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We investigate the spontaneous emission rate of a two-dgxitum emitter near a graphene-coated substrate
under the influence of an external magnetic field or strainéed pseudo-magnetic field. We demonstrate that
the application of the magnetic field can substantially éase or decrease the decay rate. We show that a
suppression as large as%9n the Purcell factor is achieved even for moderate magfiefids. The emitter’'s
lifetime is a discontinuous function ¢B|, which is a direct consequence of the occurrence of distitdau
levels in graphene. We demonstrate that, in the near-figiches the magnetic field enables an unprecedented
control of the decay pathways into which the photon/paarican be emitted. Our findings strongly suggest
that a magnetic field could act as an efficient agent for onasheimactive control of light-matter interactions in
graphene at the quantum level.

The possibility of tailoring light-matter interactions at field pattern excited by quantum emitters near a graphene
quantum level has been a sought-after goal in optics sirece ttsheet further demonstrates the huge field enhancement due
pioneer work of Purcell where it was first shown that the to the excitation of surface plasmons. A graphene sheet has
environment can strongly modify the spontaneous emissioalso been shown to mediate sub- and super-radiance between
(SE) rate of a quantum emitter. To achieve such objectivetwo quantum emitte®8. Recently, the electrical control of
several approaches have been proposed so far. One of thehe relaxation pathways and SE rate in graphene has been ob-
is to investigate SE in different system geome#i&s Ad-  served®. Despite all these advances, the achieved modifica-
vances in nanofabrication techniques have not only allowedion in the emitter's decay rate remains modest so far. Most
the increase of the spectroscopic resolution of molecules iof the proposed schemes consider emitters whose transition
complex environmentd, but have also led to the use of nano- frequencies are in the optical/near infrared range, ugtall
metric objects, such as antennas and tips, to modify the lifefrom graphene’s intraband transitions. As a consequehee, t
time, and enhance the fluorescence of single molettlds effects of graphene on the SE rate are only relevant when the
The presence of metamaterials may also strongly affect-quamitter is no more than a few dozen nanometers apart.
tum emitters’ radiative processes. For instance, the itnpfac
negative refraction and of the hyperbolic dispersion orghe
have been investigatdd!®. Also, the influence of cloaking
devices on the SE of atoms has been recently addré&sed

Here, we propose an alternative mechanism to actively
tune the lifetime of a THz quantum emitter near a graphene
sheet by exploiting its extraordinary magneto-opticalpem
ties. We show that the application of a magnetic fiBldal-

Progress in plasmonics has also allowed for a unprecdews for an unprecedented control of the SE rate for emitter-
dented control of light-matter interactions at a quantwelle graphene distances in the micrometer range. This is in con-
When the emitter is located near a plasmonic structure it magrast to previous proposals, in which the modification of the
experience a strong enhancement of the local field. This efSE rate was achieved by electrically or chemically altering
fect can be exploited in the development of important appli-graphene’s doping level. The fact that we consider a low-
cations in nanoplasmon#s2®. However, structures made of frequency emitter enables us to probe the effects of intrdba
noble metals are hardly tunable, which unavoidably limgith  transitions in graphene on the decay rate, which have also
application in photonic devices. To circumvent these lim-been unexplored so far. In summary, our key results are (i)
itations, graphene has emerged as an alternative plasmoracstriking 99 reduction of the emitter SE rate compared to
material due to its extraordinary electronic and opticalppr the case wher@® = 0; (ii) a new distance-scaling law for
ertie€®3% Indeed, graphene hosts extremely confined plasthe decay rate that corrects the typi¢al* behavior and is
mons, facilitating strong light-matter interactiéfs% In ad-  valid for a broad range of distances and magnetic field$&(iii
dition, the plasmon spectrum in doped graphene is highly tunhighly non-monotonic behavior of the SE rate as a function of
able through electrical or chemical modification of the gear |B|, with sharp discontinuities in the regime of low tempera-
carrier density. Due to these properties, graphene is aiprom tures; and (iv) the possibility of tailoring the decay chaisn
ing material platform for several photonic applicationges into which the photon can be emitted. These findings can be
cially in the THz frequency rang® At the quantum level, the physically explained in terms of the interplay among the dif
spatial confinement of surface plasmons in graphene has be&rent EM modes and of electronic intraband transitions be-
shown to modify the SE raté2. The electromagnetic (EM) tween discrete Landau levels in graphene.
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I. METHODS or, or and oy are the longitudinal, transverse and Hall
conductivities of graphene, respectivelly, which are im-ge
Let us consider the situation depicted in Big The half-  €ral functions of both frequency and tranverse wavevec-
spacez < 0 is composed of a non-magnetic, isotropic, andtor k. Although the dependence of the material proper-
homogeneous material of permittivity(w), on top of which ~ ties on wavevector may be relevant in the near-filave
(= = 0) a flat graphene sheet is placed. The system is unddl@ve checked that this is not the case for the distances
influence of a uniform static magnetic fieRl= Bz. The up- ~We consider. Indeed, the evanescent waves contribution to

per mediume: > 0 is vacuum and an excited quantum emitterthe SE process is suppressed by &"* factor, whereas
is located at a distanetabove the interface. non-local effects on graphene’s conductivity become §igni

icant for k > max (\/eB/h,wo/UF,T’l/vp)d'—g’i“. Here,

Quantum emitter \; Granh vp =~ 10° m/s andT is a phenomenological relaxation
r raphenc time of electrons in graphene. Therefore, provideds

y min (\/h/eB,’L}F/wO,UFT) we can safely set = 0 in the
conductivities, in which case;, = o.

We will study the lifetime of quantum emitters in the low
temperatureXpT < 1) and frequencyiwy < jic) regimes,
where . is the graphene’s chemical potential. As a result,

graphene’s conductivities can be approximated by theiaint
band termg?.45=47

3,2 1
88(0‘)) oL = o ~ UiBtra ~ .6 UFhB(;‘) +7 )(1 +.60;77zc) , (4)
i Ainra[ Ajfyra — A (w +i771)?]
Figure 1. Quantum emitter at a distan¢@bove a graphene sheet  intra _ e3vZB(1 + 8o.n.) 5
on the top of a substrate of permittivity (w). The whole system is OH =0y = _W[A2 —h2(w+ir1)?]’ ®)
intra

under the influence of a magnetic fidkl= Bz.

whereAia = M, +1—M,_, M, = /nM; are the Landau
We consider that the quantum emitter dynamics isenergy levelsM? = 2heBvz, andn.= int[uZ/M7] denotes
well described by two of its energy eigenstatelg) ( the number of occupied Landau levels.

and |e)). Within the electric dipole approximation

and weak-coupling regime, one can show that the SE

ratesT"; and Iy for transition dipole moments perpen- Il. RESULTS

dicular and parallel to theXY-plane respectively are

(Appendix AP7=29 Following previous experimental work on &Ewe con-
r 3 00 13 2ikad sider from now on an emitter with a strong transitionvgt=
i 1+ |m{,’/ 77@9}7 (1) 4.2x10"rad/s 0.7 THz). We set =0.184 ps*®, y1. = 115
Lo 2k 0 = meV and, inspired by recent experiments on magneto-optical

N ) 3 im/; X he*hddk [ (o kS o ) effects in grapher®8, consider a silicon carbide (SiC) sub-
To +4_k0 m Z/O N [ " (@) strate. Itis important to clarify that, may be a function of
d (the emitter energy levels can be Lamb-shifted) and3of
wherel'y = |deg|[*w /(3meohic?) is the free space SE ratdsg  (the levels may also be Zeeman-shifted). However, for the
is the emitter’s electric dipole matrix element, = kocisthe  purposes of the present work, both effects may be neglected.
transition frequencyk. = +/k% — k2, andr®s, PP are the A numerical estimate shows that for the distances considere
graphene-coated wall polarization preserving reflection ¢ here, the influence of the Lamb shift on the SE rate is unno-
efficients. Although the cross-polarization reflectionfliee ticeable, regardless of the value®f Concerning the Zeeman
cientsr*P andrP* are non-vanishing in the case of grapheneshift, we have checked that although some energy levels may
under the influence of an uniform static magnetic field, beingoe altered in their absolute values, the suppression and en-
responsible for Faraday and Kerr rotations, they do not conhancement factors of the SE rate due to the applicatioB of
tribute to the emitter’s lifetime in the present situaticed¢ are insensitive to this shift.
Appendix A). The diagonal reflection coefficients are given In Fig.[2we plot the normalized SE rate, /T as a func-
by (Appendix B§e=4! tion of the distancel between the emitter and the half-space
5 AT 9 LAT for several values o. Ford 2 100 um the coupling be-
_ _A +AYAL rpp A+ AZAL (3) tween the emitter and the graphene-coated wall is mediated
A2+ AEAT 7 A2+ ALAT by propagating modesi(< ko) of the vacuum EM field.

In this regime of distances the emitter’s lifetime is barel
where A* = Zgk.klof, AL = k.es/eo £ KD 4 affected bgyB. This behavior results from the fact that iny
kkior/(weo), AL = k. £ kS + powor, Zo = /1o/co,  the far-field the phase®™*=¢ gives a highly oscillatory inte-
k¥ = Jpoeswi —k?, andk = |k| = |k.x + ky,y|. grandin Eq. [@), except fork, ~ 0. In this case, however,

s,s
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Figure 2. Normalized decay raie, /Ty as a function of distance oL 5-" i = 3 ol : % e
d between the emitter and the graphene-SiC half-space flerelitt B (T) B (T)
magnetic fields. The inset presents the relative SEAdfe asa  Figure 3. The decay channel probabilities as a functioapfd,
function ofd for the same values d8. and(b) B for u. = 115 meV. In (a) solid and dotted curves are for

B =5TandB = 15T, respectively. In (b) the distance is fixed at

d=4um.T,(d,B)/Tyasafunction oB3 is plotted in(c) d = 200
r$S ~ PP~ —1 4 O(k./ko), so that the reflectivity of nm, and(d) d = 1 um. The vertical lines show the position of the
the graphene-coated half-space is almost saturated. Hencepeak ofl", (d, B)/T'o obtained via Eq.[(11).
hardly affects the reflection coefficients in this regimerant
sition from the oscillating pattern at large distances tbarg
growth at small distances takes placedof 100 um. In this
regime of distances the emission is dominated by evanesce
modes g > ko) of the vacuum EM field. Interestingly, for
d < 10 pm changingB strongly affects the lifetime of the
quantum emitter. A striking suppression @f% in the Pur-
cell factor, when compared to the case whBre- 0 T, occurs
for1 um < d < 10 um andB 2 10 T. Even for smaller
values of B the Purcell effect is greatly reduced. For exam-

gff?rcir]: b:é fgatiéngyznf;it%frtgf l%r?grhing -_:_:o_ﬁleeds(\;vall a real time control of the distance-scaling law in the nealdfi
results are highlighted in the inset of Fi where we plot Note that the effects aB on the SE are predominantly related

AT, = [ (d, B) — T'.(d,0)]/T 1 (d,0) as a function ofl to changes inr,. We have verified thad; can be neglected

for the same values aB. For even smaller distances an en- " Eq. {3 for the chosen material parameters. In this case,

hancement of the SE rate takes place as the magnetic field ime same mpdificatiqns ".1 the SE rate could .be obtained by
creases. For clarity this effect is not shown in Bgalthough applying a trigonal distortion to graphene, which would gen

it can be noticed in the inset far < 1 um. For instance, for erate a strain induced pseudo-magnetic field, giving risleeo

_ _ ; formation of Landau levels in graphene’s electronic spautr
B =5Tandd = 0.2 um the SE rate is enhanced by500%. while keepingr; = 0 due to time-reversal invariané&?

It is also interesting to analyze the distance-scaling law o To understand such an influence/®fon the SE rate in the
the SE rate for graphene under an external magnetic field. IRear-field it is necessary to delve a little deeper into tfeagle

'wtgraphene, whose signature is coded in the functigm)
appearing in Eq. [@). Indeed, while in the high frequency
regime (vo > 7~ 1) graphene’s conductivity is approximately
a real function, this is not true at the frequency considered
here (o ~ 71). However, thel', o d—* can be derived
provided|lm o | < wo(es+e0)d. Since Moy ] is greatly af-
fected byB, the magnetic field could be exploited to tailor the
distance ranges where this condition is satisfied, alloang

the near-field regime, one can show that (Appendix C) process itself. The spontaneous decay of a source is often as
sociated to the emission of radiation to the far-field, bat th
',  3ec®Reor] 1 [Imoy| not necessarily the case. In particular, in the near-figihre
T e eva o) ©  the emitter d ferentially i -radiative ciels
To  wi(es +e0)2d wo(es + 20)d the emitter decays preferentially into non-radiative )

like surface waves characterizedby +/c,/soko>3. For the
where F'(x) is defined in Appendix C, provided Re,] <  transition frequency we are considerinBe oy | ~ |Im o],
wo(es + €0)d and Ime, (wo)] ~ 0. The validity of this equa- so that surface magneto-plasmon polarifdrare strongly
tion is not restricted to the case when a magnetic field islamped, playing essentially no role in the SE protedgev-
present, rather it is valid whenever correction due todm  ertheless, the so called lossy surface waves (126%P5are
are non-negligible. Equatiof@) explains the results in Fig. crucial here. These waves correspond to non-radiative pro-
[2 for a broad range of distance8.f ym < d < 1.4 um)  cesses and emerge in the case where the emitter's energy is
and magnetic fields5(T < B < 20 T) with error< 10%.  transferred directly to the substrate or graphene, gepeiat
The distance scaling-laW; o« d=*F(dy/d) [whered, = ing origin to an excitationd.g. electron-hole pair). Such
[Imor,|/wo(es +£0)] differs from the recently observed result waves are quickly damped, with their energy being usually
', « d*, obtained in the casB = 023. This difference converted into he&> In the extreme near-field regime, ab-
arises due to (low frequency) intraband transitions ansles sorption in the materials governs the SE process and the LSW



(k> ]_ﬂo) are usually the main channel into which the emitter AT x100% pm
loses its energy. Il
In Fig.[@ we unveil the role played by the different decay

channels in the emitter’s lifetime. Fi§(a) depicts the decay 40
probabilitiesp” , pT'R, andp';S"W of energy emission in a prop- -80
agating (P), totally internal reflected (TIR), or LSW mode,
respectively, as functions af for two different values of3. -100k
These probabilities are given by the ratio between theglarti 0.3

decay rates into the aforementioned modes and the total SE
rate. The partial contribution of propagating, TIR, and LSW
modes to the SE rate can be respectively well approximated

by (Appendix D) Figure 4. 3D plot of the relative spontaneous emisghdn (fi., B)

as a function of both. andB for d = 2 um.

P 3 (ko L3 ReyPP 2i\/k2—k2d
F—Lf_v1+5/ :[;\/;27]# lae, @
0 0 0 0
- cowoles/e0 + 1]/]or]. Sincelo (wo, B)| decreases wittB
£ p3o—2V/k?—kiz

iR §/k° I[P P|dk g (for B> 1T in our case) we note thaf’> moves to high
Lo 2/, k3\/k2 — k2 ’ values ofk as B increases. Therefore, for a fixed emitter-

[LSW g oo 22k graphene separation, the overlap betwe@t) and In{rP P|
L~ / ———Im[rJdk, (9)  grows with B until k72 ~ k" After that, this overlap
Lo 2 ko\/§ Ky diminishes and so dods, , which explains the behavior of

- ] o the SE rate in Fig[d The value of the magnetic fiel,,
wherergg are the reflection coefficients of the graphene-onthat maximized” | can be estimated by settihg® = k2

substrate system in the quasi-static limit [equivalentaket This leads to
¢ — oo in Eq. @)].
We note in Fig.Bthat changingB can severely affect the oL (Wo, fes Bm)| = eowod [e5(wo) /€0 + 1] . (11)

possible decay channels in theum < d < 10 um range, . L . i
essentially swapping the role of the LSW and TIR modes aél’he accuracy of this equation is clearly seen in FIigs)-(d)

the dominant decay pathway. Indeed, o= 4 yum we note \évqr;(\e/rear\:\ae er)viBﬂ ;leulated through ElI) for . = 115

that pSW drops sharply fron75% to 15% when B changes e = ' . . .

from 5 T to 15 T. On the other hangy|'R (pR ) increases from Similar results hold fo’y in the near—l;lesld regime. In-

20% (5%) to 67% (18%). This effect is evinced in Fid3(b), ﬁei%(ljé f:rzcé fﬁ;g/ kiot;?n;ggglbuﬂon_ kOfg'V;%§|| Ilienr?ge;

where we plot the decay probabilities as a functiorBoffor 9 f f P z I_ Zb oo . E’

d = 4 um. Itis then clear the overall downward (upward) 2P2rt from a actorl /2, I'y can also be written as in Eq.

trend ofp;SW (p1R) as B is increased, with a dominance ex- (IO (see Appendix Gf. In Fig. @we plot AT (uc, B) =

change aB ~ 10 T. (L) (ttes B) = T (pe, 0)] /T (11, 0) as a function of bothu,
Figures3(c) and3(d) show[", (d, B)/T, as a function of andB for d = 2 um. In this case, the reduction in the Purcell

B for d = 200 nm andd = 1 um, respectively, and two factor in thepm range can be as high a8%, when com-

distinct values ofi.. The SE rate presents sharp discontinu-Pared to the casB = 0. Figured corroborates our conclu-

ities, which are directly linked to the discrete characfehe ~ SIONS that an astounding control on the radiative propedie

Landau levels brought about by the applicationBof These ~duantum emitters can be achieved via magneto-optical prop-

discontinuities occur whenever a given Landau level energ§'ties in graphene. Moreover, Fidireveals that the SE rate

crosses., 414547 Moreover, there exists a critical magnetic c&n be modified by keeping constant while changing.,

field B. = u2/(2hev) above which the discontinuities are which coulgobe implemented by applying a gate voltage on

no longer present. This is due to the fact thatfor> B, all graphen& =

positive Landau levels are aboyg, So no more crossings can

occur. Note that the curves merge in the final plateau, regard

less of the value ofi.. For B > B, we haveAj,wa = M,

that does not depend qn. Hence, providedzT < p. both _ o

o1 andoy are approximately independentyf for B > B... In conclusion, we have shown that the application of a mag-

position depends on bojh. andd. This behavior can be un- and decay pathways of quantum emitters near graphene. Alto-

derstood recalling that for short distances the SE rdté9s  9ether, our findings demonstrate the viability of activeiy-d
tating optical energy transfer processes with magnetiddiel

or strain. By demonstrating that these results are withén th
reach of state-of-the-art experiments on quantum emigsion
the THz range, we expect that they may find further applica-
where p(k) = k%e~2% has a maximum at]™® = 1/d.  tionsin quantum photonics, and may even serve to probe other
In the largek limit Im[rPP] presents a peak aty®* ~ light-matter phenomena.

I11. CONCLUSION

r, 3

o /0 dkp(k) Im [P (kw0 B)] . (10)
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APPENDIX A: SPONTANEOUSEMISSION NEAR AN The reflected Green’s function can be written as
(3

ANISOTROPIC INTERFACE - _ , -
G(r)(k’ 2,7 w) = T eik=(2+2") Z 7,1.,J€i+ ® ej_ . (20)
z

The spontaneous emission decay rate of a two level emitter Li=sp
can be written in terms of the EM dyadlc Green'’s function aSwhereriJ are the reflection coefficients for an incomij}g

polarized wave that is reflected asigpolarized wave. Simi-

(19)

2w2 . . ) . . .
I= aoh22 Im [dge - G(ro,To;wo) - dge] (12) larly, the transmitted Fsreen s function is given by
GOk, z, 2';w) = b mikizgikas’ e, @e (21
wherer, = (0,0, d) is the position of the quantum emitter and ( ) 2k Z e ® €5 - (21)

i,j=s,p

G(r,r’;w) is the EM dyadic Green’s function, which allows N o . . _
one to write the electric field at positiarthat is generated by where ¢ are the transmission coefficients (incomifg

a point dipole at position’, oscillating with frequency as polarized wave, transmitteiepolarized wave) andft are the
polarization vectors in the substrate, given by HIP) (af-
E(r;w) = pw?’G(r,v’;w) - d(w), (13)  ter replacingko by ko+/es/c0 andk, by kS. The reflection

and transmission coefficients are obtained by imposing the
wherey is the permeability of the medium where the dipole usual boundary conditions on the EM fieldzat= 0 and by
is embedded. In vacuum the dyadic Green'’s function satisfiemodelling graphene as a two-dimensional current distiobut
the inhomogeneous Helmholtz equation (see Appendix B).
) The evaluation of the SE rate requires the evaluation of the
V x V x G(r,r';w) — W_QG(r’r/;w) — (1), (14) dy_ad|c Green's funct|_0n at the coinciden€e= r = rp. In _

c this case the integration over the momentum angular variabl
in Eq. {I6) can be easily performed. The only nonzero com-
gonents ofO(rg, ro; wo) are the diagonal ones. The contri-

bition of GO (ro,ro;wo) to the SE rate presents polarization

with T being the unit dyad.

We are interested in the case where the emitter is located
?lldtiSta?Cei abtoveoa serzlmi-ir:;‘]inite horr]nogelneou? mec;i.um V‘t’ghpreserving terms (which involve! ® e, ande; ® €;) and
d?azlijcr g?:ean’s fur;cvt\?o(re]rc?bessgtrha; sgnmee ?))cl)irngzsr.y Cg‘ﬁgitioﬁcross-polarlzqnon terms (which involu; @, ande;’ @, ).
as the electric field, we can write it far 2’ > 0 as ifter performing the angular mte_gratlon, the polarizatpe-

' serving terms only select the diagonal termsdgf @ dge.
G(r,r";wo) = GO(r,r';wo) + GO(r,r';w0), (15) The cross polarization terms select thg  dye y — dge dgex
components of the dipole matrix elements. As the transition
whereGO(r, r'; wp) is the free space Green’s function and dipole matrix elements of a two-level system can be made
G(')(r,r';wO) is the reflected one. For > 0 andz < 0, real by a proper choice of the relative phase betwpgn
the dyadic Green’s function can be written as a transmitte@nd|e), the cross polarization terms do not contribute to the
Green’s functionG® (r,r'; wy). Each of these Green’s func- SE rate. Therefore, only the reflection coefficients’ and
tions can be conveniently expressed in terms of its spafial 2 7> give a non-vanishing contribution to the SE process even
Fourier transfornG O™ (k, z, 2/; w) as’ though cross polarization coefficients? and rP° are non
zero. Similar conclusions hold even in the case of a semi-
infitite anisotropic substrate. By plugging Eq&5(-(20) into

&Pk N o~
(O/rft) /. _ ik-(x—a") ~ (0/rlt) /.
GT(r, 15 w) _/ ¢ Gk, 2,25 w), (16) 9y it is straightforward to obtain Eq<I) and B).

2r)?
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APPENDIX B: FRESNEL'S COEFFICIENTSFOR AN where¢| = (k.x + kyy)/ |k| andé, = (k% — k.y)/ |K|.
INTERFACE COATED WITH A 2D CONDUCTIVE FILM IN or, (or) is the longitudinal (transverse) conductivityy is
THE PRESENCE OF AN APPLIED MAGNETIC FIELD the Hall conductivity ana3}™ is only nonzero in anisotropic

materials such as black phosphéﬁusln case of graphene
Let us consider that an incoming arbitrarily polarized EM we haves3y™ = 0, but in order to keep the discussion as

wave propagating in a dielectric medium with permittivity ~ general as possible and due to the rising interest in black
and permeability:;, impinges on the flat interface with a sec- phosphorus we will aIIow for a finiter;)™. Using Eqgs.
ond homogeneous medium, with permittivity and perme-  (22-(27) into Eq. ) and Eq. [BD one can demon-
ability p, occupying the half-space < 0 coated by a 2D  strate that the reflected and transmitted amplitudes gatisf
conductive film. For an impinging electromagnetic wave withthe following equations
frequencyw and in-plane wavevectdy, the electric and mag-

netic fields can be expressed as Ey + ER = Er, (32)
kz 2
—ik; 1z t(kx—w 4 P) = :
E; = {E?egjl + E?egl] e th=z ik t) , (22) (E ER) ks (33)
1 —1 z i(k-z—w S S 1 kz 2 S
H; = 5 |Bed — Bjef, | e tosebemed (23) 7 () = ( "7k ) b
whereE3, Ep are the transverse electric and transverse mag- + (cr;{f“ + crH) k—’QE;IF, (34)
netic incoming amplitudes, respectively, ,, andes/p , are 1 1 1 2
given by Egs.[I8 and {9 replacingky by k, = w./Enfin A (E} +E}) = (aL ;’2 + Z ) EY.
1 2 2

withn = 1,2, Z,, = \/un/e, is the impedance of medium

sym __
n. Similarly, the reflected and transmitted fields are writisn + (U oH ) Er. (35)

Y
. 0 1 ikerzikm—wt) Considering separately the cases of s and p incident polar-

Er = [EResl + ERGPJ} erm"e ) (24)  jzation one can decouple previous equations and show that

Fresnel's coefficients in the presence of an external magnet

Hp = [ERes . E?{Gp_,l} eherzeiltbe=wl) 0 (25)  field are given as
Zy
T L 2 T AL 2
Br = [Biedy + Phegy| e hesetbemsn, o (26) + +ox T
: , .
1 o ks i(k.miww tp7p _ 2252 2kz,1A+ : tS=S _ & 2kz71A+ ’ (37)
Hr = Z_2 {ETE ETep 2:| =%%e . (27) Z1€0 ATAL A2 o ATAL + A2

Zo papz kzakzo ( ot o)

. ®) : SP 5P — 38

S\/(V)e should determine the reflectdd,” and transmitted 7 2 2 ATAL +A2 ; (38)
B3P amplitudes in order to calculate the reflection and trans- wym
mission coefficients P ik o /s 2Z0 ppis kzikzo (05" —om) (39)

o Ei o Ei kaz 1 VA M% AIAJLF + A2
=" and " ==L (i,j) = (s, p) (28)
E) E} with

The reflected ,and traqsmitted a.mplitu.des are obtaine_d by AL = (k19 % ksner + ksiks 001 Jw) /20, (40)
solving Maxwell’s equations and imposing the appropriate T ’
boundary conditions on the interfacezat= 0. Taking into AL = (ke 2 £ kzap2 +wpipeor) /o, (41)
account the presence of a 2D conductive film atthe0, the A? = Z2 i piok ik o [0 — (035™)?] /. (42)

boundary conditions that must be satisfied by the EM field are

. - For graphene 3™ = 0 and, in the case where medium 1 is
Z2x[Br —Er—E;] =0, (29)  Vacuum €1 = 0, 11 = o) and medium 2 is non-magnetic
x [Hr —Hgp —H;] =Jp =0 - Er, (30)  (uy = wo), the reflection coefficients reduce to the ones given

whereJ,p is a 2D current density that is induced on the con-" the main text, Eq[3).

ductive field, andr is the 2D conductivity tensor of the fifh

In the most general case (a 2D homogeneous anisotropic ma-
terial in the presence of a magnetic field) the conductieity t

sor can be written as

APPENDI X C: DISTANCE-SCALING LAW IN THE NEAR
FIELD FOR TERAHERTZ EMITTERS

o=058®¢ +oré; ®eé, (31) In the near field, the main contribution for the SE rate
in Egs. @) and @) comes from large in-plane wavevectors
aym (A R . A k > ko. In this case the quasi-static approximation holds
+o(eL®e +¢ ey, (¢ — oo) andk, andk? can be well approximated bik.

-‘rCTH(éL@é”—éH@él)



Besides, the Hall conductivity gives a negligible conttibn  also to the power emitted by a classical oscillating dipole,
to the quasi-static reflection coefficients so that we can sed(t) = de~ ™ot 4 d*e’ot. The classical power emitted by
o ~ 0. Within these approximations the dominant termssuch dipole is related to the SE rate of a two-level quantum
in ", andI|| originate from the polarization preserving trans- emitter through? = hwo'27:38 provided we choose fat the
verse magnetic reflection coefficient and can be cast as transition dipole moment of the quantum emitter. The prob-
ability of decaying into a radiative or non-radiative chahn

Ty 3 /+°°dkk_2€2kd Tm[r2?] (43) can be obtained by computing the fraction of the power that is

Lo — 2o k3 Qs emitted by the classical dipole to the far field and the one tha

Ty 3 [t k2 is dissipated into the materi_als, respectively. _ _

T, = Z/o dkﬁe_%d Im[rgg’], (44) The average power emitted by the classical dipole that
0

reaches the far field (radiative processes) can be exprassed
where

P i(Es—Eo)WQ—kUL

2 s
Praq = lim dé / dfsin(0) v’ - (S(r)),  (50)
g8 = 0 0

(45) T—00
where the Poynting vector in the far field is given by

Z'(60+65)WO—]<30'L.

In a regime wher¢Re[o ]| < (g0 + £5)wod the imaginary

part ofr¢;§ can be approximated by S(r, 1) = %E(r, t) - E(r, t)f, (51)

Pl ~ 2eqwohReloy ] (46) and(...) denotes time average over one oscillation period.

~ 5.
{(es +e0)wo — klm[oL]} Here, Z = \/u/c is the impedance of the medium. Us-

Substituting Eq.[49) into Egs. and E4) one can show l:nagn Egséasﬁsand D, the time averaged Poynting vector
that the Purcell factor in the near-field regime is given by

P,
Im[rgy

2 2 4

I, 3cc®Refor] 1 (o] (S(r,1)) = 00 G, ro;wo) - dgel? . (52)
= = T ; (47) Z
Ty (g0 +e€s)?wpd (€0 + €5)wod
T 303 R, 1 I In the limit ko |r —ro| > 1, the Green functiofi(r, ro; wo)
F—H ~ 2(80176[)?]4@ F(%) ; (48)  can be evaluated from EJI® using the stationary phase

0 F0 T Es)"Wo €0 T Es)Wo method (where the fast oscillating phase is giverkbyz +

with the functionF (z) defined as ik{")|2]). The obtained result is
+oo 3,—2y . N —ikn|z| ik, T—é =~ (T .
F(l’) — / dy ye . (49) G(rvr()?wO) = on2 € ( )G(?kna Zada WO) ) (53)
o Ty

with k,, = ko for z > 0 andk,, = koy/es/e0 for z < 0.
Using this result together with equatiol®), (21), (&0), and
(52), one can put the total power emitted into the far field by
the dipole a¥

In order to determine the different decay pathways prob-
abilities one must study how the total power emitted is dis- Praa = P2E + Pl (54)
tributed into the different channels. Two processes can be
distinguished:(i) radiative decay, which involves the emis- whereP..", andP4" are the average powers emitted into the
sion of a photon that can be detected by a far away dete¢egions: > 0 andz < 0, respectively. Splitting each terminto
tor; (i4) non-radiative decay, where the emitted power doesontributions from dipole components that are perpenélicul
not reach the far-field, but is instead absorbed by graphene @nd parallel to theX'Y-plane, performing the integral over
substrate and creates a material excitation. In order to con@nd changing the variable of integrati@raccording tok =
pute each channel contribution to the decay process we usg sin 6 for P.", andk = ko+/e;/eq sin 6 for Pf&‘;g”“, we can

a

the fact that the total SE rate given by E.2Y corresponds express the average powers as

APPENDIX D: DECAY CHANNEL PROBABILITIES



PAIL 3 [V B i I (o et &
Py 4 Jo K [k | |k |
%‘? _ g/okox/ﬁkkolszf_zdlmkz% {|ts,s|2 n % [tPP|% 4 P57 + % |tsvplz} , (58)

wherePy = w|dge|?/(3menc®) = hwol is the total power power dissipated via non-radiative processs,(—aa). The
emitted in free space. For the power emitted intothe 0  contributions of the perpendicular em parallel componehts
region, there are two different contributiong) =/2 < # <  the electric dipole to non-radiative power can be written in
arcsin(/z,/c0), OF ko < k < ko+/es/c0, Which is usually ~ terms of absorption coefficients as

referred to asorbidden light regiod’ and corresponds to an
inverted total internal reflection process, in which a déogy

. . . . ) P, 3 +oo k3e—2dlmkz
wave that is emitted by the dipole is transmitted as a prop- Z2en—rad.L _ = / dk———a—A, , (59)
agating wave once it reaches the interface (we refer to this Fo 4 Jo k2| kg
contribution_asPr‘;‘éW“"f); (i1) arcsin(y/e5/g0) < 0 <m0 Pion_raa) _ 3 *?kke”d'mkz " |l~cz|2A (60)
k < ko, which corresponds to the emission of propagating R o 7|kz| ko s T k)
waves (we refer to this contribution aﬂ‘é‘”“’a). By subtract-
ing the power emitted via the radiative procesdegd) from
the total dissipated power(,;.;1 = hwol'), we obtain the where the absorption coefficients are given by
|
ks
e [l e G (o )<
_ kS -
Ap = 2impp] — % (1ev2l? + e ?) ko < k < kor/Zs /0 (61)
2|m[Tp’p] R kO\/ES/EO <k
[
and.A; is obtained from Eq 1) by swappings « p. mate the contribution to the SE rate from< kg\/cs/co in
Eqgs. @) and @) as being exclusively owing to radiative pro-

Note that fork > ko+/es/eo the expressions for the non-
radiative emitted power, Eq&% and E0), coincide with the downn :
expressions for the total SE rate, Eq®.4nd B). Hence, we EQ- 8 andP 0" " + P4 | (propagating modes) by EGZ)(
can interpret the integration regién> ko+/z, /zo in Eqs. )  APProximations[)-(8) were tested numerically against the
and B) as being a contribution to the SE rate exclusivelyexaCt results and the differences were found to be negtigibl

due to non-radiative processes. The regior kom Finally, we notice that the power emitted by the quantum

also contributes to the non-radiative decay, as can be seen ?mitter that is absorbed by graphene due to Joule heating can

Fig.B, where the integrands of Eq&9) and E0) as a func- be written as

tion of k£ are plotted. This is only expected as propagating 9 4 A’k
waves emitted by the dipole can also be absorbed and dissi-T& = 21 wWo Re/ W
pated by the graphene layer. It should be mentioned, how- « At DR £ LN

ever, that the contribution of wavevectdrs< kg\/c;/co to xdye G (K, 0,0;00)-0 (K, wo)-G (k, 0, 05 wo) - dye - (62)
the non-radiative SE decay is negligible when compared ton the case when Ifa,] = 0, non-radiative decay is exclu-
the contribution coming fronk > ko+/es/eo (see Fig.[B).  sively due to graphene and itis possible to show that the powe
Therefore, the non-radiative decay due to LSW can be weldbsorbed by graphene can be written as E69. 4nd [60),
approximated by Eq[@). In the same way, we can approxi- with absorption coefficients given by E@J).

wn,

cesses. As such we can approxir‘r@i%,L (TIR modes) by
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Figure 5. Integrands of Eq$.(59) and](60) for the quantuntterts
dissipated power by non-radiative processes. On the lefilatehe
the integrand of Eq[{39), on the right we plot the integrah(&0),
splitting it into the individual contributions from the alrption coef-
ficients. A, and.As. The vertical dashed lines mark the poihts- ko
andk = kov/es/e0. The values ofB = 5 T andu. = 115 meV
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