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The magnetic structure and phase transitions in single-crystalline Mn3Sn with the D019 structure

have been investigated by torque measurements and magnetic measurements. The results show that

a triangular antiferromagnet (AFM) and a weak ferromagnet coexist above 270 K. At these temper-

atures, the torque measurements indicate a six-fold symmetry and another two-fold symmetry of

the magnetic anisotropy. The ½11�20� direction is the lowest-energy state in the triangular configura-

tion. At low temperatures, two AFM helix-phase states are found in an applied magnetic field (H):

In one of them, the ½11�20� direction is the easiest deviation direction from the AFM state. In the

other, it is the [0001] direction. The variation of the two states with temperature (T) and magnetic

field is presented in an H-T phase diagram. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4929447]

Magnetism in systems with noncollinear magnetic struc-

tures is a subject of great interesting due to the existence of a

number of intriguing phenomena, such as spin frustration

and topological phases,1,2 which show potential applied

aspects in spintronic devices.3 Besides the triangular mag-

netic configuration in c-Fe film4 and the spiral magnetic con-

figuration in MnSi,5 (Fe,Co)Si,6 etc., the compound Mn3Sn

has attracted much attention since it presents either a triangu-

lar or a spiral magnetic configuration in different temperature

ranges.7

As shown in Figs. 1(a) and 1(b), Mn3Sn has the hexago-

nal Ni3Sn-type (D019) of structure with space group P63/
mmc stacking sequence ABABAB.8 Mn3Sn is an antiferro-

magnet (AFM) with a N�eel temperature (TN) of 420 K. The

magnetic configuration is triangular at 300 K, as demon-

strated by powder neutron diffraction. Another magnetic

transition occurs at T1¼ 270 K.9 Nagamiya et al.10,11 have

proposed two models for the spin orders: below T1, the spin

configuration is spiral, and above T1, it is triangular. T1 is

very sensitive to composition and heat treatment.12,13 Feng

et al.14 have studied the magnetic order of Mn3Sn at low

temperatures on a polycrystalline sample and found glassy

ferromagnetism below (Tf)¼ 31.8 K. Tomiyoshi et al.15–21

have performed detailed neutron diffraction on a Mn3Sn sin-

gle crystal and have concluded that the compound is domi-

nantly AFM with weak ferromagnetism (WFM) between T1

and TN. The triangular antiferromagnetic configuration is

caused by the Dzyaloshinskii-Moriya (D-M) interaction, and

the WFM originates from the distortion of the equilateral tri-

angle and the non-stoichiometry of the compound that a few

Sn atoms are replaced by Mn atoms. Cable et al.7,22–24 per-

formed neutron diffraction on a single crystal and found that,

below T1, the period of the helix structure is 11c (22 layers).

Neutron diffraction has revealed that only the inverse-trian-

gular-structure spin configuration explains the WFM.25

Zhang et al.26 and Sandratskii and K€ubler27,28 have

calculated the spin configuration of Mn3Sn by first-principles

density-functional theory and spin-density-functional theory,

respectively. The triangular spin configuration was found to

be most stable. Sandratskii and K€ubler27 found that, in this

spin configuration, the spin direction parallel to ½11�20� is the

lowest-energy state when the spin-orbit coupling (SOC) is

switched on. However, this lowest-energy state has not been

confirmed by experiments yet. In the present paper, six-fold

symmetry in the (0001) plane is reported for this triangular

configuration and the lowest-energy direction of the triangu-

lar spin configuration is confirmed. Below 270 K, two helix-

phase states have been identified by magnetization and tor-

que measurements on the Mn3Sn single crystal.

At first, polycrystalline Mn3Sn weighted 30 g was pro-

duced by melting together stoichiometric amounts of the

constituent metals, with purity higher than 99.9%, in an arc

furnace under a high-purity argon atmosphere. Single-

crystalline Mn3Sn was prepared by melting the polycrystal-

line material at 1273 K in an alumina crucible sealed in a

quarts tube filled with a small amount of high purity argon.

The crucible was slowly cooled to 873 K at a rate of 2 K/h.

According to Tomiyoshi,16 Mn3Sn is stable only in the pres-

ence of excess Mn, that is, Sn atoms at 2c sites of the space

group P63/mmc are partially substituted by Mn atoms.

Therefore, there must be excess Sn in the ingot, and when

the crystal was grown, the excess Sn would be distributed

among crystals, which is benefit to separate the crystals.

Many single crystals are obtained by crushing the crucible

and a 5.5 mg approximately hexagonal-sharped crystal was

selected by good sharp to study the properties of the com-

pound. Structural characterization was performed by means

of Cu-Ka x-ray diffraction (XRD), scanning electron micros-

copy (SEM, XL30, PHILIPS), and electron probe micro-

analysis (EPMA, 1610, SHIMADZU). Quantitative EPMA

analysis showed that the composition of the single crystal is

Mn3.13Sn. However, for simplicity, the composition of the

crystal will be written as Mn3Sn in the present paper. The

XRD patterns of Mn3Sn single crystals with (0001) anda)Electronic mail: wjren@imr.ac.cn
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ð10�10Þ surface planes are shown in Figs. 1(c) and 1(d), and

the weak reflections at 33.0� (near the ð20�20Þ reflection) in

Fig. 1(c) and 35.7� (near the (0002) reflection) and 75.8�

(near the (0004) reflection) in Fig. 1(d) are Cu-Kb reflections

that have remained after filtering. The crystal has the hexag-

onal Ni3Sn-type of structure with a¼ 0.5671 nm and

c¼ 0.4536 nm. The insets in Figs. 1(c) and 1(d) show the

SEM images of the hexagonal (0001) basal plane and the

rectangular ð10�10Þ lateral plane.

The magnetic properties were investigated by means of

a Physical Property Measurement System (PPMS, Quantum

Design). Vibrating-sample-magnetometer (VSM), torque-

magnetometer, and heat-capacity options of the PPMS were

used to study the physical properties of the Mn3Sn single

crystal. The magnetization was measured as a function of

temperature in the temperature range from 330 to 150 K and

the susceptibility from 200 to 300 K. The specific heat was

measured under the condition of a 1% temperature pulse

with the temperature-pulse method. The magnetic-torque

was measured in the temperature window from 200 to 300 K

at a magnetic field of 50 kOe. The magnetization of the

Mn3Sn single crystal was measured as a function of tempera-

ture at a magnetic field of 200 Oe applied along different

directions. As can be seen in Fig. 2(a), for both the [0001]

and ½11�20� directions, the magnetization exhibits a steep

increase at 270 K, the increase for the ½11�20� direction being

more than five times larger than for the [0001] direction.

Below 270 K, the difference of the increasing magnetization

FIG. 1. Crystal structure and XRD pat-

terns of a Mn3Sn single crystal. (a) and

(c) ð10�10Þ-plane model and XRD pat-

tern, respectively; (b) and (d) (0001)-

plane model and XRD pattern, respec-

tively. The insets in (c) and (d) are

SEM images of the single crystal

examined with XRD.

FIG. 2. (a) Temperature dependence of

the magnetization of Mn3Sn in a mag-

netic field of 200 Oe and (b)–(d) hys-

teresis loops measured at 255 K,

270 K, and 285 K, respectively. The

inset in (a) shows the heat capacity of

Mn3Sn.

082403-2 Duan et al. Appl. Phys. Lett. 107, 082403 (2015)
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between the [0001] and ½11�20� directions decreases. The heat

capacity, shown in the inset of Fig. 2(a), presents an anomaly

at around 270 K, which indicates a phase transition. Figures

2(b), 2(c), and 2(d) show the magnetization vs field curves at

255 K, 270 K, and 285 K, respectively. With increasing tem-

perature, the magnetization measured with the field in the

½11�20� direction changes from a linear dependence on the field

to magnetic-hysteresis behavior, whereas the magnetization

remains almost linear for the field in the [0001] direction. For

the ½11�20� direction, the magnetic phase transition from helix

AFM to triangular AFM with WFM occurs, as has been

reported by Cable et al.24 and Brown et al.25 based on

neutron-diffraction experiments. The WFM may arise from a

distortion of the equilateral triangular spin configuration.15

Figure 3(a) shows torque measurements in the tempera-

ture window from 260 to 280 K in a field of 50 kOe applied

parallel to the (0001) plane. Below 270 K, the torque s
changes only little with h, with indication of a period of

180�. This may be associated with the helix spin configura-

tion that has been established by Cable et al.7,22 via neutron

diffraction. Above 270 K, the curves exhibit clear structure.

The curve at 280 K, also shown in Fig. 3(b), has been

selected for further analysis as an example. Above 270 K,

the torque approximately has a period of 180� shown by

dashed dotted line with another period of 60� shown by the

dashed line superimposed on it. The period of 180� probably

arises from distortion of the equilateral triangular spin con-

figuration and the period of 60� from the magnetocrystalline

anisotropy in the ð10�10Þ plane. Thus, the expression

s ¼ K2 sin 2hþ K6 sin 6h (1)

may be suitable for fitting the torque curve. In Eq. (1), s is

toque, h is the angle between the initial position and the posi-

tion when the sample has rotated anticlockwise, K2 is the ani-

sotropy constant associated with the distortion of the equilateral

triangular spin configuration, and K6 is defined as the magneto-

crystalline anisotropy constant contributed by the triangular

spin configuration Mn atoms. The solid line is the fitting curve

with K2¼ 2760 ergs/cm3 and K6¼�2210 ergs/cm3, which has

satisfactory accuracy. By the way, the definition of the angle h
is different from the conventional definition that is the angle

between magnetization direction and the easy axis, so an easy

direction occurs at zero torque, positive slope. Therefore, in our

fitting, Ean¼ 0 is a dividing line. When Ean> 0, the position at

Ean¼ 0 is the easy direction; when Ean< 0, the position at

Ean¼ 0 is the hard direction. Because K6< 0 and H k ½10�10�
direction at h¼ 0�, the half-periodic position (h¼ 30�),
which is the ½11�20� direction, is the easy magnetization

direction for the triangular spin configuration of the Mn

atoms. The conclusion is in agreement with Sandratskii and

K€ubler in Ref. 27 (situation in Fig. 1(c)). Because the inte-

gral of s over h represents the anisotropy energy of magnetic

materials, the anisotropy energy should have a period of

180� shown by the solid line in Fig. 3(c), which is consti-

tuted of a six-fold symmetric anisotropy shown by dashed-

dotted line superimposed on another two-fold symmetric ani-

sotropy shown by dotted line in Fig. 3(c). Although the

anisotropy-energy values corresponding to the fitting line are

FIG. 3. Torque at a magnetic field of 50 kOe in the temperature range from 260 to 280 K for (a) the (0001) plane and (b) the ð10�10Þ plane. (c) Fit of the torque

for the (0001) plane at 280 K. (d) Temperature dependence of the anisotropy constants of Mn3Sn at 50 kOe.
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not precisely the same as the experimental data, they have

the same period. So, the little differences may originate from

the shape anisotropy which is small compared with the other

anisotropy-energy contributions. The theoretical analysis of

the Mn3Sn triangular-configuration energy in the (0001)

plane in Refs. 9, 10, and 14 gives the sin 6h term that arises

from the D-M interaction and the exchange interaction in the

ð10�10Þ plane. The sin 2h term comes from the magnetic

interlayer interaction. Sandratskii and K€ubler27,28 have added

SOC to calculate the total energy of Mn3Sn and suggest that

the SOC plays an important role in the weak ferromagnet

Mn3Sn. The spin parallel to the ½11�20� direction is the

lowest-energy state. So, the torque measurement gives exper-

imental support for the theory of Sandratskii and K€ubler.

In the initial situation in the torque measurement, H is

parallel to the [0001] direction in the ð10�10Þ plane, as shown

in Fig. 3(d). Below 270 K, the curves are well represented by

a sinusoidal function. Above 270 K, near 0� and 180�, the

curves have another periodicity which indicates another

lowest-energy position. So, in the ð10�10Þ plane, there are

two minimal-energy positions which are different from the

[0001] direction.

By fitting the torque curves at the various temperatures,

defining the maximum of the torque in the ð10�10Þ plane as

Ku, the anisotropy constants have been obtained as a function

of temperature, as shown in Fig. 3(e). As can be seen, in the

stable triangle phase above 275 K, Ku with the magnitude of

104 ergs/cm3 decreases with increasing temperature, K2 with

the magnitude of 103 ergs/cm3 increases, and K6 with the

magnitude of 103 ergs/cm3 is nearly consistent.

In order to investigate the situation at lower tempera-

tures, the torque and magnetization were also measured in

the temperature range from 150 to 270 K, as shown in Fig. 4.

In Fig. 4(a), the torque curves of the ð10�10Þ plane at 50 kOe

show a transition at 245 K, which indicates that the ½11�20�
direction is the lowest-energy direction in the plane below

245 K and the [0001] direction above 245 K. Figure 4(b)

shows torque measurements with H parallel to the (0001)

plane. The very small torque values present no substantial

difference at all angles below 270 K which indicates that the

structure does not change. The magnetization vs field curves

along the ½11�20� and the [0001] directions are shown in Figs.

4(c) and 4(d) at 225 K and 260 K, respectively. All four mag-

netization curves are linear but, at 225 K (below 245 K), the

½11�20� direction has the largest magnetization whereas, at

260 K (above 245 K), the [0001] direction has the largest

magnetization. So, there are two AFM helix phase states in

an applied magnetic field: In one state, the [0001] direction

is an easier magnetization direction than the ½11�20� direction.

In the other state, the situation is opposite. As can be seen in

Fig. 4(e), the temperature dependence of the magnetization

in the two different directions shows the same crossover at

FIG. 4. Torque at a magnetic field of

50 kOe in the temperature range from

235 to 255 K for (a) the ð10�10Þ plane

and (b) the (0001) plane. (c)

Temperature dependence of the mag-

netization at 50 kOe. (d) Magnetic

phase diagram of Mn3Sn in the temper-

ature interval from 150 to 290 K. In

area IA, the ½11�20� direction is an easier

magnetization direction that the [0001]

direction. In area IB, the [0001] direc-

tion is an easier than ½11�20�. In area II,

triangular AFM and WFM coexist.

082403-4 Duan et al. Appl. Phys. Lett. 107, 082403 (2015)
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245 K as the torque experiment. Therefore, by measuring the

field dependence of the magnetization along the two differ-

ent directions and determining the temperature of equal mag-

netization (T2) in the two directions, we can construct the

magnetic phase diagram in Fig. 4(f). The T2 and T1 lines

divide the H-T plane into three regions. In area IA, the ½11�20�
direction is the easy deviation direction from AFM, whereas,

area IB, it is the [001] direction. In the phase diagram, we see

that, below 245 K, the IA-IB transition from the ½11�20� direc-

tion to the [0001] direction is very sensitive to temperature

and applied field. In area II, triangular AFM and WFM

coexist.

In conclusion, by torque measurements, six-fold and

two-fold symmetries in the (0001) plane have been estab-

lished, associated with the magnetocrystalline anisotropy

and distortion of the equilateral triangular spin configuration,

respectively. It has also been demonstrated that the ½11�20�
direction is the lowest-energy state in the triangular spin con-

figuration. The conclusions obtained from the magnetization

and torque measurements are summarized in a magnetic

phase diagram.
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