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Like most perovskites, SrRuO3 exhibits structural phase transitions associated with rotations of
the RuO6 octahedra. The application of moderate magnetic fields in the ferromagnetically ordered
state allows one to fully control these structural distortions, although the ferromagnetic order oc-
curs at six times lower temperature than the structural distortion. Our neutron diffraction and
macroscopic measurements unambiguously show that magnetic fields rearrange structural domains,
and that for the field along a cubic [110]c direction a fully detwinned crystal is obtained. Sub-
sequent heating above the Curie temperature causes a magnetic shape-memory effect, where the
initial structural domains recover.

The discovery of the type-II multiferroics has initiated
strong interest in the control of magnetism by electric
fields as well as in its inverse, the control of a structural
distortion by magnetic fields1. While commonly the com-
bination of magnetism and ferroelectric order is consid-
ered in the field of multiferroics, the control of structural
distortions by magnetic fields is not restricted to polar
distortions. Here, we show that indeed also an antifer-
rodistortive structural distortion, the oxygen octahedron
rotation occurring in most perovskites, can be driven by
weak magnetic fields in SrRuO3 due to a strong spin-
orbit coupling. The manipulation of antiferrodistortive
structural domains by magnetic fields opens new paths
in magnetoelectric or magnetoelastic coupling in oxides,
but it has also to be taken into account when analyzing
the magnetic field dependence of any physical property
in single crystalline or thin-film SrRuO3

2.

Materials showing strong shape changes in response to
an applied magnetic field are well known among Heusler
alloys, in which the field either induces a structural phase
transition or rearranges martensitic domains3–5. The fact
that the initial shape can be recovered by reducing the
magnetic field or by heating is called magnetic shape-
memory effect. In oxides these phenomenona are very
rare6, but we discovered the domain rearrangement as
well as the shape-memory effect in SrRuO3

7. This per-
ovskite exhibits many fascinating physical properties2,
such as an invar effect of the thermal expansion8, a linear
resistivity that breaks the Ioffe-Regel limit at moderate
temperature9 and an anomalous Hall effect10 that has
been linked to the existence of magnetic monopoles in
momentum space11 but is still intensely debated2,12–14.
Many of the experimental studies of SrRuO3 are per-
formed using thin-film samples, because of the lack of
high-quality single crystals2. Only recently such crystals
became available by the floating-zone growth technique
in a mirror furnace15,16.

The high-temperature cubic structure of SrRuO3
17

transforms upon cooling to a tetragonal phase at 975 K
and at 800 K to an orthorhombic phase with space group
Pnma7,18,19, see Fig. 1 (a). The symmetry reduction from
cubic to orthorhombic results in six twin domain orien-
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FIG. 1. (a) Crystal structure of SrRuO3 at 10 K as obtained
from our single-crystal neutron-diffraction analysis. (b) Illus-
tration of three orthorhombic twin orientations (colored) with
their longest axis parallel to one of the cubic axes (black).

TABLE I. Twinning fractions at 10 and 170 K. The values in
brackets indicate the error on the last digits.

Twin 1 2 3 4 5 6

10 K 0.286(8) 0.325(4) 0.122(4) 0.134(4) 0.065(3) 0.067(3)

170 K 0.282(7) 0.329(4) 0.125(4) 0.131(4) 0.066(3) 0.067(3)

tations that mimic the original cubic symmetry. The
orthorhombic lattice parameters a, b, c are related to the

cubic ac ' 3.93 Å via ~a‖[101]c,~b‖[010]c, and ~c‖[101]c with

a ∼ c ∼
√

2ac and b ∼ 2ac
20. The four-fold axis of the

tetragonal intermediate phase is b and can align along
one of the cubic [100]c, [010]c, or [001]c directions, as is
illustrated in Fig. 1 (b). For each of these three arrange-
ments, the orthorhombic a and c axes may interchange
leading to a total of six twin domain orientations20.

Large single crystals of SrRuO3 were grown by the
floating-zone technique as described in Ref. 16, from
which we cut samples of nearly regular cubic shape
with the edges aligned along the orthorhombic directions.
Hence, four faces of the samples are cubic (110)c faces and
two are cubic (100)c faces. The crystal structure of such
a cube with edge length of 3.2 mm was analyzed using the
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FIG. 2. Intensities of the (130), (031) and (130) reflections
at various conditions. (a) and (b) show rocking scans of the
(130) reflection at the starting point of the experiment at
200 K and 0 T (1), after the sample was cooled down to 2 K
in 9 T (2), after heating the sample to 200 K maintaining 9 T
(3), and in the end after reducing the magnetic field to 0 T
and heating to 230 K (4). (c) shows the difference between the
amplitude at the starting point of the experiment at 200 K
and 0 T (1) and the successive steps (2)-(4). Amplitudes are
obtained by fitting gaussians with a constant background.

neutron diffractometer D9 at ILL21. The lattice-constant
differences of the orthorhombic axes are too small to be
resolved by the used instrument, thus contributions of all
six twins were superposed. The structural refinement is
performed in space group Pnma with Jana 200622 tak-
ing into account all six possible twin domain orientations
as an incoherent superposition of intensities23. The re-
finement reveals the crystal to be twinned with highly
unequal twinning fractions, see table I. The twinning
fractions obtained at both temperatures agree within the
error bars underlining the reliability of the structural
refinements including six twin domains and the proper
treatment of the twin laws21,23.

The twinning fractions and their changes in a mag-
netic field were investigated at the ILL D3 lifting-counter
diffractometer using a crystal with an edge length of
2.5 mm24. This sample was detwinned beforehand apply-
ing the uniaxial-pressure procedure described in Ref. 16
and was aligned with the magnetic easy axis c parallel
to the magnetic field. We analyzed the intensities of sev-
eral Bragg reflections in order to determine the twinning
ratios. The uniaxial-pressure detwinning resulted in a
sample with 85 volume % of the desired orientation, but
the other twins could be clearly detected in our neutron
diffraction experiment. In the magnetic field and temper-
ature dependent study we focused on the (031), (130) and
(130) reflections because of their sizable intensity and ac-
cessibility with the lifting-counter diffractometer. Since

the (130) reflection is forbidden in space group Pnma, its
intensity results from the (031), (211), (112), (112) and
(211) reflections of the other 5 twin orientations. These 5
reflections all possess a sizable structure factor compara-
ble to the structure factor of the (031) reflection. Thus,
the presence or absence of the (130) reflection signals, re-
spectively, a multi- or a single-domain state with the twin
orientation favored by the uniaxial pressure. The analy-
sis of the (130) reflection, the Friedel equivalent of (130),
yields the same information. We also analyzed the (031)
reflection, which is allowed in space group Pnma, whereas
the corresponding reflections of the other 5 twins are ei-
ther forbidden or possess a considerably smaller structure
factor. Therefore, the emergence of intensity at this re-
flection is opposed to that at the (130) and (130) reflec-
tions. The intensities of the three analyzed reflections
did not change upon cooling from 170 to 10 K in the
D9 experiment at zero field, proving that their intensity
change cannot be associated with a change of the crystal
structure, but must arise from a change of the twinning
ratios. Fig. 2 (a,b) display the intensity at the (130) re-
flection in a sequence of magnetic-field and temperature
variations. Starting at 200 K and µ0H = 0 T, the (130)
intensity signals the presence of 15 % minority twins. Af-
ter field cooling in µ0H = 9 T to 2 K, this (130) intensity
was fully suppressed, i.e., the sample transformed to the
majority twin. On heating in 9 T to 200 K, the (130) in-
tensity first partially reappears and then fully recovers at
230 K and µ0H = 0 T. Figure 2(c) presents the intensity
changes of the (130) reflection together with those of the
(130) and (031) reflections as a function of this sequence
of 4 points in the magnetic-field and temperature space.
The intensities of (130) and of its Friedel equivalent (130)
reflection well agree to each other, whereas the inten-
sity of the (031) reflection shows the opposite behavior.
Thus, all three reflections consistently reveal the system-
atic magnetic-field and temperature dependence of the
twinning ratio. At low temperature and high magnetic
field the structural domains with the c axis parallel to the
magnetic field grow on cost of the other domains. More-
over, there is a shape-memory effect as the field-induced
change of the domain fractions is reversed upon heating
to the nonmagnetic phase.

The magnetic-field induced switching of the structural
domains also causes strong changes of the macroscopic
sample length, which are studied using a capacitance
dilatometer. Again, mm-size single crystals of almost cu-
bic shapes with edges parallel to the cubic [101]c, [101]c,
and [010]c directions were used. After zero-field cool-
ing to 5 K, the relative length changes ∆Li(H)/L0 were
measured along these 3 directions i up to µ0H = 9 T in

longitudinal configurations ~H‖Li. We find drastic elon-
gations of the order of several 10−3 in the virgin curves
of [101]c and [101]c, when the field is initially ramped up,
whereas much weaker effects are observed when the field
is subsequently removed or reversed; see Fig. 3(a). For
~H‖Li‖[010]c, the behavior is completely different: the
overall length change is reduced by about 2 orders of
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FIG. 3. (a) Relative length changes parallel to the mag-
netic field for the cubic [110]c, [101]c and the [010]c direction
(the data along [010]c were multipilied by a factor 50). Solid
lines are virgin curves after zero-field cooling (zfc) to 5 K, and
dashed lines are obtained during the subsequent field rever-
sals. (b) Switching between the structural domains by apply-
ing the external field either along [101]c or along [101]c and
measuring ∆L(H)/L along [101]c. (c) ∆L(H)/L along [101]c
for ~H‖[101]c as in (a), but for zfc to T = 5, 20, or 70 K;
the inset shows the reorientation fields of the corresponding
virgin curves. (d) Temperature dependence ∆L(T )/L mea-
sured along [101]c for a multi-domain state obtained by zfc
(green, with an enlarged view in the Inset) in comparison to
single-domain states, which were prepared by field poling at
5 K and decreasing the field to 0 (black) or 1 T (red). The
vertical line marks Tc = 165 K of the ferromagnetic ordering.

magnitude and the general field dependence is qualita-
tively different and almost non-hysteretic. These length
changes can be naturally explained by magnetic-field in-
duced twin reorientations. The [101]c and [101]c direc-
tions refer either to the a, c or [121] directions of or-
thorhombic domains. Thus, the magnetic field can pole
the originally multi-domain sample to a single-domain
state with the magnetic easy axis c aligned along the
field. Due to different orthorhombic lattice constants
(c/a = 1.0064,

√
2c/b = 1.0033 at 10 K25) this poling

causes a drastic elongation of several 10−3 in the respec-
tive virgin curves. The subsequent field-sweep cycle only

requires a sign reversal of the magnetization ~M , which
can be achieved by a switching between 180◦ magnetic
domains within a single structural domain. In the sim-
plest view, such a sign reversal could occur without any
length change, but one has to consider also the strains
arising from the finite width of the domain walls during
the magnetization reversal. These effects are small com-
pared to the main effect in the virgin curve. The very

weak effect for ~H‖Li‖[010]c has a similar origin, because
this direction does not correspond to the magnetic easy
axes of any of the 6 orthorhombic twin domains. The 2

orientations with b‖ ~H have their easy axis in the plane
perpendicular to the field, while the easy axes of the other

4 twins (b ⊥ ~H) are at 45◦ with respect to ~H. Conse-
quently, the magnetic field cannot induce a structurally

single-domain state with the longest axis c‖ ~H. Instead,
the field first mainly reorients the 180◦ magnetic domains

within the four b ⊥ ~H domains and then partially reori-

ents the two b‖ ~H domains into b ⊥ ~H. In addition the

magnetization ~M continuously rotates from the respec-

tive easy c axis towards ~H, as will be further discussed

below in the context of the ~M( ~H) curves. This par-
tial domain rearrangement, however, results in a much
smaller length change, because the average of a and c dif-
fers from b by only 10−425. The corresponding changes
∆Li(H)/L0 thus essentially reflect the intrinsic magne-
tostriction of SrRuO3 and are in the range of 10−5 as it
is typical for magnetic materials.

Figure 3(b) shows ∆Li(H) data, which were obtained
with a dilatometer that can be rotated in a split-coil

magnet in order to vary the angle between ~H and the
measured ∆Li. For the measurement of ∆Li‖[101]c the
sample was aligned with [010]c parallel to the rotation

axis and we studied the longitudinal ( ~H‖∆Li‖[101]c)

and the transverse ( ~H‖[101]c ⊥ ∆Li‖[101]c) configura-
tion. Starting with an initially twinned crystal, a single-
domain state with either c‖[101]c (longitudinal) or with
a‖[101]c (transverse) is induced and remains stable after
the field is removed again. The data of Fig. 3(b) were ob-
tained after such an initial poling and clearly illustrate
that the crystal reversibly switches between these 2 dif-
ferently aligned single-domain states, if the field is sub-
sequently applied and removed either in the longitudinal
or the transverse direction. At T ' 4.2 K, the switch-
ing field amounts to µ0Hs ' 1.76 T in agreement to the
corresponding values of Fig. 3(a) obtained on a differ-
ent crystal. The magnetic-field induced switching of the
structural domains is remarkably sharp and, as shown in
Fig. 3(c), the switching field decreases from µ0Hs ' 1.7 T
at 5 K to ' 0.5 T at 70 K.

Figures 3(c,d) illustrate the magnetic shape-memory
effect of the structural domains. In zero field, the twinned
crystal exhibits a moderate temperature dependence of
∆Li(T )/L0 (Li‖[101]c) with an anomaly at Tc ' 163 K,
see Inset. After field-poling the crystal at 5 K to a single-
domain state, very different ∆Li(T )/L0 curves are ob-
tained for µ0H = 0 or 1 T. The temperature dependence
of ∆Li(T )/L0 is moderate up to about 100 K or 150 K,
but then a strong decrease of ∆Li(T )/L0 sets in, which
becomes most pronounced around 172 K and 205 K for 0
and 1 T, respectively. The single-domain state enforced
by the field poling remains thus stable up to rather high
temperature, but above the zero-field Tc the initial multi-
domain state recovers as in the diffraction experiment,
which reveals the magnetic shape-memory effect.

Figure 4 shows the magnetization for ~H‖[101]c and
~H‖[010]c obtained in a commercial SQUID magnetome-
ter (Quantum Design). After zero-field cooling the sam-

ple to 2 K, the virgin curve of M(H) for ~H‖[101]c rapidly
increases to about 0.9µB/Ru, then it follows almost a
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plateau until it shows another step at µ0Hs ' 2 T to a
saturation value of Msat ' 1.6µB/Ru. In the subsequent
field-sweep cycle, the intermediate plateau is absent and
the M(H) curve essentially switches between the 2 sat-
uration plateaus with almost no hysteresis. This per-
fectly agrees with the magnetically induced structural
change. In the virgin curve, the magnetic moments of
the structural domains with c‖H saturate first, then at
µ0Hs ' 2 T the other structural domains reorient and full
saturation is reached. In the subsequent field sweep cy-
cles, the sample remains in the structural single-domain
state and M(H) switches between 180◦ magnetic do-
mains.

For ~H‖[010]c, the virgin curve of M(H) also rapidly
increases, but to a smaller value of ' 0.5µB/Ru and
then M(H) continuously increases to ' 1.4µB/Ru at
µ0H = 6 T; see Fig. 4(b). Upon decreasing the field,
M(H) does not follow the virgin curve, but approaches a
larger remanent magnetization of Mrem ' 0.75µB/Ru in
zero field and finally M(H) follows the reverted branch
in the negative field range. As discussed above, this

different behavior is related to the fact that ~H‖[010]c
does not correspond to the magnetic easy axis of any
of the 6 orthorhombic twin orientations. Thus, Mrem

stems from the 4 twins, whose easy-axis c is at 45◦ with

respect to ~H (thus b ⊥ ~H), and the two b‖ ~H orien-

tations with easy-axis perpendicular to ~H do not con-
tribute. With Msat ' 1.6µB/Ru, the occupation of the
4 contributing twin orientations in zero field can be es-
timated by

√
2Mrem/Msat ' 2/3 yielding equal domain

population after the field decrease. The smaller initial
increase in the virgin curve yields a population of only

40 % for the 4 contributing b ⊥ ~H orientations, while

the 2 non-contributing twins with b‖ ~H would be popu-
lated by about 60 %. This means that the initial field
increase causes a sizeable reorientation of structural do-
mains, but this reorientation is rather gradual. These
gradual changes most probably result from the fact that
the magnetization cants from the respective easy-axis di-

rection towards ~H. Thus, for high-enough fields the po-

tential energies −µ0
~M ~H of the differently oriented twins

do not vary too much and, as a consequence, their dif-
ference does not exceed the necessary elastic energy for
a domain reorientation.

From an extrapolation of the measured M(H) for
~H‖[010]c one may estimate the intrinsic anisotropy field
to µ0Han ≈ 10 T, which agrees with the energy of
the ferromagnetic resonance observed in time-resolved
magneto-optical Kerr-effect measurements26. A similar
intrinsic anisotropy may be expected for the orthorhom-
bic a direction, but this anisotropy remains hidden by
the structural domain reorientation.

The magnetic-field induced control of structural do-
mains in SrRuO3 is remarkable in view of the largely dif-
ferent magnetic and structural transition temperatures.
The spin-orbit coupling in this 4d material is, however,
significantly larger than in the well studied 3d oxides.
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FIG. 4. Magnetization for fields along the cubic [101]c (a)
and [010]c (b) directions. Virgin curves (◦) are obtained after
zero-field cooling to 2 K and followed by full hysteresis cycles
(•).

Thus, the elongation of the RuO6 octahedron along c re-
sults in a sizeable easy-axis anisotropy with an aniostropy
field µ0Han ≈ 10 T. This prevents magnetic spin-flop
transitions in fields of the order of 1 T, but the mag-

netic energy −µ0
~H ~M can be gained by structural do-

main flops. Thus, a strong Ising anisotropy and weak
pinning of structural domains is required, which both
seem to be fulfilled in SrRuO3. The involved magnetic
energy density can be estimated from Msat ' 1.6µB/Ru,
the switching field µ0Hs ' 1.8 T of the domain flop, and
the volume per formula unit Vfu ' 60 Å3 to Emag =
µ0HsMsat/Vfu ≈ 0.4 MPa. This small energy density is
sufficient to induce a detwinning with macroscopic length
changes up to several 10−3 in ∆Li/L0, whereas compara-
ble elastic distortions in usual single-domain solids would
require energy densities in the GPa range. The field in-
duced domain flop seems to be visible already in very
early data of Kanbayasi27 reporting anomalous switching
effects and a tetragonal symmetry in flux-grown single
crystals in higher fields. Moreover, the strange angular
hysteresis in the magnetoresistance of thin-film samples
is probably also related to structural domain flops28.

In conclusion, the combination of neutron diffraction
with macroscopic measurements reveals the magnetic
control of structural domains in SrRuO3. Applying mag-
netic fields of the order of only 1 T along one of the cu-
bic [110]c directions, which by symmetry can become an
orthorhombic c direction, induces a structurally single-
domain state with the magnetic easy axis c aligned along
the field. This single-domain state is stable at low tem-
perature so that successive magnetic-field cycles yield
narrow magnetic hysteresis-loops without further struc-
tural domain changes. Rotating the field to another
symmetry-equivalent cubic direction, e.g. [110]c, even
allows to switch between different symmetry-equivalent
single-domain states. Upon heating above the Curie tem-
perature the initial domain arrangement recovers and re-
veals the magnetic shape-memory effect. Magnetic fields
along a cubic [010]c direction, which cannot become an
easy axis, also induce a partial domain reorientation,
but the intrinsic magnetic anisotropy of the order of
10 T remains visible. The magnetic-field control of struc-
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tural domains in SrRuO3 arises from the large magnetic
anisotropy due to the strong spin-orbit coupling in this
4d transition-metal oxide combined with weak pinning
of structural domain walls. Similar control of structural
domains should also be observable for other ferroic tran-

sitions such as ferroelectric instabilities.
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