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ABSTRACT: Herein we report doping of ZnSe by Cr ions leads to
formation of small ZnCr,Se, spinel inclusions within the cubic
sphalerite lattice of a 2.8 nm CrZnSe quantum dot (QD). The Cr
ion incorporates as a pair of Cr(III) ions occupying edge-sharing
tetragonal distorted octahedral sites generated by formation of three
Zn ion vacancies in the sphalerite lattice in order to charge
compensate the QD. The site is analogous to the formation of a
subunit of the ZnCr,Se, spinel phase known to form as inclusions
during peritectoid crystal growth in the ternary CrZnSe solid-state
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compound. The oxidation state and site symmetry of the Cr ion is

confirmed by X-ray absorption near edge spectroscopy (XANES), crystal field absorption spectroscopy, and electron
paramagnetic resonance (EPR). Incorporation as the Cr(III) oxidation state is consistent with the thermodynamic preference for
Cr to occupy an octahedral site within a II-VI semiconductor lattice with a half-filled t,, d-level. The measured crystal field
splitting energy for the CrZnSe QD is 2.08 €V (2.07 eV form XANES), consistent with a spmel inclusion. Further evidence of a
spinel inclusion is provided by analysis of the magnetic data, where antiferromagnetic (AFM) exchange, a Curie—Weiss (C—W)
temperature of 6 = —125 K, and a nearest-neighbor exchange coupling constant of Jyy = —12.5 K are observed. The formation of
stable spinel inclusions in a QD has not been previously reported.

B INTRODUCTION

The ability to incorporate paramagnetic ions into a semi-
conductor quantum dot (QD) lattice is of great interest to the
solid-state materials community due to the ability to couple s—
p—d orbital exchange-induced magnetic properties with the
size-dependent QD energy levels."> The excitement of
incorporating a magnetic ion into an otherwise nonmagnetic
host lattice reflects the potential of such materials for quantum
computing, spintronics, magneto-resistive, and magneto-optical
applications.” While chemists are intrigued by the ability to
control the locatlon and concentration of the dopant ions as a
crystallite grows,” physmlsts are interested in the novel spin
properties that arise'® "> and the influence of QD surfa-
ces.”™" For years it was considered nearly impossible to
consistently dope a II-VI lyothermally grown QD due to self-
annealing effects."”®> Over the past several years the realization
that a single source cluster precursor can be used to generate a
predoped nucleus has led to the opportunity to efficiently
incorporate a range of dopant ions into the whole II-VI
series.”” In II-VI semiconductors, incorporation of a dopant
metal ion with the same charge (i.e, Mn(II), Cr(II), and
Co(1I)) leads to simple substitutional incorporation of the ion
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of interest up to its solubility limit.'~"® Incorporation of an ion

that has a different charge, such Cu(I) or Eu(IIl), results in
formation of ion vacancies in the QD in order to reach charge
neutrality.'”*°

One magnetic dopant ion that has received little attention in
the QD community is chromium. In Cr-doped II-VI
semiconductors, the incorporation of Cr(I),*"** Cr(II),****
and Cr(I11)*>?® have been reported by solid-state synthesis. Of
the three oxidation states, the Cr(III) oxidation state is
preferred due to its one-halffilled t,, level and has been
shown to be naturally introduced into octahedral (O,) sites
formed by ion vacancies that charge compensate the lattice in
the otherwise tetrahedral coordination environment observed
in II-VI semiconductors (ZnS, ZnSe, CdS, CclSe).27 Synthesis
of the Cr(IlI)-doped II-VI semiconductor occurs via a
peritectoid decomposition reaction leading to formation of a
AB,X, spinel structure by the group II metal occupying the
tetrahedral (T,) site (A site) and the Cr(IIl) ion occupying the
O, site (B site).”® The spinel phase is a singularity in the phase

Received: November 1, 2011
Published: March 1, 2012

dx.doi.org/10.1021/ja210285p | J. Am. Chem. Soc. 2012, 134, 5577—5585


pubs.acs.org/JACS

Journal of the American Chemical Society

diagram and does form as a precipitated inclusion due to its low
solubility in the II-VI lattice over a wide range of Cr to metal
ion ratios.”” Cr(III) incorporation leads to formation of a spinel
phase that exhibits a complex interplay between the charge,
lattice, and spin degrees of freedom, with reported
ferromagnetic (FM) states observed in CdCr,Se, and a helical
spin state in ZnCr,Se,.** > The complex magnetism in spinels
of II-VI semiconductors have been reported to exhibit large
magnetoresitivity and multiferrocity, demonstrating their
potential for magneto-optics.>> "> Although these structures
are reported in bulk, few reports have appeared for Cr doping
at the nanoscale."®

In this manuscript, we report to the best of our knowledge
the first study on Cr(Il) incorporation into ZnSe QDs. The
incorporation of chromium into a 2.8 nm ZnSe QD occurs as
Cr(III) ions occupying a tetragonal distorted O}, site within the
cubic ZnSe lattice, as evidenced by X-ray absorption near edge
spectroscopy (XANES) and optical absorption crystal field
analysis. The structural inclusion of the Cr(IIl) center is
believed to form ZnCr,Se, unit cells precipitated within the
ZnSe QD by forming six localized Zn ion vacancies opening
four Oy, holes for the Cr(IIl) ion. Such a formation is stable
within the cubic structure and observed in bulk systems.*® The
MCr,Se, (M = Hg, Cd, Zn) spinel structural motif as an
inclusion has only been investigated in the bulk phase and in
thin films to date.”” Analogous to the reported results herein,
vacancy formation in a QD to accommodate Oy, site occupation
for Eu(Il) in CdSe QDs has been observed by XANES and
extended X-ray absorption fine structure (EXAFS) analysis in
previous publications.”® The ability of the QD to incorporate a
defect that can be lattice matched to the QD is similar to the
reported formation of nanocrystal inclusions via endotaxial
growth in bulk crystal of AgPb,,SbTe,,,,.*"

Evidence for the proposed spinel precipitated inclusions of
the form ZnCr,Se, is observed in the magnetic experimental
data where competitive antiferromagnetic—ferromagnetic
(AFM—FM) exchange with an exchange coupling constant
(Jan = —12.5 K) is observed, which is consistent with
ZnCr,Se,. The formation of a spinel precipitate in the ZnSe
QD zinc blende lattice is intriguing and offers a new class of
dilute magnetic semiconductor QDs to be explored. It is
believed the spinel formation reflects a thermodynamic process
due to the more favorable coordination and electronic state for
a Cr(III) d transition metal as an O, coordinated species with a
half-filled t,, level. Further studies are underway to determine
the magneto-optical physics and exchange coupling between
the ZnCr,Se, inclusion and the host lattice band levels. The
initial study opens the opportunity to explore the rich magneto-
optical physics of the Cr(IIl) spinel phase incorporated as a
precipitated inclusion within QDs and may suggest isolation of
a single phase spinel QD can be achieved under appropriate
reaction conditions.

B EXPERIMENTAL SECTION

Chemicals. Hexadecylamine (HDA) (90%, Acros Organics), CrCl,
(99.9%, Acros Organics), toluene (>99.9%, EMD Chemicals), and
methanol (MeOH, >99.8%, VWR) were used as supplied.
Liy[Zn,Se,(SePh),¢] cluster was prepared similar as described
previously.

Synthesis of Cr(lll)-Doped ZnSe DMSQDs. The synthesis of 0,
0.4, 1.0, 2.5, and 4.0 mol % Cr(III)-doped ZnSe QDs was performed
under N, using a previously reported single source precursor method
employing the reaction of a Li,[Zn,Se,(SePh) 4] cluster with CrCl, at
a concentration of 0, 2, 5, 10, and 20 mol % Cr to Zn. Briefly, the QDs
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are prepared by the dissolution of 500 mg (0.1S mmol) of
Liy[Zn,,Se,(SePh) 6] cluster and CrCl, in ~40 mL of HDA at 100
°C under N,. The reaction mixture was heated to 220 °C (10 °C/min)
for 6 h, inducing QD growth.sg_4r1 Isolation of Zn,_,Cr,Se QDs from
the reaction mixture is achieved by standard precipitation methods
carried out under N, to prevent surface oxidation. The precipitation
protocol requires the addition of a minimal amount of toluene to
dissolve the reaction mixture at 60 °C followed by dropwise addition
of methanol to induce nanocrystal aggregation and precipitation. The
precipitate is collected via centrifugation and redissolved in toluene.
The process is repeated three times to ensure reagent-free particles.
The samples are isolated and maintained under N, in a drybox to
prevent formation of ZnO.

The Cr, Zn, and Se content was determined by using an Oxford
Instruments ED2000 X-ray fluorescence (XRF) spectrometer with a
Cu K, source. Based upon XRF analysis, the isolated Zn,_,Cr,Se QD
samples contain 0, 0.4, 1.0, 2.5, and 4.0 mol % Cr by carrying out the
reactions at 0, 2, 5, 10, and 20 mol % Cr. For a standard XRF
measurement, the powdered QD samples were completely dissolved in
90% HNOj;, heated to remove excess NO,, and then diluted to ~3 mL
with a 2% HNO; solution to allow compatibility with the XRF sample
holder.

QD Characterization. The isolated Zn;_,Cr,Se QD size,
dispersity, morphology, and structure were analyzed by transmission
electron microscopy (TEM) and TEM-selected area electron
diffraction (TEM-SAED) using a JEOL-2010 microscope operated at
200 kV. The size dispersity is analyzed for over 100 QDs. The SAED
map for the QDs was assigned to lattice planes based upon the
observed d-spacing. The QDs were dispersed on holey carbon (400
mesh) from a toluene solution.

The size of the QD measured by TEM was verified by analysis of
the first exciton transition (1S;,, — 1S,) for ZnSe in the optical
absorption spectroscopy.” The room temperature optical absorption
spectra were measured on toluene solutions of the Zn,_,Cr,Se QDs at
~107° M concentrations in a 1 cm quartz cuvette using a Varian Cary
50 UV—vis spectrophotometer.

Ensemble structural characterization of the isolated QDs is
performed using a powder X-ray diffractometer (pXRD). The pXRD
patterns were recorded on about 10 mg samples on a Rigaku DMAX
300 Ultima IIT pXRD using Cu K, (4 = 1.5418 A). QD sizing by
Scherer analysis of the (111), (220), and (311) reflection in pXRD
provides validation of the optical and TEM size analysis and more
importantly provides further support for the high crystallinity of the
samples.

High-frequency electron paramagnetic resonance (HF-EPR)
measurements over 100—406.4 GHz at 10 K were made for the
2.5% Zn,_,Cr,Se QDs. The HF-EPR measurements were conducted
at the Florida State University National High Magnetic Field
Laboratory (FSU-NHMFL) in Tallahassee, FL. The HF-EPR operates
in transmission mode and employs oversized cylindrical waveguides, as
described elsewhere.”™** Microwave detection was performed with a
low-noise, fast-response InSb hot-electron bolometer (QMC Ltd.).
For the EPR experiments, the samples were dried powders.

Assignment of the Cr Oxidation State and Site Symmetry.
Assignment of the oxidation state and the site of occupation (T; vs O,
holes) for the Cr ion in the ZnSe QD was accomplished by analysis of
the Cr L, ; edge by soft XANES spectroscopy between 570 to 600 eV
for the 2.5% Zn,_,Cr,Se. XANES measurements were acquired at the
spherical grating monochromator beamline at the Canadian Light
Source at the University of Saskatchewan.*® The QD samples were
dissolved in toluene, allowed to slowly evaporate on a Si wafer,
mounted onto carbon tape, and introduced into an ultrahigh vacuum
chamber (P ~ low 107% to low 107 Torr). XANES experiments were
conducted using the total electron yield method, where the total
photocurrent into the sample is measured as the photon energy is
scanned through the absorption edge. The current from a highly
transmissive gold grid was used to normalize the XANES spectra.
Crystal field absorption spectra of solution samples by UV—vis on all
doping concentrations confirm Cr oxidation state and site symmetry.

dx.doi.org/10.1021/ja210285p | J. Am. Chem. Soc. 2012, 134, 5577—5585



Journal of the American Chemical Society

(ozz)

— (11€)

— (oov)
- (t£€)

—Cr:ZnSe
—Pure ZnSe

D

_,(400)
—»(311)
=—(220)

i3
A £
! =
—Cr.ZnSe
—— Pure ZnSe
- 3
s 5.
> 2
z 2
5 2
< £
Aewrreniiasarmerey T T T
350 400 450 500 20

Wavelength (nm)

40

2 theta

Figure 1. Characterization data for 2.8 + 0.1 nm 2.5% Zn,_,Cr,Se QDs. (A) Absorption (dashed) and photoluminescence (solid) spectra for ZnSe
and 2.5% Zn,_,Cr,Se QDs. (B) pXRD patterns for ZnSe and 2.5% Zn,_,Cr,Se QDs relative to the standard ZnSe card (01-070-0777, F43m (216)).
(C) TEM image for 2.5% Zn,_,Cr,Se QD at 600 000 magnification (scale bar 20 nm). (D) TEM-SAED image for 2.5% Zn,_,Cr,Se QDs measured

over 2000 nm”.

Magnetic Characterization. The magnetic properties of the 2.5%
Zn,_Cr,Se QDs were measured on powdered samples using a
Quantum Design MPMS XL7 superconducting quantum interference
device magnetometer (SQUID). Zero-field cooled (ZFC) and field
cooled (FC, 0.02 T) susceptibility measurements were collected for
dc-susceptibility over the range of 2—300 K. Field-dependent
magnetization (M) was measured between —7 to +7 T.

B RESULTS AND DISCUSSION

Using the single source cluster synthetic method, spherical
Cr(Ill)-doped ZnSe QDs were isolated from a lyothermal
reaction with ~5% size dispersity based on TEM analysis
(Figure 1 and Figure SF1, Supporting Information). X-ray
fluorescence analysis (XRF) allow the isolated QDs to be
described as Zn,_,Cr,Se solid solution with x = 0.000, 0.004,
0.010, 0.025, and 0.040 (0.0, 0.4, 1.0, 2.5, and 4.0%). The
optical absorption data (Figure 1A and Figure SF2, Supporting
Information) for the Zn,_,Cr,Se QD samples exhibit a well-
defined 1S;, — 1S, excitonic feature for all doping levels.
Analysis of the optical absorption of the first exciton®® (1S5, —
1S,, Figure SF2, Supporting Information) and TEM (Figure
SF1, Supporting Information) yields QD sizes of 2.4 nm for
0.0%, 2.6 nm for 0.4%, 2.6 nm for 1.0%, 2.8 nm for 2.5%, and
2.7 nm for 4.0%. The energy of the first absorption feature for
all Zn,_,Cr,Se samples is consistent with the measured TEM
QD size, indicating well-formed QDs are obtained from the
reaction process. Based on XRF analysis, the Cr ion
incorporation occurs at ~20% of the reaction stoichiometry,
reflecting the solubility of the Cr precursor in the reaction
conditions, the differences in the Zn and Cr precursor activity,
and the rate of ion addition onto the growing QD. The mole
ratio of cation to anion in the isolated QD is nearly constant
across the doping concentration range (Table 1, Supporting
Information), reflecting the experimental uncertainly in XRF
for estimating lattice vacancy formation. The photolumines-
cence (PL) data for the Zn,_.Cr,Se samples in Figure 1A
exhibits Gaussian profiles for all samples with a peak full width
at half- maximum (fwhm) = 18 + 1 nm. The PL is assignable to
ZnSe bandgap emission with no discernible feature for the Cr
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center at room temperature between 300 and 700 nm (Figure
SF2A, Supporting Information). The PL intensity for the ZnSe
bandgap PL is dependent on the Cr ion concentration. A plot
of the ZnSe PL quantum yield vs Cr concentration shows a
decrease in PL intensity with increasing Cr content (Figure
SF2B, Supporting Information). The loss of intensity of the
ZnSe PL with increasing Cr content can be understood in
terms of nonradiative decay to a low-lying crystal field level
centered on the Cr center. Dopant-dependent quenching has
been observed in ion-doped QDs previously.®

Selected pXRD data for Zn,_,Cr,Se (0.0% and 2.5%) is
shown in Figure 1B. In addition, the pXRD data for the 4.0%
QDs are shown in Figure SF3, Supporting Information. The
powder pattern for the samples exhibits identical profiles that
can be indexed to the spahlerite (zinc blende) F43m structure.
The assignment of the zinc-blende phase is confirmed by
inspection of the d-spacing for the (220), (331), and (400)
reflections in the TEM-SAED pattern collected over a ~2000
nm? area for 2.5% Zn,_,Cr,Se (Figure 1D). No concentration-
dependent shift in the (111), (220), or (311) pXRD reflection
can be observed within experimental error. No pXRD or SAED
reflections can be identified for Cr,Se; or ZnCr,Se, impurity
phases (Figure SF3, Supporting Information).

Oxidation State and Subtituional Site of the Cr
Dopant. It is well established the Cr ion can incorproate
into ZnSe with variable oxidation states. The oxidation state of
the Cr in the Zn, ,Cr,Se QD was analyzed by XANES
spectroscopy of the Cr L,; edge. The XANES data in Figure
2Ai for the 2.5% Zn,_.Cr,Se sample shows two discrete
features, a broad L; edge absorption feature at ~578 eV with a
shoulder to higher energy, and a weaker L, edge absorption at
~586 eV. The energy and spectral shape of the L, ; edge in the
2.5% Zn,_,Cr,Se QD sample (Figure 2Ai) allow definitive
assignment of the Cr oxidation state as Cr(IIl) based on
comparison to simulated L, ; edge XANES spectra.*®

The substituional site for the Cr ion in the ZnSe lattice can
be analyzed by comparison to the calculated spectra for a
theoretical Zn,_,Cr,Se sample in which Cr(II) (Figure 2Bi),

dx.doi.org/10.1021/ja210285p | J. Am. Chem. Soc. 2012, 134, 5577—5585
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Figure 2. Cr L,; edge X-ray absorption spectra. (A) (i) 2.5%
Zn,_,Cr,Se QDs and (ii) simulated tetragonally distorted Oj, crystal
field (2.07 eV) for Cr(Il). (B) XANES simulation of Cr ions in a
perfect Oy, field (10 Dq = 2.07 eV): (i) Cr(IL), (ii) Cr(III), and (iii)
Cr(IV).

Cr(IIT) (Figure 2Bii), and Cr(IV) (Figure 2Biii) occupy an O,
coordination site with a crystal field energy of 10 Dq = 2.07 eV,
as shown in Figure 2B. The theoretically calculated spectrum
for Cr(Ill) in an O, field fits the energy of the observed L, ;
edge but does not reproduce the shape of the spectra. The
experimental XANES data for the 2.5% Zn,_,Cr,Se QD (Figure
2Ai) compared to the calculated spectra show the observed
broadening of the L, edge is not well reproduced by the perfect
O,, site simulation. A better fit to the experimental XANES data
is obtained by inducing a tetragonal distortion of the site with a
crystal field of 10 Dy = 2.07 eV (Figure 2Aii). The crystal field
terms from XANES, which include the terms D, and D, suggest
compression occurs along the z-axis for the Cr(III)—Se bond.
The tetragonal distortion is not surprising, as removal of three
Zn ions for every two Cr(III) ions produces an incorporation
site in which the Cr(III) ion can be bound as two edge-sharing
O,, that would be tetragonally distorted if the lattice does not
relax about the vacancy. Similar observations of the formation
of a distorted six-coordinate site by Cd ion vacancy formation
to allow charge balance were made for Eu(IIl) incorporation
into CdSe by XANES and EXAFS analysis.>’

The coordination of the Cr(III) center by six Se ions can be
proven by measurement of the crystal field spectra. An
approximate O), coordination site for Cr(IIl) will produce a
set of d—d absorption features observable in the visible
centered at ~560 nm (4A2g - 4T2g) and a second absorption
feature centered at ~440 nm for the 4A2g - 4Tlg transition.*”*®
Tetragonal distortion will reduce the symmetry, resulting in
splitting of the T, and T levels, which is typically observed as
a broadening of the 4A2g - 4ng transition. The concentration-
dependent crystal field optical absorption spectra for the
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Zn,_,Cr,Se QD samples is shown in Figure 3. By multipeak
fitting of the absorption data the energy of the 4A2g - 4TZg
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Figure 3. Absorption spectra (298 K) in concentrated toluene solution
for 0, 0.4, 1.0, 2.5, and 4.0 Zn,_,Cr,Se QDs. Insert shows the allowed
crystal field transitions of Cr(IIl) ion in an O, crystal field.

crystal field transition can be extracted from the exciton tail
observed in Figure 3, allowing assignment of the 4A2g - 4TZg
transition at 595 nm (2.08 eV) (Figure SF4, Supporting
Information). The feature exhibits a clear concentration
dependence, confirming the assignment. The transition is
broadened as anticipated by the lowered symmetry observed in
the XANES data. The energy of the 4A2g - 4ng Cr(III) crystal
field transition is equivalent to the crystal field energy, allowing
a value of 10 Dq = 2.08 €V to be directly measured. The value
of 10 Dq is consistent with the calculated XANES value of 2.07
eV. The higher lying crystal field transitions for the 4A2g -
4T1g, which lies at approximately 440 nm, is obscured due to
overlap with the first exciton transition in the ZnSe QD and
cannot be assigned, therefore the Racah parameters cannot be
extracted from the experimental data. The crystal field
spectroscopy results support the assignment of Cr(III)
occupying a tetragonally distorted six-coordinate site within
the ZnSe lattice.

Further evidence of Cr(IIl) (d% S = 3/2) can be confirmed
from high-frequency EPR (HF-EPR) data. For Cr(IIl) in the
Oy, crystal field, the 4A2g orbital singlet is responsible for the
observed EPR absorption. The EPR spectrum of the isotopes of
Cr(IIT) without nuclear spin can be described by the Zeeman
term only, since the zero-field splitting would be negligible in a
strict octahedral symmetry (Figure SFS, Supporting Informa-
tion). The EPR spectrum will consist of a single peak with a
Landé g-value of slightly less than 2.00, due to spin—orbit
coupling. Hyperfine contributions will not be observed in the
powder spectra since the **Cr isotope is only 9.55% abundant;
each hyperfine structure line has an intensity of approximately
1/42 of that of the main peak.*’ The frequency-dependent EPR
spectra for the 2.8 nm 2.5% Zn,_,Cr,Se QD sample measured
at 100, 112, 200, 216, 304.8, 324, and 406.4 GHz (10 K) are
shown in Figure 4A. The observation of the single sharp
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Figure 4. (A) Frequency-dependent EPR measurements at 10 K for 2.5% Zn,_,Cr,Se QD. (B) Frequency-dependent on EPR central resonance field

of 2.5% Zn,_,Cr,Se QD. The slope yields a g-value of 1.9808.

resonance over all frequencies is consistent with a Cr(III) ion
(d% S = 3/2) since the zero-field splitting for Cr(III) is typically
small.>

An accurate value of the Landé g-value for the Cr(III) center
in the Zn;, ,Cr,Se QD can be obtained by plotting the
frequency dependence of the center field (Figure 4B). The plot
yields a g-value of 1.9808 consistent with the prediction for a
Cr(II) ion coordinated by six Se ions.*"*° The deviation of the
g-value from the spin only value of g, = 2.0023 is caused by a
contribution from triplet T, to the orbital moment of the
ground state. The observed EPR pattern and g-value are not
consistent with assignment of Cr(I) or Cr(I).***° Exper-
imentally observed g-values are 1.9985 for Cr(11)>* and 2.0018
for Cr(I).>® Furthermore, the zero-field splitting of Cr(II) ion
(d%, S = 2) is usually larger than 2 cm™ with a negative sign,
which would result in the appearance of multiple transitions in
the EPR spectra (M;: —2 - —1, =1 - 0,0 —> +1, and +1 —
+2 transitions),”>*° which are not observed in Figure 4.

ZnCr,Se, Spinel Inclusion formation. Since the struc-
tural data from TEM and pXRD are in good agreement, the
results strongly imply a high degree of crystallinity exists for the
CrZnSe QD, which in effect implies that the Cr(II) ions
incorporate with minimal lattice distortion. The spectroscopy
results confirm the Cr ion is incorporated into the ZnSe lattice
as a Cr(Ill) ion occurring at a tetragonally distorted six-
coordinate site in an otherwise sphalerite lattice for the Zn and
Se sublattices. Addition of one Cr(III) must induce removal of
one and a half Zn(II) centers to balance the QD charge, if the
Cr(III) ion incorporates into the core of the QD. More likely to
be stoichiometrically relevant, the Cr(III) ion incorporates as a
pair of O, coordinated Cr ions sharing an edge by removal of
three Zn ions. Such an arrangement is supported by the
XANES data. Charge compensation driven vacancy formation
is a well-known phenomenon for metal chalcogenides, and one
of the major reason p or n doping of the II-VI class is difficult
to achieve.”*

The observation of Cr(IIl) ion incorporation rather than as
Cr(II) is interesting and is believed to reflect thermodynamic
forces. Cr(III) is a d* metal ion which favors O, coordination.
The d* configuration has a lowest-lying half-filled t,, orbital,
inducing greater thermodynamic stability for the Cr(III) center.
In fact, of the AB,X, structures that are known for Cr(III) ion
incorporation into II—VI semiconductor, Cr(III) shows the
greatest thermodynamic potential for occupation of Oy, sites.””
Further stabilization of the center is achieved by the favorable
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ionic radius of Cr(III) (0.755 A) which can fit into O, site
formed by Zn ion vacancy, whereas Cr(II) has a much larger
radius of 0.94 A. While it might be anticipated that the
formation of Cr(IIl) is surprising, due to better charge balance
for Cr(Il), observation of a change in oxidation state for a
doped metal ion is observed reflecting the formation of a
thermodynamically more stable oxidation for Cu(I):CdSe and
Eu(II1):CdSe QDs.'*?°

While the oxidation state of the Cr ion can be rationalized,
the location of the Cr(IlI) ions and whether it is best
represented as a stochastically distributed defect in the lattice,
isolated at the QD surface, or as a cluster within the QD core
can only be speculated. If we assume a Poisson distribution of
the Cr(IIl) ions, it is anticipated only localized single Cr(III)
sites will form within the lattice with a 73% probability, while
pair formation would be 19%, and a larger cluster would occur
at 8%.> If we assume a cluster model, at 2.5% Cr(III)
incorporation into the 2.8 nm ZnSe QD (~300 Zn ions) would
generate two n = 2 tetrameric clusters (or four n = 1 dimeric
clusters) from the ~8 available Cr(III) ions substituted for 12
Zn jons on average. Likewise, for a 0.4% Cr(III) doping level,
this translates to only two Cr(II) centers per QD and could
only produce at most a single pair of ions. The actual numbers
of Cr ions will be represented as a stochastic distribution across
the QDs due to the expected distribution in doping levels as the
QD grows.

Incorporation of an isolated stochastic defect ion is expected
to exhibit Vegard law behavior,” while a clustered ion or surface
localized Cr(III) center is not expected to exhibit Vegard law
behavior. Since XRD methods must obey Bragg’s law over
several lattice planes, the lack of a shift in the pXRD for the
ZnCrSe QDs as a function of the doping concentration
suggests that the ions are not well represented by a
stochastically distributed ion producing an average lattice
distortion. The alternative ion clustering model suggested by
the XANES would be consistent with the lack of shift in the
pXRD data.

The incorporation of Cr(IIl) ions as a pair into the ZnSe
lattice forms the initial cell of a spinel phase of the form ACr,X,
(A=Cd, Zn; X =, Se).27 Such a structure is supported by the
only available spinel phase diagram (CdCr,Se,) where a solid
solution is formed for Cd to Cr ratios below 64%. In this range
it is observed that a peritectoid reaction leads to the CdCr,Se,
spinel precipitating out of the metal chalcogenide crystal below
885 °C due to low solubility in the phase.”” Inspection of the
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crystal structure reveals that a spinel inclusion can be lattice
matched to the cubic structure, as shown in Figure S by cluster

"NNz -125K
Cr

Figure S. Illustration of the ZnCr,Se, spinel structure composed of 4
CrSeq O, unites embelded in the ZnSe zinc-blende lattice. The Cr(III)
ions (blue balls) occupy O, sites, and Zn(II) ions (green balls) occupy
Ty sites.

precipitation as [ZnCr,Se,], (n = 1, 2, ...). The structure in
Figure S is for the n = 2 cluster produced by removal of six Zn
ions at Ty sites which opens four Oj, sites (six coordinate) in
the lattice for incorporation of four edge-shared Cr(III)
polyhedral centers. The n = 2 structure shown in Figure $ is
thermodynamically favored as the face-centered cubic (fcc)
packing of Se anion of cubic phase ZnSe and CrZn,Se, spinel
provides a reasonable epitaxial match, where the group II metal
occupies one-eighth of the Ty site and the Cr(IIl) ion occupies
one-half of the octahedral (0,) sites.”®

The proposed model in Figure S is surprising and hard to
prove. The size and location of a nanoscale inclusion are known
to be difficult to observe by TEM or pXRD, since the inclusion
is oriented along the crystallographic directions of the crystal
and therefore the average structure measured by XRD is not
perturbed. Since XRD requires that Bragg’s law is obeyed,
several lattice lanes must be present to be experimentally
observable. For a single cluster within a 2.8 nm ZnSe QD, the

structural imperfection will not be experimentally observable in
the pXRD. TEM can provide insight, but the low Z-number
and high propensity for beam damage in ZnSe limits the
applicability of the technique to image the Cr(III) centers.

While TEM and pXRD provide little insight into the
presence of a ZnCr,Se, inclusion, the magnetic properties of
the Cr(III) center in the Zn,_,Cr,Se QD can provide insight
into the cluster size, since exchange constants and the Curie
temperature will reflect the number of interacting Cr centers. A
ZnCr,Se, spinel exhibits a helical spin structure as the result of
competing FM and AFM interactions,”® with a direct nearest-
neighbor exchange constant of Jpy = —15.1 K.3%3155 solated
Cr(III) centers will exhibit paramagnet behavior with
insignificant exchange coupling due to the nearest-neighbor
interactions dominating the exchange process. A plot of
moment vs temperature should follow Curie—Weiss (C—W)
law behavior. Formation of a pair of ions or larger clusters
should result in high-temperature C—W behavior exhibiting
AFM exchange with a nearest-neighbor exchange value (Jyn)
calculated from the negative C—W temperature (6, x-
intercept). At low-temperature exchange coupling within a
cluster will result in deviation from the C—W projection in a
ZnCr,Se, spinel inclusion due to competing FM and AFM
interactions. The number of Cr(III) neighbors or cluster size
can be approximated from temperature-dependent magnetic
susceptibility measurements, since the exchange constant, Jyn/k
= 30/(2ZS(S + 1)), where 0 is the C—W temperature, k is the
Boltzmann constant, S is the spin, and Z is the number of
nearest neighbors.”** The structural model presented in Figure
5 would require high-temperature C—W behavior that deviates
at low T, AFM exchange (negative C—W temperature), and a
Jan = —15.1 K*' while isolated Cr(III) should result in
paramagnetic (PM) behavior, Jyy ~ 0 K and Z < 4, depending
on the Cr(IIl) concentration in the sample.

In Figure 6A, the ZFC and FC (200 Oe) susceptibility (r)
data for 2.5% Zn,_.Cr,Se QD are shown. The experimental
susceptibility and magnetization data for the Zn, ,Cr,Se QDs
exhibit high-temperature PM behavior as expected for the low
Cr(III) content. In Figure 6A inset, the C—W law plot of the
temperature-dependent data, 1/y = (T — 0)*C™* (C is the
Curie constant, T is temperature in Kelvin, and € is the C—W
temperature), is shown. The C—W plot yields a negative Curie
temperature (6 of —125 K) indicative of AFM exchange in the
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Figure 6. (A) Temperature-dependent ZFC and FC (200 Oe) susceptibility data. The insert if the C—W law plot showing negative C—W
temperature (—125 K). (B) Field-dependent magnetization (M) plots at 2, 10, 20, 30, S0 K, and (C) Arrott plots (M* vs H/M) for the 2.5%

Zn,_Cr,Se QDs.
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sample, which can be accounted for by the presence of
Cr(1II)—Cr(II) magnetic exchange coupling between nearest-
neighbor ions. The observation of exchange coupling at 2.5%
Cr(II) supports a model where Cr(III) ion clustering occurs
within the ZnSe QD, since it is anticipated that >73% of the
ions should be isolated based on Poisson statistics. The
calculated value of Jyy extracted from the C—W temperature 6
as a function of the number of Cr(III) ions in the cluster (Z) is
25K (Z2=2),-167K (Z=3), 125K (Z=4), and =10 K
(Z = S). The exchange coupling of ZnCr,Se, with 4 Cr(II) O,
centers is close to the theoretical direct exchange constant in
ZnCr,Se, (]NN(bulk) = —15.1 K). Although the poor fit for Z = 2
and 3 is unlikely due to the larger negative value of Jyy, it is
worth noting that the magnetic data are easily over interpreted
and cannot be used to eliminate the possibility of isolated or
smaller ion clusters in the data, since a larger magnetic ion
cluster will exhibit the largest observable moment particularly at
high temperature, skewing the results. On the other hand if Z =
4 clusters were not present in the sample, then one would
expect a smaller value of @ in order to obtain a Jyy value
consistent with bulk structures for Z < 4.

The assignment of a PM behavior with AFM exchange
coupling is confirmed by field-dependent magnetization (M)
plots for 2.5% Zn,_,Cr,Se (Figure 6B). The magnetization data
at 2 K show saturation above 2 T but exhibit no hysteresis at all
measured temperatures. The absence of FM order in the 2.5%
Zn,_,Cr,Se QDs can be verified by plotting the field-dependent
data as Arrott plots in Figure 6C (M* vs H/M at fixed
temperatures). In the Arrott plots, the Curie temperature (T.)
for ferromagnetism is determined from the temperature, where
M? intercepts with the origin.>® The Arrott plots show a linear
H/M dependence from 10—50 K. Consistent with a PM
material, in the Arrott plot M* approaches a value of zero as the
T — 0 K. The data at 2 K exhibits curvature in the Arrott plot
which can be interpreted in analogy to the Arrott plot in bulk
materials where competing magnetic exchange interactions
exist at low temperature.”” The competing magnetic behavior
supports the spinel inclusion model within the QD lattice, since
the competition between FM and AFM interactions in bulk
ZnCr,Se, spinel results in an overall helical spin state.

The magnetic data, and particularly the agreement in the Jyy
values between bulk ZnCr,Se, and the Z = 4 calculation, are in
support of the proposed structure in Figure 5, where the
formation of four edge-shared Cr(III) O, centers in the ZnSe
lattice gives rise to short-range Cr(III)—Cr(III) magnetic
exchange. Coupled with the likelihood that a peritectoid
reaction requires a critical nuclei to form in order to precipitate,
an =2 or larger cluster is reasonable for a proposed structural
motif and is supported by the magnetic, XANES, HF-EPR, and
optical data by comparison to bulk spinel values and is
consistent with the observation of no significant structural
distortion occurring in the metal and chalcogenide sublattices,
since the Zn and Se L; edge XANES data are not strongly
affected compared to the energies observed in bulk spinel
structures (Figure SF6, Supporting Information).’® More
importantly the defect clustering model within a QD is
reported in the literature and supported by the phase diagrams
for Cr(III) incorporation into a metal chalcogenide lattice.

Site Occupation of Cr(lll) lons. Although the XANES,
absorption spectra, HF-EPR, and the magnetic data support a
Cr(III) spinel inclusion in the ZnSe QD, the experimental data
cannot distinguish between precipitation at the QD surface
from incorporation into the QD. In anlogy to experimental
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interrogation of the structural motif in CdSSe alloys and a
CdMnSe alloys in a previous series of reports,*”®® chemical
etching experiements can provide some insight into the
location of the Cr ion cluster by analyzing a spectroscopic
signature for Cr following removal of the outermost shells from
the circumference of the QD. If we consider a 2.8 nm diameter
2.5% Zn,_,Cr,Se QD, which consists of 10 ZnSe planes (S
shells) projected along the (111) direction, etching to remove
~1 shell results in a reduction of the QD diameter by 0.6 nm,
generating a ~2.2 nm QD. The 2.2 nm QD is composed of ~7
planes projected along the (111) crystallographic direction or
~3—4 shells. The 2.2 nm QD has ~120 ions forming the Zn
sublattice. For a Cr(III) species isolated at the QD surface, one
would expect a complete loss of the spectroscopic signature for
Cr ions if the cluster is isolated either in the outermost shells of
the QD or as a phase segregated surface species after the
sample was isolated from the etching solution. On the other
hand incorporation into the QD core should not impact the
presence of Cr in the QD after etching. For the statement to be
valid, the chemcial etching study requires that the rate of
etching of the ZnSe and the ZnCr,Se, spinel is similar.

Surface etching of the ZnSe QD was carried out using 20 uL
H,PO,:HCI (1:1 V:V) in 1 mL saturated toluene solution.*”!
The QD samples were etched for 2 s at room temperature,
which shifts the 1S5/, — 1S, first exciton peak shift from 375 to
257 nm (Figure SF7, Supporting Information). The shift in the
first exciton is consistent with the removal of ~0.8 nm from the
QD surface or ~1—2 shells from the circumference of the QD.
The etched samples were precipitated by the addition of
MeOH, redissolved in toluene, and reprecipitated by MeOH
prior to conducting the EPR experiments. Although the QD
was etched by ~0.8 nm, the resultant EPR spectra following
chemical etching produce no change to the EPR (Figure SF7,
Supporting Information) spectral manifold, indicating the
Cr(III) ions are within the QD and not isolated at the surface
of the QD.

The lack of a spectral change to the EPR is indicative of the
Cr spinel inclusion forming within the ZnSe QD. It is expected
that if the Cr ion cluster is within the core of the QD that the
Cr concentration must increase from 2.5% in a 2.8 nm
Zn,_,Cr,Se QD to a value between 6—9% in a 2.0 nm QD to
account for the change in Zn to Cr ratio as the QD is etched.
Analysis of the XRF data following etching indicates the Cr
content increases from 2.5 to 8 mol % relative to the Zn ion,
confirming the theoretical prediction (Table 2, Supporting
Information). The facts the Cr(III) ion is still evident in the
EPR and the Cr content increases with decreasing QD size are
strong confirmation that the ZnCr,Se, inclusion occupies a
core site within the 2.0 nm QD.

B CONCLUSION

While in bulk reactions the formation of MCr,X, spinels as a
single phase or as inclusions in the MX lattice are observed to
be formed by reaction of the metal chalcogenide via a a
peritectoid reaction, the structural motif has not been reported
for QDs. Whether the core inclusion reflects initial nucleation
in the spinel phase followed by growth of the ZnSe shell or
occurs due to similar kinetic rates of ion addition is not clear.
The incorporation of a Cr(IIl) ion on a tetragonally distorted
Oy, site is proven by the Cr L,; edge XANES spectra. The
absorption spectra for the Zn; ,Cr,Se QDs confirm the
oxidation state assigned and allow the crystal field energy to
be calculated (10 Dq = 2.08 eV) from the 4Azg - 4T2g crystal

dx.doi.org/10.1021/ja210285p | J. Am. Chem. Soc. 2012, 134, 5577—5585



Journal of the American Chemical Society

field transition. The nearly identical value for 10Dq from
absorption and the simulated XANES data indicates the Cr(I1I)
ion is tetragonally distorted due to pair formation of Cr
octahedral by removal of three Zn ions for each pair of Cr ions
in the lattice. The sharing of the O, edge by the Cr(III) ions in
the ZnSe lattice produces a minimally distorted site in the
lattice analogous to spinel inclusions in bulk metal chalcogenide
structures. The ZFC/FC susceptibility measurement shows PM
behavior with AFM exchange coupling at low temperature. The
calculated Cr(II1)—Cr(III) Jyy value (Z = 4) for the QD
(—=12.5 K) is consistent with reported bulk values and supports
a model of ZnCr,Se, spinel inclusion within the core of the
QD. High-frequency EPR data are quite consistent with Cr
(1) in an O, environment, exhibiting only the Zeeman
interaction and no other splitting. Further studies are underway
to analyze the Cr—Cr nearest-neighbor distances via EXAFS
and the exchange coupling of the inclusion to the band
structure of the ZnSe lattice using XMCD and magneto-optical
methods. The intriguing ability to incorporate a magnetic
inclusion in an otherwise crystalline QD opens a new class of
dilute magnetic semiconductor QDs for further studies.
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TEM images and size disperisty analysis, UV—vis and Cr(III)
concentration-dependent PL quantum yield, XRF elemental
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