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We uncover high-order harmonics and the reverse of the squaring-up process, in terms of analyzing the
evolution of magnetic orders in a centrosymmetric layered triangular-lattice magnet HoPdAl,Ge,, based on a
detailed study of the crystal structure, magnetic susceptibility, magnetization, heat capacity, and magnetic struc-
ture. Temperature dependencies of magnetic susceptibility and heat capacity show two magnetic transitions at
Ty = 10.5K and 7; = 5.5 K. Below Ty, Ho®* spins order antiferromagnetically as a transverse spin-density wave
with the propagation vector k; = (00 1.5 — §) with § ~0.18. Upon further cooling through 7;, the high-order
harmonics with k,, = (001.5 — né), n = 3, 5, 7 develop, suggesting a squaring-up process. It is surprising that
the squaring-up process does not continue down to 0 K but reverses the trend below 3 K. Magnetic-field-induced
metastable transitions were observed in M (H ) curves with the fields applied both parallel and perpendicular to
the triangular-lattice plane. Neutron-diffraction results suggest that the magnetization process in HoPdAl,Ge,
involves the conversion of k, = (00 1.5 — né) withn = 1, 3, 5, 7, to a ferromagnetic kr = (0 00) component. It
is worth noting that the already weak seventh harmonic magnetic peak is enhanced by applying a small magnetic

field in the ab plane at 1.5 K or warming up to 3 K, accompanied by a slight decrease of §.

DOI: 10.1103/PhysRevB.109.134407
I. INTRODUCTION

Geometric frustrated magnetic systems usually have vari-
ous degenerate ground states, and the competing interactions
among localized spins cannot be simultaneously satisfied. As
a result, the conventional magnetic orders are suppressed.
Magnetic frustration in metallic systems may induce exotic
ground states, such as the quantum spin liquids and spin ice
state [1-3], various spin states including spin-spiral orders,
complex noncoplanar orders, and chiral magnetic structures
[4,5], the electronic nematic state [6—8], the magnetic-field-
and pressure-induced quantum criticality, etc. [9—16]. Mag-
netic frustration may also promote topologically nontrivial
spin textures such as skyrmion, leading to unconventional
magnetoelectric properties [17-19].

In rare-earth (R) intermetallic compounds, the complex
magnetic structure may arise from geometrical frustration
associated with specific lattice geometries, or from com-
peting exchange interactions, both of which prohibit the
minimization of the interaction energy acting at specific
sites. The involved competing interactions are the Ruderman-
Kittel-Kasuya-Yosida—type (RKKY-type) exchange coupling,
while its oscillatory and long-range features often produce
frustrated systems and hence cause incommensurate (heli-
cal or amplitude-modulated) magnetic structures. If a system
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has strong uniaxial anisotropy originating from crystalline
electric field (CEF) effects, it is possible to obtain amplitude-
modulated magnetic structures. Such a magnetic structure is
unstable at low temperatures because the ordered magnetic
moment is zero at some positions, the amplitude-modulated
magnetic structure either squares up to evolve into a magnetic
structure with an equal magnitude of magnetic moment in
the form of appearing high-order harmonics or undergoes
a lock-in magnetic transition to a commensurate magnetic
structure [20,21].

The centrosymmetric layered triangular-lattice magnet
RMA1,Ge, (M = Ni, Pt, and Au) has attracted extensive re-
search interest [22-29]. GdAuAl;Ge, and TbAuAl,Ge, were
reported to have complex magnetic phase diagrams together
with possible field-induced nontrivial spin textures [24,25],
but the ground-state magnetic orders of these compounds have
not been reported yet. Two successive magnetic phase transi-
tions in zero-field and multiple field-induced magnetic states
were found in the Ising-like antiferromagnet NdAuAlsGe;
[27]. Kondo metal CePtAlsGe, has an incommensurate spin-
density wave (SDW) order with a propagation vector k =
(1.3900.09). The magnetic excitation at 14.5 meV corre-
sponds to the first-excited state due to the CEF splitting of
the Ce** multiplet ground state [29]. To better understand the
complex magnetic states of this series of materials, we choose
the sister material HoPdAl;Ge, and report the evolution of
magnetic orders in this compound using neutron-diffraction
techniques.

In the present work, we report crystal structure, mag-
netic susceptibility x (7'), magnetization M (H ), heat capacity

©2024 American Physical Society


https://orcid.org/0000-0002-9226-3996
https://orcid.org/0000-0003-2894-7442
https://orcid.org/0000-0001-9012-2420
https://orcid.org/0000-0001-8402-3741
https://orcid.org/0009-0004-5482-8046
https://orcid.org/0009-0002-2256-7617
https://orcid.org/0000-0002-6203-0171
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.134407&domain=pdf&date_stamp=2024-04-05
https://doi.org/10.1103/PhysRevB.109.134407

FEI GAO et al.

PHYSICAL REVIEW B 109, 134407 (2024)

FIG. 1. (a) The schematic of HoPdAl,Ge, crystal structure.
(b) The triangular layer of magnetic distorted HoGeg octahedron in
the ab plane. Black lines represent the unit cell. (c) The distorted
HoGes octahedron with the local point symmetry D, (3m) at the Ho
site. (d) PdAlg hexahedron.

Cp(T'), and magnetic structure of a centrosymmetric layered
triangular-lattice magnet HoPdAl4Ge, (Fig. 1). Two anoma-
lies at 10.5 and 5.5 K are observed in temperature-dependent
magnetic susceptibility and heat capacity, and the multiple
fractional magnetization states are found in HoPdAl,Ge;.
The evolution of magnetic orders in metallic HoPdAl,Ge,
is studied by neutron powder diffraction (NPD) and neutron
single-crystal diffraction (NSCD). The neutron-diffraction
results reveal that the magnetic structure in HoPdAl,Ge,
squares up with decreasing temperature down to 3 K, and then
exhibits a reversing process at lower temperatures. The evolu-
tion of magnetic orders under the applied field can explain the
fractional magnetization states well.

II. EXPERIMENTAL DETAILS

Single crystals of HoPdAl,Ge, were synthesized using the
metallic flux method. High-purity starting elements 99.999%
palladium powders, 99.999% aluminum cylinders and
99.999% germanium particles, and 99.5% holmium chunks
were mixed with a ratio of 1 : 40 : 20 : 1, loaded into an alu-
mina crucible, and sealed in a quartz tube under high vacuum.
The mixture was slowly heated to 1323 K and held at this tem-
perature for 10 hours to ensure that the starting materials were
thoroughly melted and mixed, followed by slow cooling down
to 873 K to grow crystals, and the excess flux was centrifuged
at this temperature. The obtained single crystals possess typi-
cal dimensions of &2 x 1 x 0.5 mm?, as shown in the inset of
Fig. 2(b). Photographs and dimensions of HoPdAl4Ge; single
crystals were measured with an optical microscope Nikon
SMZ745T. The isostructural nonmagnetic LuPdAl4Ge, single
crystals were prepared by a similar method.
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FIG. 2. (a) Powder XRD patterns and structural refinement re-

sults. (b) The XRD pattern on a flat facet of HoPdAl,Ge, single

crystal was identified as the (00 1) plane. The inset is a photograph
of a typical HoPdAl,Ge, single crystal on a mm-ruled grid.

The crystal structure and composition characterization
were determined by a D8 Advance x-ray diffractometer
with wavelength A = 1.5418 A and a scanning electron mi-
croscope (SEM, MERLIN Compact, ZEISS), respectively.
Separate batches of polycrystalline samples prepared by
grinding HoPdAl,Ge; single crystals were sent to Oak Ridge
National Laboratory (ORNL) and the Australia Nuclear Sci-
ence and Technology Organization (ANSTO) for the neutron
powder diffraction experiments. Temperature and magnetic-
field-dependent measurements were performed on HB-2A
with the wavelength of 2.41 A at the High Flux Isotope Reac-
tor (HFIR) at the ORNL [30,31]. On ECHIDNA (2.4395 A)
[32], the diffraction patterns were collected at 3 K to study
the aging effect of the powder samples. The same sample was
remeasured after being stored in ambient conditions for 21
months. The cold-neutron triple-axis spectrometer SIKA was
employed for investigating the weak high-order peaks which
are too weak to be seen in the powder diffraction patterns col-
lected on HB-2A and ECHIDNA. A long neutron wavelength
of 5.31 A (E; = Ef = 2.9 meV) [33,34] was chosen for the
measurements with a cryocooled-cold Be-filter inserted.

A piece of HoPdAl,Ge, single crystal was mounted at the
high-intensity powder diffractometer WOMBAT of ANSTO
to investigate the temperature and magnetic-field dependence
of the magnetic structures [35]. WOMBAT is usually used
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for powder diffraction, but the two-dimensional and position-
sensitive detectors make it possible to acquire reciprocal space
maps from single crystals quickly. The sample was loaded
in an asymmetric recondensing vertical magnet for the tem-
perature and field-dependent measurements. A single crystal
of 2 x 2 x 0.5 mm® is mounted on a thin vanadium plate
with the (H H L) plane in the scattering plane, i.e., the
magnetic fields were applied along the [1 —10] direction.
The NSCD was measured as a function of omega angle w
(0.1° increment) to obtain the intensity mapping in the re-
ciprocal space. The raw w/26 datasets were converted into
reciprocal space using the Large Array Manipulation Pro-
gram (LAMP) [36]. Rietveld analysis was applied to the NPD
data to obtain information on crystal and magnetic structures,
employing the FullProf Suite software [37,38]. The built-in
BASIREP of FullProf Suite software and the Bilbao Crys-
tallographic Server [39,40] were utilized for identifying the
magnetic space group, and the VESTA software was used to
plot the crystal and magnetic structures. The magnetic suscep-
tibility x (7°) and magnetization M (H) were measured using
a Magnetic Property Measurement System (XL-7, Quantum
Design). Heat capacity C,(T') measurement of a HoPdAl4Ge,
single crystal was performed on a Quantum Design Physi-
cal Property Measurement System. A conventional thermal
relaxation technique was used for heat capacity C,(T) mea-
surements down to 2 K.

III. RESULTS AND DISCUSSION

A. Crystal structure and symmetry

HoPdAl,Ge, crystallizes in the centrosymmetric R3m (No.
166) trigonal structure. As illustrated in Fig. 1(a), the crys-
tallographically equivalent Ho ions occupy the 35 (0 0 0.5)
Wyckoff position, located at the center of the distorted HoGeg
octahedron with a local point symmetry D3;(3m). The Pd
ions reside in the 3a (000) Wyckoff position of the 3m site
symmetry. Ge, Al(1), and Al(2) all occupy the 6¢ (00z) of
the 3m site symmetry, where the coordinate z is 0.22189,
0.91889, and 0.30836 for Ge, Al(1), and Al(2), respectively.
The Ho’* ions form a network of equilateral triangles in
the ab plane and are separated by the lattice constant a ~
4.13 A. The triangular layers are stacked along the ¢ axis
in an ABC-type sequence of which the interlayer spacing
is ¢/3 ~ 10.38 A. Therefore, the interlayer interactions are
expected to be weaker than the intraplane interactions. The
nonmagnetic Pd and Al ions are sandwiched between these
Ho triangular layers and form a PdAlg distorted hexahedron.
Figure 2(a) represents the powder x-ray diffraction (XRD)
pattern of HoPdAl,Ge,, which matches the R3m space group.
The lattice constants obtained by Rietveld refinement are
a =4.1336(1) A and ¢ = 31.1521(4) A, with the goodness-
of-fit parameters R, = 6.732%, R,,, = 8.848%, and x> =
2.288. The rhombohedral crystal structure persists down to
1.5 K, which is the base temperature of the NSCD ex-
periments. The energy-dispersive x-ray (EDX) spectroscopy
shows that the atomic percentages of HoPdAl,Ge, are Ho,
Pd, Al, Ge = 12.06, 12.08, 48.61, 27.25, close to the per-
fect stoichiometry 1:1:4:2. The XRD performed on the
2 x 1 mm? flat facet of HoPdAl4Ge; single crystal is shown
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FIG. 3. (a) Temperature dependence of the ZFC and FC magnetic
susceptibility. (b) The inverse magnetic susceptibility x ~'(T) was
measured in an applied field 100 Oe (FC mode) for both the H ||
ab plane and the H || ¢ axis. The violet solid line represents a Curie-
Weiss fit to the data. Field-dependent magnetization of HoPdAl,Ge,
for (c) the H || ab plane and (d) the H || ¢ axis of 2, 10, and 20 K.
Magnetization plotted as a function of magnetic field for the (e) H ||
ab plane and (f) H || ¢ axis in the temperature range of 3—11 K.

in Fig. 2(b) indicating that the sample has a good crystal-
lographic orientation, and the studied facet is (00 1) plane.
The powder XRD patterns and Rietveld refinement plots
for LuPdAlsGe, are given in Fig. S1 of the Supplemental
Material [41].

B. Magnetic phase transition and magnetization

Figure 3(a) represents zero-field cooled (ZFC) and field-
cooled (FC) magnetic susceptibility x(7) data measured
under an applied field of 100 Oe with the H || ab plane
and the H || ¢ axis. The magnetic susceptibility increases
with decreasing temperature and displays a peak at around
10.5 K for the H || ab plane, suggesting an antiferromagnetic
(AFM) transition temperature of 10.5 K. With decreasing
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temperature, the bifurcation of ZFC and FC curves appear
below 5.5 K for both H || ab plane and H || ¢ axis. Figure 3(b)
displays the temperature dependencies of the inverse magnetic
susceptibility x (7)~' = H/M(T) and the fitting by the Curie-
Weiss law x(T) = C/(T — 6cw), where C = NAugff/SkB is
the Curie constant, Ny is the Avogadro number, and kg is
the Boltzmann constant. The fitting of the data points above
100 K yields a positive Curie-Weiss temperature of Ocy =
10 K and a negative Ocw = —22 K for x,,(7) and x.(T),
respectively. 8¢y mainly depends on the CEF effect and the
magnetic interactions. In our fitting temperature range above
100 K, the CEF effect is weak, the signs of the O¢y indicate
the dominating FM interaction in the ab plane and AFM
interaction along the ¢ axis. The effective moments deduced
from y,,(T) and x.(T) are 10.50 ug/f.u. and 10.31 pg/f.u.,
respectively. Both values agree with the calculated value of
a single-ion Ho*: puefr = g7/J(J + Dug = 10.60 ug, with
J =8 and g; = 5/4. Figures 3(c) and 3(d) show the field-
dependent magnetization M (H) pattern at 2, 10, and 20 K
for the H || ab plane and the H || ¢ axis. The magnetic-
field dependence of the magnetization curves evolves with
temperatures. At 2 K, multiple field-induced magnetic phase
transitions appear at the low applied field (<10 kOe) for
both crystallographic directions. Step-like metastable mag-
netic transitions with magnetization plateaus of M /M, ~ 0.13
and 0.50, as shown in Fig. 4. Upon warming, the steps in
magnetization curves become smooth and eventually van-
ish, while the critical magnetic fields decrease, as shown in
Figs. 3(c)-3(f). The magnetization approaches the saturation
(My) above ~30 kOe for the H || ab plane, while the magne-
tization only reaches about half of the M; for the H || ¢ axis,
indicating the existence of strong magnetic anisotropy. The
saturation magnetization (M) is approximately 8.78 up/f.u.
at 2 K, which is significantly reduced from g;J = 10 ug,
expected for a free Ho** ion.

Figures 4(a) and 4(b) demonstrate the field-dependent
magnetization and the differential plot of the isotherm mag-
netization (dM/dH) curves up to 15 kOe at 2 K for the
H || ab plane and for the H || ¢ axis. The critical mag-
netic fields are demarcated by peaks in the dM/dH curve.
With the magnetic field H || ab plane, three critical fields
at H.y = 0.4 kOe, H., = 3.8 kOe, and H.3 = 5.6 kOe are
identified. Meanwhile, two critical fields at H.; = 0.6 kOe
and H., = 4.4 kOe are obtained from the M(H) with the
H || c axis. Unlike the reported M,/3 magnetization plateau
observed in other frustrated triangular systems [42,43], the
magnetization plateaus in HoPdAl,Ge; persist in a field range
of several kOe with finite slopes. These features are usually
found in rare-earth intermetallic compounds with a strong uni-
axial anisotropy and long-range exchange interactions leading
to amplitude-modulated magnetic structures [44]. From our
neutron-diffraction experiments, the appearance of the mul-
tiple field-induced magnetic states in HoPdAl;Ge, at 2 K
originates from the response of the high-order harmonic mag-
netic peaks to the applied field.

C. Heat capacity

The temperature-dependent heat capacity (C,) recorded
at zero magnetic field is shown in Fig. 5 for HoPdAlsGe;
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FIG. 4. Isothermal magnetization and field-dependent dM/dH
curve measured at 2 K with the applied field along (a) the ab plane
and (b) the ¢ axis. The vertical pink dashed lines indicate the critical
fields.

and nonmagnetic isostructural compound LuPdAl;Ge;. In
HoPdAl4Ge,, the C,, decreases with decreasing temperature
and exhibits two anomalies, a A-shaped peak at 10.5 K and a
dim slope change at 5.5 K, in agreement with the observation
of magnetic phase transitions in the M (T") data. As illustrated
in Fig. 5(b), the data of C,(T) above 15 K is fitted using
the Debye-Einstein model to estimate the electronic (C,;) and
phononic (C,;) contributions to heat capacity:

T\? [P/T x4
Cot4pn(T) =yT + a9NR<9—) f (
0

b e 12
(O /T e/

where 6p and 6g are the Debye and Einstein temperatures,
respectively. The coefficients & and 1 — « denote the contribu-
tion of Debye and Einstein terms to the phonon heat capacity,
respectively. The fit yields 6p = 156 K, 6 =357 K, o =
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FIG. 5. (a) Temperature-dependent  heat  capacity  of

HoPdAl,Ge, (red circles, Cy,) and nonmagnetic LuPdAl,Ge,
(black circles, Cp,) in zero fields. (b) Temperature dependence of
heat capacity for HoPdAl,Ge,. The black line represents the fit
using the Debye-Einstein model. (c) Temperature dependence of the
magnetic heat capacity with the nonmagnetic contributions removed
(left ordinate). Temperature dependence of magnetic entropy Sy, of
HoPdAl,Ge; (right ordinate).

0.42, and the electronic specific-heat coefficient y = 0.056
J mol~! K~2. The magnetic heat capacity Cy; of HoPdAl,Ge,
with the nonmagnetic contributions subtracted is shown in
Fig. 5(c). A broad hump is observed between 5.5 and 10.5 K,
indicating the possible influence of magnetic frustration be-
tween the Ho’* moments. The absence of a sharp ordering
feature in the heat capacity is a typical signature of frustrated
magnetic materials, where the magnetic moments cannot or-
der onto a unique, lowest energy state [5]. We calculate the
magnetic entropy (Sy,) of HoPdAl,Ge, by using the formula

S = Ji [Cu(T)/T1dT. The integrated Sy of HoPdAlLGe,
increases with increasing temperature and reaches a satura-
tion value of 13.2 J mol~! K~! at 10.5 K [seen in the right
ordinate in Fig. 5(c)], far below the theoretical value of 23.6
J mol~' K~ calculated from Sy, = RIn(2J + 1) with J = 8.
They are only 18.1% and 55.9% of the full magnetic entropy
(23.6 T mol~' K~') at 5.5 and 10.5 K, respectively, implying
a large influence of the CEF effect on the Ho** ions [45-47].

D. Evolution of magnetic orders: Temperature dependence

The magnetic structures of HoPdAl;Ge, are studied em-
ploying powder and single-crystal neutron diffraction. A
wide-two-theta-range diffraction intensity map was collected
at the base temperature (see Supplemental Material Fig. S6). It
is seen that the magnetic peaks line up with (00 L) and (1 1 L),
indicating that the magnetic modulation is along the ¢ axis.
The temperature-dependent measurements were conducted in
a reduced range around the (00 6) peak, as shown in Fig. 6.
At 9 K, two pairs of magnetic peaks appear on the two sides
of (006), and these peaks can be indexed as (00~4.32),
(00=4.68), (007.32), and (00~7.68). The magnetic struc-
ture is characterized by an incommensurate wave vector k; =
(001.5 — §), where the incommensurability, § ~ 0.18. Upon
cooling, additional peaks appear on both wings of the pairs
of high-temperature peaks, and accordingly, these additional
peaks can be indexed with k,, = (00 1.5 — nd). The additional
peaks with n = 3 at 7 and 5 K, while those with n =5 and
7 show up at 3 K. The value of § is essentially constant in
temperature above 3 K but is getting slightly larger at 1.5 K.
The high-order harmonics are also observed in powder data.
The n =1 and 3 are visible in the NPD data collected on
HB-2A (Fig. 7) and ECHIDNA [see Supplemental Material
Fig. S7(a)], while n = 5 harmonics can barely be identified in
the data collected with the triple-axis spectrometer, SIKA (see
Supplemental Material Fig. S8). Notably, the commensurate
(00 1.5) phase does not appear in the single-crystal diffraction
data, while incorporating such a phase could improve the fit-
ting quality for the powder data. The emergence of odd-order
harmonics generally refers to the squaring-up of an amplitude-
modulated incommensurate spin structure [48—52]. Therefore,
the amplitude-modulated spin structure, i.e., the spin-density
wave (SDW) model, was employed in the Rietveld analysis of
the NPD data. Given that the (00 L) & k magnetic peaks are
most intense, and the easy-plane anisotropy features present in
the magnetometry data, the spins are most likely lying in the
ab plane. In the analysis of NPD data, up to three magnetic
phases are added to account for different propagation vectors,
and all the scale factors are constrained to be identical to the
nuclear structure phase. Rather than considering the coexis-
tence of multiple magnetic structures in the sample, treating
the overall magnetic structure as a Fourier sum of sine waves
with different wave vectors is more suitable. Each magnetic
phase other than kg = (00 1.5) describes a sine wave with a
wave vector, and the magnetic moment in each phase is the
mode amplitude for the wave vector. The magnetic structure
for each magnetic phase is illustrated in Fig. 8. The magnetic
structure with the commensurate wave vector kg = (00 1.5) is
a collinear antiferromagnet. Ferromagnetic triangular-lattice
layers are stacking alternatively along the ¢ axis, as shown
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FIG. 6. Contour plots of the zero-field elastic neutron-scattering
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change in §.

in Fig. 8(a). The k,, = (00 1.5 — nd) phases are all transverse
spin-density waves with the magnitude of the spin modulated
along the ¢ axis [Fig. 8(b)]. The refined incommensurability
6 = 0.1754(2) at 7 K is slightly smaller than § = 0.1764(2)
at 1.5 K. That is consistent with the single-crystal diffraction
results. The magnetic moments obtained from the Rietveld
refinement read 2.186(31) ug [2.285(31) ugl, 8.568(34) up
[9.098(39) ug], and 1.851(59) up [2.006(56) up] for the
wave vector k,, = (00 1.5 — né) with n = 0, 1, and 3, respec-
tively at 7 K (1.5 K). The amplitude ratio between the third
and first harmonics, wn,—3/un=1 is 1/3 for a perfect square
wave, while the ratio of p,—3/un—1 is about 0.216 and 0.221
for HoPdAlsGe; at 7 and 1.5 K, respectively. The temperature
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FIG. 7. Rietveld refinement results of the NPD patterns on HB-
2A for HoPdAl,Ge; at (a) 20 K, (b) 7 K, and (c) 1.5 K with neutron
wavelength A = 2.41 A. The orange, violet, and pink vertical lines in
this case indicate the magnetic reflections kg = (00 1.5) and the first
and third harmonics, respectively, while the blue (top) vertical lines
indicate the nuclear structure.

dependence of the w,—3/un—; ratio suggests that the spin
structure would not totally square up. Furthermore, as shown
in Fig. 6(f), the seventh harmonic vanishes at 1.5 K instead
of strengthening. The square-up process is retarding at low
temperatures.

E. Evolution of magnetic orders: Magnetic-field dependence

Magnetic-field-dependent single-crystal diffraction was
conducted on WOMBAT with a vertical cryomagnet. The
crystal was aligned to the (H H L) scattering plane and the
magnetic fields were applied perpendicular to the scattering
plane, i.e., along the [1 —10] direction. The diffraction in-
tensities map /(Q, w) around the (006) reflection collected
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FIG. 8. Zero-field magnetic structures at 1.5 K of (a) commen- 62
surate kg = (001.5) and (b) incommensurate k, = (00 1.5 — né). (e)
(c) Field-induced ferromagnetic structure of kr = (000) with the 98
magnetic moments lying in the ab plane. Atoms other than Ho have § 926
been removed for clarity. 5y
= % - 545.8
S 9
at 1.5 K, under some selected magnetic-field strengths, are (f)
illustrated in Fig. 9. From H =0 to 2.5 kOe, the seventh ~/98
harmonic surprisingly appears, and the incommensurability, § § 96
slightly decreases. Afterward, the incommensurate peaks are _%D 94
suppressed, and the commensurate (00 6) is enhanced upon 3
increasing the magnetic-field strength. The field dependence 92
of the incommensurate peaks upon field increasing mimics (2)
what happens during warming. The fifth and seventh har- =98 347.9
monics vanish at magnetic fields slightly higher than 5 and S 96
7.5 kOe, respectively. The first-order incommensurate peaks _%D 94
vanish between 10 and 20 kOe. When the incommensurate 3
peaks at (h k [) + k,, are suppressed, their intensities are redis- 92
tributed to the commensurate peak positions, such as (00 6). (h) 7.
The field-induced commensurate magnetic structure is illus- =98 &
trated in the field-dependent NPD results as a ferromagnetic L 96 hE
structure with the moments pointing to the external field %D 94 =
direction [1 —1 0] [Fig. 8(c)]. 3 9 = 150.0
The sample for NPD is a pressed pellet of ground '
HoPdAl,Ge, single crystals; it is expected that the 0.8 1.0 1.2 1.4 1.6
metamagnetic transitions would last for a wider field range 0 (A

in the powder samples due to the distribution of the local
field direction for each grain. The field-dependent NPDs
are still useful for understanding the magnetization process.
Figure 10 collects the NPD data measured at 1.5 K under the
magnetic-field strengths up to 50 kOe. Despite the high-order
harmonics with n > 5 being too weak to be identified in
powder patterns and the absence of kg = (001.5) in the
single-crystal data, consistent results are observed, where the

FIG. 9. Neutron single-crystal diffraction collected under some
selected magnetic-field strengths: (a) 50 kOe, (b) 30 kOe, (c) 20
kOe, (d) 10 kOe, (e) 7.5 kOe, (f) 5 kOe, (g) 2.5 kOe, and (h) O
kOe at 1.5 K. The crystal is aligned with the (H H L) plane in the
scattering plane, and the magnetic field is applied along the [1 —1 0]
direction. The vertical yellow dashed line is used to emphasize the
change in 8.
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FIG. 10. Field evolution of overall neutron scattering for
HoPdAl,Ge, powder at 1.5 K. The indexes of the strongest nuclear
or magnetic reflections of each propagation vector are provided.

incommensurate k, = (00 1.5 — n§) peaks are suppressed
and are redistributed to the zero wave vector positions. In
addition to the k, = (00 1.5 — n§) phases, the kr = (000)
phase is appended as a separate magnetic phase to fit the NPD
patterns collected under the magnetic fields. Due to the strong
(003) and (006) peaks, the magnetic moments in the field-
induced kr = (000) phase are expected to be in the ab plane.
The Rietveld plots of the field-dependent NPD are shown in
Fig. 11. The obtained magnetic moment for each phase is
plotted in Fig. 12(a) as a function of the magnetic field, and
the structural parameters are summarized in Table S2 of the
Supplemental Material [41]. Overall, all antiferromagnetic
components k, = (001.5 —nd) with n =0, 1, and 3 are
converted to the ferromagnetic component kr = (000) by
the magnetic field. In the low-field regime, the third harmonic
is reduced quicker than that of the first harmonic. Meanwhile,
the ratio wn—3/un=; decreases from =~0.22 at zero field
to ~0.13 at 6 kOe, manifesting a revering process of the
squaring-up. The n = 3 harmonic becomes too weak to be
identified in the NPD above H = 6 kOe but is still visible up
to 10 kOe in single-crystal results. The NPD patterns collected
between 8 and 30 kOe were analyzed with a spin-density
wave and a ferromagnetic phase. In the 50 kOe pattern, the an-
tiferromagnetic components, k, = (001.5 — nd) withn =0,
1, and 3, have all been converted to the kr = (000) phase,
giving a ferromagnetic moment of 7.792(54) up per Ho>*.
The refined magnetic structures for all the wave vectors
have noticeably reduced moments compared with the 10 ug
expected for a free Ho?*, this could be from the incomplete
saturation of the Ho moment from applied field.

The powder samples were obtained by fully grinding single
crystals. The anisotropic response is neglected in the NPD
data analysis, and the spin arrangement in each grain is
assumed to be identical. Despite that the compound is mag-
netically anisotropic (Figs. 3 and 4) and the external magnetic
field exerts different influence on the grain with different
related orientations to the applied field. In general, the values
obtained by NPD in magnetic fields do not reflect the actual

magnetic moments. However, in the current rhombohedral
case (in hexagonal setting) with in-plane magnetic anisotropy,
the actual spin canting away from the coplanar models would
be quite small. In addition, the spin orientations within the
hexagonal plane are not resolvable by NPD. Therefore, we
recommend that our analysis of the field-dependent NPD is
a good approximation of the reality. As shown in Fig. 12(b),
we also extracted the peak intensities of kg, ky, k3, and ks
from the NSCD data at 1.5 K, even can be seen in Figs. 6
and 9, whereas the ks component is too weak to be reliably
extracted. In the temperature and magnetic-field dependencies
of the NSCD, the data were collected in a limited omega
range. Due to the lack of enough magnetic Bragg peaks, the
magnetic moments cannot be deduced accurately. But the field
dependencies of these peaks show a very similar trend to what
is observed in the NPD data as shown in Fig. 12(a).

IV. DISCUSSION

The RKKY interaction between the localized 4 f moments
is the dominant magnetic coupling in the heavy rare-earth in-
termetallic compounds. The long-range interactions mediated
by the conduction electrons could enhance the probability
of frustration in the metallic compounds by considering the
far-distanced ion pairs. The magnetometry measurements
reveal that the major magnetic interaction in the ab plane of
HoPdAl,Ge; is ferromagnetic, excluding the geometric mag-
netic frustration on the triangular-lattice. The mild frustration
parameter, f = |6cw /Ty| < 2.1, along the ¢ axis, indicates
that a weak magnetic frustration could occur between the
nearest and next-nearest neighboring planes, which results
in the incommensurate magnetic ordering propagating along
the ¢ axis. The Ho*" spins undergo the long-range magnetic
phase transition at 7y = 10.5 K, into a magnitude-modulated
spin structure with the wave vector, k& = (00 1.5 — §), where
8 is about 0.1789. When the temperature further decreases,
the modulated structure becomes energetically unfavored and
would transform into the equal moments structures, such as
commensurate AFM, antiphase domain structure, or square
wave structure [48-51]. The appearance of the odd-order
harmonics in the neutron-diffraction results supports such a
squaring-up process that takes place in the title compound.
It can be understood that the squaring-up process helps
to reduce the free energy of the system. However, the
magnitude-modulated magnetic structure is not totally
squaring-up down to the base temperature of this work and
very likely would not transform to an equal moment structure
by following the high-temperature trend of ftn—3/pn=1. This
is consistent with the fact that Ho>" is not a Kramers ion, so
the modulated structure could remain stable down to 0 K [52].
Actually, the reverse process of the squaring-up is observed
at low temperatures, where high-order harmonics are getting
weaker, and the seventh harmonic disappears upon cooling
from 3 to 1.5 K.

Metamagnetic phase transitions occur when an antiferro-
magnet phase has a strong enough magnetic field applied to
overcome the antiferromagnetic exchange couplings or the
magnetic anisotropy, resulting in jumps or plateaus in the
magnetization curves. The magnetization plateaus could result
from various mechanisms but must involve the development
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FIG. 11. Rietveld refinement plots of the NPD pattern measured under (a) 2 kOe, (b) 4 kOe, (c) 6 kOe, (d) 8 kOe, (e) 10 kOe, (f) 20 kOe,

(g) 30 kOe, (h) 50 kOe of HB-2A at 1.5 K.

of uncompensated moments in the magnetic structure, such
as the up-up-down 1/3-plateau in geometrically frustrated
spin-1/2 triangular-lattice [42,43], pulse-wave structure [53],
quantized magnetization plateau [54], etc. Our magnetic-
field-dependent neutron-diffraction experiments indicate
that the magnetization process in HoPdAl,Ge, is correlated
with the conversion of antiferromagnetic k,, = (00 1.5 — né)
components to the ferromagnetic component kr = (000)
phase. The antiferromagnetic components are extinct when

the applied field strength is above 10 kOe in the single
crystal, and 30 kOe in the powder data. The k, and kg
should be considered as the Fourier components of a single
magnetic structure. The overall magnetic structure could
be a pulse-train structure with a different number of up
spins and down spins or a “two-dimensional (2D) analog
of the three-dimensional (3D) conical” spin structure (fan
structure) when the coplanar k, and kr magnetic moments
are collinear or orthogonal, as shown in Figs. 13(b) or 13(c).
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FIG. 12. (a) Field-dependent Ho*" ion magnetic moment for
different k vectors obtained by NPD at 1.5 K. (b) Field-dependent in-
tegrated neutron-diffraction intensity for different k vectors obtained
by NSCD at 1.5 K.

The seventh harmonic is enhanced by applying a small
magnetic field in the ab plane at 1.5 K before the induced
ferromagnetic state is reached, due to the increasing field
lowers the free energy of the incommensurate phase more
rapidly than that of the simple ones [44,55].The recovery of
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FIG. 13. The schematic diagram of (a) a perfect square wave,
(b) a pulse-train structure, and (c) a two-dimensional fan structure.

high-temperature propagation vectors during low-temperature
magnetization process was also observed in other compounds
with amplitude-modulated magnetic structures, such as
PrCo,Si, [56], TbNi,Si, [57], and HoAlGa [58]. Note that
all these phenomena arise from exchange interactions alone,
while the role of CEF acting only to impose the direction of
magnetic moment and fix the magnetism of the ground state.
The commensurate wave vector ko = (001.5) is the
biggest discrepancy between powder and single-crystal
neutron-diffraction results. In this investigation, all the pow-
der samples for NPD are obtained by grinding single crystals.
This grinding process might have caused the distinction
between the samples, such as slightly inhomogeneous compo-
sition. A similar situation has been reported in NpPd,Als, the
coexistence of two magnetic phases in polycrystalline sam-
ples may arise from slightly different stoichiometry or lattice
distortions [59]. The magnetic ordering in the heavy rare-earth
compounds is dominated by the structure of the Fermi surface.
The magnetic order would adopt a periodicity g, which is the
maximum in the Fourier transform of the RKKY exchange
interaction J(g). We are currently unable to give a real reason
for the discrepancy. We reinvestigated the same sample on
ECHIDNA after storing them in ambient conditions for 21
months, as shown in Fig. S7(b) of the Supplemental Material
[41], the refinement of the diffraction pattern gives magnetic
moments from the old and new data are essentially identical.

V. CONCLUSION

To summarize, we have systematically studied the
evolution of magnetic order and physical properties of
the centrosymmetric metallic HoPdAl4Ge, single crystal.
HoPdAl,Ge, crystallizes in the R3m space group with Ho**
ion in triangular-lattice layers. Two anomalies at 10.5 K (7y)
and 5.5 K (7;) are found both in temperature dependence
of magnetic susceptibility and heat capacity. The magnetic
entropy reaches a saturation value of 13.2 J mol"!K~! at
10.5 K far below the theoretical value, indicating a large ef-
fect from the CEF. The magnetometry and neutron-diffraction
experiments show that HoPdAl,Ge, is a nongeometric frus-
trated, incommensurate antiferromagnet with an easy-plane
anisotropy. With decreasing temperature, the high-order har-
monics and the reverse of the squaring-up process were found
in this compound. A sinusoidally modulated spin structure
develops below Ty, while the high-order satellite peaks, in-
dexed by wave vector k, = (00 1.5 — nd) where n is an odd
integer, emerge below T;, manifesting the squaring-up process
commonly observed in the localized 4f or 5f compounds
with an incommensurate spin structure, but the squaring-up
process does not continue down to 0 K and reverses the trend
below ~3 K. Upon applying magnetic fields, the antiferro-
magnetick, = (00 1.5 — nd) components are converted to the
ferromagnetic kp = (00 0) component and the steps in M(H )
are associated with the response of k,, to the magnetic field.
A recovery of the high-order harmonic was observed during
the low-temperature magnetization process. Further inelastic
neutron-scattering experiments at zero field and high mag-
netic fields are required to unveil the exchange interactions
for a deep understanding of the appearance of the high-order

134407-10



HIGH-ORDER HARMONICS AND THE REVERSE OF THE ...

PHYSICAL REVIEW B 109, 134407 (2024)

harmonics and the reverse of the squaring-up process in
HoPdAl4Ge;.
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