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W e descr ibe the design, constr uction, and use of Ùber-coupl ed terahert z
antennas for perfor ming ultraf ast coherent TH z spectroscop y directly in the
cryogenic bore of high- Ùeld magnets . With an aim to w ards measuring the

high- frequency ( 100 GH z to 2000 GH z) comple x conducti vi ty of correlated
electron materials in the regime of low temp eratures and high magnetic Ùelds,
these miniature TH z emitters and receivers are demonstrated to w ork dow n
to 1.5 K and up to 18 T , for eventual use in higher- Ùeld magnets. Results

from a variety of semiconducti ng and superconducti ng samples are presented.
T his pap er also describ es a separate e˜ort tow ards achieving couplin g b e-
tw een colloid al semicondu ctor nano crystal quantum dots, w herein w e realize

and study inter- dot communication via resonant ( F �orster) energy transf er.
W e present studies of the dynamics of resonant energy transf er in mono dis-
p erse and energy gradient (layered) assemblies of CdSe nano crystal quantum
dots. T ime- and spectrally- resolv ed photolumin escence data directly reveal

the energy- depend ent transf er rate of excitons from smaller to larger dots.
Results from layered nano crystal quantum dot assemblies demonstrate uni-
directiona l energy Ûows, a Ùrst step tow ards artiÙcial light- harvesting struc-

tures. Lastly , time- resolved studies at milli kelvi n temp eratures elucidate the
nature of ground- state \dark " excitons in these quantum dots.

PACS numb ers:

1. T H z spect r osco py in h igh m ag net ic Ùel ds

Ti m e-dom ain tera hert z spectroscopy is an establ ished techni que for the mea-
surement of high- frequency conducti vi ty , typi cal ly in the range between 100 GHz
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and ¤ 3 0 0 0 GHz. Pioneered in the late 1980s [1], \ ta ble-to p" tera hertz spectrom e-
ters empl oying photo conducti ve antenna s gated by ul tra fast opti cal pul ses have
been used to study a wi de range of materi al system s, incl udi ng semiconducto rs and
di electri cs, norm al and hi gh-T c sup erconduct ors, l iqui ds, Ûames, and gases[2]. Thi s
THz frequency range l ies between tha t whi ch is readi ly accessible by microwave
cavi ty techni ques (on the low frequency side), and Fouri er- tra nsform inf rared spec-
tro scopi es (on the high frequency side). Further, these frequenci es corresp ond to
energies between 0.4 m eV and ¤ 1 2 m eV, or al terna ti vely, tem peratures between
4 K and 140 K and m agneti c Ùelds between 4 T and 100 T.

Thi s is precisely the energy, tem perature, and in parti cul ar the m agneti c
Ùeld scale relevant to m any novel correl ated- electron system s of interest to day,
incl udi ng hi gh-Tc superconduc to rs (where the upp er cri ti cal Ùeld H c2 m ay be tens
or even hundreds of T), heavy- ferm ion and Ko ndo-insul ati ng m ateri als (where,
e.g., the Kondo spin/ charge gap in Ce3 Bi4 Pt 3 may be closed above 30 T), colossal
m agneto resistive m anganites (m elti ng of charge/ orbi ta l order at high Ùelds), 2D
electron gases (composite ferm ion dyna mics in the high-Ùeld fracti onal quantum
Ha l l reg im e), and organic m etals (no vel Ùeld- induced superconducti vi ty above
17 T). Thus i t is of keen interest to perform m easurements of the com plex THz
conducti vi ty not onl y in the regim eof low tem peratures, but also at high m agneti c
Ùelds. However, the conventi onal \ ta ble-to p" tra nsmission tera hertz spectrom eter
is a rather involved and physi cal ly large setup, typi cally uti l i zing several m icro -
positi oning stages to al ign the THz antenna s wi th respect to the free-space laser
beam s, and o˜- axi s parabol ic opti cs to coll im ate and focus the tera hertz pul ses
over short distances. These tra di ti onal m etho ds work extrem ely wel l , but are not
compati ble wi th high-Ùeld m agnets (10{ 60 T), whi ch are general ly solenoids wi th
narro w, cryogenic bores accessible pri m ari ly vi a meters- long experim enta l pro bes.

T o thi s end we have developed extrem ely sensiti ve, m inia turi zed, opti cal
Ùber-coupl ed THz emi tters and receivers for rem ote use di rectl y in the low-tem per-
ature bore of a high-Ùeld (dc or pul sed) m agnet [3]. These devi cesperm i t ul tra fast,
coherent, ti me-dom ain THz tra nsmission spectro scopy of sam ples in the frequency
range between 100 GHz and ¤ 2 0 0 0 GHz. D ue to the coherent nature of the detec-
ti on (both am pli tude and phase of the THz electri c Ùeld are measured), the com -
pl ex conducti vi ty m ay be di rectl y evaluated wi tho ut the need for Kra m ers{ Kro ni g
analyses. The gated nature of the detecti on perm i ts hi gh signal - to-noise data wi th
m inim al (¤ 2 m W ) opti cal power input and (where necessary), the abi l ity to
acqui re com plete spectra in tens of m i l liseconds. The pri mary chal lenges of thi s
pro ject incl ude mainta ining sub-m icron al ignment between Ùber and antenna upon
repeated therm al cycling, achi eving ul tra fast (< 2 0 0 fs) opti cal pul sesat the end
of tens of m eters of single-mode opti cal Ùber, and obta ining com plete ti me-dom ain
scans wi th hi gh signal :noise usi ng only mi ll iwatts of opti cal power, no lock- in de-
tecti on, and (f or pul sed m agnets) onl y ¤ 1 0 0 ms of integrati on ti m e.
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Using photo conducti ve antenna s, wi de-band wi dth THz pulses m ay only be
generated (and detecte d) by gati ng the antenna s wi th ul tra fast opti cal pul ses, and
for thi s reason i t is necessary to compensate f or the positi ve group-vel ocity- dispers-
ion (G VD ) of opti cal Ùbers so tha t f ast opti cal pul sesm ay be obta ined at the ends
of long Ùbers. Norm al sil ica opti cal Ùber exhi bi ts a GVD of roughly 120 fs/ m{ nm
at 800 nm , so tha t wi tho ut com pensati on, a 100 fs input opti cal pul se wi th a band
wi dth of 10 nm bro adens, in the best case, to > 2 0 ps after a typi cal 20 m length
of Ùber. Such a lengthy opti cal pul se is useless for generati ng or detecti ng THz
radi ati on. Thus it is necessary to precom pensate and impose a negati ve chi rp on
the opti cal pul sesbefore launchi ng into the opti cal Ùbers, so tha t the opti cal pul ses
shorten in ti me as they tra vel thro ugh the Ùber and achi eve a m inimum value at
the THz devi ces.

The exp erimenta l schemati c for THz tra nsmission spectro scopy in hi gh-Ùeld
m agnets is shown in Fi g. 1, along wi th a photo of the actua l THz pro be. Ul tra fast
opti cal pul ses (100 fs, centered at 800 nm ) from a Ti :sapphi re laser are di rected
to a 2-grati ng pul se stretcher, whi ch im parts a negati ve chi rp (bl ue wavel engths

Fig. 1. Exp erimental TH z schematic. U ltraf ast optical pulses are pre-chirp ed

(stretched) by gratings G 1 and G 2 , and coupled into Ùbers by Ùber launchers F L 1

and F L 2 . Pulses achieve minimum temp oral width (and highest p eak intensity) at the

photo condu ctiv e T H z emitter and receiver, w hich are located in the cryogenic bore of a

high- Ùeld magnet. On right, a photo of the T H z prob e. A dapted from Ref . [3].
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leading red wa vel engths) onto the pul ses. The magni tude of the negati ve chi rp,
tuned vi a the separati on between the two grati ngs G 1 and G 2 , is chosen to opti -
m al ly compensate f or the intri nsic positi ve GVD of opti cal Ùber, and thus depends
on the laser wavel ength and the length of Ùber used. For typi cal Ùber lengths of
20 m , the 100 fs, tra nsform -l imited pul ses are stretched to appro xi matel y 24 ps.
Af ter leavi ng the pul se stretcher, the negati vel y-chirp ed pul se tra in is equal ly spli t
into an \ emi tter" and a \ receiver" beam . The form er is launched di rectl y into a
sing le-m ode opti cal Ùber, whi le the latter is delayed by a scanni ng retro reÛector
before being launched into another sing le-mode Ùber of equal length. As the op-
ti cal pul sestra vel from the laborato ry to the low-tem perature probe housing the
THz antenna s, thei r tempora l wi dth decreases due to the positi ve GVD of the
Ùber, achi eving a mini mum pul se wi dth di rectl y at the li tho graphi cal ly-deÙned
photo conducti ve antenna s.

In an experim ent, the sam ple is positi oned between the THz emi tter and
receiver in the cryo genic bore of the m agnet. An ul tra fast opti cal pul se prom otes
m obi le carri ers in the biased (20{ 30 V) stri p- l ine emi tter, and the subsequent cur-
rent surge generates a burst of broad-band THz radi ati on whi ch is coupl ed into
free space thro ugh a coll im ati ng sil icon hyp erhemispheri cal substra te lens. Af ter
passing thro ugh the sampl e, the THz pul se is focused onto the stri p- l ine receiver
by another substra te lens, where the \ instanta neous" THz electri c Ùeld is gated by
a second ul tra f ast opti cal pul se, generati ng a measurable current. The com plete
ti m e-dependent THz electri c Ùeld is m apped by rapidly scanni ng the ti m edelay be-
tween the exci tati on and gati ng opti cal pul ses,and the externa l ly- am pl iÙedcurrent
signal is sent di rectl y to digi ti zers. The THz emitter and receiver are m ounted fac-
ing one another wi th a gap of roughl y 1 cm. A rota ti ng copper sam plestage enables
the sam pl e to be moved out of the THz beam path, so tha t a ref erence scan may
be ta ken at each new temperature or Ùeld (cruci al for quanti ta ti ve interpreta ti on
of data , since the exact THz wa ve form s are Ùeld- and temperature- dependent).
The enti re probe is 25 m m in diam eter. The THz stri p- line antenna s them selves
are based on 2 0 ñ m wi de, 1 cm long, ti ta ni um { gold l ines separated by 5 0 ñ m.
The antenna s also incorporate micro n-scale features, matched to the mode-Ùeld
di ameter of the opti cal Ùber, to m axi mize thei r e£ ciency and sensiti vi ty .

Fi gure 2 shows characteri stic data ta ken on a very high m obi l it y 2-dim ension-
al electron gas (2D EG) (m obi l i t y 1 0 7 cm 2 = (V s)) form ed at a GaAs=Al GaAs het-
ero juncti on, where the sampl e and antenna s are im mersed in superÛuid hel ium at
1.6 K. Here, the raw power spectrum of the tra nsmi tted THz pulse is shown in the
low- Ùeld regim e where the electro n cycl otro n energy fal ls wi thi n the THz detecti on
band wi dth. Cl ear oscil lati ons in the ti m e-dom ain data (not shown) correspond
to the observed cyclotro n absorpti on resonance, whi ch evolves wi th the expected
behavi or: ! c = e B =ñh m Ê c = 1:73 meV=T = 420 GHz/ T (the addi ti onal ri ppl es in
the power spectrum are an arti fact ari sing from a m ulti ple reÛection of the THz
pul se whi ch appears ¤ 1 2 ps later in the ti m e dom ain, and whi ch m ay be avo ided
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Fig. 2. Low - Ùeld dependence of the power spectrum of the raw time- domain T Hz data

up on passage through a high mobili ty GaA s/A lGaA s 2D electron gas at 1.6 K . A bsorp-

tion resonances corresp ond to cyclotron motion. A dapted from Ref. [3].

Fig. 3. (a) T H z imagina ry conductivi ty of a Y BC O Ùlm ( T c ¤ 85 K ), taken in the

cryogenic b ore of a 17 T superconducti ng solenoid . T he 1 =! conductivity decreases w ith

increasin g magnetic Ùeld, indica tin g the suppressi on of supercondu ctivi ty . Inset: raw

data traces of the measured electric Ùeld of the TH z pulse. (b) A 300 GH z cross-section

of the Ùeld- and temp erature- dependen t imagina ry conductivi ty of YBC O.
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by stacking addi ti onal \ dum my" wafers of GaAs onto the back of the 2D EG sam -
pl e). Usi ng THz spectroscopy , very sensiti ve density- and Ùeld-dependent studi es
of the THz conducti vi ty of ul tra clean 2D electro n system s in the f racti onal quan-
tum Hal l regim e may be perform ed, pro vi ding deeper insight into the dyna m ics
and intera cti ons of com posite ferm ions.

Fi gure 3 shows the com plex conducti vi ty on a very di ˜erent system ; nam ely
a thi n Ùlm of superconducti ng YBC O (the 50 nm thi ck Ùlm is grown on a Mg O
substra te, and has T c ¤ 85 K). The data show the im aginary part of the mea-
sured THz conducti vi ty . The inset shows the raw data (the electri c Ùeld of the
THz pul se) acqui red in the experim ent, when the THz pul se passes thro ugh the
YBCO Ùlm , and also thro ugh a ref erence Mg O substra te. From these data (ta ken
at 15 T and 10 K) the com plex tra nsmission coe£ cient, t ( ! ) , m ay be di rectl y
m easured f or all frequenci es between ¤ 2 0 0 À 1 4 0 0 GHz (see Fi g. 3a). Below T c ,
the 1 = ! conducti vi ty from the Drude- l ike response of superconducti ng parti cles
wi th inÙnite scatteri ng ti me is observed. W i th increasing m agneti c Ùeld, the con-
ducti vi ty is observed to decrease, indi cati ng the Ùeld- induced suppressi on of phase
coherent superconducti vi ty . Fi gure 3b shows the measured im aginary conducti vi ty
of YBCO at 300 GHz, as a functi on of m agneti c Ùeld and at the temperatures in-
di cated. Here, the expected suppressi on of superconducti vi ty wi th increasing Ùeld
and tem perature is cl earl y seen.

2. Ti m e-r esolv ed sp ect r oscopy of nan ocr ys t al quan t um dot s

Co mmunica ti on, coupl ing, and coherence between quantum dots are centra l
them es in num erous scienti Ùce˜o rts of present physi cal and techno logical interest.
In the l im i t of large numb ers of coupl ed dots, col loidal semiconducto r nanocrysta l
quantum dots (N QD s) are prom ising bui ldi ng bl ocks for the botto m -up assembl y of
m acroscopi c \ arti Ùcial m ateri als" havi ng engineered functi onal i t y. Recentl y, we in-
vesti gated the coupl ing between quantum dots vi a long-range dipolar intera cti ons,
whi ch al low inter- dot com muni catio n vi a resonant (F �orster) energy tra nsfer. Uni -
di recti onal tra nsfer of exci to ns between quantum dots, a Ùrst step to wards arti Ùcial
l ight- harv esting structures , was di rectl y observed in a series of ti m e-resolved PL
exp eriments on dense Ùlm s and engineered bi layers of CdSe dots [4].

Fi gure 4 shows ti me-resolved PL decays from a sam pleof nom inall y m onodis-
perse 1.24 nm CdSe dots, m easured vi a ti m e-correla ted sing le photo n counti ng
usi ng a frequency- doubl ed, pul se-picked ul tra fast Ti :sapphi re laser. The Ùlm 's
200 m eV wi de photo lum inescence (PL) emission spectrum (see inset) results f rom
the ¤ 8% dot size dispersion wi thi n the sam ple | smal ler and larger quantum
dots radiate to wards higher and lower energies, respecti vely. Measuri ng the PL
decay at parti cul ar wa velengths theref ore al lows investigati on of exci to n dyna m ics
from dots of speciÙc size. Iso lated dots in soluti on exhi bi t the sam e 24 ns decay,
regardl ess of detecti on wavel ength. Ho wever, when the dots are packed to gether
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Fig. 4. (a) T ime- resolved photolumin escence decays from a dense Ùlm of nominall y

12.4 ¡A C dSe quantum dots at the energies speciÙed in the inset. Inset: cw PL spectra

from dense Ùlm (solid) and original solution (dashed), show ing redshif t. (b) Dynamic

redshif t of the PL peak, as excitons transf er from donor to acceptor dots. Inset: PL

spectra at the speciÙed times. A dapted from Ref . [4].

in a dense Ùlm, the PL dyna m ics measured at shorter wa velengths (sm al ler dots)
becomes very rapid, of order ¤ 1 ns. Conv ersely, a t longer wavel engths (l arger
dots), the PL decay becom es qui te slow, even exhi bi ti ng a slight upturn at short
ti m es.Thi s behavi or indi cates tha t exci to ns are Ûowi ng f rom smal ler (donor) dots
to larger (accepto r) dots wel l after the ini ti al photo exci ta ti on. From these data one
m ay deri ve \ instanta neous" spectra to eluci date the dyna m ic PL redshif t, shown
in Fi g. 4b. The emission peak redshif ts rapidly duri ng the Ùrst 10 ns, and beyond
30 ns is roughly constant, indi cati ng tha t energy tra nsfer has e˜ecti vel y ceased |
al l exci tons have m igrated to larger dots from whi ch further tra nsfer is suppressed
by the vani shing pro babi l i ty of even-larger neighb ori ng dots.

In com pari son wi th som eof Na ture' s m ost e£ ci ent energy tra nsfer com plexes
| chl orophyll s | the data suggest tha t inter- dot energy tra nsfer can appro ach pi -
cosecond ti mescalesin structura l ly opti m ized system s where the emission energy of
donor dots overl aps opti m all y wi th the absorpti on energy of nearby accepto r dots.
T o thi s end, monolayer-by- monolayer assembly of quantum dots was perf orm ed to
create an energy- (si ze-) gradi ent structure, shown schemati cally in Fi g. 5. \ Insta n-
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Fig. 5. (a) Schematic of N QD energy- gradien t bilayer for light harvesting | 13 ¡A dots

on 20.5 ¡A dots. (b) \I nstantaneous" PL spectra at 500 ps interv als (f rom 0{5 ns) show ing

rapid collapse of emission from 13 ¡A dots. A dapted from Ref . [4].

ta neous" spectra ta ken at 500 ps interv als reveal the nearly com plete depleti on of
exci to ns from the monolayer of smal l quantum dots wi thi n 5 ns, but only a small
decrease in the m onolayer of large dots, indi cati ng e£ cient energy tra nsfer f rom
smal l to large dots in the verti cal di recti on (i n soluti on, both large and smal l dots
exhi bi t long ¤ 2 0 ns decays). Photo lum inescence decays from the smal l dots are
very rapid (750 ps), whi ch is over twi ce as f ast as com pared wi th the m onodi sperse
dots of Fi g. 4, despite a larger interdo t separati on, and a m uch smal ler numb er of
possible neighb ors due to the 2D bi layer nature of the structure. Thus by ensuri ng
donor/ accepto r spectra l overl ap, and intenti onally pl acing accepto rs near donor
dots, the rate of energy tra nsfer is enhanced, and the di recti on of energy Ûow can
be inÛuenced.

In a related experim ent [5], ti m e-resolved PL m etho ds at low tem peratures
al low study of the intri nsic radiati ve l i feti m e(§R ) in CdSe quantum dots, wherei n i t
is kno wn tha t §R far exceeds tha t of thei r bul k counterpa rt (§R ¤ 1 ñ s, vs. ¤ 1 ns in
bul k CdSe at 4 K). These long l if eti mesresul t from the dot' s intri nsi c crysta l / shape
ani sotro py, and conÙnement- enhanced electron{ hole exchangeenergy. These e˜ects
l i ft the spin degeneracy of the band-edge excito n such tha t the ground state is, in
fact, the exci to n wi th net spin pro jection J = 2 , whi ch is form al ly forbi dden f rom
di rect radiati ve recombi nati on (pho to ns havi ng spin 1), and is theref ore opti cal ly
inacti ve. Thi s \ dark" ground state l ies well below the nearest opti cal ly acti ve
\ bri ght" (J = 1 ) excito n. The bri ght- dark energy gap, Â = 1 À 15 m eV, scales
inv ersely wi th dot size [6]. Thus, when the therm al energy k B T < Â , exci to ns are
largely frozen in the dark state and no rem aining decay channels exi st. W i thi n thi s
fram ework, §R shoul d increase exponenti al ly wi th decreasing tem perature, ra ising
the intri guing possibi l i ty of long- term \ storage" of exci to ns in cold dots.
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Fig. 6. Measured radiative lif etime (log{log scale) of CdSe quantum dots w ith radius

13, 18.5, and 21 ¡A , show ing saturation < 2 K at ¤ 1 ñ s. I nset: p eak emission energy vs.

T f rom 13 ¡A dots, show ing redshif t < 4 K due to LO phonon coupli ng. A dapted from

Ref . [5] .

In thi s wo rk we investigated § R (T ) over a very broad tem perature range
(380 m K to 300 K) in a series of col loidal CdSe quantum dots. Our goal was to
determ ine the dependence of exci to n l i feti m eon temperature, dot size, and surface
passivati on. Fi gure 6 shows §R in al l the NQD sam ples, on a log{ log scale where
the rapid drop at interm ediate tem peratures is clear. For tem peratures above
20 K, overa l l trends m ay be modelled by therm al acti vati on between \ dark" and
hi gher- lyi ng \ bri ght" exci to n states. Mo st stri ki ng, tho ugh, is the low- temperature
satura ti on of §R below 2 K, observed in al l sam ples r e g ar d l e ss of size or surface
passivati on. The observed l i feti m e satura ti on is surpri sing wi thi n the context of
a dark- exci to n ground state where, as di scussed above, §R should conti nue to
increase wi th lower tem peratures. Because the overal l PL quantum yi eld does not
changeappreci ably below 20 K (not shown), these data point to wards the existence
of an intri nsic r ad iati v e decay channel whi ch, below 2 K, evidentl y imposes a
funda m ental l im it of roughly 1 ñ s on the storage ti m e of exci to ns in these CdSe
dots. Thi s low- tem perature decay channel l ikely invol ves recom binati on of dark
exci to ns assisted by an angular mom entum conservi ng LO phonon, where di rect
evi dence for phonon assisted recom binati on at low tem peratures is seen (i nset,
Fi g. 6) in the sizable redshi ft of the PL peak energy below 4 K.
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