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Ferromagnetic excited-state Mn?* dimers in Zn;_,Mn,Se quantum dots
observed by time-resolved magnetophotoluminescence
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Colloidal Mn?*-doped semiconductor nanocrystals are solution processable analogs of classic phosphor and
diluted magnetic semiconductor materials with promising applications ranging from fluorescence microscopy
to spintronic information processing. At doping levels of only a few cation mole percent, Mn>* dimers form
in appreciable concentration and cause shortened photoluminescence decay times and reduced luminescence
circular polarization under applied magnetic fields. Here, we show that these differences allow the use of time-
resolved magnetophotoluminescence measurements to investigate the magnetic properties of the luminescent
dimer excited state in Zn,_,Mn, Se nanocrystals. These measurements reveal that Mn>*-Mn?* dimers are coupled
ferromagnetically in their luminescent excited state, in contrast with the antiferromagnetic coupling of their ground
state. We find that Mn>*-Mn>* dimers also luminesce with much purer circular polarization than Mn?>* monomers
under applied magnetic fields. These results are explained well by perturbation theory and density functional
theory analyses of the microscopic orbital exchange interactions within the photoexcited Mn?>*-Mn>* dimers.
This discovery of photoswitchable dimer magnetism (from S = 0 to S = 4) with strong associated circularly
polarized luminescence raises intriguing possibilities for optical spin manipulation in doped semiconductors.
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I. INTRODUCTION

Mn?*-doped semiconductors such as ZnSe or ZnS have
been used as commercial phosphors for decades [1-3]. Doping
Mn?* into such semiconductors allows efficient sensitization
of Mn2*-centered *T; — %A d-d luminescence either through
impact excitation of Mn?* (electroluminescence) or via pho-
toexcitation of the semiconductor followed by rapid energy
localization at Mn>* [2,4,5]. This localized d-d transition is
formally spin forbidden and is consequently characterized by
radiative decay times of milliseconds to microseconds (de-
pending on the lattice anion). Because of the small absorption
oscillator strengths of this and the other d-d transitions of
Mn?*, these doped semiconductors are also largely transparent
at subbandgap energies. Colloidal nanocrystals (NCs) of
the same compositions enable unique applications of these
classic phosphor materials in solution-processed light-emitting
devices [6-8], luminescent solar concentrators [9], or optical
imaging experiments [10], and have furthermore revealed
entirely new luminescence phenomena including intrinsic
exciton/Mn?* dual emission not yet realized in other forms
of these phosphors [11]. Finally, the magnetism of Mn?* also
imparts exceptional magneto-optical and magnetoelectronic
properties to the semiconductor, ultimately stemming from
Mn?*-carrier sp-d exchange interactions. These include giant
Zeeman splittings of the semiconductor band edges and strong
circularly polarized magnetoluminescence [12,13], motivating
the development of photonic device structures that exploit the
interplay between light and magnetism, such as spin-LEDs
and spin-photonic transducers [14—17].

In their ground states, nearest-neighbor Mn>*-Mn?* dimers
in II-VI and III-V semiconductors are antiferromagnetically
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coupled and hence magnetically silent (|°%A;,%A;), S = 0),
reducing the magnetization [18,19] and consequently the
effective Mn>* concentrations available for exchange inter-
actions with free carriers [19]. Dimer formation is therefore
generally detrimental to the desired magnetoelectronics or
magneto-optical materials performance. Recently, a decrease
in circular polarization of Mn®>* d-d magnetoluminescence
was reported at elevated Mn>* concentrations in doped semi-
conductor nanocrystals, from which it was hypothesized that
circularly polarized photoluminescence (PL) arises primarily
from isolated Mn?* ions [12].

Essentially nothing is known about the excited-state mag-
netic properties of Mn>*-Mn?* dimers in II-VI semiconduc-
tors, even though the ground-state magnetic exchange coupling
of such dimers has been studied extensively [20-33]. An
understanding of dimer excited states is essential for evaluating
how Mn?* concentrations influence magnetoluminescence
in this important class of materials, but the few relevant
experimental results are either debated or inconclusive. In
1963, for example, McClure analyzed the energies of sharp
absorption lines in the zero-phonon region of the monomer
®A| — *E absorption of Zn;_,Mn,S at high Mn?* concentra-
tions in terms of a dimer spin ladder (|°A;,°A|) — |*E,%A;))
and concluded a net ferromagnetic |*E,°A;) excited-state
exchange coupling [20], but Langer and Ibuki [26] later
interpreted these sharp transitions as arising from phonon
coupling, not magnetic exchange. Subsequent time-gated PL
measurements showed that some of these lines originate
from dimers (with faster PL. decay), and the transitions were
assigned assuming the same antiferromagnetic coupling in this
excited state as in the |°A;,°A|) ground state [25].

Dimer formation can also affect intra-ion absorption and
luminescence transition probabilities: The spin ladders gen-
erated by exchange coupling within transition-metal dimers
introduce new formally spin-allowed pair transitions that have
increased absorption oscillator strengths and radiative decay
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rate constants. This intensity-gaining mechanism has been
investigated widely among exchange-coupled ion pairs and
is referred to as the Tanabe mechanism [20,34-37].

Here, we describe the use of time-resolved (TR) magne-
tophotoluminescence spectroscopy to study Mn?* spins in
colloidal Zn;_,Mn, Se nanocrystals. We show that this tech-
nique allows Mn?*-Mn?* dimers to be resolved from Mn>*
monomers, based on their shorter dimer luminescence decay
times arising from the Tanabe mechanism. This experiment
thus allows dimer excited-state magneto-optical properties to
be analyzed separately from those of Mn>* monomers. Time-
resolved measurements show that the magnetic circularly
polarized photoluminescence (MCPL) of Mn?*-Mn?* dimers
saturates at lower magnetic fields than that of monomers, in a
manner only consistent with a high-spin, i.e. ferromagnetically
coupled (S = 4) dimer configuration. Additionally, these data
reveal essentially complete (~100%) circular polarization in
the dimer luminescence at magnetic saturation, in contrast
with only ~40% polarization in Mn>* monomer MCPL. This
resultis interpreted as resulting from a difference in the specific
Amg = £1 luminescence transitions available to the monomer
and dimer excited states. Perturbation theory and density
functional theory (DFT) calculations suggest that this dimer
ferromagnetic excited-state exchange coupling originates from
the dominance of a single orbital superexchange pathway
in the luminescent |*T;,%°A,) excited state. These results
resolve the 50-year-old question of Mn?>*-Mn?* dimer excited-
state exchange coupling in doped semiconductors and point to
new possibilities for optical spin manipulation in semiconduc-
tors of technological interest.

II. EXPERIMENTAL

A. Nanocrystal synthesis and characterization

Zn;_,Mn,Se nanocrystals were synthesized by lyothermal
degradation of the tetramer [Zn4(SePh),0](Me4N), in the pres-
ence of MnCl, and Se similar to previously published methods
[38]. ZnS shells were grown on these cores by successive
additions of zinc oleate and trioctylphosphine sulfide at 225 °C
[39,40]. All Zn;_,.Mn,Se core NCs had diameters of d =
2.9-3.1 nm, and the Zn;_,Mn,Se/ZnS core/shell NCs had
d = 3.7-4.0 nm. Mn>* concentrations were determined by
inductively coupled plasma atomic emission spectroscopy. All
of the core/shell nanocrystals made following these procedures
showed similar absorption and PL spectra to those reported
here, and all had room-temperature PL quantum yields of
~40%. Additional synthesis and characterization details are
provided in the Supplemental Material [41].

B. Spectroscopic measurements

Photoluminescence experiments were performed on par-
tially evaporated films of NCs sandwiched between quartz
plates. For magneto-optical measurements, samples were
mounted in a superconducting magneto-optical cryostat with
a variable-temperature sample compartment (Cryo-Industries
SMC-1659 OVT or Oxford SM-2). Excitation was provided
by a nitrogen-pumped dye laser operating at 360 nm, 20 Hz,
with an 800-ps pulse width. The laser output was coupled
into a multimode fiber and then refocused onto the sample
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at an incident angle of ~10° relative to the magnetic field
axis. Photoluminescence was collected along the field axis
and passed through a liquid crystal variable retardation plate
(Meadowlark) set to A/4 at the emission maximum followed
by a linear polarizer to separate left and right circularly
polarized components. The PL was then coupled into a fiber
and passed to a monochromator equipped with LN, cooled
charge-coupled device (CCD) and photomultiplier tube (PMT)
detectors. Photoluminescence decay kinetics were measured
using a multichannel scalar, averaging over several thousand
laser pulses. Polarization ratios are reported in terms of left and
right circularly polarized light intensities defined with the sign
convention of Piepho and Schatz [13]. Because significant
reductions in the MCPL ratios were noted for samples that
depolarized or scattered light, all samples were checked for
depolarization by measuring the circular dichroism signal from
a chiral molecule placed before and after the sample prior to
collection of MCPL data. All samples reported here showed
depolarization of less than 10%. Nevertheless, we estimate un-
certainties in absolute polarization ratios (Al /I) of ~+0.07.

C. Computational methods

Quasispherical Zngg_,Mn, Segg quantum dots (QDs) were
constructed using the bulk ZnSe zinc blende crystal struc-
ture with lattice parameter a = 5.6676 A [42]. The effective
diameters of the QDs are d ~ 2.2 nm, and in the absence of
Mn?** the QDs have C;, symmetry. Pseudohydrogen atoms
with nuclear charges of +1.5 and +0.5 were used to passivate
uncompensated surface Zn>* and Se?~ ions (dangling bonds)
by formation of fully optimized Zn-H and Se-H bonds,
according to the scheme described in recent literature [43—45],
leading to a well-defined bandgap and stable QD geometry.
Dopants were introduced by substituting either one or two
Zn** ions near the center of the QD with Mn?* to form a
monomer or a bridged Mn?*-Se?~-Mn?* dimer, respectively.

Density functional theory calculations were performed with
the development version of the Gaussian program [46]. Full
geometry optimizations of the doped QDs were performed in
the ground and excited states for both the antiferromagnetic
(AFM) and ferromagnetic (FM) dimer configurations. Ener-
gies and electronic structures were obtained by solving the
Kohn-Sham equations self-consistently using the PBEIPBE
hybrid functional potential [47-49] with the LanL2DZ basis
set[50,51], in which core electrons are replaced by an effective
core and only Zn** (4s, 3d, 4p), Se*>~ (4s, 4p), Mn>* (3s, 3 p,
4s, 3d), and H (1s) atomic orbitals are described with explicit
basis functions. This computational scheme has been suc-
cessful in describing the electronic structures of Zn;_, T M, O
(where TM = Co?*, Mn*") [43,52,53], Cd;_Mn,S [54], and
Cd;_,Mn,Se [55] nanocrystals. Convergence to the correct
spin configuration was determined by analysis of the Mulliken
spin density on each of the Mn?* dopants. All molecular orbital
plots were generated with an isosurface value of 0.035.

III. RESULTS AND ANALYSIS
A. TR-MCPL data and simulations

Figure 1(a) shows room-temperature electronic absorption
and 1.7 K magnetoluminescence spectra of 1.5% (x = 0.015)
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FIG. 1. (Color online) (a) Room-temperature absorption (left
axis, black) and 1.7 K, 6 T magnetic circularly polarized luminescence
spectra of 1.5% Zn;_,Mn, Se/ZnS nanocrystals. Inset: Magnetic-field
dependence of the MCPL ratio, Al /1. (b) Room-temperature TR PL
traces for Zn,_,Mn,Se/ZnS NCs with Mn?* concentrations from 0.1
to 3.5% as indicated. All nanocrystals have core d ~ 3 nm and shell
thickness ~0.5 nm.

Zn;_,Mn,Se/ZnS NCs (core d ~ 3 nm, shell thickness
~0.5 nm). The absorption spectrum is dominated by the ZnSe
core, with a first excitonic absorption maximum at ~400 nm.
Luminescence spectra of the same sample show only the
sensitized Mn?t *T; — ®A; d-d band centered at ~590 nm.
At low temperatures and in the presence of a magnetic field,
this Mn?* PL is partially circularly polarized, with greater o~
intensity than o™ intensity. There was no detectable Zeeman
splitting of the *T; band (<~1 meV at 1.7 K and 6 T,
see Supplemental Material [41]), and we were thus unable
to confirm the recent report [12] of quantum-confinement-
induced giant (5-10 meV) Zeeman splittings within the *T|
excited states of Mn?* ions in quantum dots. *T; Zeeman
splittings of the magnitude proposed in Ref. [12] are not
easily reconciled with the otherwise normal spectroscopic
properties of Mn>* ions in ZnSe QDs (PL decay time and
energy, electron paramagnetic resonance [EPR] g value, etc.)
and with the notion that this luminescent excited state is highly
localized at the Mn?* center. The inset to Fig. 1(a) plots
the MCPL polarization ratio [A/I, as defined in Eq. (1)]
vs applied magnetic field, measured at 1.7 K. Here, Al/I
increases rapidly with applied field before leveling off between
~3 and 6 T at a value of AI/I ~ —0.30. This value of
AI/I is essentially identical to that measured for the same
luminescence in bulk Zn;_,Mn, S single crystals [56]

AIJT = Iy — 1)/ + ). (1)
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FIG. 2. (Color online) Time-resolved o™ and o~ PL decay traces
from (a) 0.46% and (b) 3.5% Zn,_,Mn,Se/ZnS NCs (core d = 3 nm,
respectively), both measured at 1.7 K, 6 T in the Faraday geometry.
(c) Time-resolved MCPL (A1/I vs t) traces for the same samples
measured under the same conditions.

Figure 1(b) shows room-temperature PL decay traces
measured for similar Zn;_,Mn, Se/ZnS NCs containing var-
ious Mn”* concentrations. At 0.1% Mn?*, the PL decay is
monoexponential with a lifetime of T = 790 us. As the Mn>*
concentration increases to 3.5%, the decay accelerates and
becomes multiexponential. At 3.5% Mn>*, the time required
to decay to 1/e of the initial intensity is 240 us.

Figure 2(a) plots decay traces for the 590 nm PL of
0.46% Zn;_.Mn,Se/ZnS NCs, measured at 1.7 Kina 6 T
magnetic field (Faraday geometry) and resolved into o and
o~ components. Both circular polarizations show monoexpo-
nential decay with t = 720 us. Figure 2(b) shows PL decay
traces measured for 3.5% Zn;_,Mn,Se/ZnS NCs under the
same conditions. These decay traces are multiexponential but
are both fit reasonably well to two exponentials with time
constants of 750 and 160 us. Unlike the traces in Fig. 2(a), the
o' and o~ decay traces of the 3.5% Zn;_,Mn,Se/ZnS NCs
do not overlay one another when normalized, a difference
highlighted by plotting A/l vs time as shown in Fig. 2(c).
For the 0.46% Mn>* sample, Al /I is nearly constant at about
—0.31. In contrast, the 3.5% Mn?** NCs show a pronounced
evolution of AI/I from ~—0.15 at short times to ~—0.31
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FIG. 3. (Color online) Mn?** concentration dependence of
Prp/ Pr (left axis, blue circles) and time-integrated A7/ (right axis,
red squares), measured at 1.7 K and 6 T. Note the negative axes. The
solid curve plots the calculated probability that a Mn?* ion is part of
a nearest-neighbor dimer, scaled arbitrarily to overlay the data. The
solid curve runs from zero at 0% Mn>* to 0.22 at 3.5% Mn>*.

at times longer than ~2 ms. The smaller A/l at short
times implicates a subset of luminescent Mn”* ions that emit
on a faster timescale with a less negative (or possibly even
positive) polarization ratio. As detailed below, this subset can
be identified as luminescent exchange-coupled Mn”*-Mn?>*
dimers. For quantitative analysis, we define the magnitude
of the time-independent MCPL polarization (Pyy) as the
long-time asymptote of AI/I (¢ > 2.5 ms, experimentally)
and the magnitude of the time-dependent MCPL polarization
(Prp) as the difference between A/l att = 0 and Pry, as
described by Eqs. (2a) and (2b). For the 3.5% Mn** sample of
Fig. 2, PT] = —0.30, PTD = +015, and PTD/PT] =—-0.50

Al
Pr = (—> , (2a)
I 11— 00
Al
Pr; = (T) — Prr. (2b)
=0

Figure 3 plots Prp/ Prr vs Mn?™ concentration for a series of
Zn;_,Mn,Se/ZnS NCs. Increasing from the low-Mn?* limit
up to 3.5% Mn>*, Prp/Pr grows sublinearly from zero to
~—0.50. Figure 3 also plots time integrated (CW; continuous
wave) 1.7 K, 6 T MCPL ratios vs Mn2* concentration for
the same samples. Here, A1 /I decreases from about —0.30 at
<1% Mn** to —0.20 at >3% Mn”* (note the negative scale),
roughly in proportion to Prp/ Py but with substantially greater
scatter among the data points. These trends are interpreted as
reflecting dimer formation as Mn>* concentrations increase.
If Mn?* were distributed statistically over the available ZnSe
cation sites, the probability D of a given Mn>* ion being part
of an isolated nearest-neighbor Mn?>*-Mn>* dimer would be
roughly D = 12x(1 — x)'® [57]. Between 0 and 3.5% Mn’*,
D increases sublinearly from zero to ~0.22. The solid line in
Fig. 3 plots D vs Mn* concentration, scaled vertically to ap-
proximate the MCPL data. The curvature of D reproduces the
experimental data well, supporting the conclusion that Mn>*-
Mn?* dimer formation is responsible for these changes in
time-dependent and CW MCPL signals with increasing Mn>*
concentration. As a corollary, the agreement found in Fig. 3
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suggests that the individual monomer and dimer MCPL polar-
ization ratios are not significantly concentration dependent.

To analyze the MCPL time dependence, we describe the
time dependence of Al/I as arising from a superposition
of time-dependent monomer and dimer emission with static
polarizations, as in Eq. (3)

AL @) (F),, + L@ - (5,
1 Ln(t) + 1a(2)

Here, I,,(¢) and 1,;(¢) denote decaying luminescence intensities
of monomers (m) and dimers (d), respectively, and (AI/1),
and (A1/I)y refer to the individual time-independent MCPL
polarization ratios of each. Because photoexcited dimers decay
faster than photoexcited monomers, AI/I(t) converges to
(AI/I),, atlong times. Normalizing the total intensity at t =0
and assuming crudely that all luminescence comes from either
monomers or dimers [1,,,(0) + 1;(0) = 1], Eq. (3) simplifies to
Eq.-4)atr=0

AT 0)=1[1-1;0 AT 1;(0 Al 4
So=1 —d(>]-<7>m+d<>-<7)d. )

3

The experimental quantities Prp and Pry can now be expressed
in terms of these same parameters, as shown in Egs. (5a) and
(5b)

Pr = <£> _ (ﬁ) , (50)
() menl(3),-()]
I t=0 I d I m

(5b)

Here, Prp (as well as Prp/Prp) is therefore directly
proportional to 1,;(0) (the intensity of dimer emission at = 0).
Under the assumption that monomer and dimer MCPL ratios
and relative quantum yields are concentration independent
over this limited range of concentrations, /;(0) is proportional
to D. Note also that (51); — (84L),, is the only magnetic-field-
dependent term in Eq. (5b). These equations now allow a
quantitative analysis of the experimental TR-MCPL results.

Figure 4(a) plots the magnetic-field dependence of the TR-
MCPL measured for the 0.52% Mn?* sample from 0 to 4.5 T at
1.7 K. At zero magnetic field, A7 /I(t) = 0 at all times. As the
field is applied, Py becomes progressively larger, eventually
leveling off at ~—0.38. This result is similar to that observed
in the CW MCPL at small x and confirms assignment of the
long-time MCPL to Mn?t monomers. Here, Prp also becomes
more pronounced with increasing magnetic field. Samples with
1.5% and 3.5% Mn?* show similar trends. Figure 4(a) plots
the magnetic-field dependence of Prp and Pry for the 0.52%
Mn?t sample, both normalized in the linear (Curie) region of
the saturation magnetization. The dashed curves in Fig. 4(b)
show 1.7 K, g = 2 Brillouin magnetization curves calculated
using Eq. (6) for various hypothetical spin states, assuming
g = 2.0. Here, up is the Bohr magneton, k is the Boltzmann
constant, and N is a scaling factor

2kT

_ coth (g ngTH )} . ©)

M(H) = %Ngug {(QS—I— 1) - coth |:(25+ 1- gMBHi|
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FIG. 4. (Color online) (a) Time-resolved MCPL of 0.52%
Zn,_,Mn,Se/ZnS NCs, measured from 0 to 4.5 T at 1.7 K. (b) Prp
(blue triangle) and Pry (red circle) values from the traces in (a) plotted
vs applied magnetic field and normalized at 0.25 T. The dashed lines
plot Brillouin magnetization functions calculated for S = 1/2 to
5 (g =2, 1.7 K), also normalized at 0.25 T.

For comparison with the experimental data in Fig. 4(b),
these Brillouin curves have also been normalized at 0.25 T.
Such normalization emphasizes the different curvatures of
the saturation magnetization of different spin states, with the
highest spin states saturating at the lowest magnetic fields and
normalized magnetization magnitudes. When plotted in this
way, the saturation value of Pry is significantly greater than that
for Prp, suggesting that Prp arises from a luminescent state
with a greater net spin [58]. Specifically, the Pr; data resemble
an § = 3/2 state, consistent with this luminescence coming
from the Mn?* #T, excited state, but the Prp data most closely
resemble the S = 4 Brillouin function. This analysis strongly
suggests that dimers luminesce from a high-spin excited state.

Equations (3)—-(5) were used to simulate both the TR-
MCPL and saturation magnetization data, and the results
are summarized in Fig. 5. Simulations of the 3.5% Mn’*
TR-MCPL data of Figs. 2(b) and 2(c) are described here
because Prp is most prominent in these data. Although the
PL decay curves in Figs. 1 and 2 are nonexponential for this
sample, the simulations were performed using the simplifying
assumptions that (a) all monomers decay with the same
exponential lifetime as measured in the lowest concentration
sample (t,, = 800 ws) and show the same MCPL ratio
[(AI/I), =—0.32atsaturation, with § = 3/2 magnetization],
and (b) all dimers also decay with the same single exponential
lifetime. Thus, the model’s variable parameters are dimer PL
lifetime, the fraction of photons emitted from dimers, the
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FIG. 5. (Color online) (a) Simulated circularly polarized PL
decay curves for monomers [blue, 7,, = 800 us, (AI/I), =
—0.32] and dimers [red, t; = 300 us, (Al/I); = +1.00). Here,
o~ and ot components are shown as dashed and solid lines,
respectively. The integrated dimer PL accounts for 5% of the
overall PL in this simulation. Inset: The simulated summed o~
and ot PL intensities overlaid with the experimental data from
Fig. 2(b). (b) The simulated MCPL ratio from (a) as a function
of time (solid red line), overlaid with the experimental data from
Fig. 2(c). (¢) Simulated magnetic field dependence of Prp obtained
by scaling the monomer and dimer MCPL polarization ratios by the
S =3/2 and S = 4 Brillouin functions, respectively.

dimer spin state (which was assumed to be <4), and (AI/1I),.
As detailed below, the individual TR-MCPL decay curves
alone could be simulated by many combinations of those four
parameters, but their magnetic field dependence could only
be reproduced with § =4 and (Al/I); ~ +1.0at4.5 T, i.e.
essentially complete circular polarization, providing a unique
set of viable simulation parameters for both experiments. With
these parameters, photoexcited dimers account for ~5% of the
total integrated PL for this sample and decay with 7; = 300 us.

The inset to Fig. 5(a) plots o *- and o ~-polarized PL decay
traces simulated using the above parameters, overlaid with the
experimental data from Fig. 2(b). The simulated o™ and o~
PL decay traces reproduce the experimental data well. For
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illustration of the various monomer and dimer contributions,
the main panel of Fig. 5(a) plots the four individual o*- and
o ~-polarized PL decay traces calculated from these simulation
parameters. Figure 5(b) plots the simulated TR-MCPL trace
[AI/I(t) vs t] along with the experimental TR-MCPL data
from Fig. 2(c). The simulated TR-MCPL curve also agrees
well with the experimental data. A noteworthy observation
from this analysis is that the apparent decay time of Prp
(~600 ps) does not match the dimer decay time (t; = 300 us),
but rather is the weighted average of this and the monomer
decay time, as described by Eq. (3).

Figure 5(c) plots the simulated magnetic field dependence
of Prp, for comparison with the experimental data in Fig. 4(b).
As noted in the discussion of Eq. (5b), the field dependence
of Prp is only sensitive to the values of S and (AI/I),
and not to emission intensities or lifetimes. Because S,, and
(A1/I),, are known from the low-concentration limit, S; and
(AI/I); are the only unknown parameters. To simulate the
TR-MCPL magnetic field dependence, 1.7 K monomer and
dimer TR-MCPL traces were calculated for each magnetic
field by scaling (AI/I),, and (AI/I); at each field by their
respective Brillouin magnetization functions [Eq. (6), S,, =
3/2 and S; <4]. From these simulated traces, Prp was then
determined at each field by the same methods used to analyze
the experimental TR-MCPL data, and the resulting curve
was normalized at 0.25 T as in Fig. 4. The experimental
data could only be reproduced with S; = 4 and (AI/1); ~
+1.0. This dimer MCPL ratio in turn defines a unique set
of simulation parameters for the full model, necessitating
that dimers account for ~5% of the total integrated PL.
This fraction is smaller than D ~ 22% based on Mn>*
concentration, a difference that could have many origins
including poorer sensitization or smaller PL. quantum yields
for the dimers.

B. Interpretation of the sign and purity of the dimer MCPL

From the simulations summarized in Fig. 5, the magnetic-
field dependence of Prp implies that dimer MCPL is ~100%
circularly polarized, with the opposite sign of the monomer
MCPL. Figure 6 illustrates the proposed origin of this purely
o polarization schematically. Assuming a cubic spin-only
picture for illustrative purposes, magnetized monomers at low
temperatures luminesce from only the my = —3/2 Zeeman
component of the *T; excited state. In the Faraday geometry,
only transitions with Amg = =£1 are allowed, yielding
right (0™) and left (o~) circularly polarized luminescence,
respectively. The monomer MCPL ratio is therefore defined
by the relative probabilities of the mg = =3/2 — —5/2 (67)
and mg = —3/2 — —1/2 (o™ transitions, which are different
for nontrivial reasons [56]. In exchange-coupled Mn?*-Mn?>*
dimers, however, the total luminescence is dominated by
spin-allowed (AS = 0) components of the dimer spin ladder,
as per the Tanabe mechanism. As illustrated in Fig. 6,
luminescence from a ferromagnetically coupled (S = 4) dimer
excited state is thus dominated by transitions to the § =
4 dimer ground state. From Fig. 6, MCPL from the fully
magnetized S = 4 dimer excited state originates from the
ms = —4 Zeeman sublevel and can only occur with Amg =
+1, because no Amg = —1 transition to the S = 4 ground state
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FIG. 6. (Color online) Schematic depictions of the transitions
defining MCPL ratios for monomers and dimers in Zn;_,Mn, Se and
related systems in the spin-only limit. In monomers (left), MCPL is
determined by the relative transition moment probabilities of Am; =
—1(o~,blue arrow) and Am; = +1 (o™, red arrow). In dimers (right),
the ground state is antiferromagnetically coupled, and the luminescent
excited state is ferromagnetically coupled. The dimer luminescence
intensity is dominated by the spin-allowed AS = 0 transition. In the
dimer MCPL, only the Am; = +1(c™) component of this transition
conserves angular momentum, leading to 100% circular polarization
with the opposite sign as in the monomers. Splittings are not to scale.

is available (i.e. no mg = —5 component of this state exists).
Therefore, to the extent that the overall PL is dominated by the
AS = 0 dimer transition, the MCPL from coupled Mn>*-Mn**
dimers is purely o circularly polarized. Although Jahn-Teller
distortions and spin-orbit coupling undoubtedly make the
actual luminescent excited states of both monomers and dimers
more complicated than illustrated in Fig. 6, these spin-only
pictures capture the essence of the experimental observations.

C. Interpretation of the sign of Mn?*-Mn>* excited-state
superexchange coupling

The change in sign of the Mn?*-Mn?* dimer magnetic-
exchange coupling constant upon photoexcitation can be
understood by evaluating the available microscopic superex-
change pathways in the dimer ground and excited states.
Figure 7(a) illustrates the d electrons of two coupled tetra-
hedral Mn?* ions schematically. When both Mn?* ions are
in their °A; ground states (|°A;,%A;)), all five d orbitals of
each ion are singly occupied. In this configuration, Pauli
exclusion dictates that partial spin transfer from one Mn>*
to the other can only occur if the electrons on each Mn?* have
the opposite spin, i.e. only antiferromagnetic superexchange
pathways exist. In the luminescent |*T;,°A;) excited state
of the dimer, however, one of the Mn>" ions has an €3t}
configuration involving an unoccupied #, orbital and a doubly
occupied e orbital. Spin transfer from a half-full to an empty
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FIG. 7. (Color online) (a) Schematic summary of spin-transfer
processes responsible for ground- and excited-state magnetic ex-
change coupling of Mn?*-Mn?* dimers in ZnSe. The dashed red
arrows denote spin-transfer processes favoring antiferromagnetic
Mn?*-Mn?* coupling, and the solid blue arrows denote spin-transfer
processes favoring ferromagnetic coupling. (b) Two possible Jahn-
Teller distortions of the Mn>* *T, excited state (C3, and D,,), and
the corresponding d-orbital splitting patterns.

t, orbital favors net parallel (ferromagnetic) alignment of
the Mn?* spins, as illustrated by the thick blue arrow in
Fig. 7(a) for the |*T|,°A|) dimer excited state. Similarly, spin
transfer from the doubly occupied e orbital to a half-occupied
orbital on the other Mn?* [thin blue arrow in Fig. 7(a)]
also favors parallel spin alignment, but at this stage, e-based
pathways are neglected for simplicity under the assumption
that their interactions are much weaker. At the same time,
other antiferromagnetic pathways similar to those of the dimer
ground state may still exist [dashed arrows in Fig. 7(a)].
Because ferromagnetic and antiferromagnetic pathways are
both available in the |*T;,°A|) dimer excited state, the sign
of the overall exchange coupling constant depends on the
relative strengths of the active exchange pathways, which in
turn primarily reflect overlap of the pertinent d orbitals with the
valence orbitals of the bridging selenide. From the observation
of net ferromagnetic Mn>*-Mn?* coupling in the luminescent
dimer excited state, we conclude that the empty #, orbital must
have substantial overlap with the bridging Se>~ mediating the
superexchange.

Dimer exchange interactions can be assessed more quanti-
tatively using perturbation methods. The exchange interaction
between two ions A and B is formulated in terms of the
Heisenberg—Dirac—van Vleck effective Hamiltonian shown in

PHYSICAL REVIEW B 89, 115312 (2014)

Eq. (7)
A =—-2J4,84-85. (7

Here, Jyq is the exchange coupling constant and S 4,85 repre-
sent the Mn?* spin operators. Experimentally, the ground-
state coupling constant of Mn?*-Mn?* dimers in ZnSe is
Jia = —1.0 meV, i.e. antiferromagnetic [33,59]. This coupling
constant can be described with reasonable accuracy using
fourth-order perturbation theory [60]. Interestingly, similar
perturbation calculations performed for Cr’+-Cr>* dimers in
ZnSe predict that ferromagnetic coupling may be possible in
these dimers under certain circumstances [61]. Cr** has an
e?1,? electronic configuration, and hence has ferromagnetic
superexchange pathways analogous to the #,-#, ferromagnetic
pathway of the Mn?* *T) excited state illustrated in Fig. 7(a).
Notably, the magnitude and even the sign of the Cr>*-Cr?*
dimer exchange coupling was predicted to be sensitive to the
Cr?* Jahn-Teller distortion [61].

To assess the superexchange coupling in the |*T;,°A;)
Mn2t-Mn2* dimer excited state, we take a similar fourth-order
perturbation approach, based on the formalism developed
by Weihe and Giidel for molecular transition-metal dimers
[62-64]. Details of these calculations are provided in the
Supplemental Material [41]. From the perturbation formalism,
the most sensitive parameter determining the strength of
an individual superexchange pathway is the overlap of the
relevant d orbital with the bridging ligand valence orbitals,
which determines that pathway’s transfer integral. Calculation
of the pathway-specific transfer integrals for the Mn”*-
Mn’* excited state is exceedingly difficult because of the
Jahn-Teller distortion of this excited state. We therefore
calculate two extreme scenarios for illustrative purposes:
(i) the nine individual #,-1, transfer integrals are all equal to
the average transfer integral, and (ii) superexchange proceeds
solely through a single dominant #,-t, pathway whose transfer
integral is therefore nine times the average. For simplicity, we
neglect pathways involving the e orbitals, and we estimate the
excited-state transfer integrals from the ground-state exchange
coupling strength, neglecting changes due to overall bond-
length contraction upon photoexcitation. Because the transfer
integral is the only unknown parameter in these calculations,
it can be fixed to reproduce the experimental ground-state
coupling constant and then used to predict the excited-state
coupling.

In the limit where ground-state superexchange proceeds
through nine equivalent #,-f, pathways, the experimental
ground-state Jy; ~ —1.0 meV implies an average transfer
integral of 0.6 eV. Applying this transfer integral to the dimer
excited state, the six remaining antiferromagnetic pathways
contribute —0.4 meV each, and the three ferromagnetic path-
ways contribute +0.05 meV each, to yield an overall coupling
constant of J;4(ES) ~ —2.5 meV (antiferromagnetic). This
scenario is thus inconsistent with the experimental observation
of ferromagnetic excited-state coupling, from which we
conclude that ferromagnetic superexchange pathways must
play a greater-than-average role.

In the limit of just one active superexchange pathway, the
experimental ground-state J,; implies a transfer integral of
1.0 eV. If upon photoexcitation, the empty orbital does not
participate in the dominant superexchange pathway, then the
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excited-state superexchange remains antiferromagnetic, and
the reduced charge-transfer energy increases the magnitude of
Jaqa(ES) to ~—3.6 meV. On the other hand, if photoexcitation
removes an electron from the d orbital involved in the principal
superexchange pathway, then the excited-state superexchange
is ferromagnetic with J;45(ES) ~ +0.4 meV. This result
qualitatively supports the conclusion that the empty #, orbital
of the photoexcited Mn?* ion must be directed at the bridging
selenide such that it dominates the excited-state Mn>*-Mn>*
superexchange.

We hypothesize that the Jahn-Teller distortion of the *T,
excited state, which splits the d orbital degeneracies, plays an
important role in orienting the empty #, orbital for effective
ferromagnetic superexchange. Figure 7(b) illustrates two of
the possible Jahn-Teller distortions of the T excited state
[65]. In Fig. 7(b) (left), Mn?t undergoes a Cs, distortion
involving contraction along the Mn?*-Se’~ (bridge) axis,
orienting the empty a; orbital for effective superexchange. In
Fig. 7(b) (right), Mn?>* undergoes a D, distortion involving
dihedral compression and positioning the empty b, orbital
for effective superexchange. These distortions would not only
favor a single superexchange pathway, but would also increase
the overlap integral for the one destabilized (empty) orbital,
thereby increasing the magnitude of Jzz. A more detailed
description of the Jahn-Teller effect in the luminescent Mn>*+
4T, excited state will be presented elsewhere [66].

D. Density functional theory calculations

Additional insight into the excited-state Mn>*-Mn”* ex-
change coupling is obtained from DFT calculations. The
energies of ZngsMn,Sege nanocrystals containing Mn>+-Mn?+
dimers in their ground state and first electronic excited states
were calculated for scenarios in which the dimer spins were
forced to align either ferromagnetically or antiferromagneti-
cally. The energy difference between these two cases was then
used to calculate J;; according to Egs. (8a) and (8b), which
reflect the energies of the S =0 — 5 (GS)and S =0 — 4
(ES) Landé spin ladders

EGS _ EGS

Jd("ils — w’ (8a)
Exim — Ein
18 ’
All total-energy calculations were performed after complete
geometry optimization, which accounts for changes in cation
site symmetry, orbital overlap, and hence exchange energies
upon relaxation of the electronically excited Mn>* ion. For
the ground state, the value of J,, calculated in this way is
—0.68 meV, which agrees reasonably well with the experi-
mental value (~—1.0 meV) [18,33,59]. In the dimer excited
state, the ferromagnetic configuration was found to be more
stable than the antiferromagnetic configuration by 24.5 meV,
corresponding to Jy;; = +1.36 meV [Eq. (8b)]. Density
functional theory calculations thus predict net ferromagnetic
exchange in the luminescent excited states of Mn”*-Mn>*

dimers, in agreement with experiment.

Figure 8 shows density of states (DOS) diagrams cal-
culated for the antiferromagnetically coupled Mn?*-Mn>*
ground state (|°A;,°A;)) and the ferromagnetically coupled

Tig = (8b)
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total -+ Zn’* (5,0,0) v Se” (s,p) m Mn' (d) [5X mag.]

DOS
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14 10

12 E o
Energy (eV)
— total - Zn’' (5,0,0) o S€¥ (5,p) m Mn* (d) [5X mag.]

‘a HOMO

PN

FIG. 8. (Color online) Results from DFT calculations on
ZngsMn,Segs nanocrystals. Density of states diagrams for (a) the
antiferromagnetically coupled |°A;,°A;) ground state and (b) the
ferromagnetically coupled |*T;,%A ) excited state. The top and bottom
of each plot denote « and 8 spins, respectively. (c) and (d) Structural
changes upon photoexcitation of Mn?* monomer and Mn**-Mn**
dimer. Ground-state (black) and excited-state (red) structures are
illustrated, and the most significant changes in bond lengths and
angles upon excitation are indicated. (e) Electron density contours of
the Mn?*-Mn?* dimer LUMO and HOMO in the ferromagnetically
coupled |*T},%A;) excited state, which correspond primarily to the
empty and doubly occupied orbitals of the photoexcited Mn* ion,
respectively. Mn?* ions are shown in purple, Zn>** in blue, and Se?~
in yellow.
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Mn?>*-Mn?** excited state (|*T;,°A;)). In the ground state
[Fig. 8(a)], antiferromagnetic coupling gives a symmetrical
spin population with no net spin (S = 0). In the excited
state [Fig. 8(b)], the spin projection of the dimer is no longer
symmetrical. Specifically, new B spin density appears near
the valence band edge (the spin-down e electron), and the
empty spin-up f, orbital now resides within the ZnSe gap.
Additionally, the d orbital manifolds are broadened relative
to the ground state, reflecting splittings due to low-symmetry
structural relaxation.

Figure 8(c) shows the calculated distortion upon excitation
of an isolated Mn?* ion to its *T; state. All four Mn2*-Se?~
bonds contract because of depopulation of a #, antibonding
orbital, but two of the bonds contract more than the other two,
breaking the T, cation symmetry. This distortion resembles
a partner function of the Jahn-Teller-active T, stretching
coordinate, in which two bonds contract and two elongate.
A similar distortion is calculated for the excited Mn>* in the
[*T;,°A) dimer excited state [Fig. 8(d)], but the distortions
appear smaller. Importantly, one of the shortened bonds is
to the bridging Se?~, indicating the depopulated #, orbital is
directed toward this Se?~, favoring ferromagnetic Mn>*-Mn?*+
superexchange coupling (Sec. IIIC).

Figure 8(e) [lowest unoccupied molecular orbital (LUMO)]
shows a contour plot depicting this empty orbital in the dimer
excited state. This empty orbital indeed shows a substantial
o-type antibonding interaction with the bridging Se®>~ p
orbital, reflecting the primary ferromagnetic superexchange
pathway of the luminescent |*T|,A) excited state. Details
of the excited-state distortions, and contour plots for all 20
d-based dimer orbitals, are provided in the Supplemental
Material [41].

An interesting result from the DFT calculations is that
the highest occupied molecular orbital (HOMO) is also
significantly hybridized with the bridging Se>~ in the [*T,%A )
excited state [Fig. 8(e) (HOMO)]. This covalency arises from
the relatively high energy of this S-spin electron [Fig. 8(b)]
because of the single-site Coulomb interaction, and it implies
a significant contribution to excited-state magnetic exchange
coupling involving this HOMO. This interaction was neglected
in the perturbation treatment of Sec. IIIC because of the
smaller metal-ligand overlap of the cubic e orbitals. Impor-
tantly, superexchange involving this orbital also stabilizes the
ferromagnetic configuration of Mn?*-Mn?* dimer spins [64].

Overall, the DFT calculations predict ferromagnetic ex-
change coupling in the first electronic excited state of Mn?*-
Mn?* dimers in ZnSe, in agreement with experiment. The DFT
calculations illustrate symmetry-reducing Jahn-Teller distor-
tions in the first excited states of Mn** monomers and Mn?*-
Mn?* dimers in ZnSe, which in the latter promote overlap of
the empty d orbital of ¢, parentage with the bridging Se’~, in
good agreement with expectations from perturbation analysis.
The DFT calculations further suggest an additional effective
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ferromagnetic exchange pathway involving the excited-state
HOMO.

IV. SUMMARY

The excited-state magnetism of photoexcited Mn>*-Mn**
dimers in Zn;_,Mn,Se nanocrystals has been investigated
using TR-MCPL spectroscopy. These experiments reveal
ferromagnetic exchange coupling in the luminescent |*T;,%A )
electronic excited state of Mn2T-Mn?t dimers, in contrast with
the antiferromagnetic exchange coupling universally observed
in the |°A;,°A;) ground states of Mn?>T-Mn’>* dimers in
ZnSe and related semiconductors. Perturbation theory and
DFT calculations indicate that this change in the sign of
Jaq derives primarily from a ferromagnetic superexchange
pathway involving spin transfer into the empty #, orbital of
the excited Mn?>* ion. Both perturbation and DFT analyses
indicate that this empty #, orbital has a lobe oriented toward
the bridging Se?~, well situated for effective ferromagnetic
superexchange. Ferromagnetic superexchange involving the
doubly occupied e orbital in the dimer excited state is also
suggested by DFT calculations. This new information about
the magnetic properties of photoexcited Mn>*-Mn?* dimers
in II-VI semiconductors appears to resolve a longstanding
question in the literature and may warrant revisiting the
assignment of single crystal absorption and emission spectra
for this class of materials.

The observation of ferromagnetic exchange coupling within
the excited states of Mn?*-Mn?* dimers in ZnSe could poten-
tially have interesting ramifications for optically switchable
magnetism in semiconductors relevant to spin electronics.
Although the materials investigated here are not immediately
applicable for optical switching, the sensitized S = 0 —
4 photoexcitation within a semiconductor, combined with
the 100% circularly polarized luminescence of this excited
state under a magnetic field, is highly attractive for further
investigation in this regard. For example, future synthetic
advances may open routes to materials containing only
dimers or related small clusters [67]. In such materials, these
photoinduced spin-state changes would manifest themselves
as giant Zeeman splittings of the semiconductor band structure
in ways that could be useful for optically triggered spin filtering
or spin transduction applications.
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