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Due to the long-range oscillatory character of RKKY exchange interactions, for Dy2Co3Al9 there exist positive
and negative couplings between the Dy magnetic moments that lead to magnetic frustration. As a result, the ground
state can be easily perturbed, and the system displays a number of spontaneous and field-induced phase transitions.
We performed magnetization, magnetic-susceptibility, specific-heat, and electrical-resistivity measurements as
well as neutron-diffraction experiments on a single crystal. We find two transitions to distinct incommensurate
antiferromagnetic phases at 6.2 and 5.2 K that evolve to a commensurate phase at 3.7 K. In applied magnetic
field, new phases emerge. Field-dependent magnetization exhibits a multistep metamagnetic process with sharp
transitions accompanied by pronounced magnetoresistance changes. The large number of phases and their complex
magnetic structures suggest that the physical properties of Dy2Co3Al9 are ruled by exchange frustration in the
presence of a large magnetocrystalline anisotropy.
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I. INTRODUCTION

R2T3X9 compounds are a large class of materials that
display a rich variety of electronic properties (R is a rare-earth
element, Th or U; T is a d element; X is a p element).
Magnetically ordered states, Pauli and Curie paramagnetism,
mixed-valence, and Kondo-lattice behavior were reported
[1–9]. Such different ground states are determined primarily
by various hybridization strengths between the 3d, 4d, 4f , 5f
electrons and ligand atoms. This reflects that a fine balance
among various contributions to the total energy is easily broken
by elemental substitution, and a new ground state may be
preferred.

R2T3X9 compounds crystallize in the orthorhombic crystal
structure of Y2Co3Ga9 type [10–13]. As discussed [8,10,11],
this structure is described as formed by two different types of
slabs (Fig. 1). The A layer is composed of the R and X elements
in the ratio 2R : 3X. This slab is planar and corresponds to
crystallographic mirror planes. The B layer contains the T

and X elements in the relation 1T : 2X, forming a nonplanar
distorted triangular mesh. The perfect stacking is ABA′B ′,
where A′ and B ′ correspond to mirror images of the A and
B layers, respectively. The R atoms form a slightly distorted
honeycomb network (A and A′), in which each R atom has two
next-nearest neighbors at distances of 4.1 and 4.4 Å. These
layers are separated by approximately 5.3 Å from the next
neighboring R-containing layer by a layer composed of Co
and Al (B and B ′).

Since the only symmetry position for the R atoms inR2T3X9

is surrounded by 11 X ligand atoms, the physical properties
of these compounds are strongly dependent on the type of the
ligand atom. This point was demonstrated, e.g., for several Yb-

based systems containing Ga and Al [2,3,5]. In particular, the
formation of magnetic order was reported for the Al-containing
compounds Yb2Co3Al9, Yb2Rh3Al9, and Yb2Ir3Al9, whereas
their Ga-containing analogues are paramagnets down to the
lowest temperatures.

Isotropic bilinear exchange interactions are mediated by
conduction electrons [14]. These RKKY-type interactions
are long-range and oscillatory with distance. The resulting
competition between positive and negative couplings can
frustrate magnetic moments. Magnetocrystalline anisotropy
arises due to electrostatic interaction between the aspherical
4f charge cloud and the crystal electric field. This plays
a dominant role in most of the physical properties asso-
ciated with rare-earth magnetism. The crystal electric field
can lock the rare-earth magnetic moment into a particular
lattice direction. The interplay between competing oscillatory
long-range RKKY-type exchange interactions in the pres-
ence of a large magnetocrystalline anisotropy can lead to
unstable magnetic moments and complex magnetic states
in R2T3X9.

In the present paper, we investigate Dy2Co3Al9. We find
that with decreasing temperature, Dy2Co3Al9 displays two
distinct incommensurate antiferromagnetic phases that set in
at 6.2 and 5.2 K before reaching a commensurate phase at
3.7 K. More phase transitions are found in applied mag-
netic field. Multistep metamagnetic transitions are observed
along the principal crystallographic directions accompanied
by pronounced magnetoresistance changes. The large num-
ber of phases and their complex magnetic structures reflect
that the ground state can be easily perturbed and hint at
an important role of frustration in the electronic properties
of Dy2Co3Al9.
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FIG. 1. Crystal structure of Dy2Co3Al9. The unit cell (black line in the left panel) is projected onto the ac plane with the mirror planes
shown by m. Two types of layers, A and B, are projected onto the ab plane on the right.

II. EXPERIMENTAL DETAILS

A Dy2Co3Al9 single crystal was grown from a stoichiomet-
ric mixture of the pure elements (99.9% Dy, 99.99% Co, and
99.999% Al) by a modified Czochralski method in a tri-arc fur-
nace under protective argon atmosphere. Back-scattered Laue
diffraction patterns were used to check the single-crystalline
state and to orient the crystal for magnetization, magnetic-
susceptibility, electrical-resistivity, specific-heat, and neutron-
scattering measurements. The Laue patterns show the high
quality of the single crystal (see Supplemental Material [15]).

Single-crystal x-ray diffraction was used to determine
the lattice parameters of Dy2Co3Al9. The lattice parameters
of the orthorhombic unit cell are a = 12.7239(6) Å, b =
7.4586(3) Å, and c = 9.2994(5) Å at room temperature. De-
tails on the data collection, refinement procedure, and final
refinement factors are given in the Supplemental Material [15].

The temperature and field dependences of the magnetic
susceptibility (frequency 97 Hz, excitation amplitude 0.001 T)
and magnetization were measured along the principal crystal-
lographic directions using a physical property measurement
system PPMS-14 in static fields up to 14 T between 2 and
300 K. The PPMS was also used to measure electrical resis-
tivity by the four-point method with an excitation current of
I = 5 mA flowing along the c axis.

Specific heat was measured in a 3He cryostat using the
continuous-relaxation method. The sample was affixed to a
sapphire platform with a small amount of grease. After heating
the sample and platform by 400 to 500%, the heater was turned
off and the cooldown of the sample was recorded. Specific heat
was calculated as described in Ref. [16].

The magnetization in pulsed magnetic fields up to 57 T
(pulse duration 25 ms) was measured at the Dresden High
Magnetic Field Laboratory. The high-field magnetometer is

described in Ref. [17]. Absolute values of the magnetization
were calibrated using data from static-field measurements.

The reciprocal space of the Dy2Co3Al9 single crystal was
first explored by neutron Laue diffraction using the CYCLOPS
(CYlindrical Ccd Laue Octagonal Photo Scintillator) instru-
ment at the Institute Laue-Langevin (ILL) [18]. The crystal
was fixed and inserted in an aluminum cylinder and cooled
to 15 K at a rate of 1 K/min. During the cooling, one Laue
image per minute was recorded. The temperature was then
stabilized at 15 K and a set of 36 images was taken. These
images were corrected and averaged to produce a unique Laue
pattern. This procedure was repeated at 5.8, 4.5, and 1.5 K. The
nuclear reflections from the Laue pattern taken at 15 K were
indexed using the program Esmeralda Laue Suite [19]. The
magnetic reflections were used to determine the components
of the propagation vector of the different magnetic phases.

In order to solve the magnetic structures, further neutron-
scattering experiments were performed using the four-circle
diffractometer D10 at ILL (incident neutron wavelength of
λ = 2.36 Å, using a pyrolytic graphite monochromator). A
small set of strong and well-centered nuclear reflections was
used to orient the single crystal. The intensities of larger sets
of reflections were collected in the paramagnetic phase (at
15 K) and within each antiferromagnetic phase (at 5.8, 4.5,
and 1.5 K). Temperature scans were also performed between
2 and 8 K. The nuclear and magnetic structures of Dy2Co3Al9

were solved employing the program Jana2006 [20,21]. Further
details on the neutron-data refinements can be found in Tables
S4, S5, and S6 in the Supplemental Material [15]. For a
better analysis and description of the magnetic structures,
we have also used some of the computational tools available
at the Bilbao Crystallographic Server, namely in its section
of Magnetic Symmetry and Applications (MVISUALIZE, k-
SUBGROUPSMAG, and MAGNEXT) [22].
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FIG. 2. Temperature dependences of (a) the magnetization, M ,
for a field of 0.1 T applied along the a, b, and c axes; (b) the specific
heat, C; and (c) the electrical resistivity, ρ, of Dy2Co3Al9. The inset in
panel (b) shows a temperature-time, T -t , relaxation curve. The inset
in panel (c) shows, ρ, between 2 and 300 K.

III. RESULTS

Dy2Co3Al9 displays magnetic order at low temperatures.
To obtain information about the ordered state, we measured
temperature dependences of the magnetization, M , specific
heat, C, and electrical resistivity, ρ. The M(T ) dependence in a
field of 0.1 T applied along the a axis displays three anomalies:
an inflection point around 6 K, a shoulder around 5 K, and a
step just below 4 K [Fig. 2(a)]. The magnetization for field
applied along the b and c axes is less sensitive to changes
in the magnetic order. The b-axis magnetization increases
somewhat between 4 and 6 K, while the c-axis magnetization
exhibits a small step below 4 K. The magnetic susceptibility
of Dy2Co3Al9 up to 300 K can be found in the Supplemental
Material [15].

FIG. 3. Magnetization and magnetoresistance measured for fields
applied along the a [(a) and (d)], b [(b) and (e)], and c axes [(c) and
(f)] of Dy2Co3Al9 at 2 K. The insets in panels (a) and (b) show an
enlarged view of the magnetization at low fields.

The specific heat provides information on the temperature
and type of the observed phase transformations. Figure 2(b)
indicates that the two phase transitions at T1 = 6.2(2) K and
T2 = 5.2(2) K are of second order, whereas the transition
observed at T3 = 3.7(1) K is of first order. Evidence for the
first- and second-order type of the observed transitions is given
by a temperature-time relaxation curve [inset in Fig. 2(b)].
The second-order transitions are identified through inflection
points, whereas the first-order transition causes a plateau,
which is a feature of transitions involving latent heat.

The electrical resistivity displays a metallic character [inset
in Fig. 2(c)]. At 2 K, ρ = 2.4 μ� cm. The residual resistivity
ratio between 300 and 2 K is 60.5

2.4 ≈ 25. ρ is affected by the
onset of the antiferromagnetic ordering where ρ exhibits an
inflection point. No anomalies in ρ can be resolved at T2.
The first-order transition at T3 causes a step in ρ(T ) as in the
magnetization [Fig. 2(a)].

The type of magnetic order can be inferred from field-
dependent magnetization data [Figs. 3(a)–3(c)]. At 2 K,
Dy2Co3Al9 displays no spontaneous magnetic moment as can
be expected for an antiferromagnetic state. We also measured
magnetization isotherms between 2 and 6 K (not shown), i.e., in
the other two magnetically ordered phases, and also observed
zero spontaneous magnetic moment. We conclude that the
three phases of Dy2Co3Al9 below T1 are antiferromagneti-
cally ordered. This result contradicts an earlier work where
Dy2Co3Al9 was reported to be ferromagnetic on the basis of a
magnetic-susceptibility measurement of a polycrystal [4].

Dy2Co3Al9 shows complex field-dependent magnetization.
For fields up to 14 T applied along the a axis, four field-induced
magnetic phase transitions are observed [three jumps can be
seen at 1.1, 2, and 3.9 T in Fig. 3(a); an additional small jump
at 0.7 T can be seen in the inset in Fig. 3(a)]. When the field is
applied along the b axis, three magnetization jumps occur [at
1.2 and 2.4 T in Fig. 3(b); at 0.8 T in the inset in Fig. 3(b)].
A field-induced transition is also observed at 5.8 T for field
applied along the c axis. The observed field-induced anomalies
are likely related to rotations of the magnetic moments and
crystal-electric-field (CEF) effects [23–27].
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In the highest field of 14 T, the magnetization exceeds
16 μB/f.u. for fields applied along the a and b axes and
approaches 11 μB/f.u. for field applied along the c axis.
This is lower than the value expected if the full magnetic
moments, MDy = 10 μB, of the Dy atoms contribute to
the magnetization: 2 × MDy = 20 μB. However, MDy might
be reduced at 2 K. This temperature is relatively “high” since
Dy2Co3Al9 becomes paramagnetic at 6 K. The Co atoms are
polarized by the applied field and might also develop an ordered
magnetic moment. With increasing temperature, the transitions
broaden and disappear (not shown).

As the field-dependent magnetization of Dy2Co3Al9 con-
tinues to increase up to 14 T, we measured M(H ) dependences
in pulsed magnetic fields up to 57 T (see Supplemental
Material [15]). No additional phase transitions are observed
up to the highest field.

The magnetic field strongly affects as well the electrical
resistivity of Dy2Co3Al9, especially at the field-induced phase
transitions [Figs. 3(d)–3(f)]. Most of the magnetization jumps
are accompanied by peaks in the magnetoresistance, �ρ/ρ.
For field applied along the a axis, the first two transitions
do not affect �ρ/ρ much. However, as the magnetization
change at the transition increases, the magnetoresistance grows
and exceeds 20% for the last two jumps. A similar situation
occurs for field applied along the b axis. The low-field jump
does not influence the resistivity much but the transitions at
higher fields are accompanied by positive �ρ/ρ. The largest
effect is observed for field applied along the c axis. Although
the magnetization jump is rather small, it leads to a sharp
maximum and a large negative magnetoresistance that drops
by 53%. In fields above the field-induced transitions, the
magnetoresistance increases for all field orientations.

Large magnetoresistance changes suggest that the conduc-
tion electrons strongly interact with the localized magnetic mo-
ments of Dy2Co3Al9. At the field-induced transitions, domains
with various magnetic-moment orientations coexist within the
sample (see, e.g., Ref. [28]). An additional contribution to the
electrical resistivity might be due to scattering of conduction
electrons on magnetic moments distributed in phase bound-
aries that play the role of magnetic defects. However, this is un-
likely to be the dominant mechanism since Dy2Co3Al9 exhibits
a large magnetic anisotropy that makes domain walls narrow
so that their volume fraction is likely to be small in the sample.

A more likely reason for the observed peaks in �ρ/ρ is
different conduction electron spectra in phases with different
magnetic structures [29]. The difference in the interaction
between the conduction and f electrons in different magnetic
phases can give rise to a potential barrier at the phase boundary.
If the Fermi energy is larger than the potential barrier, the
electrons pass from one phase into the other. Otherwise,
the electrons are reflected, which increases the resistivity.
Pronounced peaks were also observed in the magnetoresistance
of ErGa2, Tb3Co, Dy3Co, RNiGe3, and R3Ru4Al12 [29–33].

To map out the T -H phase diagram of Dy2Co3Al9, we per-
formed specific-heat measurements in magnetic fields (Fig. 4).
Our data show that in fields up to 2 T new phase transitions
emerge. For clarity, all anomalies in Fig. 4 are labeled.
However, it is hard to attribute some anomalies to specific
phase transitions. With increasing field, the anomalies at T2

and T3 shift to lower temperatures, whereas the paramagnetic-

FIG. 4. Temperature dependences of the specific heat in fields up
to 2 T applied along the b axis of Dy2Co3Al9.

antiferromagnetic phase transition at T1 is much less affected
up to 2 T. The first-order phase transition is not observed
above 0.55 T, and the transition at T2 disappears in the vicinity
of 1 T. At 0.3 T, a new second-order anomaly emerges at
Ta = 3.8 ± 0.1 K. Initially, the field shifts this transition to
lower temperatures. Between 1.25 and 1.75 T, it appears to be
of first order. At 2 T, a broad anomaly indicates that it is again
of second order. Two more phase transitions, absent in zero
field, emerge at 0.55 T at Tb = 5.1 ± 0.1 K and at 1.38 T at
Tc = 3.3 ± 0.2 K.

The H -T phase diagram of Dy2Co3Al9 is shown in
Fig. 5. The critical temperatures T2, T3, Tb, and Tc decrease
monotonously with increasing field, whereas Ta and T1 change
much less in applied field. A microscopic study such as neutron
scattering is required to obtain more detailed information on
the field-induced phases.

Our macroscopic measurements point out that Dy2Co3Al9

provides an opportunity to study the interplay among exchange
interactions, magnetocrystalline anisotropy, and possible
magnetic frustration. The free energies of adjacent magnetic
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FIG. 5. Phase diagram of Dy2Co3Al9 in magnetic fields up to
2 T applied along the b axis.

states are nearly degenerated, and the compound can be
driven into a different phase by small changes in temper-
ature and magnetic field. For rare-earth-based intermetallic
compounds, exchange interactions of the RKKY-type often
lead to incommensurate magnetic structures that change to
simpler, generally commensurate magnetic structures at lower
temperatures [34,35]. Thus, Dy2Co3Al9 is a good candidate
for studies of magnetic structures and their changes through
phase transformations.

A small region of the Laue diffraction images taken from a
Dy2Co3Al9 single crystal at different temperatures is shown
in Fig. 6. At 15 K, all strong nuclear reflections could be
indexed in the orthorhombic Cmcm space group with lattice
parameters a = 12.7200 Å, b = 7.4391 Å, and c = 9.3042 Å.
The strongest nuclear reflections are accompanied by a weaker
neighboring reflection due to the presence of a small twinned
crystal [Fig. 6, upper panel, e.g., reflection (1 −1 2)]. Nev-
ertheless, its presence does not hamper the full indexation of
the diffraction pattern. When ramping the temperature down to
1.5 K and thus crossing different transition temperatures, new
reflections appear at different positions in the reciprocal space
below each transition temperature.

The magnetic structure factors derived from the kinematic
theory of diffraction [36] describe the position and intensity of
the diffraction spots in reciprocal space. They are localized at
diffraction points, g = h ± mk, where k is the characteristic
propagation vector of the magnetic phase and m is the order of
the reflection. That is, each reflection of the basic structure g
is surrounded by a series of equally spaced satellite reflections
at distances ±mk from the main reflection described by the
diffraction vector, h.

In the present case, the propagation vectors of the magnetic
structures of Dy2Co3Al9 were found to be k1 = (0, 0.13, 1)
at 5.8 K, k2 = (0, 0.06, 0.26) at 4.5 K, and k3 = (0, 0, 0.5)
at 1.5 K. Thus, the magnetic phases at 5.8 and 4.5 K are incom-
mensurate modulated structures, as described by k1 and k2, for
which only first-order satellites were observed. The magnetic
structure is commensurate with the crystal lattice at 1.5 K.

FIG. 6. Laue diffraction images of the Dy2Co3Al9 single crystal
taken at 15, 5.8, 4.5, and 1.5 K. At 15 K, some of the nuclear Bragg
reflections are indexed as a reference. Magnetic satellites are present
within the different magnetic phases and the respective propagation
vectors, ki (i = 1, 2, 3 for 5.8, 4.5, and 1.5 K, respectively), as
stated in the panels. The magnetic reflections are weaker at 5.8 K and
are indicated by red arrows. The intensity of the magnetic reflections
increases progressively with decreasing temperature.
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FIG. 7. Temperature dependences of the integrated intensities of
selected magnetic reflections of Dy2Co3Al9.

Figure 7 displays the integrated intensity of several mag-
netic reflections of Dy2Co3Al9 as a function of temperature,
showing the temperature regions where each magnetic phase
is thermodynamically stable. These temperature ranges are
in good agreement with those determined from magnetiza-
tion, electrical-resistivity, and specific-heat measurements (see
Fig. 2). There seems to be a narrow temperature region, 4.5 �
T � 5.5 K, where the two incommensurate phases coexist. It
can also be seen that the intensity of the magnetic satellites
is weaker for (−1, −3.17, 1) and (1, 0.94, 1.74) than for
(1, −1, 2.5), as was already observed in the Laue images
(see Fig. 6).

Using the analysis and refinement tools implemented in
Jana2006, we were able to assign magnetic superspace groups
that describe the incommensurate magnetic structures at 5.8
and 4.5 K. The resulting Fourier sine and cosine amplitudes for
the symmetry-independent Dy atoms are listed in Table S4 in
the Supplemental Material [15]. Details of the refinement and
comparison between different magnetic superspace models are
listed in Table S5 in the Supplemental Material [15].

At 5.8 K, the configuration of the magnetic moments is
given by the magnetic superspace group Cmcm1′(0β1)s0ss.
This group corresponds to an active primary two-dimensional
irreducible representation (irrep), mDT 2 (k1 is part of the
DT line of the Brillouin zone). The magnetic structure is
shown in Fig. 8. It can be described as an elliptical oblique
cycloid. That is, the magnetic moments describe an elliptical
rotation in the ab plane [Figs. 8(a) and 8(b)], with the spiral
rotation direction parallel to the b axis. The largest moment
of 3.3(1) μB/Dy atom is tilted by an angle φ ≈ 11(1)◦ from
the a axis [Fig. 8(c)]. The smallest moment is 1.9(2) μB/Dy
atom. The phase difference between two consecutive spins is
close to 45◦. The Dy atom keeps its special position, so that its
spin components are forced by symmetry to be in-plane (see
Table S4 in the Supplemental Material [15]). The point-group
symmetry of this structure ismmm1′, so that the magnetic order
does not break the symmetry of the system when compared to
the parent symmetry. In fact, the spin cycloids keep the space
inversion by symmetry-related cycloids of opposite chirality as
given by the symmetry operators of the magnetic superspace
group.

For the magnetic structure at 4.5 K, the best solution
for the magnetic structure was found in the magnetic super-
space group C2/m1′(0βγ )0ss. In this case, the corresponding
active two-dimensional irrep is mK2 (k2 is part of the K

plane of the Brillouin zone). As shown in Fig. 9, the magnetic
structure can be seen as a collinear transverse oblique spin

FIG. 8. Magnetic structure of Dy2Co3Al9 at 5.8 K: (a) The Dy atoms (purple spheres) and respective magnetic moments (green arrows) are
extended in a 1 × 8 × 1 supercell of the parent orthorhombic unit cell (gray lines); (b) the magnetic moments describe an elliptical rotation in
the ab plane that propagates along the b axis; (c) the largest moment is inclined from the a axis by an angle φ = 11(1)◦.
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FIG. 9. Magnetic structure of Dy2Co3Al9 at 4.5 K: (a) The Dy atoms (purple spheres) and their magnetic moments (green arrows) are
extended in a 1 × 5 × 1 supercell of the parent orthorhombic unit cell (gray lines); (b) the magnetic moments describe a collinear transverse
oblique spin wave that propagates parallel to the b axis. The spin wave is inclined at angles φ1 = ±12(1)◦ towards the ab plane; (c) within the
ab plane, the magnetic moments are inclined from the a axis at an angle φ2 = ±9(1)◦.

wave that propagates along the b axis. The magnetic moments
lie in planes at angles φ1 = ±12(1)◦ away from the ab plane
[Fig. 9(b)], and are inclined by φ2 = 9(1)◦ away from the a

axis [Fig. 9(c)]. In this case, there is a break in the point-group
symmetry from mmm1′ to 2/m1′, but the space inversion is
conserved. The magnetic modulation does not split the atomic
site of the Dy atom, but it is now at a general position and its
spin components have no symmetry restrictions. Furthermore,
the collinearity of the spins is not symmetry protected and
more complex phase relations are possible under this magnetic
superspace group/irrep. In order to check this structure and
avoid false minima, other runs were performed randomizing
automatically the spin components of the Dy atom in Jana2006.
Details of the refinements are given in Table S5 in the
Supplemental Material [15].

For the data collected at 1.5 K, the representation analysis
indicates that there are four maximal space groups of the gray
group Cmcm1′ compatible with the k3 propagation vector (see
Table S6 in the Supplemental Material [15]). The model that fits
best our experimental data at this temperature is given by the
maximal noncentrosymmetric magnetic space group, Aamm2.
This spin arrangement complies with the two-dimensional
irrep mZ1 (k3 is at the point Z in the Brillouin zone) restricted
to the order-parameter direction (0, a). The Dy position is now
split into two different orbits, which have different symmetry-
protected degrees of freedom for the spin components. One of
the positions allows noncollinear magnetic moments parallel
to the ab plane, whereas the other restricts the magnetic
moments to be collinear and oriented along the c axis. The
magnetic unit cell of Dy2Co3Al9 is obtained by alternating
these two types of configurations along the c axis, as shown
in Fig. 10. The larger Dy moment is found along the b axis. It
amounts to 8.4(1) μB/Dy atom and lies at angles of ±81(1)◦
away from the a axis. Our data show that the Co atoms do

not carry an ordered magnetic moment at any temperature
in Dy2Co3Al9.

IV. DISCUSSION AND CONCLUSION

The magnetic properties of Dy2Co3Al9 are ruled by ex-
change interactions and magnetocrystalline anisotropy. Our
macroscopic measurements show that the ground state can be
easily perturbed by small changes in temperature and magnetic
field. This is corroborated by our neutron-diffraction study that
revealed two distinct incommensurate and one commensurate
phase between 1.5 and 6.2 K in zero field.

Cobalt does not carry an ordered magnetic moment in
Dy2Co3Al9. This could be guessed already from the relatively
low magnetic ordering temperature and was proven by our
neutron-diffraction data. This finding is surprising since Co is
usually a source of strong exchange interactions in R-T in-
termetallic compounds (see, e.g., Ref. [37]). The nonmagnetic
state of Co can likely be explained by the band structure of
Dy2Co3Al9. The 3d band might be too broad leading to a low
density of states at the Fermi level. As a result, splitting of the
3d band does not occur. The nonmagnetic state of Co makes
it possible to consider only the Dy magnetic moments in the
discussion below.

The nearly degenerate free energies of adjacent magnetic
phases can be explained by frustration effects. A geometric
frustration is not given in Dy2Co3Al9 as can be concluded
from the hexagonal arrangement of the Dy atoms in the ab

plane (see Fig. 1). Therefore, exchange (or bond) frustration is
likely to play the key role.

The only relevant exchange interactions for Dy2Co3Al9 are
of RKKY type, which are long-range and oscillatory with dis-
tance. This results in positive and negative interionic couplings
that frustrate the Dy magnetic moments. The existence of
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FIG. 10. Magnetic structure of Dy2Co3Al9 at 1.5 K: (a) The Dy
atoms (purple spheres) and their magnetic moments (green arrows)
are shown in a 1 × 1 × 2 cell of the parent orthorhombic unit cell
(gray lines); (b) view of the magnetic unit cell along the b axis.

magnetic order reflects other, possibly weaker but nevertheless
non-negligible contributions to the free energy, such as the in-
teraction of the CEF with the 4f moments (magnetocrystalline
anisotropy), quadrupolar interaction, magnetoelastic coupling,
etc. More insight into the physics of Dy2Co3Al9 can be gained
by studying CEF effects.

In fact, the existence of an amplitude-modulated magnetic
structure between 5.2 and 3.7 K suggests a large magnetic
anisotropy for Dy2Co3Al9 comparable with the leading mag-
netic exchange (the Weiss temperature is θ = +16 K for field

applied along the a axis, see Table S3 in the Supplemental Ma-
terial [15]). The anisotropy forces the moments along a given
crystal direction, although their amplitudes are sinusoidally
modulated. For weak or planar anisotropy, helimagnetic struc-
tures are usually observed for rare-earth-based intermetallic
compounds [35]. At 3.7 K, the periodicity changes to another
one with a shorter magnetic unit cell.

A transition from an amplitude-modulated incommensurate
magnetic structure just below TN to a commensurate structure
at a lower temperature is common in intermetallic compounds
based on rare-earth elements [34,35]. From the viewpoint of
magnetic entropy, it is unfavorable for a doublet ground state to
have zero magnetic moments for some sites. The transition to a
commensurate magnetic structure is a result of a compromise
between the exchange interactions and magnetic anisotropy
that favors large magnetic moments upon approaching zero
temperature.

Our findings for Dy2Co3Al9 compare well with other groups
of rare-earth-based intermetallic compounds. Incommensurate
magnetic structures were reported for, e.g., NdNi1−xCux with
x = 0.8 − 1 [38], RCo2Ge2 with R = Tb, Dy, and Ho [39,40],
Ho2RhIn8 [41], and Er2Ni2Pb [42]. These long-period struc-
tures change to commensurate phases with decreasing temper-
ature. Interestingly, for the compounds containing 3d elements,
Co and Ni do not carry an ordered magnetic moment, similarly
to Co for Dy2Co3Al9.

In conclusion, our macro- and microscopic measurements
suggest the presence of frustration effects in Dy2Co3Al9

due to the existence of competing exchange interactions in
the presence of a large magnetocrystalline anisotropy. The
antiferromagnetic ground state can be easily perturbed by
small changes in temperature and magnetic field, resulting
in a complex phase diagram. Due to the nonmagnetic state
of Co, the analysis of the physical properties of Dy2Co3Al9

is simplified, and magnetic and other electronic properties
associated with the localized 4f moments can be studied
directly. Thus, our results show that R2Co3Al9 compounds
with magnetic R elements are ideally suited to study effects of
exchange frustration.
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