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Mesoscopic spin ensembles coupled to a cavity offer the exciting prospect of observing complex nonclassical phenomena with features intermediate between

single spin and macroscopic spin ensemble cavity systems. Here, we demonstrate how the collective interactions in an ensemble of as many as 100 spins can
be harnessed to obtain a periodic pulse train of nonclassical light. To unravel the full quantum dynamics and photon statistics, we develop a time-adaptive

variational renormalization group method that accurately captures the underlying Lindbladian dynamics of the mesoscopic spin-cavity system.
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Microscopic vs. macroscopic regime Collective behavior with nonclassicality:
in hybrid quantum system Mescoscopic regime

Hybrid quantum systems that allow the interaction of spins or  The largely uncharted mesoscopic regime provides the framework for combining the collective
emitters with modes of an electromagnetic field are the properties of the macroscopic regime with the innate nonclassicality of microscopic regime
cornerstone of modern quantum technology $
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arranged in a spectral frequency comb.
Solving mesoscopic systems for different parameter regimes is limited due to the exponentially

Microscopic spin system: large Hilbert space. Need some powerful approach to tackle the open system dynamics.

Single or few spins coupled to a
quantum cavity

Time-adpative variational renormalization group method for Lindbladian

The spin-cavity interaction dynamics In spin-cavity system

Image from http://www.mpg.mpg.de/quantumdynamics. prOdUCeS eXOtiC nOnCIaSSicaI The TaVIS-Cummlnqs HamIItOnlan Central bOdv SVStem and eVOIUtlon
phenomena, but theoretically limited to few spins d1p) .
— At p
. . . zwk0k+waa +lzgk(0-ka —Uka) =L Z L; Li=L,, +—=L,
Photon blockade, single photon source, antibunching, dt P = p); Y TN
nonclassical light, entanglement... + l(n(t)a e”'rt — " ()a, e“‘) t) All spins are arranged around the central cavity
.. ] ] . . and the interaction can be written as N individual
Periodic pulses of nonclassical light from The Lindblad master equation: spin-cavity (k) terms.
mesoscopic spin ensemble Z_p = L[p] = —i[H, p] + K (acpa;r _ %{acal, p})
— | © p(t + At)) = e |p(t)) = eZ52p(8)) = V(AL) [p(1))
@) 02f | cavity photon number - Temporal eVO|L_J’[I0n.Of R 1 N
| ﬁ ﬂ ﬁ ﬁ _ the mesoscopic spin- + z Vi (ak por — =10y oz, p}) | -
< ¥ || cavity system. The £ 2 Suzuki-Trotter (ST) decomposition
s 0lF & ) figures show the cavity Superoperator space A A
- hot ber i
o oAb LJ: NV 1 O A W o o N V(At) = eZLibt = oin(T)ein-1(T) | otatan
10°F | o v | and(c) spin excitationat | P T Eijpi,j“)(” — vec(p) = [p) = zijpi»jll'” % otn- 1(A2t) LN(M) + o(At?)
- ; resonance, varying with ’ ’
SU107F u M T B s N T oy [ R R R R .
® 4 el el time, and for ensembles _ . _ T . _ _ . -
<ot WW WW G o TR with N =7 to 105 spins, 0p=(0®1a)lp); p0 = (1a® 07)IP); 1P) = LI} gepmigt decomposition and renormalization
- 4 shown with color varying _ _ T ; 5 of the reduced superoperator space
© 1o°E T T spin excitation E from blue tored. The | £ = THH QI-TQ@H ") + Kk Ly + 2 Vilop PErop P
Pl shaded region indicates N 1 .. 1 ST o S _ _ D _ _
@f 1077 V ﬂ[ ﬁ/ Y the rectangular driving Le=XQXF —5XXQI-71®X 1p) Z~ ar |k )®|kg) = Z~ ar |k, )®|kg)
L. || i pulse and the interval k=1 k=1
© 10*F . AT, ﬁ 7 between the periodic | Usina ST ime- ' i7ati
~ | In-105 g and time-adaptive renormalization, BT .
L | . | i i . = Tr 1 < S < min|rank(R;,R
0 ime (in units of AT) 10 revivals is shown. | 5 double sweep similar to +-DMRG or TEBD L(R) R (1P)P]) rank(Ry, Re)]
IS performed . . .
@ 02FT " TT TT 17T . L . T T2 Photon statistics of  spins R The Schmliitﬂrqanlt( iSI) and c|o$ff|0|e_nt :;],; IS a t
~. 0 Ao N Ao 1 oo o Moo 0 2 the transient cavity z measure O e 1otal correlations In the system
SIS feld (@) Equaktme 0000---00/0 006 I;I\ and is typically much smaller the rank of the
IR CASOY“1V/SER|| SRRV, . S0 M Y VSRR, 0 N 'second order L Ve Let/2) it reduced superoperator. The system can be thus
2 time (in units of At) 10 correlation function in cavity p P : y _ Shaky
® A T s T T Ca‘iﬁ’t?f)ﬁgfémmf 0000---00 0000 [] be renormalized to a much smaller dimension in
Y | : :
S 1 (‘ [RIRAN AR l 'k I Il for N = 7. (b)Time T~ renormalize the _s_uperoper_at_or space, S << D, as d(.)ne. N
=< 10 LYY AP | I evolution of g,(t,0) for traditional variational numerical renormalization
A T |  N=7and105.(c) @00 0---0/0 00060 |,j and tensor-network methods. This is performed
10 —— —_ L :: Minimum value of g,(t, L (At/2) ' I ' '
(©) 1I Mirest., . | | | 0) close 10 a puise eLi-1 during the steps in the Lindblad dynamics.
- [ » oL -..... N=105 | revival, g,™", forN =7
£.,05F 1 0 105. The horizontal [ . . . R
5%05_ o LT _ °b|ack_da§h§;'ﬁﬂgf‘s In conclusion, we demonstrate that mesoscopic ensembles of spins coupled to a quantum
-ivfztivjfi : ¢ ,:‘z;u L angluE for g,(t,0) =1 for | cavity provide an interesting new platform for studying and tailoring non-classical light fields.
0 10 ) (2_0 ) fm3)0 40 coherentlight. | Based on recent experiments, implementing the proposed comb-shaped ensemble should be
11mec (1n units o . . . . . .
readily possible and an attractive option for creating a pulsed quantum source of light.

The collective properties of the ensemble are highlighted in
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