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Chirality Memory Stored in Magnetic Domain Walls in the Ferromagnetic State of MnP
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Chirality in a helimagnetic structure is determined by the sense of magnetic moment rotation. We found
that the chiral information did not disappear even after the phase transition to the high-temperature
ferromagnetic phase in a helimagnet MnP. The 2nd harmonic resistivity p*, which reflects the breaking
down of mirror symmetry, was found to be almost unchanged after heating the sample above the

ferromagnetic transition temperature and cooling it back to the helimagnetic state. The application of a

magnetic field along the easy axis in the ferromagnetic state quenched the chirality-induced p*. This
indicates that the chirality memory effect originated from the ferromagnetic domain walls.
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Chirality is a lack of mirror symmetry in matter. When
some matter has chirality, its mirror image is different from
the original. In other words, there exist two distinguishable
states (enantiomers) in the chiral matters. The concept is
valid in various scientific fields ranging from high-energy
physics to biology. For example, the homochiral state in
living bodies has attracted much attention. It has been
extensively studied how the chiral information is trans-
ferred and memorized [1,2].

Chirality also appears in magnetic structures. A repre-
sentative example is a helical magnetic structure, in which
the ordered direction of the magnetic moment spatially
rotates in a plane perpendicular to the propagation vector
[Fig. 1(c)]. The sense of rotation is reversed by any mirror
operation and therefore determines the chiral state. The
helimagnets have been attracting great attention recently
because they in some cases show the topological spin
textures denoted as skyrmion lattice and soliton lattice in a
magnetic field, which gives rise to unconventional mag-
netoelectric coupling [3—5]. What is more important here is
that the helical magnets can work as toy models of general
chirality problems because magnetic moments are stable
and well controllable objects, and can be extensively
investigated in a small laboratory. In this Letter, we report
an interesting phenomenon related to magnetic chirality;
the information of the chirality in a helical magnetic phase
is memorized even in a nonchiral ferromagnetic phase at a
higher temperature in an itinerant helimagnet MnP. MnP
has a centrosymmetric crystal structure [Fig. 1(a)] [6—13].
While the sense of spin rotation is fixed by the crystal
chirality in helimagnets with the chiral crystal structure, it
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can be viewed as a degree of freedom in this material.
Similar memory effects of spin rotation direction were
observed in multiferroic spiral magnets with polar sym-
metry [14-21] and the origin was, in many cases, ascribed
to the so-called polar nanoregion or charge related effects.
In the present case, there is no obvious coupling to the
electric fields because the magnetic structure belongs to
chiral symmetry. Here we show how the chirality of the
helical magnet is memorized in an achiral ferromagnetic
state, which seems valuable information even in the context
of the general chirality problem.

Figure 1(b) shows the phase diagram of MnP, which was
constructed based on magnetoresistance measurements of a
microscale sample (10 x 20 x 1 ym?) fabricated for the
present study by using the focused ion beam technique
[22]. It is quite similar to that of a bulk sample reported in a
previous study [13]. The ferromagnetically ordered phase
(FM1) was stable even at zero magnetic field above 60 K,
and the magnetic moments aligned along the ¢ axis
[Fig. 1(d)]. In this magnetic state, chiral Bloch-type
magnetic domain walls were observed by Lorentz trans-
mission electron microscopy [10]. The sense of spin
rotation corresponds to chirality similarly to the case of
helimagnetic structure. On the other hand, in the helimag-
netic state (HEL), which showed up below 44 K, the helical
plane was normal to the propagation vector along the a axis
[9] [Fig. 1(c)]. The intermediate hatched region indicates
the metastable region typical of the first-order phase
transition. When the magnetic field was applied parallel
to the a axis in the helimagnetic state, the magnetic
moments were tilted, forming a conical magnetic state
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FIG. 1. (a) Crystal structure of MnP. The black line represents

the unit cell. (b) The phase diagram of a microfabricated MnP
sample for H||a. The dots are the phase boundaries estimated by
the magnetic field dependence of the electrical resistivity [22].
The dashed and solid lines are guides for the eyes. In the hatched
region, the realized magnetic structure depends on the hysteresis.
The arrows illustrate the H poling, T poling, and annealing
procedures (see main text). (c) Illustrations of helical magnetic
structures. y = £ denotes the chirality. (d) Ilustrations of
ferromagnetic structure and Bloch-type ferromagnetic domain
walls. (e),(f) Illustrations of conical and fan magnetic structures.

(CON) [Fig. 1(e)]. As the magnetic field increased further
before the magnetic moments became completely aligned
along the a axis (FM2), there emerged a fan structure
(FAN), in which the magnetic moments were within the ac
plane, and the angle between the magnetic moment and the
propagation vector spatially oscillated along the propaga-
tion vector [Fig. 1(f)]. In our previous work [23], we
controlled the chirality of the helimagnetic structure by the
simultaneous application of a magnetic field and a dc
electric current and probed the controlled chirality by the
nonreciprocal electronic transport, which is the field
asymmetric component of 2nd harmonic resistivity
[24-27]. The controlled chirality was shown to be depen-
dent on whether the applied magnetic field and the dc

electric current are parallel or antiparallel to each other. In
this Letter, we show how the controlled chirality in the
helimagnetic state was preserved or disappeared in the
high-temperature ferromagnetic state.

To reveal how the chirality information is affected by
external stimuli in the course of phase transitions, we show
the field-asymmetric 2nd harmonic resistivity after the
simultaneous application of a magnetic field and a dc
electric current in the course of FAN-to-CON and FM1-to-
CON phase transitions. For the FAN-to-CON transition, we
applied a dc electric current j, parallel or antiparallel to the
magnetic field H, along the propagation vector (a axis)
when the FAN-to-CON transition field was traversed. The
magnitude of yoH , was slowly decreased from 7 T to 4 T at
a rate of 0.6 Tmin~!. Then, we removed the dc electric
current j,. We call the series of these processes the “H-
poling procedure” [Fig. 1(b)]. In our previous paper [23],
we performed the H-poling procedure at 51 K and
measured the 2nd harmonic resistivity to show the
chirality control. Here we performed the H-poling pro-
cedure at various temperatures and measured the 2nd
harmonic resistivity at the same temperature, 52 K.
Figures 2(a)-2(d) show the asymmetric component of the
2nd harmonic resistivity p3t,, = [p*'(H) — p* (—H)]/2 at
52 K after the H poling at various temperatures 7 ,. Here pt
is the observed 2nd harmonic resistivity. As discussed in the
previous paper [23], pggym is sensitive to the breaking of
chiral symmetry, whereas the symmetric component seems
to be due to sample nonuniformity and/or electrode contact.
Notable pgsfym was discerned for all the poling conditions.
The signal was reversed by the reversal of the dc poling
electric current. These features indicate that the chirality is
effectively controlled by the application of the electric
current and the magnetic field in the course of the FAN-
CON transition, irrespective of temperature.

While the FAN-CON transition is a second-order phase
transition, the FM1-CON transition is a first order one. In
the former case, the magnetic structural change is continu-
ous and the susceptibility relevant to the symmetry break-
ing diverges at the critical point. On the other hand, in the
latter case, the magnetic structural change is discontinuous.
For this reason, the chirality responses in the course of
these phase transitions were quite different. We tried to
control the chirality by a similar poling procedure via the
FMI-CON transition [Fig. 1(b)]. We applied j, parallel or
antiparallel to H, along the a axis when the transition
temperature was traversed. The temperature was slowly
decreased from 80 to 30 K at a rate of 0.5 Kmin~! with a
constant magnitude of H,. Then, we removed j,. We call
the series of these processes the “T-poling procedure.”
Figures 2(e)-2(h) show pil, at 52 K after T-poling
procedures at various H,. The magnitude was much
smaller than the case of the H poling. It should be noted
that the signal was not reproducible [22]. These features
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FIG. 2. (a)-(d) Magnetic field dependence of pggym =
[P*"(H) — p*(=H)]/2 at 52 K after the H-poling procedure
performed at (a) T, = 11, (b) 22, (¢) 30, and (d) 52 K with
dc electric currents j, parallel to and anti-parallel to magnetic
fields H ,. The magnitude of j, was 4.2 x 108 Am~2 at 11 K and
8.5 x 108 Am~2 at 22, 30, and 52 K. The magnitude of ac electric
current for measuring the 2nd harmonic resistivity j,. was
5.9 x 108 Am=2. (e)~(h) Magnetic field dependence of pZ,, at
52 K after the T-poling procedure at (e) puoH, = 1, () 2, (g) 3,
and (h) 4 Twith j,||H, and j,|| — H,,. The magnitudes of j, and
Jac Were 8.5 x 108 and 5.9 x 108 Am™2, respectively.

indicate that the 7 poling is not effective for chirality
control. The critical enhancement of susceptibility in the
course of second-order phase transition seems essential to
control the chirality.

Thus, the chirality was insensitive to the external stimuli
when traversing the first-order FM1-CON transition. We
also found that the chiral information was preserved
through this phase transition at zero magnetic field, as
shown below. In Figs. 3(a) and 3(b), we show pal,, just
after the H poling and that after the H poling and the
subsequent annealing process [heating up to 80 K, cooling
down to 30 K, and going back to the original measuring
temperature of 52 K, as shown in Fig. 1(b)]. The pil,,
signal was almost unchanged even after the annealing
process, irrespective of the sign of pifym. This observation
suggests that the chiral information is preserved even in the
FM1 phase at zero field. Then, the question is how the
chiral information is preserved in the collinear ferromagnet.
This can be answered by considering the effect of magnetic
field application along the magnetic easy axis (¢ axis) at

80 K. After heating the sample up to 80 K, we rotated the
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FIG.3. (a),(b) Magnetic field dependence of pZ,,, at 52 K at the

initial state (just after H poling, circles), that after annealing at
80 K (triangles), and that after annealing at 80 K and application
of 1 T magnetic field along the ¢ axis (squares). The initial pﬁsfym
was positive (j,||H,) and negative (j,|| — H,) in (a) and (b),
respectively. (c) Magnetic field dependence of the resistivity p at
80 K. The magnetic field was parallel to the magnetic easy axis (¢
axis). Circles represent the data measured just after a phase
transition from the helical to the ferromagnetic phase at 0 T.
Triangles and squares represent the resistivity measured while
decreasing the magnetic field from 1 to —1 T and while
increasing the magnetic field from —1 to 1 T, respectively.
(d) pﬁgym at 0.2 T measured after annealing and application of
magnetic field Hg, normalized by that before the annealing
process (py,,o) plotted against ugHg, . The magnetic field
Hg, « was applied along the ¢ axis at 80 K. The error bar is
estimated as the standard deviation of pilym/pal,, for the
uoHg, x = 1 T data [Fig. 3(b) squares], which is assumed to
vanish.

sample device in the superconducting magnet and applied a
magnetic field pyHg, ¢ as large as 1 T along the ¢ axis.
Then, we decreased the temperature to 30 K at O T and
increased it again to the original measuring temperature of
52 K. Figures 3(a) and 3(b) also show p2l,,, at 52 K after
this annealing process with the application of a magnetic
field Hg, . It is clear from this figure that the p3L,, signal
was quenched by the application of Hg, . This result
implies that it is the ferromagnetic domain walls that
memorize the chiral information. While it was previously
reported that a small magnetic field seems to determine the
chirality of ferromagnetic domain wall after the high
temperature phase transition from the paramagnetic state
[10], it was suggested here that the chirality is preserved in
the course of low temperature phase transition from the
helimagnetic phase.

To confirm the chirality memory effect of the ferromag-
netic domain walls, we investigated the Hg,  dependence
of pal . In Figs. 3(c) and 3(d), we plot paLy,, measured after
the annealing process normalized by that before the
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annealing process (pa%ym()) as a function of Hg, ., compared

with the linear resistivity in magnetic fields parallel to the ¢
axis. The linear resistivity showed hysteretic behavior. The
initial state of the measurement was zero magnetic field just
after heating from the helimagnetic state. The resistivity
was relatively large at the initial state and decreased with
the magnetic field (circles). After the application of a large
magnetic field, the resistivity showed a butterfly type
hysteresis loop (triangles and squares) and was smaller
than the initial resistivity. These features indicate that the
magnetic domain walls present at the initial state increased
the resistivity, which disappeared above 0.4 T. Importantly,
pagym / Pasymo was quenched at almost the same magnetic

field as shown in Fig. 3(d). This strongly supports the
scenario that the magnetic domain walls memorized the
chiral information in the FM1 phase.

Finally, we show numerical simulations of the chirality
memory effect. We employed a two-dimensional 100 x 10
spin system in the xy plane with Hamiltonian

M= ZJ S5+ 3 0,55 —Z(K Sk + K.S%),
(1)

where the J; is the ferromagnetic exchange interaction
between the nearest neighbor (nn) and J, is the antiferro-
magnetic exchange interaction between the next nearest
neighbor (nnn) spin pairs along the x direction, which
stabilizes the helical spin structure with the propagation
vector along the x axis. K. (K,) is the anisotropic energy of
the easy z (hard x) axis. With this spin system, we
numerically show how the chirality of the ferromagnetic
domain wall is transmitted to that of a helimagnetic state.
We prepare ferromagnetic state with a Bloch-type domain
wall along the y axis as the initial state [Fig. 4(a)]. By
means of the Landau-Lifshitz-Gilbert equation, we numeri-
cally calculate the spin dynamics in the course of the
ferromagnetic-to-helimagnetic ~ phase transition with
increasing the value of the J, at a rate of 0.1J,/ns. We
also introduce the fluctuating random magnetic field, which
represents thermal fluctuation. The details in the numerical
simulation are the same as those in the literature [28].
Figures 4(a)—4(c) exemplify snapshots of the magnetization

component (S,) and the chirality [y = (S x VS),]. One can
see the gradual evolution of helical structure. When
J, = 0.6J,, the helimagnetic state is realized. However,
we have found that the chirality of the obtained helical state
does not follow that of the magnetic domain wall but is
governed by the random field. In many cases, there are
multiple chirality domains. The dashed line in Fig. 4(d)
represents the J, dependence of the chirality that is
averaged over 100 samples. Even in the helical state, the
average of chirality is almost vanished because of the
randomness. Therefore, in order to explain the chirality
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FIG. 4. Numerical simulations of the memory effect. (a)—(c)
The snapshots of z-axis spin moment S, and chirality y =
(§ X V§) in increasing J, at (a) J, =0, (b) J, =0.2J;, and
(c) J, = 0.6J;. In these cases, Dzyaloshinskii-Moriya interaction
is absent. (d) J, dependence of the chirality for D =0 and
D = 0.5J,. Here D is the maximum of the position dependent
DM interaction D;. They are the averages of 100 samples in the
presence of random magnetic field, which corresponds to the
thermal fluctuation. (e)—(g) The snapshots of S, and y at
) J,=0, ) J,=02J, and (g) J, = 0.6/, in the presence
of D =0.5J,.

memory effect, one must consider some additional effect.
The most plausible possibility is the interplay with lattice
degree of freedom. Chiral magnetic structures are expected
to induce chiral strain owing to the inverse effect of
Dzyaloshinskii-Moriya (DM) interaction. Because lattice
dynamics is generally slow compared with spin dynamics,
the strain remains nearly static in the course of the first-
order ferromagnetic-helimagnetic transition. Such static
strain should give rise to local DM interaction on the
magnetic system. For these reasons, we added

Hpy = ZDi(i x §i+x)x (2)

nnx

to the spin Hamiltonian. Here summation runs over nearest-
neighbor spin pairs along the x axis. D; is position-
dependent DM interaction proportional to the local chirality
of the initial state. As shown in Figs. 4(e)—4(g), the
helimagnetic state evolves from the position of the initial
domain wall in this case. In this sample, the single
helimagnetic domain is realized and the chirality is the
same as that of the initial ferromagnetic domain wall. While
there exist chirality domain walls in some other samples
even in the presence of DM interaction, the number becomes
smaller and the chirality tends to follow that of the initial
state, irrespective of samples. The solid line in Fig. 4(d)
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represents the J, dependence of averaged chirality in the
presence of local DM interaction. One can see that finite
chirality evolves around J, = 0.5J;. Thus, this calculation
demonstrates that the chirality of ferromagnetic domain wall
transferred to that of the helimagnetic structure with the help
of local chiral strain and resultant DM interaction.

In conclusion, we have demonstrated a chirality memory
effect of ferromagnetic domain walls. The chirality of the
helical magnetic structure is preserved even after annealing
in the high-temperature ferromagnetic state at zero field. As
visualized by the Lorentz electron microscopy study [10],
the ferromagentic state has Bloch-type chiral magnetic
domain walls at zero magnetic field. The numerical
calculation indicates a possible role of chiral lattice dis-
tortion around the domain walls for the chirality memory
effect. While the possibility of the polarization memory
effect owing to the magnetic domain wall in a multiferroic
was previously suggested [21], the present result more
clearly shows, based on the experimental result of magnetic
field application along the easy axis in the ferromagnetic
state, that the Bloch-type domain walls are responsible for
the memory effect in the case of MnP. This suggests that
the magnetic domain walls work as small chiral nuclei
in the nonchiral phase, which are important in determining
the chirality after the first-order nonchiral-chiral phase
transition. This phenomenology seems to be applicable
to general chirality problems. Chirality is also valid in
topological defects and dislocations [29]. This work sug-
gests the vital role of such local chiralities in achiral states.
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