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Coupling of magnetism, crystal lattice, and transport in EuCuP and EuCuAs
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EuCuP and EuCuAs are members of a family of materials with candidates for realizing magnetically tuned
electronic topology. In this work, the magnetic phase transitions and magnetoelastic coupling of EuCuP and
EuCuAs have been investigated. Around the Curie temperature, the thermal expansion coefficient and specific-
heat capacity of EuCuP are found to have two closely spaced features, at approximately 30 and 31.3 K,
which may indicate a cascading magnetic transition or perhaps an electronic transition closely coupled to the
magnetic ordering. The zero-field magnetoelastic coupling appears to be stronger in EuCuP than in EuCuAs,
and field-dependent measurements suggest this is due to the dominant ferromagnetic interaction in EuCuP as
opposed to antiferromagnetic order in EuCuAs below Ty = 13.5 K. Thermal expansion is anisotropic around
Ty in EuCuAs, with a maximum expansion along [001] occurring above Ty prior to a stiffening of this c-axis
component on cooling through 7y; the expansion of the basal plane has a lambda-like peak centered slightly
above Ty. Matching these behaviors, the ac susceptibility data for EuCuAs suggest the presence of strong
ferromagnetic correlations above 7y in the vicinity where the c-axis expansion peaks. Both compounds possess
similar electrical and thermoelectric transport behaviors, with short-range magnetic order likely playing an
important role above ¢ or Ty. Transport properties suggest these are predominantly hole doped due to intrinsic
defects, and narrow-gap semiconducting or semimetallic behavior may be achievable if the underlying defects

can be tuned.
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I. INTRODUCTION

Understanding the coupling of electronic topology and
magnetic ordering is a central theme of many current efforts in
materials physics. Naturally, the symmetry of the host lattice
also plays a vital role, and magnetism can impact the global
symmetry through magnetoelastic coupling and via long-
range magnetic order that may or may not break time-reversal
symmetry. In turn, the ability to change the magnetic order via
an applied magnetic field provides a route to tune electronic
topology, which is essential for both fundamental studies as
well as for understanding how future applications may ex-
ploit these electronic responses. A few material families have
emerged as prime candidates for fundamental studies and the
best ones generally contain intrinsic magnetism, such as in
MnBi,Tes [1-7], Co3Sn,S; [8-11], and pnictide-containing
Zintl materials such as Euln,As, [12—-17], EuCd,As, [18-21],
EuMnBi, [22-25], and EuSn,P, [26,27].

The EuMPn compounds with Pn = P, As, Sb, Bi and
M = Cu, Ag, Au have become of interest lately for their
potential to exhibit magnetic tuning of electronic topol-
ogy, which was motivated by the topological nonmagnetic
alkaline-earth-metal analogs [28-34]. This is not surprising,
as simple electron counting yields a charge balanced system
with Eu>*M'*Pn3~ and one can perhaps consider this as a
Zintl-like compound where a covalent (MPn)>~ network is
supported by charge donation from the layer of Eu®* [35].
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Small band gaps are common in these types of Zintl phases
and the potential for band inversion exists [31], such as found
in the trigonal CaAl,Si,-type Zintl materials like EuCd,As,.
Within EuM Prn materials, EuAgAs provides a nice example,
with calculations predicting Dirac points in the paramagnetic
phase that evolve based on the magnetic order to potentially
produce a variety of topologically nontrivial electronic states
[36]. This bears a resemblance to behavior of the Zintl phase
Euln, As;, an axion insulator for which the magnetic structure
impacts the electronic topology and surface states [13—17].
Here we focus on the understudied compounds EuCuP
and EuCuAs [37], which are members of a large family of
compounds forming in the BeZrSi structure type (space group
P63 /mmc No. 194). The hexagonal crystal structure contains
a triangular lattice of Eu*" (§ = %, L = 0) that is separated by
honeycomb CuP (CuAs) sheets as shown in Fig. 1. Similar Eu-
Eu distances are observed within and between the triangular
layers, with the shortest distance being between triangular lat-
tices and not within. The crystal structure is an ordered variant
of the NiyIn structure type, which has two Ni sublattices that
order chemically in the ternary compounds. The NiyIn struc-
ture is a derivative of the hexagonal NiAs structure type that is
formed by filling the empty trigonal prismatic site at (%, % %).
It is worth noting that the ternary structure is similar to that of
the skyrmion-hosting material Gd,PdSis [38—42], which has
the same fundamental structure but with Pd-Si ordering within
the honeycomb network that leads to structural complexities
[43]. Rare-earth materials like this (nominally spin-only mo-
ments, with or without geometric frustration) have become
platforms for understanding how competing interactions can
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FIG. 1. Crystal structure of EuCuP with triangular lattices of
divalent Eu atoms separated by honeycomb Cu-P networks; As
substitutes for P to form isostructural EuCuAs. In both materials,
the shortest Eu-Eu distance is between the triangular lattices (along
[001]) and equal to % of the c-axis lattice parameter; lattice parame-
ters obtained from x-ray diffraction data at ambient temperature for
EuCuP are a = 4.1205(4) A and ¢ = 8.1939(9) A, and for EuCuAs
the refined values are a = 4.2530(1) A and ¢ = 8.2614(2) A. The
Eu-Eu distances along [001] and [100] are close to equal in EuCuP
but are nearly 3% different in EuCuAs.

stabilize complex, perhaps topological, spin structures in sys-
tems that are globally centrosymmetric [44—47]. This provides
further motivation to understand the nature of the magnetism
and its connection to the crystal lattice in EuM Pn materials.

The magnetic moments in EuM Pn with M = Cu, Ag, Au
order in various configurations depending on the nature of
the pnictide [37,48]: the phosphides are ferromagnetic, the
antimonides are antiferromagetic, and the behavior of the
arsenides depends on the transition metal. For the Cu-based
compounds, EuCuP is a ferromagnet (T ~ 31 K) [49,50],
EuCuAs is an easy-plane antiferromagnet (7y ~ 14 K), and
EuCuSb possesses collinear antiferromagnetic (8.5 K) and
helic order (6 K) [51]. A more-detailed study of EuCuP is
warranted to determine if there is evidence of a more complex
magnetic ground state given the previous characterization as
an anomalous ferromagnet [49]; comparisons to EuCuAs are
drawn to facilitate this inspection and determine if this an-
tiferromagnetic phase appears more complex than previous
literature suggests [52].

In this work, we examine the coupling of the magnetism,
crystal lattice, and transport properties of EuCuP and EuCuAs
by characterizing flux-grown single crystals. We find that a
stronger magnetoelastic coupling exists in EuCuP as com-
pared to EuCuAs, as exemplified by both dilatometry and
thermal conductivity measurements. All of the crystals are
found to be p-type conductors, with thermoelectric transport
properties similar to those of heavily doped semiconductors
(Hall carrier densities on the order of 10°°-10?! cm™3). In
EuCuP, two features are observed in the thermal expansion
and specific heat across Tc, though Mossbauer spectroscopy

does not resolve large changes in the europium hyperfine
parameters. Many of the observed properties in EuCuP bear a
striking similarity to those in the Weyl semimetal EuB¢ where
short-range order above 7¢ has been linked to electronic phase
separation that strongly impacts the transport properties and
lattice response [53-55]. Future studies to understand the
electronic topology of this family will benefit from an effort
to control the intrinsic defect concentrations since p-type con-
duction is consistently observed and samples of EuCuP from a
single-crystal growth had significant variations in Hall density
and resistivity.

II. METHODS

Crystals of EuCuP, EuCuAs, CaCuP, and CaCuAs were
grown from a Sn flux. The growths were performed in Al,O3
crucibles of the Canfield type (Al,O3 frit-disc filters [56])
that were sealed under vacuum inside fused silica tubing.
High-purity elements were utilized in shot (Cu) or pieces
(P,As) with the Eu being sourced from Ames Laboratory
and Ca obtained in dendritic form from Alfa Aesar. Reac-
tions, at compositions such as 7EuCuP:93Sn, were loaded in
a glovebox and transferred to the vacuum line under inert
gas as described in Ref. [57]. Heating rates were limited to
100 °C/h at most, and the initial growths utilized a first dwell
at 600 °C until the reactions with arsenic and these elements
were tested to minimize safety concerns. Following homoge-
nization at 1000 °C for at least 12 h, the furnaces were cooled
to a minimum of 500 °C and the excess flux was separated
from the crystals using a centrifuge. Crystals of EuCuP were
obtained from growths terminated up to 800 °C and no sig-
nificant difference in the magnetic behaviors was observed.
We generally obtained larger crystals for EuCuAs compared
to EuCuP, though attempts were not made to optimize the
growths for crystal size since the 1-5 mm crystals are large
enough for all desired measurements.

X-ray diffraction was performed using a PANalytical
X’Pert Pro MPD with a CuKa; (A = 1.5406 A) incident
beam monochromator. An Oxford PheniX closed-cycle he-
lium cryostat was utilized to obtain diffraction data on EuCuP
down to T = 15 K. Rietveld refinements were performed
using the program FULLPROF [58]. These phases were not
observed to be air sensitive, even when ground to powder.
Crystals were examined in a Hitachi TM-3000 scanning elec-
tron microscope equipped with a Bruker Quantax 70 EDS
detector system. These measurements, as well as the magneti-
zation and initial transport measurements, clearly revealed the
existence of flux (Sn) inclusions within the crystals. Crystals
were thinned by grinding on silicon carbide paper in an effort
to avoid the presence of Sn inclusions during final transport
measurements. Aside from the Sn flux, no additional impurity
phases were detected by x-ray diffraction.

Physical property measurements were performed in Quan-
tum Design cryostat systems using standard practices and
measurement options, including large-pulse specific-heat
measurements to obtain dense data spacing across the phase
transitions. Dilatometry experiments were performed using
Quantum Design’s fused silica capacitive cell [59]; low-
T data were collected using a rate of 0.2 K per minute,
which was deemed reasonable based on the lack of thermal
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hysteresis observed on warming or cooling as well as
the agreement of characteristic temperatures for EuCuP as
compared to specific-heat measurements where the sample
temperature is perhaps better defined. Isothermal dilation as
a function of field was measured using 10 Oe/s ramp rates.
Dilation was measured on crystals that were mechanically
shaped to the correct size, using a fused silica shim for [001]
expansion. Hall effect measurements were also performed on
thinned samples. The magnetic behaviors of crystals that were
ground on polishing papers were the same as those obtained
on as-grown crystals, with the exception being the impact of
demagnetizing effects that are dependent on the sample geom-
etry and can be large in these materials with large magnetic
moments.

The thermal transport option (TTO) was utilized to mea-
sure the thermoelectric transport properties of EuCuP and
EuCuAs. Crystals of similar sizes were utilized to minimize
the impacts of systematic errors on the comparisons made;
for EuCuP the separation between leads was 3.61 mm with
a cross-sectional area of 1.02 mm?, while for EuCuAs the
lead separation was 3.15 mm with a cross-sectional area of
1.21 mm?. For EuCuAs, the minimum period was changed to
100 s to avoid an artifact in the region of the maximum «,
whereas for EuCuP the minimum period was left at 30 s in the
Quantum Design MULTIVIEW software. A home-built system
[60] was used to obtain the thermal conductivity and Seebeck
coefficient of CaCuAs due to the small size of those crystals.
The home-built system utilizes small cernox thermometers
that are affixed to the sample using gold wires via silver paint
(Dupont 4929N). Heat is supplied at one end of the sample
and the other end is attached to a copper heat sink by Ag paint.
The Seebeck coefficient is measured by obtaining the voltage
(via Manganin wires) in the direction of the temperature gra-
dient. A steady state condition is acquired and the Seebeck
coefficient is obtained from the voltage differences recorded
under a temperature gradient, with any voltage occurring dur-
ing an isothermal state being removed so that only the portion
proportional to the temperature difference contributes. Mea-
surements are performed using Keithley instruments (K2182
Nanovolt meter) via a MATLAB script.

Transmission europium-151 Mdssbauer spectra were
recorded on 68 mg/cm? powder of EuCuP placed in a Ja-
nis SHI-850 closed cycle cryostat; the powder was obtained
by grinding crystals. A 40-mCi room-temperature ! SmF3
source was used on a Wissel GmbH drive operating in the
450 mm/s velocity range, calibrated with «-iron foil. The
isomer shift is relative to the SmF5 source.

III. RESULTS AND DISCUSSION
A. Structural characterization

X-ray diffraction and scanning electron microscopy with
energy dispersive spectroscopy were used to assess the phase
purity and crystal structure of the EuCuP and EuCuAs crys-
tals. X-ray diffraction data are consistent with the expected
BeZrSi structure type for all compounds studied here, as
illustrated by the Rietveld refinement shown in Fig. 2 for Eu-
CuP. We examined the temperature dependence of the lattice
for EuCuP below Tt down to 7 = 15 K using a laboratory
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FIG. 2. Powder x-ray diffraction data for pulverized EuCuP at
T =15 and 300 K. Rietveld refinements in the hexagonal space
group No. 194 (black lines) demonstrate that the lattice symmetry
does not change upon the magnetic ordering transition at ~31 K.
The inset is a picture of EuCuP crystals; these crystals were grown
in an alumina crucible (5 mL) while cooling at 1 K/hr to an ultimate
temperature of 700 °C.

cryostat. These measurements demonstrated that the crystal
symmetry of EuCuP does not change in response to the
magnetic transition, and thus the triangular lattice of Eu mo-
ments is preserved. This is perhaps not surprising since the
spins are believed to orient along the ¢ axis in the ferromag-
netic (or nearly ferromagnetic) spin configuration. There is a
large contraction upon cooling below 7¢ and this strong mag-
netoelastic coupling in EuCuP was previously studied with
dilatometry measurements [49]; we have further explored this
effect with dilatometry and thermal transport as discussed
below. Consistent with the dilatometry data, x-ray diffraction
reveals that the contraction upon cooling through 7¢ is great-
est along the ¢ axis in EuCuP. At 15 K, the refined lattice
parameters are a = 4.1097(3) A and ¢ = 8.1598(9) A, while
at 300 K a = 4.1205(4) A and ¢ = 8.1939(9) A for EuCuP;
the powder for x-ray diffraction was obtained by grinding
crystals.

Material properties are expected to be three dimensional
because the shortest Eu-Eu distance is along the ¢ axis and not
within the triangular lattice (distance ratio = 0.994 in EuCuP
and 0.972 in EuCuAs). The three-dimensional nature of the
material is also observed in the crystals themselves, which are
blocky plates that do not cleave well (see inset of Fig. 2).

When considering the structure of these materials, it is
worth highlighting that the transition metal electron count
appears to dictate the structure of these and related com-
positions. For instance, EuMPn compounds with M = Ni,
Pt, Pd exist with minor structural differences being atomic
shifts in the (MPn) layers that lead to reduced symmetry
and/or puckering of the honeycomb networks. Importantly,
these structural changes are also coupled to changes in
the Eu valence, with compounds such as EuPtP displaying
temperature-dependent mixed valency (Eu>* /Eu**) [61-63].
However, Mossbauer studies have revealed homogeneous
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FIG. 3. The dc magnetization data for EuCuP (upper row) and EuCuAs (lower row). (a), (d) Temperature-dependent magnetization
obtained upon cooling in an applied field and (b), (e) the corresponding dM/dT data. (c), (f) Isothermal magnetization data revealing the
easy-axis [001] anisotropy of EuCuP and the easy-plane antiferromagnetic configuration of EuCuAs is observed by the metamagnetic transition

when the field is applied perpendicular to the ¢ axis.

divalent Eu in the M = Cu, Ag, Au compounds [62]. We have
also performed Mossbauer spectroscopy on pulverized EuCuP
crystals and the spectra are indeed consistent with divalent
Eu with a very minor Eu** believed to be caused by surface
oxidation. In addition, the low-T spectra of EuCuP are con-
sistent with a single Eu site as expected from the diffraction
data collected at 15 K.

B. Magnetic properties

Magnetic properties of EuCuP and EuCuAs have been
reported based on anisotropic magnetization measurements
of single crystals, and more limited magnetization data were
reported for polycrystalline samples [37,49,50,52]. In this
work, the magnetic properties are explored in further de-
tail through ac susceptibility, specific-heat, and dilatometry
measurements. To introduce the general behavior, Fig. 3 sum-
marizes the dc magnetization data for our crystals and these
results are consistent with the existing literature. The observed
ordering temperatures are 7c ~ 31 K in EuCuP and Ty ~
14 K for EuCuAs. More quantitatively, for 100 Oe applied
along [001], dM/dT has a large negative peak centered at
31.7 K for EuCuP, while in EuCuAs there is a positive peak
at 13.2 K (decrease in M on cooling due to magnetic order);
in the correlated paramagnetic phase, dM/dT has a broad
negative peak centered near 15.5 K for EuCuAs. At high
temperatures, Curie-Weiss behavior is observed fitting to a
Curie-Weiss model reveals a positive Weiss temperature in
both materials, corresponding to dominant ferromagetic inter-
actions [48].

EuCuP has predominant easy-axis [001] magnetic
anisotropy as illustrated in Fig. 3(c). This anisotropy
begins to develop above 7 as the correlations increase
and short-range order may develop. The nonlinearity of
M(H) at T=2K for H L c¢ [Fig. 3(c)] is not easily
understood in a simple ferromagnetic model and does not
appear to be an artifact of sample misalignment based on
comparisons of multiple measurements. The data in Fig. 3(c)
were obtained on a crystal of EuCuP that was polished so
that geometry-determined demagnetization factors would be
approximately equal for both orientations and the intrinsic
anisotropy is thus qualitatively reflected in the results.
In-plane anisotropy was not observed between the H || [100]
and [110] directions, which is slightly different than the data
in Ref. [49]; demagnetization effects may be the source for
this discrepancy. The demagnetization effects have not been
corrected for in Fig. 3(c), which would cause the M (H ) curves
to shift to lower fields if the applied field was converted into
an internal field.

In antiferromagnetic EuCuAs, the preferred moment ori-
entation is inverted relative to EuCuP, with the moments
confined to the basal plane at zero field. This easy-plane be-
havior is evidenced by the metamagnetic transition for H L ¢
observed near H = 4 kOe at T = 2 K as shown in Fig. 3(f).
The anisotropy is also consistent with the temperature-
dependent magnetization data. As seen in Fig. 3(d), the
magnetization below Ty decreases upon cooling when the
field is applied within the basal plane whereas it is relatively
independent of temperature when the field is applied along the
¢ axis.
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FIG. 4. The ac magnetic susceptibility data for (a), (b) EuCuP
and (c), (d) EuCuAs with zero applied dc magnetic field. (a),
(c) Present the anisotropic in-phase contribution x’ and (b), (d) dis-
play the the out-of-phase x” for the easy-moment orientations as
labeled. The ac driving amplitude was 2 Oe and data in (a) and (c) are
for f =227 Hz.

Ac magnetic susceptibility measurements provide a dif-
ferent perspective than dc measurements. Data for EuCuP
and EuCuAs are shown in Fig. 4. The ac susceptibility
is presented utilizing the in-phase (x’) and out-of-phase
(x”) contributions. While the in-phase component at low
frequencies f is closely related to the dc susceptibil-
ity, the out-of-phase component originates in losses from
spin dynamics such as domain movements and electronic
effects in high-conductivity metals [64]. The ac suscep-
tibility of antiferromagnetic materials is thus dominated
by x’ with x” typically zero (or nearly so). By con-
trast, ferromagnetic materials can have a large x” below
the Curie temperature as domains form and are mobile.
In this sense, the ac susceptibility provides a tool that
is complementary to dc measurements, which are domi-
nated by the largest induced magnetization. In addition,
ac measurements can be performed with zero dc magnetic
field and small oscillating fields, making them useful when
data are being compared to other zero-field probes such as

specific-heat capacity, Mossbauer spectroscopy, or neutron
diffraction.

Ac magnetic susceptibility data in Fig. 4 were collected
in the absence of a dc magnetic field using the same crys-
tals as for the dc data shown in Fig. 3. x’ for in-plane and
out-of-plane orientations of EuCuP are shown in Fig. 4(a).
The dominant feature is a peak in x’ near T¢, which is ex-
pected for a ferromagnet, and the peak is most significant
for the [001] easy axis. We use this maximum to define
Tc = 31.25 K. As expected, there is a corresponding peak just
below T¢ in the out-of-phase component x” [Fig. 4(b)]. In
addition, there is a second peak in both x” and x” near 26 K
with the exact temperature depending on orientation. This
behavior is likely related to an evolution of the domains and
perhaps hints at a subtle evolution of the magnetic anisotropy.
As discussed below, there are no anomalies observed in the
specific-heat capacity or thermal expansion near 26 K in Eu-
CuP, which suggests that this feature is not related to a phase
transition since dilatometry is very sensitive to magnetization
changes in this system. There is potentially a very minor
frequency dependence for the peak near T¢ in EuCuP. Both
x' and x” are peaked at slightly higher 7 for the highest
frequency compared to the lowest frequency (behavior not
shown for x’); the difference is subtle because the peak is
rather broad and the maximum values differ by 0.25 K which
was the step size of this measurement. The in-phase contribu-
tion peaks at 31.25 K for f = 757 Hz, which is 1.25 K above
the peak in the out-of-phase contribution. The characteristic
temperature of the anomaly near 26 K does not have a clear
frequency dependence. The small frequency dependence of
the peak at T does not appear to be an artifact since a
similar frequency dependence was not observed for EuCuAs.
While the out-of-phase contribution is large, the frequency
dependence is extremely weak and the results (ac and dc) are
generally not consistent with a spin (or cluster) glass.

The ac susceptibility data for EuCuAs are shown in
Figs. 4(c) and 4(d). Upon close inspection, it is seen that
the magnetic susceptibility of EuCuAs (ac and low-field dc)
reaches a maximum at slightly lower temperatures when the
susceptibility is measured along the ¢ axis (a difference of
about 0.25 K). For both orientations, the temperature deriva-
tive of the in-phase contribution (dx’/dT) peaks at 13.3 K
(same T for peak of dx'T /dT). This peak in the derivative
affords a definition of 7y = 13.3 K, which is in reason-
able agreement with the specific-heat data. Within resolution
caused by data-point spacing, a similar anisotropy in the
maximum susceptibility was not observed in EuCuP. The sus-
ceptibility becomes anisotropic above T¢ in EuCuP, a behavior
not observed in EuCuAs except right at the position of the
maximum susceptibility values.

Interestingly, the out-of-phase contribution peaks above
the ordering transition in EuCuAs. This is most dramatic for
the lowest frequencies, where a shoulder can be seen around
18 K. This is rather unusual, and may point to short-range
precursors existing above Ty, and the link to an out-of-phase
ac contribution would perhaps suggest these are ferromagnetic
in nature. The value of the in-phase contribution is similar to
the dc M/H data in Fig. 3(d) due to the antiferromagnetic
nature of EuCuAs, with the out-of-phase contribution being
much smaller (less than 1%).
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FIG. 5. (a) Specific-heat capacity of EuCuP, EuCuAs, and nonmagnetic counterparts CaCuP and CaCuAs. (b), (c) Close inspection of the
data for EuCuP around its Curie temperature, similar to those in (d) and (e) for EuCuAs around its Néel temperature. (f) Magnetic entropy
esitmate from integration of data in (c) and (e) plotted versus normalized temperature where Toqer iS Tc for EuCuP and 7y for EuCuAs. The
minor quantitative difference in how the integrated entropy approaches that expected for the S = % ion could be linked to the quality of the

nonideal phonon backgrounds utilized.

C. Specific heat

Specific-heat capacity (Cp) measurements were used to
examine the magnetic phase transitions, for instance, to search
for evidence of multiple transitions or discontinuities. Anoma-
lies are observed near the magnetic transitions, as illustrated
in Fig. 5(a), consistent with the expectations of long-range
magnetic order. An anomaly is not observed in EuCuP near
25 K, the temperature where additional peaks were observed
in the ac susceptibility data. In both EuCuP and EuCuAs,
there is a prominent low-7" shoulder far below the magnetic
transition when the data are viewed as C/T. This feature is
expected from mean field theory, as discussed in Ref. [65],
and thus not believed to be an indication of an additional
phase transition or some complex evolution of the lattice and
magnetic structure.

To obtain an estimate of the magnetic entropy by inte-
grating Cp/T, crystals of nonmagnetic CaCuP and CaCuAs
were grown and specific heat capacity data on these sam-
ples were collected for use as phononic backgrounds. Due
to the large differences in atomic masses of Ca and Eu, the
elastic properties are expected to vary substantially and thus
these are not ideal phonon backgrounds. These trends are
observed as a shift of the Cp(T") curves such that a higher
specific heat is reached at a given intermediate temperature
(say 100 K) for the materials containing heavier elements
[see Fig. 5(a)], which is typically driven by the lower Debye

temperature in lattices with higher molecular weights. For
instance, well above the magnetic transitions, the specific heat
of EuCuAs is larger than that of EuCuP and these Cp values
are still rising towards the Dulong-Petite value of 3R/atom
(74.8 T mol~' K~1). To utilize the Cp/T data of CaCuP and
CaCuAs as nonmagnetic baselines, a temperature-mass scal-
ing was performed to compute a new effective temperature
T* using, for example, in the case of CaCuP-EuCuP analysis,
T* = T (Mcacup /MEuCup)% where M is the molecular weight
[65]. The scaled data are shown in Figs. 5(c) and 5(e). This
approach provides a semiquantitative estimate of the magnetic
entropy for EuCuP and EuCuAs, the result of which is shown
in Fig. 5(f) where the evolution versus relative temperature
is similar for these two materials. The integrated entropy is
plotted as a fraction of the value expected for the S = %
moment in the paramagnetic phase.

Near the Curie temperature, the specific heat of EuCuP has
a broadened anomaly that rises to a peak near 31 K. Closer
inspection reveals a slight shoulder near 31.5 followed by the
peak and downturn below 30 K. This behavior was confirmed
through measurements on several crystals, and while present
in all crystals the fine detail of the features varied between dif-
ferent crystals (see Fig. 14 in the Appendix); the crystal used
for the data in Fig. 5 was also used during dilatometry mea-
surements for consistency. Measurements were performed in
applied fields (H || ¢) to observe how these features evolved
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and this proved useful in isolating these anomalies as distinct
features. As observed in Fig. 5(b), it becomes easy to observe
deviations from a simple lambda anomaly with increasing
field, and the high-T shoulder becomes more prominent at 1
kOe and by 2 kOe the peak is generally truncated but with tex-
ture that remains. Interestingly, both characteristic features are
suppressed slightly by the applied fields, though some entropy
is drawn to higher temperatures as well; at higher fields, the
feature generally broadens with increasing entropy pulled to
higher temperatures. These features suggest something more
complicated than a singular ordering event at 7¢, and perhaps
there are two magnetic transitions near 7¢ in zero field. By
contrast, the behavior of Cp in EuCuAs is rather simple with
a singular anomaly centered near 13.5 K; there is a lack of
field dependence at modest fields for H || ¢ as expected from
the magnetization data and specific-heat data for H L ¢ were
not collected.

D. Lattice expansion

Dilatometry is extremely sensitive to small lattice changes
and can detect phase transitions or other anomalies that
are difficult to probe with other laboratory characterization
techniques [66]. Dilation data (AL/Ly in parts per million,
ppm) were collected in various configurations to probe the
anisotropic lattice expansion. The temperature derivative of
the dilation is the thermal expansion coefficient « presented in
ppm/K. A peak in the thermal expansion coefficient generally
indicates a continuous phase transition. The field derivative of
dilation during isothermal measurements is the magnetostric-
tion coefficient A reported in ppm/Oe, and corresponding
dilation plots establish L as the value at zero field.

Thermal expansion data for EuCuP have been reported in
Ref. [49], and the qualitative trends near 7c are consistent
with those reported here. However, by examining the behavior
around T more closely, the current results reveal a more
complex scenario than previously reported. In addition, data
for EuCuAs and CaCuAs have been included.

The temperature-dependent dilation data for EuCuP, Eu-
CuAs and CaCuAs are shown in Fig. 6(a). The relative length
change is similar for all compounds, with a small anisotropy
and the ¢ axis contracting fastest on cooling. The expansion
is most anisotropic in EuCuP and the change upon cooling
through the magnetic transition is also most significant in
EuCuP. The a-axis expansions of EuCuAs and CaCuAs are
very similar at temperatures well above Ty, while the c-axis
expansion of all compounds is quite similar above ~100 K
(subtle differences exist).

Interesting behavior is observed near the ordering transi-
tions in both EuCuP and EuCuAs, which is best observed via
the thermal expansion coefficient. As shown in Fig. 6(b), o of
EuCuP has a very dramatic peak for c-axis expansion, but the
anomaly contains two characteristic temperatures (a shoulder
at Tc = 31.25 K and a peak at 30 K for H = 0). Expansion in
the basal plane is much less significant, and a truncated peak
in « is bracketed by these two characteristic temperatures.
This two-feature behavior was not reported in Ref. [49] where
only the dilation data were presented. The behavior of a1
is similar to that of ferromagnetic semimetal EuB¢ near its
Curie temperature, where the higher-temperature feature has
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FIG. 6. Dilation data for EuCuP, EuCuAs, and nonmagnetic
CaCuAs. (a) Dilation data showing the relative contraction upon
cooling, with L, values obtained at 380 K. (b), (c) Thermal expansion
coefficients around the magnetic transitions in EuCuP and EuCuAs
with orientations listed. Vertical lines in (b) and (c) represent the
magnetic ordering temperatures based on specific heat data.

been associated with the formation of short-range magnetic
clusters and the sharp peaks in o and Cp were associated with
formation of long-range order [54].

The lattice expansion of EuCuAs is also anisotropic near
its magnetic ordering transition, but in a very different manner
than in EuCuP. In EuCuAs, a maximum « occurs at 14 K for
in-plane expansion, while along the ¢ axis there is a maximum
further above Ty at 15.7 K and a sharp minimum at 13.1 K.
The broad maximum at &11 K is likely the result of « —
0as T — 0, forcing a maximum to occur after the lattice
behavior normalizes following the sharp minimum below Ty
for L || [001]. These results reveal a strong impact of the mag-
netization on the lattice starting from well above the ordering
temperatures in both EuCuP and EuCuAs, consistent with the
observation of magnetic correlations in the specific-heat data
well above the ordering temperatures.

The magnetoelastic coupling in EuCuP and EuCuAs was
further analyzed via field-dependent dilation measurements.
We first consider the impact of an applied field on the ther-
mal expansion coefficient of EuCuP in Fig. 7(a). An applied
field along the easy axis of EuCuP is found to suppress both
the high-T shoulder and the prominent peak in the thermal
expansion coefficient near the Curie temperature. It is worth
emphasizing that the qualitative evolution of the thermal ex-
pansion coefficient with applied field is similar to that of
the specific-heat capacity. This suppression of features by an
applied field appears more reminiscent of an antiferromagnet
than of a ferromagnet.
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FIG. 7. Dilatometry data for EuCuP [upper panels, (a)—(c)] and EuCuAs [lower panels, (d)—(f)] in various applied fields. (a), (d) Thermal
expansion coefficients near the magnetic transitions under different applied fields with orientations provided. (b), (e) Field dependence of the
dilation at 7 = 2 K with different orientations of applied field and dilation. (c), (f) Magnetostriction coefficients at select temperatures with

fields applied along the easy axis of EuCuP and easy plane of EuCuAs.

The field-dependent dilation and isothermal magnetostric-
tion (field derivative of the dilation) of EuCuP are shown
in Figs. 7(b) and 7(c). These data reveal a complex evo-
lution of the lattice with applied field. The field-dependent
dilation is expected to be related to the size of the induced
moment (or the susceptibility), and thus the dilatometry data
suggest a complex evolution of the magnetization as the mo-
ment approaches saturation for fields applied along the [001]
easy axis. Specifically, multiple features can be observed in
Fig. 7(c) near the saturation field at 7 = 2 K, and small kinks
in the data are observed at higher temperatures. These data
therefore complement thermal expansion data at low fields,
which suggest multiple magnetic phases may be present in
EuCuP, though the potential role of domains is unclear. In
total, these results suggest that there are two phase transitions
near Tc in EuCuP and that the system may host a noncollinear
magnetic structure such as a helix. Detailed neutron diffrac-
tion studies should be performed to investigate this behavior,
although care must be taken due to absorption caused by
Eu. Resonant x-ray scattering also offers a viable means to
track this behavior, as demonstrated by investigations of the
incommensurate magnetism in isostructural EuZnGe [67].

The thermal expansion behavior of EuCuAs around Ty
was shown in Fig. 6(c) and the impact of applied fields is
examined in Fig. 7(d). The data presented focus on dilation
with H L c because this is the orientation where the metam-
agnetic transition occurs and is thus the crystallographic plane
where the moments are primarily oriented in zero field. Con-
sistent with antiferromagnetic character, the application of a
magnetic field suppresses the peak in the thermal expansion
coefficient that occurs near Ty. As the applied field increases,
though, it is interesting to see a well-defined but broad bump
in o above Ty, which eventually dominates at the highest
fields where the moments are polarized at low 7 (and a small

region of negative thermal expansion is observed). Isothermal
measurements as a function of field are shown for EuCuAs
in Figs. 7(d) and 7(f) and the magnetostriction coefficient
data emphasize expansion along [001], which is the direc-
tion where the largest response to the magnetic ordering was
observed. The magnetostriction increases continually upon
cooling as seen in Fig. 7(f). In this orientation, the thermal
expansion coefficient at H = 0 peaks above Ty near 15 K [see
Fig. 6(c)]. In terms of the magnetostriction, the behavior at
15 K has similar field dependence to the data at 13 K but the
higher temperature data lack the sharp features seen below Ty.
Upon cooling further, these features evolve into a sharp and
distinct minimum at the metamagnetic transition (near 4 kOe
at 5 K) and there is a broader feature at slightly higher fields
that occurs on the way to saturation as the magnetostriction
coefficient goes toward zero. As some lattice responses to the
metamagnetic transition are expected and observed, the data
help validate the use of similar results for EuCuP being taken
as evidence of possible field-induced transitions, which in turn
imply that the zero-field state is not simply ferromagnetic,
though domain effects may play a complicating role.

The field-dependent dilation data presented in Figs. 7(b)
and 7(e) reveal interesting similarities between EuCuP and
antiferromagnetic EuCuAs. The lattices expand within the
basal plane and contract along the [001] orientation when
the moments are polarized, regardless of the orientation of
the applied field. Quantitatively, however, a much larger
field-induced change in the lattice occurs for EuCuAs than
in EuCuP, especially for dilation along [001]. However, in
zero field, the relative change in dilation is larger for EuCuP
than for EuCuAs (a larger initial H = 0 contraction of the
lattice).

These results suggest that the dominant characteristic
determining the size of magnetoelastic coupling in these
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FIG. 8. Relative dilation along [001] in zero field and H =
20 kOe applied both parallel and perpendicular to [001] for (a) Eu-
CuP and (b) EuCuAs. Data were collected upon cooling and made
relative the sample length at 40 K. Lattice changes are found to
be relatively independent of the direction of the field (moments),
indicating that it is the spin coupling and not the magnetic anisotropy
that dominates the magnetoelastic effects in this family. A small
region of negative thermal expansion is observed for EuCuAs when
the field is parallel to the dilation along [001].

materials is the sign of the largest magnetic exchange inter-
action and not the anisotropy or orientation of the moments.
This hypothesis is further supported by considering the
temperature-dependent dilation with an applied field of 20
kOe, which is above the saturation field for both EuCuP and
EuCuAs regardless of orientation. These data are shown in
Fig. 8 for dilation along [001] and the field is applied along
[001] or [100]. In EuCuP, the applied field does not have a sig-
nificant impact on the net dilation observed, while in EuCuAs
there is indeed a large lattice response to the applied field.
Furthermore, the orientation of the applied field does not have
a significant impact. Therefore, the orientation of the moments
(magnetic anisotropy) does not have a large impact on the net
dilation, but the coupling of the moments does. Specifically,
the dominant antiferromagnetic coupling in EuCuAs appears
to suppress the net dilation, implying that the ferromagnetic
coupling of spins leads to stronger magnetoelastic coupling in
these materials regardless of orientation of the spins. This is
also supported by the observation that the dilation of EuCuAs
approaches that of EuCuP when a large field is applied. These
results also reveal that the applied field impacts the expansion
behavior well above the ordering transition in both systems,
as may be expected for the large moment systems where the
energy of the applied field is amplified or perhaps is evi-
dence of strong correlations in the paramagnetic state. These
results have implications for spin-polarized first-principles
calculations that attempt to understand electronic topology;
the impact of lattice relaxations must be taken into consider-

ation. Due to the different ordering temperatures, it might not
make sense to make detailed comparisons above the ordering
transitions because the data were made relative to dilation
at T =40 K to allow for a direct comparison. However, it
appears that the applied field has a larger impact at high T
in EuCuAs. It is thus worth recalling that EuCuAs also has a
positive Weiss temperature and indications of some ferromag-
netic order are inferred from the out-of-phase contribution to
the ac susceptibility possessing a peak above Ty in EuCuAs.
Thus, in reconsidering the anisotropy of the thermal expansion
coefficent of EuCuAs, the peak in « along [001] above Ty may
be related to short-range ferromagnetic correlations that are
overcome by dominant antiferromagnetic coupling.

Using the total specific heat and anisotropic thermal expan-
sion data, the Gruneisen ratios y = «/Cp were computed for
EuCuP and EuCuAs and the data are included in Fig. 13 in
the Appendix. The qualitative behavior of y generally tracks
that of o, with the notable exception that y of EuCuP remains
large upon cooling to base temperature while that of EuCuAs
goes toward zero. The anisotropy is also highlighted, with the
feature at 30 K dominant for [001] and the feature at 31.25 K
dominant for the [100] orientation in EuCuP. Similarly, the
peak in EuCuAs for the [100] orientation appears amplified
while for the [001] orientation the broad maximum occurs
above Ty and a sharp minimum occurs below Ty. Due to the
large o along [001] the y values in this orientation are larger
than those in the basal plane. These are the total Gruneisen
ratios, combining effects of both magnetism and the lattice
contributions.

E. Thermal transport

Thermal conductivity « provides a complementary probe
of the interaction between the lattice dynamics and the mag-
netism. While magnons can carry heat and lead to enhanced «
in a magnetically ordered phase, magnons can scatter phonons
and suppress «. In addition, spin fluctuations or short-range
order that couples to the lattice may also scatter phonons in
the paramagnetic state.

The in-plane thermal conductivity data are shown in Fig. 9,
and these data reveal a strong impact of the magnetic transi-
tion on the lattice thermal conductivity in EuCuP but not in
EuCuAs. Through simple analysis, the thermal conductivity
is found to be dominated by the lattice contribution «;. The
lack of a clear anomaly in EuCuAs appears to be additional
evidence of a smaller spin-phonon coupling effect in EuCuAs
as compared to EuCuP where a clear impact on « is observed
in both the electronic and lattice contributions. The location of
the magnetic ordering temperature relative to the maximum
in k; may also play a role, as the peak in «; is generally
related to the relative importance of the temperature depen-
dence of the lattice’s heat capacity and the various phonon
scattering mechanisms that limit the phonon mean-free paths,
and these competing contributions could impact the ability to
see the effect of a changing spin-phonon scattering rate in
EuCuAs. The lattice thermal conductivity k; was estimated
using the Wiedemann-Franz law to subtract the electronic
contribution x, = LoocT where 0 = 1/p and the p data are
shown in Fig. 11(a). To accomplish this, fully degenerate
Fermi statistics were assumed for the Lorenz number L [68],
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FIG. 9. (a), (b) Measured in-plane thermal conductivity k. of (a) EuCuP and (b) EuCuAs with electronic «, and lattice «; contributions
estimated as described in the text. (c) Estimated lattice contributions at high temperatures demonstrating the reduced temperature dependence
in EuCuP that is believed to be linked to spin-phonon scattering at high temperatures. The qualitative «k;, = ko + A/T? model is described in

the text.

which seems reasonable based upon the small value of the
Seebeck coefficient that was measured (see below).

The scattering by magnetic fluctuations well above T¢
likely leads to the suppressed «; of EuCuP relative to that of
EuCuAs in the paramagnetic regimes [Fig. 9(c)]. In turn, this
leads to a slower decay with increasing temperature. Specifi-
cally, the T~! decay of k; observed in EuCuAs above 50 K is
typical for that of a crystalline system where phonon-phonon
scattering dominates. The existence of additional scattering
mechanisms with different temperature dependencies can lead
to a deviation from this, and indeed for EuCuP the decay
is closer to 77 as illustrated in Fig. 9(c). In Fig. 9(c), a
simple k; = ko + A/T? was utilized to qualitatively model
the temperature dependence of ;. The term «( represents a
high-temperature minimum or other temperature-independent
contributions, and the exponent p was fixed at either 0.5 or 1
after least-squares fitting resulted in similar values.

For typical crystalline lattices, one might expect the ther-
mal conductivity of EuCuP to be greater than that of EuCuAs
because of the higher Debye temperature (thus higher acoustic
phonon velocities) in EuCuP due to the lower average atomic
mass. Of course, the optical phonons may play a significant
role in these systems too, so one must be careful with sim-
plifications. However, it is interesting to point out that the
Gruneisen ratios were much larger in EuCuP than in EuCuAs,
and this would generically point to higher anharmonicity in
the phosphide. Such results may prove useful when consider-
ing the thermoelectric properties of related phases.

F. Mossbauer spectroscopy

Due to the observation of closely spaced features near
the Curie temperature in the physical properties, Mossbauer
spectroscopy was performed to investigate the possibility of
an evolving magnetic structure in EuCuP. The results are
summarized in Fig. 10.

The spectra at T = 36 K and higher exhibit a sharp single
component with isomer shift, § = —10.5(1) mm/s, which is
characteristic of Eu?t [35]. At room temperature, we find
that at most 1% of the spectral area can be attributed to
Eu’t with 8§ = 0.8(3) mm/s. Onset of magnetic hyperfine
splitting (strong magnetic correlations and magnetic ordering)

is observed at 34 K and the hyperfine field reaches poHpr =
29.1(1) Tat T = 8.5 K, as shown in Fig. 10(b). The magnetic
spectra exhibit a small asymmetry indicative of the presence
of a quadrupole splitting AE,. Referring to the paramagnetic
spectra we determined that AEy is ~ —3 mm/s, which we
used for a starting point for fits of the magnetic spectra.

In order to fit the spectra, we used a single spectral com-
ponent for Eu?* and a small Eu** impurity component that
stayed constant in area and isomer shift for all temperatures.
The crystal symmetry dictates an axial electric field gradient
(EFG) with null asymmetry n = 0. This leaves five fit param-
eters: 6, AEg, Hyr, 0, I', with 0 the angle between the EFG
principal axis and the hyperfine field and I" the line full width
at half-maximum. For all temperatures, § = —10.5(2) mm/s,
with no noticeable second-order Doppler shift; lines are rather
narrow, I' = 2.4(2) mm/s, below 34 K and broaden signifi-
cantly at the paramagnetic transition I' = 3.8(5) mm/s, due
to saturation, before narrowing down to I' = 2.4(2) mm/s at
295 K. There is a correlation between AEgp and ¢ and fitting
both parameters does not significantly improve the fits; fixing
AEjp to its value in the paramagnetic phase leads to 8 = 8(5)
degrees. Hence, we fitted all spectra with 6 = 0, and found
a stable and constant value of AEy = —2.5(5) mm/s for all
magnetic spectra.

The temperature dependence of the hyperfine field is re-
ported in Fig. 10(b). At 34 K, the spectrum exhibits 35%
of paramagnetic fraction; the reported hyperfine field is that
of the ordered fraction. Because there is indication of a
coupling of the magnetic order with the thermal expansion,
we have utilized a magnetostriction exchange model [69] to
fit the temperature dependence of the europium hyperfine
field [see Fig. 10(b)]. This magnetostriction model repre-
sents the data significantly better than a simple mean-field
model, and the magnetostriction parameter fitted to the data
is 7 =0.33, i.e,, 0 < n < 1 in the second-order transition
range [69].

The observed spectra indicate that europium exhibits a
static moment in the ordered state and a single Eu*>* valence
state, as indicated previously in Ref. [48]. In addition, the
spectra demonstrate that the moment is not modulated in
magnitude, and thus a spin density wave does not appear
to exist in EuCuP (even close to T¢ as demonstrated by the
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FIG. 10. (a) "!Eu Mossbauer spectra of EuCuP at the indicated
temperatures above and below the Curie temperature near 31.25 K.
The total fit and that of the Eu>* contribution is nearly indistinguish-
able, so only the total fit (blue) and the Eu** contribution (red) are
shown in comparison to the data (black markers). (b) Temperature
dependence of the Eu’™ hyperfine field in EuCuP obtained from
Mossbauer spectroscopy. The (green dotted) and (black) lines are
guides for the eye representing mean-field behavior for a spin %
with 7¢c = 35 K with (model 2) and without (model 1) exchange
magnetostriction, respectively.

data collected at 31 K in the vicinity of the complex phase
transition evidenced by dilatometry and specific heat). For
comparison, spectra associated with amplitude-modulated Eu
moments were reported for orthorhombic EuPdSb, where a
distribution of hyperfine fields (moment amplitudes) causes a
general broadening of spectral features [70]. It is possible that
the temperature steps we utilized for measurements of EuCuP
precluded detection of such a phase in a small temperature
range near the Curie temperature. Regardless, a modulation in
the direction of the moment (commensurate or incommensu-
rate) cannot be ruled out from the data at hand. This is due to
the local nature of Mossbauer spectroscopy and the fact that
each Eu ion would experience a similar hyperfine field even if
the orientation of that field is changing.

Within the family of related compounds [35], the isomer
shift for EuCuP is at the more negative end. A value of
6 = —10.8 mm/s was reported earlier at room temperature
[48]. However, as expected, considering that EuCuP has the
smallest unit-cell volume in the EuMPn family it has also
the largest isomer shift [35,63] in the family; to conclude this

we used the observed volume dependence in high pressure on
elemental Eu that indicates an increase in isomer shift with
decreasing volume [71]. The hyperfine field is on par with the
29.6 T in EuPtSb [63], which is the largest reported value in
this family of ternary Eu-containing compounds; the hyperfine
field in EuCuP is also the largest observed in the EuMPn
family and this correlates with the largest Weiss temperature
[37] and highest ordering temperature.

G. Electronic transport

EuCuP and EuCuAs both possess metallic conductivity
with a sharp peak in the resistivity near their magnetic or-
dering temperatures [49,50,52], as illustrated in Fig. 11(a).
Well above the ordering temperatures, in their paramagnetic
states, the resistivity of these crystals increases nearly linearly
with increasing 7. The temperature dependence is similar
to that observed for nonmagnetic CaCuAs. This is typical
for degenerate (metallic) materials when electronic relaxation
times are limited by phonon scattering [68].

The resistivity values for EuCuP and EuCuAs are much
larger than those of CaCuAs. This is primarily an effect of
carrier mobility, not carrier densities, as shown in Fig. 11(b).
The carrier mobility is impacted by the relaxation time and
the carrier’s effective mass. The magnetism in EuCuP and
EuCuAs appears to significantly suppresses the carrier mo-
bility, likely through a reduction of carrier lifetime though the
presence of Eu may act to modify the effective mass of the va-
lence band in these materials. Recent calculations have shown
negligible amount of Eu 4 f states near the Fermi surface [50].
Our data also reveal a higher mobility in EuCuAs than in
EuCuP, though they are similar in magnitude and the mobility
varies between samples as the carrier density changes (see
Fig. 14 in the Appendix).

For EuCuP, we observed a rather large distribution of Hall
carrier densities (3 x 10% to 3 x 10%! cm?) between dif-
ferent crystals, even when comparing across a single-crystal
growth batch. A summary plot is shown in Fig. 14 in the
Appendix, where the ac susceptibility is also shown for the
different crystals. These results show that the qualitative
features are consistent between different crystals, but that
different defect concentrations (doping levels) impact how
dramatic the peak at the magnetic ordering transition appears
to be. In addition, the observed differences in ac susceptibility
are likely further complicated by changes in the demagnetiza-
tion effects due to sample geometry, even for these low-field
measurements, as also illustrated in Fig. 12 the Appendix.

For the samples shown in Fig. 11, the Hall densities ob-
tained at 7 = 100 K are as follows: EuCuP, 8.3 x 10%° cm~3;
EuCuAs, 5.8 x 1020 cm—3; and CaCuAs, 6.2 x 102 cm—3.
These hole concentrations were computed assuming a single
parabolic band, with Hall coefficients obtained from a fit to
the field dependence of the odd-only transverse resistance
that was linear with field, all data above H = 20 kOe be-
ing fit; representative Hall resistance data for the crystals
in Fig. 11 are shown in the Appendix Fig. 15. The mag-
netic field is applied along the ¢ axis in the Hall effect
measurements.

Tha et al. reported an apparent increase in the Hall density
across the magnetic transition in EuCuP [49], though not
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FIG. 11. (a) In-plane electrical resistivity and (b) Hall mobility for EuCuP, EuCuAs, and nonmagnetic CaCuAs. (c) Seebeck coefficients
revealing an increasing component upon cooling below 7¢ (7y) in EuCuP (EuCuAs) and nonlinearity in S(7") for CaCuAs. The mobility was
obtained from resistivity and Hall measurements on different crystals than that utilized in (a) and (c) due to geometric requirements for the
Seebeck effect for EuCuAs and EuCuP; see Fig. 14 in the Appendix for property distribution across different EuCuP crystals and Fig. 15 for

representative data of the Hall resistances versus magnetic field.

much variation is observed above the ordering temperatures.
We observed a similar effect in both EuCuP and EuCuAs, for
all crystals, but it is not clear if this is due to inclusion of
an anomalous (magnetic) contribution. Similar nonlinear field
dependence was observed in EuB¢ [53,55], however, and thus
there may be connections to the magnetic polarons reported
in that material. The Hall voltage of CaCuAs was very linear
across all magnetic fields at all temperatures explored. Efforts
are underway to understand this complex behavior in greater
detail, and a recent study of the magnetotransport on EuCuP
was performed by Wang et al. [50], where the anomalous Hall
contribution is discussed in detail. The qualitatively similar
field dependence of the Hall resistance in EuCuP and EuCuAs
is interesting given the different types of magnetic order in
these materials.

Seebeck effect measurements were performed to better
understand the electronic structure in these materials. The
Seebeck coefficients S were found to be small and positive,
indicating p-type conduction with metallic behavior. This is
consistent with the Hall effect, which produced a positive
Hall coefficient (hole doped). Taken together, these results
suggest that the EuCuP and EuCuAs crystals grown from a
Sn flux contain intrinsic defects that remove electrons from
the valence band and result in nearly degenerate carrier con-
duction. The contribution of a small concentration of electrons
(n type) may go unnoticed in these measurements. In this for-
malism, the resistivity is expected to increase with increasing
temperature until carrier activation across the gap (or within
the semimetal state) causes the resistivity to peak and start
decreasing as intrinsically excited carriers begin to dominate
conduction. Resistivity measurements on a EuCuP crystal to
approximately 600 K did not observe the effects of carrier ac-
tivation, presumably due to the relatively large number of free
carriers introduced by apparent defects (“extrinsic” carriers in
the sense of semiconductor physics, though in this case they
are caused by “intrinsic” defects).

The Seebeck coefficients of EuCuP and EuCuAs begin to
increase upon cooling into the magnetically ordered states.
There does not appear to be any clear effect above the ordering
transitions, making this behavior different from the resistivity

(mobility) where a large change occurs upon cooling towards
Tc (Ty) for EuCuP (EuCuAs). Instead, there is a small dip in
S right near 7¢ for EuCuP and then a couple degrees lower S
starts to increase. This behavior made us consider some type
of magnon drag effect, though the qualitative temperature de-
pendence did not seem to fit and the effect was enhanced with
an applied field. For normal scattering effects, the Seebeck co-
efficient is not impacted by the electron’s relaxation time, but
instead is impacted by the energy dependence of the relaxation
time (this is usually not an observed effect, simply part of the
modeling within Boltzmann transport theory). In considering
this, it thus seemed likely that the enhanced Seebeck coeffi-
cient originates from phonon drag, which is a well-established
effect at low 7 in conducting materials ranging from metals
to semiconductors. The decreased hole-spin or phonon-spin
interactions likely enable the drag effect to occur. To probe
this further, we measured the Seebeck coefficient of a small
CaCuAs crystal using a home-built apparatus. Above ~40 K,
the temperature dependence of S is rather similar in CaCuAs
and EuCuP. However, in a degenerate conductor like this,
one would expect S to tend toward zero in a linear manner.
The fact that the high-7 portion extrapolates to a nonzero
value suggests that some additional contribution is at play,
such as phonon drag or complexity in the electronic structure
(transition between number of bands contributing to conduc-
tion). The phonon-drag conjecture would admittedly be more
convincing if there was a peak in S for CaCuAs, and thus more
consideration may be necessary. The upturn in S for EuCuP
occurs at a slightly higher temperature when a magnetic field
is applied parallel to the thermal flux, and the peak value is
similar; this is assumed to be driven by changes in the carrier
mean-free path caused by the magnetic field (i.e., effects of
the magnetoresistance).

IV. SUMMARY

The magnetoelastic coupling and phase transitions in
EuCuP and EuCuAs were examined through dilatometry, ther-
mal and thermoelectric transport, specific-heat capacity, and
magnetization measurements on single crystals grown in a
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Sn flux. EuCuP was found to have a larger magnetoelastic
coupling than EuCuAs at zero field. The impact of an applied
field on the lattice was larger for EuCuAs than for EuCuP.
These observations suggest that the dominant ferromagnetic
coupling of spins in EuCuP leads to a larger zero-field mag-
netoelastic coupling as compared to that in antiferromagnetic
EuCuAs. It may be challenging to separate the magnetic and
lattice contributions to the Griineisen ratios (Fig. 13) in these
types of materials.

The magnetic ordering transition in EuCuP appears to oc-
cur through two steps, with features near 31.25 and 30 K in
dilation and specific-heat measurements. Furthermore, these
anomalies are slightly suppressed by applied fields, making
the ferromagnetic picture appear less appropriate. Mossbauer
spectroscopy measurements were performed in an attempt to
uncover an evolving magnetic structure, but these measure-
ments did not reveal an amplitude-modulated phase and a
continuous evolution of the hyperfine field with T was ob-
served; a modulation of the moment orientation is not ruled
out. Neutron diffraction or similar measurements appear nec-
essary to probe the nature of the magnetic phases in EuCuP,
with care taken to look for unique phases near the Curie
temperature. For EuCuAs, ac susceptibility measurements re-
vealed impacts of short-range order above 7Ty that appear to
be ferromagnetic in nature, and these may drive the complex
evolution of the lattice expansion near the antiferromagnetic
transition.

The EuCuP and EuCuAs crystals grown from a Sn flux
have similar electrical properties, with Hall carrier num-
bers in the range of 10%°-10>' cm™3. This implies some
intrinsic defects, likely Eu or Cu vacancies, and control-
ling these defects would be critical to future measurements
aimed at understanding any potential electronic topology in
these materials. In our EuCuP/EuCuAs crystals, p-type be-
havior was prevalent with similar apparent doping and defect
concentrations between the different materials, though vari-
ation within a growth batch exists. Controlling defects in

narrow-gap semiconductors or semimetals is a major chal-
lenge in materials physics. Crystal growth conditions often
dictate the types and concentrations of defects, though in
some materials certain defects are likely to be energetically
favorable and present regardless of the synthesis techniques
utilized. It is generally accepted to be very challenging to
form electron-doped (n-type) Zintl pnictides. For instance,
in the AZn,Sb, (A=Ca,Yb,Eu) Zintl compounds, vacancies
of the divalent A-site cations are thermodynamically stable
under common synthesis conditions but should also form as
compensating defects when the Fermi level rises [72]. Since
the behavior is driven by thermodynamics, it may be possi-
ble to manipulate the concentrations of defects by changing
the thermodynamic environment during the growth. This has
been demonstrated in EuCd,Sb,, where growth in a Sn flux
leads to antiferromagnetic behavior but controlled growth in
a salt flux can produce ferromagnetic behavior, with trends
linked to changes in the Fermi energy associated with varying
concentrations of Eu vacancies [20]. With regards to EuM Pn
materials, vacancies of the monovalent cation Cu/Ag are re-
ported to be stable in CaCuP and CaAgP [73,74]. Obtaining
semiconducting behavior in narrow-gap systems remains a
great challenge. As such, dedicated synthesis efforts could
play a pivotal role in this area of materials physics, with
theoretical calculations likely providing very valuable input.
The contraction of the lattice due to magnetic ordering may
also impact the electronic structures and would be good to
consider during first-principles calculations that are aimed at
understanding the fine details and topology of the electronic
structure.
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APPENDIX

This Section includes a graphical overview in Fig. 12 of the impact that the geometric demagnetization factor has on the
measured magnetization when the data are plotted versus the applied field H. A schematic is shown to illustrate how the sample
geometry changes (via mechanical polishing) from a cube to a thin plate, with the area perpendicular to the magnetic field being
reduced as the sample is polished. By reducing this area while leaving the other dimensions of the cube unchanged, the geometric
demagnetization factor is reduced and thus the demagnetizing field is also reduced. Further details are provided in the caption.

Additional plots that complement the main text are also provided for the interested reader. The Gruneisen ratios are plotted
in Fig. 13 and these contain both the lattice and magnetic portions. Figure 14 contains data for various EuCuP single crystals to
demonstrate the differences observed between different crystals. Finally, Fig. 15 contains the antisymmetrized Hall resistivity as
a function of applied field. The datasets are for the crystals corresponding to the data in Fig. 11(b). Further details are given in
each caption.
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— A, L[110] = Tmm < . B
== B L[110] =0.20 mm « C |
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FIG. 12. Impact of geometric demagnetization factor on magnetization data with H || ¢ for EuCuP. The geometric demagnetization factor
(and thus demagnetization field) is physically reduced upon going from stage A to D, and thus the data for stage D are expected to be closest
to the intrinsic results. (a) Schematic of the sample polishing and measurement stages starting with an approximate cube in stage A, which was
subsequently polished along [110] to reduce the surface area perpendicular to the applied field. (b) Isothermal magnetization data at 7 = 2 K
showing the expected shift as the importance of the demagnetization effect is reduced. This leads to an increase in the measured susceptibility
[slope of M (H)]. (c) Change of in-phase and (d) out-of-phase contributions to the ac susceptibility as the demagnetization factor is modified.
A large demagnetization field results in an effective suppression of the peak in x that occurs near the Curie temperature. The peak itself is
impacted more than other parts of this curve, and thus geometric effects can artificially enhance the relative importance of additional features,
such as the anomaly near 25 K (see inset for normalized x'/x,,)- Data in Figs. 3(a) and 3(c) and 4(a) and 4(b) of the main text were collected
at stage B of this process.
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FIG. 13. Anisotropic Gruneisen ratios for EuCuP (upper panel) and EuCuAs (lower panel) obtained from the thermal expansion and

specific-heat data as y = «/Cp. The left and right axes share the same units, with the smaller values of y on the right axis associated with the
in-plane expansion data.
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FIG. 14. Comparison of (a) electrical resistivity, (b) ac susceptibility, (c) specific-heat capacity for different EuCuP crystals; crystals
A,B,C are from one growth while D,E are from another growth. (a) The resistivity ratio is shown versus temperature and (b) the in-phase
contribution to the ac susceptibility. The more metallic crystals with lower absolute resistivity have a smaller change in resistivity near the
magnetic transition. The difference in absolute resistivity was tracked with a change in p-type Hall carrier density, with values for different
crystals obtained at 50 K from the linear high-field Hall data as follows: A, 3.1 x 10 cm™3; B, 9.0 x 10 cm—3; C, 2.5 x 10*! cm ™. Crystals
with higher carrier densities also have a lower carrier mobility (37-66 cm?/V/s at 50 K), consistent with additional scattering from a higher
concentration of defects as well as the general expectation of increased electron-phonon scattering with increasing carrier density in degenerate
semiconductors [68]. The resistivity peak occurs at slightly different temperatures and small changes in the ac susceptibility are also observed,
though the impacts of demagnetization effects are expected to be large due to widely varying sample geometries in these different crystals.
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FIG. 15. Representative Hall resistance (antisymmetrized) versus magnetic field at select temperatures for (a) EuCuP, (b) EuCuAs, and
(c) CaCuAs. The data were collected on the crystals utilized to compute the Hall mobility data in Fig. 11(b), for which linear fits above 20 kOe
were utilized to obtain the Hall coefficients.
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