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Abstract 
We propose to measure the spinwaves spectrum of the spinel compounds GeNi2O4 and GeCo2O4 on the 
time-of-flight spectrometer IN5. We thus intend to determine the Hamiltonian of these materials, 
including magnetic interactions up to the 3rd neighbors and possible anisotropy terms. This should give 
more insight into frustration mechanisms at play and the possibility of an original hedgehog-like triple-
k magnetic structure that we have predicted through calculations. 
 
Summary of the results: 
Spinel compounds of generic formula AB2O4 crystallize in the cubic space group Fd-3m. The B sites can 
accommodate a magnetic ion, which form a pyrochlore lattice, the archetype of frustrated network consisting 
of tetrahedral joined by their vertices. The Ge spinels compounds GeM2O4  (M=Co, Ni, Fe) are particularly 
interesting as their complex ordering is expected to arise from competing interactions beyond the third 
neighbours [1,5] (see Figure 1 (b)). 
 

 
Figure 1: (a) Right: simple-k picture proposed from single-crystal neutron diffraction in GeCo2O4 [4]. Left: 
calculated hedgehog triple-k magnetic structure. (b) Illustration of the magnetic interactions up to the 4th neighbors 
(from [5]). 

 

For our study, Panther is the ideal instrument because it allows to cover both a large energy range necessary for the
study of the high energy spin waves and a large Q range necessary for the study of the phonon dispersions in detail.
We need an incident energy of 50 meV and an orange cryostat. We will use two large single-crystals oriented in the
(hh0) (00l) scattering plane (collaboration P. Manuel, ISIS). We ask for 7 days of beam time: 4 days for the Co sample
for which we will do measurements at low temperature and at a temperature close to the structural transition and two
days for the phonon study in the Ni compound. We forecast also one day for the cooling and sample change.
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where i numbers Cr sites in the unit cell and j runs over zn
neighbors in the n th shell around the site i. Positive Jn cor-
respond to AFM coupling between Cr spins. Note that an
additional factor of 1 /2 appears in Eq. "4#because the mag-
netic energy is given per f.u. and there are 2 f.u. in the unit
cell. The length of the Cr spins Si was fixed to 3 /2. Then,
EH"q#depends only on the angle between a pair of Cr spins
which is uniquely determined by the wave vector q of a
spiral provided that for four Cr ions at positions ti in the unit
cell the phases are fixed by !i= ti ·q.

Some pairs of Cr ions coupled by J1-J4 are shown in Fig.
9. Each Cr site has six first "J1#and 12 second "J2#neighbors
at distances a0$2 /4 and a0$6 /4, respectively. The third shell
consists of 12 Cr sites at a0$2 /2 which are split into two
inequivalent sextets. The corresponding coupling constants
are denoted as J3! and J3". J3! couples Cr sites which lie on one
of the %110& chains and are actually the second Cr neighbors
along the chain. Cr sites coupled by J3" belong to parallel Cr
chains. For the spin spirals considered here, terms propor-
tional to J3! and J3" in Eq. "4#have the same q dependence so
that it was not possible to separate their contributions to the
magnetic energy and only their average J3="J3!+J3"#/2 could
be determined from the fit. We will return to the discussion
of J3! and J3" later. Finally, in the fourth shell, there are 12 Cr
sites at the distance a0$10 /4 "J4# which lie at the same
chains as the second Cr neighbors.

In order to get reliable values of Jn , additional LFT cal-
culations for spirals with wave vectors "q , q , q #, "1, q ,0#, and
"1,1 , q #were performed. For the "1, q ,0#and "1,1 , q #spi-
rals, the contributions to EH"q# proportional to J3 and J1,
respectively, do not depend on q , which allows us to deter-
mine these coupling constants with higher accuracy. Explicit

expressions for EH"q #for the above mentioned spin spirals
are given in the Appendix.

The results of a simultaneous least-squares fit of EH"q#
given by Eq. "4#to E"q#calculated within LSDA along the
five q directions are shown in Fig. 10 together with contri-
butions to EH"q# coming from different nearest neighbors
shells "En #. The values of Jn obtained from the fit are col-
lected in Table II. The dominant contribution to EH"q# is
provided by the nearest-neighbor coupling J1 which is AFM
in ACr2O4 and FM in ACr2S"e#4. In oxides, however, the
strength of AFM J1 decreases dramatically with the increase
of the A ionic radius: in CdCr2O4, J1 is more than five times
weaker than in ZnCr2O4, while in HgCr2O4, it becomes al-
most zero. In ACr2S"e#4, the strength of FM J1 tends to in-
crease in the row Zn�Cd�Hg but the changes are not as
strong as in the oxides, with the values of J1 calculated for
the Cd and Hg compounds being comparable.

Another significant contribution to EH"q#comes from the
term proportional to J3 which is AFM in all the ACr2X4
spinels considered in the present work. It is the competition
between the J1 and J3 terms which shifts the minimum of the
"0,0 , q # and "q , q ,0# curves to incommensurate q vectors.
For q="0,0 , q #, EH"q#has the same q dependence as a linear
chain of classical spins with competing nearest J=J1 and
next-nearest J!=2J3 neighbor interactions. The ground state
of such a chain becomes incommensurate if the ratio J! /J is
larger than the critical value of 0.25. Since J3 is not very
sensitive to the size of A ion, the ratio 2J3 /J1, which is less
than 0.1 in ZnCr2O4, increases to 0.45 in CdCr2O4, while in
the Hg oxide J3 becomes the dominant magnetic interaction.
The values of J3 calculated for ACr2S"e#4 are more than two
times larger than in the oxides. The largest '2J3 /J1' ratios of
0.75 and 0.48 are found for ZnCr2S4 and ZnCr2Se4, in which
the FM nearest-neighbor interaction is the weakest. In other
two selenides, '2J3 /J1'(0.26 is only slightly larger than the
critical value of 0.25.

According to the results of the least-square fit, the ex-
change interactions between the second and fourth Cr neigh-
bors are much weaker than J1 and J3. While the sign of J2
varies form one compound to another, J4 is always ferromag-
netic and somewhat larger in sulfides and selenides com-
pared to oxides.

The reliability of the fitted Jn was checked by comparing
the values obtained from the fit to the band energies calcu-
lated for all five spin spirals "Jn

"5##to those fitted to "0,0 , q #
and "q , q ,0#results only "Jn

"2##. In the case of J1, the relative
uncertainty of the determination of Jn , defined as "n = 'Jn

"5#

−Jn
"2#' /Jn

"5#, is less than 1%, except for HgCr2O4 where J1
itself is very small. The uncertainty in J3 values is about 1%
in ACr2S"e#4 and 10% in oxides. The values of "2)5% and
"4)10% are also smaller in ACr2S"e#4 than in the oxides, in
which they are about 30%. The largest uncertainties in the
LSDA values of J2−J4 were found in the case of ZnCr2O4. A
plausible reason is that the nearest-neighbors terms of the
order of "Si ·S j#2 in the expansion of the magnetic energy46

may become comparable to the contribution of weak cou-
plings between distant Cr neighbors. Neither the fitted values
of Jn nor the quality of the fit were noticeably affected if
exchange couplings between fifth Cr neighbors were in-
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FIG. 9. "Color online#Exchange coupling constants Jn up to the
fourth Cr neighbors.
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In all the compounds, J3 obtained from the LSDA+U
calculations is AFM and weaker than in LSDA. In ACr2O4
and ACr2S4, its value decreases with the increase of U, while
in selenides, its U dependence is very weak. J2 remains van-
ishingly small but shows clear tendency to become more FM
as U increases. Finally, in ACr2O4 and ACr2Se4, the increase
of U affects J4 in opposite ways: In oxides, the strength of
FM J4 increases, whereas in selenides, !J4! decreases and for
U=4 eV, it changes sign.

In order to separate J3! and J3" contributions to EH" q# , we
performed calculations for noncollinear spin superstructures
in which Cr moments only in every second "001# plane, the
one that contains $110% Cr chains, are oriented in the ab
plane, with their directions being determined as before by
!=" /2 and #=q · " t+R# . Cr moments in other planes, which

contain $ 11̄0% chains, are aligned parallel to the c axis " !
=0# so that their directions do not depend on # and, conse-
quently, on q. In this case, the third Cr neighbors in the ab
plane that lie on the same $110% chain " J3!# and on parallel
chains " J3"# give different contributions to the q dependence
of the energy of " q ,q ,0# and " q ,−q ,0# spin spirals, which
allows us to determine J3! and J3" separately provided that
other Jn are known. Calculations performed for ACr2O4 and
ACr2Se4 show that J3! and J3" are of comparable strengths.
The calculated J3" /J3! ratio is 0.6, 0.5, and 1.1 in Zn, Cd, and
Hg oxides, respectively, while for the selenides, the values of
0.8, 0.8, and 1.0 were obtained. It seems plausible that the
contribution of Hg 6s states to Cr d-X p-Cr d hybridization is
responsible for somewhat larger values of J3" in the Hg com-
pounds.

It should be mentioned that the values of Jn presented in
Table III are somewhat different from the preliminary results
published in Ref. 47 for the following reasons: " i# for
CdCr2O4, old structural data from Ref. 48 with the O frac-
tional coordinate x=0.260, which seems to be too small,
were used, " ii# the calculations for oxides in Ref. 47 were
performed with O s and p states only included in the LMTO
basis set " this gives smaller values of J1 compared to the
present calculations in which O d are also included into the
basis# and " iii# the calculations in Ref. 47 were performed for
" q ,q ,0# and " 0,0 ,q # spirals only and the coupling constants

between third Cr neighbors along the &110' chains were in-
cluded into the fit instead of J4. Later, it was verified that
accounting for true J4 to fourth Cr neighbors improves the
quality of the fit and seems more physical. We have to stress,
however, that despite the differences in calculated values of
Jn the main conclusions of Ref. 47 concerning the relative
strengths of various exchange interactions and their origins
remain unaffected.

VI. DISCUSSION

The effective Curie–Weiss temperatures estimated from
the calculated Jn according to

$CW =
S " S + 1#

3 (
n

znJn , " 5#

with S =3 /2 are given in the last column of Tables II and III.
The comparison of the estimated $CW to experimental values

TABLE II. Exchange coupling constants Jn /kB "K# and $CW "K#
obtained from the least-squares fit of EH" q# given by Eq. "4# to the
energy of spin spirals calculated within LSDA.

J1 /kB J2 /kB J3 /kB J4 /kB $CW

ZnCr2O4 109 1.8 4.8 −0.1 −916
CdCr2O4 18 −0.3 3.8 −0.9 −172
HgCr2O4 −1 1.8 5.4 −0.8 −92

ZnCr2S4 −37 2.8 13.8 −1.5 49
CdCr2S4 −74 0.6 12.0 −1.7 392
HgCr2S4 −86 2.8 13.3 −1.7 432

ZnCr2Se4 −54 0.9 13.0 −2.2 228
CdCr2Se4 −88 −0.7 11.7 −2.1 526
HgCr2Se4 −86 0.0 11.6 −2.6 509

TABLE III. Exchange coupling constants Jn /kB "K# and $CW
"K# obtained from the least-squares fit of EH" q# given by Eq. "4# to
the energy of spin spirals calculated using the LSDA+U approach
with U=2, 3, and 4 eV.

ACr2X4

U
"eV# J1 /kB J2 /kB J3 /kB J4 /kB $CW

ZnCr2O4 2 61 0.3 2.9 −0.3 −500
3 40 0.0 2.3 −0.4 −328
4 25 −0.2 1.9 −0.5 −209

CdCr2O4 2 6 −0.3 2.2 −0.4 −64
3 −4 −0.4 1.7 −0.4 12
4 −9 −0.4 1.4 −0.4 62

HgCr2O4 2 −7 1.2 3.3 0.0 −14
3 −14 0.6 2.4 −0.1 59
4 −18 0.3 1.9 −0.2 104

ZnCr2S4 2 −43 1.7 8.5 −0.6 175
3 −48 0.8 7.2 −0.8 267
4 −52 0.1 6.4 −0.7 306

CdCr2S4 2 −62 0.4 7.2 −0.9 367
3 −65 −0.2 6.2 −0.9 416
4 −66 −0.6 5.7 −0.7 433

HgCr2S4 2 −72 1.6 8.0 −0.9 412
3 −74 0.5 6.6 −0.9 464
4 −74 −0.2 5.8 −0.7 481

ZnCr2Se4 2 −49 0.5 8.3 −0.9 246
3 −52 −0.5 7.8 −0.6 286
4 −52 −1.1 8.1 0.0 286

CdCr2Se4 2 −70 −0.5 7.1 −0.9 432
3 −69 −1.1 7.1 −0.4 434
4 −67 −1.4 7.6 0.2 410

HgCr2Se4 2 −69 −0.1 7.5 −0.9 422
3 −68 −1.0 7.2 −0.2 420
4 −66 −1.4 7.8 1.1 384
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Figure 1: (a) Rigth: simple-k picture proposed from single-crystal neutron di↵raction in GeCo2O4 [4]. Left: calculated
hedgehog triple-k magnetic structure. (b) Illustration of the magnetic interactions up to the 4th neighbors (from [6]).
c) Single-crystal inelastic neutron scattering with Q-scan along (2 2 l) in GeCo2O4 measured on IN5 with � =2 Å at
1.5K in the (hh0)-(00l) scattering plane.
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The magnetic order of the Ni and Co compounds has been investigated by neutron diffraction and is 
characterized by a k=(1/2, 1/2, 1/2) propagation vector [1]. The AFM long-range order occurs at TN  = 23.5 
K for the Co compound and in two steps, at TN1  = 12 K and TN2  = 11.5 K, for the Ni compound. In a simple-
k picture, the magnetic structure can be described as alternating kagome (KGM) and triangular (TRI) 
ferromagnetic (FM) planes, perpendicular to the <111> direction associated with the propagation vector, and 
antiferromagnetically coupled to the nearest planes of the same kind [1,2,3,4] (see Figure 1 (a)). However, the 
magnetic order could as well be described by several Fourier components associated with different members 
of the star of the k vector.  
 
We have performed calculations, combining a Fourier space analysis to find the propagation vector(s) and a 
real space spin configuration minimization at zero temperature, in order to elucidate the phase diagram of 
these interesting materials. These calculations were performed with magnetic exchange interactions up to the 
3rd neighbours. Under some conditions, a triple-k structure is stabilized which features a lattice of 3-
dimensional topological hedgehog-like spin configurations (see Figure 1 (a)), not discernable in neutron 
diffraction from the simple-k structure with k=(1/2, 1/2, 1/2) described above. We think that this remarkable 
triple-k structure could be stabilized in particular in GeNi2O4 since it retains the cubic structure at low 
temperature contrary to the Co sample that presents a structural distortion [2,4]. In the latter, the frustration 
could indeed be partly released through magnetostructural effects leading to the 1-k magnetic structure already 
reported [4]. 
 
To get a further insight into the Hamiltonian of these materials, we have measured the spinwave excitations 
on two large single-crystals of GeNi2O4 and GeCo2O4 using the time-of-flight spectrometer IN5. The chosen 
horizontal scattering plane was (hh0), (00l) and the samples were measured at several wavelengths (2, 3, 4.35 
Å) at the base temperature of an orange cryostat and in the paramagnetic state just above the TN.  
 

 
 

Figure 2: Single-crystal inelastic neutron scattering with Q-scan along (2 2 l) in GeCo2O4 measured on 
IN5 with λ=2 (left) and 3 (right) Å at 1.5 K in the (hh0)-(00l) scattering plane. 

 
 

 

 
 

For our study, Panther is the ideal instrument because it allows to cover both a large energy range necessary for the
study of the high energy spin waves and a large Q range necessary for the study of the phonon dispersions in detail.
We need an incident energy of 50 meV and an orange cryostat. We will use two large single-crystals oriented in the
(hh0) (00l) scattering plane (collaboration P. Manuel, ISIS). We ask for 7 days of beam time: 4 days for the Co sample
for which we will do measurements at low temperature and at a temperature close to the structural transition and two
days for the phonon study in the Ni compound. We forecast also one day for the cooling and sample change.
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where i numbers Cr sites in the unit cell and j runs over zn
neighbors in the n th shell around the site i. Positive Jn cor-
respond to AFM coupling between Cr spins. Note that an
additional factor of 1 /2 appears in Eq. "4#because the mag-
netic energy is given per f.u. and there are 2 f.u. in the unit
cell. The length of the Cr spins Si was fixed to 3 /2. Then,
EH"q#depends only on the angle between a pair of Cr spins
which is uniquely determined by the wave vector q of a
spiral provided that for four Cr ions at positions ti in the unit
cell the phases are fixed by !i= ti ·q.

Some pairs of Cr ions coupled by J1-J4 are shown in Fig.
9. Each Cr site has six first "J1#and 12 second "J2#neighbors
at distances a0$2 /4 and a0$6 /4, respectively. The third shell
consists of 12 Cr sites at a0$2 /2 which are split into two
inequivalent sextets. The corresponding coupling constants
are denoted as J3! and J3". J3! couples Cr sites which lie on one
of the %110& chains and are actually the second Cr neighbors
along the chain. Cr sites coupled by J3" belong to parallel Cr
chains. For the spin spirals considered here, terms propor-
tional to J3! and J3" in Eq. "4#have the same q dependence so
that it was not possible to separate their contributions to the
magnetic energy and only their average J3="J3!+J3"#/2 could
be determined from the fit. We will return to the discussion
of J3! and J3" later. Finally, in the fourth shell, there are 12 Cr
sites at the distance a0$10 /4 "J4# which lie at the same
chains as the second Cr neighbors.

In order to get reliable values of Jn , additional LFT cal-
culations for spirals with wave vectors "q , q , q #, "1, q ,0#, and
"1,1 , q #were performed. For the "1, q ,0#and "1,1 , q #spi-
rals, the contributions to EH"q# proportional to J3 and J1,
respectively, do not depend on q , which allows us to deter-
mine these coupling constants with higher accuracy. Explicit

expressions for EH"q #for the above mentioned spin spirals
are given in the Appendix.

The results of a simultaneous least-squares fit of EH"q#
given by Eq. "4#to E"q#calculated within LSDA along the
five q directions are shown in Fig. 10 together with contri-
butions to EH"q# coming from different nearest neighbors
shells "En #. The values of Jn obtained from the fit are col-
lected in Table II. The dominant contribution to EH"q# is
provided by the nearest-neighbor coupling J1 which is AFM
in ACr2O4 and FM in ACr2S"e#4. In oxides, however, the
strength of AFM J1 decreases dramatically with the increase
of the A ionic radius: in CdCr2O4, J1 is more than five times
weaker than in ZnCr2O4, while in HgCr2O4, it becomes al-
most zero. In ACr2S"e#4, the strength of FM J1 tends to in-
crease in the row Zn�Cd�Hg but the changes are not as
strong as in the oxides, with the values of J1 calculated for
the Cd and Hg compounds being comparable.

Another significant contribution to EH"q#comes from the
term proportional to J3 which is AFM in all the ACr2X4
spinels considered in the present work. It is the competition
between the J1 and J3 terms which shifts the minimum of the
"0,0 , q # and "q , q ,0# curves to incommensurate q vectors.
For q="0,0 , q #, EH"q#has the same q dependence as a linear
chain of classical spins with competing nearest J=J1 and
next-nearest J!=2J3 neighbor interactions. The ground state
of such a chain becomes incommensurate if the ratio J! /J is
larger than the critical value of 0.25. Since J3 is not very
sensitive to the size of A ion, the ratio 2J3 /J1, which is less
than 0.1 in ZnCr2O4, increases to 0.45 in CdCr2O4, while in
the Hg oxide J3 becomes the dominant magnetic interaction.
The values of J3 calculated for ACr2S"e#4 are more than two
times larger than in the oxides. The largest '2J3 /J1' ratios of
0.75 and 0.48 are found for ZnCr2S4 and ZnCr2Se4, in which
the FM nearest-neighbor interaction is the weakest. In other
two selenides, '2J3 /J1'(0.26 is only slightly larger than the
critical value of 0.25.

According to the results of the least-square fit, the ex-
change interactions between the second and fourth Cr neigh-
bors are much weaker than J1 and J3. While the sign of J2
varies form one compound to another, J4 is always ferromag-
netic and somewhat larger in sulfides and selenides com-
pared to oxides.

The reliability of the fitted Jn was checked by comparing
the values obtained from the fit to the band energies calcu-
lated for all five spin spirals "Jn

"5##to those fitted to "0,0 , q #
and "q , q ,0#results only "Jn

"2##. In the case of J1, the relative
uncertainty of the determination of Jn , defined as "n = 'Jn

"5#

−Jn
"2#' /Jn

"5#, is less than 1%, except for HgCr2O4 where J1
itself is very small. The uncertainty in J3 values is about 1%
in ACr2S"e#4 and 10% in oxides. The values of "2)5% and
"4)10% are also smaller in ACr2S"e#4 than in the oxides, in
which they are about 30%. The largest uncertainties in the
LSDA values of J2−J4 were found in the case of ZnCr2O4. A
plausible reason is that the nearest-neighbors terms of the
order of "Si ·S j#2 in the expansion of the magnetic energy46

may become comparable to the contribution of weak cou-
plings between distant Cr neighbors. Neither the fitted values
of Jn nor the quality of the fit were noticeably affected if
exchange couplings between fifth Cr neighbors were in-
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FIG. 9. "Color online#Exchange coupling constants Jn up to the
fourth Cr neighbors.
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In all the compounds, J3 obtained from the LSDA+U
calculations is AFM and weaker than in LSDA. In ACr2O4
and ACr2S4, its value decreases with the increase of U, while
in selenides, its U dependence is very weak. J2 remains van-
ishingly small but shows clear tendency to become more FM
as U increases. Finally, in ACr2O4 and ACr2Se4, the increase
of U affects J4 in opposite ways: In oxides, the strength of
FM J4 increases, whereas in selenides, !J4! decreases and for
U=4 eV, it changes sign.

In order to separate J3! and J3" contributions to EH" q# , we
performed calculations for noncollinear spin superstructures
in which Cr moments only in every second "001# plane, the
one that contains $110% Cr chains, are oriented in the ab
plane, with their directions being determined as before by
!=" /2 and #=q · " t+R# . Cr moments in other planes, which

contain $ 11̄0% chains, are aligned parallel to the c axis " !
=0# so that their directions do not depend on # and, conse-
quently, on q. In this case, the third Cr neighbors in the ab
plane that lie on the same $110% chain " J3!# and on parallel
chains " J3"# give different contributions to the q dependence
of the energy of " q ,q ,0# and " q ,−q ,0# spin spirals, which
allows us to determine J3! and J3" separately provided that
other Jn are known. Calculations performed for ACr2O4 and
ACr2Se4 show that J3! and J3" are of comparable strengths.
The calculated J3" /J3! ratio is 0.6, 0.5, and 1.1 in Zn, Cd, and
Hg oxides, respectively, while for the selenides, the values of
0.8, 0.8, and 1.0 were obtained. It seems plausible that the
contribution of Hg 6s states to Cr d-X p-Cr d hybridization is
responsible for somewhat larger values of J3" in the Hg com-
pounds.

It should be mentioned that the values of Jn presented in
Table III are somewhat different from the preliminary results
published in Ref. 47 for the following reasons: " i# for
CdCr2O4, old structural data from Ref. 48 with the O frac-
tional coordinate x=0.260, which seems to be too small,
were used, " ii# the calculations for oxides in Ref. 47 were
performed with O s and p states only included in the LMTO
basis set " this gives smaller values of J1 compared to the
present calculations in which O d are also included into the
basis# and " iii# the calculations in Ref. 47 were performed for
" q ,q ,0# and " 0,0 ,q # spirals only and the coupling constants

between third Cr neighbors along the &110' chains were in-
cluded into the fit instead of J4. Later, it was verified that
accounting for true J4 to fourth Cr neighbors improves the
quality of the fit and seems more physical. We have to stress,
however, that despite the differences in calculated values of
Jn the main conclusions of Ref. 47 concerning the relative
strengths of various exchange interactions and their origins
remain unaffected.

VI. DISCUSSION

The effective Curie–Weiss temperatures estimated from
the calculated Jn according to

$CW =
S " S + 1#

3 (
n

znJn , " 5#

with S =3 /2 are given in the last column of Tables II and III.
The comparison of the estimated $CW to experimental values

TABLE II. Exchange coupling constants Jn /kB "K# and $CW "K#
obtained from the least-squares fit of EH" q# given by Eq. "4# to the
energy of spin spirals calculated within LSDA.

J1 /kB J2 /kB J3 /kB J4 /kB $CW

ZnCr2O4 109 1.8 4.8 −0.1 −916
CdCr2O4 18 −0.3 3.8 −0.9 −172
HgCr2O4 −1 1.8 5.4 −0.8 −92

ZnCr2S4 −37 2.8 13.8 −1.5 49
CdCr2S4 −74 0.6 12.0 −1.7 392
HgCr2S4 −86 2.8 13.3 −1.7 432

ZnCr2Se4 −54 0.9 13.0 −2.2 228
CdCr2Se4 −88 −0.7 11.7 −2.1 526
HgCr2Se4 −86 0.0 11.6 −2.6 509

TABLE III. Exchange coupling constants Jn /kB "K# and $CW
"K# obtained from the least-squares fit of EH" q# given by Eq. "4# to
the energy of spin spirals calculated using the LSDA+U approach
with U=2, 3, and 4 eV.

ACr2X4

U
"eV# J1 /kB J2 /kB J3 /kB J4 /kB $CW

ZnCr2O4 2 61 0.3 2.9 −0.3 −500
3 40 0.0 2.3 −0.4 −328
4 25 −0.2 1.9 −0.5 −209

CdCr2O4 2 6 −0.3 2.2 −0.4 −64
3 −4 −0.4 1.7 −0.4 12
4 −9 −0.4 1.4 −0.4 62

HgCr2O4 2 −7 1.2 3.3 0.0 −14
3 −14 0.6 2.4 −0.1 59
4 −18 0.3 1.9 −0.2 104

ZnCr2S4 2 −43 1.7 8.5 −0.6 175
3 −48 0.8 7.2 −0.8 267
4 −52 0.1 6.4 −0.7 306

CdCr2S4 2 −62 0.4 7.2 −0.9 367
3 −65 −0.2 6.2 −0.9 416
4 −66 −0.6 5.7 −0.7 433

HgCr2S4 2 −72 1.6 8.0 −0.9 412
3 −74 0.5 6.6 −0.9 464
4 −74 −0.2 5.8 −0.7 481

ZnCr2Se4 2 −49 0.5 8.3 −0.9 246
3 −52 −0.5 7.8 −0.6 286
4 −52 −1.1 8.1 0.0 286

CdCr2Se4 2 −70 −0.5 7.1 −0.9 432
3 −69 −1.1 7.1 −0.4 434
4 −67 −1.4 7.6 0.2 410

HgCr2Se4 2 −69 −0.1 7.5 −0.9 422
3 −68 −1.0 7.2 −0.2 420
4 −66 −1.4 7.8 1.1 384
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Figure 1: (a) Rigth: simple-k picture proposed from single-crystal neutron di↵raction in GeCo2O4 [4]. Left: calculated
hedgehog triple-k magnetic structure. (b) Illustration of the magnetic interactions up to the 4th neighbors (from [6]).
c) Single-crystal inelastic neutron scattering with Q-scan along (2 2 l) in GeCo2O4 measured on IN5 with � =2 Å at
1.5K in the (hh0)-(00l) scattering plane.
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We have found nicely and complex dispersive low energy modes (see Figures 2 and 3), with energy gaps (1 
and 3 meV for GeNi2O4 and GeCo2O4 resp.). For the Ni compound, the spinwaves are anisotropic. For the Co 
compound, they are more isotropic. Moreover, starting from these excitations rise weaker excitations that 
strongly disperse, as shown in the figure 2. We assume that they have a magnetic origin but they could also 
be phonons entangled with the magnetic ones due to the strong magnetoelastic effects at play in the Co. We 
are working on the data modeling by spin wave calculations with the software developed by Sylvain Petit at 
the LLB but there are some obstacles: 1) the ambiguity between the simple-k and triple-k structure. 2) For 
Co, we were not able to see the top of the branches of the strong dispersive mode on IN5. We therefore need 
complementary high-energy measurements to complete these rich sets of data and conclude on the 
Hamiltonian of these materials, in particular on the possibility of a hedgehog-like magnetic structure for the 
Ni compound, and of magnetoelastic excitations for the Co one.  
 

 
Figure 3: Single-crystal inelastic neutron scattering in GeNi2O4 measured on IN5 with λ=4.35 Å at 1.5 
K in the (hh0)-(00l) scattering plane, showing the anisotropy of the spinwaves. 
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