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Abstract Phase separation and extreme sensitivity to disorder and defects are key
features of electronic order near quantum phase transitions. Neutron depolarization
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imaging and neutron Larmor diffraction are new experimental techniques capable of
providing detailed real-space and reciprocal-space information, respectively, on the
existence and nature of phase separations. Proof-of-principle depolarization imaging
in Pd1−xNix , CePd1−xRhx and NbFe2 suggests distinct differences of the real-space
distribution of ferromagnetic moments and Curie temperatures in materials at ferro-
magnetic quantum phase transitions. This compares with neutron Larmor diffraction
which provides high-resolution reciprocal-space information of phase separation and
the absence of quantum criticality in the itinerant helimagnet MnSi or the parasitic
nature of small moment antiferromagnetism in URu2Si2.

                                                            
                                                           

1 Introduction

Quantum phase transitions attract great interest as the possible origin of novel forms
of electronic order. The most prominent examples of such phases may be the emer-
gence of superconductivity, density waves or partial order at the border of magnetism
[15, 27, 40, 41]. However, in contrast to conventional phase transitions, which are
driven by thermal fluctuations and a reduction of entropy, quantum phase transitions
are generally driven by quantum fluctuations in the presence of strong competing
interactions. By design quantum phase transitions are therefore sensitive to weak in-
teractions and the ‘novel’ behavior found near quantum phase transitions frequently
concerns the nature and origin of electronic phase coexistence of conventional forms
of order. In turn microscopic evidence of electronic phase separations is of great in-
terest in a large number of materials.

For many years neutron scattering has provided the perhaps most powerful micro-
scopic probe of ordering phenomena in condensed matter systems. In this review we
advertise two powerful techniques based on the use of polarized neutrons, notably
depolarization imaging and Larmor diffraction, which became available for real ex-
periments only recently. Both techniques are highly complementary and have their
own potential when searching for possible electronic phase separations at quantum
phase transitions.

Our paper is organized as follows. In the first part we describe how the depolar-
ization of a neutron beam may be used to image ferromagnetic phase separation in
real space. In proof-of-principle studies we have applied this technique to several ma-
terials in the vicinity of a ferromagnetic quantum phase transition. In the following
we present first results of that part of our work which concerns different aspects of
compositional tuning of ferromagnetic quantum criticality. In Pd1−xNix ferromag-
netism is stabilized when Ni is added. This compares with substitutional doping in
CePd1−xRhx and changes of composition in Nb1−yFe2−y . Our results thereby estab-
lish the power of depolarization imaging to identify inhomogeneities that originate
in metallurgical complexities. This provides important insights how to improve the
conditions for studies of fragile new forms of order.

The second part of our review is concerned with Larmor diffraction as a new tech-
nique for reciprocal space imaging of phase separation at quantum phase transitions.
The basic information thereby consists in very high-resolution data of the lattice spac-
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ing as well as the distribution of lattice constants. Being particularly suited for studies
of non-ferromagnetic materials, e.g., antiferromagnetic quantum phase transitions,
we review proof-of-principle studies of the itinerant helimagnet MnSi and the heavy-
fermion superconductor URu2Si2.

2 Neutron Depolarization Imaging

2.1 Experimental Technique

The perhaps oldest imaging method based on neutrons exploits differences of the
transmission of a neutron beam through a given sample due to element-specific ab-
sorption. This technique corresponds essentially to a photographic pin-hole camera.
In a conventional set-up the resolution may be as low as several hundreds μm depend-
ing on the collimation of the neutron beam and the spatial resolution of a detector
placed behind the sample. In recent years, proof-of-principle studies have demon-
strated the possibility to improve the resolution down to several tens μm by means
of dark-field imaging [9, 10]. In addition tomographic neutron imaging techniques
have been developed that provide three-dimensional images. Even time-dependent
processes may be recorded by means of stroboscopic methods.

The neutron imaging described so far is based on strong nuclear interactions.
A second route to real-space imaging using neutrons may be based on the spin of
the neutron, which undergoes Larmor precession in a magnetic field. This changes
the polarization direction of particular trajectories in the beam. The depolarization of
the integrated neutron beam may hence serve as a probe of the magnetic field distrib-
ution of a sample. As for the conventional neutron imaging described above neutron
depolarization of the integrated beam has also been known for a long time. Recently,
however, spatially resolved depolarization imaging has been developed as a tool to
map out magnetic fields. Proof-of-principle studies have been reported for solenoids
and materials with fairly uniform internal fields, such as superconducting materials
(these studies exploited mostly a rotation of the spin polarization instead of a genuine
depolarization) [12].

As a probe of magnetic field distributions depolarization imaging provides an ideal
experimental tool to address the wide range of challenges posed by ferromagnetic
materials. For instance, ferromagnetic domains are one of the most important aspects
relevant for technical applications. A wide variety of techniques have been developed
to study magnetic domains, ranging from classical Bitter decoration over magneto-
optical Kerr microscopy to spin sensitive scanning microscopy. However, these tech-
niques provide only information on magnetic domains at surfaces and in thin films,
while the nature of magnetic domains in bulk samples is still an open issue. Another
example concerns the possible coexistence of ferromagnetism with other forms of
order, notably superconductivity or density waves. These types of coexistence occur
in rather complex oxide materials, such as the rutheno-cuprates or certain GMR ma-
terials. They are also a major topic of interest in studies of quantum phase transitions
of intermetallic compounds.

Motivated by the wide range of open scientific questions we have started to adapt
the depolarization imaging technique for studies of ferromagnetic quantum phase
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Fig. 1 (Color online) Typical neutron depolarization imaging set up used in the studies described in this
article. A 3He polarizer and analyzer were used. A spin-flipper is located between polarizer and sample
cryostat. The detector is placed directly behind the analyzer for increased resolution, where the CCD
camera to read out the scintillator image plate is separated by a mirror to reduce the parasitic background
signal

transitions. This required systematic tests how to improve the spatial resolution, the
implementation of the depolarization technique down to milli-Kelvin sample temper-
atures and advances in the interpretation of the measured signals (see e.g. [38]).

In a first effort we addressed the question, how to achieve simultaneously high
spatial resolution and high intensity. Conceptually the set up used in depolarization
imaging consists of a polarizer before the sample, followed by an analyzer and an
image detector. We have tested various combinations of polarizers and analyzers as
described, e.g., in Ref. [38]. For most applications the most powerful set up turned
out to be polarizing 3He cells and the use of a polychromatic beam (see also Fig. 1).
These provide a high degree of polarization and the polarization is uniform across the
neutron beam without optical artifacts.

To explore the potential of depolarization imaging we have studied Pd1−xNix ,
CePd1−xRhx and Nb1−yFe2−y as well as Fe2TiSn, Fe2VAl and Ni3Al. In the fol-
lowing we review first results obtained in the first three compounds. These results
illustrate the insights that may be obtained through depolarization imaging and the
feasibility of developments that may become possible in the future.

2.2 Pd1−xNix

The exchange enhanced paramagnet Pd stabilizes ferromagnetic order when a small
amount of Ni is added. Detailed studies of polycrystalline sample suggested the exis-
tence of a ferromagnetic quantum critical point at xc ≈ 2.5 %. As xc is approached the
canonical properties predicted for an itinerant electron ferromagnet are observed [21],
i.e., a logarithmic divergence of the specific heat C/T ∝ lnT , a temperature depen-
dence of the resistivity �ρ ∝ T 5/3 and the usual mean-field divergence of the suscep-
tibility χ−1 ∝ T 4/3. However, these properties are expected in pure compounds while
Pd1−xNix clearly contains disorder. We therefore decided to revisit the properties of
Pd1−xNix by means of neutron depolarization.

We began our studies on four Czochralsky grown samples of different compo-
sitions near xc purchased from Mateck. One of the samples was single crystalline,
but the properties were rather similar for all four of them. The magnetic field depen-
dence of the magnetization of theses samples, which was previously not studied in
detail, was consistent with a ferromagnetic quantum critical point [8]. However, for
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Fig. 2 (Color online) Typical neutron depolarization images of two polycrystalline Pd1−xNix discs at
various temperatures. For increasing depolarization the gray-scale become darker and is essentially black
for complete depolarization. Note the variations across the upper disc at fixed intermediate temperatures.
Bulk properties of samples from the same growth are reported in Ref. [21]. The Ni concentrations of the
discs at the top and bottom are 5% and 2.5%, respectively. The photograph at the top left corner shows the
samples as mounted for the measurements in an Al frame. Small variations of the depolarization and Curie
temperature are observed across the 5% sample, while the 2.5% sample is non-magnetic down to 4 K, the
lowest temperature measured

low magnetic fields we found systematic deviations of the magnetization from mean-
field behavior. First depolarization imaging studies revealed large variations of the
distribution of Curie temperatures for all compositions. For preliminary results on a
tomographic reconstruction we refer to Ref. [37].

In addition two polycrystalline samples with Ni contents of x = 2:50% (A2.5)
and x = 5:00% (A5.0), respectively, made at the University of Augsburg, were in-
vestigated. These samples had a diameter of 10 mm and a thickness of 2 mm. They
were prepared by arc melting in argon and quenched from the melt and annealed at
1000 ◦C for five days, following the same procedure employed for the samples stud-
ied in Ref. [21]. The depolarization studies were carried out with the set up described
above and a monochromatic neutron beam with λ = 3.2 Å. Data were recorded down
to 4 K, the lowest temperature available.

While sample A5.0 showed strong depolarization of the beam, no depolarization
was found for sample A2.5 down to 0.4 K, the lowest temperature measured, consis-
tent with [21]. To better determine the Curie temperature and homogeneity of sample
A5.0, a temperature scan of the neutron depolarization from 55 K to 75 K was made in
steps of 1 K (Fig. 2). The resulting TC (not shown) is rather homogeneous compared
to those found in the crystal purchased from Mateck. However, there are still varia-
tions of TC between 66 K to 73 K in general agreement with [21]. Taken together the
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Fig. 3 (Color online) Typical data of a disc of single-crystal CePd1−xRhx (x = 0.6) (from left to right the
largest distance is roughly 10 mm). The sample was cut straight from the ingot as grown. The well defined
gradient in the colour distribution suggests a composition gradient from bottom to top of the ingot induced
by directional freezing. A fairly narrow distribution of Curie temperatures of order 10%̇ is observed as
shown in the inset. The known Tc(x) dependence implies variations of the composition of a few tenths of
a percent

polycrystalline samples are much more homogeneous than the Czochralsky grown
crystals as expected from the metallurgical phase diagram.

2.3 CePd1−xRhx

The binary compound CePd is one of the few Ce-based ferromagnets, where the Curie
temperature is TC = 6.5 K. Substitutional replacement of Pd by Rh causes a suppres-
sion of the ferromagnetism, which vanishes above a critical concentration xc ≈ 0.85.
In recent years detailed studies of polycrystals and single-crystals of CePd1−xRhx

have provided evidence of the formation of a new type of electronic ground state—
the Kondo cluster glass [39, 44]. This state may be visualized as the formation of
clusters of Kondo-screened moments an a nm scale, that freeze collectively below a
characteristic temperature.

Even though the length scale characterizing the Kondo cluster glass is only of the
order of several nm, which is well below the resolution limit offered by any real-
space imaging technique based on neutrons, we decided to perform a first series of
feasibility tests to explore this state further. For our studies a bespoke cryogen free
3He system was set up for use with the depolarization set up. The depolarization set
up was unchanged as described above. The polycrystals and single crystals studied
were the same prepared for the study reported in the Ref. [44].

Shown in Fig. 3 is a real space map of the Curie temperatures inferred from the
onset of the depolarization as a function of temperature. Note that the sample charac-
terized here represents a cross-section of the entire ingot as grown. Its is interesting
to note that the sample shows a small gradient of the Curie temperatures from top to
bottom. As the sample was resting on a water-cooled copper hearth (at the bottom
side) this suggests that the precise composition is also related to the direction of cool-
ing. This may ultimately provide important information how to improve the sample
quality. The inset of Fig. 3 displays the probability distribution at which different
Curie temperatures occur across the section studied, where the data were analyzed on
a square grid with 0.5 mm spacing (slightly larger then the resolution limit).

While the Curie temperatures range from about 2.8 K to about 3.1 K, the dis-
tribution is narrow (∼10 %) as compared to the distribution of Curie temperatures



                             173

observed in the single crystals of Pd1−xNix . In fact, using the published Tc(x) de-
pendence of CePd1−xRhx the variations of Curie temperatures correspond to varia-
tions in composition not larger than a few tenths of a percent. Thus, concerning their
composition our study already establishes, that the samples are certainly much more
homogeneous than the Czochralsky grown single and polycrystals of Pd1−xNix . Yet,
an important question that has to be left for future studies concerns the extent to
which the cluster glass is driven microscopically by the precise distribution of the
atoms. Moreover, we have not been able yet to study the depolarization at the lowest
temperatures in the cluster glass state.

2.4 Nb1−yFe2−y

The third example of a system in which composition controls the distance to ferro-
magnetic quantum criticality may be found in the hexagonal C14 Laves phase com-
pound Nb1−yFe2−y . For y → 0.012 ferromagnetism decreases. In other words, both
Nb-rich and Nb-poor samples are ferromagnetic. In this compound a relative shift of
composition is exploited, rather than addition of a different element or substitutional
doping as in CePd1−xRhx .

The bulk properties of polycrystalline samples of Nb1−yFe2−y and a few small
single crystals display marginal Fermi liquid behavior for slightly Fe poor NbFe2,
when TC has vanished, characteristic of a ferromagnetic quantum critical point [5,
18]. For slightly Fe-rich samples the ferromagnetic transition is preceded as a func-
tion of temperature by the signatures of a putative density wave instability. As the
density wave instability seems intimately connected with the vicinity to ferromag-
netic quantum criticality it has been suggested that it is driven by strong electronic
correlations rather than single-particle nesting. This may be expected in recent sce-
narios of a break-down of the Ginzburg-Landau-Wilson theory of itinerant-electron
ferromagnetic quantum criticality.

To explore the nature of ferromagnetic quantum criticality and the density wave
instability in Nb1−yFe2−y we have grown several large single crystals by means of
optical float zoning in a UHV-compatible image furnace at Munich [7]. The polycrys-
talline starting rods were prepared from high-purity starting elements at Royal Hol-
loway, London. The published binary phase diagram of Nb1−yFe2−y thereby shows
a wide homogeneity range. In a first characterization using x-rays and single-crystal
neutron diffraction as well as the canonical bulk properties (magnetization, suscepti-
bility and specific heat) we find very sharp phase transitions and all the characteristics
expected of high quality single crystals.

Shown in Fig. 4 are typical data observed in depolarization imaging of one of
the single crystals grown for our studies. For the depolarization study two adjacent
parts of the ingot were placed next to each other on an Al support as shown in the
photograph. As a function of temperature we observe very homogeneous magnetic
properties. However, there are essentially two distinct sections of the ingot one of
which shows ferromagnetism and a sharp Curie temperature, while the other section
does not develop ferromagnetism down to 4 K. In fact, we have confirmed that this
section does not become ferromagnetic even down to 0.4 K.

The excellent homogeneity of depolarization and the very sharp Curie tempera-
ture, when taking into account the temperature versus composition phase diagram,
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Fig. 4 (Color online) Typical depolarization imaging of a single crystal of Nb1−yFe2−y grown by optical
float zoning. Two adjacent parts of the ingot were placed next to each other and studied simultaneously.
The bottom end of the segment on the left hand side did not show any signs of ferromagnetism down to
0.4 K, the lowest temperature studied

implies an excellent sample quality. This identifies Nb1−yFe2−y as an ideal system
for studies of the interplay of ferromagnetism and quantum criticality. However, since
the polycrystalline starting material was carefully prepared to be ideally homoge-
neous throughout we have no explanation for the sudden change of the ferromagnetic
properties during the single-crystal growth. This motivates detailed studies of the
metallurgy of Nb1−yFe2−y planned for the future.

3 Neutron Larmor Diffraction

3.1 Experimental Technique

We now turn to a fairly new neutron scattering method, Larmor diffraction, that al-
lows to obtain reciprocal space information on the presence and nature of electronic
phase separation. Larmor diffraction permits high-intensity measurements of lattice
constants with an unprecedented high resolution of �a/a ≈ 10−6 [13, 14, 35]. Of
course this resolution is far inferior to the resolution available in standard capacitive
dilatometry (�a/a ≈ 10−10), yet it is sufficient for high pressure studies, where stan-
dard techniques may not be applied. The first proof-of-principle studies using this
technique were performed at the triple-axis spectrometer FLEX at Berlin [13, 35].
Our LD measurements were carried out at the spectrometer TRISP at FRM II (Mu-
nich). As shown in Fig. 5 in LD the sample is illuminated by a polarized neutron beam
(arrows indicate the polarization). The neutron resonance spin flipper coils, denoted
as C1 through C4 in Fig. 5, serve to encode the scattering angle in the polarization
direction.

The coils C1 through C4 thereby continuously change the polarization direction
of the beam as a function of time. The coils C1 and C3 are set up such, that they
generate a time dependence of the polarization as if the polarization would precess in
the scattering plane at twice the radio frequency ω of the coils. The coils C2 and C4
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Fig. 5 (Color online) Schematic depiction of the principle of Larmor diffraction. The neutron resonance
spin flipper coils C1 through C4 generate a time dependence of the polarization orientation of the neutron
beam in the gray shaded area. The time dependence may be viewed as a Larmor precession that encodes
the scattering angle (and hence lattice spacing) in the total phase of precession as explained in the text

are tuned to terminate this time-dependence of the polarization; at any given location
in the gray shaded regime the beam polarization hence appears to precess even though
there is no applied magnetic field.

The coils C1 through C4 are aligned parallel to the lattice planes, because this way
changes of the lattice spacing a sensitively affect the total time of travel ttot along
L = L1 + L2 (ttot is purely determined by the velocity component vp of the neutrons
parallel to G). Hence, the total phase of precession � along L1 plus L2 depends
linearly on the lattice constant a: � = 2ωLma/(π�) (m is the mass of the neutron
[14, 28, 35]). Changes of a affect the angle α and thus the intensity recorded by the
polarization analyzer and detector ‘AD’. In turn change of total phase are determined
most efficiently by recording the intensity as a function of the position of C4, which
may be moved very accurately along the beam direction. These data provide not just
information on the lattice constant. When recording the polarization of the neutron
beam as a function of Larmor frequency the distribution of lattice constants across
the entire sample volume may be measured, which is not accessible with any other
technique.

3.2 MnSi

The temperature versus pressure phase diagram of the itinerant-electron magnet MnSi
suggests the emergence of a genuine non-Fermi liquid state at high pressure, sepa-
rated by a first order transition and phase segregation from conventional order at low
pressure (Fig. 6(a)) [30, 31]. At ambient pressure MnSi develops helimagnetic order
below Tc = 29.5 K in a well-understood Fermi liquid ground state. Under hydrostatic
pressure the transition temperature as measured in the resistivity and AC suscepti-
bility decreases and vanishes above pc = 14.6 kbar. In high purity single crystals the
transition, as measured in the AC susceptibility, changes from first to second order for
pressures exceeding p∗ ≈ 12 kbar. This is accompanied by itinerant-electron metam-
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Fig. 6 (Color online) (a) Temperature versus pressure phase diagram of MnSi as reported in Ref. [28].
(b) Extrapolated zero temperature magnetic contribution to the lattice constant. Between p∗ ≈ 12 kbar
and pc ≈ 14.6 kbar this signal decreases in agreement with the reduction of the volume fraction of helical
order seen in independent neutron scattering and μ-SR studies, characteristic of phase separation. Note
the negative contribution above pc . (c) Published forced magnetostriction in MnSi at high pressure as
measured with strain gauges. Data were taken from Ref. [17]. Curves correspond from top to bottom to
the temperatures given on the right hand side. (d) Same data as shown in (d), but now plotted such that
data at high fields correspond. Curves correspond from top to bottom to the temperatures given on the left
hand side. This brings out the emergence of the negative contribution at low fields and low temperatures,
which corresponds quantitatively to the negative value shown in (b)

agnetism under magnetic fields [42], which strongly underscores the first order nature
of the transition in the range p∗ < p < pc

1.
As the most remarkable property the low temperature electrical resistivity of MnSi

changes with increasing pressure from the quadratic dependence of an enhanced
Fermi liquid to a T 3/2 non-Fermi liquid dependence above pc [30]. The extended
temperature versus pressure regime in which this T 3/2 resistivity is observed, sug-
gested early on that it is not related to quantum criticality. This is corroborated by
evidence of a decreasing volume fraction of helical ordering in samples of differing
quality in the range p∗ < p < pc. For instance, elastic neutron scattering as a func-
tion of temperature and pressure established partial magnetic order above pc [34].
Its signatures already appear in the range p∗ < p < pc, where the temperature de-
pendence is distinctly different from the helical order. This is strongly supported by
the magnetic field dependence observed in small angle neutron scattering [33]. In

1Recent susceptibility studies in zero applied field [26] claim a first order transition for p � p∗ . These
measurements have not been backed up by the magnetic field dependence. Similar data were observed
in our studies which could be attributed to domain populations, i.e., the features are not intrinsic to the
itinerant-electron state.
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addition, muon-spin-rotation studies [43] establish the same reduction of the volume
fraction of helimagnetic order in the range p∗ < p < pc .

The most direct evidence that the non-Fermi liquid resistivity emerges without
quantum criticality has been observed by means of Lamor diffraction [28]. The same
data also clearly show the formation of phase separation in the range p∗ < p < pc.
The magneto-elastic contribution as extrapolated to zero temperature thereby tracks
the helimagnetic volume fraction inferred from the μSR study [43]2. The absence of
quantum criticality is inferred from the change from magneto-expansion to magneto-
striction at pc (Fig. 6(b)), which exists below T ∗ = 12 K (for a QCP T ∗ = 0). The
Larmor data thereby show that the regime of the non-Fermi liquid resistivity is ac-
companied by a magnetostriction at 20 kbar of roughly a2 ≈ 4 × 10−5. The same
magnetostriction may also be inferred from forced magnetostriction measurements
reported by Miyake et al. [17]. This may be seen by normalizing the original data
(shown in Fig. 6(c)) at high magnetic fields as shown in Fig. 6(d).

3.3 URu2Si2

We have also used Larmor diffraction to resolve the nature of the temperature ver-
sus pressure phase diagram of the heavy fermion superconductor URu2Si2 [22]. The
long-standing puzzle in URu2Si2 concerns the observation of an unknown form of
electronic order (known as hidden order) at ambient pressure below T0 = 17.5 K [16,
24, 25, 36], which turns into large moment Ising antiferromagnetism for hydrosta-
tic pressures exceeding ∼ 5 kbar [3]. The discovery of Ising antiferromagnetic order
with tiny moments in the regime of the hidden order [6] has inspired a wide range
of experimental and theoretical studies concerning the possible relationship of the
large-moment antiferromagnetism, small-moment antiferromagnetism and the hid-
den order.

In our studies we have measured the temperature and pressure dependence of the
lattice constants of a high purity single crystal of URu2Si2 with Larmor diffraction.
The ordered magnetic moment was monitored with the same setup using conven-
tional diffraction. For our studies a Cu:Be clamp cell was used with a Fluorinert mix-
ture [29] and the pressure was inferred at low temperatures from the (002) reflection
of graphite as well as absolute changes of the lattice constants of URu2Si2. The sin-
gle crystal studied was grown by means of an optical floating-zone technique at the
Amsterdam/Leiden Center. High sample quality was confirmed via X-ray diffraction
and detailed electron probe microanalysis. Samples cut-off from the ingot showed
good resistance ratios (20 for the c axis and ≈ 10 for the a axis) and a high super-
conducting transition temperature Tc ≈ 1.5 K. The magnetization of the large single
crystal agreed very well with data shown in Ref. [32] and confirmed the absence of

2Recent μ-SR measurements purport to find no evidence for phase separation [4] based on misleading
claims of good experimental conditions. In contrast to what is stated in this paper the sample quality as
measured by the residual resistivity ratio of 40 is worse than in any of our studies (in our samples the RRRs
range between 100 and 500). Moreover, the pressure conditions are at best identical to our studies (we used
a variety of different pressure transmitters including those used in Ref. [4]). A simple explanation for the
absence of phase separation seen in [4] is a suppression of the phase separation due to pinning and defects
for the low sample quality studied.
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Fig. 7 (Color online) (a) Temperature versus pressure phase diagram of URu2Si2 and comparison with
previous published work (the symbols are taken from the following references (i): Ref. [19], (ii): Ref. [11],
(iii): Ref. [20], (iv): Ref. [2]). The HO and LMAF are separated by a line of first order transitions end-
ing in a bicritical point. This implies that HO and LMAF have different symmetry and must be coupled
non-linearily. (b) Change of the polarization of the neutron beam as a function of total Larmor phase. The
decrease reflects the distribution of lattice constants. From the measured distribution of lattice constants
the distribution of ratios of lattice constants �η/η may be inferred. In turn, the volume fraction for which
the ratio of lattice constants exceeds the threshold to LMAF determined in uniaxial stress studies, explains
the observed SMAF in the HO at ambient pressure [22, 23]

ferromagnetic inclusions. Most importantly, in our neutron scattering measurements
we found an antiferromagnetic moment ms ≈ 0.012μB per U atom, which matches
the smallest moment reported so far [2].

Measurements of the depolarization of the neutron beam as a function of Larmor
frequency were used to determine the distribution of lattice constants of the a- and
c-axis, respectively (Fig. 7(b) shows the depolarization as a function of the associated
total Larmor phase). Assuming a Gaussian distribution of both lattice constants, we
find a full width at half-maximum of the distribution of the ratio of lattice constants
f (�η/η)FWHM ≈ 6.4 × 10−4. Based on neutron scattering studies of the effect of
uniaxial stress on the antiferromagnetic signal it has been suggested [45], that an-
tiferromagnetism stabilizes when the ratio of lattice constants exceeds a threshold
�ηc/η ≈ 5 × 10−4. Thus, for the measured distribution of ratios of lattice constants
the volume fraction with LMAF corresponds to an average magnetic moment of
0.013(5)μB. This is in excellent quantitative agreement with the experimental value
and identifies the SMAF as being purely parasitic.

In addition we have measured the lattice constants and magnetic moments as a
function of pressure under the exact same conditions. This allowed us to track both
the lattice anomaly and the antiferromagnetic moment as a function of pressure pro-
viding unambiguous evidence of a line of first order transitions separating the HO
and LMAF, which ends in a bicritical point. In comparison with previous studies we
find the lowest value of pc as shown in Fig. 7 and a very fast (discontinuous) increase
of the transition temperature. As a consequence the coupling between the HO and
LMAF do not have the same symmetry and must be coupled non-linearly. This sup-
ports exotic scenarios of the HO such as, incommensurate orbital currents, helicity
order, or multipolar order.
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4 Future Challenges

Phase segregations play an increasingly important role in the discussion of quantum
phase transitions. The effects observed may be either related to metallurgical com-
plexities or intrinsic. In our first studies of ferromagnetic quantum phase transitions
using depolarization imaging we already obtained important insight on the metal-
lurgical quality of the samples studied. While insoluble systems like Pd1−xNix show
strong inhomogeneities, depolarization imaging established small concentration vari-
ations across the ingot of Bridgman grown CePd1−xRhx and a rather excellent sample
homogeneity in optically float-zoned Nb1−yFe2−y . To improve our understanding of
the interplay of metallurgical properties and phase segregations it will be necessary
to improve the resolution in depolarization imaging.

Two different approaches to boost the resolution are conceivable. First, neutron
optics has been improved to a level that neutron beams may be focused to a spot size
of a few micro-meters only. Proof-of-principle experiments on tiny NiS2 samples
have established the suitability of this technique for high pressure studies [23]. The
same type of neutron optics may be combined with a high precision position stage
to scan samples systematically point by point. The higher density of the focused
beam will thereby compensate the time needed for scanning the sample point by
point.

Second, so-called dark field imaging techniques which exploit differences of scat-
tering density, have been used in recent years for high resolution imaging. This tech-
nique has even been applied to map out magnetic domains with a resolution of a
few ten micro-meters [9, 10]. However, neutron dark field imaging so far uses non-
polarized neutrons. The precise nature of the differences of scattering density, which
may be due to both nuclear or dipolar interactions, remain ambiguous. An important
aspect to be developed in the future is therefore combined depolarization and dark
field imaging for studies of ferromagnetic textures.

Similar to the improvements of real space imaging with neutrons it is also planned
to advance the resolution available in Larmor diffraction. Dynamic scattering the-
ory thereby imposes a fundamental resolution limit �d/d ≈ 10−7. This limit may
be readily reached when increasing the scattering angle and the distance over which
Larmor precession takes place. Using a simple back-scattering configuration a cost-
effective dedicated Larmor diffractometer may be built. As for the radiographic imag-
ing bespoke neutron optic will allow to reduce the minimum sample volume neces-
sary for meaningful studies.

An interesting question concerns finally, whether Larmor diffraction may even
be applied to ferromagnetic materials. The depolarization of the neutron beam in
soft ferromagnets, exploited in depolarization imaging, is of course detrimental for
Larmor diffraction. However, in a series of first experiments on the superconducting
Ising ferromagnet UGe2 we have found that the polarization remains sufficiently high
for meaningful Larmor diffraction measurements [1].
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