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ABSTRACT: We describe a study of the magneto-optical properties of Ag*-doped CdSe Ag*: CdSe NPLs

colloidal nanoplatelets (NPLs) that were grown using a novel doping technique. In this work, ole CB —e ]
we used magnetic circularly polarized luminescence and magnetic circular dichroism “-“ </
spectroscopy to study light-induced magnetism for the first time in 2D solution-processed *, O r

structures doped with nominally nonmagnetic Ag" impurities. The excitonic circular Y c Ag*(4d°)]

polarization (Px) and the exciton Zeeman splitting (AE,) were recorded as a function of the .

magnetic field (B) and temperature (T). Both AE, and Py have a Brillouin-function-like . VB—o0
dependence on B and T, verifying the presence of paramagnetism in Ag*-doped CdSe NPLs. 10} T=23k *=
The observed light-induced magnetism is attributed to the transformation of nonmagnetic
Ag" jons into Ag“, which have a nonzero magnetic moment. This work points to the rization of rree =
possibility of incorporating these nanoplatelets into spintronic devices, in which light can be 0 1 2 3 4 5 6 7
used to control the spin injection. Magnetic field (T)

"o"-.'.o-.o.,oﬂ-‘

--e-- Circular Polarization of Free Exciton

( : olloidal semiconductor nanocrystals (NCs) with a size- above the top of the host VB. Transitions between the CB and
control capability at the monolayer level have been the impurity state are responsible for the bright phosphor
widely studied due to their interesting optical' > and emission in these materials.””**~*" Recent density functional
electronic®™® properties as well as their potential applications theory calculations by Nelson et al.”” indicate that in Cu’-
in light-emitting diodes,”™"* lasers,"*™"" and light-harvesting doped CdSe NCs, the Cu” impurity level has a predominately
devices."™"* One can improve and control the optoelectronic 3d character with a substantial 4p contribution. In contrast, the
properties of these NCs by incorporating impurities."” In Ag" impurity izn Ag’-doped CdSe NCs primarily consists of 4p
particular, magnetic properties are acquired by semiconductor orbitals in Se””, with a small contribution from the Ag" 4d
2+ ey . . b't 1 39
NCs doped by Mn™, a transition-metal ion with a half-filled d orbitals.
shell.”>*' Magnetically doped II-VI NCs, diluted magnetic In addition to this important finding, it was discovered that
semiconductor (DMS) systems, exhibit strong sp—d exchange Cu'-doped ZnSe/CdSe NCs and A(g*—doped CdSe NCs
i i i ic i ; exhibit light-induced magnetism.>”*" The Cu® and Ag®
interactions between the carrier and magnetic ion spins, g g g

ions—with a full d shell—capture a photogenerated hole
from the VB and thus become Cu*" and Ag** ions with one
unpaired electron, resulting in a nonzero magnetic moment.
MCD spectroscopy has been previously used to detect the
magnetization in these NCs and to study its magnetic field and
temperature dependence.’’*’

In this work, a new high-temperature synthesis method for
doping 4 ML thick CdSe NPLs with Ag* ions is described.
This method has resulted in a dominant, efficient, and Stokes-
shifted dopant-induced PL feature. Detailed elemental and

resulting in enhanced conduction band (CB) and valence band
(VB) Zeeman splittings in the presence of an external magnetic
field.”**~** In addition, it has been shown that spontaneous
magnetization can be induced in Mn?*-doped CdSe NCs in the
absence of an external magnetic field." The magneto-optical
properties of magnetically doped NCs have been extensively
investigated using a variety of techniques such as magnetic
circularly polarized luminescence (MCPL),”**** magnetic
circular dichroism (MCD),*****” time-resolved Faraday
rotation,”® resonant photoluminescence (PL),* and time-
resolved MCPL.””

In II-VI semiconductors, Mn is an isovalent impurity and Received: February 3, 2021
therefore cannot introduce excess carriers to the system, which Accepted:  March 12, 2021
is important for optoelectronic applications. In contrast, Cu Published: March 16, 2021
and Ag dopants in II-VI semiconductor NCs act as acceptors
that can capture photoexcited holes from the VB.>°~** The
incorporation of Cu* and Ag" ions creates an acceptor state
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Figure 1. (a) Room-temperature UV—visible absorption and PL emission spectra of Ag*-doped (top) and undoped (bottom) 4 ML thick CdSe
NPLs. Stokes-shifted emission at 603 nm from the doped sample is associated with the CB to Ag" impurity level transition. (b) Decay profile of Ag-
dopant-activated emission for doped NPLs. (c) High-resolution XPS spectra of Ag 3d states for Ag*-doped CdSe NPLs. (d) HAADF—TEM and

EDS images of Ag*-doped CdSe NPLs for Cd, Se, and Ag.

optical characterizations confirmed the successful doping by
Ag" ions in 4 ML thick CdSe host NPLs. We have applied
MCPL and MCD spectroscopies to study light-induced
magnetism by investigating the temperature (T) and magnetic
field (B) dependence of the free-exciton luminescence circular
polarization, Py, and the exciton Zeeman splitting, AE,, in Ag*-
doped CdSe NPLs. The 2D character of NPLs and their high
optical quality result in the presence of a sharp and strong PL
feature associated with the ground-state exciton. In previously
studied Ag*-doped NCs, one could not measure the MCPL
due to the weakness of the band-edge excitonic emission.*
Both Py and AE; in our Ag'-doped CdSe NPLs follow a
Brillouin-like dependence on the magnetic field and the
temperature—evidence of the presence of light-induced
paramagnetism. The energy E_ of the right circularly polarized
(RCP, 0_) free-exciton component is below the energy E, of
the left circularly polarized (LCP, 6,) component. As a result,
the observed circular polarization Py (Zeeman splitting is
defined as E, — E_) of the free exciton is negative (positive),
that is, opposite in sign to the circular polarization and Zeeman
splitting of Mn?*-doped NCs and NPLs.””**** The results of
our MCPL measurements are in agreement with those from
our MCD experiments.

Room-Temperature PL and Absorption. In Figure la, we show
the room-temperature absorption and emission spectra for the
Ag-doped sample (top) and the undoped sample (bottom).
The PL spectrum of the undoped sample contains only band-
edge excitonic emission, which is typical for 4 ML CdSe NPLs.
Emission from the doped sample shows an additional emission
feature (at 603 nm) below the excitonic emission associated
with the CB to Ag" impurity level transition in Ag*-doped
CdSe NCs** and CdSe NPLs.*"*® The intensity of this
Stokes-shifted emission feature can be tuned by changing the
dopant precursor amount. The typical PL quantum efficiencies
of Ag'-doped CdSe NPLs synthesized by our hot injection
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nucleation doping method range from 50 to 80%. The time-
resolved PL decay curves for Ag*-doped CdSe NPLs at the
dopant-activated emission wavelengths were recorded. Figure
1b shows the decay curve for the Ag-doped sample at the
dopant emission (at 603 nm). This emission shows a typical
long lifetime with an average value of 93.9 ns that is fitted with
three exponentials. The long lifetime for the Ag-dopant-
induced emission for these Ag'-doped CdSe NPLs is similar to
that in reported works for Ag-doped CdSe NCs;***" however,
further analysis is needed to fully understand this efficient
dopant-induced emission with different doping percentages.
The excitonic emission for doped and undoped NPLs shows
an average lifetime of 2.30 and 2.13 ns, respectively. The
detailed fitting parameters of the PL components are given in
the Supporting Information (Table S1, Figure S1).

To elementally characterize the presence of Ag" dopant ions
in the host CdSe NPLs, we have conducted X-ray photo-
electron spectroscopy (XPS) and high-angle annular dark-
field—scanning transmission electron microscopy (HAADF—
STEM)-based energy-dispersive X-ray spectroscopy (EDS)
measurements. The high-resolution XPS spectrum of a doped
sample is shown in Figure lc. It contains features associated
with the 3ds/, and 3d;,, states of Ag 3d states, which is clear
evidence of successful Ag" doping in the CdSe host NPLs. The
high-resolution XPS profiles for host elements Cd and Se are
shown in Figure S2. Figure 1d contains an HAADF—TEM
image of the Ag-doped sample. It exhibits rectangular
morphology with a high aspect ratio (5.0—7.0 depending on
the growth time). Moreover, EDS maps of Cd, Se, and Ag also
show the presence of these metal ions in doped NPLs;
however, because of the low resolution of EDS mapping for
our doping ranges, it is difficult to see the clear contrast for Ag
dopant ions through EDS mapping. To quantify Ag doping
levels in the studied doped samples, inductively coupled
plasma mass spectrometry (ICP—MS) measurements were
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Figure 2. (a) Zero-field photoluminescence (PL) of Ag*-doped CdSe NPLs at T = 4.6 K. Features (i) and (ii) are attributed to band-edge excitonic
emissions, and feature (iii) is Ag'-dopant-activated emission. (b) The same PL as that in panel a is shown in the vicinity of excitonic emissions.
Feature (i) in blue and feature (ii) in red are recognized as free-exciton and bound-exciton emissions, respectively. The transmission spectrum is
shown in green, which coincides with feature (i). (c) Temperature dependence of excitonic features (i) and (ii) at 7 (black), SO (green), and 100 K
(magenta) shows the increasing intensity of feature (i) relative to feature (ii).
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Figure 3. (a) Left circularly polarized (LCP) (red dots) and right circularly polarized (RCP) (black dots) components of PL from the Ag-doped
sample at T = 2.3 K and B = 0 T. Circular polarization is shown with a blue line that is nearly zero in the vicinity of band-edge emission. (b) LCP
and RCP components of PL and circular polarization (blue line) from the Ag-doped sample at T = 2.3 K and B = 7 T. A distinct circular
polarization feature at free-exciton energy (Pyx) is indicated with a black vertical arrow. (c) Py as a function of magnetic field (B) at several
temperatures (T) for the Ag-doped sample. Py shows a Brillouin function-like dependence on B and T. (d) Free-exciton Zeeman splitting (AE;)
(the difference in the energies of the LCP and RCP components of free-exciton PL) as a function of B at T = 2.3 K for the Ag-doped sample. AE,
up to +1 meV at T = 2.3 K is observed.

conducted. The atomic percentages of Ag dopant ions with band-edge luminescence (features (i) and (ii)) at 2.52 and
respect to total cations were estimated to be 2.5% for 249 eV and the Ag" dopant-activated emission (feature (iii))
excessively cleaned samples. Typically, all doped samples at 2.12 eV. In Figure 2b, the energy scale is expanded in the
were cleaned with ethanol approximately five times before the vicinity of the excitonic features for clarity, and it shows the
measurements were conducted. band-edge luminescence fitted with two Gaussian line shapes:
Low-Temperature PL and Magnetic Circularly Polarized Feature (i) (blue) at 2.52 €V and feature (ii) (red) at 2.49 eV
Luminescence. The zero-field PL at T = 4.6 K from the Ag- are identified as being due to the free exciton and bound
doped sample shown in Figure 2a contains three features: two exciton, respectively. The identification was made on the basis
2894 https://doi.org/10.1021/acs.jpclett.1c00398
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of a comparison with the transmission spectrum, also shown in
Figure 2b (green line). The broadening of the free and bound
excitons could be attributed to a variety of reasons such as the
finite temperature, interaction with residual impurities, and
strain variation within the nanoplatelets. Whereas the PL
component at 2.52 eV has a strong absorption signature, the
PL component at 2.49 eV does not have a corresponding
absorption feature. Furthermore, when the sample temperature
is raised, the intensity of the 2.52 eV component relative to the
intensity of the 2.49 eV component increases. This is shown in
Figure 2¢, in which we plot the PL spectra in the vicinity of
features (i) and (ii) for three temperatures: 7 (black), SO
(green), and 100 K (magenta). A band-edge emission
spectrum from the undoped sample is shown in Figure S3.

To investigate the magnetization of Ag*-doped CdSe NPLs,
we used MCPL spectroscopy, and the results are summarized
in Figure 3. The low-temperature (T = 2.3 K) LCP (o,) and
RCP (0_) components of band-edge PL and its circular
polarization (blue lines) as a function of photon energy for the
Ag-doped sample at B = 0 and 7 T are shown in Figure 3a,b,
respectively. The circular polarization is defined as 100 X (I, —
I_)/(I, + I_), where I, (I_) is the intensity of the o, (6_) PL
component. The zero-field polarization of Figure 3a is
featureless and has a value close to zero. In contrast, when a
magnetic field is applied, the polarization acquires a negative
value at the energy of the free exciton (feature (i) in Figure
2b), as indicated by a vertical arrow in Figure 3b. We also
observe that the circular polarization at the energy of the
bound exciton (feature (i) in Figure 2b) is very small.

In Figure 3¢, the free-exciton circular polarization, Py, is
plotted as a function of magnetic field, B, for several
temperatures for the Ag-doped sample. Py follows a
Brillouin-like dependence on T and B. At T = 2.3 K, P4l
monotonically increases with B and saturates after 3 T at 10%.
We note that doping CdSe NPLs with Ag flips the sign of Py
compared with Mn?*-doped NPLs.”**”* In contrast with the
Brillouin-like behavior of the Ag-doped sample, the Py of the
undoped sample exhibits a linear dependence on B, as is shown
in Figure S4.

In Figure 3d, we plot the free-exciton Zeeman splitting
(AE,) as a function of B at T = 2.3 K for the Ag-doped sample.
AE, is defined as AE, = E, — E_ where E, (E_) is the energy
of the 6, (6_) PL free-exciton component extracted from the
Gaussian fitting of feature (i) shown in Figure 2b. AE,
increases monotonically with B and saturates after 3 T at ~1
meV. The positive Zeeman splitting (AE, > 0), that is, E, >
E_, is in agreement with the circular polarization negative sign
(Px < 0).

The results shown in Figure 3 provide evidence of the
presence of light-induced magnetism in the Ag*-doped CdSe
NPLs. Both Py and AE;, follow a Brillouin-like dependence on
B and T. In particular, Py and AE; saturate at low temperature
for B > 3 T. This is not the case for the undoped CdSe NPLs.

We interpret the appearance of paramagnetism in our Ag-
doped sample following the model of ref 40, also shown in
Figure 4. Under illumination, electrons are photoexcited into
the CB (step (i)). A fraction of these electrons get trapped on
surface defect states (step (ii)). As a result, we have a majority
of photogenerated holes in the VB. A number of these holes
are captured by the nonmagnetic Ag" 4d'° state, which is
transformed into the magnetic 4d° Ag** state (step (iii)).
Electron and hole spins are aligned by the sp—d exchange
interaction with the Ag** spins. Recombination of CB electrons
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Figure 4. Schematic of the light-induced magnetism process in Ag'-
doped CdSe NPLs. Step (i): Electrons and holes are photoexcited.
Step (ii): A fraction of photogenerated electrons are trapped in
surface defect states. Step (iii): A number of photogenerated holes are
captured by Ag’, which is transformed into paramagnetic Ag’*. Step
(iv): Electrons and holes whose spins are partially aligned by the sp—d
interaction with spins of Ag’* recombine and create circularly
polarized PL.

with VB holes results in the emission of excitonic PL, circularly
polarized as o_ (step (iv)).

The free exciton is a simple electron—hole hydrogenic
system. The bound exciton, on the contrary, is a more complex
system that is localized on an impurity atom. We speculate that
the residual interactions of exciton electron and hole spins with
the spins of the impurity mask the subtle effects of the sp—d
interaction with the Ag®* spins and result in the nearly zero
circular polarization of the bound exciton.

The results shown in Figure 3 were collected after a 45 min
illumination period during which Py was monitored. We found
that Py initially changes with illumination and after ~30 min
reaches a steady-state value. In Figure 3, we present the steady-
state values for Py. This time delay has been previously
observed in Ag":CdSe NCs, and it has been attributed by
Pinchetti et al.*” to the presence of surface defect states
positioned in energy above the Fermi level that trap the
photoexcited CB electrons, leaving the Ag impurities in their
magnetic Ag*" state. The work of Pinchetti et al.*’ utilized two
light beams; a weak probe beam for the MCD measurement
and a stronger UV beam that drives the Ag" — Ag** process.
In our experiment, we use a single above-gap laser beam that
drives Ag®* formation and also excites the PL.

We note that in previously studied II-VI NCs and NPLs
doped with Mn, AE, < 0 and Py > 0,%%***** which are
opposite in sign to those in our Ag*-doped CdSe NPLs. This
sign reversal has been previously observed in Cu*-doped
ZnSe—CdSe NCs and attributed to the nature of the
interaction between holes in the VB (p-type) and unpaired
electrons in the d shell.*” Unlike the s—d interaction, in which
only a 1/r potential exchange interaction is involved, there is a
contribution due to hybridization of the d shell with the p
holes that competes with the potential p—d exchange
interaction. This competition could result in the sign reversal
of Zeeman splittings and related circular polarization.”>*”*’

Magnetic Circular Dichroism. To help confirm the light-
induced magnetization of Ag dopants previously described, we
performed MCD spectroscopy at low temperatures and high
magnetic fields. In brief, MCD measures the normalized
difference in RCP and LCP absorption, which, with the aid of a
magnetic field applied in the Faraday geometry, can measure
the effective Zeeman splitting between field-split spin states,
AE,. If the light-induced, metastable Ag’* state is created
through the mechanism described first by Pinchetti et al.** and
shown in Figure 4, then we expect sp—d spin exchange to
occur between the CBs/VBs of the CdSe NPL and the

https://doi.org/10.1021/acs.jpclett.1c00398
J. Phys. Chem. Lett. 2021, 12, 2892—2899


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00398/suppl_file/jz1c00398_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00398/suppl_file/jz1c00398_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00398?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00398?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00398?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00398?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00398?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
a C
((:)-2 40k 70]1_‘ T T I_ 10> ( ) I: %8I§ T T
| - < | . |
S 20 1 ) \ § %E, 044 10.K
< 0022t 7 ~n]053 o 02t -
a 0 = ~ = :
8 N | g <
= 20 2.0 IK — I 1 oo L 1 ]
245 250 265 260°° 0 2 4 6
Energy (eV) Magnetic Field (T)
(b) T T T T (d) os T T ;
= 40F2.0K 0,
| o
S Y \ .
X S E
2 050 [11’ <
a =3 02} ~e__ i
) g J v
s s 70T
1 1 1 1
245 250 255  260°° 004 10 20 30
Energy (eV) Temperature (K)

Figure S. (a) Absorption spectrum (right y axis) and field-dependent MCD spectra for Ag*-doped CdSe NPLs at 2.0 K. The spectra, which are
collected in 1 T increments, show a saturation-like behavior at high fields, which strongly suggests the exciton is nondiamagnetic. (b) 2.0 K
absorption spectrum (right y axis) and temperature-dependent MCD spectra for Ag*-doped CdSe NPLs. The clear increase in the MCD with
decreasing temperature shows that the Zeeman splitting is paramagnetic. AE; as a function of (c) field for 2.0, 5.0, and 10 K and (d) temperature at
7 T. The black lines are simultaneously fitted to these four data sets using eq 1, confirming the DMS behavior of Ag*-doped CdSe NPLs.

unpaired d electrons of the Ag dopant. Because this behavior
relies on the dopant magnetization, the effective Zeeman
splitting of the exciton not only depends on T but also
saturates above a given B. Therefore, the bare exciton Zeeman
splitting, g.#pB, is modified by the sp—d exchange through a
Brillouin-like dependence on the ratio of the magnetic dopant
energy to the thermal energy”’

] (1)

where AEq is the magnitude of sp—d exchange splitting, B;(x)
is the Brillouin function modeling the projection of the Ag
spins along B for a given x, and J = 1/2 for Ag™".

In Figure Sa, we plot the MCD spectra associated with the
free exciton of Ag*-doped CdSe NPLs around 2.54 eV at 2.0 K
as a function of B in steps of 1 T. As with Ag":CdSe and Mn-
doped CdSe colloidal NCs,'>* the lowest MCD feature
sharply increases in magnitude, saturates at high fields and low
temperatures, and has a distinctly non-derivative-like shape
around the excitonic absorption features, which is shown in
gray for B = 0 T. These behaviors in themselves do not directly
indicate DMS behavior in Ag*-doped CdSe NPLs, but they do
strongly suggest its presence in our system.

Figure Sb, which shows MCD as a function of temperature
at 7.0 T, provides a more direct test of DMS physics because
the Ag ion magnetization changes with temperature. Unlike a
diamagnetic exciton that exhibits no dependence on temper-
ature,”*® we observe a clear increase in the MCD around the
1s absorption feature as temperature decreases. Converting the
MCD spectra into AE, values, we plot the effective Zeeman
splitting as a function of the magnetic field and temperature in
Figure Sc,d. As expected from the spectra previously described,
we see that at 2.0 K saturates as the field is increased (Figure
Sc), which sharply diverges from the traditional diamagnetic
Zeeman behavior. Similarly, Figure Sd shows that the
temperature-dependent at 7.0 T nonlinearly drops with
increasing T. We note that a small discrepancy exists between
the values obtained from MCPL (Figure 3d) and MCD
(Figure Sc,d). Although the estimated effective Zeeman
splitting for both determinations of Ag"-doped CdSe NPLs is

8uts/B

AE, =g u B+ AE_B
exﬂB pd™] kBT
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on the order of hundreds of microelectronvolts, errors from
fitting congested spectra for both experiments contribute to
small errors in determining.

To better understand the observed DMS behavior, we
simultaneously fit the four data sets shown in Figure Sc,d using
eq 1. As the excellent agreement of the black fitting curves to
the data indicates, we are able to describe all of the MCD data
with the same parameters (gAg = 1.3, AEg,q = 040 meV, g,
0.27). Interestingly, our value of g,, exactly matches that
obtained by Pinchetti et al.”’ and is in line with that of Ag-
doped bulk ZnSe.*® The relatively small value of AE (eg, a
factor of S smaller than that in ref 40) is likely an indication of
low Ag ion concentration, poor CdSe-exciton—Ag-dopant
wave function overlap, or both. These findings confirm the
MCPL results previously discussed and unambiguously show
that DMS physics can be used to describe the light-induced
spin magnetization of Ag'-doped CdSe NPLs at low
temperatures.

In conclusion, we have described a new method for doping
colloidal CdSe NPLs with Ag. In this work, we used both
MCPL and MCD spectroscopies to study the light-induced
magnetism and optical manipulation of magnetism in Ag'-
doped CdSe NPLs. The observation of a strong and sharp PL
feature associated with the ground-state free exciton allowed us
to focus on the excitonic recombination channel. We measured
the exciton Zeeman splitting, AE,, and the resulting circular
polarization, Py, as a function of the magnetic field, B, and
temperature, T. AE, and |Pyxl dependence on B and T is
consistent with Brillouin paramagnetism in our NPLs. There is
a monotonic increase in both parameters with B followed by
saturation for B > 3.0 T. AE; and Pl decrease with increasing
temperature. This work demonstrates that MCPL is a useful
tool for the study of light-induced magnetism in our Ag'-
doped CdSe NPLs and related 2D systems. These 2D NPLs
doped with nominally nonmagnetic impurities exhibiting light-
induced magnetization properties present a novel platform for
2D solution-processed spin-based semiconductor devices and
spintronic applications in which the properties of the device
components can be modulated by light.
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