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Chiral materials, where no improper symmetry operations such as inversion are present, are systems prone
to the appearance of a skyrmion lattice. Recently it has been shown theoretically that not only ferromagnets
(FMs) but also antiferromagnets (AFMs) can host such kind of phases. In this work we study a new candidate
for AFM skyrmions, Eulr,P,, by means of magnetization and specific heat measurements on poly and single
crystals. X-ray diffraction confirms a trigonal chiral crystal structure, where europium ions form helices along
the ¢ direction. In spite of predominantly FM interactions, Eu** ions order antiferromagnetically at Iy, =5K
in what seems to be an incommensurate amplitude-modulated magnetic state where the moments are oriented
mainly along the ¢ direction. A second magnetic transition takes place at Ty, = 2.9 K, involving the ordering
of an in-plane component of the Eu moment likely resulting in an equal-moment structure. Specific heat data
show a tail above Ty, . Accordingly the magnetic entropy at 7Ty, is strongly reduced in comparison to the expected
R In 8 value. This evidences a significant amount of frustration. A simple analysis based on a Heisenberg model
indicates that the observed properties imply the presence of several relevant interactions, with competing FM
and AFM ones resulting in frustration. Thus Eulr,P, is a new interesting magnetic system, where chirality and

frustration might result in unconventional magnetic textures.

DOI: 10.1103/PhysRevB.104.054416

I. INTRODUCTION

Magnetic intermetallic systems based on rare-earth metals
are usually described based on two magnetic couplings: the in-
direct Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction,
which tends to order the system, and the Kondo effect which
screens the moments at low temperature. The interplay be-
tween these two couplings can be represented in the so-called
Doniach phase diagram [1,2], where interesting phenomena
appear as a function of a nonthermal tuning parameter, such
as unconventional superconductivity and non-Fermi-liquid
behavior [3,4].

In this context magnetic frustration arises as a new play-
ground for exotic physics. A system is magnetically frustrated
when it is not possible to simultaneously minimize all inter-
actions. Such kind of situation can occur either because of
a particular geometry or because there are several compet-
ing exchange interactions. In both cases long-range order is
hindered and novel ground states can emerge, such as a spin
liquid [5,6]. Besides, magnetic frustration has been recog-
nized as a relevant factor in the origin of ferroelectricity in
multiferroic materials with helical magnetic ordering [7,8].
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Chirality can also lead to unusual ground states, such as
spin textures known as a skyrmion lattice [9]. The first exper-
imental identification of such kind of phase on a bulk material
was reported on metallic MnSi [10,11], and later Fey §Cog»Si
[12] and Cu,0SeO3 were also identified as skyrmion-hosting
bulk compounds [13,14]. All of these ferromagnetic systems
crystallize in the same crystal structure, space group P23,
which is one of the few that lacks not only a center of inversion
but also all kinds of improper symmetry operations. There-
fore P2,3 is a chiral space group [15]. The lack of improper
symmetry operations allows Dzyaloshinskii-Moriya (DM) in-
teractions [16,17], which have been identified as fundamental
to produce skyrmion phases.

It has been predicted theoretically that antiferromagnetic
systems are also able to stabilize spin textures [18,19]. These
results encourage the search for new candidate skyrmion an-
tiferromagnetic materials. The antiferromagnetic compound
EuPtSi, which crystallizes in the cubic P2;3 structure like
MnSi, has been recently studied and it has been suggested to
present the hallmark of the formation of a skyrmion lattice
[20-22].

Among 122 compounds Eulr,P, could present interesting
and new physical properties. As an intermetallic compound
it could present competing magnetic interactions. Besides, it
crystallizes in the trigonal space group P3,21, a chiral space
group like P23, and therefore DM interactions are expected
to be present. For a 122 material this trigonal structure is quite
special: while many intermetallic compounds crystallize in the
well-known tetragonal ThCr,Si, or CaBe,Ge, crystal struc-
ture types, to our knowledge only three compounds crystallize
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in the trigonal P3,21 crystal structure: Calr,P;, Strlr,P,, and
Eulr,P, [23,24]. Therefore the europium compound might
be the only magnetic 122 system with this particular crystal
structure, which is expected to have a strong influence on
the magnetic properties. Early work evidenced an Eu’* state,
which bears a large, isotropic magnetic moment. However
the magnetic properties were not investigated in detail [23].
We present in this work the synthesis of polycrystalline and
single-crystal samples of Eulr,P, and the study of the mag-
netic properties by means of magnetization and specific heat
measurements.

II. EXPERIMENTAL DETAILS

Polycrystalline Eulr,P, samples were prepared heating
high-purity Eu (Ames Laboratory), Ir powder (99.99%;
ChemPur), and red P (99.999%; Alfa-Aesar) pieces at high
temperatures in evacuated quartz ampules with aluminum ox-
ide or carbon glass crucibles. Stoichiometric amounts of the
elements were mixed and heated several times at progressively
higher temperatures, with intermediate regrindings to ensure
homogeneity. The best-quality samples were obtained with a
final annealing at 1100 °C. Polycrystalline Srlr,P, was syn-
thesized as the nonmagnetic counterpart for specific heat mea-
surements, using Sr (Ames Laboratory). In a first step Srlr,
was obtained heating the elements in a Ta crucible at 950 °C
for several hours and cooling slowly down to 700°C. To
avoid strontium deficiency a small amount of strontium excess
was used. In a second step red phosphorus was added. This
mixture was heated up to a maximum temperature of 950 °C,
with intermediate regrindings as in the europium sample.

Phase purity and crystal structure analysis were performed
by x-ray powder diffraction measurements taken at room
temperature on a STOE Stadip MP instrument with Cu K,
radiation in transmission mode. Rietveld refinements of the
collected data were done with the FullProf program [25] and
the crystal structure was drawn using VESTA [26].

Eulr,P;, single crystals were obtained by arc-melting a
polycrystalline sample synthesized as described previously.
The typical size of the needle-like single crystals was
~0.70 x 0.10 x 0.10 mm?>. The composition homogeneity
was characterized by microprobe analysis with energy-
dispersive x-ray spectroscopy (EDX). The single crystals were
oriented with a Laue machine. We found in all cases that
the longest crystal length (the needle axis) corresponds to the
crystallographic ¢ direction.

Magnetization data on polycrystalline and single crystals
of Eulr,P, were taken in a Quantum Design SQUID VSM
magnetometer down to 1.8 K and up to 70 kOe. The single
crystals were oriented with the applied field H parallel and
perpendicular to the c crystallographic direction. Specific heat
measurements were performed in a Quantum Design PPMS
system with a *He option on polycrystalline samples.

III. RESULTS AND DISCUSSION

Rietveld refinement of the x-ray powder diffraction data
indicates a single-crystalline phase for Eulr,P, while for
Srlr,P, a small amount of IrP, was found (less than 4%
weight). The results confirm for both 122 phases the trigo-

TABLE I. Crystal structure parameters for Eulr,P, and Srlr, P,
space group P3,21, as obtained from powder Rietveld refinements.

EllII'sz SI'II'2P2

a=6.67303(6) a=6.70841(5)
¢ =7.05757(8) ¢ ="7.07750(7)

Cell parameter A)

Atomic positions:

Eu/Sr 3b (x,0,7) x=0.5999(3) x=0.6003(4)
Ir 3a (x,0,%) x=0517922) x=0.5161(7)
Ir 3b (x,0,1) x=0.1299(2) x=0.1295(1)
P 6c (x,y,z) x=02144(9) x=0.2223(6)
y =0.8751(9) y=0.8791(6)
7=0.4506(8) z=0.4599(5)

nal crystal structure P3,21, where there are three formulas
per unit cell (Z = 3). Table I summarizes the refined cell
parameters and atomic positions. The obtained values are
in good agreement with a previous report [23]. The crystal
structure is schematically shown in Fig. 1, focusing on Eu
ions only. From the ab plane view (top) a triangular-like
pattern is clearly seen; however the Eu ions are not on the
same plane (bottom). Europium ions form helices along the
¢ direction, revealing the symmetry operation 3, (a screw
axis). An animation of the crystal structure is available in
the Supplemental Material [27]. Each europium is shared by
two helices and consequently has four nearest neighbors (nn).
The two next-nearest-neighbors (nnn) correspond to europium
ions on the side helices. Finally, the next-next-nearest neigh-
bors (nnnn) correspond to the second neighbor on the same
helix. The distances are ~4.25 A, ~5.18 A, and ~5.88 A
for nn, nnn, and nnnn, respectively.

In what follows we will describe first the magnetiza-
tion and specific heat measurements on the powder samples
and later the anisotropic phenomenology observed on single
crystals.

A general overview of the magnetization measurements is
presented in Fig. 2. For all applied magnetic fields and for
temperatures between 200 K and 300 K a Curie-Weiss be-
havior is found: M/H = ¢/(T + Ocw), where c is the Curie
constant and allows the calculation of the effective magnetic
moment ((egr), and Ocw is the Curie-Weiss temperature. For
H =70 kOe the obtained parameters are e = 7.98(5) up
and Ocw = +9.22(3) K (H/M vs T and the Curie-Weiss fit
can be found in the Supplemental Material [27]). The ef-
fective magnetic moment corresponds nicely to the expected
value for Eu?* according to Hund’s rules: L = 0 and J = § =
7/2, which gives B8 = 7.94 pup. The positive sign of Ocyw
indicates predominantly ferromagnetic interactions between
europium ions.

The low-temperature magnetization at 1 kOe shows a max-
imum followed by a steplike behavior upon decreasing the
temperature. Increasing the applied magnetic field to 10 kOe
shifts both anomalies to lower temperatures, and for higher
fields (30 and 70 kOe) the system is already polarized and no
anomalies are observed.

The field dependence of the magnetization at 2 K, inset in
Fig. 2, has no hysteresis. At high fields a saturation magne-
tization mgy A~ 6.90 pp f.u.~! is reached, in good agreement

with the expected value mE"" = 7p5 fu."". At intermediate
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FIG. 1. Crystal structure of Eulr,P, showing only europium
ions as gray spheres. Red, yellow, and blue lines represent nearest
neighbors (nn), next-nearest neighbors (nnn), and next-next-nearest
neighbors (nnnn), respectively. Following the red lines one can see
the europium helices parallel to the ¢ direction. For simplicity just
some representative nnn and nnnn interactions are shown. Atoms
with the same number label on the lower figure lie on top of each
other on the upper figure. The unit cell is indicated as black lines.

fields, approximately 15 kOe at 2 K, a signature similar to a
metamagnetic-like transition is found.

The lack of remanent magnetization in the field depen-
dence of the magnetization, together with the maximum
observed in the magnetization versus temperature data, in-
dicates that Eulr,P, orders antiferromagnetically at low
temperatures, followed by a second transition to a dif-
ferent AFM state. However a positive ®cw is obtained
from the high-temperature magnetization data, suggesting
a competition between antiferromagnetic and ferromagnetic
interactions. We will come back to this issue later when dis-
cussing the exchange interactions and the magnetic entropy.
The ordering temperatures obtained from oM /9T vs T at
1 kOe are Ty, = 5.02(5) K and Ty, = 2.94(5) K.

Possible magnetism coming from iridium ions can safely
be disregarded as the experimental parameters which give
direct information about the nature of the magnetic ions, fLef
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FIG. 2. M/H temperature dependence for Eulr,P, powder sam-
ple taken at different applied magnetic fields as indicated. Note the
logarithmic horizontal axis. The inset shows the isothermal field
dependence of the magnetization at 2 K.

and mgy, are in very good agreement with the Eu’*-only
values.

Figure 3(a) shows the specific heat data as a function of
temperature on a polycrystalline pellet. As in the suscepti-
bility data two clear anomalies are observed, confirming the
bulk nature of the magnetic transitions on Eulr,P,. An applied
magnetic field shifts Ty, and Ty, to lower temperatures, in
accordance with M(T) results. At 50 kOe the specific heat
exhibits just a Schottky-like anomaly, as expected for a fully
polarized state of the europium ions.

Considering C = C,, + C¢ + Cpn, Where G, Cep, and Cpp
stand for the magnetic, electron, and phonon contributions,
respectively, in order to analyze C,, only we must find a way
to evaluate the specific heat coming from the lattice (Ce and
Con). Next we will describe two different methods to accom-
plish this subtraction.

At low temperature the electronic specific heat for a metal
is given by Cy = y T, while a Debye model gives C, = BT
for the phonon contribution. The fit of the measured data
for Eulr,P, at zero field between 17 and 32 K, where no
magnetic signal is expected, can provide a reliable 8 value and
arough estimation of y. We get a Sommerfeld coefficient y =
23(5) mJ mol ' K2 and B = 4.39(8) x 10~* Jmol ' K~*.
The CT~" vs T? plot and the corresponding fit can be found
in the Supplemental Material [27]. With these parameters
we can calculate Cy and Gy, for all temperatures and sub-
tract this from the total C in order to get C,, (method 1).
The large uncertainty in the y coefficient turns out to be
irrelevant for the present analysis. As can easily be seen in
Fig. 3(b), the magnetic contribution C,,(T)/T is of the order
of 2 J mol~! K2, thus 2 orders of magnitude larger than the
estimated electronic part. Therefore the electronic part can
almost be neglected. From g the Debye temperature is found
to be ®p(Eulr,P,;) = 281 K.

The second method (method 2) is to deduce the lattice
contribution from the specific heat of a nonmagnetic homo-
logue compound. In this case we measured the isostructural
material Srlr,P;; see Fig. 3(a). Before subtracting the phonon
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FIG. 3. (a) Specific heat versus temperature for a polycrystalline
Eulr, P, sample at different applied magnetic fields as indicated. The
data for the nonmagnetic reference compound Srlr,P; at zero field is
also shown for comparison. (b) C,,7~' vs T at zero applied magnetic
field. Dots: Experimental Eulr,P,, black line: high-temperature fit
following C,,(T) T2 law. For details see text. Inset: Magnetic
entropy normalized to the expected value for an § = 7/2 system.

contribution from the Eulr,P, data, Cyp, of Srlr, P, was scaled
using the mass ratio [28].

The two described approaches resulted in very similar
C,,(T). A comparison between the results obtained by meth-
ods 1 and 2 can be found in the Supplemental Material [27].
A reliable lattice subtraction is very important, as it directly
affects the C,, values and, consequently, the magnetic entropy
(see below). The experimental C,, at zero field is plotted in
Fig. 3(b). In the following paragraphs we will analyze and
discuss different features in the specific heat curve: the jump
at Ty, , then the low-temperature behavior, and finally the high-
temperature region.

Within a mean-field approximation the expected height of
the peak at the ordering temperature for a 7/2-spin equal-
moment (EM) system, where all magnetic moments are the
same at all sites, is ACEM = 20.15 Jmol~' K~!. This cate-
gory includes ferromagnets and simple antiferromagnets, but
also helical and cycloidal magnetic structures. It is impor-
tant to notice that while the first two magnetic structures are
commensurate with the lattice periodicity, the later two are
usually incommensurate. The specific heat jump for Eulr,P,
is reduced compared with the EM mean-field expectation,

which suggests a different kind of magnetic behavior. Another
possible scenario is an incommensurate amplitude-modulated
(AM) magnetic structure, where the magnetic moment
amplitude varies periodically from one site to another. Ac-
cording to a study on Gd systems ACAM = (2/3)ACEM =
13.43 Jmol ' K~! [29,30]. As Eu** and Gd** are both 7/2-
spin systems, they are magnetically equivalent. Besides, AM
magnetic phases are usually expected to transform to EM
structures at lower temperatures, as for example in EuAs;
and EuPbSb [31,32]. The specific heat jump in Eulr,P, at Ty,
seems to be closer to the expected value for an AM structure,
which suggests a transition to an incommensurate state at 7, .
In such a case Ty, could be a transition to an EM structure.
AM structures are normally explained in rare-earth metals and
alloys as a consequence of the oscillatory RKKY exchange
interaction. This coupling gives rise in fact to a wide variety of
magnetic orderings [33]. However Eulr, P, is a noncentrosym-
metric system, where DM interactions could also be relevant.
It has been reported that such antisymmetric exchange can
be responsible for the formation of several incommensurate
magnetic structures [34,35]. Thus both kinds of exchange
interactions can be playing an important role in Eulr,P,.

Now we turn to the low-temperature specific heat. Below
the ordering temperature the 7 dependence of C,,(T)ina § =
7/2 system is very different from that in a system with much
smaller S value, e.g., S = 1/2. The large degeneracy of an
S = 7/2 state results in many magnon branches, correspond-
ing to the eight equally spaced singlets of a polarized S = 7/2
single ion, with the excitation energy of the first branch being
much smaller (in relation to Ty) than in an S = 1/2 system,
in correspondence with the much smaller energy of the first
excited singlet in the single-ion case. This gives rise to a
Schottky-like anomaly around 7' /Ty = 0.3 [30,36], somehow
hidden due to the peak at 7y, in Eulr,P; but still noticeable;
see Fig. 3(b).

Finally, above Ty, a tail is observed in C,(T"), which
could be related to frustration or low dimensionality. No-
tably, this tail can be nicely fitted with C,, = d»/T?, which
is expected for a local moment system with a finite range
of interactions. We obtain d, = 211 JK mol™'. This allows
us to gain more insight into this system using simple, well-
established approaches based on the Heisenberg model H =
> ] JijSi - Sj. Here J;; is the exchange interaction in units of
temperature between spins S; and S;, with J;; < 0 indicating
a ferromagnetic and J;; > 0 an antiferromagnetic coupling.
The high-temperature expansion (HTE) is a simple and uni-
versal approach where measurable properties are written as
Taylor series in ascending powers of the reciprocal temper-
ature, allowing the determination of J;; from experimental
data [37,38]. In particular, the susceptibility and the mag-
netic specific heat can be written as y (8) = Z:il c,B" and
Cn(B) = Z;’;z d,pB", respectively, where B = (kzT)~!, and
the coefficients ¢, and d,, depend on the details of the magnetic
system under consideration. The expansions of the suscepti-
bility and specific heat show that

1
Ocw =2 =356+ D3 ()
1 l
do = RIS(S + D XijJ?, 2)
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where ®cw is the Curie-Weiss temperature, ¢y, ¢;, and d, are
expansion coefficients for the susceptibility and the specific
heat, S is the spin quantum number, R is the gas constant,
the interactions J; are given in K, and the sums are over the
different neighbors of a magnetic ion. These equations allow
the calculation of Y J; and Y J? from experimental Ocw
and d,.

A simple J;-J, model, that is just nn and nnn interac-
tions (see Fig. 1), has two solutions: J; = —0.201 K and
J, =—0.475 K, and J; = —0.384 K and J, = —0.110 K. In
both cases J; and J, are ferromagnetic in nature, which does
not explain the antiferromagnetic state found. This apparent
contradiction is obviously a consequence of an oversimplified
model with only two interactions. If we take into account
also nnnn interactions J3, we obtain a range of parameters
which can be classified into two groups: ferromagnetic cases,
again not of interest in the present material, and solutions
where there is just one antiferromagnetic interaction, either
Ji, Jo, or Js. Just as an example, the parameters with the
strongest antiferromagnetic J, are J; = J3 = —0.263 K and
J, = 0.174 K. Interestingly in any of those cases, where there
is one J; > 0, magnetic frustration arises as a consequence of
competing AFM and FM exchange path. Such scenario would
explain the observed properties in Eulr,P,, a system with
positive Curie-Weiss temperature but nevertheless an antifer-
romagnetic macroscopic order, caused by frustration. Going
beyond this level of analysis requires additional information,
such as the knowledge of the magnetic structures. Therefore
this is a topic for future studies.

The magnetic entropy S,,(T), obtained integrating C,, 7~
vs T at zero field, is shown in Fig. 3(b) [39]. The expected
saturation value S,,(oc0) for a magnetic ion is RIn(2J + 1),
which for spin J =7/2 gives RIn8. In magnetic systems
without frustration and thus without enhanced fluctuations,
one expects S,,(Ty) =~ 0.9S,,(00). In Eulr,P,, S,,, (T, ) is much
smaller, only about 72% of S,,(c0). The remaining entropy is
collected in the large tail in C,,(7T") above Ty,, which extend
to at least 3 times Ty,. As stated before for the large tail
in C,(T) for T > Ty,, also the comparatively small value
of S, (Ty,) is an indication of stronger fluctuations. In the
present case the most likely origin for these stronger fluctu-
ations is frustration, as also suggested by our simple analysis
above.

Now we focus on Eulr,P; single-crystal properties. Two
different field configurations were used: H|lc and H L c. The
high-temperature magnetization data on both directions are
well described by a Curie-Weiss law (shown in the Sup-
plemental Material [27]). The obtained g are similar to
the powder value, while Ocyw are slightly smaller, but still
positive. Figure 4 draws attention to the low-temperature
magnetization for some selected and representative applied
magnetic fields. Although Eu®>* has no single-ion anisotropy
(as L = 0), significant anisotropic behavior is found, espe-
cially below Ty,. When a 0.5 kOe field is applied parallel to
the ¢ direction a maximum in the magnetization is observed
at Ty,, whereas Ty, is completely absent. For H L ¢ a maxi-
mum value is reached at 7y, ; then the magnetization remains
practically constant and finally there is a steplike anomaly at
Ty, . The increase of the applied magnetic fields shifts all these
features to lower temperatures, turning the steplike behavior at
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FIG. 4. M/H versus temperature for selected applied magnetic
fields (a) and field dependence of the magnetization at 3 K (b) for
Eulr,P, single crystals. The crystal and field configurations are H ||c
(dashed lines) and H L ¢ (continuous lines) for both panels.

Ty, to a kink, still noticeable at 12.5 kOe, until eventually it
disappears.

The anisotropy found in Eulr,P, could be surprising be-
cause Eu?" has no single-ion anisotropy, which is usually
the largest contribution to magnetic anisotropy in rare-earth
compounds. However there are other sources of anisotropy
such as dipolar and exchange anisotropy. For several cen-
trosymmetric ferromagnets and antiferromagnets based on
Gd** (also an L = 0 ion) the dipolar interaction has been
identified as the dominating source of anisotropy by means of
an analytical method using the propagation vector of the mag-
netic structure and the magnetic moment orientation [40,41].
From our Eulr, P, single-crystal measurements (see following
paragraphs) we have evidence regarding the magnetic moment
orientation, but the propagation vector is unknown. Therefore
it is not possible to apply this numerical method to Eulr,P;
and the origin of the magnetic anisotropy remains for further
studies. Nevertheless it is important to stress that the validity
of this analytical method in noncentrosymmetric materials is
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FIG. 5. Magnetic phase diagram H-T for Eulr,P;. Filled symbols
are the transitions obtained on single crystals. Triangles and squares
correspond to transitions for H L ¢ and H ||c, respectively, as indi-
cated. Hﬁ"Op corresponds to the spin-flop rearrangement in M vs H
curves. Empty symbols are transition temperatures obtained from
specific heat measurements on the powder sample.

unclear, as it does not take into account DM interactions,
which might be relevant in systems such as Eulr,P;.

The isothermal field dependence of the magnetization for
Eulr, P, single crystals is shown in Fig. 4(b). A linear depen-
dence is seen up to ~25 kOe for H L ¢, followed by a slower
increase up to the highest attainable field, with no complete
saturation. For H ||c the low-field magnetization evolves with
the same slope as in the other field direction but a stronger in-
crease on the magnetization is found at ~10 kOe, resembling
a metamagnetic transition.

For a simple antiferromagnet with two sublattices, below
Ty the susceptibility goes to zero on cooling when the field is
applied parallel to the direction of the AFM-ordered moments
(x", while for the field applied perpendicular to it (x*) the
signal remains constant [42]. From the phenomenology ob-
served around Ty, in M(T) and M (H) curves, both in Fig. 4,
one can deduce that for Eulr, P, in zero field the AFM-ordered
moments point mainly along the crystallographic ¢ direction,
that is, along the direction of the europium helices. Regarding
the field dependence, the applied magnetic field produces at
H‘J‘l‘DID a spin-flop, that is, a reorientation perpendicular to the
field of the spins. At higher fields the magnetization increases
gradually, with no clear critical field coming from the full
orientation of the spins along the magnetic field (spin-flip).
Accordingly the ab plane is a magnetic hard plane. However,
the step in (M/H )" at Ty, at 0.5 kOe indicates that Ty, is very
likely associated with the ordering of an in-plane component
of the Eu moment.

Figure 5 shows the H-T phase diagram for Eulr,P,. For the
field along the ¢ direction (H ||c), TN”l obtained from magneti-
zation data coincides with the spin-flop reorientation obtained
from the field dependence of the magnetization, HA‘OP. It is
observed that this magnetic transition is rapidly suppressed
by the field. On the other hand, for the field in the ab plane,
both transitions survive up to much higher magnetic fields,
evidencing a clear anisotropy in the AFM regime in this
compound. This behavior in the observed magnetic properties
does not imply a large anisotropy in the interactions. Even the
tiniest anisotropy in the interaction (or at the local moment)
shall result that in the ordered state the moment prefers to
order along one particular direction. The magnitude of the
anisotropy in the interactions is then better reflected, e.g., in
the size of the magnetic field required to induce a spin-flop. In
the present case, taking into account the huge Eu’* moment
(7 up), this field is quite small, about 10 kOe. Possible origins
for such anisotropies in Eu systems are, e.g., the dipolar inter-
action discussed before, which is comparatively large because
of the large moment, or the anisotropy in the exchange, which
could be induced by the large spin-orbit coupling at the Ir
ligands.

IV. CONCLUSIONS

We synthesized polycrystalline samples and single crystals
of the chiral compound Eulr,P,, and studied in detail the
magnetic properties of this peculiar system. The magnetic
properties at high temperature are in excellent agreement with
a fully localized Eu®" state. Susceptibility and specific heat
data both indicate a first magnetic transition to an AFM state at
Ty, = 5 Kfollowed by a second transition at Ty, = 2.9 K from
an AFM1 to an AFM2 state. The temperature dependence of
the specific heat suggests the AFM1 state to have an incom-
mensurate amplitude modulated structure and the AFM?2 state
to be an equal moment state. An analysis of the specific heat
and the entropy indicate the presence of frustration, which is
likely due to competing FM and AFM interactions. Magneti-
zation data on single crystals reveal a clear anisotropy in the
ordered state, which indicates the moment to order predomi-
nantly along the ¢ direction, but with an in-plane component
ordering at Ty,. The observation of a complex magnetic phase
diagram in this compound with a chiral structure makes it a
good candidate for the appearance of unusual, skyrmion-like
structures. Thus our results prompt an in depth study of this
compound to determine the field and temperature dependent
magnetic structures.
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