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Photoluminescence of PbS nanocrystals at high magnetic fields up to 30 T
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We use magnetic fields up to 30 T to study the circularly polarized magneto-photoluminescence (PL) of 
colloidal PbS nanocrystals. A semiclassical model for the population of polarized excitons is used to account 
for the measured magnetic field and temperature dependence of the degree of circular polarization of the PL 
emission and to probe the g factor, gX, of the exciton. We report a systematic dependence of gX on the 
nanocrystal size with values that increase from 0.1 to 0.3 at low temperature (T< 10 K) with decreasing the 
nanocrystal diameter from 9 to 4 nm.
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The PbS and other lead chalcogenides (PbSe and PbTe) 
nanocrystals belong to a class o f narrow energy gap (0.2-0.4 
eV) IV-VI com pounds with a unique electronic band struc
ture and physical properties, which distinguish them  from 
II-VI (CdSe, CdTe, etc.) and III-V (InAs, InP, etc.) quantum  
dots (QD s).1 Beside the tunability of their energy spectrum 
in the near infrared region (NIR) and a regim e of strong 
confinement o f carriers, IV-VI QDs exhibit interesting exci- 
tonic phenom ena, such as long recom bination times 
(> 1 0 0  ns),2 a com plex exciton fine structure,3 and an u l
trafast fine-structure relaxation dynam ics.4 These properties 
result from the com bination of bulk m aterial properties, 
quantum  confinement, electron-hole Coulomb and exchange 
interactions.3 In particular, as the valence- and conduction- 
band originate both from the fourfold-degenerate L  valleys 
of the Brillouin zone, the lead chalcogenides define a inter
esting type of excitonic prototype with the lowest-energy 
level corresponding to a nondegenerate dark state, followed 
at higher energy by a triple degenerate bright exciton state.3

In recent years, excitonic effects have been investigated in 
both self-assem bled and colloidal quantum  dots by m agneto
optical studies.5- 11 M agneto-photolum inescence (PL) studies 
have provided useful means of probing the confinement and 
fine structure8 of the exciton, as well as the dependence of 
the exciton g  factor, gX, on the lattice tem perature,9 electric 
field,10 and on the size and shape of the Q D s.11 However, 
despite numerous studies o f the physical properties of lead 
chalcogenide QDs and their exploitation in several 
applications,12- 14 their excitonic properties in m agnetic field 
are still largely unexplored and are essential to test existing 
models of the electronic properties o f these nanocrystals.

In this B rief Report, we use static m agnetic fields, B, up to 
30 T to investigate the circularly polarized m agneto-PL of 
colloidal PbS nanocrystals with emission in the N IR  (1000
1300 nm) and average diameter ranging from  4 to 9 nm. A 
semiclassical model for the population of polarized excitons 
is used to describe the m agnetic field and tem perature depen
dence of the degree of circular polarization (DCP) of the QD 
PL em ission. In turn, this allows us to probe the g  factor of 
the exciton and its dependence on the QD size.

For our studies we use colloidal thiol-capped PbS QDs 
synthesized in aqueous solution following the m ethod p io
neered by Levina e t al. 15 These dots have approxim ately

spherical shape and diameter d  tuneable in the range 4 -9  nm 
depending on the molar ratio of the Pb2+ / S2- reactants used 
to form the nanoparticles.16 Solutions containing the QDs 
were stored under nitrogen atm osphere at T  = 5  ° C and were 
stable with respect to the m orphological and PL properties 
over a period of at least 3 m onths. The m agneto-PL study 
was perform ed under nonresonant excitation conditions on 
PbS QDs drop casted on a glass substrate. The optical exci
tation was provided by the 532 nm line of a solid-state laser 
(P = 5 X  104 W / m 2). The lum inescence was dispersed by a 
150 g/mm grating and detected by a nitrogen cooled (In- 
Ga)As array photodiode. The samples were mounted on an 
optical probe and cooled inside a liquid-helium  bath cryostat 
in a 33 T Bitter-type electrom agnet. Two circular polariza
tions, a+  and a - ,  of the QD PL em ission w ere m easured in 
Faraday configuration using a circular polarizer at two suc
cessive sweeps of m agnetic field with opposite directions. 
This study was perform ed with B  up to 30 T in the tem pera
ture range 4 .2 -120  K.

Figure 1 shows the low-tem perature (T  =4 .2  K) unpolar
ized PL spectra o f two ensembles of PbS QDs with average 
diameter d  = 5  and 9 nm  under applied magnetic fields B  = 0 
and 30 T. The magnetic field has two main effects on the QD 
PL spectrum; it redshifts the PL em ission by ~ 1  meV and 
decreases its intensity by ~ 5 % . A t first sight, these effects 
are counterintuitive. In fact, an energy blueshift and an in 
crease in intensity of the QD PL emission would be expected 
due to the extra confinement exerted by the m agnetic field on 
the carriers. The diam agnetic shift, SE, depends on the size 
and shape of the exciton wave function according to the re 
lation, SE = e2{p2)B 2 / 8 ^ X, where fiX is the exciton reduced 
mass and {p2) is the expectation value of the square of the 
electron-hole distance in the plane perpendicular to B .5 To a 
first approxim ation V{p2) is generally used as an estim ate of 
the exciton size, pX. For pX ~  d / 2 and d  in the range 4 -9  nm, 
we estim ate that 2 <  S E <  10 meV at B  = 30 T. Such energy 
shifts w ere not observed in any of the m easured samples. 
This observation com bined with the small redshift o f the QD 
emission m easured at high B  suggests the existence of a 
com peting physical m echanism  counteracting the diam ag
netic shift o f the exciton states.
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FIG. 1. (Color online) Low-temperature (T=4.2 K) unpolarized 
PL spectra at B = 0 (continuous lines) and B = 30 T (dashed line) for 
PbS QDs with average diameter d= 5 and 9 nm. The inset shows the 
PL spectra around the peak for the sample with d =5 nm and fits to 
the data by Gaussians.

To explore further the m agnetic field dependence of the 
exciton states, we have studied the circular polarization prop
erties o f the QD PL emission. F igure 2(a) shows the low- 
tem perature (T  = 7.5  K) circularly polarized PL spectra at ap
plied m agnetic fields up to 30 T for QDs with average 
diam eter d  ~  4 nm. The D C P is calculated according to 
D C P= (Ia- - 1  a )  / (Ia-+1 a ) ,  where I a+ and I a- represent the 
peak intensities of the right and left circular polarized QD PL 
em ission, respectively. As shown in Fig. 2(b), at low T, the 
D CP increases linearly w ith B  at low fields (B <  10 T); a 
further increase in B  leads to a sublinear increase in the DCP 
up to a value of ~ 3 0 %  at B  = 30 T. W ith increasing T, the 
D CP is significantly reduced. A ll our samples showed similar 
dependencies of the D C P on T  and B . F igure 3(a) shows the 
B  dependence of the low -tem perature D CP for PbS QDs with 
different diameter. The value of the D CP at B  = 30 T is in the 
range 2 5 -3 5  % and is com parable to that m easured before 
for CdSe QDs (D C P >  50% at B  = 30 T).6,7,9 Differences 
among various colloidal nanocrystals can be caused by m a
terial properties and light scattering.

To provide a quantitative description of the D CP data, we 
use the semiclassical model of Ref. 17. The Zeeman interac
tion of the electron and hole spin with the m agnetic field 
splits the degenerate bright exciton states with total angular 
m om entum  +1 and - 1 .  The lowest optically allowed bright 
excitons correspond to excitons with spin= ±  1 and Zeeman 
energy splitting given by A E e=gXß BB  cos 0, where gX is the 
exciton g  factor, /xB is the Bohr magneton constant and 0 
represents the angle between B  and the preferential axis of 
polarization of the nanocrystal; since in these transitions 
electrons and holes have both s =1 /2  or s = - 1 / 2 ,  the exciton 
g  factor can be also expressed as gX = \ge -  gh \. To account for 
the random  orientation of the nanocrystals, the value of 0 is 
averaged out to generate the following expression for the 
D C P :18

FIG. 2. (a) Circular-polarized PL emission at various magnetic 
fields for PbS QDs with average diameter d =4 nm. (b) B depen
dence of the DCP of the QD PL emission at various temperatures 
for PbS QDs with d =4 nm. Continuous lines are fit to the data by 
the model described in the text.

2 cos 0 tanh(AE/2kBT)sin 0d0  
0 1  

D C P = --------- —------------------------------------:--------- .  (1)

(1 + cos2 0)sin 0d0
1 + tJ t

Here ts and t  represent the spin relaxation and recom bina
tion tim e of the exciton, respectively. It can be seen from Eq. 
(1) that at low B, i.e., A E ^  kBT, the D C P exhibits a linear 
dependence on B  given by gXß BB / [4kBT(1 + Ts/ t )]. In con
trast, in the lim it o f high B, i.e., AE >  kBT, the DCP exhibits 
only very small changes and approaches a constant value 
proportional to 1 / (1 + ts/ t ).

The calculated dependences of the D CP on B  and T  re 
produce accurately the m easured data. The DCP(B ) curves at 
various T  are shown in Fig. 2(b) for a QD sample with av
erage diam eter d = 4  nm. The calculated and m easured low- 
tem perature DCP(B ) curves for QD samples with different d  
are shown in Fig. 3(a).

Let us first consider the QD sample with d = 4  nm  (Fig. 
2). A t T  = 7.5  and 13.5 K, the least-squares fit to the data by 
Eq. (1) is obtained with gX =0 .32 ±  0.05 and ts/ t = 0.8 ±  0.2,

0
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FIG. 3. (Color online) (a) B dependence of the DCP of the QD 
PL emission at low temperature for PbS QD samples with different 
values of d. Continuous lines are fit to the data by the model de
scribed in the main text. (b) Dependence of the exciton g factor on 
the average QD diameter d (T< 8 K). The line is a guide to the 
eyes.

and gX =0.28 ±  0.05 and ts/ t = 0.6 ±  0.2, respectively. At 
higher T, these param eters cannot be determ ined univocally 
due to the change in the form o f the m easured DCP(B) 
curve. We have also derived the DCP(B) curves by consid
ering the PL intensity at different energies w ithin the same 
QD PL band, see, for example, the DCP(B) curves of Fig. 4 . 
For each curve, the m easured data are reproduced accurately 
by the calculated dependence o f the D CP on B  w ith the same 
value of gX (within the error bar) but slightly different values 
o f Ts / T.

O ur data and analysis for all our QD samples indicate a 
systematic increase in gX w ith decreasing the average QD 
diameter. The value of gX increases from gX = 0 .12 ±  0.05 for 
d  = 9  nm  to gX =0 .32  ±  0.05 for d = 4  nm  (T <  8 K), see Fig. 
3(b). An increase in gX w ith decreasing the QD size was 
reported for InP nanocrystals;11 also, measurem ents on self
assem bled InGaAs/GaAs QDs have shown a high degree of 
tunability o f gX by varying the QD m orphology11 or by ap
plying an external electric field.10 These effects arise from 
quantum  confinement and m aterial properties9 but were 
never reported before for PbS QDs. Also, since for bulk PbS 
it was shown that gX ~  0 ,19 w e infer that the quantum  con
finem ent o f carriers in PbS QDs has a strong effect on the g 
factor o f the exciton.

These results are relevant to recent calculations o f the 
excitonic exchange splitting and radiative lifetim e o f lead 
chalcogenides QDs, which have predicted a distinct type of 
excitonic exchange splitting pattern that is highly sensitive to 
the QD size.3 A lthough our measurem ents on the QD en
sem ble do not reveal the exciton fine structure, the polariza
tion data indicate a systematic dependence of the exciton 
polarization properties on the QD size, which has never been 
reported before for this type o f nanocrystals. We also note 
that the values o f gX derived from  the analysis o f the D CP 
correspond to Zeem an energy splittings AE less than 0.5

FIG. 4. (Color online) B dependence of the DCP at various 
energies for one of our PbS QD samples (T =4.2 K). Continuous 
lines are fit to the data by the model described in the text. Inset: QD 
PL spectrum with arrows showing the energy at which the DCP was 
measured.

m eV at B  = 30 T. These energies are m uch smaller than the 
estim ated diam agnetic shift o f the QD PL em ission at B  
= 30 T (2 < S E <  10 m eV). Therefore we conclude that the 
Zeem an splitting o f the bright exciton cannot be the only 
physical m echanism  counteracting the diam agnetic shift of 
the QD PL em ission. We propose that the adm ixing o f the 
dark and bright exciton states at high B  could provide a 
plausible explanation for the redshift and decrease in inten
sity o f the QD PL em ission observed at high B  (Fig. 1) . This 
phenom enon merits further investigation by optical spectros
copy o f individual QDs and lifetim e measurem ents to re 
solve the exciton fine structure and also to identify alterna
tive recom bination processes, i.e., phonon-assisted peaks, 
em ission related to surface states, etc. M odel calculations are 
also needed to describe the effect of a m agnetic field on the 
exciton fine structure in PbS QDs and other IV-VI QDs, such 
as PbSe QDs, reported in the recent literature.20

In summary, PL experim ents in m agnetic fields up to 30 T 
w ere perform ed on ensembles o f colloidal PbS nanocrystals 
w ith average size in the range 4 -9  nm. In all samples, we 
have observed a large degree o f circular polarization o f the 
QD PL em ission (D C P = 2 5 -3 5  % at B  = 30 T and T  
<  10 K) and no diam agnetic energy shift. The data indicate 
a strong exciton confinement in the QD and the existence of 
a population o f spin-polarized excitons. Also we find that, 
although the degree o f PL polarization does depend on the 
QD size, the g factor o f the exciton exhibits a systematic 
dependence on the nanocrystal size with values that range 
from  0.1 to 0.3 at low temperature.

This work is supported by the Leverhulm e Trust, The 
University o f N ottingham , and EuroM agN ET II under the 
EU  Contract No. 228043. We acknow ledge useful discus
sions with N. R. Thomas.
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