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We establish a new approach for pump-probe simulations tdlfitemetamaterials coupled to the gain ma-
terials. It is of vital importance to understand the mectiamof the coupling of metamaterials with the gain
medium. Using a four-level gain system, we have studied leghplification of arrays of metallic split-ring
resonators (SRRs) with a gain layer underneath. We find lizathe differential transmittanc&7’/T" can be
negative for SRRs on the top of the gain substrate, whichtigxpected, and\7'/T is positive for the gain
substrate alone. These simulations agree with pump-peqiEzienents and can help to design new experiments
to compensate the losses of metamaterials.

PACS numbers: 42.25.-p, 78.20.Ci, 41.20.Jb

The field of metamaterials has been spectacular experiial gain beyond the bare gain, leading to a significant reduc
ments progress in recent years [1-3]. The mostly metamaion of the metamaterial’s losses.
terial are metal-based nano-structure and eventuallgsudf We model the dispersive Lorentz active medium using a
from the conductor losses at optical frequencies, which argeneric four-level atomic system. The population density i
stills orders of magnitude too large for the realistic apgli  each level is given byV; (:=0,1,2,3). The time-dependent
tions. In addition, metamaterial losses become an increadMaxwell’s equations for isotropic media are given By x
ingly importantissue when moving from multiple metal-bése E(r,t) = —0B(r,t)/0t andV x H(r,t) = 9D(r,t)/0t,
metamaterial layers to the bulk case [3]. Thus, the neeafor r whereB(r,t) = pp,H(r t), D(r,t) = esoE(r,t) + P(r,t)
ducing or even compensating of the losses is a key challengendP(r, ¢) is the dispersive electric polarization density that
for metamaterial technologies. One promising way of overcorresponds to the transitions between two atomic levéls,
coming the losses is based on introducing the gain material tand N,. The vectors? introduces gain in Maxwell's equa-
the metamaterial. The idea of combination of a metamaterigions and its time evolution can be shown to follow that of a
with an optical gain material has been investigated by sevhomogeneously broadened Lorentzian oscillator drivemby t
eral theoretical [4-7] and experimental studies [8—-12pnkr coupling between the population inversion and external-ele
the experiments point of view, the realistic gain can be exric field [17]. Thus,P obeys the equation of motion
perimentally realized with fluorescent dyes [8], quanturtsdo
[9, 10] or semiconductor quantum wells [11, 12]. All these 0%P(r, t) +T OP(r, t) L W2P(r,t) = gaAN(r,t)E(r, 1)
loss-compensation are mainly attributed to the coupling be ~ 9t? Coot @ ¢ ’ ’

tween metamaterial and the gain medium. Without sufficientyherer, stands for the linewidth of the atomic transitions at
coupling, no loss-compensation can happen, nor canth@tran,, and accounts for both the nonradiative energy decay rate,

mitted signal be amplified. Therefore, itis of vital impate@ 55 \ell as dephasing processes that arise from incoherently
to understand the mechanism of the coupling between met@yiyen polarizations. In the following simulations, thialue

materjal and the .gain medium. In ado!ition, these ideas.can be equal to2r x 20 - 10'2rad/s. o, is the coupling strength
used in plasmonics to incorporate gain [13, 14] to obtain nevi¢ p 15 the external electric field and its value is taken to be
nano-plasmonic lasers [15, 16]. 104 C2 /kg. The factorAN (r, t) = Ny (r,t)— Na(r, t) is the

In this Letter, we present a systematic theoretical modepopulation inversion between leveland levell that drives
for pump-probe experiments of metallic metamaterials couthe polarizationP. In order to do pump-probe experiments
pled with the gain material, described by a generic fouelev numerically we first pump the gain material with a short, in-
atomic system. We describe the dynamical processes in meteense Gaussian pump pulse. After a suitable time delay we
materials with gain, and increasing the gain changes tha-metprobe the structure with a weak probe pulse (see Fig. 1). In
materials properties and we need to have self-consisteni-ca our model, an external mechanism pumps electrons from the
lations [4—6] to reach a steady state. The pump-probe sesulground state leveN, to the third levelN3 using a gaussian
affecting the time dependence of the population inversimh a pumpingP,(¢), which is proportional to the pumping inten-
the electric field enhancementthat increases the effegdive  sity in the experiments. After a short lifetimg, electrons
We observe differential transmittance signals from the-coutransfer non-radiative into metastable second lévgl The
pled system that are larger than for the bare gain. Furtheisecond level§s) and the first level §/,) are called the upper
more, we observe a more rapid temporal decay of the differand lower lasing levels. Electrons can be transferred fiwan t
ential transmittance signal for the coupled system contpareupper to the lower lasing level by spontaneous and stimdilate
to the bare gain. Both effects indicate substantial loedtHi  emission. At last, electrons transfer quickly and non-atidé
enhancement effects, which increase the effective metamatfrom the first level (V;) to the ground state levelNg). The
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FIG. 1: (Color online) Schematic illustration of pump-peobxperi- 1.00 . . i . :
ments.
lifetimes and energies of the upper and lower lasing leveglsa  0.75 —/,/’/ \\\ -
791, Fo andriy, E4, respectively. The center frequency of | 1o \ R_---~
the radiation isw, = (F2 — E1)/h which is a controlled \ L7

variable chosen according to the pump-probe experiments. 0.50 4
The parametersss, 721, and g are chosen to be 0.05ps,
80ps, and 0.05ps, respectively. The initial electron dgnsi
No(T,t = 0) = 5.0 x 102311173, Ni(T,t = O) = 0m—3 0.254
(i=1,2,3). Thus, the atomic population densities obey the fol
lowing rate equations:

ON3(r,t Ns(r,t 0.00
ONs(r,t) _ P,(t)No(r,t) — Ns(r,t) —
ot ; T32 125 150 175 200 225 250
ONa(r,t)  Na(r,t) 1 OP(r,t)  Na(r,t) Frequency (THz)
= +—E(r1)- - (b)
ot 739 huw, ot T12
ON1(r,t No(r,t 1 OP(r,t Ny(r,t
(1) = 2(nt) _ E(r,t) - (rt) _ Ni(r?) FIG. 2: (Color online) (a) Schematic of the unit cell for thiver-
ot 712 hwa ot 710 based SRRs structure (yellow) with the electric field pakion par-
ONg(r,t)  Ni(r,t) P (A\Na(r t allel to the gap. The dielectric constantor gain (red) and GaAs
ot - T10 = Py (t)No(r,?) (light blue) are9.0 and 11.0, respectively. (b) Calculated spectra

for transmittancel” (black), reflectanceR (red), and absorptance
ttpy2 A (blue) for the structure shown in Fig. 2(a). The insert shows

. o _(Tip . o
WheregGEl;Jsman Pump, (t) = Po x e P with Py = the profile of the probe pulse with a center frequencyl B3 THz
3 x 107s tp =6ps [18] andrp = 0.15ps. (FWHM = 2THz).

In order to solve the response of the active materials in
the electromagnetic fields numerically, the FDTD technique
is utilized [19], using an approach similar to the one oweitin
in [20]. Fig. 2(a). The resonant frequency is arouridTHz, and
The object of our studies is to present pump-probe simwe refer to the resonant frequency according to the dip of
ulations on arrays of silver SRRs coupled to single quanthe transmittance. In our analysis, we first pump the active
tum wells [11, 12]. The structure considered is a U-shapestructure (see Fig. 2(a)) with a short intensive Gaussiamgpu
SRRs fabricated on a gain-GaAs substrate with a square peulse, P, (t), (see Fig. 3, top panel). After a suitable time de-
riodicity of p = 250nm (see Fig. 2(a)). The SRRs is madelay (i.e. the pump-probe delay), we probe the structure with
of silver with its permittivity modeled by a Drude responds: a weak Gaussian probe pulse with a center frequency close to
( ) =1—w?/(w? +iwy), withw, = 1.37 x 10" rad/sand  the SRRs resonance frequencyi@5THz. Typical examples
=2.73 x 1013 rad/s. The incident wave propagates perpenfor the spatial distribution of electric field an gain arewhan
dlcular to the SRRs plane and has the electric field polariza21]. The incident electric field amplitude of the probe guls
tion parallel to the gap (see Fig. 2(a)). The correspondéwg g is 10V /m, which is well inside the linear response regime.
metrical parameters ate= 150nm,hg = 40nm,h, = 20nm,  Then, we can Fourier transform the time-dependent transmit
hs = 30nm,w = 50nm, andh = 75nm. Fig. 2(b) shows ted electric field and divide by the Fourier transform of the i
the calculated spectrum (without pump) of transmittaifige cident probe pulse to obtain the spectral transmittancheof t
reflectanceR, and absorptancd for the structure shown in  system as seen by the probe pulse. Additionally, we obtain th
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case SRRs with gain. Under some conditioh%;/7 reaches

N

g values as negative as3.50% aroundf,,.pe = 175THz. Ad-
AN ditionally, we may also get positivAT /T at the very edges
0 == : of the probe range (see left column in Fig. 4). If we turn to
S A T T T T T T the case of perpendicular polarization case, no distiranga
%.:E_, 2] 8 ] between the pump-probe results on the SRRs (not shown in
z ol c ] Fig. 4) and the bare gain (right column in Fig. 4), neither in
w150 15 30 45 G 75 90 165 150 135 180 185 the magnitude nor in the dynamics of the'/T", can be de-

tected.

We argue the distinct behavior can be attributed to the
strong coupling between the resonances of the SRRs and the
gain medium. The negativAT'/T are not as we expected
at first glance: the pump lifts electrons from ground state
to an excited state so that the absorption of the probe pulse
is reduced, leading to an increase of transmission. This is

) Incident (V/m)
o

450 455 1345 1350 1355

. L4550 Sha4s 450 455 135 1350 1355 not the whole story. The reason lies in the fact that with
e e e pump we not only affect the absorption, but disturb the re-
= '/m/'/'/././ ] flection of the structure, resulting in the mismatching af th
<6 T ] impedance. Furthermore, we observed either increasing or
B o s w4 e 75 s 105 1o 155 %0 16s decreasing tendency for the case of on resonance as shown
At(ps) in Fig. 4. All those behaviors can be explained by the com-

_ _ _ peting of the weak gain resonance and the impedance mis-
FIG. 3: (Color online) Schematic of the numerical pump-@rax- matching between pump and without pump cases. We will

periments for the case on resonance. From the top to thembotto gy hiore the underlying mechanism below. Fig. 5 shows the
each row is corresponding to the pump pulse, populatiornrsiwve,

incident signal (with time delays 5ps, 45ps and 135ps),stran 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
: 0.50 (1

ted signal, and differential transmittancel’/7". 1t should be men- 00 O\ T e el
tioned here the incident frequency of the probe puld&is['Hz with 05 e pl 0% P,
FWHM of 2THz and is equal to the SRRs resonance frequency. 5 O f _4_.-.-.7.,.;-.5‘ §0.00 pAEmrezer

£ 4 \ o o pl EOBL P, ]
total pulse transmittance by dividing the energy in thesran g2 ;\/-1““.7*? R Eiz e S
mitted pulse by the energy in the incident pulse, integrated E; :\ P § 0'25>
time domain. We define the differential transmittand&; /T, g-g L »/7’“" P gO:OO L
by taking the difference of the measured total plus transmit § _ \ r.a* Boos| 1
tance with pumping the active structure minus the same With% S A 1 [ =171 VA i e = 2 & SO
out pumping and dividing it by the total plus transmittance os| o] OB .
without pumping. This differential transmittance is a ftion 0.0 0/. '\275'“'570"";5-'*1657-1;5-150 e 00 '6/ 2‘5'_;)'"'7’5"'17);‘*1;;"1';5-'1‘75
of the pump-probe delay. The bottom panel in Fig. 3 gives a At (ps) At (ps)

differential transmittancA&7/T which is negative. this result _ _ _ _ _
was not expected, and we need to understand this behavidrlG. 4: (Color online) Time domain numerical pump-probe &xp
which agrees with the experiments [11, 12]. ments results for the SRRs that is nearly on-resonant weétgtin

. . . . material. The left column corresponds to the parallel pjoddariza-
Fig. 4 gives an overview over the results obtained for thetion with respect to the gap of the SRRs, the right columnésctise
case of the SRRs on resonance, ig.,= 2r x 175 x 102

for bare gain material, i.e., without SRRs on the top of tHestate.
rad/s. Data for the structure in Fig. 2(a) (left columnin.F4Y  The width of the probe signal BT'Hz with decreasing in the probe
and for the bare gain case (right column in Fig. 4) without thecenter frequency fronmt79THz for the top panel td69THz for the
SRRs on top is shown. For parallel polarization, the ligtesio bottom panel.

couple to the fundamental SRRs resonance, for perpendicula

polarization it does not. The probe center frequency deeea results for the difference in absorptanc&4), difference
from top (179THz) to bottom (169THZz). Note that the width in reflectance AR), their sum AA + AR), and the dif-

of the probe spectrum 8THz (see the insert of Fig. 2(a)). ference in transmittanceAI" = —(AA + AR)) between
Hence, the data have been taken V@itliHz spectral separa- pump (P, = 3 x 10°s~!) and no-pump using a wide probe
tion. Inspection of the left column shows a rather different(FWHM = 54THz) pulse with a fixed pump-probe delay
behavior for the SRRs with gain compared to the bare gainf 5ps. As expected, we may observe a positive differential
case. While the bare gain always delivers positNE/T sig-  transmittanceAT /T > 0, when we pump the gaild A < 0,
nals below+0.16% (right column) over the whole probe spec- and if AR (impedance match) remains unchanged.

trum. The sign and magnitude of the signals change for the The results of Fig. 5 are obtained for pump-probe exper-



iments with the probe frequency equal to the resonance fre-

guency of the SRRsl{5THz) at a pump-probe delay 6ps; 0.09
Results for longer pump-probe delays are shown in supple-
mentaty material [21]. Notice tha&t R is positive, A A is neg- 0,058
ative, andAT is also negative very close the the resonance '
frequency. If the probe center frequency moves away from
S o001}
o3
|_
165 170 175 180 185
0.0 -t -0.03}
£-02F -
S B T _ ‘ ‘
< .04} S . . 0.07 170 175 180
L Tteel -7 . . | Frequeney (THz)
o6F .
2 03fF .7 i FIG. 6: (Color online) The transmittance T (without pumplicso
< line) and the on-resonance differential transmittadcg/ 7" results
% 0.0 i ] (vector arrow). The direction and the length of the arrowmdttor
03} N the sign and the amplitude &7'/T, respectively. The squares from
u . . . ____' _____ : : . P, to Ps correspond to the frequency of probe pulse ranging from
L 00k - T 4 169THz to 179THz with uniform step o2THz.
x
<-03F S
;5 : N pump-probe experiments to compensate the losses of meta-
-0.6 : ' : ' : ' : materials.
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