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Emergence of partially disordered antiferromagnetism and isothermal magnetization plateau
due to geometrical frustration in a metallic compound, Er,RhSi;
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Partially disordered antiferromagnetism (PDA) (in which one of the three magnetic ions in a triangular
network remains magnetically disordered) has been known commonly among geometrically frustrated insulating
materials. The 1/3 plateau in isothermal magnetization M of such materials has been of great theoretical
interest. Here we report these properties in an AlB,-structure-derived metallic material, Er,RhSi;, in which
the Er sublattice has triangular networks. The presence of a well-defined A anomaly in the temperature T
dependence of heat capacity and its magnetic-field H dependence and the loss of spin-disorder contribution
to electrical resistivity o confirm antiferromagnetic order below Ty = 5 K. On the other hand, the separation
of zero-field-cooled and field-cooled dc magnetic susceptibility x curves, the decay of isothermal remnant
magnetization, and the frequency dependence of real and imaginary components of ac x suggest the onset of
spin-glass freezing concomitant with the antiferromagnetic order. In addition, interestingly, we observe the 1/3
plateau in M(H) below 20 kOe for T < Ty. The change in p as a function of H at a given temperature well below
Ty is also revealing, with this compound exhibiting a plateau below 20 kOe, with complexities at higher fields.
Therefore, this compound serves as a prototype for theoretical understanding of transport behavior across the
1/3 plateau due to PDA magnetism in a metal without any interference from the 4 f delocalization phenomenon.
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The phenomenon of highly frustrated magnetism due to
the geometrical arrangement of the magnetic ions, referred
to as geometrically frustrated (GF) magnetism, is one of the
modern topics of research in condensed matter physics, as
such a frustration has been known to lead to a variety of inter-
esting magnetic states [1-9]. This article essentially focuses
on two of these aspects, viz., partially disordered antiferro-
magnetism (PDA) and magnetization plateaus. The concept of
PDA magnetism was originally invoked to describe a situation
for materials containing a triangular magnetic framework, in
which the magnetic ions at two vertices are antiferromag-
netically coupled, while the third one is left random due to
geometrical frustration [1,2]. This kind of magnetism has
been of interest due to the fact that all the magnetic ions are
crystallographically equivalent yet exhibiting different mag-
netic behavior. Very early examples for PDA magnetism are
CsCoCls and CsCoBrj3 [1,2], and during the past two decades
Ca3CoRhOg [3-5] and Ca3Co,0¢ [6-8] have been attracting
attention. With respect to the magnetization plateaus, this is in
general a subject of considerable theoretical and experimental
investigation in terms of Shastry-Sutherand, square, kagome,

“Iyerkk @gmail.com
Tsampathev @ gmail.com

2475-9953/2023/7(10)/L101401(7)

L101401-1

and triangular insulating systems, as multiple plateaus can
arise not only due to GF magnetism, but also due to vari-
ous other magnetic interaction frustrations (see, for instance,
Refs. [9-12]). Quantum effects have been shown to play
a major role. The PDA magnetism arising from GF mag-
netism in triangular magnetic lattices is often characterized,
in particular, by a plateau at 1/3 of the saturation magneti-
zation M. There has been a flurry of activity in recent years
studying this 1/3 plateau in, e.g., BazNiSb,Og, BasNiNb,Og
[13,14], volborthite [15], Cs,CoBry [16], CoGeOs [17], and
Cu3Bi(Te03),0,Cl [18]. Readers may also refer to the sem-
inal theoretical work by Chubukov and Golosov [19]. Such
plateaus occur irrespective of the spin value of the magnetic
ion (see, for instance, [11,12,17-33] and references therein).
Besides many such insulators, a semiconducting triangular
system EusInAs; has been reported very recently [34].
Clearly, the identification of materials exhibiting such
quantized steps, in particular the 1/3 plateau, is an important
direction of research in the field of GF magnetism. Obvi-
ously, any kind of PDA magnetic structure, even in other
GF families, is of great interest in condensed matter physics,
e.g., Gd,Ti,O; [35]. However, such reports in a metal-
lic environment are scarce and sporadic, e.g., UNiyB [36],
CePdAl [37], TbsRuyAl;, [38], and very recently EuRh,Alg
[39]. The compound TbRhsGeg [40] has been recently

©2023 American Physical Society
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FIG. 1. (a) Unit cell of Er,RhSi; viewed along the ¢ axis, show-
ing triangular arrangement of Er ions in the Er layer; intralayer
distances between Er atoms are given. An adjacent Rh-Si layer is
also shown. (b) X-ray-diffraction pattern (Cu K,) below 20 = 40°
to show weak superstructure lines (100) and (110). (c) Magnetic
susceptibility as a function of temperature below 10 K for the zero-
field-cooled and field-cooled conditions of the specimens, measured
with 10 Oe. The inset shows the inverse x in a field of 5 kOe, with a
straight line through the Curie-Weiss regime.

reported to show a 1/9 plateau, in addition to a 1/3 plateau.
The question therefore arises whether the Rudermann-Kittel-
Kasuya-Yosida (RKKY) indirect exchange interaction usually
mediating magnetic ordering in metals, in particular among
rare-earth metals R, is not generally favorable to cause these
features of geometric frustration. It is therefore of great
interest to search for materials, without interference from
other exotic phenomena due to f-electron delocalization (as
in CePdAl [37]), exhibiting features characteristic of PDA
magnetism and the 1/3 plateau to provide relatively simple
examples to enable the theorists to work further in this di-
rection. In this article we present evidence of such magnetic
characteristics in Er,RhSis, derived from an AlB,-derived
hexagonal structure [41].

A good number of ternary rare-earth compounds of the
type R>(T)X; (where T is a transition metal ion in this para-
graph and X = Si or Ge) have been derived from an AlB,
hexagonal crystal structure. The sites for 7 and X are 4 f and
12i, respectively forming 7-X layers. The layers of 7-X form a
honeycomb network and the layers of the triangular network
of R ions [Fig. 1(a)] alternate with 7-X in the ¢ direction. In
the event of the ordered replacement of the boron site by 7 and
X, two types of rare-earth compounds, viz., 2b and 6h, can be

visualized depending on whether the nearest hexagons in the
adjacent layers contain ordered 7-X or X atoms. As a result
of this difference in the chemical surrounding, the interatomic
distances undergo subtle differences, as discussed in Ref. [42]
for Er,RhSi3 [and shown in Fig. 1(a) for Er-Er distances].
This is presumably responsible for doubling of the unit-cell
parameters with respect to those expected for the disordered
distribution of 7" and X [in which case the chemical formula
can be written as R(T)y5X;s5]. For crystallographic details,
the readers are referred to Ref. [41] and the Supplemental
Material [42]. Among these, many novel magnetic and
transport anomalies have been reported (see references in
[43-56]) for the past three decades for several members
of the R,PdSi; family. The most notable one is Gd,PdSis,
the transport anomalies of which include Kondo-like elec-
trical resistivity p [46]; it is intriguing that Hall anomaly
typical of the topological Hall effect was reported two
decades ago, long before this concept was recognized in
metals, as noted in Ref. [49]. Gd,PdSi; is the first cen-
trosymmetric case to exhibit magnetic skyrmion behavior
[48,50-52], strongly modulated by the Pd/Si superlattice [51].
Therefore, it is important to investigate Rh analogs. Other
than some initial studies long ago [41,57,58], in particular
on the Ce case in depth [59-67], Gd, Tb, and Dy members
[68] are special as these exhibit magnetic and transport prop-
erties comparable to those of Gd,PdSi;. The properties of the
isomorphic Er compound [69] presented in this paper reveal
uniqueness in the context of PDA magnetism and one-third
magnetization plateau.

A polycrystalline sample was prepared by melting together
stoichiometric amounts of constituent elements in an arc
furnace in an atmosphere of argon under partial pressure,
followed by annealing at 1073 K for about a week in an
evacuated sealed quartz tube. The x-ray-diffraction pattern
(recorded with Cu K|, radiation) was analyzed by the Rietveld
refinement method, which confirmed the single-phase nature
of molten ingot (see the Supplemental Material [42]). The
pattern was found to be in excellent agreement with that of
Ref. [41], including the appearance of superstructure lines
[Fig. 1(b)] establishing doubling of the unit-cell parameters
(a =~8.1043 and ¢ = ~7.7518 /0\). Details of the tempera-
ture T and magnetic-field H dependences of ac and dc M,
heat-capacity C, and electrical resistivity p measurements can
be found in Ref. [42].

In the inset of Fig. 1(c) we show the T dependence of the
inverse susceptibility x obtained in a field of 5 kOe. The
plot is found to be linear over a wide T range well above
10 K. The effective moment p.¢ obtained from the slope of
the plot (approximately 9.7up) is the same as the theoretical
value of 9.7up for trivalent Er ions. The paramagnetic Curie
temperature is found to be approximately 1.4 K; the positive
sign is indicative of ferromagnetic correlations between Er
ions, which is different from other rare-earth cases in the
same family [68]. We note that, as the temperature is lowered,
there is an upturn of x around 5 K beyond the value expected
from the high-temperature Curie-Weiss behavior followed by
a peak, as though antiferromagnetic ordering sets in, as shown
in Fig. 1(c) for the 10 Oe measuring field. The zero-field-
cooled (ZFC) and field-cooled (FC) curves for this low field
tend to deviate from each other at the onset of magnetic
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FIG. 2. (a) Real and (b) imaginary parts of ac susceptibility of
Er,RhSi; below 6 K, obtained with different frequencies in zero
field as well as in 5 kOe. The curves for 5 kOe for all frequencies
overlap and are featureless. The inset shows isothermal remnant
magnetization at 2 K.

order itself, with the FC curve continuing to rise down to
2 K, typical of spin glasses in many concentrated magnetic
materials [38,70,71]. For another interesting x behavior in
the vicinity of the T region of 2-20 K at low fields (20,
50, and 100 Oe), readers are referred to the Supplemental
Material [42].

In order to explore further the origin of the above features,
we have measured ac x in the low-temperature region with
frequencies 1.3, 13, 133, and 1333 Hz; the results obtained as
a function of T in the vicinity of the magnetic transition are
shown in Fig. 2. The curves are featureless at higher tempera-
tures. It is apparent from this figure that not only the real part
x' but also the imaginary part x” exhibits prominent peaks in
magnitude, with the sharp upturn occurring at 5 K, as expected
for spin glasses [72]. There is a weak frequency v dependence
of the peak temperature, say, in x’, thatis, 0.2 K for a variation
of v from 1.3 to 133 Hz. (The peak values also undergo a
decrease with increasing v, with significant suppression for
1333 Hz, which is curious). The peaks vanish for a small
application of a dc magnetic field (say, 5 kOe), as revealed
by the flatness of the plot in the figure. The results establish
that this compound undergoes spin-glass freezing. The most
notable observation, as inferred from the peak temperature
in x’, is that the spin freezing occurs exactly at the onset of
magnetic ordering. In order to render further support to the
existence spin-glass freezing, we have measured isothermal
remnant magnetization Mgy as a function of time ¢ at 2 K.
This curve, shown in the inset of Fig. 2, was obtained as
follows: After zero-field cooling of the specimen at 2 K, the
specimen was left in a magnetic field of 5 kOe for 5 min;
immediately after switching off the field, Mirm was measured
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FIG. 3. (a) Zero-field and in-field heat capacity below 10 K
and (b) zero-field heat capacity in a wider temperature range of
2-40 K for Er,RhSi;. (b) Magnetic contribution to heat capacity C,
for Er,RhSi3, employing the heat capacity of La,RhSi; (also shown)
for the nonmagnetic part, along with the magnetic entropy S,, curve,
derived from C,, versus 7 for the Er sample in the inset. (c) Isothermal
entropy change curves as a function of temperature (see the text for
details) for different final fields starting from zero field; the inset
shows the electrical resistivity data at low temperatures.

as a function of ¢ for about an hour. From the inset of Fig. 2 it
is clear that there is a slow decay of My, varying essentially
logarithmically with ¢ (barring slower decay for a few initial
seconds), consistent with what is expected for spin glasses.
Having established the onset of spin-glass freezing at
5 K, support for long-range magnetic order pointing to a
well-defined magnetic structure comes from the C(7) data,
apart from the appearance of magnetic Bragg peaks in the
neutron diffraction data [57]. We show the C(T) data in the
T region of interest only (much less than 10 K) in Fig. 3(a),
as there is no worthwhile feature measured up to 150 K. It
is evident from Fig. 3(a) that the zero-field data exhibit a
strong A anomaly with a sharp upturn at 5 K. This is a charac-
teristic feature of long-range magnetic ordering arising from
a well-defined magnetic structure. Spin-glass freezing alone
would have resulted in smearing of the feature at the onset
of freezing. Therefore, viewed together with the features in
the ac and dc magnetization presented above, this establishes
that spin-glass freezing and a well-defined magnetic structure
set in essentially at the same temperature, namely, at 5 K.
With respect to the behavior in the presence of external fields,
there is a gradual smearing and broadening of the peak and the
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peak moves towards a lower temperature, for example, for 30
and 50 kOe to 4.5 and 3.8 K, respectively. This establishes
that the strong A anomaly arises from antiferromagnetism.
In short, these results establish that PDA magnetism occurs
at the magnetic ordering temperature of 7y = 5 K. Finally,
we have also derived the magnetic contribution C,, to C(T)
by measuring C(7) of the La analog as in Ref. [68], which
is shown in Fig. 3(b). The magnetic entropy S, [Fig. 3(b),
inset] obtained by integrating C,,/T versus T is approximately
8 J/mol K at Ty. If one assumes that the magnetic ordering
arises from the crystal-field-split doublet ground state (as
Er*t is a Kramers ion), the minimum expected value for the
magnetic entropy at Ty should be 2 RIn2 = 11.52J/mol K.
Therefore, the observed lower value supports that a signifi-
cant fraction of Er ions are magnetically disordered. It may
be remarked that the theoretical value of magnetic entropy
for full degeneracy of the 4f orbital of Er’t (for which
the total orbital angular momentum is J = 15/2) is equal to
(2RIn16 =)46.1J/mol K, which is far above the observed
value at Ty. Clearly, crystal-field splitting of the 4 f orbital
is present, which is also supported by a similar lower value of
magnetic moment determined by neutron diffraction [57].
We have derived the isothermal entropy change, defined
as AS = S(H)-S(0), from the area under the curves of C/T
versus 7T, measured at different fields, and the results ob-
tained are shown in Fig. 3(c). The curves fall in the negative
quadrant with a negative peak, typical of a dominant ferro-
magnetic component in such fields [73]. This demonstrates
field-induced changes in the magnetic structure in the mag-
netically ordered state. The peak values are reasonably large,
say, for 0-50 kOe field variation, with the curve spreading
over a wide T range above Ty. Surprisingly, AS changes sign
sharply at the loss of magnetic order above 5 K for 10 kOe,
and the positive sign above Ty implies possible field-induced
magnetic fluctuations in such low fields. The sign becomes
negative in the paramagnetic state for H > 10 kOe as expected,
but the large magnitude over a wide 7 range may be due
to the antiferromagnetic clusters giving rise to an effective
ferromagnetic alignment. The results overall imply that this
compound may be an example of interesting magnetic precur-
sor effects [46,47,73—75] in the paramagnetic state, which has
also been addressed theoretically in recent times [47,76,77].
We present isothermal magnetization behavior for 1.8, 4,
and 6 K in Figs. 4(a)—4(c) to reveal the 1/3 plateau. There
is a sharp rise at 1.8 K for the application of an initial small
H and there is a plateau immediately thereafter until 20 kOe.
The sharpness of these features is a bit smeared in the 4 K
plot. There is an upturn near about 20 kOe after the plateau
and the variation is weak beyond about 30 kOe. The plot of
M(H) tends to flatten, varying weakly beyond 60 kOe until the
measured field of 120 kOe [Fig. 4(a), inset], as though there is
a tendency to saturate. All these M(H) curves are found to be
nonhysteretic. A linear extrapolation of the high-field curve to
zero field yields a value of about 6.5up per Er ion. This value
is far below the saturation value expected for fully degenerate
trivalent Er ions (9up per Er ion) and so the reduced value
can be attributed to a decrease in the magnetic moment and
possible strong anisotropy resulting from crystal-field effects.
The most intriguing observation relevant to the aim of this
article is that the value of the similarly extrapolated magnetic
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FIG. 4. Isothermal magnetization of Er,RhSi; below 60 kOe at
(a) 1.8, (b) 4, and (c) 6 K for the forward variation of the magnetic
field. The inset shows the behavior in the range 60-120 kOe at
1.8 K. Also shown in (a) is a schematic representation of a scenario
[5] for the orientation of magnetic moments in a triangular network;
the question mark represents magnetically disordered ions.

moment in the plateau region is approximately 2.15uz per Er
ion, which is essentially one-third of the extrapolated value
from the high-field data (obtained above). A simple picture
for the origin of 1/3 magnetization plateau, advanced for a
triangular lattice CazCo,Og [5] is as follows: The magnetic
ion at one of the three vortices of the triangle is magneti-
cally disordered as evidenced by spin-glass features discussed
above, while the other two are coupled antiparallel in zero
field in the virgin state; in the plateau region, the magnetic
moment of the disordered magnetic ion gets oriented along
the field, leaving the other two aligned antiparallel to each
other, leading to a ferrimagnetic state. It is not straightforward
to understand why such an intermediate state is stable against
perturbation by a magnetic field, in our case, up to 20 kOe;
presumably, the antiparallel interaction is too strong to flip
the moments of Er with this external field. Beyond 30 kOe, all
three sites tend to align ferromagnetically, resulting in three
times the magnetic moment of the plateau region. For the
sake of the reader, a schematic representation of this scenario
is shown for a triangle in Fig. 4. Thus, the 1/3 isothermal
magnetization plateau could be consistently interpreted with
the idea of partially disordered antiferromagnetism. Note that
the plateau vanishes as soon as the long-range magnetic order
regime is crossed, as seen for the M(H) curve for 6 K.
Previous neutron diffraction studies [57] suggest that there
is no crystal structure change in the magnetically ordered
state. In that work, both Er ions are assumed to carry an
equal magnetic moment of 5.9 per Er ion, which is below
the value of 9up for the fully 4 f-degenerate trivalent Er ion,
suggesting the presence of crystal-field splitting. We would
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FIG. 5. Isothermal magnetoresistance, defined as [p(H) -
p(0)]/p(0), for Er,RhSi3, at (a) 2.2, (b) 4, (c) 10, (d) 15, and
(e) 25 K.

like to state that it is difficult to reconcile the PDA magnetic
structure proposed here with the conclusions obtained from
these neutron diffraction studies. It is not uncommon, par-
ticularly within this ternary family, that reinvestigations by
modern facilities and/or better quality samples have yielded
results contradicting previous magnetic structure proposals,
for example, for Tb,PdSis [78,79] and for Nd,PdSis [44,78].
Besides, a PDA system would be characterized by a broad
background below the sharp magnetic peaks, suggestive of
quasielastic peaks arising from spin-glass component, as in
Ca3;CoRhOg [80,81]. A careful look at the background below
the intense peaks in the reported neutron diffraction pattern
[57] indeed provides an indication of the same. In view of
these findings, we call for detailed neutron diffraction studies
to search for some kind of PDA magnetic structure, before
attaching any significance to the apparent discrepancy with
the present conclusion.

We now demonstrate the behavior of magnetoresistance
(in the transverse geometry) across the 1/3 plateau regime in
this metallic system, serving as a subject warranting further
theoretical work to understand transport anomalies in the 1/3
plateau regime, as such an opportunity is not provided by
insulating PDA systems. The p(7) plot [see Fig. 3(c), inset]
shows distinct evidence for the loss of the spin-disorder con-
tribution to p at Ty. Figures 5(a)-5(e) show the behavior of
isothermal magnetoresistance (MR) at various temperatures
across Ty. Here MR is defined as [p(H) — p(0)]/p(0). The

curves are essentially nonhysteretic. Looking at the MR curve
at 2.2 K [see Fig. 5(a)], the magnitude is negligibly small
below 20 kOe, but a negative sign emerges after a small
change in applied H (possibly due to grain boundaries or spin-
glass component); it is notable that MR otherwise is almost
flat in the 1/3 magnetization plateau region, as though mag-
netism is topologically protected, apparently avoiding even
conventional magnetic and nonmagnetic contributions for the
scattering process. After this plateau region is crossed, there is
a distinct upturn to the positive quadrant, followed by a weak
drop around 30 kOe, possibly due to the ferromagnetic align-
ment contribution. With a further increase of H, that is, in the
region where there is a tendency for magnetization to saturate,
MR surprisingly keeps increasing, remaining in the positive
quadrant. Such a linear MR variation in the essentially fer-
romagnetically aligned state is puzzling (as ferromagnets are
usually characterized by negative MR with a nonlinear depen-
dence on H). It is not clear whether the classical contribution
due to conduction electrons dominates the ferromagnetic con-
tribution at higher fields, leading to positive MR. At 4 K,
the features are similar, except that the initial drop is more
prominent. Just above 7y, say, at 10 K, there is a competition
between the well-known paramagnetic contribution (negative
sign with an H? dependence) and the positive classical contri-
bution, leading to a minimum at the intermediate-field range.
With increasing 7, since the paramagnetic contribution should
gradually weaken, the minimum gradually vanishes, as shown
for 10, 15, and 25 K [Figs. 5(c)-5(e)].

In conclusion, we have reported the results of our bulk
measurements on Er,RhSis; containing essentially localized
4f electrons in a triangular network, hitherto not paid much
attention in the literature. A fascinating finding is that this
compound exhibits characteristic features of PDA magnetism,
also characterized by the 1/3 magnetization plateau in this
case, in a material with RKKY interaction, that too without
any interference from other 4 f-related phenomena (like the
Kondo effect typical of Ce or U systems). It may be remarked
that none of the isostructural ternary rare-earth compounds
has been known to show such PDA characteristics in the past,
in particular, other rare-earth compounds of this Rh family
(R = Gd, Tb, Dy, and Ho) [68,69] as well as the Er counter-
part in the Pd-based family, Er,PdSi; [56]. This is puzzling
and renders support to the conclusion that this compound is a
unique magnetic material, possibly suggesting an interesting
magnetic interaction between the orientated crystal-field-split
ground state of the 4f orbital of Er with the Rh 4d orbital
and therefore it is worth probing this aspect further. Finally,
this compound may also serve as a prototype for transport
behavior across the 1/3 magnetization plateau.
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