PHYSICAL REVIEW LETTERS 127, 117204 (2021)

Strain-Driven Dzyaloshinskii-Moriya Interaction for Room-Temperature
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Dzyaloshinskii-Moriya interaction in magnets, which is usually derived from inversion symmetry
breaking at interfaces or in noncentrosymmetric crystals, plays a vital role in chiral spintronics. Here we
report that an emergent Dzyaloshinskii-Moriya interaction can be achieved in a centrosymmetric material,
Lay 47519 33Mn0O;3, by a graded strain. This strain-driven Dzyaloshinskii-Moriya interaction not only
exhibits distinctive two coexisting nonreciprocities of spin-wave propagation in one system, but also brings
about a robust room-temperature magnetic skyrmion lattice as well as a spiral lattice at zero magnetic field.
Our results demonstrate the feasibility of investigating chiral spintronics in a large category of

centrosymmetric magnetic materials.
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Dzyaloshinskii-Moriya interaction (DMI), an antisym-
metric component of exchange interaction, was phenom-
enologically [1] proposed by Dzyaloshinskii and
microscopically derived by Moriya by taking into spin-
orbit coupling in the superexchange interaction [2]. It was
initially used to explain the weak ferromagnetism in
antiferromagnetic oxides and later found to be responsible
for understanding a variety of physical phenomena includ-
ing anisotropy fields in spin glasses [3], magnetoelectric
coupling in multiferroic perovskites [4], asymmetric spin-
wave dispersion [5,6] and noncollinear spin textures in
chiral magnets (e.g., spin spirals [7], magnetic skyrmions
[8,9], and chiral domain walls [10]), etc. Over the past
decades, in addition to the noncentrosymmetric magnetic
single crystals [11], DMI has been also demonstrated in
thin films with asymmetric interfaces [7,12—14] or chemi-
cal composition variations [15,16], as well as in symmetric
superlattices with unequally strained interfaces [17,18]. In
order to further extend the material choice to explore
intriguing physical phenomena for chiral spintronics, it
remains highly desirable to introduce DMI into various
centrosymmetric magnetic materials.

Very recently, it was proposed theoretically that strain
engineering, which is able to change the crystal symmetry,
could be an alternative way to generate DMI in magnetic
materials belonging to centrosymmetric point groups [19].
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This provides new possibilities for extending DMI to a
broad set of magnetic systems [17,18]. Centrosymmetric
perovskite manganites exhibit controllable structures
and plenty of functionalities, such as colossal magneto-
resistance [20,21], metal-insulator transition [22], and
nontrivial spin textures [23—-28]. Among the manganites,
Lay ¢7Sr) 33MnO3 (LSMO) with room-temperature ferro-
magnetism (7', ~ 380 K) and almost 100% spin polariza-
tion [29] is a prominent candidate for spintronic devices
and therefore selected as a model system in this work.
A strain-driven DMI is realized in the LSMO grown on
NdGaO; (NGO), which is experimentally demonstrated by
the frequency nonreciprocity of spin-wave propagation.
By artificially engineering the epitaxial strain, room-
temperature magnetic skyrmion and spiral lattices are
achieved at zero magnetic field.

Bulk LSMO belongs to a symmetric trigonal crystal
system with point group 3m and tilted pseudocubic unit
cell in which the lattice constants [30] apux = bpux =
Chuk = 3.894 A, and @y # fruk = 7oux = 90° with a,
p, vy being the angles between direct lattice vectors band ¢, a
and ¢, a, and l_; respectively. Orthorhombic NGO (110)
with a monoclinic pseudocubic lattice (ango = 3.855 A,
bnco = engo = 3.864 A, anco > Prnco = Ynco = 90°),
as a substrate, provides in-plane compressive and
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Symmetry engineering by graded strain using epitaxial growth. (a) Schematic diagram of epitaxial growth of LSMO/NGO

(110) heterostructure with  being the angle of monoclinic pseudocubic lattice between b and c. (b) The c-axis lattice constant as a
function of thickness with the blue arrow representing the pseudocubic (pc) lattice constant of bulk LSMO. (c) The tensile strain
relaxation (yellow arrow) along out-of-plane direction. (d) Experimental estimation of tensile strain gradient which reaches maximum

around 100 nm.

out-of-plane tensile strains to the LSMO film, as schemati-
cally shown in Fig. 1(a). LSMO thin films with a thickness
varying from 50 to 200 nm have been grown on NGO (110)
substrates by pulsed laser deposition. The detailed crystal
structures have been analyzed by x-ray reciprocal space
mapping and 6 — 26 diffraction (for detail see Supplemental
Material Secs. 1 and 2 [31]). The LSMO thin films
on the NGO (110) substrate exhibit 2/m point group with
monoclinic pseudocubic lattice [30], a;gmo = 3.855 A,
brsmo = 3.864 A, cismo > brswio > @rsmo- and apsyo <
Prsmo = Yismo = 90°. As summarized in Fig. 1(b) and
Supplemental Material Fig. S1(e) [31], the average out-of-
plane lattice constant ¢ nonlinearly decreases and the in-
plane lattice constants a and b remain almost unchanged as
the film thickness increases. Therefore, we conclude that the
in-plane compressive strain remains unchanged whereas the
out-of-plane tensile strain e, relaxes along the z direction as
schematically shown in Fig. 1(c), where the spatial variation
of color stands for the strain relaxation by a finite gradient
E,, . = O¢,/0z. The thickness dependence of the tensile
strain gradient £, _ is estimated from the Williamson-Hall
plot [42] by 6 —20 x-ray diffraction (for detail, see
Supplemental Material Secs. 1 and 2 [31]) and the results
are summarized in Fig. 1(d). As one can see, E, , presents a
nonmonotonic behavior with the increase of thickness
and reaches a maximum (~5 x 10° m~") around 100 nm.
The strain gradient breaks the inversion symmetry which
may provide a prerequisite for the appearance of DMI [19].

To examine the existence of DMI, we measure the
frequency nonreciprocity of spin-wave propagation, which
is considered as an efficient method to study DMI and
chiral spin structures, by utilizing vector network analyzer
with integrated coplanar waveguides (CPWs) (for detail,
see Supplemental Material Secs. 1 and 3 [31]). The
measurements have been done in two typical configura-
tions: an in-plane magnetic field H is applied to be
perpendicular or parallel to the wave vector k, as shown
in Figs. 2(a) and 2(b), respectively. During the measure-
ments, the magnetic field uoH = 150 mT saturates the
magnetization. Two frequency nonreciprocities 5f | ~ 0.06
and 6f ~0.02 GHz in ~100 nm LSMO thin film are
observed for HLk [Fig. 2(c)] and H| |k [Fig. 2(d)]. Note
that the amplitude difference between S,; and S, in
Fig. 2(c) reflects the nonreciprocal excitation of the
Damon-Eshbach surface spin-wave mode by the antenna
above the magnetic film [43]. More spectra data for
different thicknesses can be found in Supplemental
Material Sec. 4 [31]. As summarized in Figs. 2(e)
and 2(f), both 6f, and 6f increase with thickness and
reach the maximum around 100 nm, then gradually
decrease. This trend is noticeably similar to the thickness
dependence of the strain gradient E, . in Fig. 1(d). For a
direct comparison, we replot the absolute value of E_, . in
Figs. 2(e) and 2(f) as the black-dashed curves. Very
interestingly, the coexistence and the thickness dependence
of two spin-wave nonreciprocities are in sharp contrast to
previous observations [44,45], suggesting the appearance
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FIG. 2. Nonreciprocal spin-wave propagation. (a),(b) Setup for the measurement of nonreciprocal spin wave propagation with in-plane
magnetic field (black arrows) perpendicular (H.Lk) and parallel (H||k) to the wave vector, respectively. The wave vector k (white
arrows) is along the x direction in all experiments and yellow antennas are coplanar waveguide (CPW1 and CPW2). (c),(d) Transmission
spectra for HLk and H ||k, respectively, at room temperature in 100 nm sample. S,; corresponds to propagating spin wave from CPW 1
to CPW2, and S}, from CPW2 to CPWI. (e),(f) Thickness dependence of the frequency nonreciprocities in HLk (blue) and H|k
(orange), respectively. The curves of circles are fitting based on experimental data (squares). And the black-dashed curve replots the

magnitude of the estimated strain gradient E_, ..

of an unusual DMI in this strain-driven symmetry-broken
system.

For a thorough understanding and deep insight of the
experimental observations, we derive the expression of this
unusual DMI from thermodynamic theory description and
symmetry analysis in the presence of a strain gradient £, ,
in our LSMO thin film [Fig. 3(a)]. According to Ref. [19],
the free energy of the system consisting of coupling
between magnetic order parameter (magnetization m and
magnetization gradient Vm) and strain gradient (VE) must
be an invariant of lattice symmetry of the host material, i.e.,
3m point group for LSMO. Detailed calculation leads to the
free energy

fou= D Di: (mx—r), (1)

i=1,2,3 !

where D; = E,, . (v;y. Vjy,v;;) With i =1,2,3 represent
three DM vectors for Mn-Mn pairs in [100], [010], and
[001] directions, respectively, as shown by green arrows in
Fig. 3(b), and v;; are the corresponding coefficients (for
detail see Supplemental Material, Sec. 5 [31]).

The spin-wave nonreciprocities in the two measured
configurations, i.e., H||k and H_Lk are then derived from
the Landau-Lifshitz equation, where the equilibrium mag-
netization m is set to be along the strong external magnetic
field H. It turns out that the resonant frequencies in the two
configurations can be expressed as

(k) =20 VUR =&+ H o+ MR + H)

vk
+ WDlxv (2)

fi(k£H)= WO\/(Jk2—§+H+MS)(Jk2+§+H)
2

vk
:Fleyv (3)

where J = 2A4/uyM, and & = {[M (1 — e72¥)]/4} with
A being the exchange constant, M saturated magnetiza-
tion, yo vacuum permeability, d the thickness, and y the
gyromagnetic ratio. The spin-wave nonreciprocities in
frequency from DMI thus are given by
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Figs. 2(a) and 2(b).
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FIG. 4. Topological spin textures at room temperature and topological Hall effect. The zero-field (a) magnetic skyrmion lattice and
(b) spin-spiral lattice at room temperature for 100 nm sample. (c) Total Hall resistivity curves of AHE and THE and (d) the net THE
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8f) = f(k.H) — f(k,—H) = =2kyD,/zM, (4)
Of L = fi(k,H)— fi(k,—H) = =2kyD,,/aM,. (5)

In practice, the x and y components of the DMI vector
for Mny-Mn; pair, Dy, and D,,, display two different
characterizations of helicoid- and cycloid-type interactions
[46] as illustrated in Fig. 3(c), and hence result in the spin-
wave nonreciprocities for H||k and H_LK, respectively,
which is well consistent with our experimental observations.

The frequency nonreciprocity due to other possible origins
such as surface anisotropy [47] and magnetization gradient
[37] along growth direction has been carefully studied and
excluded: (1) as for surface anisotropy, the sign change of
nonreciprocity from calculation does not agree with the
observed nonmonotonic thickness dependence; (2) as for the
magnetization gradient, no nonreciprocity is allowed for
H|k (for detail see Supplemental Material Sec. 6 [31]). In
addition, the thickness dependence of the nonreciprocity
observed for H_Lk does not coincide with the one induced by
interfacial DMI (a rapid decay within a few nanometers [45]).
Therefore, we conclude that the observed unusual non-
reciprocity originates from the strain-driven DMI. The
approach for a quantitative estimation of the DMI vector
is explained in Supplemental Material Sec. 7 [31].

To further confirm the existence of the strain-driven DMI,
the consequent spin textures have been directly imaged in the
LSMO films by magnetic force microscopy (MFM), as the
DMI may generate topological spin textures such as sky-
rmions and spin spirals. As shown in Figs. 4(a) and 4(b), two
stable spin textures, i.e., a skyrmion lattice and a periodic
spiral lattice are observed at 300 K in the 100 nm thin film (for
detail see Supplemental Material Sec. 1 [31]). The topological
characteristic of the spin textures is evidenced by the
topological Hall effect (THE) [48,49] extracted from Hall
measurements. The measured Hall resistivity py,; contains
three contributions: normal Hall effect (NHE), anomalous
Hall effect (AHE), and THE, i.e., pya1 = pxuE + P AHE + PTHE -
NHE and AHE are proportional to the out-of-plane magnetic
field and magnetization, respectively. Therefore pp,; is
subtracted by pnur = RoH [Fig. 4(c)] and payg = RM.
The net THE signals are plotted in Fig. 4(d) (for details see
Supplemental Material Sec. 8 [31]). It is well known that the
topological Hall resistivity due to skyrmions can be expressed
as prue = PRong @y, where P is the spin polarization, R, the
normal Hall coefficient, ny skyrmion density, ¢, = h/e, h
the Planck constant, and e the elementary charge. Taking
ng = 25 ym~2 obtained from Fig. 4(a), P =1 and R, =
0.0996 uQ2cm T~ to estimate, the topological Hall resistiv-
ity prue 10 n{2cm shows reasonable agreement with the
experimental value at zero magnetic field and 300 K in
Fig. 4(d). Such a topological nature maintains within a wide
temperature down to 20 K, where the formation, evolution,
and annihilation of skyrmions match well with the field
dependence of topological Hall resistivity (for details see
Supplemental Material Sec. 9 [31]). The role of the DMI
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FIG. 5. Zero-field MFM images in 50, 150, and 200 nm thin
film at room temperature. (a) Tiny wormlike textures in 50 nm
thin film. (b) Mixed phase with a few isolated skyrmions in
150 nm thin film. (c) Spin-spiral lattice in 200 nm thin film.

strength can be seen in Fig. 5, which shows, in samples with
relative weak DMI, only tiny wormlike textures or spin spirals
(with larger period in weaker DMI sample, see Supplemental
Material Sec. 10 [31]) can be achieved at zero field.
Topological characteristic of these low-field spin textures
is evidenced by nonzero topological Hall resistivities [40], see
Supplemental Material Sec. 11 [31]. Thus, we demonstrate
that the strain engineering is an efficient way to generate DMI
and hence allows for the stabilization of zero-field nontrivial
magnetic topological phase in LSMO thin films.

In summary, we report an emergent DMI in LSMO thin
films, where the inversion symmetry is broken by a graded
strain. Based on thermodynamic theory description and
symmetry analysis, we show that the strain gradient can
give rise to an unusual DMI containing both helicoid- and
cycloid-type components. This strain-driven DMI stabilizes
magnetic skyrmion and spin spiral lattices at room temper-
ature and zero magnetic field. The artificial strain engineer-
ing, a well-established technique in semiconductor [50] and
ferroelectric [42] communities, provides a novel strategy to
explore DMI in centrosymmetric materials for the appli-
cations in spintronic devices. Discovery of a topological
spin structure in this strongly correlated oxide may trigger
more intriguing physical phenomena and functionalities.
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