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We use high-resolution neutron Larmor diffraction and capacitative dilatometry to investigate
spontaneous and forced magnetostriction in undoped, antiferromagnetic YBa2Cu3O6.0, the parent
compound of a prominent family of high-temperature superconductors. Upon cooling below the Néel
temperature TN ¼ 420 K, Larmor diffraction reveals the formation of magnetostructural domains of
characteristic size ∼240 nm. In the antiferromagnetic state, dilatometry reveals a minute (4 × 10−6)
orthorhombic distortion of the crystal lattice in external magnetic fields. We attribute these observations to
exchange striction and spin-orbit coupling induced magnetostriction, respectively, and show that they have
an important influence on the thermal and charge transport properties of undoped and lightly doped
cuprates.

DOI: 10.1103/PhysRevLett.116.047001

Correlated-electron systems exhibit multiple collective
ordering phenomena whose interdependence and competi-
tion are the subjects of intense current research. The
macroscopic properties of materials with strongly correlated
electrons are influenced not only by atomic-scale correla-
tions, but also by emergent domain structures on nanoscopic
and mesoscopic length scales [1]. Recent advances in
research on some of the most prominent correlated-electron
materials, the cuprate high-temperature superconductors [2],
have reinforced efforts to establish quantitative links
between the doping dependent spin and charge correlations
and the thermodynamic and transport properties [3–5].
These efforts are, however, complicated by the presence
of defects and associated strains of the crystal lattice, which
are invariably associated with doping and strongly affect the
mesoscopic organization of the electron system [6]. Recent
examples include magnetic hysteresis phenomena [7,8] and
charge density wave pinning [9–11] in moderately doped
superconducting cuprates, whose origins have not yet been
conclusively identified.
To provide a solid basis for the investigation of doped

high-temperature superconductors, it is important to estab-
lish a firm understanding of electronic correlations and their
coupling to the crystal lattice in the undoped, largely defect-
free parent compounds that exhibit antiferromagnetic long-
range order. Although the atomic-scale spin correlations of
undoped cuprates are well understood, there is little direct
information on antiferromagnetic domain structures and
associated lattice strains, despite indications that they pro-
foundly affect the charge [12,13] and heat [14,15] transport
properties and may act as seeds for mesoscopic inhomoge-
neities in doped compounds [2,6]. In particular, an anoma-
lous magnetoresistance has been reported for lightly doped,

antiferromagnetic YBa2Cu3O6þδ [12,13], a material that has
served as a model compound for recent research on high-
temperature superconductivity [2]. The magnetoresistance in
the CuO2 planes was found to exhibit a “d-wave” symmetry
upon rotation of the magnetic field in this plane, that is, the
resistance increases (decreases) when the magnetic field is
parallel (perpendicular) to the current flow [12,13]. This
finding was unexpected, because at low doping levels the
crystal lattice is believed to be tetragonal [16]. In this lattice
structure, the two orthogonal a axes in the CuO2 planes are
equivalent, and current flow along both axes should be
identical. Ando et al. [12] attributed the anomalous mag-
netoresistance to the magnetic-field-induced reorientation of
charge stripes that locally break the tetragonal symmetry of
the CuO2 planes. Related ideas have also been discussed for
other families of cuprate superconductors [2]. An alternative
model [13,17–20] invokes antiferromagnetic domains that
are accompanied by a small orthorhombic lattice distortion
due to magnetostriction and are reoriented by the magnetic
field. The orthorhombic distortion was estimated [13] as
a=b − 1 ∼ 6 × 10−6, a value too small to be directly
observed by x-ray or neutron diffraction techniques.
Likewise, direct evidence of the purported charge-stripe or
magnetoelastic domains has thus far not been reported for
undoped and lightly doped YBa2Cu3O6þδ.
In the present work, we used high-resolution neutron

Larmor diffraction to directly measure the magnetostruc-
tural domain size, and capacitative dilatometry to determine
the minute orthorhombicity in the antiferromagnetic state
by field aligning the magnetic domains. We discuss these
phenomena in terms of different mechanisms of magneto-
striction, and compare the results quantitatively with heat
and charge transport data on undoped and lightly doped
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cuprates. The methodology we introduce provides interest-
ing perspectives for the investigation of domain structures
associated with charge density waves in more highly doped
cuprates, and with electronic ordering phenomena in other
correlated-electron materials such as the iron pnictides and
chalcogenides.
The experiments were carried out on high-quality

YBa2Cu3O6.0 single crystals of typical size 1 × 1 ×
0.1 mm3 and mosaicity ≤ 0.1°, which were grown by a
flux method [21]. For the dilatometry measurements, a
single specimen was mounted in a capacitance dilatometer
[22], such that the expansion of the a axis was measured.
A small force of 20 N along the a axis was applied to hold
the crystal, resulting in a uniaxial pressure of ≃200 MPa.
The dilatometer was installed in three different orientations
in a 10 T magnet to apply the field along the crystallographic
a, b, or c axes. For the neutron scattering experiments,
fifteen crystals of total mass 0.1 g were coaligned with
combined mosaicity∼1°. The temperature dependence of the
magnetic ð 1

2
1
2

5 Þ Bragg peak intensity [Fig. 1(a)] shows
a Néel temperature of TN ¼ 420 K, corresponding to full
oxygen stoichiometry (6.0 oxygen atoms per formula
unit) [23].
The neutron Larmor diffraction experiments were con-

ducted at the TRISP spectrometer at the Heinz-Maier-
Leibnitz Zentrum in Garching [24]. The basic principle
of Larmor diffractometry (LD) is shown in Fig. 1(c). [25].

A spin-polarized neutron beam crosses a uniform magnetic
field H twice, before and after being diffracted at lattice
planes with spacing dhkl ¼ 2π=Ghkl, where Ghkl is the
reciprocal lattice vector. The boundaries of H are aligned
parallel to the lattice planes. Inside the field, the neutron
spins precess with the Larmor frequency ωL ¼ 2πγH,
where γ is the neutron’s gyromagnetic ratio. The total
precession angle is ϕ ¼ ωLt, where t ¼ 2L=v⊥ is the time
the neutron spends in the field. t only depends on the
velocity component v⊥ ¼ ðℏ=mÞGhkl=2, which is indepen-
dent of the Bragg angle (m is the neutron mass). The total
phase ϕ ¼ 2m=ðπℏÞωLdhkl is thus a measure for dhkl. A
broadening of the Bragg reflection ΔGhkl gives rise to a
linear variation of the Larmor phase Δϕ=ϕ ¼ ϵhkl, with
ϵhkl ¼ ΔGhkl=Ghkl. The beam polarization PðϕÞ is then the
Fourier transform of the momentum-space profile fðϵhklÞ of
the Bragg reflection, so that the width of P is the inverse of
the width of f:

PðϕÞ ¼
Z

fðϵhklÞ cosðϕϵhklÞdϵhkl: ð1Þ

Conventional diffractometers are based on measure-
ments of the Bragg angle, where the resolution is limited
by the collimation and the monochromaticity of the neutron
beam. The resolution of LD, on the other hand, is limited by
the relative error δϕ=ϕ. The leading contribution to δϕ is
fluctuations of H, which can be strongly reduced by
replacing the static field by four radio-frequency spin-flop
coils C1–C4 [Fig. 1(c)]. In this way, the momentum-
space resolution can be enhanced by about 2 orders of
magnitude [26].
Figure 2 shows the PðϕÞ profiles for several nuclear and

magnetic Bragg reflections. The instrumental resolution
was taken into account by normalizing the profiles to the
one obtained from a perfect germanium crystal. For clarity,
the data are displayed after normalization to Pð0Þ ¼ 1. To
extract the widths of Bragg reflections from the LD data,
the PðϕÞ curves were fitted to Eq. (1) with Gaussian peak
profiles fðϵhklÞ (lines in Fig. 2). The widths of the
ð 2 0 0 Þ and ð 2 2 0 Þ nuclear Bragg peaks deter-
mined in this way are quite different (Fig. 2). For T > TN,
the width of the ð 2 0 0 Þ reflection, ϵ ¼ 5.2 × 10−4,
translates into a characteristic length L∥ ¼ 370 nm, and the
ratio of 1.4 between the widths of the ð 2 2 0 Þ and
ð 2 0 0 Þ reflections matches the ratio of their respective
reciprocal lattice vectors. The LD data are thus consistent
with square-shaped structural mosaic blocks of character-
istic size L∥ along the CuO2 planes. The domain size along
the c axis extracted from the ð 0 0 6 Þ reflection (inset in
Fig. 2) is L⊥ ∼ 390 nm. Possible origins of structural
domain formation include a small number of residual
impurities (such as interstitial oxygen) and associated
microstrains. A detailed analysis of the lattice defects in
the paramagnetic state will require a survey of multiple
Bragg reflections and is beyond the scope of this Letter,

FIG. 1. (a) Temperature dependence of the ð 1
2

1
2

5 Þ anti-
ferromagnetic Bragg peak intensity measured by neutron dif-
fraction from YBa2Cu3O6.0. The line is a guide to the eye. The
red and green symbols indicate temperatures below and above
TN ¼ 420 K, respectively. (b) Neutron beam polarization P
measured at the ð 2 0 0 Þ Bragg reflection for the Larmor
phase ϕ ¼ 5000 rad (see Fig. 2). The reduction of P below TN
indicates a reduction of the structural domain size. (c) Sketch of
the Larmor diffraction method. The radio frequency coils
(C1–C4) act on the neutron spins (blue) in the same way as
an effective static magnetic field H (green).

PRL 116, 047001 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

29 JANUARY 2016

047001-2



which is focused on the influence of the electronically
driven antiferromagnetic transition on the lattice structure.
To this end, we have carefully monitored the evolution of

the PðϕÞ profiles across the antiferromagnetic phase
transition (Fig. 2). The width of the ð 2 0 0 Þ reflection
for T < TN translates into a characteristic domain size of
L∥ ∼ 340 nm, about 10% smaller than in the paramagnetic
state. The T dependence of the profiles [Fig. 1(b)] dem-
onstrates that the broadening of PðϕÞ and the reduction of
L∥ set in at T ¼ TN . Within the experimental error, the ratio
of the ð 2 0 0 Þ and ð 2 2 0 Þ widths is preserved
upon cooling across TN (Fig. 2), indicating shape-preserv-
ing shrinkage of the structural mosaic blocks as the spin
fluctuations are arrested in the antiferromagnetic state.
The anomalous broadening of the PðϕÞ profiles is a

manifestation of coupling between the antiferromagnetic
order parameter and the crystal lattice. In rare-earth anti-
ferromagnets, magnetostructural interactions have been
detected through anomalies in the thermal expansion at
the Néel temperature, and were attributed to the depend-
ence of the exchange interactions on the distance between
the magnetic ions (“exchange striction”) [27]. In the
cuprates, however, such anomalies are much harder to
recognize because of the quasi-two-dimensional nature of
the magnetism, which implies that the spin correlations in
the CuO2 planes are already well developed for T ¼ TN
[28]. Our data establish Larmor diffraction as an alternative,
highly sensitive probe of magnetostriction in this situation.
Following prior theoretical work [27], the reduction of the
structural domain size at TN observed in YBa2Cu3O6 can
be understood as a consequence of exchange striction,
which stiffens the crystal lattice so that it can less easily
accommodate strains from residual impurities and defects.
The fact that the shape of the mosaic blocks remains

unchanged at the Néel transition agrees with the observa-
tion that the exchange Hamiltonian has the same (tetrago-
nal) symmetry as the crystal lattice (apart from the minute
effect of the spin-orbit interaction, to be discussed below).
In the iron arsenides, by contrast, the symmetry of the
magnetic bond network differs from the one of the crystal
lattice in the paramagnetic state, giving rise to a sequence of
distinct structural and magnetic phase transitions.
The width of the LD profile of the antiferromagnetic

Bragg reflection ð 1
2

1
2

5 Þ is comparable to, but some-
what larger than, those of the structural reflections (Fig. 2),
consistent with the expectation that structural domain
boundaries resulting from magnetostriction will usually
disrupt magnetic order [29]. The spatially averaged anti-
ferromagnetic domain size of 240 nm is quite comparable
to the magnetic domain size measured by LD in classical
antiferromagnets [30].
Since LD with radio-frequency coils is restricted to a

zero magnetic field, we used capacitative dilatometry as a
complementary tool to investigate manifestations of forced
magnetostriction in the antiferromagnetic state for
T ¼ 2 K. Figure 3 shows the relative expansion of the x
axis along the Cu–O–Cu bonds, with the magnetic field B
along x, y (in the CuO2 planes), and z (perpendicular to the
planes). For B∥y (B∥x), Δx=x is positive (negative),
corresponding to expansion and contraction, respectively.
The resulting field-induced orthorhombic distortion of the
crystal increases rapidly for small B and crosses over to a
more gradual evolution for Bc ≥ 5 T (defined as the
inflection point in the Δx=x-vs-B relation). The expansion
for B∥z is close to zero. In stark contrast to classical
antiferromagnets [31,32], there is no discernible field
hysteresis of the forced magnetostriction that would indi-
cate pinning of antiferromagnetic domain walls.
The dilatometry data indicate that the lattice expansion is

coupled to the magnetic moment direction. Related effects
have been observed in other antiferromagnets including
rare-earth magnets, where they can be understood as
consequences of the spin-orbit interaction [27]. Briefly,
the spin-orbit interaction ties the spin direction to the orbital
magnetization and hence to the shape of the valence
electron cloud around the magnetic ions, which in turn
is coupled to the lattice structure via crystalline electric
fields. The small magnitude of the forced magnetostriction,
compared to the manifestations of isotropic exchange
striction discussed above, can then be attributed to the
quenching of the spin-orbit interaction in the cuprates,
where the magnetic dipole moment arises almost exclu-
sively from the spin 1=2 of the Cu2þ ions. Nonetheless, the
observed g-factor anisotropy of the Cu moments [33]
indicates a small residual orbital magnetization that can
act as a source of magnetostriction.
The inset in Fig. 3 illustrates the spin-orbit mediated

magnetostriction. For B ¼ 0, both neutron diffraction [34]
and electron spin resonance [20] find an equal population

FIG. 2. Neutron beam polarization P versus Larmor phase ϕ at
T ¼ 300 and 500 K for the ð 2 2 0 Þ and ð 2 0 0 Þ nuclear
Bragg peaks. Pðϕ ¼ 0Þ is normalized to 1. Lines are the results of
fits to Gaussian peak profiles (see text). Inset: PðϕÞ at T ¼ 40 K
for the ð 1

2
1
2

5 Þ antiferromagnetic Bragg reflection (blue),
compared to the ð 2 2 0 Þ and ð 0 0 6 Þ nuclear Bragg
reflections (red and green, respectively).
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of domains with Cu spins oriented along the two orthogonal
easy axes in the CuO2 plane. Within each domain, the a and
b axes are slightly different as a consequence of the spin-
orbit interaction, but domain averaging results in a macro-
scopically tetragonal structure. For increasing B∥y, the Cu
spins in the domain with spins pointing along y flip by 90° to
gain advantage of the Zeeman energy, whereas spins already
along x do not flip. The observed macroscopic expansion
Δx=x is due to the slight orthorhombic distortion of each
domain that is tied to the spin direction. For the same reason,
Δx=x is opposite in sign for B∥x. (The slight difference in
the magnitudes of Δx=x for B along x and y presumably
arises from the uniaxial pressure along x exerted by the
sample holder, which increases the population of the
domains with long axes ⊥x.) For B ≥ Bc, most spins are
oriented nearly perpendicular to the magnetic field, and the
crystal structure is macroscopically orthorhombic. For larger
fields, the gradual canting of the magnetic moments towards
B is an additional source of magnetostriction, but this
contribution is small because it is opposed by the large
in-plane exchange interaction (J ∼ 100 meV). The remark-
able absence of field hysteresis may then be attributed to the
approximate coincidence of magnetic and structural domain
boundaries noted above. Since most structural mosaic blocks
include a single magnetic domain, pinning of magnetic
domain walls is largely suppressed.
We now discuss the relationship between the compre-

hensive picture of the magnetostructural coupling we have
obtained to the transport properties of undoped and lightly
doped cuprates reported earlier. First, measurements of the

magnon-mediated thermal conductivity of undoped, anti-
ferromagnetic La2CuO4 have yielded low-temperature
mean free paths in the range ∼100–150 nm [14,15],
somewhat lower than the magnetostructural domain size
of ∼240 nm inferred from our LD measurements on
YBa2Cu3O6.0, where thermal conductivity measurements
have not yet been reported. Since the two experiments were
carried out on different materials, we regard the agreement
as quite satisfactory. Our results suggest that magneto-
structural domains limit the low-temperature heat conduc-
tivity mediated by magnons, and they provide a motivation
for more detailed model calculations along these lines.
The spin-orbit mediated forced magnetostriction we

identified in the antiferromagnetic state has the same
d-wave symmetry (i.e., positive parallel and negative
perpendicular to the B field) and a similar crossover field
(Bc ∼ 5 T) as the magnetoresistance in lightly doped
antiferromagnetic YBa2Cu3O6þδ [12,13]. Our observa-
tions thus support models that ascribe the anomalous
magnetoresistance to the magnetic field alignment of the
orthorhombic magnetic domains [13,17–20]. The ortho-
rhombicity a=b − 1 ¼ 4 × 10−6 determined from the
forced magnetostriction (Fig. 3) is somewhat smaller than
the one estimated [13] on the basis of the magnetoresist-
ance data on YBa2Cu3O6.25, but since this estimate is
rather indirect, and the two sets of measurements were
taken on samples with different oxygen concentrations,
the agreement is again quite satisfactory. There is thus no
need to invoke charge-stripe ordering in lightly doped
YBa2Cu3O6þδ to explain the magnetoresistance. This is in
accord with current knowledge of the phase diagram of
this compound, where charge order only sets in at higher
doping levels (δ ≥ 0.5) [2].
In summary, the complementary combination of

neutron Larmor diffraction and capacitative dilatometry
has provided direct insight into the mesoscopic structure
of the antiferromagnetic state in undoped YBa2Cu3O6.0.
Our data allowed us to elucidate the magnetostructural
coupling mechanisms and their influence on the heat and
charge transport properties. Based on the solid foundation
we have laid here, our experimental approach can be
straightforwardly applied to more highly doped cuprates,
where domain structures associated with spin density
wave, charge density wave, and “nematic” ordering
phenomena and their influence on the macroscopic
properties are the subjects of intense current research
and debate [2–11]. More generally, we have established
neutron Larmor diffraction as a versatile probe of anti-
ferromagnetic and magnetostructural domain structures
with submicrometer length scales, which opens up new
perspectives for the investigation of a large variety of
correlated-electron materials [1].
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FIG. 3. Forced magnetostriction at T ¼ 2 K measured by
dilatometry parallel to the Cu–O–Cu bond direction x in the
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x with magnetic field B applied parallel to the x, y, and z
directions is plotted in red, green, and blue, respectively. Inset:
illustration of spin-orbit coupling induced magnetostriction for a
single magnetostructural domain with B∥b. Because of mag-
netostriction, the spin-flop transition induced by the field is
associated with a realignment of the crystallographic unit cell
(dashed line for B ¼ 0, solid line for B≳ 5 T.) The orthorhombic
distortion is exaggerated for clarity.
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