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Anisotropic magnetic properties of antiferromagnetic DyCoGa5
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We report a detailed study of the physical properties of single crystals of DyCoGa5 using magnetic suscepti-
bility, specific heat, and resistivity measurements. DyCoGa5 crystallizes in the layered tetragonal HoCoGa5-type
structure and undergoes two successive antiferromagnetic transitions at TN1 = 24.7 K and TN2 = 22.9 K, which
are associated with ordering of the Dy3+ moments. We characterize the temperature-field phase diagrams of
DyCoGa5 for fields both along the c axis and within the ab plane, where highly anisotropic magnetic behaviors
are observed. When fields are applied along the easy c axis, both TN1 and TN2 are suppressed with increasing field,
and multiple metamagnetic transitions are observed, while these transitions exhibit only a weak field dependence
for H ‖ ab. From our analysis we propose a crystalline-electric-field scheme that gives rise to the observed Ising
anisotropy, and a simple model of the magnetic exchange interactions can account for the low-temperature
antiferromagnetic phase, as well as the field-induced phase with a magnetization half the saturated value.
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I. INTRODUCTION

The RMX5 (R=rare earths, M=Co, Rh, Ir, and X=In, Ga)
series exhibits a variety of fascinating physical phenomena,
which include unconventional superconductivity that coexists
with magnetism, complex magnetic order, and multiple quan-
tum phase transitions upon tuning with different parameters
[1–4]. Among these, CeRhIn5 exhibits antiferromagnetic or-
dering below TN = 3.8 K, and complex behaviors emerge in
applied magnetic fields with multiple magnetic phases, as well
as a Fermi surface reconstruction, enhanced hybridization,
and spin nematicity [3,5–11]. CeRhIn5 also exhibits pressure-
induced superconductivity, with Tc reaching 2.1 K at 2.1 GPa
[12], while CeCoIn5 [13] and CeIrIn5 [14] are heavy fermion
superconductors at ambient pressure, with superconducting
transition temperatures Tsc = 2.3 K and 0.4 K, respectively.
On other hand, among the isostructural gallides, PuCoGa5

and PuRhGa5 are also unconventional superconductors at
ambient pressure, with Tsc = 18.5 K [15] and 8.7 K, respec-
tively, which are proposed to be d wave superconductors with
Tsc exceeding those of other heavy fermion superconductors
[16,17]. The unusual magnetic properties observed for RMX5,
which are, in part, driven by the quasi-two-dimensional lay-
ered crystal structure, are central for realizing novel behaviors
such as heavy fermion superconductivity, spin nematicity,
unconventional quantum criticality, and complex magnetism
[2,4,5,9,15].
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Most studies of the RMX5 series have focused on the Ce-
and Pu-based compounds, although even in the absence of f
electrons LaRhIn5 exhibits a topological band structure with
Dirac fermions [18]. As such, further studies investigating the
role played by f electrons in the unusual properties of RMX5

and their evolution upon tuning with pressure and magnetic
fields are important.

In the case of RMGa5, complex magnetic ground states are
observed upon the substitution of other rare-earth elements.
TbCoGa5 exhibits successive antiferromagnetic transitions
with TN1 = 36.2 K and TN2 = 5.4 K, which are proposed
to be component-separated magnetic transitions where the
c component of the Tb3+ moment orders antiferromagnet-
ically below TN1, whereas the in-plane component remains
paramagnetic, ordering only at TN2 [19,20]. HoCoGa5 hosts
incommensurate antiferromagnetic order below TN1 = 9.6 K
which becomes commensurate below TN2 = 7.5 K [21], while
ErCoGa5, TmCoGa5, and YbCoGa5 show no sign of magnetic
order down to 2 K [22,23].

DyCoGa5 is a little-studied member of this series that
is reported to crystallize in a layered tetragonal structure
and exhibits antiferromagnetic order with TN = 25 K [22].
In this paper, we report a detailed investigation of the
structural and magnetic properties of DyCoGa5, which are
investigated using single-crystal x-ray diffraction (XRD),
magnetic susceptibility, specific heat, and electrical resistiv-
ity measurements. We find that DyCoGa5 crystallizes in a
quasi-two-dimensional tetragonal structure with c/a ≈ 1.61
and undergoes two successive antiferromagnetic transitions
at TN1 = 24.7 K and TN2 = 22.9 K. When magnetic fields
are applied, highly anisotropic magnetic behaviors are ob-
served, as evidenced by strong easy-axis anisotropy with
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FIG. 1. Crystal structure of DyCoGa5, where orange, green, and
blue represent the Dy, Ga, and Co atoms, respectively.

very different T -H phase diagrams for H ‖ c and H ‖ ab.
TN1 and TN2 are suppressed by magnetic fields, and multiple
metamagnetic transitions are observed for H ‖ c, leading to
a complex temperature-field diagram for this field direction.
These behaviors are in line with the multiple field-induced
magnetic phases observed in CeRhIn5, which appear to
arise from the complex interplay of physical factors such
as crystalline-electric-field effects, quasi-two-dimensionality,
and anisotropic magnetic exchange interactions.

II. EXPERIMENTAL DETAILS

Single crystals of DyCoGa5 were grown using a gallium
flux. Dy ingots, Co powder, and Ga ingots were placed in
an alumina crucible in a 1:1:40 atomic ratio and sealed in an
evacuated quartz tube. The tube was heated up to 1050 ◦C and
held at this temperature for 20 h, before being cooled slowly to
500 ◦C and centrifuged to remove excess Ga. Shiny cuboidlike
single crystals, with lengths of 2–5 mm, were obtained, and
the phase was determined to be DyCoGa5 using single-crystal
XRD and energy-dispersive x-ray spectroscopy. Single crys-
tals of LuCoGa5, which were used as a nonmagnetic analog,
were grown using an analogous method. The structure was
determined by using a Bruker diffractometer with an x-ray
wavelength of λ = 0.71073 Å. The magnetic susceptibility,
heat capacity, and electrical resistivity were all measured
using a Quantum Design physical property measurement sys-
tem (PPMS-9 T) including a vibrating sample magnetometer
option.

III. RESULTS

A. Crystal structure

DyCoGa5 crystallizes in the tetragonal HoCoGa5-type
structure with space group P4/mmm, as displayed in Fig. 1.
The crystal structure was confirmed using single-crystal XRD,
and the refinement results are shown in Table I, where the
refined lattice parameters at 300 K are a = 4.1983(2) Å
and c = 6.7668(6) Å, which are consistent with a previous
report [22]. The nearest-neighbor Dy-Dy distances in the ab
plane are about 4.1983 Å, which is smaller than the value of
6.7668 Å along the c axis, indicating a quasi-two-dimensional
structural characteristic of DyCoGa5.

TABLE I. Results from refining single-crystal XRD measure-
ments of DyCoGa5, where the refinement parameters R1 and wR2,
atomic coordinates, and isotropic displacement parameters Ueq are
displayed.

Parameter Value

Formula DyCoGa5

Space group P4/mmm (No. 123)
Lattice parameters a = 4.1983(2) Å, c = 6.7668(6) Å
R1, wR2 0.0260, 0.0577

Atom x y z Ueq

Dy1 1.00 1.00 1.00 0.0074(4)
Ga2 0.50 0.50 1.00 0.0101(5)
Ga1 1.00 0.50 0.69011(15) 0.0102(4)
Co1 1.00 0.00 0.50 0.0080(4)

B. Antiferromagnetic transitions in DyCoGa5

Figure 2 shows the temperature dependence of the mag-
netic susceptibility and inverse magnetic susceptibility of
DyCoGa5 measured in a field of μ0H = 0.1 T for H ‖ c
and H ‖ ab. The low-temperature χ (T ) for H ‖ c and H ‖ ab
both show a peak at the antiferromagnetic ordering tempera-
ture TN1 = 24.7 K, which is consistent with previous reports
[22]. As displayed in Fig. 2(a), there is another drop at lower
temperatures at TN2 = 22.9 K, corresponding to an additional
antiferromagnetic transition. The value of χ for H ‖ c is

FIG. 2. (a) The low-temperature magnetic susceptibility χ (T ) of
DyCoGa5 measured in an applied field of 0.1 T both parallel to the
c axis and in the ab plane. (b) Temperature dependence of 1/χ up
to 300 K for the two field directions, where the solid lines show the
results from fitting with the CEF model described in the text.
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higher than that for H ‖ ab, indicating that the c axis is the
easy axis of magnetization.

At higher temperatures, the data for both field directions
above 50 K can be analyzed using a modified Curie-Weiss
law: χ = χ0 + C/(T − θP ), where χ0 is the temperature-
independent term, C is the Curie constant, and θP is the
Curie-Weiss temperature. The corresponding effective mo-
ments from the Curie-Weiss fitting are 10.62μB/Dy with
a θP of 5.7 K for H ‖ c, while the respective values are
10.82μB/Dy and −79.8 K for H ‖ ab, where the effective
moments are both close to the expected value of 10.63μB

for the J = 15
2 multiplet of Dy3+. At lower temperatures,

χ (T ) deviates from Curie-Weiss behavior, which arises from
the splitting of the ground state multiplet by the crystalline
electric field (CEF). The Hamiltonian for a Dy3+ ion in a
tetragonal CEF is given by [24]

HCEF = B0
2O0

2 + B0
4O0

4 + B4
4O4

4 + B0
6O0

6 + B4
6O4

6, (1)

where Bm
l are the Stevens coefficients and Om

l are the
Stevens operator equivalents. Assuming isotropic Heisenberg
magnetic exchange interactions, B0

2 can be calculated using
[25,26]

B0
2 = 10kB

(
θab

P − θ c
P

)
3(2J − 1)(2J + 3)

, (2)

where θab
P and θ c

P are the Curie-Weiss temperatures in the
ab plane and along the c axis, respectively, which yields
B0

2 = −0.09746 meV. Keeping B0
2 from Eq. (2) fixed, the CEF

scheme was analyzed by fitting the magnetic susceptibility χ i

together with the magnetic specific heat Cm above TN1 (see
below) using the following expressions:

χ i = χ i
0 + χ i

CEF

1 − λiχ i
CEF

, (3)

Cm = ∂

∂T

[
1

Z

∑
n

Enexp

(
− En

kBT

)]
, (4)

where χ i
0 is the temperature-independent contribution along

the i direction, χ i
CEF is the corresponding CEF susceptibil-

ity, λi are the molecular field parameters, and En is the
energy splitting of the nth CEF level. The fitted results are
shown by the solid lines in Figs. 2(b) and 3(b), yielding
B0

4 = 1.77 × 10−4 meV, B4
4 = 0.0015 meV, B0

6 = −4.77 ×
10−6 meV, B4

6 = 4.73 × 10−5 meV, λc = −2.12 mol/emu,
λab = −2.76 mol/emu, χ c

0 = −2.4 × 10−3 emu/mol, and
χab

0 = 1.0 × 10−3 emu/mol. These parameters give rise to a
ground state Kramers doublet wave function |ψ±

1 〉 = 0.866| ±
15
2 〉 + 0.0005| ∓ 9

2 〉 − 0.500| ± 7
2 〉 − 0.0014| ∓ 1

2 〉, with the
first excited doublet situated at �1 = 8.24 meV. Note that
this CEF level scheme with a negative B0

2 gives rise to the
pronounced Ising anisotropy with an easy c axis.

The temperature dependence of the magnetic contribution
to the specific heat Cm of DyCoGa5 is shown for low tem-
peratures in Fig. 3(a), where Cm is obtained by subtracting the
total specific heat of nonmagnetic isostructural LuCoGa5. The
total specific heats of DyCoGa5 and LuCoGa5 are displayed in
the inset, where the data for LuCoGa5 and DyCoGa5 almost
overlap above 120 K, indicating that these compounds have
similar lattice contributions. Two consecutive sharp jumps in

FIG. 3. (a) Temperature dependence of the magnetic specific
heat Cm of DyCoGa5 at low temperatures, obtained from subtracting
an estimate of the lattice contribution from LuCoGa5. The red solid
line shows the results from fitting with Eq. (5). The inset displays
the total specific heat C/T of DyCoGa5 (black) and the nonmagnetic
analog LuCoGa5 (blue). (b) Temperature dependence of Cm/T and
the magnetic entropy Sm of DyCoGa5, where the magenta solid line
shows the specific heat calculated from the CEF model described in
the text.

Cm occur at TN1 = 24.7 K and TN2 = 22.7 K, which are
highly consistent with the two transitions observed in χ (T ).
The specific heat of LuCoGa5 below 7 K was fitted using
C/T = γ + βT 2, giving rise to a Sommerfeld coefficient γ =
5.81(5) mJ/mol K2, a phonon contribution of β = 0.352(2)
mJ/mol K4, and a Debye temperature 
D = 337.9 K. As
shown in Fig. 3(a), the data for DyCoGa5 below TN2 can well
described by

Cm = γ ′T + c�7/2
SW

√
T exp

(
−�SW

T

)

×
[

1 + 39

20

T

�SW
+ 51

32

(
T

�SW

)2
]
, (5)

where the first term corresponds to the electronic contribution
and the second term arises from antiferromagnetic spin-wave
excitations with a spin-wave gap �SW [27]. The fitted param-
eters are γ ′ = 0.24(5) mJ/mol K2, �SW = 24.5(7) K, and c =
0.039(2) mJ/mol2. The very small γ ′ corresponds to a small
difference between the Sommerfeld coefficients of DyCoGa5
and LuCoGa5, indicating that the 4 f electrons of DyCoGa5
are well localized. The sizable value of �SW relative to TN is
consistent with the strong Ising magnetocrystalline anisotropy
in DyCoGa5.

The temperature dependence of Cm/T and the magnetic en-
tropy Sm of DyCoGa5 at elevated temperatures are displayed
in Fig. 3(b), where Sm was obtained by integrating Cm/T . The
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FIG. 4. Temperature dependence of the resistivity ρ(T ) of
DyCoGa5 and LuCoGa5, measured with the current in the ab
plane. (b) Temperature dependence of the magnetic contribution to
the resistivity ρmag and the corresponding derivative dρmag/dT of
DyCoGa5, where ρmag was obtained from subtracting the LuCoGa5

data, after scaling the LuCoGa5 data so that the slope of the high
temperature ρ(T ) was the same as that of DyCoGa5. The inset shows
the low-temperature ρ(T ) of DyCoGa5, where the arrows correspond
to the antiferromagnetic transitions TN1 and TN2. The red line shows
the result from fitting the data in the AFM state using Eq. (6).

solid magenta line shows the calculated contribution from the
fitted CEF model, suggesting that Cm/T above TN1 are mainly
accounted for by the excited CEF. The magnetic entropies
Sm released at TN2 and TN1 are around 63% and 76% of
Rln4, respectively, which are higher than the value of Rln2
expected for a doublet ground state, in line with a significant
contribution from excited CEF levels to the low-temperature
properties. The high-temperature Sm is close to the expected
Rln(16) for the full J = 15/2 multiplet.

The temperature dependence of the resistivity ρ(T ) of
DyCoGa5 and nonmagnetic isostructural LuCoGa5 are dis-
played in Fig. 4(a), measured with the current applied in the
ab plane. In both compounds, ρ(T ) decreases with decreas-
ing temperature, corresponding to metallic behavior, where
the nearly linear behavior at high temperatures is ascribed
to electron-phonon coupling. The residual resistivity ρ0 and
residual resistivity ratio [= ρ(300 K)/ρ(2 K)] of DyCoGa5
are around 0.31 µ� cm and 72, respectively. The magnetic
contribution ρmag of DyCoGa5 is shown in Fig. 4(b), which
is obtained from subtracting the data for LuCoGa5 that were
scaled so that the slope of the resistivity at high temperatures
was the same as that of DyCoGa5. ρmag shows only a weak
temperature dependence above 150 K, where the entropy de-
rived from Cm/T is close to the full multiplet value, but there
is a more pronounced decrease below around 100 K due to

FIG. 5. Temperature dependence of C/T of DyCoGa5 measured
in (a) zero field and various fields applied along the c axis below 5 T
and (b) fields applied along the c axis beyond 5 T. The black, red,
and olive arrows correspond to the transitions at TN1, TN2, and T ∗,
respectively.

CEF effects. This can be seen from the plotted dρmag/dT ,
which exhibits a broad hump in the paramagnetic state similar
to that observed in Cm/T [Fig. 3(b)], which was ascribed to the
contribution from excited CEF levels. As shown in the inset,
two well-pronounced slope changes are observed at low tem-
peratures at TN1 = 24.7 K and TN2 = 22.7 K, corresponding
to the two transitions observed in χ (T ) and C(T ). ρ(T ) of
DyCoGa5 below TN was analyzed using [28,29],

ρ(T ) = ρ0 + AT 2 + b�2

√
T

�
exp

(
−�

T

)

×
[

1 + 2

3

T

�
+ 2

15

(
T

�

)2
]
, (6)

where the second term corresponds to the Fermi-liquid con-
tribution and the third term arises due to scattering by
antiferromagnetic spin-wave excitations with a spin-wave gap
�. The results from fitting the zero-field data below 0.65TN

are displayed in the inset of Fig. 4(b), yielding ρ0 = 0.31(1)
µ� cm, A = 0.00011(3) µ� cm K−2, b = 0.0042(6) µ� cm
K−4, and � = 48(1) K. The different values of � from the
analysis of ρ(T ) and Cm data may reflect the simplified nature
of the utilized spin-wave models.

C. Temperature-magnetic field phase diagrams

The temperature dependence of C/T in various fields for
H ‖ c is displayed in Fig. 5. C(T )/T exhibits a λ-type peak at
TN1 and a δ-type jump at TN2 at low fields, as marked by the
arrows in Fig. 5(a). Both the anomalies at TN1 and TN2 gradu-
ally shift to lower temperatures with increasing magnetic field
for μ0H � 4 T, as expected for antiferromagnetic transitions.
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FIG. 6. (a)–(c) χ (T ) of DyCoGa5 measured with various fields applied along the c axis and in the ab plane. (d)–(f) ρ(T ) of DyCoGa5 in
various fields applied parallel to the c axis and ab plane, with the current in the ab plane. The black, red, and green arrows correspond to the
transitions at TN1, TN2, and T ∗, respectively.

In a field of 5 T, in addition to the two antiferromagnetic
transitions at 19.4 and 15.3 K, a new magnetic transition
denoted T ∗ is observed, for which there is a peak in C(T )/T
at 3.4 K, as shown in Fig. 5(b). Above 5 T, the transition TN2

is no longer observed, and T ∗ shows a nonmonotonic field
dependence, shifting first to higher temperatures with field up
to 7 T and then to lower temperatures upon further increasing
the field.

Figures 6(a) and 6(b) show χ (T ) for various fields applied
along the c axis. The two magnetic phase transitions TN1 and
TN2 marked by the arrows in Fig. 6(a) are gradually sup-
pressed to lower temperatures with increasing magnetic field.
As shown in Fig. 6(b), in a field of 6 T the transition cor-
responding to TN2 disappears, and instead of a drop in χ (T ),
there is an upturn corresponding to the field-induced transition
T ∗. With further increasing field, T ∗ shifts first to higher
temperatures and then to lower temperatures. Meanwhile, the
abrupt increase in χ (T ) below T ∗ is suppressed with increas-
ing field, and a drop reappears in χ (T ) for μ0H � 8 T.

ρ(T ) of DyCoGa5 for various fields applied parallel to the
c axis are shown in Figs. 6(d) and 6(e), with the current in the
ab plane. At low fields, two anomalies are observed in ρ(T )
[Fig. 6(d)], corresponding to the antiferromagnetic transitions
TN1 and TN2, and the two transitions are slowly suppressed to
lower temperatures with increasing field. At 5 T, in addition
to the anomalies at TN1 and TN2, a broad shoulder is observed
below TN1, which may correspond to the field-induced mag-
netic transition T ∗. At higher fields, an abrupt jump appears
in ρ(T ), as displayed in Fig. 6(e), and the field dependence of
the anomaly is consistent with that found in the specific heat
and magnetic susceptibility measurements, which is ascribed
to the field-induced magnetic transition.

The temperature dependence of χ (T ) and ρ(T ) of
DyCoGa5 is displayed in Figs. 6(c) and 6(f) for various fields
applied within the ab plane. For H ‖ ab, the anomalies corre-
sponding to TN1 and TN2 are clearly observed, as marked by

the arrows. Both TN1 and TN2 display a weak field dependence
in fields up to at least 8 T. This is in line with the ab plane
being the hard direction of magnetization.

The isothermal magnetization M(H ) and field dependence
of the resistivity ρ(H ) at different temperatures are displayed
in Fig. 7 for fields applied along the c axis and ab plane. As
displayed in Fig. 7(a), the magnetization for H ‖ c at 2.0 K un-
dergoes two metamagnetic transitions at B1 = 5.4 T and B2 =
5.7 T. At B2 the magnetization reaches about 4.60μB/Dy,
which is close to half of the maximum value for Dy3+ of
gJJ = 10μB, where gJ is the Landé g factor and J is the
total angular momentum. As the temperature is increased,
the metamagnetic transitions become less sharp, B2 shifts to
higher fields, and an additional metamagnetic transition, B3,
is observed at around 8.3 T. Above 10 K but below 25 K, only
one weak kink, labeled B1, can be found in M(H ), and it shifts
to lower fields with increasing temperatures. For T � 25 K,
M(H ) shows a linear field dependence with no detectable
anomaly, which is consistent with the system being in the
paramagnetic state.

All these transitions can also be observed in the isother-
mal ρ(H ) for fields parallel to the c axis, as displayed in
Figs. 7(e)–7(g). At 2 K, two anomalies are observed, cor-
responding to B1 and B2, where a sharp jump and drop are
observed in ρ(H ), and there is little change in the field de-
pendence of ρ(H ) for B1 < B < B2. At T � 8 K, B1 shows a
weak temperature dependence, while B2 shifts to higher fields
with increasing temperatures, and there is a new metamag-
netic transition corresponding to B3 at 7 and 8 K. At 10 �
T < 25 K, the only pronounced jump in ρ(H ) corresponds to
B1, and it shifts to lower fields with increasing temperature
and disappears for T � 25 K. At higher fields, there is a de-
crease in ρ(H ), which is consistent with the reduced spin-flip
scattering arising from the moments being spin polarized.

As displayed in Fig. 7(d), no transition is observed in
the isothermal M(H ) for H ‖ ab at any of the measured
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FIG. 7. Field dependence of the magnetization M(H ) with H ‖ c at (a) 2 K and (b) 7 K, where the arrows indicate the metamagnetic
transitions B1, B2, and B3. The isothermal M(H ) at various temperatures for fields applied parallel to the (c) c axis and (d) ab plane. Field
dependence of the resistivity ρ(H ) with H ‖ c at (e) 2 K and (f) 7 K, measured with the current in the ab plane. The arrows correspond to the
metamagnetic transitions observed in M(H ). The isothermal ρ(H ) are displayed at various temperatures for (g) H ‖ c and (h) H ‖ ab.

temperatures. These are consistent with the ab plane being
a hard plane of magnetization, where the magnetization for
H ‖ ab reaches 1.40μB/Dy at 8 T and 2 K, compared to

4.64μB/Dy for H ‖ c. As shown in Fig. 7(h), a positive
magnetoresistance is observed in ρ(H ) for H ‖ ab with no
anomalies, while multiple metamagnetic transitions and a

FIG. 8. Temperature-field phase diagrams of DyCoGa5 for magnetic fields applied (a) along the c axis and (b) within the ab plane based
on specific heat, susceptibility, resistivity, magnetoresistivity, and magnetization measurements. (c) Field dependence of the magnetization
M(H ) of DyCoGa5 at 5 K for H ‖ c. J1 and J2 represent magnetic exchange interactions between nearest-neighbor and next-nearest-neighbor
Dy atoms within the ab plane, and J3 is between nearest-neighboring layers. The red dotted line shows M(H ) calculated from the mean-field
model described in the text. The insets shows the proposed magnetic structures A, B, and C corresponding to phases II, III, and forced
ferromagnetic states of DyCoGa5. (d) Scaling of the antiferromagnetic ordering temperatures of the RCoGa5, RCoIn5, and RRhIn5 series
[22,30–34] with the de Gennes factor (gJ − 1)2J (J + 1), where the dashed lines are guidelines for de Gennes scaling normalized by TM of
the corresponding Gd analogs. The solid circles, open triangles, and open squares display the transition temperatures of RCoGa5, RCoIn5, and
RRhIn5, respectively.
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negative magnetoresistance are observed in ρ(H ) for H ‖ c
in the antiferromagnetic state. This angular dependence of
the magnetoresistance is a consequence of the strong Ising
anisotropy of the Dy moments.

Based on all our results, the T -H phase diagrams for
DyCoGa5 for the two field directions are displayed in
Figs. 8(a) and 8(b). For H ‖ c, three distinct magnetic phases
labeled I, II, and III are observed, where phases I and II
correspond to the antiferromagnetic phases below TN1 and TN2

respectively, and the field-induced magnetic phase below T ∗
is denoted as III. The anomalies at B1, B2, and B3 observed
in M(H ) and ρ(H ) coincide with the boundaries for the
three phases. B1 corresponds to the metamagnetic transition
between phases I and II, while the dome-shaped phase III is
surrounded by phase I, separated by metamagnetic transitions
B2 and B3. For H ‖ ab, the phase boundaries deduced from
ρ(T ) and χ (T ) are all consistent, where TN1 and TN2 exhibit
a weak dependence on in-plane fields, as expected for fields
applied along the hard magnetization direction.

IV. DISCUSSION

DyCoGa5 exhibits complex magnetism, where in zero field
there are two successive magnetic transitions at TN1 = 24.7 K
and TN2 = 22.9 K, and there are multiple metamagnetic transi-
tions when fields are applied along the c axis. These are shown
by the T -B phase diagram in Fig. 8(a), as well as M(H ) at 5 K
for H ‖ c in Fig. 8(c). Here, B1 separates magnetic phases II
and I, and B2 corresponds to a change from phase I to the field-
induced phase III, with a net magnetization around half of the
saturated value, while the third transition B3 is to the spin-
polarized state. A simple model for such a system consists
of a square lattice of Dy3+ moments with nearest- and next-
nearest-neighbor in-plane Heisenberg exchange interactions
J1 and J2, as well as an interlayer interaction J3, as illustrated
in the inset in Fig. 8(c). Such a model was applied to the
isostructural magnetic systems RRhIn5 and TbCoGa5 [35,36].

To analyze the magnetization process, we performed
mean-field calculations of the magnetic ground state and
magnetization using the MCPHASE software [37], considering
both the Heisenberg exchange interactions described above
and the CEF Hamiltonian HCEF in Eq. (1). Fixing the Stevens
parameters to those obtained from fitting the magnetic
susceptibility and magnetic specific heat in the paramagnetic
state, we find that M(H ) at 5 K are well reproduced
by mean-field calculations at this temperature with
J1 = −0.014 meV and 2J2 + J3 = −0.029 meV, as plotted
with a dotted line in Fig. 8(c). Note that when fixing J1 and
J2 + J3/2, similar results are obtained for different J2 and J3,
in line with previous analyses of the metamagnetic transitions
of RRhIn5 and TbCoGa5 [35,36]. As such, we cannot uniquely
identify the value of J1/J2 and hence the degree of in-plane
frustration. Such a mean-field model with these parameters
predicts magnetic ordering below T MF

N = 28 K, which is
slightly larger than the observed TN1 = 24.7 K. Compared
to the previous analysis of TbCoGa5 [36], our model has
a relatively larger J1 compared to 2J2 + J3, suggesting a
stronger in-plane nearest-neighbor interaction for DyCoGa5.

In zero field and lower c axis fields, this model predicts the
antiferromagnetic structure A with the commensurate propa-

gation vector k = (1/2, 0, 1/2) shown in Fig. 8(c), which can
be ascribed to phase II in the experimental phase diagram.
Between 5.7 and 9.0 T, structure B has the lowest energy, for
which each square consists of three up spins and one down
spin. This gives rise to a magnetization of half the saturated
value and corresponds to the experimentally observed phase
III. Above 9.0 T, there is another metamagnetic transition to
the spin-polarized state (structure C). However, this model
also predicts only a single transition in zero field and two
metamagnetic transitions at low temperature, and it cannot ac-
count for the magnetic phase I. It is possible that this phase at
elevated temperatures corresponds to incommensurate antifer-
romagnetic order, similar to HoCoGa5 [21], and therefore, TN2

would be a lock-in transition. Accounting for this additional
magnetic phase likely requires taking into account additional
long-range exchange interactions.

An intricate arrangement of field-induced magnetic phases
is also found in CeRhIn5, where the zero-field incommen-
surate spin helix structure with propagation vector k =
(0.5, 0.5, 0.297) [38] locks into a commensurate collinear
structure at k = (0.5, 0.5, 0.25) upon applying ab plane fields
at low temperatures [7,39]. This field-induced phase forms a
domelike structure similar to that of phase III of DyCoGa5 in
Fig. 8(a), whereas at elevated temperatures there is a differ-
ent in-field phase with an elliptical helix [6,7,40,41]. On the
other hand, CeRhIn5 has an easy-plane anisotropy that readily
gives rise to the aforementioned incommensurate structures,
whereas in DyCoGa5 different magnetic structures that are
constrained by the strong uniaxial anisotropy are expected.

The antiferromagnetic ordering temperatures of RCoGa5

for R=Tb, Dy, and Ho are 36.2, 24.7, and 9.6 K [22],
respectively. In the absence of any crystal-field effect, it
is expected that the magnetic ordering temperatures across
a rare earth series would scale with the de Gennes factor
(gJ − 1)2[J (J + 1)]. The evolution of TN for the RCoGa5,
RCoIn5 [22,30–33], and RRhIn5 [34] series as a function of
the de Gennes factor is shown in Fig. 8(d). The dashed lines
show the expected de Gennes scaling for RCoIn5 and RRhIn5

normalized to the Gd-based compounds where CEF effects are
absent. It can be seen that TbRhIn5, TbCoIn5, and DyRhIn5 all
have significantly enhanced TN relative to this scaling, which
may be due to the influence of the CEF and associated Ising
anisotropy. These factors may also give rise to a similarly
enhanced ordering temperature in DyCoGa5, although reports
of TN for GdCoGa5 as a reference are lacking. Compared
to the RRhIn5 series, RCoIn5 and RCoGa5 exhibit lower TN ,
which is likely due to a smaller nearest-neighbor interplane
magnetic exchange in the Co-based materials [42]. It is
of particular interest to reveal the magnetic structure and
excitations of both the zero-field and field-induced phases of
DyCoGa5 in order to examine the complex interplay of factors
such as quasi-two-dimensionality, crystalline-electric-field
effects, and magnetic exchange interactions in the RMX5

series.

V. SUMMARY

In conclusion, we characterized the magnetic properties of
the layered compound DyCoGa5 and their evolution upon the
application of magnetic fields both parallel and perpendicular
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to the c axis. In zero field, two successive antiferromagnetic
transitions are found with a second-order transition at TN1 =
24.7 K and a first-order transition at TN2 = 22.9 K, which arise
from ordering of the localized Dy3+ moments. We constructed
temperature-field phase diagrams for both field directions, in
which strong magnetic anisotropy and complex magnetism
are observed. Applying magnetic fields along the c axis leads
to a field-induced phase with a magnetization half the satu-
rated value, and this corresponds to a dome-shaped region
of the phase diagram. By analyzing the magnetic suscep-
tibility and specific heat, we proposed a CEF scheme that
gives rise to the observed Ising anisotropy. We considered
a simple model including the fitted CEF Hamiltonian and
three Heisenberg antiferromagnetic exchange interactions that
can account for the low-temperature magnetic phase II and

field-induced phase III, although this model cannot explain
phase I at elevated temperatures. To reveal the nature of these
phases, measurements such as neutron and x-ray diffraction
could be performed.
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