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Spinel compounds are of great interest in both fundamental and application-oriented perspectives due to the
geometric magnetic frustration inherent to their lattice and the resulting complex magnetic states. Here, we ap-
plied x-ray diffraction, magnetization, heat capacity and powder inelastic neutron scattering measurements, along
with theoretical calculations, to study the exotic properties of chromite-spinel oxides CoCrzO4 and MnCrOy.
The temperature dependence of the phonon spectra provides an insight into the correlation between oxygen mo-
tion and the magnetic order, as well as the magnetoelectric effect in the ground state of MnCroO4. Moreover,
spin-wave excitations in CoCr204 and MnCr2O4 are compared with Heisenberg model calculations. This ap-
proach enables the precise determination of exchange energies and offers a comprehensive understanding of the

spin dynamics and relevant exchange interactions in complicated spiral spin ordering.

DOI: 10.1088/0256-307X/41/11/117503

As a typical three-dimensional (3D) geometric frus-
tration family, spinel system, AB2QO4, exhibits a series of
exotic physical properties not only from the variation of
cations on tetrahedrally (A) and octahedrally (B) coordi-
nated sites, '® but also the geometric-frustrating B-site
cations with a pyrochlore sublattice. Hence, the spinel ma-
terials could host diverse magnetic behaviors, ranging from
ferrimagnetism to antiferromagnetism, depending on the
nature of the cations and their interactions. [©® Actually,
the magnetic properties of spinel compound are decided
by whether the A- and B-site cations are magnetic or non-
magnetic: if both A- and B-site cations are magnetic, the
complicated interactions of A—A, B-B, and A-B could dis-
play intriguing physics. For instance, the vanadate AV2Oy4
is an orbiton family where the B-site V3% ions can intro-
duce orbital ordering with complex magnetic ordering and
structural distortions. (712!

Chromium-based spinel ACroO4 (where A is a di-
valent 3d transition metal) is of significant interest as

*Corresponding author. Email: jma3@sjtu.edu.cn
(© 2024 Chinese Physical Society and IOP Publishing Ltd

the Cr®*" ions (3d® with t3.e.) lack orbital degeneracy
and provides a clearer view of the underlying Heisen-
berg magnetic-exchange interactions. (3] A representative
example is the nonmagnetic A-site compound ZnCrzQOy,
which has a highly frustrated ground state on the py-
rochlore sublattice from the nearest-neighbor (NN) anti-
ferromagnetic (AFM) exchange interactions (Jcr—cr) be-
tween Cr3T cations. This system can realize a coopera-
tive paramagnet with cluster-like scattering over a wide
temperature range of Tx < T < |fcw|, where Ty is the
magnetic ordering temperature and Ocw is the Curie-
Weiss temperature. However, an exotic complex spin order
emerges below Ty ~ 12.5 K, accompanied by a structural
distortion to a tetragonal phase. (1415] The microscopic
mechanism of this phase transition may be attributed to
the combined effects of NN and further-neighbor (FN)
Heisenberg interactions, spin-lattice coupling, and asym-
metric magnetic interactions.

If the A-site cation is magnetic, such as Co?" or Mn?*,
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a tetragonal-cubic transition is not observed, while the
complex spin ordering has been exhibited. In the early
1960s, Lyons, Kaplan, Dwight, and Menyuk (LKDM) pro-
posed a theoretical model to understand this complex
spin order under the cubic structure. 161 Dye to the oc-
cupation of magnetic ions Co®>* (3d", ents,) and Mn?**
(3d°, e2t3,) in the A-site, the Heisenberg interactions
such as the super-exchange interactions Ja_cr between
the NN spins Scr and Sa are requested to be consid-
ered. Hence, the LKDM model could predict the pos-
sible magnetic structure of ground state by the param-
eter u = 4Jcr—crScr/3Ja—crSa in ACr20y, as, e.g., a
Néel-type long-range configuration for v < wg = 8/9
and a ferrimagnetic long-range spiral spin order (SSO) for
up < u < v’ = 1.298 are stable. When u > u”, the
locally unstable region may appear and the ferrimagnetic
long-range SSO should be considered as a first approx-
Indeed, both CoCr204 and MnCr2O4 present
the ferrimagnetic SSO that triggers the appearance of a
small electric polarization along with the significant mag-
netoelectric coupling. CoCra04 (MnCr204) presents a
magnetic phase transition to the collinear ferrimagnetic
long-range order with an easy axis parallel to the [001]
([110]) direction at Tx ~ 95K (43K), an incommensu-
rate SSO at Ts ~ 26 K (19K). In addition, another con-
troversial SSO ground state appears at 71, ~ 14K and
17K for CoCr204 and MnCrzQy4, respectively. (17-23] Gy
eral experimental works have estimated the features of
magnetic structures of the ground states. As the reported
single-crystal neutron diffraction and resonant soft x-ray
magnetic scattering experiments in CoCr2QO4, both com-
mensurate [wave vector g ~ (2/3, 2/3, 0)] and the incom-
mensurate [g ~ (0.63, 0.63, 0)] SSO were observed below
Ty,. 12429 The slight change in q should be sensitive to the
oxygen content originating from the synthetic conditions in
different groups, which leads to the controversial magnetic
ground state, short-range or long-range, and commensu-
rate or incommensurate SSO. Based on our experimental
observations, the synthesized CoCr2QO4 in this work should
exhibit the coexisting magnetic ground state, where the
commensurate SSO is regarded as the main phase. How-
ever, they vary from the long-range to short-range SSO,
corresponding to the different values of u. 2!

In this Letter, we investigate the structure and related
dynamics of CoCra04 and MnCr;04 by the x-ray diffrac-
tion (XRD), magnetization, heat capacity, and powder in-
elastic neutron scattering (INS) techniques. The INS spec-
tra are analyzed by the Landau-Lifshitz—Gilbert (LLG)
method,®” and the exchange energies are deduced. Fur-
thermore, the spin-phonon interaction and the quantum
effect are discussed.

imation.

Ezperimental Details. The polycrystalline samples of
ACr;04 (A=Co and Mn)) were prepared by the solid-
state reaction method. Stoichiometric amounts of Cra0s3
(99%, Alfa Aesar), Co304 (99.9%, Alfa Aesar) and MnO
(99%, Alfa Aesar) powders were mixed in air and fully
ground; then, the mixtures were pressed into thin cylindri-
cal pellets with diameter of 10 mm, loaded in the alumina
crucibles, and sintered at 1200° in air for 20 h. After thor-

oughly grinding the sintered mixture again, we repeated
the above-mentioned operations and sintered at 1300° in
air for 20 h. Finally, we successfully prepared the CoCr204
and MnCr204 polycrystalline samples.

Figures S1(a) and S1(b) in the Supplementary Material
present the powder XRD data of CoCr,O4 and MnCraOy,
using Cu K, source at room temperature. The struc-
tural Rietveld refinement profiles of the XRD data by
FullProf software reveal the pure phase and cubic spinel
structure with space group Fd3m. The fitted results give
the lattice parameters a = 8.33106(0) A for CoCr204 and
a = 8.43652(2) A for MnCr204. The magnetization mea-
surements were performed using a vibrating sample mag-
netometer in the physical properties measurement system
(PPMS Dynacool-9 system, Quantum Design) with a field
up to 9T. The heat capacity measurements were carried
out using the relaxation method by a PPMS Dynacool-9
system.

The inelastic neutron scattering measurements were
carried out with the time-of-flight (TOF) spectrometer
MARI, ISIS Neutron and Muon Source, Rutherford Ap-
pleton Laboratory. The incident neutron energies were
selected as E; = 9, 20, 75, and 150 meV using a Fermi
chopper with a gadolinium slit pack running at 200 Hz (9,
20, 75meV) and 300Hz (150 meV). Approximately 5g of
powder samples of the CoCr204 and MnCr204 was loaded
in an aluminum can. The measurements were performed
at 5K, 30K, and 250 K with a top-loading closed-cycle
He refrigerator. All TOF data were analyzed using the
DAVE software. ®] Integrations of the TOF data over
the range of momentum transfers 5 < @ < 16 A1 and
E; = 150 meV were analyzed by getDOS programs 2% that
lead to neutron-weighted phonon density of states (DOSs)
for the CoCr204 and MnCr204 samples. In the following,
we provide some results and discussions.

Phonon Density of States and Spin-Wave FEzxcita-
tions. When entering into the SSO state, both CoCrs04
and MnCroO4 present significant magnetoelectric cou-
pling, which can be explained by two models, the inverse
Dzyaloshinskii-Moriya (DM) or the spin-current model.
Confusingly, the appearances of the magnetoelectric effect
and the polarization reversal seem to be closely related
to the synthesis conditions of CoCra04 and MnCr204.
Specifically, the changes of the oxygen content could
greatly weaken the magnetoelectric effect and even make
it undetectable in MnCr204.[30] The oxygen content in-
fluences the Cr—Cr exchange interactions, which are dom-
inant in the system and thus drive the observed physical
phenomena. This phenomenon is also mapped in the Ra-
man experiments, where only two Raman activity peaks
centered at Fy = 457cm™" and A1z = 671cm™" were ob-
served, which deviate from theoretical expectations. In
our previous work, we observed all Raman active modes
as expected in the high-quality MnCr2O4 single crystals
with almost perfect stoichiometric ratio. *”l A possible ex-
planation for the observed different physical performance
should be attributed to the competition among the main
exchange interactions Jor—cr and Ja_cr of the CoCraO4
and MnCr20y4. (311 The short Cr—Cr bonds of 2.9824 A pro-
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duce a strong AFM direct exchange interaction between dd
orbitals, and the edge-shared CrOg octahedrons induce an
indirect ferromagnetic 90° Cr—O-Cr super-exchange inter-
action mediated by O?~ p orbital. Such a balance between
them leads to complex AFM exchange interactions Jor—cr,
which plays a dominant role in the origin of complex mag-
netism of ground state in the CoCr204 and MnCrzQO4.
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Additionally, according to previous theoretical work, A—
Cr exchange interactions cannot be neglected in spinel

(16] Hence, the changes of the oxygen content

structures.
may affect the strength of the magnetic frustrations, lead-
ing to different experimental observations on the SSO and

the magnetoelectric effect in the ground state.
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Fig. 1. [(a), (c)] The constant-Q cuts over the momentum ranges Q = [5, 15] A=! for CoCraO4 and MnCr2O4 powders.
[(b), (d)] Experimental inelastic neutron scattering phonon excitations in the momentum @ and energy E space, collected
by TOF spectrometer MARI with E; = 150 meV at 5 K. The color bars indicate the scattering intensity on a linear scale.
[(e), (f)] Neutron-weighted phonon density of states of CoCraO4 and MnCrpO4 measured at 250K and 5 K. [(g), (h)] The
four infrared (IR)-active phonon modes and five Raman-active phonon modes of CoCraO4 and MnCr2O4 measured at

10 K. [30,32,33]

Based on the above analyses, we performed powder
INS experiments. As shown in Figs. 1(a) and 1(d), we be-
gin with the phonon excitations. Figures 1(b) and 1(d)
show the momentum and energy dependence of powder
averaged dynamical structure factor S(Q, E) of CoCr204
and MnCr20y4, respectively, at 5K, as an example. The
phonon excitations show the normal Q? dependence. For
comparison, we plot the constant-() cuts of the high-
temperature paramagnetic state (250K) and the SSO
(5K) together, Fig.1(a) for CoCr2O4 and Fig.1(c) for
MnCrz0y, indicating the almost identical phonon excita-
tions and maintaining the cubic structure in the whole
temperatures as reported previously. (391 When integrat-
ing the S(Q, E) over the range of momentum transfers
6 < Q <15A7! we extract the neutron-weighted phonon
DOSs by getDOS programs [see Figs. 1(e) and 1(f)]. Four
phonon bands, located in the ranges of 0-37meV, 37—

65meV, 65-78 meV, and 78-89meV, are observed, corre-
sponding to one acoustic phonon band and three optical
phonon bands, respectively.

Although the exact lattice symmetry and the spin con-
figuration of the magnetically ordered state are still sub-
ject of debate, 1%1432:34] the dominant structural feature
of the low-temperature phase is a tetragonal distortion
with an elongation along [001] for CdCr204 % and a con-
traction for ZnCrsQO4 (151 and MgCrQO4.[34] Given these
significant structural changes at low temperatures, we at-
tempted an estimate based on the analogy with ZnCr2O4
to understand the temperature dependence of CoCraQO4
and MnCr20y4, even though the phonon frequencies and
the local lattice symmetry of ZnCroO4 are not exactly
matched with those of CoCr20O4 and MnCry0Oy4. Accord-
ing to the phonon calculation for ZnCr2O4 at room tem-
perature, it is reasonable to consider that the 200 cm™!
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mode frequencies of CoCr20O4 and MnCr2O4 are deter-
mined mainly from force constants of Co-O and Mn-O
vibration. The 457 cm ™! mode frequencies can be deter-
mined mainly from the force constants of Cr—Cr and Cr-O
vibrations. The 671 cm ™! mode frequencies are mostly in-
fluenced by the force constants of Cr—O vibration.

A careful comparison of the neutron-weighted phonon
DOSs in Figs. 1(e) and 1(f) shows that the optical phonon
bands exhibit clear changes at 250 K and 5 K. In ZnAl;O4,
O motions are well localized near the end of the phonon
spectra, with a sharp peak around 800 cm ™! composed al-
most entirely of oxygen vibrations. [36
MnCr204, we observe significant changes in the phonon
spectra at 671cm ™! between 5K and 250K, which may

I In comparison with
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be highly correlated with oxygen vibrations. However, the
phonon spectra of CoCr204 do not exhibit similar char-
acteristics, showing consistency between 5K and 250 K.
Notably, in the previously reported CoCr2QO4, the ground
state presents a coexistence of commensurate SSO and
ferroelectric order. ! In contrast, MnCr20O4 shows no
multiferroicity. [15:30.33] Ope possible reason for this differ-
ence is that the SSO in MnCrsQO4 is highly sensitive to
the oxygen concentration. The observed changes in the
phonon spectra, especially regarding O motions, offer an
additional insight into the correlation between oxygen con-
tent and the SSO as well as the magnetoelectric effect in
the ground state of MnCr2QO4.
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Fig. 2. [(a), (d)] Inelastic neutron scattering intensity of (a) CoCre0O4 and (d) MnCraO4 (color scale) versus @ and energy
transfer at 7' = 5K and E; = 150 meV, respectively. Horizontal white lines delineate regions where phonon and magnetic
scattering are isolated. [(b), (e)] Neutron intensity summed over the high-angle range 85°—115° originating mainly from
phonons. [(c), (f)] Neutron intensity summed over the low angle range 5°-35° (dark blue circles) and phonon background
scaled from high angle sum (purple solid lines). (g) Isolated magnetic scattering at 7' = 5 K.
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Figure 2(a) presents the comprehensive spectra for
CoCr204 at T' = 5K as functions of 20 and Aw. The
data clearly distinguish between phonon and magnetic
scattering regions, with horizontal white lines delineating
these zones. Figure 2(b) shows the phonon scattering by
summing the neutron intensity over the high-angle range
(20 = 85°-115°). This range mainly captures the phonon
contributions because the effect of magnetic scattering is
smaller at higher ) values, where the magnetic form factor
decreases. The resulting phonon spectra provide a clear
picture of the lattice dynamics without the interference of
magnetic excitations. Conversely, Fig. 2(c) sums the neu-
tron intensity over the low-angle range (20 = 5°-35°), cap-
turing both phonon and spin wave contributions. By sub-
tracting the high-angle data (phonon scattering) from the

Fig. 3.

low-angle data, we isolate the magnetic scattering compo-
nent. This subtraction, scaled by a constant factor, reveals
the pure magnetic scattering profile.

In the difference plot shown in Fig.2(g), the strong
peak at 0 meV represents elastic scattering, which includes
both nuclear and magnetic contributions that cannot be
distinguished using the difference method. A distinct peak
at ~25meV indicates the resulting magnetic intensity
for CoCrz04 after the subtraction process.
the signal for MnCr2O4 displays a noticeable broadening
around 20meV. This broadening may originate from the
effects of high frustration as mentioned in the susceptibility
result given in the Supplementary Material and quantum
fluctuations.

In contrast,
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Inelastic neutron scattering results for CoCra20O4 and MnCr204 at 5K with an incident energy E; of 20 meV.

[(a), (b)] Experimental inelastic neutron scattering spectra for CoCraO4 and MnCraOy4, respectively. [(c), (d)] Calculated
excitation spectra using the LLG method for CoCraO4 and MnCr204, respectively. The calculations were performed using

the parameters listed in Table 1.

Both observed and calculated intensities at 5 K are dis-
played as two-dimensional plots in Fig.3. The inelastic
neutron scattering results for CoCr20O4 and MnCr204 at
5K with an incident energy Ej of 20 meV reveal distinct
differences in the excitation spectra of these spinel com-
pounds. Figures 3(a) and 3(b) present the experimental
data, which display clear features corresponding to the
magnetic excitations. In CoCrzQy4, the spectra show a
prominent spin wave excitation centered around 1.4 A~?
with excitations extending up to 15meV. MnCr204 ex-
hibits a similar structure but with broader and less-
intensity features, indicating differences in their magnetic
interactions. The differences in the excitation spectra
could be influenced by the different magnetic anisotropies
and spin-orbit coupling effects in these materials. [32,38-40]
The broader excitations in MnCraO4 might result from
greater magnetic frustration as mentioned in the suscepti-
bility measurement or weaker exchange interactions, lead-

ing to a less well-defined magnetic structure.

To better understand these excitations, we performed
calculations using the LLG method. We focus on fitting
the excitation at @ = 1.4 A~! as shown in Fig.3. These
calculations were based on the Heisenberg model only con-
sidering the NN AFM exchange interactions, so that the
Hamiltonian can be defined as follows:

H = Jgr Z Spi - Spj + Jas Z Snai - SBj
(4,9) (4,9)
+ Jaa Z Sai - Saj- (1)
(1,9)

Using classical Monte Carlo simulations, initial spin con-
figurations were generated on a 10 x 10 x 10 supercell of
conventional cubic cells and 5 x 10* single-spin Metropolis
updates were applied. To reduce autocorrelation, over-
relaxation sweeps were introduced after each Monte Carlo
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sweep. The equation of motion of the spins was calcu-
lated using Verner’s “Most Efficient” 7/6 Runge-Kutta
method, in which spin configurations were evolved over
800 steps,[41] with a step size of 7 = 1/J. The spin
excitation spectra were obtained through a fast Fourier
transform. For improved statistical accuracy, 1000 random
numbers were used in the simulation of powder averaging
results, and S(Q, w) was averaged across roughly 10 in-
dependent simulations. Additionally, a classical statistical
factor w/(2kgT’) was applied to S(Q, w) to compare with
the experimental data. [42]

Table 1. Ferrimagnetic parameters obtained from the fit-
ting of the susceptibility with Eq. (1) in the Supplementary
Material, including the Curie constant (C), Weiss temper-
ature (0), correction factor (¢), modified Curie-Weiss tem-
perature (0'), effective magnetic moment (uef), and the ra-
tio |0]/Tc. Values of the ionic spin, exchange parameters,
and the dimensionless parameter u calculated for CoCraQOy
and MnCr204. The parameter u is defined according to the
LKDM theory and is given by v = 4Jcr—crScr/3Ja—crSA-

CoCr204 MnCrs04

Sa 3/2 5/2
Scr 3/2 3/2
C(emu-K/mol) 5.86 8.80

0 (K) ~600.1 —425.0

Z (mol K /emu) 1085.0 1338.6
0 (K) 88.9 24.5
prefr (1) 6.85 8.39
f=0l/Tc 6.32 9.88
Jer—cr (meV) 0.48 0.44
Ja—cr (meV) 0.22 0.18
Ja_a (meV) 0.03 0.03
w(dJer—crScr/3JA—crSa) 2.91 1.96

The theoretical calculations, as shown in Figs. 3(c) and
3(d), provide a good match to the experimental data, cap-
turing the essential characteristics of the magnetic excita-
tions, thus providing a clearer way to understand the spin
dynamics in these materials. In CoCr204 [Fig. 3(c)], the
calculated spectra replicates the experimental spin wave
excitation around 1.4 A™!, while for MnCrzO4 [Fig. 3(d)],
the calculations reflect the broader distribution of excita-
tions observed experimentally. However, some details show
that our classical model cannot fully describe the behav-
ior of the system, thus indicating the presence of quantum
effects.

Table 1 lists the exchange interactions Jcor—cr, JA—cr,
and Ja_a, as well as the parameter u, calculated by
u = 4Jcr—crScr/3Ja—crSa according to the LKDM the-
ory. For both CoCr204 and MnCr2QOy4, the values of u fall
outside the range typically associated with a stable ground
state. Specifically, the u value for CoCr2Qy4 is 2.91, while
for MnCr2Qy, it is 1.96. This further indicates the limita-
tions of the classical model.

In summary, we have performed bulk characterization
of magnetization and specific heat, demonstrating that
CoCr204 undergoes a first-order phase transition. This
is evidenced by the latent heat near Ts and the thermal
hysteresis in the Cp(T) curve near 71.. From inelastic neu-
tron scattering experiments, the neutron-weighted phonon

density of states is obtained and the relationship between
oxygen vibrations and SSO through significant changes are
observed at 250 K and 5 K. By separating the phonon and
magnetic signals, we observe the broadening of the mag-
netic signal in MnCr20O4 from the geometric frustration
and quantum fluctuations. We combine the measured spin
wave excitations in CoCra0O4 and MnCroO4 with calcula-
tions based on the Heisenberg model to determine the ex-
change energy of the system. The result provides evidence
of the existence of quantum effect in the ground state and a
comprehensive understanding of spin dynamics and mag-
netic interactions. Exploring the quantum effect on the
ground state of a frustrated magnet is very challenging:
usually the broadening spin dynamics is a signal of strong
quantum effect, however, the broadening signal has been
reported in a high-spin Mn-oxide(S = 5/2) with a trian-
gular lattice recently;*®! in addition, the applied direc-
tion of the external field could adjust the interactions and
induce different magnetic states. (4] Future investigations
with extra factors may help to elucidate those novel prop-
erties, potentially leading to new insights into the quantum
behavior. [*°]
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