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Neutron inelastic scattering investigation of the magnetic excitations in Cu,Te, 05X, (X=Br,Cl)
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Neutron inelastic scattering investigations have been performed on the spin tetrahedral system Cu,Te,O05X,
(X=CI,Br). We report the observation of magnetic excitations with a dispersive component in both com-
pounds, associated with the three-dimensional incommensurate magnetic order that develops below Tgl
=18.2 K and T‘f,"z 11.4 K. The excitation in Cu,Te,05Cl, softens as the temperature approaches Tﬁl, leaving
diffuse quasi-elastic scattering above the transition temperature. In the bromide, the excitations are present well
above T,lf,’, which might be attributed to the presence of a degree of low dimensional correlations above Tf,’ in

this compound.
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The low-lying excitations in spin triangular or tetrahedral
lattice systems often lead to exotic magnetic behavior. Re-
cently, the spin tetrahedral compounds Cu,Te,05X, (X=Br
or Cl) have attracted particular attention. These isostructural
copper tellurates show intriguing ground state properties,
with these magnetic compounds reportedly lying close to a
quantum critical point.""? Previously, anomalies have been
observed in the temperature dependence of magnetization
and heat capacity measurements'? at 7§'=18.2 K and T5"
=11.4 K for the Cl and Br compounds, respectively. Recent
neutron diffraction studies* have revealed that these transi-
tions correspond to the onset of a similar incommensurate
magnetic order. Interestingly, the magnetization of both com-
pounds also shows a pronounced maxima [at Ty max~23 K
(X=CI) and 30 K (X=Br)] followed by a strong reduction at
low temperatures, which has been attributed to the presence
of a singlet-triplet spin gap.>! This might suggest the pos-
sible coexistence of long range order with a singlet ground
state. It is clear that there is a complicated interplay between
the localized intra-tetrahedral interactions, which support
spin-gapped behavior, and the inter-tetrahedral coupling that
allows magnetic order to develop. The true nature of the
ground state in these systems remains a question for further
elaboration.

The Cu,Te,05X, structure may be described in terms of
Cu,OgX, tetrahedral clusters, with four spin-1/2 Cu* ions
situated at the vertices of the tetrahedra (see Fig. 1). The
clusters form a chain-like arrangement along the c¢ axis, sepa-
rated from each other by Te and O atoms, with ~3% larger
inter-chain separation for X=Br than for X=Cl. One can
model the magnetic structure of Cu,Te,0O5X, as isolated tet-
rahedra by neglecting the inter-tetrahedral coupling and con-
sidering only nearest neighbor (J;) and next nearest neighbor
(J,) interactions, see Fig. 1. The ground state of this model
consists either of two singlet dimers or a quadrumer singlet
involving all four Cu atoms, depending on the relative
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strength of J; and J,. A good fit to magnetization data’ gives
J1=J,, in which case the system has a nonmagnetic singlet
ground state, an excited triplet state, and a singlet-triplet spin
gap of magnitude J,=J,=J~43 and 38.5 K for X=Br and
Cl, respectively. Despite the good fit, the validity of the in-
dependent tetrahedral model for this system has since been
investigated, with further theoretical treatments>>~'° looking
at various inter-tetrahedral coupling configurations. Both
Valenti et al.” and Whangbo et al.'® argue that the interclus-
ter super-superexchange paths Cu-X--X-Cu along the (110)
direction and the (100) and (010) directions (denoted J,, and
J),, respectively, in Fig. 1) are significant. Further work®!!
suggests the importance of antisymmetric Dzyaloshinsky-
Moriya (DM) spin-spin interactions, which in a tetrahedral

FIG. 1. Cu®* ions are located at the vertices of Cu,OgX, tetra-
hedra (O and X atoms not shown). The spin tetrahedra align in
chains along the ¢ axis. Four exchange interaction paths are indi-
cated; J; and J, are intra-tetrahedral while J, and J, are
inter-tetrahedral.
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FIG. 2. (Color online) 2D map of the scattering intensity of (a)
Cu,Te,05Br, and (b) Cu,Te,05Cl, as a function of energy transfer
(fw) and momentum transfer (|Q|), obtained at 8 K, with incident
energy 17 meV. The gray (color) scale denotes the scattering inten-
sity (S(|Q|,%w), arb. units). These data were taken on MARI, and
have not been corrected for phonon or multiple scattering.

system can induce weak antiferromagnetic order from a sin-
glet background. Experimentally, the excitation spectra of
Cu,Te,0sBr, has been probed by Raman spectroscopy,? re-
vealing evidence of both singlet-triplet and singlet-singlet
excitations as well as the observation of a longitudinal mag-
non. However, without further experimental evidence it re-
mains difficult to ascertain which exchange coupling con-
figuration most closely describes Cu,Te,OsBr, and
Cu,Te,05Cl,. In particular, in order to understand the nature
and origin of the magnetic behavior in this system, it is im-
portant to measure the energy-momentum dispersion relation
of the magnetic excitations. The experimental tool for doing
this is neutron inelastic scattering (NIS), where the disper-
sion of the excitations and their intensity give information
about the possible interactions and their relative strengths. In
this paper we present NIS and neutron diffraction results
from polycrystalline samples of both Cu,Te,OsCl, and
Cu2Te205Br2.

Polycrystalline samples of Cu,Te,05X, (X=Br,Cl) were
prepared using the method described by Johnsson et al.’.
Magnetic susceptibility measurements were performed using
a Quantum Design superconducting quantum interference
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FIG. 3. Scattering intensity of Cu,Te,OsBr, and Cu,Te,05Cl,
as a function of momentum transfer, with phonon and multiple scat-
tering corrections applied to the data. The data were taken over an
energy range 3—7 meV, at T=8 K. The solid line represents the
square of the Cu?* magnetic form factor (see Ref. 13), and the inset

shows the raw data without corrections for phonon and multiple
scattering. These data were taken on the MARI spectrometer, ISIS.

device (SQUID) magnetometer, displaying an identical tem-
perature behavior to that reported previously in the
literature.! Small impurity-related Curie tails are present at
low temperatures (below ~5 K) corresponding to 0.2% and
0.6% of free Cu?* impurity in the X=Br and X=Cl samples,
respectively. NIS measurements were carried out at the HET
and MARI time of flight chopper spectrometers at the ISIS
pulsed neutron facility, Rutherford Appleton Laboratory, UK.
In addition, neutron diffraction measurements on the same
polycrystalline samples were performed on the high flux D20
diffractometer at the Institut Laue-Langevin (ILL) reactor,
France, using a neutron wavelength of A\=2.4 A.

Figures 2(a) and 2(b) are two-dimensional (2D) plots of
the raw neutron scattering data at 8 K with an incident en-
ergy of E;=17 meV for Cu,Te,0O5Br, and Cu,Te,05Cl,, re-
spectively. The elastic line contains Bragg peaks, which can
all be indexed on the basis of the crystal structure of
Cu,Te,0s5X,. Due to the polycrystalline nature of the
samples, the scattering function S (|Q ,hw) in these measure-
ments is the powder average of the spin-spin correlation
function S(Q,%w), and is not sensitive to directions in mo-
mentum space. In our data, S(|Q|,%®) shows a clear band of
strong intensity centred about an energy of approximately
5.5 and 6 meV for X=Br and X=ClI, respectively. The mag-
netic character of these peaks in S(|Q|,%w) is seen from the
decreasing intensity with increasing momentum transfer in
the low |Q| region (|Q|<3 A~'). This is more clearly illus-
trated in Fig. 3, which depicts S(|Q|,%®) versus momentum
transfer taken for the energy transfer range 3—7 meV. It is
clear from Figs. 2(a), 2(b), and 3 that the bands of intensity
centered at ~5.5 meV (X=Br) and ~6 meV (X=Cl) extend
into the high |Q| region, where one expects vanishing inten-
sity of the magnetic excitation in both compounds due to the
magnetic form factor. At |Q|=3 A~! the Cu>* form factor is
~46% of its value at |Q|=0.5 A~!, and by |Q|=5 A" it is
~14%. However, in our data the scattering intensity levels
off to an almost constant value between 2 A~'<|Q|
<3 A~! and begins to increase above |Q|~3 A~!. This in-
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FIG. 4. (Color online) 2D map of the scattering intensity of (a)
Cu,Te,05Br, and (b) Cu,Te,05Cl, with corrections made for pho-
non and multiple scattering. These data were taken on the MARI
spectrometer, ISIS.

dicates the dominance of vibrational modes above ~4 A~
(where a second phonon mode at ~9.5 meV is also present
in both samples). On this basis, we have assumed a purely
vibrational contribution to the inelastic scattering detected in
the high |Q| detector bank, and from this we have calculated
the phonon contribution as well as multiple scattering con-
tribution as a function of |Q| and % using the DISCUS simu-
lation program.'> We have subtracted the phonon and mul-
tiple scattering contributions in order to obtain a purely
magnetic response from our data, shown in Figs. 4(a) and
4(b) as 2D plots of S(|Q|,%w). Figure 3 shows S(|Q|,%w)
versus momentum transfer for the corrected data, with the
Cu”* magnetic form factor'? also displayed (solid line). For
both samples the |Q| dependence of the scattering above
~1.5 A~lis close to that expected from the Cu?* form factor,
but at low |Q| (<1.5 A~") the scattering intensity shows a
clear deviation from the single-ion Cu?* form factor, particu-
larly in the bromide. This suggests that there is a structure
factor effect in addition to the form factor, which arises from
a larger sized scattering entity, the nature of which (e.g.,
tetrahedral or square planar arrangement of Cu”* ions) de-
pends upon the relative strength of the exchange interactions
present. The presence of larger scattering entities would
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FIG. 5. Elastic neutron scattering of Cu,Te,0sX, (X=Br,Cl),
measured at the high flux D20 diffractometer, ILL. This is a differ-
ence plot, showing the high temperature scattering intensity (7
=25 K) subtracted from the low temperature scattering intensity
(T=2 K) as a function of momentum transfer.

manifest itself in the superposition of |Q|-dependent oscilla-
tions about the single-ion form factor. This would be most
dominant at low |Q| and dampen with increasing |Q|. The
large increase in intensity at low |Q| for the bromide may
suggest the dominance of inter-tetrahedral exchange interac-
tions on the length scale of J, and J,, (see Fig. 1).

Figure 5 shows results from neutron diffraction measure-
ments of polycrystalline Cu,Te,05X, (X=Cl,Br), depicting
the difference in the scattering intensity above (25 K) and
below (2 K) the transition temperature (S,x-S,sx) as a func-
tion of |Q|. The magnetic order in both systems is incom-
mensurate, with modulation vectors kP®'=(0.19,0.36,0.5)
and k®=(0.15,0.40,0.5) for X=Br and CI, respectively. The
ground state magnetic order below T is rather complicated,
and cannot be determined solely from polycrystalline mea-
surements. Single crystal measurements of the X=Cl sample
reported by Zaharko et al.* show the magnetic structure to
involve multiple helices, and the crystals to possess more
than one domain. Single crystal measurements of the X=Br
sample are required to fully understand its magnetic struc-
ture. However, we note that magnetic peaks arising from the
incommensurate magnetic order are observed at |Q|=0.63
and 0.77 A~! for X=Br, and |Q|=0.66 and 0.74 A~! for X
=Cl, respectively, as shown in Fig. 5. As we discuss later,
our NIS measurements on both compounds reveal a disper-
sive mode with the minimum energy occurring at the same
position in |Q| as these incommensurate Bragg peaks.

In the 2D plots for inelastic scattering of Cu,Te,0sX,
[Figs. 4(a) and 4(b)], two components to the magnetic exci-
tations are observed; a flat, constant energy (~5.5 meV for
X=Br and ~6 meV for X=Cl) component that falls in inten-
sity with increasing |Q| as previously discussed, and a nar-
row, dispersive band of intensity centered at |Q|~ 0.7 Alin
the energy range around 1-3 meV. The dispersive compo-
nent is particularly clear in the bromide, where it stretches
toward the magnetic Bragg peaks observed in elastic mea-
surements (see Fig. 5), suggesting that the dispersive excita-
tion is supported by the incommensurate magnetic order. The
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FIG. 6. Scattering intensity vs energy transfer for X=Br and Cl,
summed over the low angle detector bank (scattering angle 3°-13°,
which corresponds approximately to 0.5 A~'<|Q|<1.4 A1),
taken at 7=8 K. These data are not corrected for multiple and pho-
non scattering, however, the solid (dotted) line shows the contribu-
tion of the non-magnetic background for X=Br (X=Cl), as deter-
mined by the phonon and multiple scattering calculations. These
data were taken on the MARI spectrometer, ISIS.

dispersive component in the chloride is relatively weaker,
and there is a clear energy gap between the magnetic Bragg
peaks and the excitation.

The energy dependence of the magnetic peak in each
compound at 7=8 K are shown in Fig. 6, which is an
S(|Q|.,%w) vs fiw plot of the raw data (not corrected for
phonon and multiple scattering), summed over the low angle
detector bank (scattering angle 3°-13°). The corresponding
|Q| range of the summation is energy dependent but does not
vary significantly over the energy range of interest, and is
approximately 0.5 A~'<|Q|<1.4 A=, Summing over an
entire detector bank rather than a fixed |Q| range enables us
to avoid problems with interpolation and extrapolation of the
data. The solid (dotted) line shows the non-magnetic back-
ground for the X=Br (X=Cl) sample, as determined by the
multiple scattering and phonon corrections discussed previ-
ously. We note that in this |Q| range the nonmagnetic contri-
bution to the overall scattering is very small. For both
samples the excitation has a width that is not resolution lim-
ited (the instrumental resolution is ~0.5 meV at 5 meV),
due either to dispersion or a lifetime effect. In the bromide
sample there is little structure in the excitation and only one
peak is resolved, which is Gaussian in shape to a reasonable
approximation. In contrast, the chloride excitation peak is
asymmetric, with a sharp fall on the high energy side, and
appears to be made up of constituent peaks.

Now let us look at the temperature dependence (at 8, 15,
20 K (or 25 K, X=Cl) and 50 K) of the S(|Q|.%w) vs fiw
data, shown for the Br and CI compounds in Figs. 7(a) and
7(b), respectively. The data shown are not corrected for pho-
non and multiple scattering, which only give a small contri-
bution in this low |Q| region (see Fig. 6). The two com-
pounds show a striking contrast in their temperature
dependence. First, for Cu,Te,O5Br, the integrated intensity
of the peak decreases smoothly with increasing temperature,
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FIG. 7. Scattering intensity vs energy transfer at 8, 15, and 50 K
for Cu,Te,O5Br, and Cu,Te,05Cl,. The data are summed over the
low angle detector bank (scattering angle 3°-13°, which corre-
sponds approximately to 0.5 A~'<|Q|<1.4 A~"). These data are
not corrected for phonon and multiple scattering, which give only a
small contribution to the overall scattering in this low |Q| region.
The data were collected on the MARI spectrometer at ISIS.

showing no change in lineshape across the transition tem-
perature Tf,"~ 11.4 K. Both the flat, constant energy compo-
nent and the dispersive component are present at all tempera-
tures, falling uniformly in intensity with increasing
temperature. A very different temperature dependence is ob-
served in the X=Cl compound, in which the center of mass
of the scattering moves to lower energy with increasing tem-
perature. Initially, a fall in the intensity of the 6 meV peak is
observed when the temperature increases from 8 to 15 K,
accompanied by an increase in the intensity around 2.5 meV.
However, above the transition temperature 7§ =18.2 K, the
inelastic structure is replaced by a quasi elastic line shape
from a diffusive response.

Our present work has investigated the nature of the mag-
netic excitations in the spin tetrahedral compounds
Cu,Te,05X, (X=Br,Cl). First, let us consider that the sys-
tem consists of independent tetrahedra of Cu®* ions. In this
model, the excitations are dispersionless, and the |Q| depen-
dence follows the structure factor of a single tetrahedron,
characterized by exchange couplings on intra-tetrahedral dis-
tances. In our data, the dispersionless component of the ex-
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citations centered at ~5.5 meV (X=Br) and 6 meV (X=Cl)
would correspond, in the isolated tetrahedral model, to
singlet-triplet spin gaps of Ag,=5.5 meV and Ar=6 meV.

If one takes inter-tetrahedral coupling into account, the
magnetic units of interest may no longer be tetrahedra but,
for example, isolated plaquettes such as the square planar
arrangement displayed in Fig. 1, which is mediated by ex-
change couplings that act over longer inter-tetrahedral dis-
tances. If these are non-interacting, they also give rise to
dispersionless excitations, but with a |Q| dependence arising
from the structure factor of an inter-tetrahedral exchange
configuration. The difference observed between the |Q| de-
pendence of the scattering functions for Cu,Te,OsBr, and
Cu,Te,05Cl, is indicative of different underlying exchange
configurations. In the bromide, the steep fall in scattering
intensity with increasing |Q| in the low |Q| region compared
to the Cu”* form factor suggests the importance of exchange
interactions on an inter-tetrahedral length scale. The presence
of inter-tetrahedral couplings also produces a splitting of the
energy states of the isolated tetrahedral model, thereby al-
lowing several excitation modes, and the presence of mul-
tiple peaks. As the relative population of the energy states
develops with temperature, so would the relative intensity of
the corresponding excitation peaks. In our data we are unable
to resolve multiple peaks, and are therefore unable to observe
an effect such as this.

In our data we see clear evidence of dispersive magnetic
excitations, which are associated with the magnetic Bragg
peaks that arise from the incommensurate order below T).
The dispersion of excitations in a conventional antiferromag-
net are approximately linear at the Brillouin zone (BZ) cen-
ter, but flatten off at the zone boundary. This behavior is
observed in the low |Q| region of our data (|Q|<1.5 A1),
but does not repeat itself periodically as we move to larger
|Q|. This is due to the fact that this is a polycrystalline mea-
surement in which the scattering intensity at a given |Q| is
the average intensity over a sphere of radius |Q| in reciprocal
space. At low |Q|, the scattering sphere encompasses only a
small number of BZs and therefore the strongly dispersive
center of the zone is sampled effectively. At large |Q| the
scattering intensity is averaged over a sphere covering many
BZs, and therefore approaches a density of states for the
magnetic excitations, which the flat component at the zone
boundary dominates. Therefore, in our data we see only the
flat component of the excitations at high |Q|, and the disper-
sive feature appears only at low |Q|. In order to fully under-
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stand the dispersive excitations in this system, single crystal
inelastic measurements are required.

The difference in the observed temperature dependence of
these two materials is particularly interesting. Cu,Te,05Cl,
shows a structural inelastic response below the magnetic or-
dering transition, Tﬁl, and a diffusive response corresponding
to short range correlations in the paramagnetic state.
Cu,Te,05Br, on the other hand, shows an unusual tempera-
ture dependence with respect to the transition at T%'. In fact,
the excitation spectra shows no significant change at T]Ef,’, but
continues to fall uniformly with increasing temperature,
similar to what might be expected from a two-level system
such as a simple singlet-triplet configuration. However, the
dispersive component of the excitation is present well above
Tf,’, and falls in intensity at the same rate as the flat compo-
nent with increasing temperature. A tendency of the system
to short range order, or the buildup of low dimensional order
well above Tﬁ’ may provide a mechanism by which the dis-
persive excitations are supported above 7%’ thus explaining
the temperature dependence observed in the bromide. This
may also explain the small anomaly observed in heat capac-
ity measurements’ at 7%, as the presence of low dimensional
correlations at higher temperatures results in less entropy be-
ing associated with the transition to three-dimensional (3D)
long range order. Despite the similarity of the incommensu-
rate magnetic order of these materials below Tgr’a, the na-
ture of their transition is markedly different, as supported by
heat capacity! and thermal conductivity'*!> measurements in
addition to the results presented here.

In conclusion, magnetic excitations with a dispersive
component have been directly observed in inelastic neutron
scattering measurements of the spin tetrahedral Cu,Te,OsBr,
(X=Br,Cl) materials. The chloride supports an excitation
spectra which softens toward the ordering temperature, while
the bromide shows an unusual temperature dependence indi-
cating the possibility of low dimensional and/or short range
correlations above Tg". We have shown that there are large
differences in the dynamic behavior of these two com-
pounds, despite the similarity of their static magnetic order
below Tf,”Cl. However, the possible scenarios will only be
tested reliably when large single crystal mosaics become
available, allowing a clear measurement of the dispersive
magnetic excitations to be preformed.
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