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Static and quasielastic properties of the spiral magnet Ba,CuGe,0; studied by neutron resonance
spin echo spectroscopy and neutron Larmor labeling

S. Miihlbauer,'-* J. Kindervater,2 and W. HauBler'-2
YHeinz Maier-Leibnitz Zentrum (MLZ), Technische Universitiit Miinchen, D-85748 Garching, Germany
2Physikdepartment, Technische Universitéiit Miinchen, D-85748 Garching, Germany
(Received 30 January 2015; revised manuscript received 28 October 2015; published 4 December 2015)

We provide a route to use elastic and quasielastic neutron spin echo spectroscopy (Larmor labeling) for a
unified approach to study both the static and dynamic properties of incommensurate magnetic structures with
small propagation vectors. The archetypal noncentrosymmetric spiral magnet Ba,CuGe, 07 serves as a model
system for our study. We show how Larmor labeling can efficiently decouple instrumental wavelength resolution
and effective—Q resolution and give high-precision access to the structural properties of the incommensurate

domains of Ba,CuGe,O.
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I. INTRODUCTION

The structural and dynamical properties of spiral magnetic
structures have raised a great deal of scientific interest in recent
years. Skyrmion states have been identified in increasing num-
ber in bulk materials [ 1-7] and on surfaces and interfaces [8,9],
indicating that they represent a general phenomenon not
limited to the B20 family. Also, the particularly strong
multiferroic properties of spiral magnets have been recognized
by theory [10,11] and confirmed by experiments [12—14].
In addition to the multiferroic and topological properties of
such materials, the phase transition into the spiral magnetic
phase may also be of special interest [15]. If critical magnetic
fluctuations soften at finite momentum transfer, they may
assume enough phase space to significantly alter the properties
of an otherwise second-order phase transition. This scenario,
predicted by Brazovskii [16] for incommensurate magnetic
structures in general, has recently been identified in the
archetypal helimagnet MnSi [17,18]. Exclusively based on
phase-space considerations, it is an interesting open question
whether it is also applicable to systems with lower dimension.

In this paper, we show via a textbook experiment how
neutron Larmor labeling on a neutron spin echo spectrometer
can be used for a high-precision measurement of both the static
and dynamic properties of incommensurate (spiral) magnetic
structures beyond the resolution of a typical neutron diffrac-
tometer or triple-axis instrument. The noncentrosymmetric
tetragonal antiferromagnet (AF) Ba,CuGe, O (P42,m) serves
as a typical model system for our study. Ba,CuGe,O7 shows
an incommensurate spiral magnetic structure, provided by
Dzyaloshinskii-Moryia (DM) [19,20] interaction. The basic
feature of Ba,CuGe, 05 is a square arrangement of Cu?* ions
in the (a,b) plane where nearest-neighbor AF exchange along
the diagonal of the (a,b) plane is the dominant magnetic
exchange. The coupling between adjacent planes is weakly
ferromagnetic, leading to an effectively two-dimensional
(2D) behavior. A schematic depiction of the unit cell of
Ba,CuGe, 07 together with the orientation of both DM vectors
D, and D, is given in Fig. 1 of Ref. [21]. Below Ty ~ 3.2K
and at zero magnetic field, neutron diffraction has established
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an incommensurate, almost AF cycloidal magnetic structure
in the (a,b) plane with £ = 0.0273. Four magnetic satellite
reflections indicative of two degenerate magnetic domains are
thus observed at (1 & &, + £,0), centered at the AF Néel point
(1,0,0) [21-26]. The phase transition from paramagnetism
to spiral long-range order is characterized by an interplay
of 2D physics and Brazovskii correlations [21,27]. In a
magnetic field, Ba,CuGe, 0O exhibits a multitude of different
incommensurate magnetic structures, which suggest weak
FM behavior and weak ferroelectricity [28]. For a detailed
description, we refer the reader to [21,26,29].

The structure of the paper is as follows: In the first part,
we theoretically consider the general case of elastic and
quasielastic neutron spin echo measurements from incommen-
surate helical, cycloidal, and elliptical magnetic structures.
As the resolution in é space of a typical neutron spin echo
spectrometer is limited by the velocity selector mostly used
on such instruments, we consider in particular the interference
effects that arise due to the overlap of multiple incommensurate
domains. A characteristic beating of the spin echo signal as a
function of precession field is expected by theory. This beating
allows us efficiently to decouple the instrumental wavelength
resolution and the effective-Q resolution, and it gives highly
precise access to the structural properties of incommensurate
domains. In the second part, we apply our theoretical findings
to the special case of the almost AF cycloids in Ba,CuGe, 07,
where we accurately confirm our theoretical approach via
our experiment on RESEDA operated by TUM at MLZ. We
finally focus on quasielastic measurements of the linewidth
of the diffraction peaks associated with the cycloidal spin
spiral of Ba,CuGe,0O;, where we find the first hints of a
broadening of the linewidth at Ty associated with the decay of
the cycloidal magnetic order upon crossing 7y, whereas below
Tx no dynamic processes are observed.

II. THEORY: SPIN ECHO AND SPIN ROTATION SIGNALS
FROM MULTIPLE SPIRAL MAGNETIC DOMAINS

In this section, we theoretically examine how elastic neu-
tron spin rotation (Larmor labeling) and quasielastic neutron
spin echo measurements can be utilized for high-precision
measurements of incommensurate magnetic structures with
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long wavelengths on an atomic scale. The hallmark of such
incommensurate magnetic structures is the existence of pairs
of satellite reflections (+k + G) with their propagation vector
k <« G and the AF or FM zone center G, respectively. Due
to the finite resolution in reciprocal space of any type of
standard diffractometer or triple-axis spectrometer, it can be
challenging to resolve these reflections. Therefore, we consider
in particular effects that arise due to the overlap of such
magnetic reflections.

A. Spin rotation signals from samples with a
spin-dependent cross section

In spin echo measurements, the incoming neutron beam
is polarized perpendicularly to the magnetic field direction
in the primary and secondary spectrometer arm before and
after the sample, respectively. Neutron spin precession takes
place depending on the magnetic-field integral values in these
regions, J; and J,. Note that for the following paragraphs,
we first consider only elastic scattering of the neutrons at the
sample, hence no inelastic or quasielastic effects are taken into
account.

We first focus on sample systems exhibiting a spin-
dependent scattering cross section, therefore acting as neutron
spin polarizers or analyzers of the scattered neutrons. For this
purpose, we consider a sample with a helical spin structure
such as the noncentrosymmetric helimagnet MnSi [30,31],
which polarizes the neutron beam along the propagation vector
of its helical spin structure. We assume a single domain state
of the sample for our considerations. We first restrict ourselves
to small values of J; and an arbitrarily large value of J, > J;.
Varying J; from zero to small values, the neutron spin phase
¢1 changes according to

P (1)
h/(my/A)
where y is the neutron gyromagnetic ratio and i /(m, /1) is
the velocity if a neutron with mass m,, and wavelength A.

The spin state is analyzed by the scattering process at the
sample, leading to an oscillation of the intensity / in the
scattered beam as a function of J;,

1(J1) = Io(1 + (cos ¢1)), @

with I = Iy(1 + p) and the mean intensity Iy. The angular
brackets denote the average over all neutron wavelengths
contained in the neutron beam. Panel (a) of Fig. 1 shows
the result theoretically expected of such a spin rotation
measurement. The scan parameter J; is determined by the
current value in the spin echo coils. Each J; step corresponds
to a distinct value of the spin phase, with the sample serving as
a spin analyzer. With increasing Ji, the intensity oscillates and
its envelope decreases until the oscillations are wiped out when
the spin phase of neutrons with different A differs significantly
more than 2. This characteristic signal is denoted as a spin
rotation group. The envelope of the spin rotation group is
given by the Fourier transform of the wavelength distribution
of the detected neutrons, and the frequency of the oscillations
is given by the wavelength of the scattered neutrons. In Fig. 1,
we assume a triangular distribution function of full width at
half-maximum (FWHM) (1%), as typically approximatively
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FIG. 1. (Color online) Panels (a)-(c) show the spin rotation
group, theoretically expected for samples with a spin-dependent
scattering cross section. For panel (a), a single helimagnetic domain
was considered. For panels (b) and (c), the spin rotation group is the
result of an overlap of two different helical domains with different
propagation vectors with similar sign [panel (a)] and opposite sign
[panel (c)]. Panel (d) shows spin echo for two overlapping magnetic
domains.

resulting from the incoming wavelength spectrum convoluted
with the mosaicity of a single crystalline sample and the
divergence of the neutron beam. The spin rotation group does
not depend on J, with J, > J;: If J, is sufficiently large,
the spin polarization created by the scattering process at the
sample is reduced to zero during precession in J, between the
sample and the spin analyzer in the secondary spectrometer
arm. Consequently, the impact of the spin analyzer after J,
restricts itself to halving the intensity of the scattered neutron
beam.
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It is worth noting that the limitation for the samples
with polarizing properties can be avoided by the installation
of an additional neutron polarizer after the sample region.
The results of the above calculations remain intact, thus our
considerations are valid for all incommensurate structures with
small propagation vectors in general. However, tight technical
restrictions apply to the neutron polarizer used for this purpose,
as the flight path of the neutrons must not be affected.

B. Spin rotation signals from multiple overlapping
incommensurate domains

As a second step, we now consider the general case of
S(é) showing fwo distinct narrow maxima. It is irrelevant
for our consideration if both satellite reflections represent two
different incommensurate domains with different propagation
vectors k| and k», or if they stem from a pair of incommensurate
satellites at (£k 4+ G). Multi-k single domain and multidomain
single k scenarios lead to identical results. Again, we assume
polarizing properties for both maxima. In this case, the sample
cuts out two distinct neutron wavelength and velocity bands,
respectively. As already introduced, we compute the expected
spin rotation group that results due to an overlap of both
spiral propagation vectors k; and k,. The envelope of the spin
rotation group is then determined by both the incoming neutron
spectrum and S(é), leading to

p(J1)=/ cosqb]a’)wl—/ cos prdA. 3)
y My
The existence of two different neutron velocities leads to
a characteristic interference pattern between the two spin
rotation groups, as shown in panel (b) of Fig. 1. In the case
in which both helical or spiral domains contribute to the
scattered intensity but with opposite polarization direction
caused by a different handedness of the magnetic structure,
the sign of one of the interfering components is reverted and
the envelope function of the spin rotation group starts at zero,
as shown in panel (c) of Fig. 1. In general, our case may
be extended straightforwardly to more than two overlapping
incommensurate satellite reflections.

C. Spin rotation signals from cycloidal magnetic domains

In this subsection, we consider in detail the signal
expected for incommensurate cycloidal domains as found

J

(1 — )e*™ + (+a)e~ik7

Scﬁ:( 0

The spin-dependent cross section follows as

(d—G(Q)) (1+a) (d—(’(—Q)) (1—a) (d—"@))
a ) U T g Lev T ae'?),

and

do do
(E(Q)>W = <E(Q)>dd =0. )
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in Ba;CuGe,07. Due to the selection rules for magnetic
neutron scattering, only the projection of the magnetization
1\2[ 1 on a plane perpendicular to the momentum transfer
Q contributes to the differential scattering cross section
do/dQ o< [(Wy ISM, |¥;) |2 with the neutron spin operator S.

We assume localized magnetic moments at the lattice
positions @, and we introduce the continuous function &
describing the direction of M L. Then the matrix element reads

2

Z_?Z o< | {87l / S Z d, (F)SF — Gj)elQ"dﬂsi) , @
where s; and s are the Jinitial and final spin functions, and the
integral over the spatial planar wave functions has been carried
out.

It is advantageous to choose the z axis of the Cartesian
coordinate system pointing parallel to the momentum transfer
Q. The direction of the cycloidal magnetic moments with
respect to Q is described by ® = T(cosk - 7,0, sink - 7),
where k is the propagation vector of the cycloidal spin structure
and « is the angle enclosed by the scattering plane and the
plane of spin rotation, rotated by T. k is enclosed in the plane
spanned by Q and the normal vector to the scattering plane.
It is instructive to consider two special cases: For a = 0, k is
parallel to Q and ®; = (cosk - 7,0,0). This corresponds just
to a cosine modulated scattering potential leading to scattering
without the creati_gn of polarization. Otherwise, if @ = 90°, k
is orthogonal to Q so that scattering is found at out-of-plane
positions above reciprocal-lattice vectors. In the general case,

cosk -7 cosk - 7
® = | sinasink-7 |, ®. = |sinasink-7 (5)
cosa sink - 0
and
. 0 0
k=T|0] = sina |. (6)
1 cos o

We hence find for these projected moments an effective
elliptical magnetic structure, which can be decomposed in
a circular helix and an amplitude modulation. Rewriting
a = sina with the real number a, the operator of the matrix
element of Eq. (4) reads

(N

(1 + @)el™ 4 (1 — a)ei’?f)
) .

do
o (1 —a)?, (—(-Q)) «(1+a)? (8
“ % . a4

u

(
The scattered neutrons are partly polarized with polariz-

ation p,,

(uu +du) — (ud +dd)  —2sina
uu+du+ud+dd ~— 1+sina?’

Pa 10)
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In analogy to samples with a circular helix and consequently
a complete polarization of the neutron beam, a cycloidal spin
spiral leads—in most cases—to a partial polarization of the
scattered neutrons. This depends of course on the relative
orientation of the momentum transfer Q, the propagation
vectors k, and the plane of spin rotation. We hence expect a
spin rotation and spin echo signal with a cosine beating similar
to a helical sample, however with reduced amplitude of the
oscillations. The considerations made above for overlapping
multiple domains remain valid of course.

D. Spin echo signal from two overlapping incommensurate
domains

We have already introduced the idea that with a sufficiently
broad wavelength distribution, a relaxed detector resolution
and beam collimation, and finally a finite magnetic mosaic,
the intensity scattered from both satellite reflections S(Q) =
8((2 —+ 1?) + 8((2 - l;) reaches the detector. This was shown
to lead to an expression for the intensity of the neutron spin
rotation signal,

18.0)) = §<2+pr cos B, [.(kn)]dA

ki

+p / coscbl[x(kz)]dx), (11)
ko

with the mean scattered intensity 7 and the polarization p,
as defined in the preceding subsection. Due to the neutron
wavelength spread of scattered neutrons from real magnetic
domains of a certain width in k, the envelope of spin rotation
groups was found to decrease with increasing J; until it is
wiped out above a certain threshold value of J;. Depending on
the phase of the neutrons and due to the polarizing properties
of the sample, the probability of scattering varies between 0
and 1. Only the neutrons scattered at the sample enter the
second precession region J,. The spin echo group results from
precession and backprecession of these neutrons in both flight
paths before the sample and after the sample, respectively.
The neutron intensity behind the spin analyzer before the
detector thus depends on both field integrals. In our spin echo
experiment, the neutron intensity / (Q,AJ ) is measured by
a variation of J; = J, + AJ in the vicinity of the spin echo
point. We find for the intensity
> 1
I(Q,J]) = 5(2 + D1 \/k Cos (q)l — @2)d)\.
1

+P2/ cos(d; — Cbz)d)»), (12)
ka

where p; and p, denote the partial recovery of the initial
polarization due to quasielastic scattering. As the wavelength
shift caused by quasielastic scattering is small compared to
the wavelength band from the sample, cosine oscillations with
the same envelope as for the spin rotation group are observed.
Finally, if both domains exhibit the same dynamical behavior
and accept the same wavelength band, we find for the spin
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echo signal

- 1 YAAJ
1(Q,J) = 5{2+p(J)[/ cos< A )f(/\—kl)dk
ki /m

+ / cos (”MJ>f(A - Az)dk] } (13)
ky h/m

A typical spin echo curve is visualized in panel (d) of Fig. 1.
It is important to note that in contrast to the spin rotation
group, no clear prediction on the symmetry of the envelope
function of the cosine oscillations can be made based on
the polarization direction of the overlapping domains. This
is caused by differences of the spin phase between neutrons
scattered in slightly different scattering angles moving on
slightly different trajectories [32], which are in turn caused
by the finite collimation of the beam and the finite mosaicity
of the sample.

To conclude, we have computed the interference effects
that arise in the spin rotation group and spin echo group due to
the presence of multiple incommensurate satellite reflections
with polarizing properties. We showed how these interference
effects can be utilized straightforwardly for a highest precision
measurement of the structural magnetic properties of the
sample. This method is denoted neutron Larmor labeling.
Again, as in the first part of this section, similar results could
be obtained using a polarizer after the sample region instead
of samples with polarizing properties.

Note that up to now we have considered quasielastic
effects only by introducing the constants p; and p,, which
denote the recovery of the quasielastic polarization. For a
measurement of the quasielastic linewidth, the spin echo is
recorded for different values of J; and J, = J, + AJ, hence
different spin echo times t. The decay of the spin echo signal
for increasing 7 is either normalized to the same sample
at very low temperature, where no quasielastic broadening
is expected, or to a different sample with known strictly
elastic properties such as graphite or vanadium. The decay
is then fitted to an exponential decay with the characteristic
quasielastic linewidth I

III. STATIC AND QUASIELASTIC PROPERTIES OF THE
CYCLOIDAL MAGNETIC STRUCTURE OF Ba,CuGe,0,

A. Experimental methods

We apply our findings to the special case of Ba,CuGe,0;
and compare the results of the theoretical considerations to
our experiment on the neutron resonance spin echo spec-
trometer RESEDA. For this purpose, a single crystal with
a diameter of ~5 mm and a length of ~19 mm has been
used. This crystal has already been utilized in several neutron
diffraction experiments; a detailed description of the growth
and annealing process of the sample is given in Ref. [21].
The sample has been mounted with the (0, — 1,0) crystalline
direction vertical and then cooled by a closed cycle refrigerator
with a third additional 1.5 K stage. Measurements have been
taken in a temperature range between 1.65 and 4 K with a
temperature stability of £0.002 K. A sketch of the reciprocal
space is shown in Fig. 2(a), where the area shaded in green
represents the instrumental resolution. RESEDA was used with
a neutron wavelength of A = 5.34 A, monochromatized by an
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instrumental
s _resolution

FIG. 2. (Color online) (a) Schematic depiction of the experimen-
tal setup with the (0, — 1,0) axis vertical. The momentum transfer
Q is aligned almost parallel to (1,0,0) along (1 &, +£,0). The
instrumental resolution is given by the shaded green ellipsoid.
(b) Iustration of the almost antiferromagnetic cycloidal magnetic
structure of Ba,CuGe,O;. Shown is the domain with its propagation
vector k» along (—1, — 1,0). Panel (c) depicts both cycloidal magnetic
domains of Ba,CuGe,O; with propagation vectors (1, — 1,0) inred
and blue, respectively. For clarity, only one sublattice is drawn. Both
domains are related by the symmetry operation 4. In addition, we
show the projection of the staggered moments perpendicular to the
momentum transfer Q in light red and blue with effective propagation
vectors k? L and k; 0.

ASTRIUM mechanical velocity selector with a wavelength
spread of 16%. A beam collimation of 30 mm and the length
of the spectrometer arms of 3.95 m lead to a geometrical
resolution of 0.51°. The sample has been aligned using strong
nuclear (2,0,0) reflections.

The hallmark of the almost AF cycloidal magnetic structure
of Ba,CuGe;0; [cf. panel (b) of Fig. 2] is four incom-
mensurate satellite reflections at (1 & &, £ £,0) centered at
the Néel point. The two magnetic domains are denoted
ki=0=xé& F£,0) and k, = (1 F &, ££,0). Typical scans
of the sample around the (1,0,0) peak position are shown in
Fig. 3, illustrating the overlap of two pairs of incommensurate
satellite reflections. In the case of Ba,CuGe, 07, two satellite
reflections of different domains overlap. Panel (a) shows a
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FIG. 3. (Color online) (a) Transverse Q scan along (1,0 + k,0)
showing two peaks associated with the incommensurate satellite
peaks at (1 £&, —£,0) and (1 £ &, + £,0). (b) Longitudinal Q scan
along (%,0,0) for different goniometer angles. Here, both incommen-
surate satellites at (1 =&, — £,0) and (1 £ &, + £,0) overlap due to
the coarse instrumental resolution. The dotted line indicates both
incommensurate satellites.

gonio-scan corresponding to a rotation around the (0,0, — 1)
axis. The incommensurate satellite pairs at (1 £ &, — £,0) and
at (1 £ &, + £,0) can be separated due to the tight collimation
of the neutron beam. In contrast, panel (b) shows longitudinal
Q scans along the (%,0,0) direction for different gonio-angles.
Here, the overlap of (1 £&, —£,0) and (1 £&, 4+£,0) is
clearly visible.

Both cycloidal magnetic domains are connected by the
symmetry operation 4, as schematically shown in Fig. 2(c).
For better visibility, the staggered magnetlzatlon of the two
almost AF sublattices is plotted in blue (kl) and red (kz) As
the incommensurability is small (§ = 0.0273), Q is nearly
parallel to (1,0,0) with o« = 45°. The decomposition of the
cycloidal magnetic structure of Ba,CuGe,O; according to
Eq. (7) is illustrated in the upper part of panel (c), where
the effective elliptical magnetic structure of the projected
staggered moments is shown in light blue and red with an
effective propagation vector (k; 1) and (k; 1) parallel to Q B
The helicity of both domains is left-handed. As for an ideal
helical modulation of spins, polarization is generated along é,
opposite for k. For a single domain state of Ba,CuGe, 07, we
would therefore expect a spin rotation signal similar to panel
(a) of Fig. 1, however with reduced amplitude. Due to the two
overlapping incommensurate satellite reflections, we therefore
expect a spin rotation signal similar to the one given in panel
(c) of Fig. 1 and a spin echo signal as shown in panel (d).

For the measurements of the linewidth associated with the
cycloidal magnetic structure of Ba,CuGe,07, the spin echo
time t has been varied between 0.08 and 1 ns, where data
points below 7 < 0.4 ns have been measured in a neutron
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spin echo (NSE) setup, while points above 0.4 ns have been
measured in neutron resonance spin echo (NRSE) mode. These
measurements have been repeated for sample temperatures
from 2.8 to 3.05 K.

B. Elastic measurements—Larmor labeling

We start with a description of the elastic signal contained in
the spin rotation group and the spin echo group. All elastic
data have been obtained at a temperature of 7 = 1.65 K.
At this temperature, we assume that no intrinsic dynamical
behavior is present in the sample; the neutrons are scattered
elastically. This dataset is taken at a small spin echo time
of 0.08 ns using the NSE setup of RESEDA. Three typical
datasets are shown in Fig. 4, corresponding to positions Q 1
ég, and Q3, as indicated in Fig. 3. Both spin rotation and spin

Spin rotation group

Spin echo group
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n
o
Y
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7} et
c !
[5} \
=
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FIG. 4. (Color online) (a), (b), and (c) Elastic spin rotation sig-
nals and spin echo signals, recorded at a temperature of 7 = 1.65 K
and for a spin echo time of v =0.08 ns. The scans have been
performed at positions Q1 Qz, and Q; as indicated in Fig. 3. The red
data points correspond to the measured points. The fitted model is
shown in blue. The inset (d) shows the numerical Fourier transform
of the spin rotation and spin echo group at Qz. Inset (e) depicts a
zoomed version of the recorded data points and the corresponding fit
function.
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echo clearly show pronounced cosine oscillations. Moreover,
the envelope of spin rotation and spin echo shows a pronounced
beating, exactly as predicted by our theoretical model for the
magnetic structure of Ba,CuGe,0O;. Note that due to a slight
6 /26 mismatch, the absolute intensity of these scans does not
correspond to the values of Fig. 3(b). The relative intensities
from both domains are slightly modified, as will become clear
below. .

We fit the spin rotation and spin echo group for Qi, Q»,
and Q3 using the equation

I(J) = Iy + BSE™ + BSE®, (14)

where BSE™(J) represents the spin rotation group,
BSE®™(J) represents the echo group, and I, stands for a
constant background signal. Spin echo and spin rotation group
are hence fitted independently using

sin? [ A (J — J1)]
AR () = )
sin? [ Az s (J — J3)]
A @R () = T)’
(15)

BSE'(J) = A}, cos ¢ (] — J})]

+ A}, cos [ (7 — J})]

with i = (echo,rot). The width of the wavelength band is
denoted A;. The parameters A}y’ and A}2 denote both
amplitudes of the domains of the spin rotation group, while
A% and A¢S™ denote both amplitudes for the echo group,
respectively. The parameters J{° and J;* denote the center of
the cosine oscillation and the center of the envelope function
for the spin rotation group, similar for the echo group with
Ji echo and Jgeho respectively The spin phase per scan variable
is denoted ¢y = LNRSE, and it connects the field integral
with the Ve1001ty of the neutrons which in turn assigns a fixed
value in Q space with vl = Q sm(36029).

Equation (15) is a result of an integration of Eq. (13)
assuming triangular functions for the wavelength bands. The
fits are included in Fig. 4 as solid blue lines. The excellent
agreement of fit and data is illustrated in the inset panel (e).
The results of the fits for Q 1 QQ, and Q3 are summarized in
Table I.

The fit indicates that the scattered neutrons consist of two
wavelength fractions being separated by the factor 2k, =
2 x 0.0268 (r.l.u.), and it provides the amplitudes of both
fractions corresponding to both domains. Despite an initial
wavelength band of 16% width of the velocity selector, which
leads to a full overlap of the incommensurate satellites, a
highly precise measurement of the incommensurability is
nevertheless possible with our method. The resolution of our
method exceeds the resolution limits of typical triple-axis spec-
trometers or cold diffractometers by approximately one order
of magnitude. Moreover, the spin rotation groups recorded for
Ba,CuGe, 0 precisely correspond to the theoretical model for
two components with opposite polarization, as introduced in
Fig. 2, panel (b).

We finally test our model for consistency. For this purpose,
we compute the numerical Fourier transform of the spin
rotation and spin echo data at Q2 as shown in the inset of
Fig. 4(d). The Fourier transform unambiguously proves the
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TABLE I. Fitting parameters for the spin rotation and spin echo signal for él, éz, and Q3 atT = 1.6 Kand r = 0.08 ns.

Variable Ql Qz Qg

Iy (cts/30 s) 2033.7+1.7 21125+ 1.7 1007 + 1.4

A} (cts/30s) 497 +8 974+ 10 404+ 6

AR (cts/30s) —656+9 -3714+7 —118+£5

A% (cts/30 s) —162+6 —404£6 —54+4

A% (cts/30's) —255+7 —169+5 —189+5

A, (1073) 8.2+0.15 8.7+0.1 9+0.2

OBragg (10\71) 0.7469 0.7469 0.7469

ket (r.Lu.) 0.02675 4 (8 x 1079) 0.02704 £ (8 x 1079) 0.0259+(2 x 1074

existence of two distinct values of the propagation vector
for O, at (1 £ &, — £,0). The Fourier transform of the data
numerically validates the assumption of a triangular spectrum
of the selector’s wavelength band by the Bragg reflection at
the sample. The estimated bandwidth selected by the scattering
process at the sample yields 0.83% FWHM, calculated from
the geometrical resolution of 0.51° with A = 4/ Q sin (f) and
AX = 1/[2tan (6)](A0/6). The width of the fitted wavelength
band of 0.9% is in good agreement. In fact, itis small compared
to the wavelength band provided by the wavelength selector
as the sample acts like a monochromator.

In conclusion, we have shown that detailed information on
the high-precision structural properties of the magnetic spin
cycloid of Ba,CuGe,0O; can be extracted with the help of
elastic spin rotation and spin echo signals (Larmor labeling)
obtained on the spectrometer RESEDA, even though the Q
resolution of RESEDA is not sufficient to resolve the different
incommensurate peaks. Our method illustrates an alternative
way to examine the growing collection of incommensurate
spiral, helical, and cycloidal magnetic structures, where we
efficiently decouple the instrumental wavelength resolution—
and hence intensity—from the effective é resolution. Our
approach can be generalized to samples without polarizing
properties by the installation of an additional neutron polarizer
directly after the sample position, notably a 3He transmis-
sion polarizer, before entering the precession region of the
secondary spectrometer arm. In related approaches, mode
multiplets [33] and the distribution of lattice constants of single
crystals [34] have been studied using NRSE.

C. Quasielastic measurements

In this subsection, we finally turn to the measurements
of the quasielastic linewidth of the Bragg peaks upon
crossing the paramagnetic to helimagnetic transition at Ty.
The temperature dependence of the integrated intensity of
the incommensurate spots is shown in the inset of Fig. 6.
A transition temperature of Ty = 3.05K was inferred from
the integrated intensity. The quasielastic measurements were
performed in a temperature range from 2.8 to 3.05 K. All data
were fitted considering both the spin rotation and the spin
echo group. The parameters for the spin rotation group were
taken from Fig. 4. The amplitudes and the mean intensity were
corrected for the temperature dependence shown in Fig. 6.
All data are normalized to low-temperature data measured at

T = 1.65 K. The resulting data for S(g,t)/S(g,0) are shown
in Fig. 5 as a function of spin echo time 7 together with the fit
function. The spread of the groups of data points comparing
different spin echo times is mostly caused by the normalization
process. A decay of the elastic signal observed for T = 3.04 K
for increasing spin echo time can be seen, which is also
reflected in the linewidth. To extract the quasielastic linewidth,
a single exponential decay of the form

5. 0) = Aexp <
$(q,0)

with yo = Oand A = 1 has been fitted to the data. The resulting
linewidth obtained by the fits is plotted as a function of
temperature in Fig. 6 together with the integrated intensity.
As already seen, first indications of an increasing quasielastic
linewidth ' outside of the error bars can be observed in the
range of 0.4 ueV very close to the transition temperature Ty at
T = 3.04 K. However, due to the further decreasing intensity
in this region and the correspondingly increasing error bars,
this tendency could not be traced above the transition at 7. In
other studies on Ba,CuGe;0; using triple-axis spectroscopy
(TAS) (Ref. [27]), a ring of intensity was observed in a
finite-temperature interval of ~0.5 K above the transition
temperature Ty. As the vertical divergence accepted by TAS
is considerably larger as compared to our setup, the area of
integration in reciprocal space is smaller, making the ring
feature very weak on RESEDA. The intensity recorded in
this regime above T, with dynamic correlations did not allow
for spin echo measurements in a reasonable time scale. Our
data are hence limited to temperatures 7 < Ty. For the same

—I't
0.65821 peV

) + Yo (16)

K
S 1.0} i iw |
E; o 3
@
o 057e 283k ‘ 1
@ m 293K v 3.03K
oLA 298K < 3.04K L
678 2 3 4 5678
0.1 1
T(ns)

FIG. 5. (Color online) S(g,t)/S(g,0) is shown as a function of
the spin echo time t for different sample temperatures closely below
and at the transition temperature 7.
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FIG. 6. (Color online) The blue symbols depict the temperature
dependence of the integrated intensity of the incommensurate satellite
reflections of Ba,CuGe,0O; at (1 £&, — £,0). The inset shows the
temperature dependence of the integrated intensity in a broader
temperature range. The red markers indicate the quasielastic linewidth
associated with the incommensurate satellite reflections as a function
of temperature as obtained from the decay of the spin echo signal.

reason, the data are largely limited by the statistical error.
A quantitative study of the temperature dependence of the
linewidth above the transition temperature therefore remains a
topic for future experiments.

PHYSICAL REVIEW B 92, 224406 (2015)

IV. CONCLUSION

In our work, we have studied the properties of the noncen-
trosymmetric helimagnet Ba,CuGe,0; by means of neutron
spin echo and neutron resonance spin echo spectroscopy. We
have shown experimentally and theoretically that a character-
istic beating of the spin rotation and spin echo signal, which is
caused by the polarizing properties of the sample, allows for
a precise measurement of the incommensurate propagation
vectors that is otherwise inaccessible with the instrumental
resolution. Our study illustrates a way to use this Larmor
labeling technique on neutron spin echo spectrometers as a
general approach for the investigation of the structural and
quasielastic properties of incommensurate magnetic structures
of different kinds.
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