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ABSTRACT 

The ongoing development and eventual implementation of magnetic nanocrystals in devices 

requires not only syntheses that can bring bulk compositions down to the nanoscale but also a deep 

understanding of their formation such that size, morphology, and composition can be finely tuned. 

Chromium chalcogenide spinels are a class of materials that epitomize this dilemma; their unique magnetic 

and magneto-optical properties make them promising for applications in spintronics, data storage, and 

quantum information sciences, but only a few compositions have been synthesized as colloidal 

nanocrystals. Furthermore, these few existing reports lack mechanistic understanding and demonstrate little 

control over the physical characteristics of the final products. Here, we set forth to understand the synthesis 

of CuCr2Se4 nanocrystals by examining how the structure, composition, and magnetic properties evolve 

over the course of the reaction. We find that the material proceeds through binary copper selenide 

nanocrystal intermediates followed by Cr incorporation via diffusion. This process results in polycrystalline 

CuCr2Se4 nanocrystals that do not exhibit magnetic ordering until Cu incorporation modifies their 

stoichiometry and defects are annealed, which takes approximately forty minutes at 340 °C to achieve. The 

resulting CuCr2Se4 nanocrystals show a strongly enhanced magnetic circular dichroism signal at the bulk 

plasma frequency of ℏ𝜔𝑝𝑙 ~ 1.0 eV with a field dependence that reflects magnetization of the Cr3+ spin 

sublattice. These results highlight the possibility of solution processing strong near-IR magneto-optical 

materials for future device integration.   
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INTRODUCTION 

Magnetic materials are critical components in a wide range of technologies, from spintronics (spin 

transistors, spin valves, logic switches, magnetic data storage)1,2 to biomedicine (MRI contrast agents, 

magnetic heating).3,4 When their magnetism is coupled with optical processes, this expands even further to 

include sensing,5,6 magneto-optical memory,7 and optical isolators.8,9 With advances in technology, 

miniaturization has pushed the limits of common manufacturing techniques. Colloidal nanocrystals (NCs) 

offer a way towards solution processing of devices where suspensions can be spin-coated, drop-cast, or 

printed into precise configurations.10–13  

Amongst the classes of materials that are optimal for the applications above, spinels are especially 

promising. Their composition (AB2E4, E = O, S, Se, Te) comprises both tetrahedrally coordinated divalent 

metals (A-site, e.g., Cu, Mn, Co, Fe, Zn, Cd, Hg, Mg) and octahedrally coordinated trivalent metals (B-site, 
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e.g., Cr, Fe, Co, In, Al, V). The tunability of both metal sites introduces many unique properties, especially 

when one or both are occupied by magnetic cations.14–16 Synthesis of these materials as NCs opens new 

avenues for modulating properties through size, shape, and heterostructures. Additionally, reducing the 

material’s dimensionality down to the nanoscale may drastically alter magnetic properties, including the 

onset of superparamagnetism.  

The promise of these compositions can be seen by looking at the oxide spinels, which have been 

most thoroughly investigated at the nanoscale. Numerous robust syntheses now exist that can produce 

monodisperse NCs with fine control over size and shape, along with complex core/shell 

heterostructures.15,17–23 Some, like Fe3O4, have even been commercialized for their magnetic properties.24,25 

On the other hand, research into chalcogenide spinel NCs has been lacking despite remarkable catalytic, 

magnetic, optical, and magneto-optical properties.16,26 For example, the chromium chalcogenide 

compositions can exhibit multiferroicity (CdCr2S4, CoCr2S4, FeCr2E4, MnCr2S4),14 colossal 

magnetoresistance (FeCr2S4),27 colossal magnetocapacitance (HgCr2S4),28 and have been proposed as 

cathode materials (MgCr2S4)29 and photocatalysts (ZnCr2S4).30 However, many have never been synthesized 

at the nanoscale, and those that have been reported lack control over size and morphology.31–33 

Here, we focus on CuCr2Se4, a room-temperature ferrimagnet34,35 with the highest Curie 

temperature amongst the chromium chalcogenide spinels at 430 K (157 °C).36 Unlike many other spinel 

compositions, it is metallic with a bulk plasma frequency in the near-IR at ℏ𝜔𝑝𝑙 ~ 1.0 eV that produces an 

extremely large magneto-optical Kerr rotation around -1.2° for single crystals at room temperature and a 

magnetic field of 0.25 T.26,37–39 This proximity to the C-band telecommunication window makes CuCr2Se4 

a promising material for Faraday isolators.8 While there are existing reports of nanoscale CuCr2Se4, they 

offer conflicting results both with each other and with measurements of the bulk materials.40–43 For example, 

Wang et al. reported that their 15-30 nm diameter CuCr2Se4 NCs were superparamagnetic,41 while the 15-

24 nm diameter NCs from Lin et al. were reported to be ferromagnetic with a TC similar to bulk.40 

Furthermore, current syntheses result in high polydispersity and provide no reliable size and shape control, 

which makes correlating form with function difficult. With a clear understanding of how these NCs form, 

we will know which conditions to adjust to improve and eventually direct their structures. We may also be 

able to apply this knowledge to bring more spinels to the nanoscale. 

Here, we delve into the synthesis of CuCr2Se4 NCs using powder X-ray diffraction (PXRD), 

inductively coupled plasma optical emission spectroscopy (ICP-OES), transmission electron microscopy 

(TEM), and magnetometry to better understand their formation as well as reconcile differences between 

existing preparations and bulk properties. We find that upon hot injection of the Cu/Cr precursor, copper 

selenide NCs form rapidly and serve as templates for the final spinel particles. As the temperature is 

maintained, Cr and Se begin to diffuse into the lattice, forming crystalline spinel domains around the edges. 

Upon raising the reaction temperature, incorporation is accelerated substantially, resulting in polycrystalline 

CuCr2Se4 particles. Despite forming the 1:2:4 crystal phase, room-temperature magnetic ordering is not 

present until after ~40 min at 340 °C, which we attribute to the annealing of grain boundaries and Cu 

incorporation. We frame these results in terms of the existing literature reports and suggest ways that the 

synthesis can be modified. Despite the unique near-IR magneto-optical properties of CuCr2Se4, absorptive 

measurements for NCs are lacking. We show that these NCs can be spin-coated as thin films to allow 

absorptive optical and magneto-optical characterization. Magnetic circular dichroism (MCD) 

measurements show a strong derivative-shaped signal centered around the bulk plasma frequency of ℏ𝜔𝑝𝑙 

~ 1.0 eV.  
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EXPERIMENTAL METHODS 

Chemicals: Chromium (III) chloride (CrCl3, anhydrous, 99%) was purchased from Strem. Selenium 

powder (Se, 100 mesh, 99.99% trace), copper (I) chloride (CuCl, reagent grade, 99%), oleylamine (OLAm, 

>99% primary amine), and polydimethylsiloxane (PDMS, 200 fluid, viscosity 1,000 cSt) were purchased 

from Sigma-Aldrich. CuCl was purified by dissolving in HCl and then using deionized water to precipitate. 

The solution was discarded, and the process was repeated a few times. The final light brown solid was 

evacuated on a Schlenk line until dry, resulting in a fine white powder that was stored in a vial in an N2 

filled glovebox. Oleylamine was dried over CaH2 overnight, distilled, and then stored over 3 Å sieves. All 

other chemicals were used as received without further purification. 

Nanocrystal Synthesis: The synthesis described here was slightly modified from a previous report.40 

Glassware was dried at 160 °C overnight before being brought into an N2 filled glovebox where all 

precursors were prepared. CrCl3 (42 mg, 0.42 mmol), CuCl (133 mg, 0.84 mmol), and OLAm (9 mL) were 

added to a 15 mL 3-neck round bottom flask along with T-adapter, thermowell, and rubber septum. 

Separately, Se (332 mg, 4.2 mmol) and OLAm (19 mL) were added to a 50 mL 3-neck round bottom flask 

along with T-adapter, thermowell, and rubber septum. Flasks were sealed, brought out of the box, and placed 

on an N2 Schlenk line. Tubing was cycled 3-5 times before opening the flasks to nitrogen. Under active 

nitrogen flow the T-adapter for the 50 mL flask was switched to a condenser. Both flasks underwent at least 

three evacuation-refill cycles to ensure all water and oxygen were removed. The flask containing Cu and 

Cr was heated to 150 °C for 15-30 min, giving a green solution. Short times (1-5 min) left CrCl3 unreacted, 

while long times (>30 min) resulted in the formation of Cu0 NCs (evident by the red color on the sides of 

the flask). The flask was removed from heat and cooled to 40 °C (the solution turned purple-grey). 

Meanwhile, the larger flask was kept at 340 °C for 15-30 min to dissolve Se. The solution changed color 

from yellow to red and was rapidly stirred to ensure reaction completion. The flask was then cooled to 200 

°C. A 10 mL glass syringe was purged with nitrogen and then used to rapidly inject the Cu/Cr/OLAm 

mixture into the Se/OLAm solution. The reaction was maintained at 200 °C for two hours. The temperature 

was then raised to 340 °C (~15 min) and was kept between 330 and 340 °C for up to two hours. The reaction 

was stopped by removing the flask from the heating mantle. The particles were isolated via magnetic 

separation and washed with toluene. A few rounds of centrifugation (10 min, 7380 r.p.m.) with equal parts 

toluene and acetonitrile were also used.  

Reaction aliquots (0.5 – 2.0 mL) were taken using an N2-purged needle at set time points. Aliquots were 

rapidly injected into 3 mL of toluene in a centrifuge tube, sonicated, and then 7 mL of acetonitrile was 

added as antisolvent. Tubes were centrifuged at 10000 r.p.m. for 5 – 10 min. Afterward, the supernatant 

was discarded, the NCs were redissolved in toluene, and the process was repeated once more.  

ICP-OES: Solutions were pumped down under vacuum on a Schlenk line until ~2-20 mg of dried sample 

remained. Samples were digested overnight in 1 mL of 67% HNO3 and 1 mL of H2O2. Afterward, 8 mL of 

18 MΩ water was added, and the solutions were filtered using a nylon syringe filter. Stock solutions with 

Cu, Cr, and Se were used to generate calibration curves with correlation coefficients > 0.999. Multiple 

emission lines for each element were used. A correction for the Se 203.985 line was calculated and is 

described in the Supporting Information (SI). All measurements were carried out on a Perkin Elmer Optima 

8300 Spectrophotometer.  

X-ray Characterization: Silicon wafers were sonicated in toluene and acetone before drying in an oven at 

160 °C. Samples were drop-cast in 5 µL increments, letting the spot dry completely between applications 

until enough material had been deposited that the silicon could no longer be seen. Powder X-ray diffraction 

(PXRD) patterns were collected on a Bruker D8 Discover diffractometer at 50 kV with 1000 µA via a Cu 

https://doi.org/10.26434/chemrxiv-2024-n2ktf ORCID: https://orcid.org/0000-0002-9891-3259 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-n2ktf
https://orcid.org/0000-0002-9891-3259
https://creativecommons.org/licenses/by-nc/4.0/


anode microfocus X-ray source (λ = 1.5406 Å) and a Pilatus 100K large-area detector. The beam for the 

measurement was collimated to a diameter of 0.5 mm. X-ray photoelectron spectroscopy (XPS) data were 

taken on a Kratos Axis-Ultra DLD spectrometer. This instrument has a monochromatized Al K-alpha X-ray 

source and a low-energy electron flood gun for charge neutralization. X-ray spot size for these acquisitions 

was on the order of 700 x 300 μm. The electrostatic lens was used for data collection. Pressure in the 

analytical chamber during spectral acquisition was less than 5 x 10-9 Torr. The pass energy for survey spectra 

(composition) was 160 eV. The pass energy for the high-resolution spectra was 40 eV. The take-off angle 

(the angle between the sample normal and the input axis of the energy analyzer) was 0º (0-degree take-off 

angle, ~100 Å sampling depth). The Kratos Vision2 software program was used to determine peak areas 

and to calculate the elemental compositions from peak areas. CasaXPS was used to fit peaks in the high-

resolution spectra. For the high-resolution spectra, a Shirley background was used, and all binding energies 

were referenced to the C ls signal of C-C bonds at 285.0 eV. 

Electron Microscopy: Samples were diluted until color was barely visible, then 3 µL was drop-cast onto 

a TEM grid. Grids were dried overnight under vacuum to remove solvent. For transmission electron 

microscopy (TEM), we used ultrathin carbon with lacey carbon support on 400 mesh Cu grids, and for 

scanning transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy (EDS), we 

used ultrathin carbon with lacey carbon support on 300 mesh Au grids. Both types of grids were purchased 

from Ted Pella. TEM and STEM images were taken on a FEI Tecnai G2 F20 SuperTwin microscope 

operating at 200 kV. EDS data were collected with an Elite T EDAX detector.  

Magnetic Measurements: Data were collected using a Quantum Design Physical Property Measurement 

System (PPMS-14T) via the vibrating sample magnetometry option. Dried powders were added to powder 

sample holders and inserted into brass half-tube sample holders for measurement. 

Absorption Spectroscopy and Magnetic Circular Dichroism: To reduce scattering from magnetic 

aggregation, NC films were prepared with a 1.5:1.0 w/w ratio of NCs and PDMS. To prepare a solution, 

41.25 mg of CuCr2Se4 NCs was dissolved in 0.8 mL of toluene. Separately, 277.9 mg of PDMS was 

dissolved in 2.021 mL of toluene to form a stock solution. From this, 0.2 mL was added to the CuCr2Se4 

solution. The sample was sonicated for an hour, followed by vortexing to ensure it was well mixed. When 

ready to spin-coat, the sample was kept in a sonicator for as long as possible before dispensing. 50 µL of 

the sample was pipetted onto a quartz disc and spin-coated at 1000 rpm for 30 sec, followed by 4000 rpm 

for 30 sec. The quartz disc (Infrasil, 0.5 in diameter, 1.0 mm thickness) was purchased from Thorlabs. 

Before spincoating, it was cleaned via sonication with toluene, acetone, and hexanes. The absorption 

spectrum was collected on a Cary 5000 Spectrophotometer. Magnetic circular dichroism (MCD) spectra 

were collected in the Faraday geometry using an Aviv 40DS spectropolarimeter, a GMW Model 3470 

electromagnet, and either a Teledyne-Judson InGaAs detector (near-IR), a Hamamatsu R376 photocathode 

(visible), or a Hamamatsu R316-02 photocathode (visible to near-IR).  

 

RESULTS AND DISCUSSION 

CuCr2Se4 NCs were synthesized following an existing literature procedure with slight 

modifications (see Experimental Methods).40 This synthesis results in NCs that crystallize in the spinel 

structure (Figure 1a), as evidenced by the PXRD pattern, which is plotted against a single crystal reference 

in Figure 1b.44 Due to their magnetic ordering, the particles are prone to aggregation, as shown in the TEM 

images presented in Figures 1c-d. A high-resolution TEM (HR-TEM) image (Figure 1e) shows that the 

particles are highly crystalline. The NCs showed diameters of 18 ± 7 nm, and overall, the synthesis is robust, 

consistently producing average particle sizes of 16-24 nm. Vibrating sample magnetometry (VSM) data 
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collected as a function of temperature and field (Figures 1f-g) are consistent with bulk magnetic data26,36 

as well as with that reported by Suzdalev and coworkers for NCs from whom the synthesis originated.40 

Their data also exhibited the anomalous feature around 140 K, which was attributed to non-stoichiometric 

amounts of selenium.40 The low saturation field (~0.1 T) and hysteresis in the room-temperature field-sweep 

data confirm the ferrimagnetic ordering. While we cannot determine the Curie temperature because of the 

limited temperature range of the measurement, we can determine that it is above 400 K, which puts it around 

the same value as bulk CuCr2Se4 (TC = 430 K).  

 

Figure 1: Characterization of CuCr2Se4 NCs. (a) Unit cell of CuCr2Se4 exhibiting the spinel crystal 

structure. The highlighted portion shows the tetrahedral and octahedral sites of copper and chromium, 

respectively. (b) PXRD pattern of the NCs with reference to ICSD 73403. (c-e) TEM images of magnetic 

aggregates and individual NCs. (f,g) Magnetic susceptibility measurements as a function of temperature (at 

0.1 T) and field (at 300 K). The portion in yellow highlights the coercivity due to ferrimagnetic ordering.  

 

To understand how these NCs form, we took twenty-three aliquots over the course of a single 

reaction. Unless otherwise stated, each aliquot was purified by two rounds of precipitation via 

centrifugation, and re-dissolution before characterization. The PXRD patterns for each are presented in 

Figure 2, along with the reference pattern for CuCr2Se4.44 Immediately upon injection, we see the formation 
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of crystalline features, which we attribute to copper selenide. The wide range of accessible CuxSey 

stoichiometries45 can make identification difficult, and the formation of a mixture of phases in our synthesis 

further complicates this. The appearance of both triangular and cubic morphologies by TEM suggests both 

hexagonal and cubic crystal lattices. Early time diffraction patterns are plotted against a variety of CuxSey 

phases in Figure S1 and align best with a mixture of hexagonal and tetragonal Cu2-xSe, hexagonal CuSe 

(klockmannite), and cubic Cu3Se2 (umangite). Fast Fourier transforms (FFTs) of TEM images from early 

time aliquots (200 °C, 10 or 20 min, Figure S2) show diffraction that can also be clearly assigned to these 

four phases. All of these phases have been shown to maintain Cu in its +1 oxidation state with changes to 

the Se oxidation state (-1 vs -2) and vacancies for charge compensation.45 The preference for Cu+-dominant 

phases is consistent with the reaction being run in oleylamine, which is known to be reducing and, therefore, 

prevents the formation of divalent copper despite the excess of Se in the reaction flask. Interestingly, Cu3Se2 

can be derived from the Cu1.8Se phase via Cu rearrangement and lattice compression in the c-direction, but 

is also known to disproportionate into Cu2-xSe and CuSe above 135 °C.45 

 

Figure 2: PXRD traces for aliquots taken during a single reaction. The reference pattern for CuCr2Se4 

(ICSD 73403) is shown in black at the bottom.  

 

The formation of binary CuxSey phases preceding the ternary CuCr2Se4 phase is not surprising; it 

has been shown that binary intermediates precede ternary nanomaterials in a variety of syntheses due to 

mismatch between the reactivity of the two metal precursors.46 Copper chalcogenides are particularly well-

known for forming rapidly, as has been shown for CuInE2 (E = S, Se) NCs.47–49 Chromium, on the other 

hand, reacts much slower and has been shown to take high temperatures and long reaction times to enter 

lattices, as was the case for CrGeTe3 nanoplatelets.50 A report by Buonsanti and coworkers that 

demonstrated the synthesis of chalcopyrite CuCrS2 NCs is particularly relevant.51 In their case, intermediate 

CuxS (x = 1, 2) phases formed first, followed by CuCrS2 after five hours. Changing the Cu precursor from 
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copper iodide to the more reactive copper acetate resulted in much faster formation of the ternary phase and 

no direct evidence of a binary intermediate. While this composition (S vs Se) and crystal structure (1:1:2 vs 

1:2:4) differ from ours, this observation provides insight into the differences between the reported CuCr2Se4 

NC syntheses, which often vary in both their Cu and Cr precursor choices.40,41,52  

At around 80 min at 200 °C, we see broad CuCr2Se4 features appear by PXRD, which are due to 

small crystalline domains (Figure S4). As the temperature is increased and eventually reaches 340 °C, these 

features grow and narrow. No more changes are evident after 10 min at this elevated temperature, suggesting 

that the reaction has reached equilibrium, which, as will be shown below, is not the case.  

Sharp, periodic features at low 2θ (5 – 10°) represent lamellar structures and persist until ~10 min 

at 340 °C. Their lattice spacings are on the order of nanometers, which points to inorganic layers separated 

by oleylamine. These sheet structures can also be observed by TEM (Figure S6), persisting throughout the 

entire reaction. The lamellae are a mix of amorphous and crystalline segments, and FFTs of the latter 

provide lattice spacings that match the (111), (220), and (222) lattice planes of Cu2Se (Figure S7). The 

formation of similar 2D morphologies has been noted at early time points in syntheses of Cu2Se53,54 and 

Cu55 nanomaterials, arising from interactions between the metal salts and the aliphatic ligands. In fact, we 

see by PXRD the formation of lamellae in the Cu-Cr-OLAm reaction flask even prior to injection, which 

we hypothesize reflects the reaction of Cu ions with the oleylamine (Figure S8). The lowest 2θ peak gives 

a spacing of 1.48 nm, which increases to 1.56 nm after injection due to reaction with Se to form the 2D 

phase of Cu2Se. At higher temperatures, more periodic features at slightly higher 2θ (20 – 30°) appear. 

These are known to also relate to 2D structures and are correlated with the degree of ordering between 

sheets.56 We attribute the increase in these peaks in our system to the degradation of the lamellae, which 

enables more ordered stacking between the layers on smaller length scales.  

To understand the atomic compositions of the aliquots, we performed elemental analysis with ICP-

OES. The mole fractions of Cu, Cr, and Se as a function of reaction time are presented in Figure 3a. 

Horizontal lines denote the expected 1:2:4 stoichiometry. Figure 3b shows the same data but plotted as 

ratios, where the Cr and Se mole fractions are normalized against Cu. Dashed horizontal lines provide the 

Se:Cu ratios of common copper selenide phases. At early times, the system is dominated by copper and 

selenium, which is consistent with the PXRD patterns discussed above. The Cu:Se ratio follows a 

progression of increasing Se concentration from Cu2Se to Cu3Se2 to CuSe, while the Cr:Cu ratio remains 

relatively consistent. As time progresses, the Cr mole fraction increases concurrently with Se, suggesting 

that the particles are enriching in Cr, but to do so, they must also bring in Se2- to compensate for the Cr3+ 

charge. This trend continues as the temperature increases until at 340 °C, the stoichiometry is close to that 

of the 1:2:4 phase, which correlates with the dominant diffraction pattern of CuCr2Se4 observed by PXRD. 

However, the composition continues to evolve at 340 °C until ~40 minutes later, it reaches a final 

composition that is deficient in Se. During this latter evolution, the Cr:Cu and Se:Cu ratios both decrease 

by ~10%. Since the Cr:Cu and Se:Cu ratios in Figure 3b continue to overlap as they decrease, it is evident 

that either Cu is entering the lattice or both Cr3+ and Se2- must be exiting. Because Cu+ is highly mobile in 

crystalline lattices, we propose that these high temperatures promote incorporation and thereby modify the 

stoichiometry.57 Given that the lamellae are also decomposing around this time, these copper-rich structures 

could serve as a reservoir of Cu cations.  
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Figure 3: Elemental analysis of the reaction aliquots using ICP-OES. Different temperature regimes are 

highlighted: 200 °C in blue, ramping from 200 °C to 340 °C in yellow, and 340 °C in pink. (a) Mole 

fractions for Cu, Cr, and Se as a function of reaction time. The ratios for the stoichiometric 1:2:4 spinel 

structure are given by the dashed lines and arrows on the right y-axis. (b) Cr:Cu and Se:Cu mole-fraction 

ratios (where Cu is normalized to 1), plotted as a function of reaction time. The Se:Cu ratios of common 

copper selenide phases are provided as dashed red lines.  

 

STEM-EDS mapping (Figure 4a-e) further confirms the incorporation of Cr at early times. The 

NCs exhibit an even distribution of selenium throughout their volume, but copper only occupies the core, 

while chromium is only present around the edges. Line scans (Figure S11) show that chromium is 

preferentially found at the NC edges but slowly moves into the core with time and temperature until Cu, 

Cr, and Se are all distributed uniformly (Figure S14). This process results in highly crystalline CuCr2Se4 

domains that grow towards the NC center over time (Figure 4f-g). When these domains meet, they produce 

grain boundaries and hence, polycrystalline particles of CuCr2Se4. While these “picture frame” structures 

may appear hollow, which would suggest a Kirkendall effect of Cu diffusion outwards while Cr diffuses in, 

we do not believe this is the case here. Instead, we attribute this to diffusion doping, which has been 

explored in Mn2+-doped CdSe and related NCs.58 Here, a bath of metal cations and excess chalcogens drive 

binding at the NC surfaces, and thermally activated solid-state diffusion eventually randomizes their 

positions throughout the entire NC lattice.58 This process is accompanied by an increase in particle size, as 

observed in Figure S12 for the CuCr2Se4 NCs investigated here. This interpretation is confirmed by our 

STEM-EDS line scans, which do not show a diminishing Cu signal in the center of the NCs as Cr content 

increases (Figure S11). Instead of hollow structures, the contrast in bright-field TEM seen in Figure 4g can 

be attributed to the greater diffraction intensity of CuCr2Se4 compared to CuxSey.  
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Figure 4: Cr incorporation into the nanocrystals at lower temperatures. (a-e) STEM-EDS mapping of a pair 

of nanocrystals showing Cr primarily on the edges of the copper selenide particles. (f,g) Bright-field HR-

TEM images of particles showing multiple crystalline domains around the edges that cause polycrystalline 

structures.  

 

Despite the formation of the 1:2:4 spinel phase by PXRD upon reaching 340 °C, the NCs are not 

yet magnetic enough to allow the room-temperature magnetic separation that is possible for the final 

product. A slow transition occurs from this “non-magnetic” state to one that exhibits ferrimagnetic ordering 

over 40 min. Coinciding with this change is an increase in aggregation due to interparticle magnetic 

attraction, as seen by scattering in the absorption spectra of the reaction aliquots (both before work-up and 

after), along with particle clustering by TEM (Figures S18-20). To determine if this change is due to a 

transition in magnetic ordering (e.g., superparamagnetic to ferromagnetic) or Curie temperature (i.e., TC < 

300K to TC = 430K), we performed VSM measurements on NC aliquots taken before and after this 

transition. When compared to an aliquot collected at 100 min, the aliquot taken after only 10 min at 340 °C 

exhibits a much smaller magnetic moment but similar temperature and field dependence (Figures 5a,b and 

normalized data Figure S22). These results suggest that the NC ensemble effectively contains two 

populations: those that are magnetically ordered at high temperatures and those that show negligible 

magnetization at any temperature under our measurement conditions. The evolution in ensemble magnetism 

with reaction time is thus interpreted as arising from the slow conversion of weakly magnetic NCs into 

strongly magnetically ordered NCs until, eventually, every NC has been converted.  
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Figure 5: Transition to room-temperature ferrimagnetic ordering. (a,b) Magnetic susceptibility 

measurements on a NC aliquot taken after 10 min and after 100 min reaction time at 340 °C. (c) Elemental 

ratios of Cr:Cu and Se:Cu from ICP, plotted as a function of reaction time at 340 °C. Note that these data 

correspond to the 340 °C portion of the data shown in Figure 3b. (d) Crystallite size determined from 

Scherrer analysis of PXRD data and from analysis of TEM images. (e) Lattice parameters calculated from 

the peak positions of the (400) and (440) diffractions in PXRD. The grey line in Figures c-e indicates the 

time by which all nanocrystals have transitioned.  

 

As shown in Figure 3 (and repeated in Figure 5c for the 340 °C portion of the reaction), the 

composition also continues to change for ~40 min after reaching 340 °C. As discussed above, we attribute 

some of this change to the incorporation of Cu into the lattice to modify the stoichiometry. In the bulk, 

copper chromium chalcogenides are unique amongst the spinels as the A-site deviates from the expected 

2+ oxidation state. Although debated for some time,59–62 it is now accepted that these compositions have 

mostly monovalent Cu (with only about 7% divalent occupancy), trivalent chromium, and selenium 

vacancies for charge compensation.34 This non-stoichiometry is what gives CuCr2E4 spinels their unique 

metallic, magnetic, and magneto-optical properties.26,37 In our case, the NC lattice may need to convert into 

a similar off-stoichiometry to show ferrimagnetic ordering. From XPS (Figure S21), we can see that our 

final product also mostly has monovalent Cu (with ~17% divalent).  

When fitting the PXRD data for crystallite size through Scherrer analysis (Figure 5d) and for lattice 

parameters through peak position (Figure 5e), we see that this trend is repeated; the structure of the NCs 

continues to change up to ~40 min at 340 °C. While at first glance it may seem that the NCs are growing, 
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when particle size is determined by TEM image analysis, we find that despite a large standard deviation 

from polydispersity, the mean diameter is nearly constant throughout the entire reaction time at 340 °C. 

Given that the particles are polycrystalline, PXRD and TEM probe different characteristics; PXRD provides 

insight into crystalline domain size and TEM into particle size. As time progresses at 340 °C, the particles 

anneal and eliminate grain boundaries, increasing the domain size while maintaining the particle size. We 

attribute the change in lattice parameter to a tetragonal distortion in the lattice that resolves itself after 40 

min into the more symmetric cubic structure.63 This distortion could be due to the grain boundaries or could 

also be associated with a partial change in the average copper oxidation state from Cu2+ toward Cu+.  

 

 

Figure 6: Mechanism for the formation of ferrimagnetic CuCr2Se4 nanocrystals. 

 

Taken together, we can construct a mechanism for the formation of CuCr2Se4 NCs (Figure 6). The 

reaction begins with binary copper selenide NCs forming rapidly upon precursor injection, resulting in 

many CuxSey phases and particle sizes. After CuxSey NC formation, the slower reacting Cr then attaches to 

the exterior of these binary intermediates concurrently with Se to produce shells of CuCr2Se4 crystalline 

domains. As Cr incorporates into the lattice, these domains grow and spread toward the centers of the 

particles, eventually resulting in polycrystalline CuCr2Se4 NCs. High temperatures promote further Cu 

diffusion into the NCs and annealing of grain boundaries, which enable the NCs to transition into a 

ferrimagnetic phase. Copper also reacts with oleylamine prior to injection to form lamellae. Upon injection, 

these structures form Cu-Se lamellar byproducts that decompose throughout the reaction, serving as a 

reservoir for Cu ions. 

With this in mind, we can reconcile differences between the previous reports of CuCr2Se4 NC 

syntheses. Wang et al. and Pang et al. ran their syntheses for less time, likely producing polycrystalline 

particles, which is consistent with their TEM images.41,52 This, along with their choice of oxygen-containing 

Cu2+ salts, led to a stoichiometry of CuCr2Se4 that was not ferrimagnetic and instead exhibited 

superparamagnetic ordering. Lin et al., whose synthesis method we based this work on, mentioned that they 

could tune the size of their particles by changing how long the reaction was left at 340 °C. However, this 

sizing was determined by Scherrer analysis, which we found does not reflect the NC size but instead 
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changes in crystallinity as the NCs are annealed. Furthermore, their reaction conditions required a minimum 

of 30 min at 340 °C, which coincides with the magnetic transitions we see at 40 min.40 Since CuxSey NCs 

template the final form of the CuCr2Se4 NCs, it is likely that shape and size control will be limited by that 

of the binary intermediate. 

Given that bulk CuCr2Se4 has attractive magneto-optical properties in the near-IR, we wanted to 

ascertain whether CuCr2Se4 NCs show similar properties. Although a previous study43 has reported MCD 

spectra of Cu1-xFexCr2Se4 NCs, data were collected only down to 1.2 eV (1033 nm), which is above the bulk 

plasma frequency (ℏ𝜔𝑝𝑙 ~ 1.0 eV). For optical characterization, films were prepared by spin-coating 

solutions of NCs and polydimethylsiloxane (PDMS) in toluene onto quartz discs. The addition of PDMS 

was necessary to reduce aggregation of the NCs, and PDMS was chosen for its high transmittance across 

the visible and near-IR spectral ranges. Films prepared in this way are thus effectively frozen solutions of 

colloidal CuCr2Se4 NCs. These films are sufficiently transparent to allow absorption measurements of 

CuCr2Se4 throughout both the visible and near-IR, complementing the reflection data that have been 

reported for CuCr2Se4 single crystals. The room-temperature absorption spectrum of one such NC film is 

shown in Figure 7a and compared with literature reflectivity and optical conductivity data for bulk samples 

in Figure S26a-b. Although severely reduced by NC dispersion in PDMS, a relatively large scattering 

background from magnetic aggregation of the NCs is still observed. The spectrum is largely featureless, 

showing two maxima in the near-IR at around 0.6 eV and 1.2 eV. Optical conductivity spectra of bulk 

CuCr2Se4 exhibit a minimum at ~1.0 eV (and a corresponding maximum in loss function), corresponding 

to the bulk plasma frequency.37–39  Our NC films also exhibit a dip in absorption around 1.0 eV on top of a 

broad IR tail of unknown origin.  

Room-temperature MCD spectra of the same NC film were collected at several different magnetic 

fields between 0.2 T (Figure 7b). The MCD spectra show a prominent derivative-shaped feature centered 

at 1.02 eV, as well as a series of weaker overlapping features to higher energy. This MCD spectrum 

compares remarkably well with the magneto-optical Kerr rotation spectra of CuCr2Se4 single crystals, 

which are also dominated by a similar derivative feature centered at ~1.0 eV (Figure S26c).26,37,38 This 

MCD spectrum also compares well with the partial MCD spectrum of CuCr2Se4 NCs.43  The features in the 

visible region are significantly less pronounced here than in either the previously reported NC MCD or bulk 

MOKE spectra, both of which were on much larger sized crystals (~20 – 80 nm and > 1mm respectively). 

These higher-energy features have been attributed to a series of Cr3+ d-d and Se-to-Cr LMCT 

transitions.37,64,65  

In bulk, the intense near-IR magneto-optical Kerr rotation has been identified as stemming from 

enhancement of the Kerr rotation of a dipole-allowed Cr3+-to-Se(p) charge-transfer transition by the 

presence of the bulk plasma edge at the same frequency, ℏ𝜔𝑝𝑙.
26,37,38,64,66 Observation that the intense 

derivative MCD feature in ~18 nm diameter CuCr2Se4 NCs occurs at the same energy as the Kerr rotation 

in bulk CuCr2Se4 provides strong evidence that these NCs retain the high density of free carriers that makes 

the corresponding bulk material metallic. Using our analytical Cu+ concentration, we calculate a carrier 

density of P ~ 6.0 × 1021 cm-3, which is consistent with measurements on bulk CuCr2Se4 as well as with 

hole densities in other semi-metallic copper chalcogenide NCs.67–69 This MCD feature shifts to higher 

(lower) energy when chemical oxidants such as NOBF4 (or reductant, cobaltocene) are added to the NC 

solution prior to film deposition (Figure S27), consistent with the expected ~P1/2 dependence of ℏ𝜔𝑝𝑙. This 

modulation of the MCD signal by carrier density engineering is reminiscent of results reported by Brändle 

et al., who showed that CuCr2Se3.7Br0.3 single crystals exhibit red-shifted MOKE spectra. This result 

highlights that the carrier density (and therefore also the magneto-optical response) in CuCr2Se4 can be 

tuned not only through composition but also via post-synthetic redox titration of a type that is only 
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achievable at the nanoscale. Overall, this large near-IR magneto-optical response means that these metallic 

CuCr2Se4 NCs retain the promising optical and magnetic properties of the bulk but are now solution-

processable.  

This plasma-enhanced near-IR MCD intensity is distinct from the plasmonic MCD features of 

metal and semi-metal NCs described previously. The MCD spectra of plasmonic NCs based on non-

magnetic materials such as Ag, Au, ITO, ZnO, and Cu2-xSe70,71 all display derivative-shaped MCD signals 

associated with their localized surface plasmon resonances (LSPRs), but the 300 K rotational strengths 

(A/Amax) of those LSPRs are approximately three orders of magnitude smaller than that at ~1.0 eV in these 

CuCr2Se4 NCs under comparable measurement conditions. Additionally, whereas the LSPR MCD 

intensities of the plasmonic NCs mentioned above all stem predominantly from Landau splittings and are 

all therefore temperature independent and linearly dependent on applied magnetic field, the CuCr2Se4 NC 

MCD intensity tracks the magnetization of the Cr3+ spin sublattice (Figure 7c). The sign of the derivative 

MCD signal in these p-type CuCr2Se4 NCs is also opposite that expected from a Landau splitting of 

effective-mass holes based on carrier charge alone,70 although in magnetic metals or semi-metals, the total 

carrier effective-mass Hamiltonian has contributions from the Landau, Zeeman, and exchange-interaction 

Hamiltonians72 and the LSPR temperature- and field-dependence may therefore deviate from this charge-

only scenario, as reported recently for the MCD of paramagnetic Cu5FeS4 NCs.73 The magneto-optical 

properties of ternary nanomaterials have drawn a lot of interest for their tunability, but also present very 

complex signatures due to the presence of mixed metal sites and oxidation states.73–78 Overall, the data here 

indicate that colloidal ~18 nm diameter CuCr2Se4 NCs behave optically and magnetically like bulk 

CuCr2Se4, showing high-TC magnetic ordering and huge enhancement of MCD intensities at the bulk 

plasma frequency. MCD intensity from this mechanism vastly exceeds the rotational strengths observed for 

LSPRs in colloidal semi-metallic or metallic NCs. These findings are especially promising for applications 

such as solution-processed Faraday optical isolators, particularly as the MCD reported here is on par with 

or exceeds those of well-known magneto-optical and high Verdet constant materials such as yttrium iron 

garnet (YIG).8,79–81 
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Figure 7: Magneto-optical characterization of CuCr2Se4 NCs. (a) Room-temperature absorption spectrum 

of a spin-coated NC film. The top inset shows a zoomed-out version of the same data, while the bottom 

inset shows a photograph of the sample. (b) Room-temperature MCD spectra of the same film collected at 

different magnetic field strengths. The inset shows the visible portion of the spectra in more detail. (c) 

Normalized 300 K magnetization curves obtained by integrating the MCD intensities at different fields 

between 0.75 and 0.80 eV. The solid curves show normalized 300 K magnetic susceptibility data for the 

same NCs obtained from VSM.  
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CONCLUSIONS 

CuCr2Se4 is known for having the highest Curie temperature among the chromium chalcogenide 

spinels and exhibiting a large magneto-optical signal in the near-IR. Although a few CuCr2Se4 NC syntheses 

have been reported, the conclusions were incongruent and occasionally deviated from expectations, given 

the material’s bulk properties. We found that we could reconcile disparate prior results by examining the 

formation of CuCr2Se4 NCs in greater depth. Similar to many other ternary materials, CuCr2Se4 is found to 

form via binary intermediates, in this case, copper selenide NCs, that appear rapidly upon hot injection of 

precursors. These copper selenide NCs exist in a complex mixture of phases, resulting in size and shape 

polydispersity. The high mobility of Cu, which has often been exploited for cation exchange in other 

nanomaterials, likely allows the incorporation of the slower-reacting Cr species. As Cr3+ binds to the NC 

surfaces, it brings Se2- along for charge compensation, forming CuCr2Se4 domains at the NC edges. Over 

time at elevated temperature, Cr3+ diffuses into the lattice, and these domains grow until they meet at the 

centers of the particles, yielding polycrystalline CuCr2Se4 NCs. At around 40 min at 340 °C, these particles 

undergo a transformation involving annealing grain boundaries along with further Cu incorporation fed by 

the decomposition of Cu2Se lamellar side products. This unique formation process suggests that selective 

tuning of reaction parameters (injection/reaction temperature, precursors) may enable even finer control 

over the synthesis of nanocrystalline CuCr2Se4 by controlling the formation of the copper selenide phases. 

The single-crystalline CuCr2Se4 NCs prepared here exhibit high-temperature ferrimagnetic ordering 

analogous to bulk. MCD measurements on spin-coated thin films of these NCs show extremely large signals 

in the near-IR at the bulk plasma frequency, indicating retention of bulk-like metallicity and optical 

properties at the nanoscale. These NC MCD intensities track the magnetization of the Cr3+ spin sublattice, 

showing rapid saturation at low fields. These colloidal CuCr2Se4 NCs are thus potentially suitable for 

heterointegration strategies for introducing room-temperature magneto-optical functionality into next-

generation photonics architectures.  
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