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We demonstrate the performance of a compact neutron guide module which boosts the intensity in
inelastic neutron scattering experiments by approximately a factor of 40. The module consists of
two housings containing truly curved elliptic focussing guide elements, positioned before and after
the sample. The advantage of the module lies in the ease with which it may be reproducibly
mounted on a spectrometer within a few hours, on the same timescale as conventional sample
environments. It is particularly well suited for samples with a volume of a few mm®, thus enabling
the investigation of materials which to date would have been considered prohibitively small or
samples exposed to extreme environments, where there are space constraints. We benchmark the
excellent performance of the module by measurements of the structural and magnetic excitations in
single crystals of model systems. In particular, we report the phonon dispersion in the simple
element lead. We also determine the magnon dispersion in the spinel ZnCr,Se, (V = 12.5 mm3),
where strong magnetic diffuse scattering at low temperatures evolves into distinct helical order.

© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938503]

Inelastic neutron scattering from single crystals using
triple-axis or time-of-flight spectroscopy is an extremely
powerful technique for studying excitations in condensed
matter systems, often on energy scales inaccessible via other
methods. However, due to the weak nature of the interaction
between the neutron and the material of interest, typically
large samples of roughly 1cm® are required. The ever
increasing complexity of the compounds makes sample size
a big concern, as it is often difficult to produce large homo-
geneous single crystals. An additional restriction may be
imposed by extreme sample environments such as pressure
or magnetic fields, which can often only be applied to small
sample volumes. To overcome the resulting small scattering
intensity, it is very important to enhance the flux at the sam-
ple position and decrease the background to maintain an
acceptable signal to noise ratio.

In conventional triple-axis spectroscopy, the flux at the
sample is enhanced by using doubly focussing monochroma-
tors and analyzers.' Here, the beam is focussed by a large
number of mosaic crystals yielding a beam of typically 20
x 20mm? at the sample position, limited by the size of the
individual monochromator crystals. However, for small sam-
ples of a few mm® and under extreme conditions, the signal
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to noise ratio of the scattered neutrons is reduced due to scat-
tering from the sample environment. Even when using aper-
tures, the neighbourhood of the sample is usually illuminated
by the penumbra of the beam.

The use of neutron guides is now widespread. Major
developments include the use of supermirror guides,” the vir-
tual source concept,’ or the aforementioned focussing mono-
chromator and analyser arrays. However, these systems are
typically intended as semipermanent installations. In this let-
ter, we report the application of a cost effective turnkey
focussing guide module, which may be reliably installed
within hours, tailoring the neutron optics to the experiment
at hand for inelastic neutron scattering investigations (Fig.
1(a)). It has been previously applied by Adams et al. for neu-
tron diffraction studies of small single crystals.® The module
consists of two support arms moving on a flat table (GT)
around their center of rotation, where the sample (S) is
located. On each support arm, a housing (H1, H2) can be
placed wherein a focussing guide element (Gl, G2) is
aligned. The incoming arm is fixed to accept the neutrons
from the monochromator (M), while the outgoing arm col-
lects the scattered neutrons guiding them via the analyzer
(A) to the detector (D).

The initial alignment of the guides is accomplished opti-
cally, adjusting set screws at each end of the guide housings.

© 2015 AIP Publishing LLC
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FIG. 1. (a) Schematic of the guide system: two support arms moving on a
flat table (GT) around the sample (S). On each support arm, housings (HI,
H2) are placed containing focussing guide elements (G1, G2). The two arms
are aligned towards the monochromator (M) and analyzer (A), respectively.
(b) Simulation of the focal spot with McStas. The FWHM of the spot when
fitted with a Gaussian profile is 3.8 x 5.9 mm? (horizontal x vertical). (c)
Image of the focal spot made with the neutron camera. The measured
FWHM is 3.6 x 7.1 mm>. Divergence of neutrons in a 20 x 20 mm? area
around the focal spot, (d) with the full incoming divergence of the instru-
ment illuminating the guide entry, and (e) with the incoming divergence illu-
minating the guide entry restricted to 30'.

It only needs to be done once per housing and forms part of
the initial alignment of the spectrometer. Subsequently,
using kinematic mounts, the housings containing the aligned
guides can be reproducibly removed and replaced during an
experiment within minutes. A detailed description of the
kinematic mounts and the procedure of alignment, including
a discussion of spurious artifacts caused by improper align-
ment, is given by Adams et al.®

The experiments described in the following were per-
formed on MIRA” at the FRM-II in the triple axis mode of
operation, using cold neutrons with a fixed incident wave-
number k; = 1.4 Al (A~ 45 A). Due to the constraints of
the instrument, an operation in the constant-k; mode was not
possible. The neutron optics for the whole spectrometer plus
guides integrated system must be considered: The monochro-
mator and analyser arrays (both pyrolytic graphite) were flat.
The distance between the monochromator and guide en-
trance was 0.5 m.

Appl. Phys. Lett. 107, 253505 (2015)

The two identical focussing elements G1 and G2 are
part of the elliptic guide, which was used previously for
diffraction experiments.®® The elements are one quarter of a
full elliptic guide and are 500 mm long, while the two ends
have the dimensions 18 x 9mm? and 8 x 4mm? respec-
tively. To reduce the complexity of the setup, neither the
guides nor the housings were evacuated to reduce air scatter-
ing. The inner sides are coated with a supermirror with criti-
cal angle m = 3 times that of nickel. This sets an upper limit
for the incident and final neutron energies at about 10 meV.
The focal length as measured from the guide exit was
80 mm. While an ideal full elliptic geometry may be used to
create point like sources,” the shortened length described
adequately approximates a parabolic focussing geometry and
is much more compact. Nonetheless, by Liouville’s theorem,
the phase space volume of the neutron trajectories must be
conserved, leading to a more highly divergent beam.

To characterize the beam at the sample position, its
profile was measured with DELcam, a high-resolution neutron
camera developed at the FRM-II.'” The measured profile with
a full-width at half-maximum (FWHM) of 3.6 x 7.1 mm>
(horizontal x vertical (Fig. 1(c)) is reasonably well repro-
duced by simulations using the Monte-Carlo simulation pack-
age McStas,'" vyielding 3.8 x5.9mm? (Fig. 1(b)). The
difference can be attributed to the different coatings at the
sides (m = 1.2) and the top/bottom (m = 2.0) of the neutron
beamline guide NL6, which was not considered in the simula-
tion. The inhomogeneous divergence distribution at the sam-
ple due to the short length of the guides'? can be reduced by
allowing more incoming divergence at the guide entry (Figs.
1(d) and 1(e)). In comparison to the study of Adams et al.b
the entry of the first guide was placed much closer to the
monochromator to take advantage of this effect.

With the guides aligned and reproducibly mounted, we
set up the test sample, namely, a lead crystal of cubic shape
with the dimensions 2 x 2 x 2mm°, oriented in the (/ihl)
plane. Lead was chosen due to its simple phonon spectrum
and relatively large lattice constant (4.95 A). Thus, suffi-
ciently large scattering angles could be attained to access
nuclear Bragg positions. A comparison of rocking scans
measured at the (002) and (111) Bragg reflections demon-
strated an increase in width by a factor of two and of the inte-
grated intensity by a factor of three when compared with the
configuration without guides. The shape of the peaks was
still largely Gaussian. The gain for diffraction is expected to
be low because the Bragg condition restricts the accepted
divergence of the beam massively, essentially acting to colli-
mate the beam. No such constraint limits the gain observed
inelastically.

The measurements of transverse phonons around the
(200) and (111) zone centers (Figs. 2(a)-2(c)) demonstrate a
massive increase in the inelastically scattered neutrons of up
to a factor of G ~ 30 — 40, while the background increases
only by a factor of 2-5. Therefore, the signal-to-noise ratio
increases by a factor of 6-20. In future experiments, the
increased background will be addressed systematically, e.g.,
by better shielding of the immediate environment of the
guides, although it is expected that a large fraction of the
background originates from the sample itself, while the back-
ground produced by the sample environment is decreased

2€'€5:80 ¥202 Mdv 60



253505-3 Brandl et al.

Q= (2,-0.15,-0.15) Q=(2,-0.1,-0.1)

800} (b) ] R

sl G =423 ]

N
o
o

w
o
o

200 400 .

100

200 g

counts / 15 min (no guides)
counts / 6 min (with guides)

25 20 -5 -2.0 -1.5 -1.0
E (meV) E (meV)

Q=(1.1,0.9,0.9) Q = (1.05,1.05,1.05)

800 —
L (d)
G=119

_(.IOO
o

300

600
200

100 ?i R

0 L L L

20 -15 -1.0 -05 25 20 -15 -1.0
E (meV) E (meV)

400

200

counts / 15 min (no guides)
counts / 6 min (with guides)

FIG. 2. Comparison of the inelastic scattering from transverse and longitudi-
nal acoustic phonons in lead with (green circles) and without (red squares)
guides. The gain factor G (comparing the integrated intensities of the peaks)
is noted for each Q point. The number of counts for the configuration with-
out guides has been multiplied by 2.5 for better visibility. Note the efficient
focussing for transverse phonons.

due to the focussing of the beam. The intensity gains at the
detector result from the focussing of the incident neutron
beam onto the sample and from the improved collection of
the scattered neutrons by the second guide. A 15-fold gain of
neutron flux at the sample position agrees with the McStas
simulations performed for the sample size investigated. The
observed gains are also consistent with McStas simulations
of a parabolic m = 3 guide."*'* All constant Q-scans were
performed at room temperature on the neutron energy gain
side. In order to collect enough statistics for the measurements
without focussing, the measurement time was increased from
6 to 30 min per point. The observed phonon energies (see
Table I) are consistent with the measurements of Stedman
et al.”® and Furrer and Hilg,"® considering the temperature de-
pendence of the phonon frequencies.

Although the intensity for longitudinal acoustic phonons
is also increased when using the focussing guides, the spec-
trum is distorted (Fig. 2(d)). The reason is that the increased
divergence of the incident neutrons and the increased angle
of acceptance for the scattered neutrons lead to a very coarse
Q-resolution along Q and therefore to a sampling of phonons

TABLE 1. Results of the transverse phonon measurements in lead in the
(Okk) and (kkk) directions.

E, T (meV)

Q

Guides No guides Gain
(1.1,0.9,0.9) —1.14,0.10 —1.12,0.13 35
(2,-0.1,-0.1) —1.31,0.13 —1.33,0.10 42
(2,-0.15,-0.15) —2.01,0.12 —2.01,0.13 32
(2,-0.3,-0.3) —3.87,0.21 n.a. n.a.
(2,-0.5,-0.5) —6.61,0.19 n.a. n.a.

Appl. Phys. Lett. 107, 253505 (2015)

over an extended range AQ. In contrast, the Q-resolution
relevant for transverse phonons, i.e., perpendicular to Q, is
essentially unaffected.

The large gain factors for transverse phonons were repro-
duced at other Q-positions as well. The system turned out to
be essential, in particular, for phonons at higher energies,
which could not otherwise be measured without the focussing
guides. It is obvious that the focussing guides will be most
effective for measurements of optic phonons and phonons
near the zone boundary when the dispersion becomes flat and
the Q-resolution along Q becomes irrelevant.

Finally, we demonstrate the power of the focussing con-
figuration for the determination of the magnon spectrum of
the spinel ZnCr,Sey, a system where the limited size of the
available single crystals has prohibited inelastic neutron scat-
tering investigations till date. This compound is one of a rich
series with the composition ACrp X, (X = O, S, Se and A
= Zn, Mg, Cd, Hg), where the arrangement of the (S = 3/2)
Cr ions on a pyrochlore lattice or network of corner sharing
tetrahedra can in some cases lead to magnetic geometric
frustration.'” The frustration is further enhanced by the pres-
ence of competing antiferromagnetic and ferromagnetic
(FM) exchange and superexchange paths. As a function of
lattice constant, or equivalently as a function of Cr—Cr sepa-
ration, these compounds are characterized by Curie—Weiss
(CW) temperatures from —400 to 200K and, at low tempera-
tures, reveal either complex antiferromagnetism or ferromag-
netism.'® In the case of ZnCr,Se4, which is dominated by
strong FM interactions (evidenced by a Curie-Weiss temper-
ature of 90 K), a number of elastic neutron scattering studies
have been carried out to determine the magnetic struc-
ture.'”?" As the temperature is reduced, ZnCr,Se, develops
strong diffuse scattering around (J,0,0) with 6 = 0.44 and
finally undergoes a transition to an incommensurate AFM
helix state at Ty = 21 K, with a FM arrangement in the (100)
planes and a turning angle of 42° between planes. The or-
dered moment of the Cr ions is 1.9y, at low temperature.20
The compound ZnCr,Se, offers several advantages: the mag-
netic ordering is incommensurate, and thus, any magnetic
signal is clearly separated from nuclear scattering. In addi-
tion, the prevalence of diffuse scattering implies that fine O
resolution is unnecessary, and finally, the presence of FM
correlations allows us to examine the response around the
main beam near “forward scattering,” taking advantage of
the magnetic form factor.

The single crystal was prepared by solid-state reaction
from high purity elements in evacuated quartz ampoules.
The cuboidal sample shape has dimensions of 2 x 2.5
x 2.5mm°’. It was mounted in an (hll)-plane, and scans
were conducted at the transverse Q-positions (0.44,/1)
using neutrons with a constant k; = 1.22 A" and the focus-
sing setup. Shown in Fig. 3 are some of the resulting spectra
at 3.5K. A single dispersing excitation is visible, which
becomes quickly broader with increasing ¢, where ¢ is
measured with respect to the (0.44,0,0) peak of the helix.
Similar scans taken at 7 = 60K, well above the regime of
diffuse scattering, do not show any well defined excitation
peaks.

To extract a magnon dispersion, we fitted the scans with
a damped harmonic oscillator function of the form

2€:€G:80 ¥202 IudY 60
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FIG. 3. Inelastic constant-Q scans of ZnCr,Se, measured at T = 3.5 K at dif-
ferent transverse Q positions relative to the magnetic Bragg peak (0.44, 0,
0). The inset shows the energy position of the excitations extracted from the
spectra, when fitted with the model of a damped harmonic oscillator. The
green line shows the best fit for the assumed dispersion relation
E,=A+Dg* withA=0.2meV and D = 8.8 meVA2.

r

S(%E) = [0<H(E)> (E(ZI 7E2)2 T FZEZ'

Here, I, is a normalization constant, I" the linewidth of the
excitation, and (n(E)) the Bose factor for annihilation. The
incoherent scattering at £ = 0 was taken into account by
adding a Gaussian with a FWHM representing the instru-
mental energy resolution of 76 peV at the elastic line, deter-
mined from the incoherent scattering of vanadium. Note that
in the absence of the focussing guides, the energy resolution
found using vanadium was the same.

The magnon energies follow a quadratic dispersion rela-
tion £, = A + qu, as shown in the inset of Fig. 3, with an
energy gap A = 0.2meV and D = 8.8 meVAZ. The latter
depends on the strength of the exchange interactions and is
proportional to the magnetic ordering temperature. These
results clearly demonstrate the dominance of the ferromag-
netic exchange and provide the energy scale of the ferromag-
netic coupling. Note that previous experiments without using
focussing guides did not have sufficient neutron flux at the
sample to distinguish any inelastic scattering from the instru-
mental background. A detailed description of the magnetic
response of ZnCr,Se, will appear elsewhere.

In conclusion, we have developed a compact neutron
guide module for inelastic neutron scattering, which can
be quickly installed at existing beamlines, allowing the
measurement of excitations and diffusion processes from
samples with a size of a few mm®. It is straightforward to
achieve gains in intensity of the order of 40. Using more
advanced supermirrors with m-values of the order of 8 will
increase the gains even further and make focussing techni-
ques applicable for neutrons with much lower wavelengths
down to 1 A>"?2 Most beneficial will be the use of the

Appl. Phys. Lett. 107, 253505 (2015)

focussing module in combination with extreme sample envi-
ronments, such as pressure cells, where the background can
be massively reduced while increasing the signal from the
sample. Alternatively, together with polarizing guide coat-
ings, studies with polarized neutrons are possible without the
need for additional polarizers. In combination with the mini-
aturized SNP (Spherical Neutron Polarimetry) device devel-
oped by Kindervater et al.,** this could be a powerful tool
for polarized neutron studies on small samples. This cost-
effective technique allowed us to probe the excitations in a
~70mg magnetic system with a modest spin only magnetic
moment of 3.87ug in the paramagnetic state. It establishes
proof of principle and opens up a broad range of scientific
investigations using a Q resolved probe.
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