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Incommensurate spin density wave and magnetocaloric effect in the metallic
triangular lattice HoAl,Ge,
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We report the magnetic structure and the magnetocaloric effect (MCE) of the ternary compound HoAl,Ge,
with a trigonal CaAl,Si,-type crystal structure. A neutron powder diffraction experiment reveals that HoAl,Ge,
exhibits an incommensurate spin density wave (SDW) with a propagation vector k = (0.23, 0, 0.06). The
special arrangement of magnetic moments in HoAl,Ge, induces interesting physical phenomena and large
magnetocaloric effects. The rise in resistivity at low temperatures indicates the effect of the SDW state in the
electronic transport. The maximum magnetic-entropy change is —16.1J/kg K under a magnetic field change
of 0-70 kOe for an isotropic HoAl,Ge, powder and it increases to —17.9J/kg K for a single crystal when the
magnetic field (H) is applied parallel to the ab plane. A large rotating magnetic-entropy change of —5.1J/kgK
for H = 20kOe in a HoAl,Ge, single crystal is obtained, which is closely associated to the magnetic anisotropy
of the SDW order and its response to the external magnetic field. We discuss the large MCE in terms of the
field-induced metamagnetic transition from the incommensurate SDW order to the ferromagnetic order. Our
study establishes the triangular lattice RAl,Ge, (R = rare-earth elements) as a unique family of compounds to

explore the existence of the incommensurate spin density waves and the correlated physical properties.

DOLI: 10.1103/PhysRevB.106.134426

I. INTRODUCTION

The total energy of a spin arrangement in an interacting
spin system is usually the sum of the exchange energies for
every spin interaction between the nearest neighboring spins,
if one neglects the next-nearest neighboring ones. The ground
state is determined by minimalizing the total energy, which
usually is a collinear spin alignment when only exchange
interactions are considered. Therefore, the spin arrangement
of a magnetic material tends to be collinear in lots of simple
antiferromagnetic (AFM) or ferromagnetic (FM) compounds
[1]. However, when there is competition between AFM and
FM exchange interactions [including the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction], or a structure with
geometry frustration, or a strong coupling between the spin
orbits of electrons, or a magnetic anisotropy affected by a
strong crystalline electric field (CEF), etc., the spins may
form noncollinearly aligned magnetic superstructures such as
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cycloid, helix, or spin density wave (SDW) states [2-11].
The SDW is a spin-modulated state in real space, which was
first postulated by Overhauser in 1962 to illustrate the AFM
ground state of chromium [8]. Besides Cr [12], the SDW
was also observed in heavy rare-earth metals [13], and in-
termetallic compounds CrFe, CuMn, FeAs, etc. [14-16]. The
correspondence between the spatial periodicity of the SDW
state and the lattice constant can be divided into commensu-
rate or incommensurate SDW. Incommensurate SDW phases
originate from either a Fermi surface instability known as
nesting from electron-electron interactions, or the coupling of
local magnetic moments via the RKKY interaction [8,10,11].
It was reported that the coexistence of magnetic order and
metallic conductivity in FeAs-based compounds originated
from the incommensurate magnetic ordering in terms of either
a SDW or a spiral magnetic structure [16]. Therefore, the
incommensurate SDW may induce various unique physical
phenomena in magnetic systems.

Recently, large magnetocaloric effect (MCE) and ro-
tating magnetocaloric effect (RMCE) were observed in
the CaAl,Sir-type metallic triangular lattice antiferromag-
net ErAl,Ge, single crystal [17]. As one of the rare-earth

©2022 American Physical Society
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FIG. 1. (a), (c) Polyhedral view crystal structure of HoAl,Ge,. (b) The unit cell of HoAl,Ge,. (d) Powder XRD patterns of HoAl,Ge,
(ground from HoAl,Ge, single crystals) and structural refinement results. (¢) The XRD pattern of a flat facet of HoAl,Ge, single crystal
identified to be the (001) plane. (f) The EDX spectroscopy data of the grown crystals; the inset is a photograph of a typical single crystal (the

orange square is 1 x 1 mm?).

RAIL,Ge, series compounds, the magnetization curve of
HoAl,Ge; reveals that it transits from the AFM order to the
FM order driven by a very small magnetic field [18]. The mag-
netization of HoAl,Ge, with 6.32 ug/Ho in a magnetic field
of 20 kOe behaves like a FM compound, which is different
from most AFM compounds presenting small magnetization
values at low magnetic fields and a linear field dependence up
to very high fields. In addition, not much is known yet about
the magnetic structures of the rare-earth RAl,Ge; series com-
pounds, and it was conjectured that ErAl,Ge, has a canted
magnetic structure and the ab plane component of the mag-
netic moments is dominant [19]. Based on the above analysis,
HoAl,Ge, may exhibit interesting magnetic order and MCE.
Therefore, it is particularly interesting to study the physical
properties of the metallic triangular lattice HoAl,Ge,.

In this work, we determine the magnetic structure of
the CaAl,Sir-type metallic triangular lattice HoAl,Ge, via
neutron powder diffraction (NPD) measurements. Rietveld
analysis of the magnetic Bragg pattern is associated with
(0.23, 0, 0.06) incommensurate ordering propagation vector,
and the relevant basis of magnetic moments reveals that the
magnitudes of the magnetic moments are modulated along
the crystallographic [1 O 0] and [0 O 1] directions. The
magnetic susceptibility x (7"), magnetization M (H ), electrical
resistivity o(T), heat capacity Cp(T ), MCE, and RMCE of
the HoAl,Ge, single crystal are investigated. The maximum
magnetic-entropy change of —17.9J/kg K under a magnetic
field change of 0-70 kOe for the H || ab plane and the rotating
magnetic-entropy change of —5.1J/kg K for H = 20kOe are
obtained.

II. EXPERIMENT DETAILS

HoAl,Ge, single crystals were prepared by the Al-Ge
flux method. High-purity bulk metals Ho, Al, and Ge with
a starting atomic composition of 1:30:20 were placed in a
high-quality recrystallized-alumina crucible and sealed in an

evacuated quartz tube. The ampoule was placed in a furnace
and heated to 1323 K at a rate of 100 K/h, kept for 10 h
at this temperature to ensure that the original materials were
fully mixed and melted, then cooled at a rate of 3 K/h to
873 K. At this temperature, we used centrifugation to re-
move the excess Al-Ge flux. The obtained single crystals
show metallic luster on the surface and have a plateletlike
shape with the ¢ axis perpendicular to the plane and di-
mensions of 3mm x 3mm x 1 mm. The typical HoAl,Ge,
single crystal is shown in the inset of Fig. 1(f). The crys-
tal structure and composition are characterized by a Cu K«
x-ray diffractometer (XRD, A = 1.5418 A) and a scanning
electron microscope (SEM, X130, Philips). The orientation
of the HoAl,Ge, single crystal was verified with a Bruker D8
3 kW XRD detector using Cu Ko radiation (A = 1.5418 A).
The magnetic susceptibility x (7)) was measured between 2
and 300 K in an applied magnetic field of 100 Oe in the
field-cooling (FC) mode using a Quantum Design supercon-
ducting quantum interference device (SQUID) magnetometer.
Isothermal magnetizations M (H ) were measured at 2-28 K in
applied magnetic fields up to 70 kOe. The heat capacity Cp(T )
and electrical resistivity p(7") measurements were carried out
in a Quantum Design Physical Property Measurement System
(PPMS). The Cp(T) was measured by the thermal relaxation
method down to 2 K. The NPD experiments were performed
on the time of flight powder diffractometer, POWGEN [20],
at the Spallation Neutron Source (SNS), Oak Ridge National
Laboratory (ORNL). We gently crushed about 2 g of single
crystals into fine powders for NPD experiments. The NPD
patterns were collected at 2, 35, and 100 K at POWGEN
with the powder loaded in a vanadium container. The obtained
NPD patterns were refined by using the Rietveld software
package FULLPROF SUITE [21].

III. RESULTS AND DISCUSSION

HoAlGe; crystallizes in trigonal structure with space
group P3ml (No. 164), and the rare-earth atom Ho lies in
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the la (0, 0, 0) position with —3m symmetry, whereas Al
lies in the 2d (1/3, 2/3, 0.63) position and Ge lies in the 2d
(1/3, 2/3, 0.278) position with 3m symmetries, respectively.
As illustrated in Fig. 1(a), the Ho atoms form a triangular
lattice in the ab plane. The Al and Ge atoms form a hexagonal
grid and are interspersed between the Ho atomic layers. The
nearest neighboring Ho atoms are connected by Ge atoms to
form an octahedral structural unit, and the magnetic coupling
is realized by the superexchange mechanism of Ho-Ge-Ho.
The powder XRD data shown in Fig. 1(d) were collected
at 300 K on crushed powders of HoAl,Ge, single crystals.
Refined results reveal that the crystal is single phase and does
not have any impurity phases. The goodness of fit for the trial
is the profile factor R, = 3.70%, the weighted profile factor
Ry,p = 5.93% and reduced chi square x* = 6.85. The lattice
constants obtained are a = b =4.191 A and ¢ = 6.672 A, in
good agreement with the values reported in the literature [18].
From the energy-dispersive x-ray (EDX) spectroscopy data,
as represented in Fig. 1(f), the atomic percentages of the
HoAl,Ge, compound were determined to be Ho, Al, Ge =
19.8, 39.7, 40.5, approaching the perfect stoichiometry 1:2:2.
The (0 0 1) plane was identified by XRD on the big flat facet
of the HoAl,Ge, single crystal, as shown in Fig. 1(e).

Figure 2(a) presents the temperature dependence of the
x(T) for the magnetic field along the ¢ axis and the ab
plane of a HoAl,Ge; crystal, and x (T) for a polycrystalline
powder sample. The temperature range of the measurement is
2-300 K and the applied magnetic field is 100 Oe. The x(T")
increases with decreasing the temperature and displays a peak
around Ty = 7K, corresponding to the paramagnetic (PM)
to AFM transition, which is close to the previously reported
~6.7 K [18]. At low temperatures, the x(T) for the H || ab
plane of the single crystal is larger than that for the H || ¢
axis. The temperature dependences of the inverse magnetic
susceptibility ! = A% are plotted in Fig. 2(b) and fitted
by the modified Curie-Weiss law, x, = xo + T—Lep’ where
Xo 1s a temperature independent contribution from the core
electrons and the Pauli spin susceptibility of the conduction
electrons, C is the Curie constant, and p is the Curie-Weiss
temperature. For the H || ab plane 6p = —5K and for the
H || c axis 8p = —12K, which suggests weak AFM interac-
tions between the magnetic moments of Ho>*. The effective
moment (¢ obtained for the powder sample is 10.19 up per
formula unit, which is close to the expected free ion value
for a Ho**.

Figure 2(c) shows the M(H) curves at 2 K for the mag-
netic field applied along different crystallographic directions
and for the powder sample. For all three curves, the M(H)
gradually increases with the increase of the magnetic field
and shows traces of saturation. From the dM/dH curve in the
inset of Fig. 2(c) for the H || ab plane, it can be seen that two
obvious discontinuous inflection points exist, which suggests
that the magnetic state changes, indicating a field-induced
metamagnetic transition from AFM ground state to FM state.
This phenomenon can be explained by the modulation of mag-
netic moments as shown in Fig. 3. At identical magnetic fields,
the M(H) for the H || ab plane is clearly larger than that for
the H || c axis. Similar characteristics of the magnetization are
also found in the isostructural compound EuAl,Si, [22] and
ErAl,Ge, [17,19]. The linear behavior of the M(H) curves
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FIG. 2. (a) Temperature dependence of the magnetic suscepti-
bility of HoAl,Ge, at a magnetic field of 100 Oe. (b) Temperature
dependence of inverse susceptibility x~' and the fit to the mod-
ified Curie-Weiss law. (c) Magnetization versus magnetic field of
HoAl,Ge, at 2 K. The inset shows the derivatives of isothermal
magnetization curves. (d) The magnetization and demagnetization
curves at 2 K with the arrows indicating the sweep direction of mag-
netic field. (e) Temperature dependence of the electrical resistivity
measured in zero magnetic field and a magnetic field of 50 kOe along
the ¢ axis. The inset represents the resistivity in 5-50 K of HoAl,Ge,.
(f) Temperature dependences of the heat capacity of HoAl,Ge, and
LaAl,Ge,. The inset displays the relationship curve between Cp/T
and T? and its fitting curve of HoAl,Ge,.

observed at high magnetic fields is usually related to the Van
Vleck paramagnetism, which is mainly due to the excited
CEF effects. A large Van Vleck term is usually observed in
rare-earth compounds, such as PrPts [23], Eu, O3 [24], and
NaYbO, [25], etc. After subtracting the Van Vleck term, it
can be seen that the saturation magnetization of the system
is approximately 6.32 ug/Ho. As depicted in Fig. 2(d), re-
markably, the M (H) isotherms were obtained at 2 K for H
(£70k0Oe) showing nonhysteresis characteristics similar to
the second-order phase transition materials.

The temperature dependence of p(7") of HoAl,Ge, was
measured from 5 to 300 K by passing a current of 10 mA in
the ab plane with/without the magnetic field along the ¢ axis
of the crystal. In Fig. 2(e), the electrical resistivity decreases
with decreasing temperature, showing the characteristics of
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FIG. 3. Rietveld refinement of NPD patterns of HoAl,Ge, at
(a) 35K > Ty and (b) 2K < Ty. The experimental data and calcu-
lated pattern are shown as open red circles and solid black lines,
respectively. The blue lines at the bottom show the difference
of the measured and calculated intensities. The violet and green
vertical bars indicate the nuclear and magnetic Bragg peaks, re-
spectively. (c¢) The determined incommensurate magnetic structure
of HoAl,Ge, with magnetic propagation vector (0.23, 0, 0.06). (d)
Magnetic configuration of the incommensurate SDW at 2 K along the
¢ axis.

a metal with the residual resistivity (at 2 K) of 16.5 uQ2cm
and a resistivity rising phenomenon appears near Ty due to
the SDW transition at low temperatures as will be discussed
below. Reference [26] reported that the development of the
SDW state leads to the removal of the Fermi surface, which
may lead to the increase of the resistivity. This phenomenon
was also observed in rare-earth metals such as Dy, Er, Ho,
Tm, and in several rare-earth intermetallic compounds [27].
Temperature dependence of the resistivity measured at 50 kOe
is similar to that at zero magnetic field, but with smaller
values due to the negative magnetoresistance effect, and the
minimum resistivity around 7y was smoothed out.

The temperature dependences of the heat capacity of a
single crystalline HoAl,Ge, and its nonmagnetic reference
single crystalline LaAl,Ge, in the temperature range 2-20 K
are shown in Fig. 2(f). The inset displays the Cp/T-T?
curve and its fitting. The heat capacity of the magnetic com-
pound HoAl,Ge; is greater than that of the nonmagnetic
compound LaAl,Ge; in the entire temperature range, due to
the additional 4 f-derived contribution to the heat capacity
Cyy. In HoAl,Ge,, a very sharp A-shape transition occurs
at about 7 K, which is consistent with the AFM transition
temperature observed in the magnetic susceptibility measure-
ments shown in Fig. 2(a). Cp/T versus T? is linear above
Ty fitted by the low-temperature Debye model using the
expression of Cp/T =y + BT?, where y is the electronic
specific heat coefficient and ST? is the low-temperature limit
of the lattice term [28]. The fit yields y = 0.431J/mol K2,
B =2.488 x 1073 J/rnolK4 of HoAl,Ge,, and a value of
303 K for the Debye temperature 8y is inferred from the
lattice heat capacity coefficient 8 using the relation 6p =
12m*rR /5B (where r is the number of atoms in the formula
unit). We have estimated the 4 f-derived contribution to the
magnetic entropy of HoAl,Ge, by integrating the Cp(T)/T
data after subtracting the heat capacity of LaAl,Ge,, assum-
ing the lattice contribution to Cp in HoAl,Ge, is identical
to LaAl,Ge,. At Ty = 7K, the magnetic entropy recovers
6.85J/mol K, which is slightly higher than RIn(2) and only
reaghes ~29% of R1n(17) expected for the 3 Jg ground state of
Ho .

To determine the magnetic structure of HoAl,Ge,, NPD
experiments were performed at POWGEN. The NPD pat-
terns at 35K > Ty and 2K < Ty are illustrated in Figs. 3(a)
and 3(b), respectively. The structural Rietveld refinement at
35 K confirms the trigonal structure of HoAl,Ge, with space
group P3ml. This is consistent with XRD results at room
temperature and also indicates there is no extra structural
transition with lowering temperature. At T = 2 K, besides the
nuclear Bragg reflections, an additional set of reflections due
to the magnetic order of the Ho*" moments emerges in the
diffraction pattern [shown by the green bars in Fig. 3(b)].
By using the K-SEARCH program included with FULLPROF
SUITE [21], we found all the magnetic reflections could be
indexed by the propagation vector k = (0.23, 0, 0.06). How-
ever, in isostructural EuAl,Si,, it was reported that Eu’t 4 f
moments are collinear AFM structure made up by alternat-
ing/stacking of FM layers parallel to the (001) plane with a
wave vector k = (0, 0, 0.5) [29]. Next, representation analy-
sis was applied to analyze the possible magnetic structures
[30]. For the space group P3ml with a Ho’* site at (0,0,0)
and k = (0.23, 0, 0.06), the magnetic configuration can be
determined by two different irreducible representations (IRs).
For IRs I'y, it constrains the moments lying in the ab plane,
while for IRs I',, it allows the moments mainly along the
¢ axis. By Rietveld refinement, we found IRs I'; can be
best fitted with the magnetic diffraction pattern at 2 K with
R, =4.95%, R,,, = 5.00%, and x2 = 13.60. The determined
magnetic structure of HoAl,Ge, is illustrated in Fig. 3(c).
HoAl,Ge, has an incommensurate magnetic structure; the
moments of Ho®>" are modulated by k, = 0.23 and k. = 0.06
along the [100] and [001] directions, respectively. The mo-
ments point to the a or b axis. Here, we show the moment
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direction pointing along the b axis in Fig. 3(c). The determined
ordered moment of Ho’* is about 6.22(5) ug/Ho, which is
consistent with the saturation moment (Mg = 6.32 ug) de-
rived from the magnetization curves at 2 K in Fig. 2(b).
The magnetic moment value obtained by NPD is slightly
smaller than the saturation moment of Ho>*, which also
appears in HoAlGa [31] and HoAgSb, [32]. The relatively
small magnetic moment is in agreement with a SDW in the
weak-coupling limit [26]. We can clearly see that the magnetic
moments are arranged along the ¢ axis in the form of a SDW
in Fig. 3(d). Note that the SDW order has a special propaga-
tion vector (0.23, 0, 0.06), indicative of a modulation of spin
order/moment along both the in-plane a and out of plane ¢
directions. As compared to other rare-earth based compounds,
this type of SDW order is unusual. The modulated magnetic
arrangements have also been found in HoAlGa, DyAlGa,
R(AliGa;_,),, DyGa,, and HoGas, etc. [31,33-36]. Between
T, = 18.5K and Ty = 31K, HoAlGa has a sine wave mod-
ulated structure with an incommensurate propagation vector
k = (1/3,1/3,0.481); unlike HoAl,Ge;, the moment is only
modulated along the ¢ axis in HoAlGa. Different from
HoAIGa, DyAlGa has a sine wave structure of a propagation
vectork = (1/3,1/3,1/2)between T, = 20K and Ty = 50K
with Dy moments along the ¢ axis and shows a progres-
sive squaring magnetic structure at lower temperature. HoGa,
has a mixing of a simple collinear AFM structure with k =
(0, 1, 0) and an incommensurate amplitude-modulated struc-
ture of k = (0.123, 1, 0) with the moment along both a and
b axes for 6.5K < T < 7.6K. DyGa, has a collinear modu-
lated structure for 11K > T > 6.1 K with k = (0.134, 1, 0),
1, 0) and a simple AFM structure with k = (0, 1, 0) below
6.1 K. They are interesting because their uniaxial anisotropy
leads to Ising-like or to XY-like magnetic moment sys-
tems, and the exchange interaction Hamiltonian can often be
reduced to a pseudo-two-dimensional lattice. In particular,
these compounds give an excellent example of the different
magnetic arrangements which can be stabilized in a two-
dimensional triangular lattice in both Ising-like and XY -like
systems.

Rare-earth intermetallic compounds easily form modulated
magnetic structures such as the SDW, and this result helps
us to understand the origin of large MCE in antiferromagnet
HoAl,Ge;. In order to study the MCE of HoAl,Ge;, we mea-
sured the magnetic isotherm curves of HoAl,Ge; as shown in
Fig. 4(a) for the H || ab plane, Fig. 4(b) for the H || ¢ axis,
and Fig. 4(c) for powder in the temperature range 2-28 K
with temperature steps of 2 K. The magnetization generally
decreases with the increase of temperature. At the identical
temperature, the magnetization for a single crystal with the
H || ab plane is larger than that for the single crystal with the
H || ¢ axis, while that for powder is in between because of
the averaging effect. Figure 4(d) represents magnetic isotherm
curves of HoAl,Ge, for powder in the temperature range
2-60 K. We can see that with the temperature increases, M (H )
gradually tends to be linear. The M (H) becomes completely
linear until the temperature rises to 40 K, which indicates that
there is a short-range correlation above Ty .

Because there is no magnetic hysteresis in the M(H)
curves, this material may be a good magnetic refrigeration
material. The magnetic-entropy change AS), was derived by
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FIG. 4. Magnetic isotherm curves of HoAl,Ge, (a) for the
H || ab plane, (b) for the H || ¢ axis, and (c) for powder in the
temperature range 2-28 K with temperature steps of 2 K, and (d)
for powder in the temperature range 2—-60 K.

means of the Maxwell equation:

oH

—/H oM dH 1
—o<a—r>H | M

Figures 5(a)-5(c) present the magnetic-entropy change
with the temperature of a HoAl,Ge, single crystal and
of a powder sample. It can be seen that ASy exhibits a
broad hump around 7y with negative values. At 11 K and
for a magnetic field change from 0 to 70 kOe, the maxi-
mum magnetic-entropy change of the polycrystalline powder
sample is —16.1J/kgK. The maximum magnetic-entropy
changes for the magnetic field along the ab plane and the
c axis are —17.9 and —11.6J/kg K, respectively. Compared
with the other reported MCE materials, HoAl,Ge, single crys-
tals have superior MCE performance compared to some other
MCE materials, such as TmFeO5 [37], RMn;05 (R = Tb and
Ho) [38,39], RMnO;3; (R = Ho, Yb, Dy, and Tm) [40-42],
Tb,CoMnOg [43], and HoNiGe; [44]. Strictly speaking, the
magnitude of the magnetic-entropy change is typical, but un-
like other MCE materials, the large magnetic-entropy change
in HoAl,Ge, originates from the field-induced metamagnetic
transition from incommensurate SDW order to FM order, and
the magnetic anisotropy plays an important role in the MCE.
The maximum value for the H || ab plane is 11% larger than
that for the polycrystalline sample. The maximum magnetic-
entropy change of the single crystal with the H || ab plane is
much larger than the single crystal with the H || ¢ axis and
powder sample. This result is consistent with the fact that the
magnetic moments tend to be more aligned in the ab plane.
It shows that the magnetic materials with strong anisotropy

H /a8
ASy(T, AH) = Sy(T, H) — Su(T, 0)=/ ( )
0 T
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FIG. 5. (a) Magnetic-entropy change of HoAl,Ge, versus temperature (a) for the H || ab plane, (b) for powder and (c) for the H || ¢ axis.
Magnetic field dependence of RCP of HoAl,Ge, for (d) the H || ab plane, (e) for powder, and (f) for the H || ¢ axis at different temperatures.

have better MCE performance than polycrystalline samples.
The adiabatic temperature change (AT,,) can be evaluated by
means of the following equation:

T
ATo(T, AH) ~ = ASy(T. AH). 2)
P

The maximum adiabatic temperature changes for the
H || ab plane are about 3 and 9 K for magnetic field changes
of 0-20 and 0-70 kOe, respectively, by using the specific
heats Cp(7K) = 7.24J/mol K and Cp(11K) = 8.03J/mol K
corresponding to the maximum magnetic-entropy change of
HoAl,Ge; in Fig. 2(f).

The relative cooling power (RCP) can be calculated by the
following equation,

RCP = |ASmax|3T, (3)

where ASpax is the maximum magnetic-entropy change and
8T is the full width at half maximum of the ASy (T) curve.
Figures 5(d)-5(f) show the magnetic field dependence of RCP
for the H || ab plane, for the powder sample, and for the H || ¢
axis. For a magnetic field change of 0-70 kOe, the RCP values
for the H || ab plane, for powder, and for the H || ¢ axis are
383, 350, and 251 J/kg, respectively.

We can use the magnetic anisotropy of a single crystal
to obtain the rotating magnetic-entropy change by rotating
the magnetic field along the directions of the crystal. The

rotating magnetic-entropy change ASk obtained by rotating
the magnetic field along the ¢ axis to the ab plane can be
represented as follows:

ASg(T, H, ¢ — ab)
= stlabr, Hy — sHle(T, H)
= [Spl(T, H) - Sy(T, 0]
—[Sule(r, H) — Sy (T, 0)]
= Stlabr, AH) — SEV(T, AH). )

The above formula can be expressed by the following

formula:
ASg(T, H, ¢ — ab)
)m

([
(2

a(Mub - Mc)
oT

M,, and M, are the magnetization values when the mag-
netic field is along the ab plane and c¢ axis, respectively.
Figure 6(a) gives the rotating magnetic-entropy change as a
function of magnetic field and temperature. With increasing
temperature, the rotating magnetic-entropy change gradually
increases, and the maximum value is —5.1J/kgK at 9 K for

oM.,
oT

&)
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FIG. 6. (a) Rotating magnetic-entropy change as a function of
magnetic field and temperature. (b) The rotating magnetic-entropy
change for HoAl,Ge, single crystal in comparison with other re-
ported RMCE materials under constant fields of 20 kOe [17,37—
42,44-47].

H = 20kOe. Compared with other RMCE materials reported
previously, as shown in Fig. 6(b), HoAl,Ge, single crystal is

comparable to some RMCE materials at 20 kOe. Note that the
origin of the RMCE in HoAl,Ge; is closely associated with
the strong magnetic anisotropy of the unusual SDW order and
its response to the external magnetic field. A particularly inter-
esting aspect of HoAl,Ge; is the maximum rotating adiabatic
temperature change (AT ,) of 3.2 K at H = 20kOe, which
is larger than that of HoMn;Os [39] and ErMnOj3 [45] single
crystals under 20 kOe.

IV. CONCLUSION

To summarize, we report the incommensurate spin density
waves, and the resultant anisotropic and rotating magne-
tocaloric properties in HoAl,Ge,. In T < Ty, it exhibits an
incommensurate structure modulated by the propagation vec-
tor of (0.23, 0, 0.06) with a moment size of 6.22(5) ug/Ho.
The response of the incommensurate SDW in HoAl,Ge, in-
duces a large anisotropic and RMCE in the liquid helium
temperature region. For a magnetic field change of 0-70 kOe
at 11 K, ASy = —11.6J/kgK for a single crystal with the
H || ¢ axis and —17.9J/kgK for a single crystal with the
H || ab plane. When H = 20kOe, a large rotating magnetic-
entropy change of —5.1J/kgK can be obtained by using the
magnetic anisotropy of the HoAl,Ge, single crystal. Further
inelastic neutron scattering experiments at zero magnetic field
and high magnetic fields are required to unveil the magnetic
interactions for deep understanding of the appearance of the
incommensurate SDW and the large MCE in HoAl,Ge,.
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