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Crystal growth and evolution of magnetism in the EuCuP-EuCuAs solid solution
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The hexagonal EuMX (M = Cu, Ag, Au; X =P, As, Sb, Bi) compounds host interesting electronic and
magnetic properties, with seemingly intertwined topology and transport properties. One key feature of such
behavior is the nature of the ordered magnetic structure. In EuCuAs, a topological Hall effect is caused by
a conical spin structure that emerges when a field is applied within the easy-plane (H L c¢) of the helical
ground state that exists below the Neel temperature of 7y = 14 K. On the other hand, EuCuP is an easy-axis
ferromagnet with a Curie temperature 7 near 31 K. Here, we investigate the evolution of the magnetic properties
in EuCuAs,_,P, single crystals with 0.16 < x < 0.75. Crystals grown by cooling slowly in a Sn flux possessed
macroscale inhomogeneity of As/P, particularly for arsenic-rich crystals. However, growth in a Sn flux via an
isothermal dwell at 600 °C produced crystals that were homogeneous within the resolution of the probes utilized
to investigate these crystals. The unit cell volumes, Curie-Weiss temperatures, and magnetic transitions trend
linearly with composition and the magnetic anisotropy is reduced in the alloys. The magnetization data of
crystals with x = 0.16 and 0.24 indicate an easy-plane antiferromagnetic ground state while behavior similar to
ferromagnetism is observed for crystals with x > 0.41. The temperature-dependent magnetization data possess
multiple transitions for compositions near EuCuAs,75P 25, revealing a competition of ground states in this
arsenic-rich region of the phase diagram. Neutron diffraction data for EuCuP are also presented as a follow up to
previous results that revealed a two-step transition at 7¢; the observed data were consistent with ferromagnetic

order at T = 5K.
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I. INTRODUCTION

The interplay of magnetism and electronic topology
presents an interesting and challenging field of study in
modern condensed matter physics. The central idea is that
magnetic order can impact the band structure and associated
surface states in topological materials, which thus facilitates a
tuning of the electronics via an applied field [1]. Alternatively,
the magnetism itself can manifest topological character, such
as in a skyrmion lattice [2], offering additional routes to po-
tential information technologies [3—5]. Fundamental to these
efforts is the need to understand what dictates the nature of
the magnetic order, thereby allowing for a logical tuning to
access desired states. Within this context, experimental studies
of emerging materials provide an important baseline for future
theoretical developments [6—32] and for guiding the design
of new model systems or manipulation of known systems via
chemical substitutions or external parameters.

EuCuPrn materials with Pn = (P, As, Sb, Bi) are hexag-
onal systems that possess divalent Eu ions with a large spin
S = 7/2 moment residing on a triangular sublattice [33,34].
Mossbauer spectroscopy has evidenced divalent Eu in the
isostructural pnictides containing Cu, Ag, or Au, whereas
related compounds containing Ni or Pd can possess mixed
valent Eu [35]. The Eu layers stack along the ¢ axis with a
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honeycomb network of CuPn between them, as illustrated in
the inset of Fig. 1(a). In the broader family of isostructural
materials with the ZrBeSi structure type, these honeycomb
networks have a strong impact on the Fermi surface, produc-
ing Dirac band crossings in some cases [36—44]. Magnetic
order on the Eu sublattice can also impact the topology of the
electronic structure in these ternary compounds, as shown for
EuAgAs and EuCuBi [45,46].

Magnetic order in EuCuPn materials is strongly impacted
by the Pn element, with the ordering temperatures decreasing
continually as the unit cell volume increases on moving from
P to Bi [33,35]. The nature of the magnetic ground state also
changes with choice of Pn. In the magnetically ordered state,
ferromagnetic coupling within the basal plane is found in Eu-
CuP and EuCuAs (and EuCuSb), and these materials possess
a positive Curie-Weiss temperature obtained from fitting the
paramagnetic regime to a Curie-Weiss law [33]. Along the
¢ axis, the moments are ferromagnetically coupled in EuCuP
while a helical spin structure is observed in EuCuAs [47-50];
helical order also competes with collinear antiferromagnetic
order in EuCuSb [51].

The magnetic anisotropy also depends on Pn, with Eu-
CuP having easy-axis [001] anisotropy while EuCuAs has
moments oriented within the basal plane in the ground state.
Evidence for these in-plane moments in EuCuAs comes, in
part, from the existence of a metamagnetic transition when
a magnetic field is applied within the basal plane [49]. It
has been shown that this field-induced transition involves
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FIG. 1. (a) Experimental composition xgps plotted against the nominal composition of the crystal growths with an inset showing the crystal
structure (As at P site). (b) Room temperature powder x-ray diffraction data for pulverized EuCuAs;_,P, crystals with several Bragg peaks
indexed, dominant reflections for tin marked with an asterisk, and an inset showing how the 202 reflection shifts with composition (data
stacked vertically in order of main panel). Data are shifted vertically for clarity, and Rietveld refinement are the thin lines. (c) Results from
Rietveld refinements plotted versus experimental composition, with the lower panel containing one-half of the c¢/a ratio, which equals the ratio
of out-of-plane to in-plane Eu-Eu distances (shortest Eu-Eu distances are along [001]).

an evolution from the helical ground state to a conical spin
structure that promotes a large topological Hall effect [50].
However, this topological Hall effect is only accessible when
the magnetic field is applied within the basal plane, which can
be experimentally challenging for such hexagonal crystals that
tend to have a platelike morphology. The study reported here
was motivated by controlling the anisotropy in these materials
via isovalent As/P alloying.

In this work, single crystals in the solid solution series
EuCuAs;_,P, were investigated with an emphasis on under-
standing how the temperature- and field-dependent magnetic
transitions are impacted by composition (lattice volume).
Crystals grown out of a tin flux using a traditional slow-
cooling method were found to be inhomogeneous, with As/P
concentration varying both within and between crystals in a
given growth, particularly in As-rich samples. By contrast,
crystals grown in a tin flux using an isothermal approach
were found to be homogeneous with compositions that nicely
match those of the nominal growth compositions, and prop-
erty data are reported for those crystals. The crystallographic
parameters evolve smoothly with composition, as do the mag-
netic transition temperatures. However, for compositions near
EuCuAsg75Pp 25 there are multiple temperature-dependent
transitions that reveal competing ground states. In addition,
we briefly discuss neutron diffraction data for EuCuP that are
consistent with ferromagnetic order in the ground state; the
neutron diffraction experiment was motivated by a two-step
transition near the Curie temperature of EuCuP [52].

II. METHODS

Single crystals of EuCuAs;_,P, were grown using a Sn
flux. An isothermal growth was employed to produce homo-
geneous crystals with experimental compositions that closely
track the nominal compositions of the reactions. In the isother-
mal approach, the mixture of raw elements was first heated at
60° /h to 1000 °C and held for 12—16 h to allow for dissolution
and homogenization. At this point, instead of slowly cooling
for crystal growth, the ampoules were removed from the fur-

nace and cooled in air just until the visible red/orange glow
faded (approximately 2.5 minutes). The ampoules were then
immediately placed into a furnace that was already heated to
the growth temperature of 600 °C. Growth of the crystals then
occurred in an isothermal condition for at least 860 h, with
excess flux removed via centrifugation upon quenching from
the growth temperature.

For the growths, high-purity elements were contained in-
side Al,O3 crucibles of the Canfield type (Al,Os frit-disc
filters [53]) that were sealed inside fused silica tubing under
vacuum. Eu (rod) was procured from Ames laboratory and
used along with red phosphorous lumps, arsenic lumps, and
pieces cut from copper slugs. The reactions were loaded in an
inert atmosphere glovebox but the products were found to be
stable in air. Compositions with varying x were loaded in the
stoichiometry 7EuCuAs;_,P, : 93 Sn; roughly 4.6 g of Sn was
placed in a 2 cm? crucible.

X-ray diffraction data were collected using a PANalyt-
ical X’Pert Pro MPD with monochromatic Cu Ka; (A =
1.5406 10\) radiation; data for x = 0.24 were obtained without
a monochromator and the contribution of Ko, was stripped
using instrument software. Rietveld refinements were per-
formed using the program FullProf [54]. A Hitachi TM-3000
scanning electron microscope equipped with a Bruker Quan-
tax 70 EDS detector system was utilized to examine the
chemical composition of the crystals. The electron beam
probes roughly a cubic micron of sample but the EDS data
were averaged over tens of microns and the quantification
error is estimated to be 1-3 atomic percent. The reported x
values were obtained from the relative P/As concentrations;
experimental x values are utilized unless explicitly noted.
Magnetization data were collected using dc squid magne-
tometry with Quantum Design magnetometers (MPMS-XL
and MPMS3). The ac susceptibility data were collected in
an MPMS3 using an amplitude of 2 Oe with frequencies
ranging from 227.6 to 996.5 Hz; data for f =227.6Hz
are presented herein since a frequency dependence was not
observed. Specific heat capacity data were collected using
a Quantum Design Physical Property Measurement System
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employing both 2% and 30% temperature rises, the latter
of which were analyzed using Quantum Design’s dual slope
analysis routine to capture a high density of data points around
the magnetic transitions.

III. RESULTS AND DISCUSSION

A. Characterization of crystal chemistry

We first discuss the impact of the conditions utilized during
crystal growth of EuCuAs;_,P,. Our initial samples were
produced by cooling from 1000 °C to 750 °C at 1-2° /minute
(conditions like those utilized for x = 0, 1 parent compounds
we reported upon in Ref. [52]). This slow-cooling approach
produced crystals that initially appeared to be of reasonable
quality, with sizes similar to that of the x =0, 1 crystals.
Closer inspection revealed that different crystals within one
batch sometimes had different x values, behavior that seemed
more prominent for arsenic-rich samples. Further inspection
revealed that these growth conditions often produced crystals
possessing a concentration gradient. In particular, by compar-
ing EDS results of the as-grown surfaces with those obtained
after polishing into the crystal, the surfaces were found to
have a higher concentration of arsenic than the interior of
the crystals. In some cases, inhomogeneity was also ob-
served across the as-grown (or polished) surface. In addition,
individual crystals were ground and measured using powder
x-ray diffraction. A splitting and broadening of Bragg peaks
was observed in x-ray diffraction data collected on powder
obtained by pulverizing an individual crystal (approximately
a cubic mm in volume) produced via a slow-cooling approach
with a nominal composition of 3 EuCuAsg gPg» : 97 Sn. This
indicates significant chemical inhomogeneity driving a distri-
bution of lattice parameters. The degree of inhomogeneity is
likely dependent on the initial flux ratios.

Different ratios of flux to the product content, an indium
flux, and an In-Sn flux were explored in attempts to eliminate
the chemical inhomogeneity. These efforts focused on arsenic-
rich samples (roughly x = 0.2 to 0.3) due to the observation of
interesting magnetic properties near this composition. How-
ever, the homogeneity obtained by the different trials utilizing
a slow-cooling method was not sufficient to provide confi-
dence during an investigation of the magnetic properties. The
concentration gradients within a sample (exterior to interior)
indicate a temperature dependence of the relative amounts of
As/P in the solid/liquid phases. With five elements in the melt,
the roles of solubility are very difficult to gauge. If we just
consider the As-Sn and P-Sn binary systems, relatively similar
solubility into Sn is observed for the pnictide at the concentra-
tions/temperatures utilized in those growths. Interactions with
other species in the melt are likely important in determining
the relevant equilibrium constants.

After many slow-cooling growths were completed, it was
determined that varying the thermal conditions would provide
the best opportunity for obtaining macroscopically homoge-
neous crystals in a reliable manner. A vast array of conditions
exist. To minimize efforts, the isothermal approach was at-
tempted and suitable homogeneity was obtained using a low
growth temperature of 600 °C, though crystal masses are small
(maximum of 1-2 mg) even at the extended periods utilized.

TABLE I. Results from Rietveld refinement of x-ray diffraction
data collected on pulverized EuCuAs;_,P, crystals at ambient con-
dition and Curie-Weiss temperatures ®y, obtained from fitting data
in Fig. 2(a). The refinements are in space group 194 with atoms at
the special positions of Eu (0,0,0), Cu (5, 3, 3), As/P (3, %, 1); As/P
concentrations were fixed using the experimental xgps values. The
lattice parameters for x = 0, 1 are from Ref. [52].

XEDS a(A) c(A) V(A% Oy (K)
0 (EuCuAs)  4.2530(1) 8.2614(2)  129.411(4) 20.2(1)
0.16 4.2323(2) 8.2604(3) 128.140(9) 22.6(1)
0.24 4.2213(2) 8.2543(4) 127.384(10) 23.1(1)
0.30 4.2130(2) 8.2512(4) 126.831(13) 25.2(1)
0.41 4.1989(1)  8.2437(3)  125.870(8) 27.6(1)
0.51 4.1854(1) 8.2368(3) 124.956(6) 29.3(1)
0.75 4.1528(1) 8.2176(3) 122.731(6) 32.7(1)
1 (EuCuP) 4.1205(4)  8.1939(9)  120.484(17)  33.6(1)

These results suggest that larger crystals might be produced
via optimization of temperature/concentration conditions us-
ing a slow-cooling approach over a small temperature window
at relatively low temperatures (750—-600 °C). This would also
be an interesting system to explore an oscillatory growth, with
the temperature increasing/decreasing over tens or hundreds
of degrees following a quenching protocol similar to that
employed for the isothermal conditions reported here.

Diffraction data collected on pulverized crystals from
isothermal growths demonstrated macroscopically homoge-
neous products (no peak splitting), as shown in Fig. 1(b).
Consistent with this, EDS inspection did not reveal varying
concentrations in the crystals from a given isothermal growth.
In addition, the compositions obtained via EDS were very
similar to the nominal growth compositions, as illustrated in
Fig. 1(a). This suggests that the relative concentrations of
As and P are similar in the solid and liquid phases at the
growth temperature of 600 °C. The crystals obtained in this
way are much thinner than those obtained from the slow-
cooling approach, and have a cracked-looking surface, but
exploring the intrinsic magnetic trends is best done using these
homogeneous crystals, and small EuCuAs;_,P, crystals are
sufficient due to the large Eu moment.

X-ray diffraction data for select EuCuAs;_,P, samples
are shown in Fig. 1(b). These results were obtained after
grinding approximately 0.06 g of crystals, which contained
a significant portion (10-15 mass percent) of Sn. The main
phase is well fitted using a Rietveld refinement to the expected
hexagonal structure. The peak positions evolve smoothly, as
illustrated for the 202 Bragg reflection in the inset of Fig. 1(b).
This trend demonstrates the evolution of the lattice param-
eters with composition, which is summarized in Table 1. In
Fig. 1(c), the refined lattice volumes are plotted versus the ex-
perimental x values and a linear relation is observed (Vegard’s
law appears to hold).

The lower panel of Fig. 1(c) plots the quantity c/a/2,
which is equal to ratio of the Eu-Eu distance along c to that
perpendicular to ¢ (within the triangular array). This ratio is
less than unity for all compositions, which shows that the
Eu-Eu distance along the ¢ axis is the shortest Eu-Eu distance.
This ratio deviates from unity the most for EuCuAs and trends
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FIG. 2. (a) High-temperature magnetization data plotted as
inverse susceptibility H/M with solid lines computed from a Curie-
Weiss fit to x(T) = C/(T — ©y) that produced the Curie-Weiss
temperatures (®y ) in the inset; ®y values for EuCuP and EuCuAs
are also included.

toward unity upon increasing x. For comparison, in EuCuSb,
the ¢ axis is further expanded and the ratio is slightly less than
0.95 [55]. These materials thus have strong three-dimensional
character with the relative separation between triangular Eu
“planes” increasing upon increasing the mass of the pnictide.

B. Magnetic properties of EuCuAs;_, P, single crystals

We begin by providing a high-level summary of the mag-
netization (M) data. At high temperatures, the samples behave
as local moment paramagnets with dominant ferromagnetic
correlations, as seen in Fig. 2(a). The magnetic transition
temperatures are gradually enhanced as P is added to antifer-
romagnetic EuCuAs in the EuCuAs;_,P, crystals, as shown
in the magnetization data of Figs. 3(a) and 3(b) and via spe-
cific heat (Cp) data in Fig. 3(c). Compositions with x = 0.16
and 0.24 likely have easy-plane antiferromagnetic ground
states, similar to EuCuAs, while the phosphorous rich crystals
(x > 0.41) appear ferromagnetic like EuCuP. However, near
EuCuAsg75Pp25 (consider the x = 0.24 and 0.30 samples)
the crystals display more complex magnetic behavior with
multiple transitions as a function of temperature (Fig. 4),
suggesting a competition between ground states. This more
complex region is thus a clear feature of the phase diagram
shown in Fig. 5. The isothermal magnetization data shown
in Fig. 6 reveal a reduced magnetic anisotropy in the alloys,
with compositions close to the x = 0, 1 parent compounds
maintaining the parent’s type of magnetic anisotropy.

Figure 2 presents the inverse susceptibility (1/x = H/M)
versus temperature for powder EuCuAs;_,P, samples. In-
cluded in the plot of 1/x are lines from fitting x(7') to a
Curie-Weiss law in the range 100-360 K; fitting that allowed
a temperature-independent y( term was also inspected and
the results were qualitatively similar but the fit quality was
not notably different. These data were collected on pulverized
crystals and the diffraction data for these powders revealed
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FIG. 3. Anisotropic magnetization data near the magnetic transi-
tions of EuCuAs,_,P, crystals for (a) H L ¢ and (b) H || c. Note
that the data for EuCuP in panel (b) are scaled to fit on the same
y axis as the other compositions. (c) Specific heat capacity of select
compositions in the region near the magnetic transitions for H = 0.

significant amounts of Sn, an issue which is exacerbated by
the small crystal size and cracked surfaces. Such Sn con-
tamination causes the mols of the magnetic component to be
overestimated, and thus the magnetization (susceptibility) and
effective moments obtained from the fitting are lower than ex-
pected for divalent Eu and are not provided. The Curie-Weiss
temperatures, however, can be extracted with reasonable accu-
racy and they trend smoothly with x, as shown in the inset. The
results are also tabulated in Table I. The results for EuCuP and
EuCuAs were obtained using single crystals from Ref. [52];
the data were for H || ¢ and the data for EuCuAs were limited
to 300 K.

The fitted Curie-Weiss temperatures are all positive,
indicating dominant ferromagnetic correlations in the para-
magnetic state. This is a common feature for many related
materials containing triangular sublattices of Eu, including
isostructural EuCuSb, EuAuSb, and EuAgSb [33]. With the
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FIG. 4. Thermodynamic data for a crystal with x = 0.24. (a) In-phase ac susceptibility with the out-of-plane response on the right-side
axis and the in-plane susceptibility on the left-side axis. (b) Specific heat capacity data in zero field. (c) DC magnetization versus temperature
in different applied fields and (d) isothermal DC magnetization at select temperatures. The metamagnetic transition observed below 1 kOe for
H L cinpanel (d) evidences the easy-plane antiferromagnetic ground state for x = 0.2.

largest unit cell volume in this hexagonal family, EuCuBi is
the only EuCuPn to possess a negative Curie-Weiss temper-
ature [33,46]. In a simplistic view, the large ferromagnetic
interactions seem to promote ferromagnetic coupling within
the triangular array, and then the long-range magnetic order is
determined by how these "layers" are coupled along the ¢ axis,
the direction along which the Eu-Eu distance is shortest.
Magnetization data near the magnetic transitions are shown
in Figs. 3(a) and 3(b). A fairly smooth evolution of the tran-
sition temperatures and the qualitative shapes of the M(T')
curves is observed for these samples, especially for large x.
For instance, a cusp near T¢ is observed in EuCuP for H L c,
followed by a slight rise upon cooling. For H || ¢, the low-field
magnetic response is a sharp rise in the magnetization at T¢
with essentially a plateau at lower temperatures; note the data
for EuCuP in Fig. 3(b) are scaled. This behavior is retained
upon decreasing phosphorus content to EuCuAsg 25Py75 (x =
0.75), though the net magnetization for H || ¢ is greatly re-
duced in the EuCuAs;_,P, crystals. Low-field magnetization
that is qualitatively similar to that in EuCuP is also observed
for EuCuAs 59Py4; (x = 0.41), which is surprising given the
large arsenic concentration in this sample. However, the rise
in M upon cooling below the transition is substantial for x =
0.41 when H L c. Additionally, this low-field M/H is larger
than that in EuCuP, likely indicating reduced anisotropy.
Signatures of the competing antiferromagnetic order have
emerged by EuCuAsg70Pg 30 (x = 0.30). For instance, M(T)
decreases upon cooling below 8.6 K for H || ¢ in the x = 0.30
sample. This indicates some compensation of the moments,
perhaps with an easy-axis-like behavior, though signatures of
a metamagnetic transition for H || ¢ were not observed in these
samples. Similar behavior is observed in EuCuAsg76Po.24
(x =0.24) with a decreasing M(T) upon cooling below
10.6 K for both field orientations. As phosphorous content is
reduced further, to EuCuAsg g4Pg 16 (x = 0.16), a strong cusp

associated with antiferromagnetic order is observed when H
L c. This is qualitatively similar to the behavior observed in
EuCuAs. From these results, it appears that small additions
of P into EuCuAs, or As into EuCuP, result in somewhat
simple rescaling of the ordering temperatures and perhaps
the magnetic anisotropy. However, a clear competition of
different magnetic phases is observed for the intermediate
compositions of x = 0.24 and 0.30. As such, the behavior for
x = 0.24 is examined in greater detail below (see Fig. 4).
Specific heat measurements were performed on select com-
positions to complement the magnetization measurements and
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— 20+ N E
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FIG. 5. Transition temperatures of EuCuAs;_,P, crystals esti-
mated from magnetization data (H = 0.1kOe) and the specific heat
capacity (H = 0) plotted versus the experimental x values. The
shaded regions indicate the speculated nature of the magnetic ground
states (AFM, FM) based on magnetization measurements, while ad-
ditional samples and measurements are needed to better refine the
phases and boundaries in the unshaded central region.
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FIG. 6. Isothermal magnetization data at 7 = 2 K for EuCuAs,_,P, crystals. The metamagnetic transitions when H L ¢ for EuCuAs
(a) and EuCuAs g4Py 16 (b) demonstrate easy-plane, antiferromagnetic ground states. The anisotropy in the other alloy crystals is not directly
apparent and demagnetization effects are likely important. The open markers in (c) through (e) are shown after correcting for an estimate
of the demagnetization field as discussed in the text. The data reveal that x = 0.75 likely has easy-axis anisotropy and the remaining alloy
compositions have very little anisotropy. In (f), the easy-axis anisotropy of EuCuP is directly evident because a thick crystal was mechanically
shaped to eliminate the geometrical impact on the observed anisotropy [52].

the data are presented in Fig. 3(c). The characteristic tem-
peratures observed in Fig. 3(c) are plotted along with those
obtained from magnetization measurements to produce the
phase diagram shown in Fig. 5.

Ferromagnetic EuCuP has two features in the anomaly
near Tr = 31K, which were also observed in dilatometry
experiments and confirmed on multiple samples [52]. In Cp,
the higher temperature feature appears as a shoulder. For the
alloy sample with x = 0.75, the peak is sharper without a
clear shoulder, and as a result the jump in Cp at T¢ is slightly
larger (consider not the magnitude of Cp but the value relative
to the expected background). As the phosphorous content is
reduced, the specific heat anomaly broadens and the maxi-
mum is suppressed. This is the case for the x = 0.41 sample,
which has a peak shape like that of EuCuAs with perhaps a
greater broadening on the high-temperature side. Significant
broadening and suppression of the specific heat anomaly are
observed for x = 0.24 and x = 0.30; the datasets for these
samples also contain a small feature at lower temperature
that is sharper than the dominant anomaly observed at higher
temperatures. Given the relatively peculiar behavior observed
near x = (.25, we have provided a more detailed characteriza-
tion of the x = 0.24 sample in Fig. 4 and discuss those results
next.

A detailed characterization of the magnetic properties of
a crystal with composition EuCuAsg 76Po24 (x = 0.24) was
performed to assess the behavior in the arsenic-rich interme-
diate compositions. Figure 4 summarizes the properties for
this crystal; dc magnetization data of a second crystal from

this same growth batch were found to be in agreement. Two
transitions are observed in the ac susceptibility data shown
in Fig. 4(a) and in the specific heat capacity data that are
repeated from Fig. 3(c). Frequency dependence of the features
in x’ was not observed between 227 and 996 Hz for the ac
measurements, suggesting a spin-glass state is not the ground
state, though further measurements would be necessary to rule
out any dynamic component.

As shown in Figs. 4(a) and 4(c), the anomaly in the
susceptibility near 16 K is more prominent in the c-axis
magnetization data, while that near 10.6 K impacts the in-
plane susceptibility to a larger extent. The feature at higher
temperature is not particularly sharp in any of these measure-
ments. Based on the magnetization data, both anomalies are
suppressed by applied field, consistent with antiferromagnet
behavior. As shown in Fig. 4(d), a metamagnetic transition is
observed for H L catT = 1.9K butnot at T = 14K (below
the first anomaly). This may indicate a spin reorientation upon
cooling and further evidences a clear difference between the
ground state and the intermediate-temperature magnetic state.
The question then becomes, "what is the nature of the transi-
tion near 17 K?’. It is perhaps useful to consider related phases
that display frustrated magnetism. EuCuSb also possesses two
transitions as a function of temperature and the response in
the magnetization data bears similarity in that the features at
the critical temperatures are not sharp. Specific heat data were
not reported for EuCuSb and a direct comparison is difficult
to make. In EuCuSb, the transitions are from the paramagnetic
state to a collinear spin structure with a propagation vector of
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0, 0, %) and then at lower temperature, an incommensurate c-
axis helix competes with the collinear phase [51]. In addition,
the collinear structure is reported to have easy-axis anisotropy
while the helical structure has easy-plane anisotropy, and this
may be a key aspect of the phase competition. A competition
of the magnetic anisotropy is naturally present in these alloy
samples due to the different anisotropy of EuCuAs and Eu-
CuP. Given that an easy-plane c-axis helix is the ground state
in EuCuAs, a similar ground state for the arsenic-rich alloys
near x = 0.24 would not be surprising, but the nature of these
phases would need to be confirmed by neutron or resonant
x-ray diffraction measurements.

The ordering temperatures are plotted versus composition
in Fig. 5. The temperatures were selected from magnetization
data using the cusp in M(T') for H L ¢ observed in Fig. 3(a);
for x = 0.24 and 0.30, which possess two features as a func-
tion of temperature, magnetization data for both orientations
were inspected to best estimate the characteristic tempera-
tures. The maxima in the specific heat data were also utilized,
and for most compositions these temperatures coincide nicely.
However, this is not the case for the x = 0.24 sample where
the broad peak in the specific heat is centered at T’ greater than
the characteristic temperatures observed via magnetization. In
addition, a small difference in these two methods is obtained
for both parent compounds. Regardless of the quantitative
details, the qualitative behavior is clear: transition temper-
atures trend nicely with x for most of the alloy series, but
competing states exist near x = 0.25 that result in a more
complicated phase evolution. Further inspection of samples
in this compositional space may reveal interesting mag-
netic states paired with complex transport properties. Care
must be taken to ensure homogeneity when studying such
samples.

We now consider the magnetic anisotropy in these mate-
rials, meaning the preferred orientation of the moments in
the ground state H = 0 spin structure. This aspect is con-
sidered via the isothermal M(H) data presented in Fig. 6.
For these hexagonal systems, the simplest characterization is
whether the crystals have easy-axis (moments along [001]) or
easy-plane (moments perpendicular to [001]) anisotropy. For
antiferromagnets like EuCuAs, the easy-plane anisotropy can
be inferred from the existence of a metamagnetic transition
occurring for H L ¢, as observed in Fig. 6(a). Therefore,
the demagnetization effect does not need to be considered
when attempting to determine the magnetic anisotropy. In
such AFM cases, the anisotropy is also observed in the
temperature-dependent magnetization data. As seen in Fig. 3,
the magnetization decreases upon cooling below Ty when the
field is applied within the basal plane whereas it is relatively
independent of temperature when the field is applied along the
C axis.

In EuCuAs, the metamagnetic transition is between a
c-axis helix with in-plane moments for H = 0 and a field-
induced transverse conical spin structure that is noncoplanar
and noncollinear [50]. This conical structure is characterized
by an incommensurate (0,0,0.35) propagation vector, with the
moment orientation rotating between parallel and perpendicu-
lar to [001]. Even for simpler metamagnetic transitions, such
as a spin-flip (spin-flop) transition from a collinear magnetic
structure to a canted (or polarized) one, the presence of the

metamagnetic transition generally indicates the existence of a
preferred moment orientation.

When a metamagnetic transition is not observed, the
anisotropy can be more difficult to determine, such as for
ferromagnetic EuCuP. Indeed, even the type of magnetic order
can become difficult to infer since the magnetocrystalline
anisotropy and ordered moment possess different temperature
dependence [56], which can lead to a peak in the susceptibility
near a ferromagnetic transition (especially for the magneti-
cally hard orientation). One complication in determining the
anisotropy is the impact of demagnetization effects, which
can be very important in large moment systems like these
with S=7/2 moments. This is especially true for H || c in
platelike crystals, such as those produced by the isothermal
growth employed here. To keep the plots simple and to em-
phasize the qualitative behaviors that we are interested in,
we elected to only show the estimated impact of demagne-
tization fields for samples where the anisotropy is unclear
due to the absence of a metamagnetic transition combined
with measurements on thin plates obtained from isothermal
growths. For EuCuP, we previously reported data obtained
using a blocky, three-dimensional crystal where the geometric
demagnetization factor is similar for both orientations, and
thus the sample geometry does not impact the determination
of the easy-axis anisotropy when examining the isothermal
magnetization data in Fig. 6(f). Precise determination of the
demagnetization effect is challenging, especially for irregular
crystals, thus we took the approach of illustrating the poten-
tial impact by using a geometry factor of N = (0.75 and the
crystallographic densities from Rietveld refinements at the
experimental x values for the thin plate alloy crystals [57]. An
illustration of the impact sample geometry can have on such
large moment systems was provided for EuCuP in Ref. [52].

As shown in Fig. 6(b), the magnetic order and anisotropy
of EuCuAs appears to be maintained for small x as in
EuCuAsyg4Po 16 (x = 0.16). However, the critical field of
the metamagnetic transition is reduced for x = 0.16 com-
pared to EuCuAs, suggesting a reduction in the magnetic
anisotropy. The metamagnetic transition for x = 0.16 looks
sharper than in EuCuAs, though this may be the consequence
of a different field-induced state since saturation seems to be
rapidly approached for x = 0.16. As shown in Fig. 4, a meta-
magnetic transition was also observed for EuCuAsg76Po.24
(x=0.24) when H L ¢ at T = 19K, evidencing an easy-
plane anisotropy in the ground state up to at least x = 0.24
in this solid solution.

For phosphorous content starting near x = 0.30
(EuCuAsg70Po30), clear signatures of metamagnetic
transitions are not present at 2 K and the anisotropy appears
to be small and difficult to determine due to demagnetization
effects. A further increase in phosphorous content to x = 0.41
appears to produce a ferromagnetic or similar state with
only one dominant transition temperature. For x = 0.41
and 0.75, the magnetic anisotropy is small and difficult
to accurately determine due to demagnetization effects.
However, it seems plausible that EuCuAs;_,P, samples
near these phosphorous-rich compositions are easy-axis
ferromagnets. Small anisotropy is anticipated in these alloys,
in part because of the different anisotropy of the x =0, 1
parent compounds, and also because of the quenched orbital
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FIG. 7. Integrated intensity of the 010 Bragg reflection obtained

by neutron diffraction on a single crystalline sample of EuCuP re-

vealing an increasing magnetic scattering intensity on cooling below

Te =~ 31 K; all observed diffraction intensity was consistent with
ferromagnetic order.

moment (L = 0) for divalent Eu in the free ion setting. The
saturated moments are generally consistent with divalent Eu,
though in some cases an artificially low saturation moment
is obtained due to Sn contamination. Contamination by Sn
was verified to be the source for this error through a separate
etching test as well as by refinement of 1015 mass % of Sn in
the powder x-ray diffraction.

C. Neutron diffraction results on EuCuP

In this Section, we briefly report results from neutron sin-
gle crystal diffraction data for EuCuP. The purpose of the
measurement was to inspect for signatures of magnetic order
beyond ferromagnetism, as motivated in part by the two fea-
tures in the specific heat and dilatometry measurements near
the Curie temperature. No evidence for such magnetic order
was observed at T= 5 K, where a full data set were collected
and all the magnetic scattering was observed to be top of the
crystallographic (nuclear) Bragg peaks. This indicates that the
observed scattering is consistent with ferromagnetic order.

After collecting a full dataset at base temperature, the in-
tensity of the 010 reflection was measured as a function of
temperature. The integrated intensity is plotted versus tem-
perature in Fig. 7. The data are consistent with the bulk Curie
temperature near 31 K and a smooth evolution of the inten-
sity with temperature is observed within the error bars. With
the moments along [001], magnetic scattering intensity is
observed in Bragg reflections containing a component perpen-
dicular to [001], thus a strong magnetic intensity is observed
at the 010 reflection. The data did not provide any evidence
for a canting of the moment away from [001] at 7 = 5 K.

The neutron diffraction data for EuCuP were collected on
the TOPAZ single-crystal neutron time-of-flight Laue diffrac-
tometer [58] at the Spallation Neutron Source (SNS), Oak
Ridge National Laboratory. A cube-shaped crystal of Eu-
CuP measuring 1.0mm x 1.0mm x 1.1 mm was affixed to a
custom-built aluminum pin with SuperGlue and mounted on

the TOPAZ goniometer. A custom-built cryogen-free TOPAZ
Cryogoniometer with a Cryomech P415 pulse tube cryocooler
was used for precise sample placement and temperature con-
trol. The EuCuP crystal is highly absorbing, with absorption
coefficients p = 0.0342 4 7.544x mm~'. CrystalPlan [59]
was employed for peak placement on the detectors in reflec-
tion mode to minimize the effect from sample absorption in
the variable temperature study, which was conducted with
a heating rate of 0.5 K per minute from ~5K to 40 K.
Data reduction and normalization followed established pro-
cedures [60,61].

IV. SUMMARY

Materials with the hexagonal ZrBeSi structure type, and
related systems with slight distortions, display interesting
magnetic and electronic properties. This manuscript focused
on alloys between helimagnetic EuCuAs and ferromagnetic
EuCuP. A key feature in this alloy system is the changing
anisotropy, with easy-axis anisotropy in EuCuP and easy-
plane moments in EuCuAs. Both systems share positive
Curie-Weiss temperatures, as do the EuCuAs;_,P, samples
where the Curie-Weiss temperatures evolve rather smoothly
with composition (lattice volume). In the EuCuAs;_,P, sam-
ples with large phosphorous contents (x > 0.41), behavior
similar to the ferromagnetism in EuCuP is observed, albeit
with what appears to be a reduced anisotropy. For phospho-
rous content such as EuCuAsggsPg 16 (x = 0.16), behavior
qualitatively similar to that of EuCuAs is observed, indi-
cating easy-plane antiferromagnetic ground states. In these
alloy crystals, the anisotropy is reduced and this might have
consequences for the formation of the field-induced conical
spin structure observed in EuCuAs. More complex behavior
is observed in the samples with arsenic content near x = 0.25.
Specifically, for EuCuAsg76P24 and EuCuAsy70Pp 30 there
are two magnetic transitions as a function of temperature,
indicating a competition of the magnetic ground states. This
behavior may originate from a competition of the magnetic
anisotropy (a spin reorientation upon cooling), which appears
to be a component of the frustration that leads to two tran-
sitions in the isostructural material EuCuSb. An interesting
coupling of the magnetism and the transport properties is
expected in the region near x = 0.25, though great care must
be taken to obtain chemically homogeneous crystals if fur-
ther investigations are pursued. In this work, an isothermal
flux growth was utilized to avoid the inhomogeneity that was
found in crystals grown using a slow-cooling flux method.
Isothermal growths may prove useful for many alloy systems,
though the crystal size and morphology is likely to be nega-
tively impacted and optimization of an isothermal growth may
be more challenging.
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