag) - (6)

k=1

|Ag) =

The transfer rate between the delocalised eigenstates
i) = |Da) and |f) = [Ap) is

an]cﬁk . (7

This rate is maximised for completely delocalised eigen-

states (ca; = 1/+/Np and cgr = 1/4/Na),

2

= NDNA’Ylocv (8)

Ydeloc X ‘<Aﬁ| HDA |D

max 1 1
’Vde?oc Yoc ;; \/mm

meaning that delocalisation can enhance the transfer
rate by a factor of NpNa over the normal transfer rate.

In general, we will describe as supertransfer any increase
in the transfer rate, i.e., any situation where

Yoc S “Ydeloc S NDNA’YIOC' (9)

The smallest system with supertransfer requires Np =
2 and Ny =1 (fig. 1), resulting in Yioc < Ydeloe < 2Vioc-
It is also possible to attain subtransfer, where the rate
can be reduced below .., potentially to zero, by the
destructive interference caused by coefficients c,; and
cpi, of opposite sign.

The transfer rate can even increase further if the
number of excitations exceeds the previously assumed
value of one. In that case the rate can scale with the
size of the system as O(NZN,) [9]. However, we do not
consider the multi- exmta‘mon case further.

The transfer rate allows us to define the transfer effi-
ciency, a key figure of merit, especially in light harvesting.
For efficient transfer, energy must be transferred to the
acceptor aggregate before it is lost to recombination pro-
cesses, which we assume to occur at some rate o5 We
define the efficiency as n = v/(v + Yioss). Supertransfer
increases 1 as it increases the transfer rate - for a given
Yoss- Another mechanism to improve efficiency is to
suppress loss rates [24, 25].

II. MODEL

To construct a demonstration of supertransfer, we con-
sider aggregates of N donors and Na acceptors, which
are all coupled to each other and to an environment,
with the Hamiltonian

H =Hp+ Ha + Hpa + Hpg + Hag + He, (10)

containing terms describing the donors (D), the accept-
ors (A), the environment (E) and their interactions
(mixed indices). Inspired by light-harvesting systems,
which are weakly excited by sunlight, we assume only
a single excitation in the system and model each donor
and acceptor site as a two-level system. Donor sites D;
have energies EP and interact through couplings Vj?,,

HszEDu) (Dl + > VP (Dy|.  (11)

J#J’

Similarly, in the acceptor site basis,

Ha =Y E}AR) (Al + D Vil [Ag) (Ap] . (12)
k k#£k'

Donor and acceptor sites interact with each other
through
Hpa = Z

The environment is modelled by coupling each site to
an independent bath of harmonic oscillators,

Hg = Z ijéajg aje + Z Zwkgakg ape,  (14)
i €

where h =1 and ait is the annihilation operator for the

Ak|+hc (13)

&th environment mode of donor j. Similarly, afﬁ is the



operator for the £&th mode on acceptor k. The system-
environment interactions are assumed to be linear,

Hpe =YY ¢%(ab% +d) D) (D],  (15)
i £

Hap =Y gielafe +and) [A,) (4] (16)
ko€

The system-environment interactions can be specified
by their spectral densities, J (w) for donors and Ji* (w)
for acceptors, where

TP (W) =Y (g5)*0(w — we) (17)

3
and similarly for J(w). The strength of system-

environment coupling is quantified by the reorganisation
energy A, defined for the jth donor as

A = / T, (18)
0

w

and similarly for acceptors. For simplicity, we assume
the reorganisation energies of the donors are the same
(AP = AP) and similarly for the acceptors (A =21).

The simplest model of supertransfer can be obtained
using classical noise, which manifests itself as time-
dependent fluctuations of site energies: EP — EjD +
SEP(t), EA — EX + 5E{f(t). Classical noise in site
energies induces dephasing in the site basis, whose effect
on transfer [20, 26] depends on its spectral density J(w);
here, we use, at each site, the Drude-Lorentz spectral
density

Jw) = 22 (19)

w? + w?’

where w, is a cutoff frequency. Additionally, we assume
an w, large compared to system frequencies, which yields
Markovian dephasing.

The initial eigenstate is the lowest-energy state of the
donor aggregate, whose extent of delocalisation varies
based on system parameters. By tuning these paramet-
ers, the donor aggregate can be prepared in either a fully
localised or a fully delocalised state (fig. 1). To enact
normal transfer, excitation is localised on a donor site,
or, more generally, in a statistical mixture of donor sites
in the density matrix > ,_, p; [D;) (D;|. By contrast, to
enact supertransfer, the excitation starts in a delocalised
state |Dg,).

We determine v by numerical simulation of the dy-
namics, generated by H, of the system’s reduced density
matrix p(t) (fig. 2). In the limit of weak donor-acceptor
coupling, the dynamics is described by the rate equation
in eq. (1) and ~ is given by the golden-rule expression
in eq. (2). To extract v from the dynamics, we fit the
acceptor population Py (t) to

Pa(t) = P (1 —e ), (20)

where Pa(t) = >, (Aj]p(t)[4;) and PR is the final
acceptor population.
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Figure 2. Evaluating the transfer rate v from pop-
ulation dynamics. Population transfer to acceptor plot-
ted for three values of donor-acceptor coupling VP4 with
A = 80MHz and A® = 10 MHz. The solid lines are the
numerically exact calculations of the acceptor populations,
which are fitted to eq. (20) (dashed lines) to find the values of
7. The transfer is described by a rate equation when Rule 1
(VPA <« AP 4+ 2?) is met, as it is for VP = 10MHz. At
VPA = 30 MHz, the exponential behaviour begins to break
down, and it is a completely inaccurate description of the
dynamics at VP4 = 90 MHz. Other parameter values are
given in table 1. Calculations performed using QuTip [27].

IIT. DESIGN RULES FOR SUPERTRANSFER

There are two design rules for supertransfer, both of
which take the form of time-scale separations.

Rule 1: the transfer must be well described by the
golden-rule rate process of eq. (2). This requirement
is met if the donor aggregate is weakly coupled to the
acceptor aggregate, compared to the system-environment
coupling quantified by the reorganisation energies,

[VPAl < AP 4 2A, (21)

Rule 2: the eigenstates of either the donor or the
acceptor aggregates (or both) must be delocalised. For
the donors (with the same applying for the acceptors),
this can be achieved if the intra-aggregate couplings
VP are greater than both the static disorder in the
aggregate (the variance 0P of the set {E})}) and the

dynamic disorder (quantified by AP), i.e.,
VP > 6P AP, (22)

IV. EXPERIMENTAL PROPOSAL

The design rules above can be used to demonstrate
supertransfer using a superconducting architecture.

The simplest case of supertransfer—shown in fig. 1—
could be implemented by meeting three requirements.
First, it requires three sites: two donors and one acceptor
(Np = 2 and Ny = 1). Second, the energies of these
sites must be tunable to ensure that the acceptor energy
is lower than those of the donors and to allow noise injec-
tion. Third, it must be possible to control delocalisation
to show a higher transfer rate in the delocalised case
compared to the localised one.
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Figure 3. Proposed superconducting circuit quantum electrodynamics (cQED) devices demonstrating con-
trollable supertransfer. Both circuits realise the model of fig. 1 using flux-tunable transmon qubits. a) In Circuit 1, the
donors (blue) are coupled to each other directly through capacitors. b) In Circuit 2, the coupling between sites is mediated
by two buses (purple). ¢) In both circuits, noise can be introduced using an independent solenoid on each site; fluctuating
the current I through the solenoids produces fluctuating magnetic fluxes ® through the transmon loops, changing their site

energies.

Parameter Value (MHz) Implementation in Implementation in
Circuit 1 Circuit 2

VP 10 cP cP

DA 10 CPA (DA

EP — B 148 EP — EA EP - E*

5P 5 (§EP (1)) (~6ED(t)>

AP 10 A Ab

A4 80 A4 4

Table 1. Sample of proposed parameters for showing supertransfer in Circuit 1 and Circuit 2, being values that are

experimentally feasible in cQED experiments [21].

These requirements are all achievable experimentally
using a superconducting circuit quantum electrodynam-
ics (cQED) architecture. In cQED, the sites can be
implemented as transmon qubits whose energy can be
tuned using an external magnetic field [28]. The coup-
lings between the sites can be mediated either by capa-
citive couplings as in fig. 3a or using a bus as in fig. 3b.

The Hamiltonian of the required cQED circuit is

Hcircuit = EDUf + (ED + 5D)O'§ + EAUZ
+ CPo%0% 4+ CPA(0%0% + 0%0%) + hec., (23)

where o7 and o} are Pauli operators for site ¢, while
CP and CP* are couplings. For example, for donor 1,
of = |D1) (D1| = |G) (G| and of = |D1) (G| + |G) (Dal,
where |G) is the state of the system with no excitations.
Hircuit preserves the number of excitations and reduces
to H when restricted to its single-excitation subspace.
Site energies are tunable because transmon energies
are sensitive to external magnetic fields [21, 29, 30],

qu = Eqb((b)a'z. (24)

The energy Eg, can be tuned between hardware-
dependent values of Ey,in and E.x by tuning the mag-

netic flux ® through the transmon’s superconducting
loop (fig. 3) from 0 to ®¢7/2, where &y = h/2e is the
flux quantum [30]. Experimentally, Eq,(®) is typically
tunable across a range Fyax — Fmin of around 100 MHz,
or, in some hardware, up to 1 GHz [29, 31, 32].

The tunability of flux-tunable transmons is used to
engineer static disorders and also a dephasing environ-
ment by fluctuating the energy levels [20]. To generate
the fluctuating flux ®(¢), a fluctuating current I(t) is in-
jected into a solenoid to generate a fluctuating magnetic
field B(t) as in fig. 3c. For small currents, the change
in the energy of site i (§E;(t) = F;(t) — (F;(t))) due to
a change in current §I(t) is

_dE; d®; dB; 0
T dd, dB; dI;

SE;(t) (25)

where the product of the derivatives is a calibration
factor that can be experimentally determined.

The mean of the fluctuations (0 F;(t)) gives the static
disorder §;. The effect of the dynamic disorder induced
by the classical noise signal 0 F;(¢) is determined by its
spectrum J°'(w), which is the Fourier transform of the
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Figure 4. Donor parameters in Circuit 1 can be tuned
to switch the dynamics from normal transfer at rate
Yo to supertransfer at rate 2vy. Supertransfer is achieved
when Rule 2 is met, i.e., the reorganisation energy AP and the
site detuning dpp are both smaller than the intra-aggregate
coupling VP, as is the case in the bottom-left of the plot.
The rate gradually transitions to that of normal transfer as
either parameter moves away from this region. The other

parameter value are as in table 1, giving vo = 0.77 ps ™.

site-energy correlation function,
I w) = F{(SE:(t)0 Ei(0))}. (26)

The overall effect of the noise is quantified by the reor-
ganisation energy

A = /Oo Jw) dw. (27)
0

w

The final component, the controllable couplings
between sites, can be realised in two different ways,
as shown in fig. 3.

In Circuit 1 (fig. 3a), the couplings C' are implemen-
ted as direct capacitive couplings. These can be either
fixed [33-35] or adjustable using a longitudinal electric
field [36]. Capacitive coupling allows a direct implement-
ation of the desired cQED Hamiltonian of eq. (23).

By contrast, in Circuit 2 (fig. 3b), the couplings are
mediated by buses [37-39]. This approach has the ad-
vantage of being more easily scalable to greater numbers
of donors and acceptors. Bus-mediated coupling can be
understood using the Hamiltonian of Circuit 2, where
both of the donors are coupled to the donor bus (a mi-
crowave cavity resonator), the acceptor is coupled to the
acceptor bus, and the two buses are capacitively coupled
to each other,

2
Hy =3 (BPo7 + CP(bhoy +booi)) +wnbybo

=1
+ EAo% + CA(bh oy + bao) + wablba
+ CPA(b, + bp) (b} +ba), (28)

where o = 0% + io¥, bp and by are the donor and
acceptor bus annihilation operators, wp and wa are
the bus resonant frequencies, and CP and C* are the

couplings of the qubits to their bus and CP? couples

the two buses. When the sites are far detuned from wp
and wy, the baths can be adiabatically eliminated using
the Frohlich-Nakajima transformation [39, 40] to give
the effective Hamiltonian

2
Heg = > _EP|D;) (D;| + E*|A) (A] + CPPoy o5
i=1
+C%o7 0l + C* o5 o) +he, (29)
where the effective couplings and energies are

D D
~DD __ CVl C'2

= AL 2A (A1 + Ay), (30)
- D oA
A = CDA%Z—A, (31)
s D)2
EP =2EP + (CT) (32)
B A2
A

with A; = 2EP — wp and Ax = 2E4 — wa.

The noise spectrum J(w) due to fluctuations of
EP and E* is given by the Fourier transform of
(E(t)6E(0)), and the reorganisation energy A% by
eq. (27).

Simulation results. We simulate the dynamics in Cir-
cuit 1 with the parameters in table 1 using QuTip [27].
These parameters are chosen because they meet Rule 1
and Rule 2 for supertransfer and are representative of
typical values found in cQED systems [21].

When Rule 1 (VPA < AP +A%) is met, the transfer is
exponential (fig. 2). The exponential behaviour breaks
down and becomes oscillatory for VPA > A\

When Rule 2 (VP > 6P AP) is met, the supertransfer
enhances the transfer rate v (fig. 4). The maximum
supertransfer rate 27y (for Np = 2 and Ny = 1) gradu-
ally decreases to 7 if the donor parameters leave the
region defined by Rule 2. This gradual change with the
parameters makes supertransfer robust to small changes
in either the static (0) or dynamic (\) disorders.

Scaling of supertransfer with the number of donors and
acceptors. The supertransfer rate increases in proportion
to the number of sites participating in the delocalised
donor and acceptor aggregates, according to eq. (9).
This scaling could be experimentally demonstrated by
adding more donor and acceptor sites to Circuit 2, as
shown in fig. 5a. In this enlarged circuit, the number
of participating qubits can be adjusted by detuning
undesired qubits out of the dynamics. The simulation
results in fig. 5b confirm the scaling law of eq. (9).

V. DISCUSSION

We showed that a quantum device based on a cQED
circuit could be engineered to conclusively demon-
strate supertransfer. The simplest supertransfer case is
achieved with Np = 2 and Ny = 1, with larger arrange-
ments also possible, as shown in fig. 5.

Circuits 1 and 2 are achievable with current engin-
eering capabilities in cQED, as all required compon-
ents have been experimentally demonstrated. The ne-
cessary couplings can be implemented using either of
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Figure 5. Supertransfer scaling with the number of donors and acceptors. a) Expansion of Circuit 2 for demonstrating
the scaling of the transfer rate. The donors are connected through a bus and the acceptors are connected through a second
bus capacitively coupled to the first. The number of donors or acceptors participating in the dynamics could be changed on
the fly by detuning the energy of unwanted qubits to be much higher than the others. b) Transfer rates, obtained by fitting
simulated acceptor populations using eq. (20). The rate increases as O(NpNa), as expected in supertransfer. For large Na
and Np, the rate is slightly smaller than the predicted NpNavo because eigenstate energies change slightly as additional
sites are added. The other parameter value are as in table 1, giving 70=0.77ps ™.

two established experimental techniques: direct capa-
citive coupling [33-35] or buses for indirect qubit coup-
ling [29, 38, 41]. Furthermore, the ability to inject noise
into the system has also been demonstrated for both
the Drude-Lorentz spectrum we use and for more gen-
eral ones [20, 42, 43]. Finally, our proposal can be
implemented using simulation times that are an order
of magnitude shorter that typical transmon decoherence
times of 50-120 ps [21].

The two proposed implementations—direct coupling
in Circuit 1 and indirect coupling in Circuit 2—have
complementary advantages. In Circuit 1, there is com-
plete flexibility in selecting all of the couplings, which
means that the mapping of the supertransfer Hamilto-
nian is direct and straightforward. However, the imple-
mentation of all-to-all connectivity would be challenging
when Circuit 1 is scaled up to more donors and ac-
ceptors. In contrast, in Circuit 2, the couplings are
achieved through a bus, facilitating scalability as illus-
trated in fig. ba. However, the scalability comes at the
cost of a less straightforward mapping of the supertrans-
fer Hamiltonian and limited flexibility in tuning the
parameters, because tuning one circuit parameter can

affect multiple parameters in the effective Hamiltonian
(see eq. (29)). Circuit 2 has the further advantage that
its detuning-based couplings allow for negative coup-
lings, which opens possibilities such as rearranging the
order of bright |[+) and dark |—) states.

The robustness of supertransfer to experimental noise
simplifies implementation by reducing the need for pre-
cise parameter engineering. It is feasible in any system
provided that conditions specified by Rule 1 and Rule 2
are satisfied. Furthermore, the resilience to variations in
system parameters and environmental conditions may en-
able applications of supertransfer in quantum-enhanced
engineered systems.
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