
ARTICLE IN PRESS
0921-4526/$ - se

doi:10.1016/j.ph

�Correspondi
nia, San Diego

Tel.: +1858 534

E-mail addre
1Present addr
Physica B 397 (2007) 95–98

www.elsevier.com/locate/physb
Neutron spin-echo on magnetic single crystals in the quantum limit

E. Blackburna,b,c,�, A. Hiessb, N. Bernhoeftd,1, M.C. Rheinstädterb, P. Fouquetb,
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Abstract

As interest in low-temperature physics increases, whether for the study of frustrated magnets or for quantum effects, neutron spin-echo

will become increasingly important, because of the high-energy resolution achievable. The behaviour of quasielastic scattering for low

temperatures relative to the energy scale of interest is investigated. In addition, we note that momentum-transfer selective magnetic

scattering may be susceptible to parasitic echoes in certain experimental configurations.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Studies of quantum systems and effects must often be
carried out at low temperatures. To investigate low energy
transfer ranges, one obvious technique is via neutron spin-
echo, and this is of interest in studies as diverse as low-
energy dynamics, quantum phase transitions and frustrated
magnets. One example is our recent study of the
quasielastic scattering in the antiferromagnetic-supercon-
ducting phase of UPd2Al3 [1]. Some other examples are
covered in the review by Ehlers [2]. In this paper, we discuss
two experimental aspects that were important in the
analysis of the data, and which may prove useful to other
workers in the field. The first issue is the spin-echo signal
when the energy scale of interest is not significantly smaller
than the sample temperature (subsequently called the
quantum limit). The second issue affects magnetic samples
when the neutron wavelength spread is limited.
e front matter r 2007 Elsevier B.V. All rights reserved.
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2. Neutron spin-echo at low temperatures

In a neutron spin-echo measurement, the measured
quantity is the polarisation at the detector for a given
Fourier (de-correlation) time t [3], given by the cosine
Fourier transform of the scattering function SðQ;oÞ, for
momentum transfer Q and energy transfer _o:

PNSEðtÞ ¼

R
k0

k
SðQ;oÞ cosðotÞdoR

k0

k
SðQ;oÞdo

, (1)

where k0 and k are the scattered and incident wavevectors.
It is well-known in neutron scattering [4] that SðQ;oÞ may
be written as

SðQ;oÞ /
w00ðQ;oÞ

1� exp � _o
kBT

� � , (2)

where w00ðQ;oÞ is the imaginary part of the response
function and the denominator is the detailed balance
factor. For quasielastic scattering, this may take the form

SðQ;oÞ /
G

G2 þ o2

o

1� exp � _o
kBT

� � , (3)
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where GðQÞ is the full-width half-maximum of the
quasielastic response in the energy domain (assumed here
to be smaller than the incident neutron energy). Mezei [3]
evaluated this in the classical limit kBTb_o, so that
ð1� e�_o=kBT Þ ! _o=kBT . In this limit PNSE ¼ e�Gt.

This result is pleasing as it links the energy-space
linewidth to the characteristic decay time directly. How-
ever, the definition of the classical limit is somewhat
problematic, as the (formal) integrals in Eq. (1) are over all
energies. In practice, the observable energy transfers are
limited by the incident neutron energy and the extent of w00.
We also note that at high-energy transfers, the approxima-
tions linking neutron time-of-flight to energy transfer may
break down, and the detector may function nonlinearly.

Below this limit, the energy lineshape is no longer
Lorentzian (Fig. 1) and so in the time domain the response
is no longer a simple exponential. The detailed balance
factor must be fully accounted for. In this regime, the
analytical form of

R
ðk0=kÞSðQ;oÞ cosðotÞdo is not ob-

vious. We have therefore used numerical methods to
calculate the observed PNSE for a typical spin-echo
measurement.

2.1. Calculation details

Calculations were made assuming that SðQ;oÞ had the
form given in Eq. (3). PNSE was then calculated by
numerical integration over an energy range of �10 to
þ3meV (þ3meV being a typical incident neutron energy
on the IN11 spectrometer at the Institut Laue-Langevin).
The cut-off at �10meV was chosen arbitrarily to be
significantly greater than the G in the given problem.
Increasing the cut-off makes no practical difference to the
curves calculated here for G ¼ 0:02meV. The integral was
calculated using a trapezoidal method with energy steps of
Fig. 1. Left: numerical integration of Eq. (1) for G ¼ 0:02meV (0.23K) at

a range of temperatures with incident energy 3meV, as compared to the

appropriate simple exponential. Below 0.02K, there is no observable

change in PNSE. Right: ðk0=kÞSðQ;oÞ from Eq. (3) as a function of energy

transfer with G ¼ 0:02meV. The line o ¼ 0 is marked. Note the shift in

peak position.
size (0.0001meV). For comparison purposes, SðQ;oÞ is
also shown in Fig. 1 calculated using the same parameters.
The choice of G determines the time window of interest.
Fig. 1 shows the temperature dependence of PNSE with G
fixed at 0.02meV. Even at the highest temperatures, the
calculated curve does not agree completely with the simple
exponential at small Fourier times, as expected when one
considers that SðQ;oÞ is never completely Lorentzian in
form.
Below the high-temperature limit, the curve-shape

changes markedly, although all of the dynamics disappear
at the same Fourier time. Even at 2K, which might be
considered a ‘high’ temperature for dynamics with a
characteristic energy of 0:02meV ð¼ 0:23KÞ, there is some
deviation from the simple exponential.
Changing G shifts the curve in the time-domain, and

moves the limit between the classical and quantum regimes.
The shape of the curve is then dependent on the position of
the temperature on this scale. We have found that the
system is classical for temperatures two orders of
magnitude greater than the system energy scale. Conver-
sely, the time response does not change for temperatures
lower than one order of magnitude below the energy scale.
At the lowest temperatures, the curve is negative at

times, corresponding to a p phase flip. This is brought
about by oscillations, also seen at smaller Fourier times,
which are thought to be related to the shift away from
0meV of the quasielastic peak in the quantum limit [3].

3. Parasitic echoes from magnetic samples

3.1. Observation

In a spin-echo measurement, an oscillation with a
particular period is obtained by altering the magnetic field
integral, written as DB, through which the neutron spin
precesses, in prescribed steps. The oscillation’s periodicity
is fixed by the step size chosen for DB. In Ref. [1] an
unexpected second modulation was seen in echo groups
measured at echo times o36 ps (see Fig. 2). This additional
wavelength is approximately half that of the ordinary echo
group, and the intensity varies strongly with the echo time
(Fig. 3b). The presence of this second modulation distorts
data gathered by the usual 4-point method, but this
problem is easily detected if several periods of an
echogroup are measured (Fig. 3a).

3.2. Explanation

In paramagnetic neutron spin-echo the neutron polar-
isation component parallel to the scattering vector is
flipped at the sample (Fig. 4a), and can be broken down
into a component that is effectively p flipped and a part
that is anti-parallel relative to the incident polarisation.
The p flipped part unwinds in the scattered arm of the
spectrometer to give an echo group at the detector as
the field integral is changed. The other part does not meet
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Fig. 2. Sample echo groups measured in a single crystal of UPd2Al3 at the

magnetic Bragg peak (0 0 0.5), on IN11 (ILL). The coil current

corresponds to a change in DB. Each point was measured for 5 s, and

then normalised to 1 s. Error bars are smaller than the point size. The x-

axis is calibrated for the particular Fourier time to give �3 periods in 45

points: (a) is an echo group measured at 78 ps (one sine wave); and (b) is

an echo group measured at 4.7 ps (two sine waves).

Fig. 3. (a) The momentum and time-dependent intermediate scattering

function IðQ0; tÞ, normalised to IðQ0; 0Þ, of a magnetic Bragg peak in

UPd2Al3 as a function of Fourier time at 50mK using the 4-point echo

method (open circles) and the multiple-period echo method with the

spurious modulation ignored (closed circles). (b) The intensity in counts

per second of the second modulation, observed at the magnetic Bragg

peak position (0 0 0.5) as a function of Fourier time. The line is described

in the text.

B1 = Bfixed + (ΔB1 + ΔB2)

B2 = Bfixed + ΔB1

Δϕ1 ∝ (ΔB1 + ΔB2) Δϕ ∝ (ΔB1 - ΔB2) 

B2 = Bfixed - ΔB2

B1 = Bfixed
sample

y y y

x x x

Pincident Config. 1 Config. 2

Pextra
Pflipped

Psample

detector

Fig. 4. The upper part shows two spectrometer configurations; DB

indicates that the magnetic field integral along arms ð1; 2Þ is changed

during a measurement: (a) the neutron polarisation precession plane ðykQÞ

as seen at the sample. (b) and (c) are the precession plane at the detector

for the two different configurations. The grey cones indicate the spread in

Pextra at the detector.
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the echo condition and is washed out if the frequency
distribution of the scattered beam is large enough.
If the scattered beam is tightly monochromated, as from

a Bragg peak, or if the detector is set to select a narrow
frequency band, the spread of precession angles is limited
and the un-flipped portion reaches the detector with an
overall non-zero polarisation (see Fig. 4). In the extreme
case, the frequency band is a delta function and hence there
is a fixed precession angle for a given field integral. This un-
flipped portion may vary as the field integral is changed,
giving rise to a modulation in the observed signal. In
Config. 1 (Fig. 4), this modulation is the same as that of the
p-flipped portion of the scattered polarisation. In Config. 2,
if DB1 ¼ DB2 there is no variation, but if the field integral
variation is different in the two arms, a second periodicity
appears in the echogroup. In our experiment, IN11 was
operated in Config. 1 for tX36 ps, and in Config. 2 for
to36 ps, with DB1 ¼ 2:5DB2, explaining the sudden dis-
appearance of the second periodicity on changing the setup
(Fig. 3b). The ratio of the two observed periodicities
ðDB1 � DB2=DB1 þ DB2) is 0.429, as compared to the
experimentally observed value, 0.43.
The amplitude of this second periodicity is determined

by the spread of precession angles at the detector. If the
distribution is a d-function, the second periodicity will have
the same amplitude as the expected signal. If the spread of
precession angles, Df, is smaller than 2p, the amplitude will
vary as the absolute value of

R
cosðfÞDðfÞdf, where DðfÞ

is the neutron wavelength profile translated into the
precession angle domain and centered about f ¼ 0. As
the precession angle profile precesses around the circle in
the experiment, this centering is necessary to assess the
polarisation change correctly.
The line in Fig. 3b was obtained assuming a top hat

profile for the neutron wavelength distribution. Its width is
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the only fitting parameter. The wavelength used was 5.52 Å
(as determined from the 2y angle of the magnetic Bragg
peaks), leaving a vertical scaling factor. The wavelength
spread for the line in Fig. 3 is 0:068� 0:001

˚̊
A (as compared

to 0:08 Å estimated from the Bragg peak width). This
wavelength spread determines the position of the mini-
mum, and corresponds to complete cancellation when the
range of precession angles at the detector is close to 2p. The
intensity increase observed cannot be reproduced if an
extensive neutron wavelength profile (e.g. Lorentzian or
Gaussian wavelength profile) is used. Instead, the peaks in
the intensity dependence are smoothed out as the range of
precession angles covered is larger.

This effect arises when the field integral is varied
unequally on the incident and scattered arms when
studying a magnetic signal, and the effect is most
pronounced if the velocity distribution is restricted. It
may be signalled by an apparent IðQ; tÞ=IðQ; 0Þ41 when
using the 4-point measurement method. If one wishes to
use this technique, it is therefore advisable to make sure
that the field integral changes are equally balanced on both
arms.
4. Conclusions

The effects of operating in the quantum limit on neutron
spin-echo measurements have been explored for quasielas-
tic scattering. This method may also be applied to inelastic
scattering as well. The existence of parasitic echoes from
magnetic samples is also accounted for and a way to avoid
these echoes is described.
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