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Complex magnetic behavior in Ho2Re3Si5 single crystal
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We report on the magnetic, electrical transport, and thermal properties of Ho2Re3Si5 single crystal by means of
magnetization, electrical resistivity, and heat capacity measurements in the temperature range 2–300 K. Magnetic
susceptibility, heat capacity, and electrical resistivity reveal two closely spaced antiferromagnetic transitions at
TN1 ∼ 3.8 K and TN2 ∼ 4.2 K. Three field-induced metamagnetic transitions at 4.5, 10, and 15 kOe, in the
magnetically ordered state at 2 K, have been observed, in the isothermal magnetization, for μ0H ‖c, and their
first-order nature is evident from the magnetic hysteresis. The hysteresis disappears and metamagnetic transitions
become feeble at around 3.5 K. These metamagnetic transitions are consistent with field-induced magnetic
phases as observed in the magnetic susceptibility, electrical resistivity, and heat capacity. The magnetization for
μ0 H ‖ a is linear without any signature of metamagnetic transition for fields up to 70 kOe suggesting the hard
axis of magnetization. From the temperature dependence of the isothermal magnetization, we have constructed
a magnetic phase diagram, which signals a complex magnetic structure in this compound. These results suggest
that magnetic and transport properties are highly sensitive to the external magnetic field.
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I. INTRODUCTION

The rare-earth intermetallic compounds possessing the sto-
ichiometry R2T3X5, where R is a rare earth, T is a transition
metal, and X is a group IV element, exhibit interesting phys-
ical properties [1–6]. For instance, the Kondo and heavy
fermion behavior in Ce2(Rh,Ir)3Ge5 and Pr2Pd3Ge5 [7,8],
valence fluctuation in Ce2Re3Si5 [9], charge density wave
(CDW) transition in Er2Ir3Si5 and Lu2Ir3Si5 [6,10], and
pressure-induced superconductivity in Ce2Ni3Ge5 [11] have
been reported. These R2T3X5 compounds usually adopts either
U2Co3Si5-type orthorhombic crystal structure with the space
group Ibam [4] or U2Mn3Si5-type tetragonal crystal struc-
ture with the space group P4/mnc [12]. Although there exist
some reports on physical properties of orthorhombic R2T3X5

(T = Mn, Co, Pt, Pd, Rh, Ir) [3,4,6–8,10], while properties
of tetragonal R2T3X5 (T = Fe, Re, Os) are not-well explored
[9]. Recently, we have reported the anisotropic magnetic
properties of R2Re3Si5 (R = Ce and Pr) single crystals [9].
The Ce2Re3Si5 showed intermediate valence state as evident
from x-ray photoelectron spectroscopy (XPS) and magnetic
susceptibility (χ ). The Pr2Re3Si5 showed a sharp drop in
the χ at ∼9 K and a spin-flip-like metamagnetic transition
near 35 kOe for μ0H ‖ c in the plot of magnetization (M)
versus field, which suggested an Ising-type antiferromagnetic
(AFM) ordering at TN ∼ 9 K [9]. The anisotropic magnetic
properties of Pr2Re3Si5 have been explained by the crystalline
electric field (CEF) effect based on a point charge model. The
CEF analysis suggests that the ninefold degenerate (2J + 1)
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ground state splits into 9 levels with an overall splitting of
1179 K.

In the present work, our aim is to explore the anisotropic
properties of a new member of R2Re3Si5 family. There-
fore, we have synthesized a single crystal of Ho2Re3Si5,
and investigated its magnetic, electrical and thermal transport
properties by using χ , M, heat capacity (Cp), and electrical re-
sistivity (ρ). These properties are measured on a well-aligned
single crystal along the two main crystallographic directions,
viz., a and c axes. Significant anisotropy along a-and c axes
in χ , M and ρ has been observed. The χ , Cp, and ρ reveal
two magnetic phase transitions at TN1 ∼ 3.8 K and TN2 ∼
4.2 K, which are associated with long-range AFM ordering.
The TN2 is significantly weaker compared to TN1. We have
also observed field-induced first-order metamagnetic transi-
tions near 4, 10, and 15 kOe at 2 K in the plot of M(H )
measured along c axis. In contrast to two magnetic transitions
TN1 and TN2 and three metamagnetic transitions in Ho2Re3Si5,
its isostructural compound Pr2Re3Si5 shows only one mag-
netic transition TN ∼ 9 K, and one field-induced metamagnetic
transition about 3.5 T [9]. Therefore, magnetic and transport
properties of Ho2Re3Si5 modify in complicated ways with the
application of magnetic field. We have constructed the phase
diagram from the temperature dependence of the isothermal
magnetization.

II. EXPERIMENTAL METHODS

Ho2Re3Si5 single crystal was prepared directly from
its melt by Czochralski method in a tetra-arc furnace
(Technosearch Corporation, Japan) under ultrapure argon at-
mosphere. The high purity starting elements of Ho, Re, and
Si in the molar ratio of 2:3:5 were melted to prepare a poly-
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FIG. 1. (a) Powder x-ray diffraction along with Rietveld-
refinement, (b) crystal structure, and [(c) and (d)] Laue diffraction
patterns corresponding to the (110) and (001) planes of Ho2Re3Si5.

crystalline ingot of Ho2Re3Si5. The melting process was done
for three times to make it homogeneous. A seed crystal was
cut from this polycrystalline ingot, and this seed was inserted
into the molten solution and pulled rapidly at a speed of 50
mm/h. After attaining the steady state condition, the pulling
speed was reduced to 10 mm/h for the entire growth of the
single crystal. A small portion of the crystal was ground to
make fine powder, and subjected to room-temperature x-ray
diffraction (XRD) to check the phase purity.

PANalytical x-ray diffractometer equipped with a Cu Kα

monochromatic source with wavelength λ = 1.5406 Å was
used for XRD. The obtained single crystal was oriented us-
ing Laue method of XRD in back reflection geometry. It
was cut along the two principal crystallographic axes viz.,
a and c by a wire electric discharge machine. Field emis-
sion scanning electron microscope (FESEM) Zeiss ULTRA
plus equipped with energy dispersive x-ray (EDX) spectrom-
eter was used to determine the composition of the grown
crystal. Magnetic measurements were performed using a su-
perconducting quantum interference device - vibrating sample
magnetometer (SQUID-VSM), Quantum Design, USA. Elec-
trical and thermal transport measurements were performed in
a physical property measurement system (PPMS), Quantum
Design, USA. The electrical resistivity was measured by the

four-probe method by passing the current along the a and c
axes of the oriented single crystals. Gold wire with diameter
of 40 μm was used to make electrical contacts using silver
paste to the crystal surface.

III. RESULTS AND DISCUSSION

A. Structural study

Figure 1(a) shows the XRD pattern of powder sample
obtained from a finely ground piece of grown crystal along
with the Rietveld refinement. The FULLPROF software package
was used to refine the x-ray powder diffraction data [13].
Rietveld analysis reveals that Ho2Re3Si5 crystallizes in the
U2Mn3Si5-type tetragonal crystal structure with the space
group P4/mnc (No. 128). The obtained lattice parameters
are a = 10.922(1) Å and c = 5.494(1) Å, and the unit cell
volume is 655.50(3) Å3. The refined atomic coordinates are
listed in Table I. Lattice parameters and unit cell volume are
found to be smaller compared to Pr2Re3Si5 which is expected
due to the lanthanide contraction [9]. The crystal structure
of Ho2Re3Si5 is shown in Fig. 1(b). It shows that Ho atoms
in the unit cell are arranged in a rectangular network with a
nearest neighboring distance of 3.852 (3) Å. The Ho atom has
only one site with 8h Wyckoff’s position, Re atoms occupy
two different 8h and 4d Wyckoff’s positions, and Si atoms
occupy three different 8h, 8g, and 4e Wyckoff’s positions.
The Laue diffraction patterns corresponding to planes, viz.,
(110) and (001) are shown in Figs. 1(c) and 1(d), respectively.
Well defined Laue diffraction spots indicate the good quality
of the grown single crystal. Energy dispersive analysis of x
rays confirms the 2:3:5 ratio of atomic percentage of Ho, Re,
Si, respectively, which is not shown here for brevity.

B. Magnetic properties

The temperature-dependent χ measured in an applied mag-
netic field of 50 Oe, along the a and c axes, namely, χa and
χc, respectively, are shown in Fig. 2(a). The χ measured under
zero-field-cooled (ZFC) and FC show reversibility, and hence
we showed only FC data. Both χa and χc show an anomaly
near TN1 ≈ 3.8 K, which is associated with AFM ordering.
Note that there is change in slope at TN2 ≈ 4.2 K [Fig. 2(a)
and inset]. Further to see the nature of these transitions, we
have measured χa and χc in an applied magnetic field of
2 kOe [Fig. 2(b)] in the temperature range 1.8 to 300 K.
The χa increases with decrease in temperature with a broad
hump between 25 to 200 K, and there is a sharp drop in

TABLE I. Refined structural parameters and agreement factors for Ho2Re3Si5 obtained from Rietveld refinement of powder x-ray
diffraction pattern using tetragonal space group P4/mnc.

Atoms Wyck x y z B(Å2)

Ho 8h 0.262(2) 0.421(3) 0.000 1.1(1)
Re1 8h 0.146(3) 0.122(4) 0.000 0.5 (1)
Re2 4d 0.000 0.500 0.250 0.3 (2)
Si1 8h 0.034(5) 0.310(4) 0.000 0.2 (1)
Si2 8g 0.170(3) 0.670(3) 0.250 0.2 (2)
Si3 4e 0.000 0.000 0.273(6) 0.3 (1)
a = b = 10.922(1) Å c = 5.494(1) Å, V = 655.50(3) Å3 Rp: 13.7, Rwp: 14.1, Rexpt: 3.16, χ 2: 15.9
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FIG. 2. (a) Temperature-dependent magnetic susceptibility of
Ho2Re3Si5 along a and c directions measured at 50 Oe, inset shows
derivative plot at low temperatures, (b) 2 kOe data, inset shows
expanded view of the low-temperature region, and (c) inverse sus-
ceptibility of 2 kOe data; the solid lines are fits to the Curie-Weiss
law.

the susceptibility at TN1 ≈ 3.8 K [Fig. 2(b)]. The broad hump
observed in the temperature range 25 to 200 K is most likely
due to higher-lying crystal electric field (CEF) states that are
populated by thermal energy kBT [14]. A completely dis-
tinct behavior of χc compared to χa is found. The χc, below
100 K, increases with decrease in temperature with change

in slope at TN2 ≈ 4 K, and attains the peak at TN1 ≈ 3.1 K
where it sharply drops about 3.5 times of the peak value
[Fig. 2(b)]. These closely spaced transitions are associated
with AFM transitions as observed in the low field of 50 Oe.
Notably, the transitions at TN1 ≈ 3.8 K and TN2 ≈ 4.2 K are
found in 50 Oe, and are highly sensitive to applied magnetic
field [Fig. 2(a) and inset]. The inset of Fig. 2(b) depicts the
low-temperature region of the 2 kOe data along the easy axis
direction, namely, μ0 H ‖ c. These features are also reflected
in electrical and thermal transport measurements for μ0H ‖c,
and hence we shall revisit thoroughly in text.

We have analysed the inverse susceptibility χ−1
a and χ−1

c
using the Curie Weiss (CW) law defined as χ = μ2

eff n/(8(T −
θP)), where n is the number of rare-earth atoms (2 in this case),
and θP is the paramagnetic Weiss temperature, in the tem-
perature range 120–300 K [Fig. 2(c)]. The μeff along a-and
c-directions are found to be about 10.54 and 10.56 μB/Ho,
respectively which is close to the theoretical value of 10.63
μB/Ho of free Ho3+ (for Ho3+, J = 8.0 and gJ = 5/4; μeff =
gJ

√
J (J + 1) = 10.63 μB). The θP in a and c axes are found

to be about −35.5 and 37.2 K, respectively. We also estimated
the magnetic frustration ratio f = (θP/TN), which is found to
be ∼9.3 for a axis. This indicates that significant spin frus-
tration along a axis. The ratio of susceptibilities along c and
a axes i.e., χc/χa at TN1 is about 15. These results, therefore,
clearly indicate that magnetic properties in this compound are
highly anisotropic which results from the CEF splitting of the
ground state multiplet of the degenerate (J = 8; (2J + 1) =
17) levels of the Ho3+ ion.

Now we turn our discussion on field-induced magnetic
phases in Ho2Re3Si5. The field-dependent χc is shown in
Figs. 3(a)–3(c). As the field increases, TN1 shifts from ∼3.8
to ∼3.1 K up to 2 kOe [Fig. 3(a)]. The χc sharply increases
for applied magnetic fields of 1 and 1.5 kOe at 4.2 K. Notably,
the χc shows an upturn at ∼2.2 K, which may be due to the
field induced transition as observed in the M(H ) data. At 4
kOe, TN2 completely disappears, while TN1 still survives with
slight shift towards higher temperature. The disappearance of
TN2 can be correlated with field-induced first metamagnetic
transition at μ0Hc1 = 3.9 kOe, as discussed later [Fig. 4(a)].
The χc drops again at ∼3.9 K and raises at ∼ 3.6 K in 5.5
kOe. This broad hump seems to associate with both TN1 and
TN2. Note that these transitions are closely spaced and become
broader with the increase in applied magnetic field and hence
it is difficult to resolve them. With further increase in field, this

FIG. 3. [(a)–(c)] Magnetic susceptibility of Ho2Re3Si5 along c axis at different applied magnetic fields.
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FIG. 4. (a) Magnetization along the two principal crystallo-
graphic axes, a and c measured at T = 2 K, [(b) and (c)] mag-
netization at different temperatures along c axis, and (d) magnetic
phase diagram constructed from magnetization data of Ho2Re3Si5,
the scale bar shows the moment (μB/Ho), the solid lines are guide to
the eyes.

broad hump more or less shifts towards higher temperature
up to 8.7 kOe, and towards lower temperature at 10.5 kOe.
Above 15 kOe, it shows a field-induced ferromagnetic-like
behavior as evident from the clear suppression of broad hump.
This complex magnetic behavior of Ho2Re3Si5 in χc is mainly
attributed to modification of magnetic structure due to applied
magnetic fields in a complicated way as evident from magne-
tization along c axis [Fig. 4(b)]. Figure 4(a) shows isothermal
magnetization along the a and c axes, namely, Ma and Mc, re-
spectively measured at T = 2 K, in the magnetically ordered
state. The Mc clearly shows three metamagnetic transitions
at μ0Hc1 = 4 kOe, μ0Hc2 = 10 kOe, and μ0Hc3 = 15 kOe
corresponding to magnetization jumps of Ms/54 ≈ 0.17μB,
Ms/3 ≈ 3.1μB, and Ms/2 ≈ 4.57μB, where Ms ≈ 9.2μB/Ho
is the saturated magnetic moment obtained at 2 K and 70 kOe.
The Ms is close to the expected saturated magnetic moment
of 10.6 μB/Ho for a free Ho3+ ion. The significant hysteresis
in Mc confirms the first order nature of these metamagnetic
transitions. Unlike the Mc, Ma does not show any metam-
agnetic transition, and no signature of saturation even up to
70 kOe. This indicates that a axis is the hard axis while c
is the easy axis of magnetization. The ratio of magnetization
measured along c and a axis Mc/Ma is ≈9 at 70 kOe. These re-
sults clearly indicate that there is a strong magnetocrystalline
anisotropy in Ho2Re3Si5.

From the Mc plot, we can consider four different mag-
netic phases in Ho2Re3Si5. Three of them are AFM phases,
AFM1 for 0 < μ0Hc1 < 4 kOe, AFM2 for 5.5 < μ0Hc2 < 10
kOe and AFM3 for 11 < μ0Hc3 < 15 kOe, and fourth is a
field-induced ferromagnetic state for μ0Hc3 > 15 kOe. The
first plateau between 5 to 10 kOe has a magnetization of
∼Ms/3, and second plateau between 11 to 15 kOe has a
magnetization of ∼Ms/2. These results indicate a complex
magnetic structure in applied magnetic fields. The first plateau
has magnetization of Ms/3, i.e., AFM2 phase. Such plateau
at one-third of Ms with the same spin arrangement has been
reported in tetragonal HoNi2B2C [15,16] and UAu0.8Sb2 [17].

The exact spin configurations of these field-induced phases
may be difficult to infer from the present set of data and hence
it warrants the microscopic technique like neutron diffraction
studies, which is planned for the future.

In order to see the temperature dependence on meta-
magnetic transitions, we have measured Mc at different
temperatures [Figs. 4(b) and 4(c)]. The coercivity of hysteresis
across metamagnetic transitions and Ms gradually suppresses
with increase in temperature [Fig. 4(b)]. The hysteresis disap-
pears and metamagnetic transitions become feeble at 3.5 K.
Although metamagnetic transitions completely disappear at
T = 5 K, the magnetization along c axis still shows saturation
which may be attributed to some short range magnetic inter-
actions above TN [Fig. 4(c)]. The paramagnetic-like behavior
sets in above 20 K. The magnetic phase diagram constructed
from Mc data is shown in Fig. 4(d). The temperature depen-
dence of the isothermal magnetization enabled us to construct
the magnetic phase diagram of Ho2Re3Si5. The constructed
phase diagram in the plane of magnetic field and temperature
is shown in Fig. 4(d). For T less than 4.2 K and sufficiently
low fields, the system is in the AFM1 state and as the applied
magnetic field is increased it enters into the AFM2 state and
remains there for fields close to 9 kOe. Further increase in
the applied magnetic field the system enters into the AFM3
phase beyond 10 kOe and for fields greater than 15 kOe a
field induced ferromagnetic state is attained. It shows mainly
four phases, namely, AFM1, AFM2, AFM3, and FM, which
are shown by color contrast in Fig. 4(d).

Next, we attempted to analyze the magnetic susceptibility
and magnetization data based on the point charge model. The
Ho atoms in Ho2Re3Si5 occupy 8h Wyckoff’s position and
hence possess the point symmetry m which corresponds to
monoclinic site symmetry. However, in order to reduce the
complexity in the fitting parameters, we have assumed a or-
thorhombic site symmetry and used the CEF Hamiltonian for
orthorhombic site symmetry which is given by

HCEF = B0
2O0

2 + B2
2O2

2 + B0
4O0

4 + B2
4O2

4 + B4
4O4

4

+ B0
6O0

6 + B2
6O2

6 + B4
6O4

6 + B6
6O6

6, (1)

where Bm
l and Om

l are the crystal field parameters and the
Steven’s operators [18,19], respectively. We have calculated
the CEF susceptibility including the molecular field constant
(λ) using the following expression:

χ−1
i

= χ−1
CEFi − λi. (2)

The solid lines in Fig. 5(a) are the calculated curves based
on the CEF susceptibility, the expression for χCEFi is given
in Ref. [9]. The (2J + 1) levels of the degenerate J = 8, split
into 17 levels with an overall splitting energy of 365 K. The
CEF parameters and the obtained energy levels are shown in
Fig. 5(c).

The isothermal magnetization data measured at T = 2 K
has been analysed using the following CEF Hamiltonian:

H = HCEF − gJμBJi(H + λiMi ), (3)

where HCEF is given by Eq. (1) and the second and third terms
represent the Zeeman and molecular field terms, respectively.
The expression for Mi is given in Ref. [9].
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FIG. 5. (a) CEF fit of temperature dependence of the inverse magnetic susceptibility and (b) isothermal magnetization, and (c) energy
levels obtained from CEF fitting of Ho2Re3Si5

The CEF parameters obtained from the susceptibility fit
explains the anisotropy in the magnetization data as well. The
solid lines in Fig. 5(b) are the calculated magnetization curves.
The discrepancy in the quantitative matching with the exper-
imental data may be attributed to the simplified point charge
model. Although the set of parameters explains the anisotropy
in the magnetic susceptibility and the magnetization curves, a
more detailed study like inelastic neutron diffraction data are
essential to know the precise values of the 2J + 1 degenerate
level splitting.

C. Thermal transport properties

The temperature-dependent heat capacity of Ho2Re3Si5 is
shown in Fig. 6. It shows a λ-like sharp anomaly at TN1 ∼
3.8 K, and relatively broader and weaker anomaly at TN2 ∼
4.2 K (Fig. 6, inset). These anomalies correspond to the bulk,
long-range AFM ordering in Ho2Re3Si5 as observed in χ

measurements. The Cp in different magnetic fields applied
along c axis is shown in Fig. 7. The TN1 and TN2 more or

FIG. 6. Temperature-dependent heat capacity of Ho2Re3Si5, in-
set shows the expanded view at low temperature.

less shift towards lower temperature, and become broader with
increasing fields up to 3 kOe. Although a broad peak can be
seen at 4 and 5.5 kOe, this peak may correspond to TN1 or
may have both TN1 and TN2. Note that these two transitions are
closely spaced, and the field-induced phases set in with the
increasing magnetic field. Therefore it is difficult to resolve
these closely spaced transitions. The field range between 4 and
5.5 kOe corresponds to AFM1 and AFM2 phases where Mc

steadily increases with the applied field [Fig. 4(a)]. However,
these transitions get separated again at 7.7 kOe which seem to
shift towards higher temperature. This high-temperature shift
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FIG. 7. Temperature-dependent specific heat at different fields
applied along the c direction of Ho2Re3Si5.
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FIG. 8. (a) Temperature-dependent electrical resistivity for J ‖ a and c, inset shows expanded view of resistivity for J ‖ c at low
temperature, and (b, c) temperature dependence of resistivity in various applied magnetic fields for J ‖ a and μ0H ‖ c.

may be associated with some ferromagnetic interactions in
AFM1 and AFM2 phases. Above 8.7 kOe, these transitions
shift towards lower temperature which is in line with χc data.
We would like to emphasize here that this compound shows
the complex magnetic behavior which is highly sensitive to
an external magnetic field.

D. Electrical transport properties

The temperature-dependent electrical resistivity measured
in zero field with current applied along a and c axes are shown
in Fig. 8(a). In case of J ‖ c, as temperature decreases, ρ(T )
decreases down to ∼11 K and exhibits an overall metallic
behavior of Ho2Re3Si5. The metallic behavior gets interrupted
at 11 K at which point ρ begins to increase down to 4.2 K.
Then for T less than 4.2 K, it decreases slightly due to the
magnetic ordering followed by a sharp decrease below TN1

at 3.8 K [Fig. 8(a), inset]. The reduction in ρ below ordered
state/s is attributed to the reduction in spin disorder scattering.
A similar low-temperature behavior is observed for J ‖ a. It
is to be mentioned here, just above the ordered state, ρ for
J ‖ a decreases with increase in temperature and exhibits a
minimum before it increases further with increase in tempera-
ture. This type of minimum in ρ has typically been attributed
to magnetic frustration [20], however, in this case, there is
no geometrical frustration in the lattice and still a minimum
in resistivity is observed. A broad humplike feature between
50 to 250 K can clearly be seen in ρ for J ‖ a which is
attributed to the CEF effects where higher-lying states are
being populated as T increases [14]. The ratio of resistivity
along c and a directions is found to be 1.6 at 300 K. The
residual resistivity is high in Ho2Re3Si5 along both the crys-
tallographic directions. A similar high residual resistivity is
observed in the isostructural Ce and Pr2Re3Si5 and may be
attributed to the disorder and/or defect present in the system
[9]. The resistivity data clearly show a strong anisotropy in
electrical transport properties in Ho2Re3Si5.

The electrical resistivity varies in a complicated way with
the application of magnetic field as we have already seen the
complex magnetic phases in Mc (Fig. 4). The ρ(T ) for J ‖ a
and μ0H ‖ c, namely, ρc is shown in Figs. 8(b) and 8(c). The

TN1 shifts to lower temperature from 3.8 to 2.7 K for fields
up to 4 kOe. The TN2 is not discernible in ρc at low fields,
while a new anomaly appeared at ∼3.9 K at 2 kOe that might
correspond to TN2. This can be correlated with the enhanced
feature of TN2 between 1 to 2 kOe in χc. The value of ρc signif-
icantly decreases below this transition, and only one transition
at 3.8 K at 5.5 kOe is observed. Similarly, only one transition
was seen in χc at 4 kOe [Figs. 3(b) and 3(c)]. This is because
of the field-induced modification in the magnetic structure
when Ho2Re3Si5 enters in AFM2 phase. Furthermore, TN1

vanishes at 20 kOe. Between 8.7 and 12 kOe, there is no con-
siderable shift. At 15 kOe, this broad transition shifts towards
lower temperature. Such a low-temperature shift has also been
observed in χc at 10.5 kOe. This transition wipes out at 15 kOe
which is associated with the field-induced ferromagnetic state.
Note that as the magnetic field increases from 1 to 4 kOe,
residual resistivity increases which indicates that scattering of
charge carriers increases due to enhanced spin fluctuations.
Further increase in field, residual resistivity decreases due to
suppression of spin fluctuation as the field-induced ferromag-
netic state sets in Ref. [9]. The resistivity results are consistent
with susceptibility data, and show that transport properties of
Ho2Re3Si5 are highly sensitive to the external magnetic field.
With the field depended studies of magnetic susceptibility and
the electrical resistivity one can construct the magnetic phase
diagram. However, it is challenging to construct a magnetic
phase diagram because the two magnetic transitions are so
close to each other and difficult to trace the field dependence
of these transitions. In the supplemental material, we have
constructed a tentative magnetic phase diagram from the field
dependent magnetic susceptibility and electrical resistivity
measurements [21]. More precise measurements are neces-
sary to understand the complex magnetic behavior exhibited
by Ho2Re3Si5.

E. Conclusion

We have investigated the anisotropic magnetic proper-
ties in detail and constructed the magnetic phase diagram
of Ho2Re3Si5 single crystal using magnetic, electrical and
thermal transport data. This compound shows two closely
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spaced antiferromagnetic transitions at TN1 ∼ 3.8 K and TN2 ∼
4.2 K. Magnetic susceptibility and magnetization show a com-
plex magnetic structure in the field range 5 to 10.5 kOe,
and finally it attains a field-induced ferromagnetic state at
15 kOe. These features are also reflected in field-dependent
electrical resistivity and heat capacity. Three first-order field-
induced metamagnetic transitions at 4.5, 10, and 15 kOe at
2 K have been observed. Hysteresis is completely suppressed
and metamagnetic transitions become feeble at 3.5 K. These
metamagnetic transitions are consistent with field-induced
magnetic phases observed in magnetic susceptibility, resistiv-
ity and heat capacity. Further detailed studies of the magnetic

structure like neutron diffraction, will throw more light on the
spin structure in Ho2Re3Si5.
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