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ABSTRACT: Despite a long history of success in formation of
transition-metal-doped quantum dots (QDs), the origin of

magnetism in diluted magnetic semiconductors (DMSs) is yet
a controversial issue. Cr(II)-doped II—VI DMSs are half-
metallic, resulting in high-temperature ferromagnetism. The
magnetic properties reflect a strong p—d exchange interac-
tion between the spin-up Cr(II) t,, level and the Se 4p.
In this study, ultrasmall (~3.1 nm) Cr(II)-doped CdSe
DMSQDs are shown to exhibit room-temperature ferro-
magnetism, as expected from theoretical arguments. Surpris-
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ingly, a low-temperature phase transition is observed at 20 K that is believed to reflect the onset of long-range ordering of the

single-domain DMSQD.

1. INTRODUCTION

Highly monodispersed [I—VI' ~* and - V>~ quantum dots
(QDs) have been prepared and applied to various applications,
such as light-emitting diodes,®” biological labels,'”"" and solar
cells."? During the past decade much effort has been dedicated to
preparing quantum-confined semiconductor nanocrystals or
QDs that exhibit a large surface-to-volume ratio, size-dependent
optical properties arising from the spherical confinement of the
electron—hole wave function. The physical size of the QD
determines the degree of confinement; therefore, changing the
size of the QDs shifts the energy levels." Doping of semicon-
ductor nanocrystals by paramagnetic transition-metal (TM) ions
has also attracted attention to size-confinement shifts in the
energy levels, which can impact the orbital exchange interactions
between the d-levels of the dopant and the valence (p-level)
and conduction (s-level).'*'* The systematic control offered
by size tuning endows diluted magnetic semiconductor QDs
(DMSQDs) with potential for nanoscale spintronic applications.

Applications based on DMS devices have shown that the
efficiency of spin injection from a ferromagnetic metal to an
inorganic semiconductor at room temperature can be rather
poor,"® mainly attributed to the conductivity mismatch at the
interface between the ferromagnet and the semiconductor.'®"”
In order to overcome this practical difficulty, one needs a
semiconductor that is ferromagnetic as a spin-polarized electron
source.'® Both experimental and theoretical works on DMSs with
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ferromagnetism (FM) have been reported, in particular, for a few
3d TMs, such as Cu, Co, V, Cr, Mn, Fe, and Ni-dolped wide-gap
semiconductors, such as TiO,, ZnO, and SnO,.""~2* Among
these, Cr doping is particularly interesting and has attracted great
attention due to the potential for room-temperature FM.* >
The most prominent difference between Cr(II)-based DMS
materials is the presence of a half-metallic state due to the
spin-up and spin-down levels in Cr(II) existing at the Fermi
level, which leads to efficient ferromagnetic p—d exchange ()
between the Se (4p) valence-band electrons and the 3d-levels for
the Cr(II) ions.>* The formation of a ferromagnetic DMSQD
from Cr(II) doping leads to speculation of the potential for a
quantum critical point due to long-range ordering (LRO) at low
temperature. Quantum tunneling behavior that transfers from
the blocked superparamagnetic (SP) state to the quantum-super-
paramagnetic (QSP) state was suggested in CoFe,O, nano-
particles.’>*° The state of affairs under which one can observe
quantum tunneling of a large magnetic moment between bistable
magnetic configurations had been surveyed by Chaudnovsky and
Tejada.>” Hsieh and Lue®** used electron paramagnetic reso-
nance (EPR) to explore the quantum phase transition (QPT) in
Fe;0, nanoparticles at low temperatures. Exploration of Cr(II)-
doped II—VI materials as a model system for QPT behavior in
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DMSQDs has not been reported to date. Further excitement
with regard to Cr(II)-doped II—VI QDs exists due to the
potential intermediate behavior between Brillouin and van Vleck
paramagnetism, as well as a multiply non-denegenate magnetic
ground state arising from strong Jahn—Teller (JT) distortion at
the Cr(1I) dopant site.

The incorporation of intentional defects into a semiconductor
host lattice, generated by doping with TM guest ion, produces
rational effects on the electronic, optical and magnetic properties
of these materials. The elementary interaction of charge, lattice,
and magnetic degrees of freedom in quantum-confined systems
makes DMSQDs based on CdSe an ideal system to interrogate
the physics underlying the QPT, which is quite involved and in
many cases is not yet completely understood."***~** The sp—d
exchange behavior will be influenced by QD size, dopant con-
centration, carrier density, and the site of doping ( core vs surface) s
as well as contributions from clustering of ions. In CdSe DMSQDs,
additional contributions from surface donor states due to ligation can
lead to intrinsic carriers that can enhance the magnetic exchange
interactions.*"**

In this article, we report the observation of room-temperature
FM in Cr(II)-doped CdSe (CdCrSe) QDs prepared by lyother-
mal methods. The chemically synthesized QDs are 3.1 nm in
diameter, doped at 0.6% Cr to form a Cdgg94CrpgosSe alloy.
At a doping level of 0.6%, the Cr(II) ions are stochastically
doped with an average content of 2—3 Cr ions per QD. The low
concentration of Cr(II) indicates that Cr— Cr magnetic exchange
is insignificant and can be described as a p—d exchange-mediated
process, as theoretically predicted. A low-temperature critical
phase transition is observed at 20 K in the EPR and super-
conducting quantum interference device (SQUID) measurements.
The magnetization transition may reflect ordering of the spin-
glass surface or the onset of LRO, reflecting a potential emer-
gence of a quantum superparamagnet. Further studies are under-
way to interrogate this phenomenon.

2. MATERIALS AND METHODS

Preparation of 0.6% Cr(ll):CdSe Quantum Dots. The synthe-
ses of pure CdSe and 0.6% Cr(II)-doped CdSe (CdCrSe) QDs were
performed under N, using a lyothermal method based on modification
of a previously described single-source precursor approach for prepara-
tion of doped II—VI QDs."***~* For the synthesis of pure and doped
CdSe, a cluster of Li,[Se,Cd;o(SCsHs)16] (Cdyo) was prepared using
Li,[Cd4(SCsHs)10] and pure Se dissolved in acetonitrite. Briefly,
480 mg of Cd;p and 21 mg of CrCl, were dissolved in 20 mL of
hexadecylamine and heated to 120 °C for 1 h to initiate metal ion
exchange within the cluster. The QDs were grown by increasing the
reaction temperature to 220 °C for 6 h. Isolation of QDs was achieved by
addition of a minimal amount of toluene followed by addition of
methanol to induce particle precipitation. The precipitate was collected
via centrifugation and decantation of the supernatant. This process was
repeated three times to ensure reagent-free particles, and the precipitate
was dried in vacuum at room temperature.

Characterization. Structural analysis and estimation of the QD size
were based on powder X-ray diffraction (pXRD), recorded on 10 mg
samples using a Rigaku DMAX 300 Ultima 3 powder X-ray diffract-
ometer (using Cu Ka (4 = 1.5418 A) radiation). The size of the QD was
estimated from the Scherrer broadening of the (110), (103), and (112)
reflections in pXRD. The QD optical properties were analyzed from
absorption spectra obtained using a Varian Cary S0 UV—vis spectro-
photometer and photoluminescence (PL) measurements performed
using a Varian Cary Eclipse fluorescence spectrophotometer.

Elemental composition analysis for Cr, Cd, and Se was carried out on
acid-digested QDs in triplicate using an Oxford Instruments ED,gq9
X-ray fluorescence (XRF) spectrometer with Cu Ka (4 =1.5418 A)
radiation. For a standard XRF analysis, the powdered sample was completely
dissolved in 90% HNOj, heated to remove excess NO,, and then diluted to
~3 mL with 2% HNOj; solution. Calibration curves were generated using
commercially prepared 1000 ppm elemental standards in 2% HNO;.

Magnetic measurements of 20—40 mg powdered samples of QDs
were performed using a Quantum Design MPMS XL7 SQUID magne-
tometer. Zero-field-cooled (ZFC) and field-cooled (FC, 200 G) mea-
surements were done to determine dc susceptibility. Field-dependent
magnetization (M—H) data were collected between —7 and +7 T.

High-frequency EPR (HF-EPR) measurements were performed at
the National High Magnetic Field Laboratory (NHMFL), Tallahassee,
FL. Microwave detection was performed using a low-noise, fast-response
InSb hot-electron bolometer (QMC Ltd.). Microwave frequencies in the
range of 100—324 GHz were chosen for our experiments to allow for
optimal spectral dispersion and sensitivity.*® For the EPR experiments,
all samples were analyzed as powders.

3. RESULTS AND DISCUSSION

Many approaches to producing doped semiconductor QDs
have been reported; however, among the most interesting is the
use of single-source inorganic clusters'***~*** in which TM
and inorganic clusters undergo lyothermal degradation to yield
internally doped crystal lattices. High PL quantum yields, large
productive yields, reasonable size distributions, and effective
doping make this approach the method of choice for the
synthesis for doped nanocrystals. Utilizing the single-source
precursor method yields Cdg.994Cro0065¢ QDs (CdCrSe, 0.6%
Cr). based on analysis of the Cr-to-Cd ratio by XRF. Although
sulfur incorporation can occur due to thiophenol decomposition
in the cluster at elevated temperatures (230 °C), maintaining the
reactions below 220 °C should result in minimal S incorporation
into the QD lattice.>" The lack of change in metal (Cr+Cd)-to-Se
ratios in the XRF as compared to a CdSe grown from a cluster
utilizing selenophenol, where no S incorporation is possible,
supports the conclusion that S contamination is below detect-
able limits in the CdCrSe QD. The isolated CdCrSe QDs are
spherical with an average diameter of 3.1 + 0.2 nm (Supporting
Information Sla) and 5—6% size dispersity (Supporting
Information S1b) based on transmission electron microscopy
(TEM) analysis. In Figure 1a, it is demonstrated that the isolated
QDs have a wurtzite crystal structure (P63mc), as shown by the
presence of the (110), (103), (112), and (102) reflections at 35°.
Scherrer analyses on the pXRD data are in agreement with
the TEM images, indicating a high degree of crystallinity with the
undoped CdSe QD exhibiting a 3.0 nm diameter, whereas the
CdCrSe QD is 3.1 nm. The measured diameter is well below
the Bohr exciton radius (5.3 nm) for bulk CdSe;® therefore, thus-
prepared QDs are in the strong quantum confinement regime.
Consistent with the size determination, the absorption spectra in
Figure 1b for the CdSe and CdCrSe QDs have a first exciton
absorption feature at 541 nm for the ~3 nm CdSe, whereas in
CdCrSe first exciton appears at 549 nm, as expected for a wurtzite
CdSe QD. The absorption for the Cr ligand field transitions
cannot be seen in Figure 1b.

The pXRD data for CdCrSe exhibit a shift to lower 26, which
can be interpreted as a Vegard law shift due to the smaller size of
the Cr ion relative to Cd(II) (Cd(II), 0.109 nm; Cr(II),
0.094 nm; and Cr(I1I), 0.075 nm). The average lattice parameter
shift indicates a change in the lattice parameters for a and ¢ in
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Figure 1. Characterization data for ~3.1 nm (in diameter) 0.6% Cr(II) for CdCrSe QDs: (a) powder X-ray diffraction pattern and (b) room-
temperature, solution absorption (dotted), and photoluminescence (solid) spectra for CdCrSe (red) and CdSe (black) QDs.

CdCrSe relative to the undoped CdSe QDs, with a clear
elongation along the c-direction (Ac/a ~ 1.7%). The impact
on the average lattice parameter following Cr(II) doping in ZnO has
been reported.> The observed parameter changes in the pXRD
provide strong evidence of Cr doping in the CdSe host matrix.

In Figure 1b, the PL spectra of CdSe and CdCrSe QDs show
strong near-band-edge emission at 555 and 563 nm respectively
for pure and doped QDs. The shifts in emission from 555 to
563 nm reflect QD size differences.>>>° In the CdCrSe QDs, the
broad emission feature between 600 and 850 nm arises from the
defect center recombination in the QDs. There is no evidence of
Cr emission in the CdCrSe QDs.>

Magnetic Properties. Assigning the oxidation state for the Cr
ion dopant in the II—VI lattice is complicated. Chromium is
known to replace the cations substitutionally in II—VI QDs, with
ion incorporation as Cr(I) 4s°3d> or Cr(II) 4s°3d* without
alteration of the host lattice structure, or as Cr(III) 4s°3d>
forming the MCr,Se, (M = Cd, Zn) spinel phase.*” The Cr(II)
ion incorporation represents isoelectronic doping onto the
tetrahedral Cd(II) site in wurtzite CdSe, resulting in an S = 2,
L =2 configuration that is prone to JT distortion. Cr(II) has a
non-vanishing orbital momentum resulting in intermediate
behavior between van Vleck and Brillouin paramagnetlsm,
as well as a mutliplet ground state ( T JT distorted Bzg
ground state). 3* The electronic energy structure of Cr(II) simulta-
neously with the JT effect has been reported in quite a few
papers.>®*” Spin—orbit (SO) coupling results in further splitting,
producing for Se and S lattices two unresolved singlet ground
states (I'; and T,), a singlet excited state (I';), and a doublet
excited state (I's) (Supporting Information S2). The energy differ-
ence is small between the SO split levels resulting orbital
mixtures, which can comphcate the magnetic behavior. The
ground state of Cr(I) is °Ss/, (S = 5/2, L = 0) with a sixfold
spin degeneracy. Under the crystal field of T,; symmetry, the
ground state is the Alg, which can split due to second-order SO
terms 1nto a I'y quadruplet and a I'; doublet with very small
splittings.® Since the Cr(I) center has L = 0, it is expected to
exhibit By, Brillouin paramagnetism that arises from orbital
mixing with the valence band of the host in a Fermi density of
states, resulting in an acceptor level (X ) to which the hole is
bound. Chromium in the Cr(III) state in the II—VI lattice will
form a spinel crystal structure where S = 3/2, L = 3 and have a

*F free ion term®" in the cubic crystal field. The orbital angular
momentum term is quenched in Cr(IIl), generating a singlet

2174

Azg ground state 61763 for Cr(1IT) with T site symmetry which s
an orbital triplet F4, whlch results in an orbital singlet ‘T, with
a fourfold spin degeneracy®® when a JT distortion is combined
with spin—orbital coupling. A Cr(IIl) system will exhibit B;,,
Brillouin paramagnetism since the orbital angular momentum is
quenched by crystal field. As shown by Tsoi et al. in analogy to
V(II) in CdTe, a JT distortion will oceur, producing a ground
state with a fourfold spin degeneracy.®> The EPR and magnetiza-
tion data on the CdCrSe sample can afford important insights
into the electronic configuration of the 3d TM ion in the
DMS alloy.

In Figure 2a, the field-dependent HF-EPR measured from
100 to 324 GHz is shown at S0 K, plotted relative to B—(hv/gf3)
to center the EPR transition, since the resonance will be
frequency dependent. At 100 GHz, three EPR features can be
identified. The features are indicated in Figure 2b at 324 GHz.
With increasing field, the EPR data show a shift in the resonance
and loss of intensity for the broad feature (peak 2) at low field and
small changes for the two remaining EPR features (peaks 1 and
3). The increased broadening of the EPR features with increasing
field is typical for HF-EPR measurements.”> The two broad
features at gy = 2.075 and g3y = 1.986 arise from Cr(II)
occupying a JT-distorted Cd(II) site in the CdSe host lattice.
The g values are close to the typical Cr(II) Landé g-value, which is
around 2.00 and is split by large zero-field splitting (ZFS) term
(D). Peaks 2 and 3 in the EPR spectra arise from ZFS due to the
large D-term in the spin Hamiltonian, resulting in splitting of the
EPR levels into My = 0, £1, and &2 states. Although four
transitions are anticipated in Cr(II), the observed EPR spectrum
is consistent w1th the measured EPR field sweep for Cr(II) in the
CdSe lattice,% allowing definitive assignment of Cr(II) as the
dopant in the lattice. The Landé g(;) = 1.979 for peak 1 may arise
from Cr(III) impurities, which exhibit a Landé g-value of 1.98.
Alternately, this peak might reflect the on-setting of ferromag-
netism as suggested for materials that exhibit a transition from
a blocked SP state to a ferromagnetic single domain at low
temperature, reflecting the magnetic polarization of the surface
spins which exhibit spin glass behavior.***#¢7¢% FM in CdCrSe s
possible and has been theoretically predicted.®” Further insight
into the potential for a QPT will be gleaned from temperature-
dependent EPR and the temperature- and field-dependent
magnetization data, as discussed further below.

A plot of the frequency-dependent resonance fields for the
three features is shown in Figure 2b. The plots of the field
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Figure 2. (a) Frequency-dependent EPR spectra of Cd; ,Cr,Se from 100 to 324 GHz at 50 K for 3.1 nm CdCrSe QDs. (b) Lande g-factors fit from
frequency-dependent HF-EPR data, yielding g(;) = 1.979 (peak 1), g2) = 2.075 (peak 2), and g(3) =1.986 (peak 3). Inset shows the 324 GHz EPR data
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Figure 3. (a) Temperature-dependent HF-EPR spectra (240 GHz) from 10 to 290 K. (b) Plot of line width of the three peaks as a function of

temperature.

dependence for peaks 1 and 3 have a zero y-intercept. Peak 2 has a
nonzero intercept, at Hy = —0.6494 T. The nonzero intercept is
due to the presence of the SO split nearly degenerate set of
singlets I'}, I';, as shown in Supporting Information S2. For a
JT-distorted Cr(II), one expects a large ZFS, resulting in an
energy level diagram producing a singlet I'y with m, = 0, a doublet
I's with m; = £1, and the two nearly degenerate I'; and I',
singlets with m, = 2, as well as their Zeeman sublevels in the
existence of the magnetic field. From the y-intercept for peak 2
(g(2) = 2.075) the ZFS of the level can be extracted, yielding a
D-value of 0.32 cm ™ ". The observed D-value is essentially similar
to that for CdCrTe.”” The nonzero intercept for peak 2 is
indicative of a multiplet ground state (I';, I',), while peak 3
arises from the I's SO split state, yielding a y-intercept of zero,
consistent with the assignment of a singlet state. The data are
consistent with the expectations for JT distortion coupled to SO
contributions to the energy levels in the Cr(II) system. For the

2175

present case we can conclude that the spectrum is typical of the
Cr(II) state in the sample. Consistent with the assignment of the
Cr ions being predominately Cr(II), magnetization measure-
ments showed that the majority of Cr ions in Cd sulfides and
selenides are in the Cr(II) state.”' ">

The temperature-dependent (10—290 K) HF-EPR spectra at
240 GHz for the CdCrSe QDs are shown in Figure 3a. For
comparison, the HF-EPR data at 324 GHz from 1.5 to 290 K are
shown in Supporting Information S3. Although the positions
for the EPR transitions do not shift with temperature, a clear
transition occurs in the EPR spectra below 290 K, with an
increased contribution from the sharp feature (peak 1) and
broadening of peaks 2 and 3. A plot of the linewidth of the
transition with respect to temperature is shown in Figure 3b. The
experimental data exhibit a clear broadening of the EPR feature
(peak 3) below 20 K, and no significant change in linewidth for
peaks 1 and 2 within experimental error. The line broadening for
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Figure 4. (a) M—H plot at different temperatures (2, 50, and 270 K) for 3.1 nm CdCrSe between —7 and +7 T. (b) M—H plot at 50 and 270 K between
—7 and +7 T. (c) Hysteresis loop for CdCrSe between —S00 and +500 G. (d) Temperature dependence of ZFC/FC magnetization plots measured
between 2 and 300 K. The blocking temperature (Tg) and the critical phase transition temperature (T.) are indicated on the ZFC data set. (e) Variation

in inverse magnetization with temperature for the 3.1 nm CdCrSe QDs.

peak 3 fits to an exponential behavior indicative of a change in
state population at low T, consistent with the non-degenerate
multiplet in Cr(II) samples in CdCrSe. The anomalous line
broadening at ~20 K is indicative of a magnetic phase transition
within the sample and has been interpreted as a QPT behavior for
ferrous oxides at the nanoscale.*>3*%®

Further insight into the phase transition requires investigation
of the magnetization behavior (M—H) for the sample. In
Figure 4, the field-dependent magnetization is shown as a
function of temperature. The sample exhibits SP behavior at
room temperature, with M, = 0.12 emu/g. In Cr(II)-doped
II—VI semiconductors, the JT distortion produces an anisotropic
lattice wherein the magnetization is dependent on the lattice
orientation, making complete interpretation of the M, value
difficult.”® However, the saturation behavior is consistent with
the predictions for ferromagnetic p—d exchange (valence band
to t, Cr(II) level) in the QDs. The observed spin value is lower
than expected due to the negative contribution of L, as previously
reported. With decreasing temperature, the magnetization is
observed to increase from 0.12 to 0.40 emu/g at 7 T, coupled
to aloss of saturation. The increased magnetization at low T may
reflect contributions from spin-glass behavior of the surface

35,36 : . . -
dopants™”” or spin carriers arising from surface ligation, as

described previously.'* Further insight into the magnetization
will be discussed in the next section.

Figure 4c displays the zoom region between —500 and 500 G
to show more clearly the hysteresis loop for temperatures
50 and 270 K. The coercivity (H,) at 270 and 50 K is observed to
be 100 Oe (Figure 4c). At S0 K the H. is not observed to change,
indicative of a ferromagnetic exchange in the CdCrSe QDs at
room temperature. The temperature-dependent FC (200 Oe)
and ZFC magnetization data are shown in Figure 4d. ZFC
magnetization decreases as the temperature rises from 2 K,
reaches a minimum temperature T, near 20 K, and starts
increasing from this point to the blocking temperature Ty at
300 K. The ZFC vs FC data show clear evidence of room-
temperature FM with Ty > 300 K. The large difference between
ZFC and FC data indicates a large anisotropic field within the
QDs. In addition, a phase transition is observed at 20 K with
increased magnetization, indicative of long-range magnetic or-
dering in the CdCrSe QDs. The 20 K phase transition is labeled
as a critical phase transition (T.) and occurs at the transition
temperature where the sharp EPR feature becomes dominant
(Figure 3b). Within Tp and T, the magnetization is proportional
to T, while it behaves as 1/T below T.. Further evidence of the
critical phase transition at 20 K producing the anomalous
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Quantum Paramagnet

Figure S. Proposed model of the onset of phase transition in ultrasmall
(~3.1 nm in diameter) CdCrSe QDs at low temperature.

magnetization behavior can be observed by inspection of the
reciprocal susceptibility ' for CdSe:Cr QDs (Figure 4e).

Anomolus Magnetic Behavior. The experimental results
show for the first time that lyothermally prepared Cr(1I)-doped
CdSe QDs exhibit room-temperature FM. Due to the small
QD size, SP blocking behavior is observed above 300 K. At a
doping level of 0.6%, the number of Cr(II) ions for a 3.1 nm QD
is ~2—3. The Cr ions will be stochastic with respect to surface
and core sites, and the concentration will represent a stochastic
distribution for the QD ensemble. At 0.6%, Cr—Cr exchange
interactions are negligible. Theoretical considerations have
shown that the t, level for the Cr(II) ion lies at the Fermi level,
producing ferromagnetic exchange due to p—d exchange cou-
pling with the semiconductor valence band.®” Magnetic circular
dichroism (MCD) experiments on Cr(1I)-doped II—VI semi-
conductors have confirmed the presence of strong p—d exchange
leading to ferromagnetic DMS behavior.** Recently, MCD in
Zn,_,Cr,Te films (with x = 0.2) revealed the occurrence of
room-temperature (300 K) FM.”*”> Saito et al. demonstrated
that Zn;_,Cr,Te is the third real ferromagnetic DMS after
In; ,Mn,As and Ga;_,Mn,As, in which the sp—d exchange
interaction could be used to develop spintronic devices.”>”®
Pekarek et al. claimed that even in bulk Zn,_,Cr, Te with small x
(x = 0.0033), due to the low solubility of Cr in ZnTe, and thus
inhomogeneities in the crystal, the Cr-rich region exhibits FM
with a transition temperature well above room temperature.””

Due to orbital angular momentum, the strong p—d exchange
in Cr(II)-based DMSQDs leads to ferromagnetic coupling rather
than the typical antiferromagnetic (AFM) exchange coupling
observed for Mn(II)-doped DMSQDs. The saturation magnetic
moment can be ascribed to magnetization of the surface as the
temperature is decreased, reflecting the spin-glass behavior of the
surface and surface carriers.

Although room-temperature FM is not surprising nor is the
increasing M, with decreasing T, the anomalous magnetization
behavior with an observed critical phase transition at 20 K in the
EPR and magnetization experiments is surprising. It has been
suggested that such non-Curie—Weiss behavior for T < Tj could
be attributed to strong dipolar interaction between QDs.”®
One possibility for the critical phase transition is a change from a
short-range SP behavior at room temperature due to the onset of
a ferromagnetic exchange to a LRO as the surface spins magne-
tize. Such LRO has been reported in ferrites and iron clusters and
attributed the observation to a QPT. Consistent with a QPT, a
sharp feature (peak 1in Figure 2) arises in the EPR indicative of a
FMR behavior coupled to line broadening of the Cr(II) signature
(peak 3 in Figure 2). The correlated phase transition in the EPR

and the enhanced magnetization at 20 K in the SQUID, without
changes to the coercivity, are indicative of LRO in the powdered
QD sample.

As shown in Figure S, the magnetization behavior can be fit
to a simplistic model showing a ferromagnetic single-domain
structure below room temperature, followed by LRO at ~20 K,
potentially due to the onset of a QPT. The observed anomalous
behavior in magnetism of QDs below a certain critical size can
be envisioned as a single domain, in contrast to the usual
multidomain structure of bulk materials. The SP state for QDs
exhibits thermally induced fluctuations in the direction of
magnetization.”> >’ The thermal fluctuation of the random spin
orientation is blocked (“frozen”), which induces magnetization
of the spin-glass surface layer, producing a long-range magnetic
order in the QDs. The spin-glass behavior for the surface arises
from the larger surface-to-volume ratio in QDs producing an
anisotropic field that frustrates the inner spins. The frustration
would result in quantum tunneling at low temperatures.”> " At
low temperatures, the anisotropic energy is larger than the
thermal energy, rendering the nanoparticles readily blocked. At
even lower temperatures, the anisotropic energy of magnetic
nanoparticles enhanced 2—3 orders over the bulk value exhibits
QPT from LRO to QSP.>>%® Such quantum tunneling behavior
in a QD has been described but is controversial.*>**¢”® Further
studies are required to prove the presence of the QPT in the
CdCrSe QDs. Further theoretical and experimental studies are
needed to understand the observed phenomenon completely.

4. CONCLUSIONS

In summary, we conclude that Cr-doped CdSe quantum
dots exhibit room-temperature ferromagnetism with a critical
phase transiton to long-range order occurring at 20 K. The
ferromagnetic behavior reflects strong p—d exchange based upon
theoretical gredictions in bulk materials due to formation of a
half-metal.”” The low-temperature phase transition is coupled to
magnetic ordering of the surface states that exhibit spin-glass
behavior. Consistent with low-temperature long-range ordering,
the EPR data exhibit coupled to an enhanced magnetization in
the SQUID data. Whether the critical transition represents a
transition from a superparamagnetic to a quantum-superpara-
magnetic state is not clear, but the data are consistent with
reports of such behavior at the nanoscale and warrant further
investigation.35’36’68
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