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Spontaneous magnetostriction effects in the chiral magnet CrNb;Sg
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We identified the spontaneous magnetostriction effects in the chiral magnet CrNb;S¢ with the Dzyaloshinskii-
Moriya interaction. The powdered x-ray diffraction patterns indicate a prominent magnetostriction effect at the
earth field. The unit-cell volume remains almost constant, as in the so-called Invar effect, below 170 K in the
paramagnetic region, where the atomic positions of Nb and S show characteristic changes. Below the magnetic
ordering temperature of 127 K, the lattice constants a and ¢ exhibit an opposite temperature dependence. When
a finite magnetic field of 1.2 kOe is applied, a magnetostriction appears that counterbalances the spontaneous
magnetostriction. The magnetostriction phenomena in CrNb;Se were investigated from the viewpoint of the

atomic level of the chiral effect.
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I. INTRODUCTION

In a chiral space group without any rotoinversion
symmetry elements, crystallographic chirality allows the
Dzyaloshinskii-Moriya (DM) interaction, which arises from
a combination of second-order perturbation of the spin-orbit
coupling (SOC) and the exchange interaction [1,2]. The com-
petition between the DM and exchange interactions stabilizes
along-wavelength helimagnetic (HM) order. In addition, SOC
itself often results in magnetostriction. Magnetostriction in
chiral magnets has already been studied in a B20 (cubic) type
of MnSi through the capacitance measurement [3], where the
relation of the magnetostriction to the structural symmetry has
been discussed in the point group theory. However, the atomic
level of the chiral effect is not considered. This study investi-
gates the magnetostriction phenomena in a typical hexagonal
chiral magnet, CrNbsSg, considering lattice deformation on
the atomic scale. The change in lattice parameters is related to
the change in the local structural symmetry around a magnetic
Cr** jon.

CrNbsS¢ has a stacked structure of hexagonal NbS,
layers. The insertion of Cr*" between the NbS, layers pre-
cludes the inversion symmetry; thus, the material crystallizes
in the noncentrosymmetric hexagonal space group P6322 (No.
182) [4-6]. Cr occupies the position of 6S octahedral holes,
the 2d site (2/3, 1/3, 1/4). The Nb positions are classified
as the 2a site at (0,0, 1/2) and the 4f site at (2/3,1/3, z),
as shown in Fig. 1(a). The atomic position of S, the 12i site
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(x, ¥, 2), is a general position. Nb(4f) is located so it enters
the 3S triangle of the CrSg octahedron, and the z value of
Nb(4f) is not 1/2. In this cluster unit of CrS¢-Nb,, the local
symmetry around Cr is approximately Ds,; thus, the Cr 3d
orbitals would show an energy splitting t,;, — €, + aig, as
shown in Fig. 1(a). The ay, orbital of Cr 3d orbitals extends
along the ¢ axis toward the Nb(4f) atoms. The 7% orbital of
Nb(4f) is hybridized with the delocalized a,, orbital of Cr [7],
resulting in the appearance of orbital angular momentum [7]
and ferromagnetic interaction [8].

CrNb3Sg has a HM ground state with the propagation vec-
tor along the ¢ axis [5], and the magnetic ordering temperature
T. of CrNb3S¢ is 127 K [5,9,10]. According to a Lorenz
microscopy experiment, a ferromagnetic network develops on
the ab plane [11]. A Monte Carlo simulation was used to
estimate the in-plane exchange interaction on the ab plane
(67 K) [12]. An electron spin resonance experiment revealed
that both the DM interaction and the easy-plane anisotropy
appear at approximately 1 K, whereas the interplane exchange
interaction occurs at 16 K [13]. A decrease in 7. under
hydrostatic pressure is reportedly associated with a decrease
in the distortion of the CrS¢ octahedron [9,14]. To date, the
physical properties of CrNbsSg have been explained on the
basis of structural information at room temperature.

In the monoaxial chiral HM texture, a finite dc magnetic
field H perpendicular to the chiral axis stabilizes a chiral
soliton lattice (CSL) state, in which the ferromagnetic arrays
are connected with kinks [15—17]. The kinks (single discom-
mensurations) are spiral textures with 27 rotation and are
treated numerically as solitons. Experimental evidence of the
CSL phase was obtained by Lorentz transmission electron

©2020 American Physical Society
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FIG. 1. (a) Crystal structure of CrNb;S¢ and its 3d orbitals.
Nb(2a) and Nb(4f) are shown in light and dark green, respectively.
(b) Phase diagram as a function of temperature 7" and dc magnetic
field H perpendicular to the ¢ axis. When H is scanned from zero,
the HM state (light blue) is transformed to a forced-ferromagnetic
(FFM) state via a chiral soliton lattice (CSL).

microscopy [11]. The change in the soliton number results
in discrete changes in the magnetoresistance [18] and mag-
netization [19-22]. The phase diagram at H L ¢ was verified
both experimentally [10,23-27] and theoretically [12,28-30].
The CSL phase is divided into at least two regions [CSL-
1 and CSL-2, Fig. 1(b)] depending on irreversibility [10].
The manipulability of the spin texture under H originates
from the chirality of the crystal structure, suggesting a strong
magnetostructural correlation. It is an open question whether
the change in magnetic property with H can influence the
crystal structure. Electron diffraction analysis cannot provide
an answer based on the crystallography because of insufficient
spatial resolution [11]. Thus, to know how H modifies the
intrinsic magnetostriction effect in CrNbs;S¢, we investigate
the lattice parameters of a powder sample at H = 0 and a
single crystal at H = 0 and 1.2 kOe (both H L ¢ and H//c)
as a function of T'.

The change in structural symmetry changes the distribution
of the orbital wave function of electrons, so that the resultant
change in SOC brings about the change in spin alignment. The
present study investigates how structural change in the atomic
level occurs by the change in spin alignment by reducing
thermal fluctuation and applying a magnetic field. It is not just
a magnetostriction study from the macroscopic viewpoint but
an experimental study to investigate the effect of SOC from
the atomic level of structural analyses.
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FIG. 2. (a) Setup of XRD experiments at H = 1.2 kOe. H was
obtained using two facing NdFeB magnets with opposite magnetiza-
tions. The sample was cooled to 90 K, which was the lower limit at
which the temperature of the NdFeB magnets was maintained above
280 K. The setups using a single crystal for (b) H//c and (¢) H L c.
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II. EXPERIMENTAL METHODS

We performed x-ray diffraction (XRD) analyses as a func-
tion of T using a synchrotron radiation system with a cylin-
drical imaging plate at the Photon Factory at the Institute of
Materials Structure Science of the High Energy Accelerator
Research Organization [31]. The energy of the incident x
rays was 16 keV. The experimental setup for H = 1.2 kOe
using two permanent magnets is shown in Fig. 2. Two NdFeB
magnets (NeoMag, N48H) with a remanence of 13.8 kG
and dimensions of 10 x 6 x 3 mm? were used to produce
the 1.2-kOe field. The remanence of a NdFeB magnet de-
pends on its temperature. The temperature of the magnets
was measured using a K-type chromel-alumel thermocouple.
During the XRD measurements, the sample temperature T
was increased from 92.8 to 294.7 K so that the temperature
of the magnets was held at 289.2-298.2 K to maintain H.
Consequently, the H value at the sample position is calculated
at room temperature. The actual T sequence at H = 1.2 kOe
corresponds to paramagnetic (PM) — forced-ferromagnetic
(FFM) — CSL-2 — FFM — PM for H//ab and PM —
conical magnetic (CM) — PM for H//c.

The powder sample and single crystal of CrNb3S¢ were
synthesized using a procedure described elsewhere [11]. The
powder sample had already been used in a hydrostatic pres-
sure experiment [9]. First, we conducted the powder XRD
measurement at H = 0. The diffraction patterns were analyzed
by Rietveld refinement using the REITAN-FP package [32].
Next, we performed the XRD experiments using the single
crystal at H = 0 and 1.2 kOe. We prepared a magnetic
field with both H//ab (H 1 ¢) and H//c. To evaluate the
lattice parameters, we used 14 (hk3) and 11 (hk2) spots for
the H//ab setup and 4 (211), 4 (20l), and 7 (11I) spots
for the H//c setup. The words “shrinkage,” “elongation,”
and “expansion” are used to describe structural changes with
increasing temperature.

The T dependence of magnetization M at H = 1.2 kOe
was observed using a commercial superconducting quantum
interference device magnetometer to confirm the M values and
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FIG. 3. Lattice parameters a, ¢, V, and c¢/a of CtNb;Sg at H =0
as estimated by Rietveld analysis. The data for a and ¢ are shown in
(a), and those for V and c¢/a are shown in (b). Green arrows indicate
the T; value confirmed by ac magnetization at zero field [9,14].

the magnetic irreversibility between field-cooling and field-
warming processes. Then, the c axis of the single crystal was
placed in the direction parallel to H or perpendicular to H. For
H//ab (H L c), ac magnetization in the field-cooling process
at an ac field with an amplitude of 3.86 Oe and a frequency
of 10 Hz was measured to identify a series of field-induced
transition temperatures. The minimum 7' (80 K) was lower
than that in the XRD experiment. At room temperature, H was
increased to 1.2 kOe. Then, M was measured in the cooling
process to 80 K; this was followed by its measurement in
the warming process from 80 K. The obtained information is
helpful to understand the conditions of the XRD experiment
using the single crystal, from the viewpoint of magnetizing.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Under zero magnetic field

Figures 3(a) and 3(b) show the lattice constants a and c,
their ratio ¢/a, and the unit cell volume V of CrNbsS¢ at H
= 0. Ordinal thermal shrinkage appears in the paramagnetic
region above 170 K. As shown in the next section, the
development of M at a finite H owing to the short-range
order is dominant below 170 K. For 130-170 K, all of the
lattice parameters change very little, suggesting a type of Invar
effect due to competition between the thermal expansion and
magnetic shrinkage. Here, c/a was kept nearly constant [see
Fig. 3(b)]. For T < 130 K, the a axis shrinks by 0.02%, and

the ¢ axis becomes 0.33% longer, resulting in a prominent
change in c/a [see Fig. 3(b)]. Consequently, V tends to have
an almost constant value (indeed, slightly decreased), even
for T < 130 K. There, the decrease in volume due to the
shrinkage of the easy plane is offset by the increase in V
due to the elongation along the hard axis (c¢ axis). Thus, this
behavior below T¢, which is opposite to thermal expansion, is
identified as spontaneous “magnetostriction” associated with
the HM order.

Figures 4(a)-4(d) illustrate these phenomena in terms of
the atomic coordinates Nb(4f), S, Sy, and S, for CrNb3Sg
at H = 0, respectively. The z coordinate of Nb(4 f), Nb(4f),,
exhibits characteristic changes at 130, 180, and 260 K, where
the change at 130 K is associated with the HM order. Under
hydrostatic pressure, Nb(4 f), approaches 0.5 for Nb(2a) [9].
The thermal shrinkage for T > T and hydrostatic compres-
sion have similar effects on Nb(4 f),. Thus, the symmetry of
the CrS¢ octahedron approaches that of the regular octahedron
in both cases, as described later. Herein, it is noted that all of
the atomic coordinates of S (S,, S,, and S;) exhibit a change
at T;, similar to Nb(4f),. The characteristic temperatures that
determine the changes in S;, Sy, and S; except for 7; are not
uniform. Of the three atomic coordinates of S, the character-
istic temperatures for S;, such as 130, 190, and 240 K, are
particularly close to those in Nb(4 f),, suggesting interlocking
motion between Nb(4 f) and S atoms.

To know the change in the structural symmetry of the
CrS¢ octahedron, we have to study the change in bonding
angles, such as ZS1CrS4 and ZS5CrS6, as shown in Fig. 5.
Herein, ZS1CrS4 is equal to £S2CrS5 and £S3CrS6. Fur-
ther, ZS5CrS6 is equal to ZS1CrS2, ZS1CrS3, £S2CrS3,
ZSA4CrS5, and £S4CrS6. In the regular octahedron, ZS1CrS4
= 180°, and £S5S1S6 = ZS3S1S5 = £S2S1S6 = 60°. As
suggested by the interlocking motion between Nb(4f) and
S atoms in Fig. 4, the change in the structural symmetry of
the CrSg octahedron is related to the displacement of Nb(4f)
along the c axis, as illustrated in Fig. 5(a). The distortion of
two regular triangles, S4S5S6 and S1S2S3, was monitored
with the angle ZS1CrS4 [see Fig. 5(b)]. The increase and
decrease in ZS5CrS6 represent the elongation and contraction
of the CrSg octahedron along a direction parallel to the
ab plane, respectively [see Fig. 5(c)]. The Cr network on
the ab plane constructs the ferromagnetic spin alignment,
which is strengthened by the easy-plane type of the magnetic
anisotropy. The bonding length S1-S2 reflects the size of
the regular triangle length of S1S2S3, while the changes in
both S1-S5 and S1-S6 reflect the distortion between two SSS
regular triangles.

Figure 6(a) shows the T dependence of ZS1CrS4 and
ZS5CrS6. First, ZS1CrS4 has the lowest value around 7;. and
another minimum at approximately 220 K. At approximately
T., the CrS¢ octahedron has the largest distortion. Thus, in the
T region from 90 to 300 K, the octahedron distortion repeats
the up-and-down pattern twice. Next, ZS5CrS6 exhibits the
constant-down-up-down pattern with increasing 7: Below
140 K, ZS5CrS6 keeps the maximum value at approximately
88°. This originates from the stabilization of the ferromag-
netic alignment on the ab plane. In the paramagnetic region
above 140 K, the CrSg octahedron exhibits the contraction,
elongation, and contraction progression along the direction
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downside of Nb(4f). ZS1CrS4 = £S2CrS5, ZS3CrS6, ZS5CrS6 =
/S1CrS2, £ZS1CrS3, £S2CrS3, £S4CrS5, £S4CrS6. Two triangles
such as S1S2S3 and S4S5S6 are regular triangles. (b) Structural
0.334 distortion between two regular triangles presented with ZS1CrS4,
(;3 which slightly deviates from 180°. (c) Elongation and/or contraction
of the CrS¢ octahedron along a direction parallel to the ab plane,
0.332 illustrated with the change in ZS5CrS6. In (a)—(c), the trends in
i local atomic motion with the up and down motions of Nb(4f) are
illustrated with blue and red arrows, respectively. The green dotted
0.330 lines in (a) show the plane including the regular triangle S1S2S3.
Red and blue arrows in the plane present the direction of the rotation
of the regular triangle S1S2S3.
0.006[
L Figure 6(b) shows the T dependence of /S5S1S6,
0 005: ZS3S1S5, and ZS2S51S6. Among these three SSS angles,
= ZS5581S6 and ZS2S1S6 exhibit the same 7 dependence as
70! [ Z/S5CrS6 and ZS1CrS4, respectively. The aforementioned
0.004 phenomena of the change in the structural symmetry of CrSg
[ octahedron can also be traced with ZS5S1S6 and ZS2S1S6.
0.003F Figure 6(c) shows bonding lengths such as S1-S2, S1-S5,
i and S1-S6 as a function of 7. S1-S5 and S1-S6 also exhibit
—l — N . a T dependence similar to those of £S2S1S6 and ZS3S1S5,
0.632 .10,0. — .15,0 . 20,0 — .25,0 —— .300 respectively. S1-S2 has a minimum at approximately 160 K,
[ (d) ] which is close to the high-T limit exhibiting the Invar effect,
[ o and the size of the regular triangle S1S2S3 is minimum in
0.631F RS the paramagnetic region. The change in Z/S1CrS4 shown in
- Fig. 6(a) reveals that the minimizing in the regular triangle
N i size is related to the decrease in the distortion of the CrSq
w1 0.630r octahedron.
L Thus, all angles ZS1CrS4, ZS5CrS6, £S5S1S6, ZS3S1S5,
0.629 i and £S2S1S56 and the bond lengths S1-S2, S1-S5, and S1-S6
i change at 7.. The changes in the structural symmetry of the
CrS¢ octahedron, specifically the change along the directions
0.628 A ————d e parallel to the ab plane and distortion of two SSS regular
100 150 TZEIO(] 250 300 triangles, can be phenomenologically related to the change
in the z coordinates of Nb(4f). In brief, the Invar effects
) ) below 170 K are associated with the change in the symmetry
FIG. 4. T dependences of atomic coordinates such as ¢ e CrS, octahedron. At 170 K, the distortion of the CrSq

(a) Nb(4f),, (b) S, (¢c) Sy, and (d) S,. The characteristic
temperatures are indicated by red arrows, and the dashed lines are
guides for viewing their trends.

on the ab plane. The series of characteristic temperatures
for the change in ZS5CrS6 are slightly higher than those
for ZS1CrS4. Furthermore, their 7 dependences may be
influenced by the z coordinate of Nb(4 f).

octahedron becomes the minimum. At 7, the CrS¢ octahedron
is most distorted. For reference, the crystal structure at T =
90 K is almost the same as that at room temperature.

B. Under a magnetic field of 1.2 kOe

Figures 7(a) and 7(b) show the 7' dependence of magneti-
zation M at H = 1.2 kOe for H//ab and H//c, respectively.
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FIG. 6. T dependences of (a) bonding angles ZS1CrS4 and
ZS5CrS6, (b) bonding angles £S551S6, ZS3S1S5, and £S2S1S6,
and (c) bonding lengths S1-S2, S1-S5, and S1-S6. The characteris-
tic temperatures are indicated by red arrows, and the dashed lines are
base lines for viewing their trends.

In Fig. 7(a), the data for the in-phase ac magnetization m’
observed in the field-cooling process at H = 1.2 kOe are
also shown. In Ref. [10], it was found that in the warming
process after zero-field cooling, CSL-2 transforms to PM via
FFM at H = 1.2 kOe. The present m’ data identify that three
phases exist independently of the cooling manner such as
field cooling or zero-field cooling. Figure 7(b) exhibits the
transformation of CM to PM from the low-T side, and the
order of M is one tenth of that for H//ab. In both cases,
small hysteresis was observed between field cooling and field
warming. The XRD data conducted under the same field-
cooling circumstance are presented below.

Figure 8 shows the lattice parameters a, ¢, and V estimated
experimentally using the single crystal at H = 0 and H =
1.2 kOe for H//ab [Figs. 8(a)-8(c)] and H//c [Figs. 8(e)—

Hilab |
H=12kOe

R0 100 120

L Hlle ]
t H=12kOe
080""90 100 110 120 130 140 150

T[K]

FIG. 7. T dependence of magnetization M at H = 1.2 kOe for
(a) H//ab and (b) H//c. Red and blue indicate data obtained during
field cooling and field warming, respectively. For H//ab, in-phase
ac magnetization m’ observed in the field-cooling process at the
ac field with an amplitude of 3.86 Oe and frequency of 10 Hz is
plotted with green triangles. A phase transformation is identified as
CSL-2 — FFM — PM phases for the low-T side. For H//c, a phase
transformation occurs between the CM and PM phases.

8(g)]. For H//ab, the decrease in a and increase in ¢ below 7,
at H = 0 change to an increase in a and a slight decrease
in ¢ [Figs. 8(a) and 8(b)]. The changes in the unit cell as
T is increased from 90 K to 7; are shown in Fig. 8(d).
The lattice constant changes notably with respect to the H
direction against the easy plane, and it is understood with an
H-induced magnetostriction depending on M?. Consequently,
V does not change greatly below 7. between H =0 and H//ab
[Fig. 8(c)], although the scenario for H//ab is different from
that of the spontaneous magnetostriction at H = 0.

Next, as seen in Figs. 7(a) and 7(b), the M value for H//c
is approximately one tenth that for H//ab. Consequently, the
expansion of the ab plane below T for H//c [0.3%; Fig. 8(h)]
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FIG. 8. T dependence of lattice parameters estimated in experi-
ments using a single crystal at H = 1.2 kOe for (a)-(c) H L ¢ and
(e)—(g) H//c. (d) and (h) The behavior between 90 K and 7. For
reference, the results at H = 0 are also shown.

is smaller than that for H//ab [0.7%; Fig. 8(d)]. For H//c,
¢ increases with increasing 7' below T;, which is similar to
the behavior at H = 0. The expansion of the ab plane and
elongation along the ¢ axis below 7; [Fig. 8(h)] result in an
increase in V, suggesting that applying H//c weakens the

spontaneous magnetostriction. For the application of the H//c
field, over the entire T region, the shrinkage of the ab plane
is greater than the elongation along the c axis, resulting in a
reduction in V. Interestingly, the change in V under the H//c
field is suppressed at approximately 7. Thus, the spontaneous
magnetostriction is modified by applying the magnetic field
H, and the type of change depends on the direction of H.

IV. CONCLUSION

We observed spontaneous magnetostriction in CrNbsSe.
The magnetostriction appears as the so-called Invar effects
in two T regions, the PM (130-170 K) and HM (below T)
regions. The former Invar effect originates from the changes
in the symmetry of the CrS¢ octahedron, and there both lattice
constants a and ¢ do not change, resulting in no change in the
unit-cell volume. The unit-cell volume remains constant also
below T¢, where the elongation of the unit cell along the ¢ axis
and shrinking of the ab plane are in competition. The Invar
effect below T; originates in the ferromagnetic alignments
on the ab planes. This spontaneous magnetostriction was
modified by a magnetic field H, and the manner depended
on the H direction. Thus, in CrNb3S¢ with SOC, a prominent
magnetostriction effect was observed, and the actual effects
are thought to depend on both the magnitude and direction
of H. Fortunately, the orbital angular momentum of CrNb3S¢
was already estimated, and the atomic SOC among the Cr
3d and Nb 4d were already discussed by the first-principles
electronic structure calculations. A discussion of the magne-
tostriction based on electronic structure is desirable.
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