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There is ongoing interest in strongly correlated spin systems where the interplay between structural, charge,
and spin degrees of freedom produces novel phenomena, including helical spin order, topologically protected
spin textures (e.g., skyrmions), unconventional electronic band physics (e.g., flat bands), and other emergent
states. Here we report results for GdNiAl;Ge,, which crystallizes in a thombohedral structure that features
geometrically frustrated triangular nets of lanthanide ions. Magnetic, thermodynamic, and electrical transport
measurements reveal metallic behavior with antiferromagnetic-like ordering in small magnetic fields, which
strongly evolves to produce a spin-flop transition and hysteresis for magnetic fields applied in the ab plane.
This results in a region of the temperature-field phase space where the magnetic susceptibility of the field-cooled
curves is smaller than that of the zero-field-cooled curves and where the ac magnetic response exhibits frequency-
and field-dependent peaks only in the zero-field-cooled curves. This suggests the formation of history-dependent
spin structures or domains with complex spin relaxation dynamics, possibly resembling what is seen in other
materials with nontrivial spin textures. This establishes GdNiAl,;Ge, as a host for intriguing spin states and

further focuses attention on this family of materials.
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I. INTRODUCTION

The materials LnAuAlyGe, (Ln = lanthanide) have at-
tracted growing interest because they exhibit (i) rich
temperature—magnetic-field (7' — H) phase diagrams with
multiple magnetically ordered states, some of which may
relate to their geometrically frustrated triangular nets of Ln
ions [1-5]; (ii) linear magnetoresistances at low tempera-
tures that persist in the presence of different Ln ions [2,4];
and (iii) evidence for multiple surface states with nontriv-
ial band topologies [6]. Several conventional trends are also
observed, including that the ordering temperatures follow de
Gennes scaling [4]. Taken together, these features establish
this family of materials as a chemically tunable reservoir for
novel phenomena and connects them to broader classes of
complex magnetic metals including those with geometric frus-
tration [7-11], topological protection [12—15], unconventional
Hall effects [16,17], helical order [18], or skyrmion states
[15,19-24].

Amongst these materials, those that include Gd are par-
ticularly useful as prototypes because of their half-filled 4 f
shell (S =7/2, L =0, and J = 7/2), which leads to limited
crystal electric field effects and a localized spin-only magnetic
moment. This creates the opportunity to identify phenomena
that are associated with the interplay between spins, Fermi
surface topography, and geometric frustration, in the absence
of orbital effects. This motivated our previous studies of
GdAuAl,Ge,, which revealed a complex T — H phase di-
agram with multiple metamagnetic transitions for magnetic
fields applied in the ab plane (i.e., in the triangular net plane)
[1,2]. Magnetoresistance measurements also revealed anoma-
lous linear magnetoresistance behavior within the ordered
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state for H || c. More recently, angle-resolved photoemission
spectroscopy (ARPES) measurements uncovered possible Z,
topology for some of the electronic bands [6]. Collectively,
these results raise the possibility for a novel interplay between
topology, magnetic frustration, and the magnetic ordering,
highlighting the potential for novel behaviors to emerge in this
family.

Here we extend our studies to GANiAl;Ge,, which features
the same centrosymmetric structure as the Au analog [5]. The
replacement of 5d Au ions with 3d Ni ions is expected to
lead to a lattice contraction, variation in the Fermi surface
and thus the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action, and a weakened spin-orbit coupling, all of which will
impact the electronic and magnetic states. Magnetic, ther-
modynamic, and electrical transport measurements uncover
metallic behavior, with a bulk second-order phase transition
at Ty; = 20.4 K. For magnetic fields H || c, the feature at
T\ retains its antiferromagnetic character and is gradually
suppressed with increasing H. Substantially more complex
behavior is seen for H L ¢, where antiferromagnetic-like
behavior occurs for small fields and a spin-flop transition
with accompanying hysteresis [25-27] is seen for puoH =
0.5-0.85T. Over this field range the magnetic susceptibil-
ity of the field-cooled curves for T < Ty; is smaller than
that of the zero-field-cooled curves, suggesting the forma-
tion of history-dependent spin structures or domains. The
ac magnetic susceptibility also exhibits frequency- and field-
dependent peaks [both x'(T") and x”(T )], indicating that there
are complex spin relaxation dynamics in the spin-flop region.
For fields above the hysteresis region, the antiferromagnetic
order is gradually suppressed and collapses towards T = OK
near 7 T.

©2023 American Physical Society
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These results reveal a complex phase diagram where mag-
netic frustration may play an important role. As a result,
GdNiAl4Ge, emerges as an intriguing spin system, with
possible connections to other examples; e.g., those with
skyrmion or other textured spin lattices such as Gd,PdSis
[15], GdsRusAlj; [23], GdRu,Si, [24], MnSi [28-31],
FeGe [32-34], Cu,0SeO; [35,36], Fe;_,Co,Si [37,38], and
Fes_,GeTe, [39]; or with unconventional domain patterns
such as UMn,Ge, [40] and CeRu,Ga,B [41]. Given the di-
verse array of tunable spin states in the broader LnT Al4Ge,
(Ln = lanthanide and 7' = transition metal) family, this result
draws further attention to this structure as an environment to
search for strongly correlated magnetism and possibly even a
metallic quantum spin liquid behavior [42].

II. EXPERIMENTAL METHODS

GdNiAlsGe, single crystals were grown using an alu-
minum molten metal flux method. Elements with purities
>99.9% were combined in the molar ratio 1 (Gd) : 1 (Ni) :
15 (Al) : 5 (Ge) and loaded into 2-mL alumina Canfield cru-
cibles [43]. The crucibles were sealed under vacuum in
quartz tubes, heated to 800 °C at a rate of 48 °C/h, kept at
800°C for 4 days, and then cooled to 700°C at a rate of
6.25 °C/h. Excess flux was removed by centrifuging the tubes
at 700 °C, after which single-crystal platelets were collected.
LuNiAl,Ge; single crystals were prepared following the same
method.

Room temperature powder x-ray diffraction (PXRD)
measurements were performed using a Rigaku SmartLab SE
x-ray diffractometer with a Cu Ko source. The Rietveld re-
finement analysis was performed using WINPREP to assess the
purity and determine the structure parameters. The principal
¢ axis was identified by measuring the diffraction pattern on
a polished flat crystal using the same system. As shown in
Fig. 1, the data are described by a rhombohedral structure
with the space group R3m (No. 166). Fits to the data yield
lattice parameters and unit cell volumes a = 4.0986(1) A,
¢ =30.9783(7) A, and V = 450.67(4) A and a = 4.0643(1)
A, ¢ =30.6202(4) A, and V = 437.77(8) A for the Gd and
Lu analogs, respectively. Similar results were reported in the
literature [5]. Figure 1(c) also shows the x-ray diffraction
(XRD) patterns for a c-axis-aligned GdNiAl4Ge, crystal,
where only the (007) diffraction peaks appear, indicating that
the crystal surface is parallel to the ab plane. The powder
XRD pattern for LuNiAl4Ge;, is shown in Fig. S1 of the
Supplemental Material [44].

Isothermal dc magnetization M (H ') and magnetic suscepti-
bility x4c(7 ) measurements were carried out for temperatures
T = 1.8-300 K under applied magnetic fields of uoH < 7T
applied parallel (||) and perpendicular (L) to the crystallo-
graphic ¢ axis using a Quantum Design Magnetic Property
Measurement System, MPMS3. The ac magnetic susceptibil-
ity x,.(T) measurements were also performed using an oscil-
lating field uoH = 1 mT at frequencies between 1 and 500 Hz
and under applied dc magnetic fields uoH < 1T using the
same system. Specific heat C measurements were performed
for T = 1.8-70K in a Quantum Design Physical Property
Measurement System using a conventional thermal relaxation
technique. Electrical resistivity p(7, H) measurements for
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FIG. 1. (a) Crystal structure of GdNiAl;Ge, [45]. (b) Rietveld
refinements of powder x-ray diffraction patterns of GANiAl,Ge,. The
black curve is the observed experimental pattern, and the red curve is
a pattern fit to the data used to determine lattice parameters. The inset
shows a typical single-crystal specimen. (c) Powder x-ray diffraction
data of a c-axis-aligned GdNiAl,Ge, crystal. Norm. int., normalized
intensity.

temperatures 7 = 1.8-300K and puoH < 9T were performed
in a four-wire configuration for polished single crystal using
the same system. All measurements were performed on crys-
tals similar to the one shown in the Fig. 1(b) inset.

III. RESULTS

A. The dc magnetic properties

Figure 2 shows the temperature-dependent dc magnetic
susceptibility xq4.(7) for GdNiAl,Ge, with magnetic fields
noH = 0.5T applied parallel (||) and perpendicular (L) to
the crystalline ¢ axis. As shown in Fig. 2(b), the inverse
magnetic susceptibility x(;l(T) is linear for 7 = 30-300 K,
revealing Curie-Weiss behavior described by the expression
x =C/(T —6). Fits to the data for H L ¢ yield the pa-
rameters 0 = 7.4 K and 2.82v/C = ey = 7.93 up/Gd atom,
where the positive 6 indicates a ferromagnetic spin exchange
and the effective magnetic moment s 1S consistent with
the value for trivalent gadolinium (per = 7.94 pz/Gd atom
[46]). This implies that the Ni d electrons do not carry a net
magnetic moment, in agreement with what is seen for the
chemical analogs YNiAl4Ge, and LuNiAl,Ge, [5]. Evidence
for antiferromagnetic-like ordering is seen upon further de-
creasing T, where x4.(T) for both field directions exhibits a
maximum near Ty; = 20.4 K. For H | c, this is followed by
saturating behavior at low temperatures. In contrast, xq4.(7")
for H L ¢ exhibits a complex field and temperature depen-
dence, as exemplified by the curves shown in Fig. 2(a) for
woH = 0.5T. In particular, the zero-field-cooled (ZFC) curve
initially shows a weak increase near 1.8-2.6 K, remains
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FIG. 2. (a) Temperature-dependent dc magnetic susceptibility
Xac(T') for GANiAl,Ge, measured at uoH = 0.5 T applied parallel
(]l) and perpendicular (L) to the crystalline ¢ axis for temperatures
1.8 K < T <60K. Both the zero-field-cooled (ZFC) and field-
cooled (FC) scans are shown. Note that the feature at 7y represents a
thermodynamic phase transition while those at Ty, are not zero-field
transitions, but rather represent the hysteretic field-driven transi-
tion between two different spin configurations (AFM1 and AFM2).
(b) Inverse magnetic susceptibility x ~'(T') for uoH = 0.5 T applied
perpendicular to ¢. A Curie-Weiss (CW) fit to the data is shown
as a solid green line. (c) x (T') at various magnetic fields for H || ¢
spanning the region where hysteresis is observed. (d) x (T') at various
magnetic fields for H L c¢. In (c) and (d), the data have been shifted
vertically by constants A for clarity. The dashed curves are guides to
the eye.

roughly constant up to 10 K, drops with an inflection point
near 11.6 K, and then increases up to 7y;. In contrast, the
field-cooled (FC) curve drops from its 1.8 K value through
an inflection point near 6.4 K and then increases upon ap-
proaching 7x;. Over most of this temperature range, xzrc >
xrc. The features labeled 7y, represent the hysteretic field-
driven transition between two different spin configurations
[antiferromagnetic-like 1 and 2 (AFM1 and AFM2, respec-
tively)], as evidenced by the spin-flop transitions that are seen
in Fig. 3. The detailed field dependence of these features
is shown in Fig. 2(d), where there is limited hysteresis for
woH < 0.25T, strongly evolving hysteresis for 0.5 < puoH <
0.85T, and limited hysteresis for uoH > 0.85T. For both
field directions, we also find that increasing the magnetic
field eventually suppresses Ty;. Finally, we note that in small
fields these results resemble what was previously seen for
polycrystalline specimens, although in that case Ty; = 16.4 K
[5]. The reason for this difference is not obvious, but it might
be attributed to chemical or structural variation that arises
from the different synthesis methods.
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FIG. 3. (a) Isothermal magnetic-field-dependent magnetization
M(H) at various temperatures and magnetic fields uoH < 1T for
single-crystal GANiAl,Ge, with fields applied perpendicular (L) to
the ¢ axis. Curves are displaced by a constant A. (b) M(H) forH L ¢
spanning 0-7 T. (c) M(H) for H || ¢. (d) The field derivative of
the magnetization, 0M/dH, for H L c. Data are shown for H-rising
curves and are displaced by a constant A. The dashed curves track
the peak positions of H.; and H,,. Here, f.u., formula unit.

The details of the magnetic order are further exposed
by isothermal magnetization M(H) curves (Fig. 3). At
1.8 K, M, (H) initially rises linearly, exhibits a small hys-
teretic region between uoH; ~ 0.35T and poH, ~ 05T,
and subsequently increases towards a limiting value near
6.7 up/Gd atom near puoH = 7T. This is 96% of the ex-
pected saturation value (Mg = gy g J = 7 ug/Gd atom for
Gd**, where g; is the Landé g-factor and J is the total angu-
lar momentum), showing that full saturation is likely to be
reached without additional metamagnetic phase transitions.
The low-field hysteretic region persists with increasing tem-
perature, but it broadens and moves towards larger fields. At
larger H, we also observe a shoulderlike feature at H., that
moves towards lower fields with increasing temperature. In
order to emphasize these details, the field derivative of the
magnetization, dM/dH, is plotted in Fig. 3(d), where distinct
boundaries are seen at H; and H.,. As expected, M (H ) within
the paramagnetic state (7' > Ty) is described by a Brillouin
function that includes the ferromagnetic exchange interaction
(6 = 6.2 K), consistent with results from Curie-Weiss fits to
x(T) (Fig. S2 [44]). Finally, M(H) for H | ¢ shows no ev-
idence for hysteresis, but the high-field boundary at H., is
observed [Fig. 3(c)].

B. The ac magnetic susceptibility

Additional insight into the low-temperature magnetism is
provided by the ac magnetic susceptibility x,.(T'), which was
measured using a 1 mT oscillating field at several dc fields
applied perpendicular to the ¢ axis [Fig. 4(a)] and at frequen-
cies ranging from 1 to 500 Hz [Fig. 4(b)]. Complex trends
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FIG. 4. (a) Temperature-dependent ac magnetic susceptibility
X..(T) for magnetic fields H applied perpendicular (L) to the
¢ axis. Both zero-field-cooled (ZFC) and field-cooled (FC) curves
are shown. Curves are offset by a constant A. The features at 7y
and 7y, are described in the text. (b) x,.(T') for uoH = 0.5 T applied
perpendicular to ¢ at several different excitation frequencies. Solid
curves represent ZFC curves, and open circles represent FC curves.
(©) xu(T) for woH = 0.5T applied perpendicular to ¢ at several
different excitation frequencies. Solid curves represent ZFC curves,
and open circles represent FC curves.

are observed, mirroring results for xq4.(7). Most notably, at
woH = 0.5T the ZFC curve exhibits strong peaks in x,.(T)
and its derivative x,.(T), whose amplitudes decrease with
increasing frequency. In contrast, there is no peak for the
FC curves, which closely resembles what is seen in the dc
measurements. This implies that over the hysteresis region,
the ZFC state hosts a distinct spin configuration that is char-
acterized by frequency-dependent excitations with dynamic
relaxation. Related results were seen for Fey;7Coq 3Si, which
exhibits a well-established skyrmion phase [47,48]. As re-
vealed by the curve at 0.75 T, this behavior is not present over
the entire hysteresis region, and large applied dc fields fully
suppress it, likely as a result of spin polarization.

C. Heat capacity

The heat capacity divided by temperature, C/T, for
GdNiAl4Ge, and the corresponding nonmagnetic analog
LuNiAlsGe; is shown in Fig. 5. As expected, there is close
agreement between these curves at elevated temperatures,
where phonons are the dominant term. Fits to the data are
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FIG. 5. (a) Heat capacity divided by temperature, C/T, vs T
for single-crystal GdNiAl;Ge, and LuNiAl;Ge,. The solid curves
represent the fits that are described in the text. The antiferromag-
netic ordering temperature at 7y, is indicated. (b) Magnetic specific
heat divided by temperature, Crna /7T, vs T plotted for GANiAl,Ge;.
(c) Magnetic entropy Smae Vs T, which is obtained from the heat
capacity data as described in the text.

performed using the expression C = y T + Cpepye, Where y T
is the electronic contribution and Cpepye is the integral Debye
function. From this, we find Sommerfeld coefficients ygq =
2.2 mJ/(mol K?) and y1, = 1.3 mJ/(mol K?) and Debye tem-
peratures Ogq = 141.4 K and 6, = 141.7 K. The y values are
consistent with what is seen for other Gd-based intermetallics
that have Fermi liquid ground states [49] and the similar
values for 8gq and 6, show that there is little impact on the
phonon modes due to the differing molar masses between Gd
and Lu. The impact of magnetic ordering is seen below 30 K,
where there is evidence for a second-order phase transition at
Tn1 = 20.4 K, which is followed by a broad feature spanning
low temperatures. In order to isolate the magnetic contribu-
tion Cnqe /T, we subtract the electronic term and the integral
Debye fit from the data, yielding the curve in Fig. 5(b). This
reveals that magnetic fluctuations extend no higher than 30 K.
From this, we calculate the magnetic entropy Smag [Fig. 5(c)],
where we find that 90.7% of RIn8 (where R = 8.315 J/(K
mol) is the universal gas constant) is recovered at Ty; and
100% of R1n8 is recovered by 30 K, representing the full
entropy of the J = 7/2 Gd>* multiplet.
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FIG. 6. (a) Temperature-dependent electrical resistivity o(7)
near the ordered state for GdNiAl;Ge, measured at uoH = 0T.
The antiferromagnetic phase transition at 7y; from x(7') and
C(T) is indicated. (b) p(T) for GdNiAl;Ge, and LuNiAl,Ge, for
T =1.8-300K at uoH = OT. (c) Field-dependent resistivity po(H)
for GANiAl,Ge, for electrical current / applied in the ab plane and
magnetic field H applied parallel (||) to the ¢ axis. The dashed curve
tracks the H, positions. (d) p(H) for H applied perpendicular (L)
to the ¢ axis, where dashed curves track the peak positions of H,;
and H,.
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D. Electrical transport

The temperature-dependent electrical resistivities p(7") for
GdNiAlsGe, and LuNiAl;Ge, are shown in Fig. 6. Both
systems exhibit metallic behavior, where p(T') decreases with
decreasing 7. At low temperatures, the magnetic ordering is
seen as a reduction in p(7T") near Ty, due to the removal of spin
disorder scattering. This is followed by a weak feature span-
ning the highlighted region in Fig. 6, indicating that there are
additional spin fluctuations that scatter conduction electrons
over this 7 range. The magnetoresistance p(H) is shown in
Figs. 6(c) and 6(d) for electrical current I applied in the ab
plane and H applied parallel and perpendicular to the ¢ axis.
For H || ¢, p(H) weakly increases with positive curvature at
1.9 K and exhibits a kink near H,,. This behavior persists with
increasing 7, where the kink moves towards lower fields and
tracks the behavior seen in x (7). More complex behavior is
seen for H L ¢, where p(H) initially decreases quadratically
with increasing H at 1.9 K and then exhibits a pronounced
peak at H,. This behavior is preserved up to 7ni, where
the peak position gradually moves to lower H. An additional
low-field feature is seen for H L ¢, which originates as a
weak inflection point near H.; but develops into a plateau with
increasing T'. This corresponds to the spin-flop transition that
is observed in the magnetization measurements. Finally, all
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FIG. 7. Temperature T vs magnetic field uoH phase diagram
for GdAuAl,Ge, constructed from the magnetic susceptibility x (T),
isothermal magnetization M (H ), and electrical resistivity p(T, H)
measurements. The various paramagnetic (PM), antiferromagnetic
(AFM), and hysteretic regions are described in the text. (a) T-H
phase diagram for H || c. (b) T-H phase diagram for H || ab. (¢c) T-H
phase diagram for H || ab shown over a limited field range in order
to emphasize the low-field hysteresis region.

of these features disappear in the paramagnetic state, where
p(H) decreases quadratically with increasing H.

IV. DISCUSSION

These results are used to construct the 7-H phase dia-
gram shown in Fig. 7, where antiferromagnetic-like ordering
(AFM1) initially emerges near Ty; = 20.4K. For H | c,
Ty is suppressed continuously with increasing field until
it collapses to zero temperature near 8 T, consistent with
what is seen for other antiferromagnetic systems where an
applied field leads to the gradual coalignment of spins. Sub-
stantially more complex behavior is seen for H L ¢, where
antiferromagnetic-like (AFM1) behavior occurs for small
fields, but between 0.25 and 0.85 T, there is a T-dependent
and hysteretic spin-flop transition into a region labeled AFM2.
This not only impacts the dc magnetic response, but also is
observed as a plateau in the magnetoresistance. For a limited
portion of the hysteresis region, there are also frequency-
dependent peaks in both yx,. and x/.. This indicates that
this region harbors fragile spin structures that not only scat-
ter electrons, but also exhibit dynamic history-dependent
relaxation. It is also noteworthy that the temperature range for
the hysteresis coincides with a broad hump that is seen in C/T
and other features in p(T), suggesting that even the zero-field
state includes nascent magnetic complexity. Finally, for larger
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H, the antiferromagnetic order (AFM2) is suppressed and
collapses towards T = QK near 7 T.

In many ways, this behavior resembles what is seen for a
classic spin-flop transition [25-27]. However, given the com-
bination of the geometrically frustrated crystalline lattice and
the potentially complex RKKY interaction, it is of interest
to make comparisons with related systems with unusual be-
havior. For example, it has already been shown that there is
a diversity of helical spin states in Gd-based intermetallics
with centrosymmetric crystalline structures [15,23,24]. This
is highlighted by Gd,PdSis, which includes planar triangular
Gd nets and unexpectedly exhibits both helical order and
skyrmion states. Amongst 1142 compounds, the chemical
analog GdAuAl;Ge, exhibits antiferromagnetic-like phase
transitions at Ty; = 17.8K, Tne = 15.6 K, and Ty, = 13.8K
[2], each of which represents a distinct thermodynamic or-
dered state. For H | c, these transitions are suppressed with
increasing field and are extrapolated to approach 7 = 0 near
woH = 10T. In contrast, for fields applied perpendicular to c,
there are a series of metamagnetic phase transitions that lead
to the emergence of several additional distinct ordered states.
This suggests that GdAuAl;Ge, and GdNiAl;Ge, are de-
scribed by related scenarios, where the balance of competing
interactions allows for the formation of distinct thermody-
namic phases for the former case, and instead leads to a region
of complex and hysteretic spin structures in the latter.

We additionally remark that evidence for magnetic
frustration is provided by (i) the contrast between the
antiferromagnetic-like ordering and the positive value of 6
(which indicates a ferromagnetic spin exchange) and (ii) the
observation that 6 < Ty, which implies that there are com-
peting ferromagnetic and antiferromagnetic spin exchange
parameters [50]. It is natural to associate this behavior with the
triangular nets [8,15,50], but such behavior also could result
from the Ruderman-Kittel-Kasuya-Yosida (RKKY) interac-
tion, where the conduction electrons provide a long-range spin
exchange mechanism that is governed by the Fermi surface
topography [51-53]. This can lead to complex phase dia-
grams, e.g., as seen for the anisotropic next-nearest-neighbor
Ising (ANNNI) model [54], where competition between
nearest- and next-nearest-neighbor spin exchange interactions
produces ordered states with a wave vector Q that is sen-
sitive to external parameters such as temperature and field.

Alternatively, it was recently proposed that the formation
of helical magnetic structures in some centrosymmetric Gd-
based materials is related to interorbital frustration between
Gd 5d and 4f orbitals [18]. Finally, it is conceivable that
there are simple spin alignments within planes, but with com-
plex intraplane modulation. Additional measurements, such
as measurements of neutron scattering or nuclear magnetic
resonance, are needed to clarify these possibilities.

V. CONCLUSIONS

We have uncovered rich phenomena in GdNiAl;Ge,,
which exhibits local 4 f moment magnetic ordering at Ty, =
20.4 K. Complex behavior emerges when magnetic fields are
applied in the triangular net plane of the Gd atoms, where
(i) antiferromagnetic-like behavior occurs for small fields, (ii)
a spin-flop transition and magnetic hysteresis are seen for
noH = 0.5-0.85T, and (iii) the antiferromagnetic order is
gradually suppressed and collapses towards 7 = 0 K near 7 T.
Together with the frequency- and history-dependent ac mag-
netic susceptibility and magnetoresistance measurements, this
implies the formation of history-dependent spin structures or
domains with complex spin relaxation dynamics. While spin-
flop behavior is well known, the hysteresis region may host
novel phenomena that resemble what is seen in other materials
with nontrivial spin textures. This invites further measure-
ments to quantify the microscopic details of the ordered states
(e.g., using neutron scattering, Lorentz tunneling electron mi-
croscopy, or magnetic force microscopy), the spin relaxation
dynamics, and the impact on the electronic, magnetic, and
structural properties (e.g., angle-resolved photoemission spec-
troscopy, Hall effect, and magnetostriction) for GdNiAl4Ge,
and its chemical relatives.
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