PHYSICAL REVIEW B 108, 104422 (2023)

Discovery of antiferromagnetic chiral helical ordered state in trigonal GdNi;Gay
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We have performed magnetic susceptibility, magnetization, and specific heat measurements on a chiral magnet
GdNi;Gag, belonging to the trigonal space group R32 (No. 155). A magnetic phase transition takes place at
Ty = 19.5 K. By applying a magnetic field along the a axis at 2 K, the magnetization curve exhibits two jumps
at ~3 kOe and = 45 kOe. To determine the magnetic structure, we performed a resonant x-ray diffraction
experiment by utilizing a circularly polarized beam. It is shown that a long-period antiferromagnetic (AFM)
helical order is realized at zero field. The Gd spins in the honeycomb layer are coupled in an antiferromagnetic
manner in the ¢ plane and rotate with a propagation vector ¢ = (0, 0, 1.485). The period of the helix is 66.7 unit
cells (~180 nm). In magnetic fields above 3 kOe applied perpendicular to the helical ¢ axis, the AFM helical

order changes to an AFM order with ¢ = (0, 0, 1.5).
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I. INTRODUCTION

Asymmetry in space and time often plays an important
role in unconventional physical phenomena. Chirality is a
property of asymmetry essential in cross-disciplinary subjects
and nature at all large scales. In structures with chirality, there
are two types of structures, i.e., left- and right-handed mir-
ror copies. The difference in chirality, or the handedness, of
crystals often appears in macroscopic physical properties. In
magnets, chiral symmetry breaking in crystal structures plays
an essential role in stabilizing a macroscopic ordering state
with left- or right-handed incommensurate twists of magnetic
spins.

Magnetic structures reflecting the crystal chiralities have
been identified mainly in d electron systems and have been
actively studied. The skyrmion lattice, which is a magnetic
vortex, is observed in MnSi [1], and a uniaxial helical mag-
netic structure with a periodic arrangement of “twists,” which
is called a chiral soliton lattice, is observed in CrNbzS¢ [2,3].

Recently, chiral magnets have been explored in a 4f
electron system. The examples are uniaxial helical magnetic
structures in YbNizAlg [5,6], DyNi;Gag [7-10], and GdPt,B
[11], and the skyrmion lattices in EuPtSi [12-15]. The pe-
riod of the helical magnetic structure in a 4f chiral magnet,
for example in YbNi3Aly and EuPtSi, is approximately an
order of magnitude smaller than that in d electron systems
[3]. In the case of the helical magnetic order of YbNisAly,
the angle between neighboring spins along the ¢ axis are
more than 90°, indicating that the exchange interaction is
mediated predominantly by the conduction electrons (the
Ruderman-Kittel-Kasuya-Yosida mechanism), and the weak
Dzyaloshinskii-Moriya type antisymmetric exchange interac-
tion selects the sense of rotation. The target substance of this
study is GdNizGag [16], with the same crystal structure as
YbNisAlg, which has a ErNizAlg type crystal structure with
a space group R32 (No. 155) [17]. Figure 1 shows the crystal
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structure of GdNizGag. We call this structure right-handed and
the mirror image of this structure left-handed. The handedness
can be judged by the Flack parameter of single crystal x-ray
experiments. The lattice constants are a = 0.7264 and ¢ =
2.7497 nm. The crystal structure of GdNi3;Gayg is characterized
by the honeycomb layers of rare-earth elements stacked along
the helical ¢ axis, as shown in Figs. 1(a) and 1(b). Note that
the Sohncke type space group R32 is not chiral, but the crystal
structure has a chirality. Ga and Ni atoms form spirals, as
shown in Fig. 1(c).

Gd compounds are suitable for investigating chiral mag-
netism because of the zero orbital angular momentum of Gd**
(4f7, 3S7/2, pesr = 7.94up/Gd, py; = gjusJ = Tup, and
gs = 2). This reduces the effects of crystal-field anisotropy
and allows the magnetic moments of Gd to direct to any
favorable directions determined by the exchange interactions.

Although neutron diffraction experiments are usually used
to investigate the magnetic structure [18,19], detailed data col-
lection for Gd compounds is difficult because Gd is a strong
neutron absorber. To observe the helical magnetic structure
and the helicity of GdNi3Gay, we performed resonant x-ray
diffraction (RXD) using circularly polarized x rays [20-22].

II. EXPERIMENTAL PROCEDURE

We synthesized a single crystalline GdNi3;Gag by the flux
method using gallium as the solvent. The starting materials
Gd ingot (purity of 99.9%), Ni ingot (99.999%), and Ga ingot
(99.9999%) were prepared in a molar ratio of Gd:Ni:Ga =
1:3:30. These materials were placed in an alumina crucible
and then sealed into a quartz tube under high vacuum ~1 x
1073 Pa. The ampoule was heated to 900 °C and maintained
at this temperature for 5 h. Then, it was slowly cooled at a rate
of 5°C/h. The excess gallium was removed by centrifugation
at 500 °C.

©2023 American Physical Society
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FIG. 1. (a) The unit cell of GdNi3;Gay. Ga(5), which is located
in the Gd honeycomb layer, is colored green. (b) Gd honeycomb
layer (z ~ 1/6). This figure contains nine unit cells. Gd forms a
honeycomb network. Ga(5) forms a small triangle at the center of
this network. (c) Spiral in the crystal structure of GdNiz;Gay. The
figure shows the c-axis spiral of Ga(5). Although hard to see because
the changes are so small, atoms in general positions, such as Ni and
Ga(6), are also arranged in spirals in addition to Ga(5). In this figure,
Ga(1)-Ga(4) was eliminated for simplicity. VESTA was used to draw
the figure [4].

In this work, the magnetization and specific heat mea-
surements have been performed using a commercial magnetic
properties measurement system (Quantum Design) and phys-
ical properties measurement system (Quantum Design). The
specific heat was measured between 2 and 300 K at zero
magnetic field, and the magnetization was measured between
2 and 300 K in magnetic fields up to 5.5 T.

The RXD experiments were performed at BL-3A, Photon
Factory at KEK, Japan. The sample with a mirror polished
¢ plane surface was inserted into an 8 T cryo-magnet and
cooled down to 3 K. In this paper, the ¢ plane denotes the
(001) plane. The ¢ axis was perpendicular to the magnetic
field. The scattering geometry is shown in Fig. 2. A diamond
phase retarder system was used to tune the horizontally po-
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FIG. 2. Scattering configuration of the RXD experiments with a
phase retarder system inserted in the incident x ray.

larized incident beam to a circularly polarized state [6]. A
phase difference of the incident X ray between the ¢ and &
polarization is generated by rotating the angle of the diamond
phase plate Opr around the 111 Bragg angle 6, which is 22.3°
at 7.932 keV, where the scattering plane is tilted by 45°. We
can tune the incident linear polarization to right-handed cir-
cular polarization (RCP) and left-handed circular polarization
(LCP) by changing AQPR, where AGPR = QPR — 9]3.

We used an x-ray beam with a wavelength of 0.1711 and
0.1563 nm (7.246 and 7.932 keV), which are near the L3 and
L, edges of Gd, respectively. In GdNi3Gao, the (1,0,3n+ 1)
reflections are allowed and the (1,0, 3n) and (1,0,3n—1)
reflections are forbidden, because of the selection rule derived
from the crystal symmetry.

III. RESULTS AND ANALYSIS

Figure 3(a) shows the temperature dependence of magnetic
susceptibility (x-T) of GdNi3Gag, which was measured at
0.05, 1, 10, and 50 kOe applied along the a axis (H || a). In
this figure, x-T for H || c at 1 kOe is also shown. This result
suggests that the Gd spins in a honeycomb layer of Fig. 1(b)
are antiparallel to each other below Ty ~ 19.5 K. As shown
afterwards, this material exhibits antiferromagnetic (AFM)
helical order where magnetic propagation vector ¢ || c*. At
low magnetic fields of 0.05 and 1 kOe, a characteristic cusp
is observed just below Ty, and x decreases monotonically
with decreasing temperature. This cusp is similar to the one
theoretically predicted to appear when the chiral helix is real-
ized [23,24]. This anomaly is not observed in H || c. As the
magnetic field is increased, the behavior of the x-T curve
changes below Ty. At 10 kOe, x decreases below Ty and then
increases slightly at low temperatures. At 50 kOe, bending of
x due to AFM ordering becomes gradual. Warming from Ty
to room temperature, the -7 curve of this material is in good
agreement with the Curie-Weiss law, and the Curie-Weiss
temperature is estimated to be —8.7 and —11.2 K for the
a and c axes, respectively. Although not shown in this paper,
this material is isotropic in the ¢ plane, and similar magneti-
zation curves are obtained when a magnetic field is applied in
the a* direction.

Figure 3(b) shows magnetization curves measured at 2,
4, 6, 10, and 15 K. All magnetization curves jump twice at
H, ~ 3 kOe and Hg ~ 45 kOe. Except for these two jumps,
magnetization increases linearly. With increasing tempera-
ture, H, and Hg shift toward higher and lower magnetic fields,
respectively. Figure 3(c) shows an enlarged view of the low
magnetic field region in Fig. 3(b). In this figure, we can see the
shift of H, to the high field side with increasing temperature.
The metamagnetic behavior at critical magnetic fields during
the linearly increasing magnetization process is a feature that
appears in the magnetization process of the AFM helix when
a magnetic field is applied perpendicular to the helix axis
[23,24].

Figure 4 shows the H-T phase diagram of GdNizGag
for H || a obtained by the magnetization measurements. The
magnetically ordered phases are named «, 8, and y phases
in the order from low to high fields. H, and Hg are located
between the @ and § phases, and the 8 and y phases, respec-
tively. The y phase changes to the forced-ferromagnetic state
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FIG. 3. (a) Temperature dependences of magnetic susceptibility obtained in the magnetic fields of 0.05, 1, 10, and 50 kOe along the a axis,
together with that obtained in H || ¢ at 1 kOe. (b) Magnetization curves were measured at 2, 4, 6, 10, and 15 K with increasing the magnetic

field. (c) Enlarged view of the low magnetic field region of Fig. 3(b).

at Hpp ~ 200 kOe, when we assume that the magnetization
curve of Fig. 3(b) behaves linearly up to 7ug, the saturation
magnetization of Gd**. As will be discussed later, the & phase
is an AFM helical phase, and the 8 and y phases are an AFM
phase.

Figure 5 shows the temperature dependence of specific
heat divided by temperature (Cyae/7T) at zero field, together
with the entropy (Smag). Cmag/T is obtained by subtracting
the specific heat of nonmagnetic LuNi3Gag. Sy,s is obtained
from Cpae/T assuming that Cp,e/T increases linearly from
(T, Cinag/T) = (0, 0). A peak of Crae/T appears just below
In ~ 19.5 K. The entropy is estimated to be ~ R1n4 at Ty.
Below 7y, a shoulder peak is observed around 7 K. Such a
shoulder has often been observed at around Ty /4 in Gd**
compounds with J = 7/2 [25,26], and it is attributed to a
splitting of the J = 7/2 multiplet due to an internal field [27].

To observe the helical magnetic structure and the magnetic
helicity of GdNi3;Gag, a RXD study has been performed.
The measurement was conducted for the right-handed crys-
tal, whose structure is shown in Fig. 1. The crystal chirality
is reflected in the helicity of the magnetic structure by a
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FIG. 4. H-T phase diagram of GdNi;Gag in H || a. The dots in
this figure are obtained by magnetization measurements. The o phase
is the AFM helical phase.

one-by-one relationship in YbNizAlg [6], and left-handed
crystals are expected to describe the inverted helix of the
magnetic structure of this paper.

We found the resonant Bragg reflection from magnetic
order at (1,0,3n+1=+x¢q) and (—1,0,3n—1+£¢g) with
g = 1.485 at 3 K. The x-ray energy dependence for the
(1, 0,20.48) peak is shown in Fig. 6. The intensity enhance-
ment due to the E'1 resonance (2p <> 5d) is observed around
the L3 edge of Gd, indicating that the resonant signal reflects
the magnetic ordering of the Gd 4 f spins. The peak position
of the intensity is 7.246 keV. It is noted that no reflection
was found along the (0, 0, L) line at (0, 0, 3n £ ¢g), indicating
that the magnetic moments of the two Gd spins on the same
honeycomb layer are antiparallel. The detail will be explained
later.

Figure 7 shows the temperature dependence of the
(=1,0,L) peak profile at zero magnetic field in the
AFM helical phase. The two peaks at (—1,0, 18.485) and
(—1,0,18.515) at 3 K correspond to (—1,0,17 4+ ¢) and
(—1,0,20 — g) with g = 1.485. The peak intensity decreases
with increasing 7', and disappears at Ty as shown in Fig. 8.
As explained later, the magnetic moments lie in the ¢ plane
and exhibit a helical rotation along the ¢ axis. The g value

1.5

GdNi,Ga,

Crnag! T (J/(mol K2))
(31 1Iow)r) °*s

FIG. 5. Temperature dependence of specific heat divided by tem-
perature Cpg /T, together with the entropy Sps-
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FIG. 6. X-ray energy E dependence of the (1, 0, 20.48) reflec-
tion around E = 7.246 keV, together with the background (black
curve) obtained with 6 shifted slightly from (1, 0, 20.48).

of 1.485 means that the spins rotate by 178.2° between the
adjacent Gd honeycomb layers, and 360° with 0.673 unit cells
(approximately two Gd honeycomb layers). The deviation of
the angle from 180° gives rise to the twist angle of the helix
of 1.8° corresponding to ¢ = 0.015, which is the difference
between 1.485 and 1.5. The period of the AFM helix with the
twist angle of 1.8° is 66.7 unit cells (~180 nm, 200 layers),
which is required to come back to the same direction as the
original layer.

This long period of the helix is comparable with those of
chiral magnets of d electron systems. The magnetic propaga-
tion vector decreases slightly to g = (0, 0, 1.48) by increasing
temperature to Ty. When g = (0, 0, 1.48), the period of the
AFM helix becomes 3/4 times shorter than the one at 3 K,
indicating that the AFM helix is more twisted at higher tem-
peratures.

To show that the helical order has a unique sense of
rotation, which should be determined by the antisymmetric
interaction, we investigated the intensity variation by manip-
ulating the circular polarization of the incident beam. The
RCP and LCP are obtained by changing Afpr = Opr — 65,
where 6pg and 6g denote the angle of the diamond phase
plate and the 111 Bragg angle, respectively. It is convenient
to express the polarization state of the x-ray photon by the
Stokes vector P = (Py, P>, P5), where P;, P>, and P; denote
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FIG. 7. Temperature dependence of the (—1, 0, L) peak profile at
zero magnetic field in the AFM helical « phase.
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FIG. 8. Temperature variation of the (—1, 0, 17 + ¢) peak inten-
sity shown in Fig. 7.

the degrees of £45° (P} = %1) linear polarization, the RCP
(P,=1)orLCP (P, =—1),and o (Ps=1)orw (P; = —1)
linear polarization state, respectively. In our geometry shown
in Fig. 2, the three parameters are expressed as P, =0, P, =
sin(A/Afpr), and P; = —cos(A/Afpr ), where A is a constant
determined experimentally. The LCP and RCP are obtained
when Afpr = —0.0358° and 0.0358°, respectively, whose po-
sitions are indicated by vertical dotted lines in Fig. 9.

Figure 9 shows the A6fpr scans, which demonstrate
that this material has the helical magnetic structure in the
o phase. The Afpr dependences for the (—1,0, 17 + ¢) and
the (—1, 0, 20 — gq) peaks are opposite to each other, indicat-
ing that the magnetic structure in the o phase has a chirality.
The intensity of the (—1, 0, 17 + g) peak is larger (smaller)
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FIG. 9. A6fpr scans, which show the intensity relations for the
RCP and LCP incident x rays at (a) (—1, 0, 17 + ¢g) and (—1, 0,20 —
q), and (b) (1,0, 19 + ¢) and (1, 0, 22 — g) reflection peaks.
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FIG. 10. Schematic view of the AFM helical and commensurate
AFM structures in the o and 8 phases of GdNi;Gay, respectively. In
this figure, the twist angle is emphasized about ten times. VESTA was
used to draw the figure [4].

than that of (—1, 0,20 — g) for LCP (RCP). The same result
is obtained for (1,0, 19 4+ ¢) and (1, 0, 22 — gq) as well. The
solid lines in Fig. 9 are the calculated curves of the Afpg scans
by assuming an AFM helical magnetic structure as described
below. This calculation agrees well with the Afpg scan data.

Let us analyze the magnetic structure in the o phase. The
magnetic moments of Gd, which are antiferromagnetically
coupled in the honeycomb layer in the ¢ plane, are helically
twisted along the c axis with a very long pitch. There are
two Gd atoms for the 6¢ site of the unit cell of GdNi3Gag
with a space group of R32: Gd-1 atd; = (0, 0, z) and Gd-2
atd, = (0, 0, 2), where z ~ 1/6. In the present case, the mag-
netic moments are expected to be antiparallel to each other
in the ¢ plane. There are six Gd positions in the unit cell,
as indicated by the Wyckoff letter 6¢ of Gd in GdNizGay.
The sets of Gd-1 and Gd-2 are chosen to be closest to each
other, and the one-to-three assignments are determined, where
positions are connected to each other by the stacking vector
(2/3,1/3,1/3). The unit vectors g, ; and p, ; parallel to the
magnetic moments of Gd-1 and Gd-2, respectively, on the jth
lattice point at r; = (ny,na,n3), (n +2/3,n+1/3,n3 +
1/3), and (n; + 1/3,n2 +2/3, n3 + 2/3), where n;, n,, and
n3 are integers, are expressed as

Ky =Xcos2nq-rj+Jcosrq-r;+ @), D

Wy =%cosQrq-rj+8)+ycosLrug-ri+¢+36). (2)

The x and y denote the unit vectors along the x and y axis,
respectively, which are perpendicular to the ¢ (z) axis. ¢ takes
values of + /2, and describes a right- or left-handed helical
structure. When § = 178.2°, the two spins on the same layer
are perfectly antiferromagnetic for ¢ = 1.485. Note that p, ;
and p, ; are different layers, and they have arelation of u, ; =
—M5 j41 on the same layer. A schematic view of the magnetic
structure in the « phase is shown in Fig. 10(a). The twist angle
of the helix is emphasized by ten times.

The calculated Afpgr dependence of the intensity for the
above AFM helical model well explains the data in Fig. 9,

which were obtained at the Gd L, edge. The E1 resonant
scattering amplitude from the magnetic dipole order is pro-
portional to i(e’ x &) -Zé{; [28,29], where

1 —i A(r;
Ziy =D g OO 9
d.j

represents the magnetic dipolar structure factor at the scatter-
ing vector Q = k' — k. Here, € and €’ denote the polarization
vector of the incident and diffracted beam, respectively. In
the horizontal scattering plane configuration in this experi-
ment, the incident linear polarization is = when |Afpr| is
large. At (—1,0,17 4 ¢g), Zfﬁ; is calculated to be (1, Fi, 0)
for ¢ = £ /2. The sign is reversed at (—1, 0, 20 — g), where
Zf;; = (1, 4i,0) for ¢ = 4w /2. For (0,0,3n+ —q), ijg
vanishes when the two Gd moments on the same layer are
antiferromagnetic by setting § = 178.2°.

We use the scattering-amplitude-operator method to ana-
lyze the polarization properties of the experimental results
[30]. We consider a 2 x 2 matrix F, consisting of four
elements of the scattering amplitudes for the polarization ar-
rangements o — o', m —o',0 —n/,and r — 7’:

n Faa’ FT[O"

F = (an' Fm/)' “)
As shown in Appendix B in Ref. [6], the scattering cross
section (do /dS2) is expressed as

do 1 2 2 2 2
d_Q =§(|Faa’| +|Furr’| +|Fﬂa’| +|Fm'r’|)

+ PiIRe{F;, Foor + F 0 For'}
+ PzIm{F:G/Fgg/ + F,-;kﬂ/Fan’}

1
+ 5103<|Fm,/|2 + | Forr [ = |Fror|* = |Frnr %)

=Co+ CiP + P, + CsP3, (®)]

where P; = 0 in the present geometry of the phase retarder.
By using the scattering amplitude matrix ' = i(¢' x €) - Zfﬁ),
(G,/Cy, C3/Cp) is calculated to be (—0.574, —0.562) and
(0.574, —0.562) for (—1,0, 17 4 q) and (-1, 0, 20 — g), re-
spectively, where ¢ = 7 /2. The solid lines in Fig. 9 are the
calculated curves using the above-mentioned magnetic struc-
ture model and agree with the experimental data.

The AFM helical order soon changes to an AFM order by
applying a magnetic field in the ¢ plane, where the AFM mo-
ments are aligned perpendicular to the field. Figure 11 shows
the magnetic field dependence of the (—1, 0, L) peak profile
at the lowest temperature of 3 K. With increasing magnetic
field, the AFM chiral helix peak soon moves to the commen-
surate position at ¢ = (0, 0, 1.5) in a weak magnetic field of
~3 kOe above which the 8 phase is realized. The propagation
vector ¢ = (0, 0, 1.5) corresponds to the antiferromagnetic
alignment of adjacent Gd honeycomb layers. The g value
sharply changes from 1.485 to 1.5 with increasing field, and
it is hard to observe the soliton lattice [31]. When a magnetic
field is further increased, the transition from the § to y phases
occurs at 45 kOe. Although the magnetic Bragg peak was
searched along the (—1, 0, L) line and several other conditions
in the y phase, the peak could not be found. This result
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FIG. 11. Magnetic field dependence of the (—1, 0, L) peak pro-
file at the lowest temperature 3 K.

suggests that the g vector may have changed from (0, 0, 1.5)
to (0, 0, 0). The details of the y phase are still unknown. From
the results of the magnetization measurements, however, the
M (H) curve suggests an AFM component remains. ErNi3Gag
and DyNi;Gag having the same crystal structure as this mate-
rial also exhibit AFM order [10,32].

Figure 12 shows the Afpg scan at (—1,0, 18.5), where
q = (0,0, 1.5), in the S phase. The shape is different from the
one in the o phase with ¢ = 1.485, and symmetrical around
Abpr = 0, because of the loss of the chirality. The solid line
is a calculated one as in Fig. 9 for a magnetic structure as
shown in Fig. 10(b), where the antiferromagnetically aligned
magnetic moments of Gd orient perpendicular to the magnetic
field direction H || a in the Gd honeycomb plane. The experi-
mental data are in good agreement with the calculation.

IV. CONCLUSION

We have performed the magnetization and specific heat
measurements, and resonant x-ray diffraction experiments to
investigate the helical magnetic structure of GdNizGag with
the Sohncke space group R32, where a chiral magnetic struc-
ture is allowed because of the lack of both inversion and
mirror symmetries. This material exhibits an AFM helical
order at 19.5 K, where a cusp in the magnetic susceptibility,
which is a character of a chiral helix, is observed. In this state,

L
|

GdNi;Gag
(-1, 0, 18.5)

Intensit
N
(@]
o
o

7.932 keV
2000 5kOe, 3K
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
-0.1 0.0 0.1
ABpr (deg)

FIG. 12. A6pg scanat (—1, 0, 18.5), where ¢ = (0, 0, 1.5), in the
B phase.

the magnetic moments of Gd twist 178.2° per a Gd honey-
comb layer along the helical ¢ axis with ¢ = (0, 0, 1.485),
where the period of the helix is the length of 66.7 unit cells,
and antiferromagnetically align in the ¢ plane. We confirmed
that the magnetic Bragg peaks with ¢ = (0, 0, 1.485) exhibit
opposite response to the RCP and LCP incident x rays, in-
dicating that the AFM helix consists of a single sense of
rotation. With increasing magnetic field, the AFM helical state
changes to an antiferromagnetic phase with ¢ = (0, 0, 1.5) in
H || a of ~3 kOe. This g corresponds to a magnetic structure
where the magnetic moments between the adjacent Gd honey-
comb layers are antiferromagnetically aligned perpendicular
to the ¢ axis.

GdNi3Gag and YbNiszAlg have the same crystal struc-
ture and antiferromagnetic and ferromagnetic spiral magnetic
structures, respectively. In the future, research that compares
these materials is desired.
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