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Ambient- and high-pressure studies of structural, electronic, and magnetic properties
of single-crystal EuZn,P,
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A thorough study of EuZn,P, single crystals, which were grown from Sn flux, was performed using both bulk
(heat capacity, ac susceptibility, dc magnetization, electrical resistivitivity, magnetoresistance) and microscopic
(Mossbauer spectroscopy) techniques. Electrical resistance and magnetic susceptibility were measured also
under high pressure conditions (up to 19 and 9.5 GPa, respectively). Further insight into electronic properties and
phonons is provided by ab initio calculations. The results indicate that EuZn,P; is an antiferromagnet with strong
Eu-Eu exchange coupling of ferromagnetic type within the basal plane and weaker antiferromagnetic interaction
along the ¢ axis. The Eu magnetic moments are tilted from the basal plane. Hydrostatic pressure strongly affects
both magnetic (increase of the Néel temperature) and electronic (suppression of the band gap and semimetallic
behavior) properties, indicating a strong interplay of structure with magnetic and electronic degrees of freedom.

DOLI: 10.1103/PhysRevB.110.014421

I. INTRODUCTION

Zintl-like phases can be seen as compounds of an elec-
tropositive cation, which donates valence electrons to form
a framework of covalently bonded polyatomic anions with a
closed valence shell. Because of the nature of the chemical
bonding, Zintl phases are located at the borderline between
valence compounds, which are typical insulators, and the
intermetallic compounds, which are typical metals. Often ex-
hibiting intermediate properties, Zintl phases are typically
narrow band gap semiconductors. The concept of Zintl like
phases was stretched over the periodic table of elements and
many Zintl compounds containing d and f metals are reported
in the literature. The situation of a tunable narrow band gap is
interesting for practical reasons, as it gives, e.g., prominent
thermoelectric properties [1].

A specific situation providing an excellent opportunity of
well-defined anisotropy of magnetic and transport properties
is offered by the trigonal structure of the CaAl,Si, type (space
group No. 164, P3m1), built by alternating cationic (Ca) and
anionic (Al-Si) layers [2]. Incorporating magnetic atoms (e.g.,
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Eu) in such a compound gives an intriguing opportunity to
explore interplay of magnetic degrees of freedom and elec-
tronic structure. In particular, magnetic moments reorientation
(in magnetically ordered state), or disordering (in the para-
magnetic state) are interesting routes of tuning the band gap
width and character of the electronic structure. Properties of
Eu-based materials from this family can be further affected
by application of the external pressure, which can result in
(i) increase of magnetic ordering temperatures, (ii) change of
the type of magnetic order (antiferromagnetic to ferromag-
netic), (iii) change of the type of the crystal structure, or (iv)
insulator to metal transition [3-5].

Recently one of such compounds, EuZn,P,, in which
spin magnetic moments of Eu*" ions (1 = g/ = Tug, with
g=72 and J =7/2) interact to form an antiferromagnetic
state below the Néel temperature 7y = 23 K, has been inten-
sively investigated [6—8]. Its magnetic moments were assumed
to order ferromagnetically in the basal-plane sheets with
Eu?* moments perpendicular to the ¢ axis, and the coupling
of the neighbor sheets being weaker antiferromagnetic [6].
The stronger ferromagnetic (F) interaction brings a positive
paramagnetic Curie temperature 6, = 41.9K recorded for
field along the ¢ axis. Low electrical conductivity and its
thermally activated behavior demonstrates a semiconducting
ground state. Based on the absence of conduction elec-
trons needed for Ruderman—Kittel-Kasuya—Yoshida (RKKY)
exchange interaction, it was argued that the relatively high Ty

©2024 American Physical Society
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is due to a dipolar interaction. The fact that Ty is the highest
among the known EuZn;X, compounds (where X = P, As, Sb,
see Ref. [6], and citations therein) is given in the context of the
smallest lattice volume. The suggested dipole-dipole interac-
tion is, however, to our view unlikely to yield Ty exceeding
T = 20 K. Moreover, the conductivity was not studied to low
enough temperatures to show its possible interplay with the
magnetic order.

In Ref. [7], exchange interactions were analyzed and it was
concluded that the superexchange mechanism including the
P states is the plausible source of the ferromagnetic coupling
within the basal-plane sheets.

In the more recent study [8], it was found that the Eu
moments indeed order ferromagnetically in layers with the
(+ — +—) coupling along the c axis, but they are tilted from
the basal plane by ~40°. It was also shown that a colossal
magnetoresistance effect (CMR) appears from the ordered
region to temperatures far exceeding 7.

Our work concentrates on thorough investigation of struc-
tural, magnetic, and electronic properties of single crystals
at ambient conditions as well as under hydrostatic pressure,
which gradually increases the Néel temperature and reduces
the electron gap width. The '>'Eu Mossbauer spectroscopy
and magnetic properties measurements at ambient pressure
confirm that the Eu moments are indeed inclined from the
basal plane. We also present results of ab initio calculations
of the lattice dynamics and their implications for the heat
capacity analysis.

II. METHODS

Single crystals of EuZn,P, were grown by a Sn flux
method in analogy with the process used for EuZn,As; [9].
Typical size of the crystals were (2 x 2 x 0.2) mm (see
Ref. [10]). Powder x-ray diffraction (XRD) measurements
were made by a Panalytical Empyrean diffractometer. For the
low-temperature XRD studies an Oxford Instruments PheniX
closed-cycle helium refrigerator was used (14—300 K). During
the measurements the sample position was corrected against
thermal displacement of the sample stage. The stabilization of
temperature was better than 0.1 K. The XRD patterns were
refined using the Rietveld-type package FULLPROF [11].

The dc magnetization and ac magnetic susceptibility were
measured in the temperature range 2—300 K in external mag-
netic fields puoH up to 9T using VSM or ACMS option of
a Quantum Design Physical Property Measurement System
(PPMS-9). The ac susceptibility was measured using the ac
driving field of 1 mT with frequency of 1111 Hz. In none of
the methods we applied any demagnetization field correction,
which could be difficult due to the irregular sample shapes.
However, one should consider that the demagnetization field
can have a substantial impact for the H || ¢ geometry.

The heat capacity measurements were carried out by a
two-t relaxation method with the heat capacity options of
a Quantum Design Physical Property Measurement System
(PPMS-9) in the temperature range 1.85-296 K. The sample
for heat capacity measurements was attached and thermally
coupled to the addenda with Apiezon N grease. A background
signal from addenda and grease (versus 7)) was recorded, as
well.

200um '
Py}

FIG. 1. Arrangement of the contacts for high-pressure resistivity
measurements in DAC (left). The picture on the right shows the
enlarged detail of the sample at p = 18 GPa.

The temperature dependence of electrical resistivity p(7')
at ambient pressure was measured in the PPMS cryostat
(Quantum Design) with Keithley 6517 electrometer in the
Alternating Polarity Resistance mode. The temperature range
2-300 K was covered in zero magnetic field. In addition,
measurements in applied magnetic fields of 0.1 and 1T
were performed at low temperatures. Electrical contacts were
realized by 25um AlSi wires attached by ultrasonic bond-
ing (HB10 TPT wire bonder). Contact points were arranged
within the ab plane in a straight line with a middle point
connected to source high output and the outer contacts kept at
low potential (ground). The sample resistance in the measured
temperature and field range changed by several orders of mag-
nitude, which required changes of the electrometer voltage
source settings, each change affecting somewhat the absolute
resistivity values. The high temperature region (above 135 K)
was measured also by means of the Quantum Design Electri-
cal Transport Option.

The p(T) measurements under applied pressure up to
3 GPa were accomplished by means of the Electrical Trans-
port Option with colloidal silver paste and gold wires
providing electrical contacts. The geometrical arrangement
was equivalent to the ambient pressure measurement. The
double-wall pressure cell with a nominal maximum pressure
of 3 GPa [12] was used to apply the hydrostatic pressure. The
Daphne oil 7474 [13,14] was used as the pressure transmitting
medium. The pressure was determined at room temperature
from the change of resistance of a thermally stabilized man-
ganin wire. To minimize the thermal gradient during the
measurement with pressure cell the rate of temperature change
was 0.5K/min and all curves were measured as zero field
cooled (ZFC). The pressure range above 3 GPa was probed
using diamond anvil cell (DAC) with NaCl quasihydrostatic
pressure transmitting medium. The pressure was measured
by shift of ruby fluorescence and the electrical contacts were
realized by four gold foils arranged in Van der Pauw config-
uration (see Fig. 1). This arrangement allowed us to calculate
the absolute resistivity in the final high pressure metallic state.
The great attention was paid to careful orientation of the sam-
ples. After orientation by x-ray diffraction the sample for DAC
measurement was polished to 10 um and piece of approximate
size of 200 wm x 150 um was inserted into the sample space
of CuBe gasket insulated on one side by alumina filled epoxy.

Magnetization under high pressures has been measured in
a SQUID magnetometer (MPMS XL, Quantum Design) using
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FIG. 2. SEM micrograph of a selected EuZn,P, crystal with
individual elemental maps provided by x-ray microanalysis.

miniature diamond anvil pressure cell made of non-magnetic
CuBe alloy [15]. Daphne 7474 has been used as the pressure
transmitting medium, with a ruby as a manometer. A micro-
gram quantity of the sample has been used with approximate
orientation of field parallel to the ¢ axis. Measurement of
empty cell without sample has been used as a reference to
subtract the background signal of the pressure cell.

ISIEu Mossbauer spectra were recorded at 300, 30, and
4.2 K with a conventional constant acceleration spectrometer
using the '*!Sm(SmF;) source. The 21.5 keV y rays were
detected with a Nal(T1) scintillation detector. The absorber
surface density was ~60 mg/cm?. The spectra were analyzed
by means of a least squares fitting procedure. The absorp-
tion line positions and relative intensities were calculated
by numerical diagonalization of the full hyperfine interac-
tions Hamiltonian. The isomer shift § is given relative to the
151Sm(SmF;) source at room temperature.

The lattice dynamics calculations were done within the
direct method [16], as implemented in the PHONOPY code
[17], using the 2 x 2 x 2 supercell with the displacement of
0.025 A. The Hellman-Feynman forces were obtained within
the VASP code and in order to minimize the error we use
displacements (in total 6) with plus and minus direction. The
k-point grid was reduced to 6 x 6 x 3 as this keeps the same
density of k-points as for the unit cell. As EuZn,P, is an
insulator we included the LO-TO splitting by non-analytical
correction [18] by calculating the static dielectric constant €
and Born effective charges within the linear response methods
as is implemented in the VASP code, yielding the values of
€0 = 18.885/17.853 and Z* = 4.17/5.44, 0.24/ — 0.41, and
—2.32/ —2.30 along x/z direction for Eu, Zn, and P atoms.

III. RESULTS AND DISCUSSION
A. XRD and SEM

Microstructure and composition of the EuZn,P, sin-
gle crystals were studied by scanning electron microscopy
(SEM). An example is shown in Fig. 2. The elemental distri-
bution is homogeneous, as checked for few large crystals and

several small pieces. The overall elemental abundance of Eu
19.4 at.%, Zn 39.6 at.%, P 41.0 at.%, was found, which is in
a good agreement with theoretical stoichiometry. The trigonal
structure was clearly imprinted onto the crystals morphology
with the large flat surfaces representing the basal planes, as
checked by x-ray diffraction.

X-ray diffraction (XRD) patterns of EuZn,P, collected in
the temperature 15-300 K range can be fully indexed on
the basis of the trigonal P3m1 space group (No. 164). The
refined XRD pattern at 7 = 15K is shown in Fig. 3. The
refinement and absence of any spurious phase indicate a good
quality of the sample. The lattice parameters obtained are
a=4.0779(1) A, c = 6.9834(3) A and a = 4.0866(1) A, ¢ =
7.0066(3) A at T = 15 and 300K, respectively. The values
at 300K are in a good agreement with the previously reported
structure data [6]. The most interesting structure features were
broadly discussed in our earlier paper concerning the isostruc-
tural system EuZn,As; [9].

The temperature dependence of the unit cell volume,
presented in Fig. 3(b), could be in the paramagnetic state
approximated by the Debye formula [19]:

T4 P X
V=W+Ilc— — dx, 1
0+C913)/0 1 ey

where Vj is the unit cell volume extrapolated to 0 K, I is a
slope of the linear part of the V(T') dependent on Griineisen
and compressibility parameters, while p is the Debye tem-
perature. Both a(T) and c(T) (see Ref. [10]) are linear
above ~130 K. This allows to evaluate individual linear ther-
mal expansion coefficients o, = 1.01 x 107> K~! and o, =
1.48 x 107> K~!, which gives the volume thermal expansion
ay = 3.50 x 1073 K~!. The extrapolated unit cell volume
was found to be Vy = 100.63(1) A3, I = 0.0119(1) A3K !,
and the Debye temperature 0p = 324(11) K. The Debye tem-
perature is higher than for the analogous arsenide EuZn,As;
(261 K) [9], which can be attributed to the difference in
atomic mass, leading to the increase of the phonon velocity.
At low temperatures, below 40K, an anomalous behavior
of lattice parameters can be related to magnetic phenomena,
see Figs. 3(c)-3(e). Namely, both lattice parameters exhibit
a sudden drop at T = 30K for the a parameter, and at 24 K
for c. The a parameter has a maximum at 20 K, followed by
the next drop below 19 K. These features are also reflected in
V(T) [Fig. 3(e)] as two steps at 30 and 20 K, respectively.
Throughout all the T range, the internal structure parameters
determining the position of the Zn and P atoms are invariable
within the experimental uncertainty.

B. Heat capacity measurements

Temperature dependence of the specific heat (C),) as well
as its magnetic part (Cpag) are shown in Fig. 4. One can notice
a sharp peak at T = 23.3 K, which reflects critical tempera-
ture of the antiferromagnetic ordering (Néel temperature 7y)
of the Eu’* moments. Due to the absence of crystal-field
phenomena for spherically symmetric 47 state, no magnetic
entropy should be present sufficiently far above Ty. In the
absence of electronic heat capacity, the paramagnetic C,(T') is
given by the lattice contribution. In the simple approach, we
approximate it using a convenient mix of acoustic and optical
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FIG. 3. Results of x-ray diffraction studies in the temperature range 15-300 K: Rietveld refinement of diffraction pattern collected at 15 K
(a), unit cell volume in entire experimental range with fitted Debye curve (b), low temperature behavior of individual lattice parameters [(c) and

(d)], and unit cell volume (e).

phonons, with characteristic temperatures obtained by guess
and fit method. We assume that such a function is valid even
in the magnetic state, which allows us to extract the magnetic
heat capacity and magnetic entropy. In particular, we used the
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FIG. 4. Temperature dependence of the measured specific heat
C, (black). The solid blue line is a fit by Eq. (2) and the solid red line
is the calculated magnetic contribution Cp,,, to the heat capacity. The
inset shows Cp,,/T as a function of 7. The dashed line in the inset
is an extrapolation of the data to 7 = 0 K and the guide to the eye at
higher T.
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where 6p is the Debye temperature, 8g, are Einstein tem-
peratures with m; as corresponding multiplicities for each
individual optical branch, o stands for an anharmonic coef-
ficient, and R is the universal gas constant [20,21]. In the
recent reports [6,8], a model with two Debye temperatures
was proposed, but our model describes the experimental data
better. In order to facilitate the analysis, the summation over
12 independent optical branches was grouped into 2 branches
with sixfold degeneracy. The fit to the experimental data was
done in the temperature range from 48 to 296K, i.e., far
from the 7y, and it is represented by the solid blue curve
in Fig. 4. The obtained fitting parameters are summarized in
Table I. One can notice that the Debye temperature obtained,
Op = (277 £ 8) K, is in a reasonable agreement with estimate
obtained from the lattice expansion [(324 £ 11) K]. Previous
studies reported 6p values of 6p; = 493 K and 6p, = 182 K
(two-Debye temperatures model) [6] and 6p = 480 K (Debye
and Einstein terms, but in different formula than ours) [7].
We note that if we apply formula from Singh et al. we obtain
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TABLE I. Debye (6p) and Einstein (0g,) temperatures and an-
harmonic coefficient () obtained from the fitting of Eq. (2) to the
temperature dependence of C,,.

Op (K) 277 + 8
s, (K) 130 + 2
g, (K) 406 + 2
a (1/K) (3.6 £ 0.3)x1073

very similar values to theirs, which indicates that they depend
on the model used for the fit of the lattice contribution to
the heat capacity. However, 0p = 480 K seems to be rather
high, since in similar Eu containing compounds values not
exceeding 330 K were reported [22-27].

The magnetic part of the specific heat

Cinag(T) = Cp(T) — Gon(T') 3)

is shown in Fig. 4 as a solid red line. As can be seen, Cpye
remains finite in a limited range above Ty and vanishes only
at temperatures above ~50 K, which is is a sign of short range
magnetic correlations [23,27].

The magnetic entropy Smae(7) was calculated from the
Crnag(T') using the following formula:

" Cinag .7,
Smag(T) = /0 ? dar’. “4)
As the measurement was carried out only down to 1.85 K, the
Crnag/T data were extrapolated from 1.85 to O K using a third-
order polynomial function (fitted to the low-temperature ex-
perimental points). Sy, calculated between T = 0 and 50K
was determined by numerical integration of the dashed curve
shown in the inset in Fig. 4 and is equal to 16.4 Jmol ' K~!.
The expected value of Sy, of one mole of particles with spin J
in a magnetic field is given by Sya = RIn (2J + 1), which for
J = 7/2 (value for Eu*>* ions) amounts to 17.28 Jmol 'K ~!.
Our experimental value is somewhat lower than the theo-
retical one, but much closer than previously reported one
(11.3Jmol~'K~1) [6], which is most likely owing to better
estimate of the phonon contribution in our model compared
to the two-Debye model proposed in Ref. [6]. We note that in
many structurally similar antiferromagnetic compounds, Spag
at Ty is lower than the expected value [see Figs. 6(c) and 6(g)],
which is typically attributed to short range magnetic correla-
tions that appear at temperatures higher than Ty [22-27].

It is interesting to compare such empirical approach (with
multiple tunable parameters) with a fundamental parameter-
free approach based on ab initio calculations of lattice
dynamics, which describe phonon dispersion relations in-
cluding a dispersion in optical modes. Figure 5 shows the
calculated phonon dispersion relations and respective densi-
ties of phonon states. One can distinguish dominant Eu-based
acoustic modes at the lowest energies, followed by Eu optical
modes at 10-13meV. The Zn optical modes extend up to
20meV. High energy optical modes related to P vibrations
are concentrated into the range 30-37 meV. A careful exami-
nation reveals an inflexion point in the Eu-based phonon DOS
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FIG. 5. Calculated phonon dispersion relations (top) and partial
phonon densities of states decomposed into contributions of individ-
ual elements (middle). The lower panel displays the experimental
specific heat C,, data together with theoretical phonon specific heat
calculated for constant volume, Cy (green line), used to separate the
magnetic contribution Cp,,, (orange line) and magnetic entropy (red
line), shown in the inset.
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contribution C,, to heat capacity. (c) and (g) show magnetic entropy
Smag calculated from the data in the (b) and (f), black dashed lines
for Sy = 17.281] mol~' K~! indicate a theoretical value of Sag-
(d) and (h) show adiabatic temperature changes AT,q as a function
of temperature.

at 4meV. Analysis of individual dispersion relations reveals
that below this energy there is rather soft transversal acoustic
Eu phonon mode from the I" to A point of the Brillouin zone,
i.e., the mode with the wave vector ¢ along the ¢ axis. As a
whole, the phonon spectrum is strongly non-Debye like.
Calculated phonon density of states (DOS) allows to de-
termine a theoretical lattice heat capacity at constant volume
Cy displayed in the bottom panel of Fig. 5 as the green line.
The remaining nonphononic part of the heat capacity we at-
tribute to the magnetic heat capacity, Cin,g, and it can be again
taken to estimate the magnetic entropy, which is calculated
as 15.2Tmol~! K~!. Such value is somewhat lower than the
previous estimate and hence more below the theoretical limit.
Figure 5 reveals a small issue of the lattice specific heat in
the 50-80 K range. The experimental data are slightly below
the theoretical curve. Above this range the theory and exper-
iment coincide. It suggests that the computations, bound to
the 7 = 0 limit, may overestimate the softness of the lattice
at low temperatures, which would reduce the calculated mag-

netic entropy in the ordered state. Nevertheless the theoretical
phonon DOS gives a justification to the chosen Einstein tem-
peratures given in Table I. The 6, = 130K corresponds to
11.2meV, roughly in the middle of the energy range of Eu
optical phonons, while 8, = 406K, i.e., 35meV, stands for
energies of P optical phonons.

Figure 6 shows results of measurements of the heat ca-
pacity in magnetic fields, applied parallel to the ¢ axis or
perpendicular to it. The sharp peak indicating the second-
order phase transition to the antiferromagnetic state, which is
clearly visible in zero field, shifts towards lower temperatures,
becomes broader and eventually vanishes at fields exceeding
the critical field needed for ferromagnetic-like alignment of
Eu moments. Higher magnetic fields shift the magnetic en-
tropy towards higher temperatures, in analogy with common
ferromagnets. The critical field where the phase transition
disappears takes place at lower field for the H L c orientation,
which is in agreement with the M (H ) curves, where the satu-
ration of magnetization (see Fig. 10) happens in lower fields.
The behavior of the magnetic contribution Cy,e, which was
calculated after subtracting the lattice contribution approxi-
mated with fitted theoretical curve, Eq. (2), is better visible
in Figs. 6(b) and 6(f) for both orientations. The Cyag(T)
shows features typical for antiferromagnetically ordered Eu
compounds [9,23,28], i.e., it shifts towards low temperatures
and broadens. The exact temperatures of the peak related to
the antiferromagnetic order are shown below in Fig. 12.

We also calculated the magnetic entropy Smag using Eq. (4)
and its temperature and field dependencies are shown in
Figs. 6(c) and 6(g). For all fields and both orientations, Syag
is lower than the theoretical value (17.28 Jmol~' K~') and
it saturates at temperatures increasing with applied magnetic
fields, reaching T = 70 K at our experimental conditions. The
release of the entropy above Ty due to short range correlations
was observed previously for other Eu compounds [23,25-27].
The collected data allow to calculate an adiabatic temperature
change AT,q4, using the relation:

ATu(T, AH) =T (S, Hy) — T(S, Hy), &)

where T' (S, H) is temperature as a function of the total entropy
S and magnetic field H (initial H; = 0 and final H; > 0) [29].
Calculated values of AT,4 for both field orientations are pre-
sented in Figs. 6(d) and 6(h). For uoH = 2T perpendicular
to the ¢ axis, the maximum value of AT,q amounts to 3.16 K
and is larger compared to 2.52 K value obtained for the H || ¢
orientation, indicating stronger magnetocaloric effect for the
H 1 c orientation. For H || ¢ at 4T the maximum value of
AT, almost doubles and amounts to 4.88 K. All these obser-
vations are in line with the results obtained for very similar
antiferromagnetically ordered EuZn;As, [9]. The maximum
values of AT, are also comparable to those obtained for
ferromagnetic EuO [30].

C. Magnetic measurements
1. Ac susceptibility

Temperature dependence of ac susceptibility investigated
in zero static magnetic field (uoH = 0 T) using the ac driving
field 1 mT applied perpendicular and parallel to the crystal-
lographic c¢ axis is shown in Fig. 7. As can be seen, the real
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FIG. 7. Real (top) and imaginary (bottom) parts of ac suscepti-
bility investigated with driving field of 1 mT applied perpendicular
(closed blue circles) and parallel (open orange squares) to the ¢ axis
measured in zero static magnetic field.

part of susceptibility x'(T) exhibits a sharp maximum at about
23 K. At the same time a less pronounced maximum can be
observed in the imaginary part of susceptibility x”(T). As
discussed below, these are the fingerprints of the antiferro-
magnetic transition.

For a typical antiferromagnet with low magnetocrystalline
anisotropy, one would expect below 7y to see a decrease of
susceptibility for the so called “easy direction” and (nearly)
constant values of susceptibility for the other direction. How-
ever, EuZn,P, exhibits with decreasing temperature different
behavior of x'(T). The susceptibility increases for H,. L ¢
and for Hy || c it decreases first but a small kink is observed
at about 5 K. In addition, the imaginary part of susceptibility
x"(T) increases (below Ty), which reflects energy dissipa-
tion associated with remagnetization in the already magnetic
state.

For non-zero external static magnetic fields, additional
anomalies are observed for the real and imaginary parts of ac
susceptibility in both field directions (see Fig. 8). While the
maximum at 23 K (associated with the antiferromagnetic tran-
sition) shifts towards the lower temperatures with increasing
woH for both directions, the shape of x’(7) depends on the
direction. For H L ¢, x'(T) below Ty changes to nearly tem-
perature independent (flat type), while for H || c it decreases
with decreasing temperatures. For low fields (uoH < 0.3T)
applied perpendicular to the ¢ axis, x'(T) exhibits a broad
maximum, which is accompanied by a maximum in x”(7)
below the Ty, but for higher fields the maximum appears
above Ty, in other words, this maximum is shifted towards
higher temperatures with increasing static magnetic field. On

the other hand, for H || ¢ such maximum in x'(T) is visible
only for higher fields (0.5 T) and the response in the x”(T)
is much more subtle than in the H L ¢ case. An anomaly
that is shifted towards higher temperatures by increasing static
magnetic field can be associated with a reorientation of Eu**
magnetic moments towards the field direction. In static fields
exceeding 3T, a ferromagnetic-like alignment is achieved.
Hence the ac susceptibility becomes low and practically fea-
tureless on the given temperature scale.

Similar behavior (increase for uoH = 0T and nearly tem-
perature independent x (7") for uoH > 0T) of the real part of
susceptibility below Ty for Hy. L ¢ (and H L c¢) was observed
for example for EuFe,;As, and Eug ggsCag 12Fe,As, [10,31]. It
was proposed that this is most likely due to the detwinning
process, which we can not exclude in the case of EuZn,P;.

On the contrary, the x'(7T) dependence for ¢ || uoH >
0T does not resemble susceptibility for the mentioned com-
pounds (see Refs. [10,15,32—42]). We do find, however, some
similarities for EuZn,;As; [9], as well as for the Co-doped
EuFe,As, compounds [43,44]. For all of these compounds,
the magnetic moments of Eu’* are tilted from the basal plane.

This can lead us to assumption that also in EuZn,P, the
magnetic moments of Eu’* order antiferromagnetically but
are tilted from the basal plane, in agreement with the Moss-
bauer spectroscopy results presented below (see Sec. III D).
Moreover, the observed ferromagnetic-like anomaly below the
antiferromangetic transition can be associated with: (i) the de-
twinning process (or presence of antiferromagnetic domains),
(ii) possible spiral order instead of an A-type antiferromag-
netic one, which results in existence of an ferromagnetic
component, i.e., ferromagnetic interactions between Eu?t
magnetic moments.

2. Dc magnetization

Although the dc magnetization of EuZn,P, was studied
already [6-8], we performed dc magnetization measurements
in a broader range of temperatures and magnetic fields for
a more complete description. This also enabled us to draw
a more detailed magnetic phase diagram of the investigated
system (see Sec. III E).

Temperature dependence of dc magnetic susceptibility in-
vestigated at low magnetic fields applied perpendicular (H L
¢) and parallel (H | c) to the crystallographic ¢ axis, strongly
resembling the ac susceptibility data, is shown in Fig. 9(a). It
increases with decreasing temperatures until a kink at Ty =
23 K is reached, and then it decreases.

Temperature dependencies of the inverse susceptibility,
1/x, measured in uoH = 9T applied perpendicular and par-
allel to the c axis are shown in Figs. 9(b) and 9(c), respectively.
The 1/ x(T) dependence is linear at high temperatures. Fitting
the experimental data to the Curie-Weiss law:

Na /*z,ff

T)= ,
X( ) 3kB/,LQT—9p

(6)
where N, is the Avogadro number, kg the Boltzmann con-
stant, o permeability of vacuum, 6, the paramagnetic
Curie temperature, uef effective magnetic moment (in Bohr
magnetons ug) gives /Lj—ff =(7.74+0.01) ug and /,L!gfz
(7.87£0.01) ug for H L ¢ and H || c, respectively; which
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FIG. 8. Real [(a) and (c)] and imaginary [(b) and (d)] parts of ac susceptibility investigated with driving field H,, = 1 mT (f = 1111 Hz)
in various static magnetic fields puoH applied perpendicular [(a) and (b)] and parallel [(c) and (d)] to the ¢ axis. The dependencies for poH >
0.005 T are shifted along the y axis by 3 in (a) and (c) and by 0.02 in (b) and (d).

is close to 7.94 g, the theoretical value for the 4f7 con-  interactions are dominant despite the AF ground state. The

figuration. The evaluated paramagnetic Curie temperature,  above findings are in very good agreement with previous
= (27.8+0.2)K and studies on this material [6-8]. The anomaly at 7y shifts

91|)|c — (24.8+03) K) indicates that the ferromagnetic towards lower temperatures (see Ref. [10]) with increasing
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FIG. 9. Temperature dependence of (a) dc magnetic susceptibility x investigated in woH = 5SmT applied perpendicular (closed blue
circles) and parallel (open orange squares) to the crystallographic ¢ axis, and [(b) and (c)] inverted susceptibility 1/x measured in uoH =9T
applied perpendicular [(b), open blue circles] and parallel [(c), closed orange squares] to the crystallographic ¢ axis together with respective
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external magnetic field H, as usual in antiferromagnets. Field
dependencies of magnetization for H L ¢ and H || ¢ orien-
tations measured at 7 = 2K are presented in Fig. 10(a).
Both curves show, as expected for an antiferromagnet, no
spontaneous magnetization and no magnetic hysteresis. The
response in low fields is linear. At sufficiently high fields
magnetization for both orientations saturates to 7 yg per Eu
atom, which is consistent with the theoretical value for Eu2*
(uh = 7 up). The field at which saturation is reached depends
on the orientation and is equal 1.3 and 2.5T for H L ¢ and
H || c orientations, respectively. These fields correspond to a
crossover to the field-induced ferromagnetic state, i.e., state at
which all magnetic moments of Eu?>* align ferromagnetically
under the influence of magnetic field.

At very low fields (below 0.02 T), see Fig. 10(b), one can
notice that for the H L ¢ orientation there is a clear change
of behavior of magnetization. It first increases slowly and
then from about 0.015T it starts to increase more rapidly,
maintaining the same slope until reaching the saturation. It
resembles the virgin magnetization curve of the ferromagnets
with domain wall pinning mechanism of the magnetization
reversal. The same behavior was found in EuZn,P, by Kreb-
ber et al. [8], as well as in other Eu containing compounds
[26,27,31,45] and was attributed to either the presence of
antiferromagnetic domains, which were vanishing at higher
fields (above 0.05T), or the detwinning process. This effect
may be related to the presence of three equivalent directions
in the unit cell for Eu** moments tilted from the ¢ axis, which
corresponds to its threefold rotational symmetry.

D. Maossbauer spectroscopy measurements

There are very few experimental techniques, which can
provide information regarding the orientation of ordered mag-
netic moments. One of them is Mossbauer spectroscopy and
we carried out such measurements on the '>'Eu isotope. In
Fig. 11, we present results of measurements carried out in the
ordered (at T = 4 K) and paramagnetic state (30 and 300 K).
At the room temperature [Fig. 11(a)], the spectrum consists of
a single absorption line with isomer shift § = —11.09 mm/s,
which is typical for Eu?* ions [46-48].

The other parameters, which can be obtained from the fit
of experimental data, are the largest component of the electric
field gradient tensor (EFG), V,,, and the quadrupole coupling,
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FIG. 11. '“'Eu Mossbauer spectra of EuZn,P, measured at
(a) room temperature, (b) 7 = 30 and (c) 4 K. Experimental data are
shown as black squares and the red line is the result of the fit, which
parameters (8, V.., By and 6) are also provided.
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€, which is a result of the interaction of EFG with a nuclear
electric quadrupole moment, Q,. EFG at the Eu site has two
sources, the first one is due to its own electrons and the second
comes from neighboring ions. The Eu®>* ion has a half-filled
4f7 electronic configuration with the 8S; /2 ground state, so
that the 4f electron contribution to the EFG is expected to
be zero. The second contribution coming from the “lattice” in
our case is also expected to be rather small since the Eu site
has a rather high symmetry (3m point symmetry). Therefore
the EFG, V,, and the resulting quadrupole coupling, €, are
expected to be small. Since the c axis is a threefold rotation
axis, one expects that it becomes the principal axis of the EFG
tensor [49] and the tensor itself is axially symmetric along it,
i.e., the V,, component is along the c axis. Then the quadrupole
coupling € in the paramagnetic state can be written as:

1 ceQ,V:.
€= - —=
4 E,

where c is the light velocity in vacuum, e electron charge,
and E, is the Mossbauer photon energy. In the case of STEy
Maossbauer spectroscopy one can learn the sign of V., in the
paramagnetic state from the asymmetry of the spectrum. The
tail towards more negative (positive) values of the velocity
indicates a positive (negative) sign of V.. In our case V,,
is small so it is difficult to distinguish its sign just by the
eye. Therefore we calculated the skewness and determined its
positive sign, meaning a negative sign of V,,. From the fit to
the data at T = 300K, we obtain V,, = —22.8 x 10%° V/m?,
which is comparable to the value for EuZn;As, [9] and is
rather small [50,51], as expected.

In the magnetically ordered state, the formula in Eq. (7) is
modified as follows:

_ 1ceQ,V.. (3cos’0 — 1
4 E, 2 ’

where 6 is the angle between the principal component axis of
the EFG (c axis in our case) and the direction of Eu hyperfine
field Byt and, therefore, the Eu magnetic moment. Hence it is
in general possible to obtain information about the orientation
of Eu magnetic moments. However, we note that V,, and 6
are fitted simultaneously in the same term, Eq. (8), and more
than one solution may provide similar fit quality. In order to
facilitate the fitting procedure in the ordered state, one could
use parameters § and V., obtained in the paramagnetic state.
Since they are usually temperature dependent, we conducted
a measurement just above Ty, i.e., at T = 30K, shown in
Fig. 11(b). Compared to room temperature the isomer shift §
somewhat changes and the absolute value of V,, increases as is
expected due to the lattice contraction and the corresponding
decrease of inter-atomic distances [52].

We note here that there are three recent studies, which
discuss possible orientation of Eu magnetic moments in
EuZn,P,. Berry et al. and Singh et al. suggested that there is a
planar A-type antiferromagnetic order, i.e., Eu moments lie in
the basal plane [6,7], while Krebber et al. using resonant x-ray
diffraction reported that Eu moments are tilted from the basal
plane by an angle of 40° 4 10° [8]. At T = 4K, the "'Eu
spectrum consists of groups of peaks, which is due to the pres-
ence of a magnetic hyperfine field at the Eu nucleus, related to
the magnetic order of Eu moments. Below we discuss results

; N

€

®)

TABLE II. Parameters obtained from fitting of the spectrum ob-
tained at 7 = 4 K. In the first row all fitting parameters were free,
in the second row V,, was fixed to its value at T = 30 K, in the third
row the angle 6 was fixed at 90 °, as suggested by Berry et al. [6].

V.(10% V/m?) 6) § (mm/s) By (T)

—50.3£5.1 61+1 —11.494+0.01  29.99 £0.04
—42.6 (fixed) 63+1 —11.49+£0.01  29.97+0.04
—157+1.6 90 (fixed) ~ —11.494+0.01  29.83+0.03

of three fitting procedures with focus on V,, and 6, since &
and By are the same within the error margin (see Table II).
They are also very similar to those obtained for EuZn,As;
[9]. First we performed a fit with all parameters free and we
obtained |V,,| somewhat larger compared to that at 7 = 30K,
which is expected, and the angle 6 = 61 °. This fit is shown
in Fig. 11(c). In the second attempt we fixed V,; at the value
obtained at 7 = 30K and we obtained the angle 6 = 63°.
Obtained values of 6 indicate that Eu moments are inclined
from the basal plane by about 30°, in a good agreement with
the value suggested by Krebber ef al. [8]. In the final fit, we
fixed the angle 6 at 90 °, a value suggested by Berry et al., and
we obtained |V,;| almost three times smaller compared to that
at 30 K, which is very unlikely, since |V,,| typically increases
with decreasing T [50-52], unless there is a structure phase
transition, or strong or uneven change of the lattice parameters
with temperature. This is practically excluded by the XRD
data discussed above, giving the c¢/a ratio changes with T only
by 0.1%, while a and c vary by 0.2% and 0.3%, respectively.
Therefore our Mossbauer spectroscopy results indicate that
the option with Eu moments in the basal plane is implausible
and that they are tilted from the basal plane, as suggested by
Krebber et al. [8]. We also stress that our M (H ) curves in weak
magnetic fields show the same behavior as in Ref. [8], while
Berry et al. [6] mentioned a linear behavior in weak fields.
In fact, such disagreement on the orientation of Eu moments
is not unusual. It was observed by different groups studying
the same compounds, for example, for structurally similar
EuZn,As; [9,53,54] or EuSn;As; [25,55]. The angle 6 we
found here for EuZn,P, is similar to that in EuZn,As, [9] or
EuNi,;As; [48]. Such an inclination from the basal plane was
indicated by ab initio calculations assuming for simplicity a
ferromagnetic coupling, giving equal Eu moment component
on each Cartesian coordinate x, y, z. This yields the inclination
from the basal plane 35°,i.e.,0 = 55°.

E. Magnetic phase diagram

In Fig. 12, we summarized characteristic transition points
that were obtained as follows. Using the Fisher’s method [56]
local maxima and minima in d(xT)/dT versus T [where x
is either the real part of ac susceptibility x'(7) or the dc
susceptibility x (7') for each magnetic field] were taken as
the characteristic transition points (max. in AC Fisher and
max. in DC Fisher). The imaginary part of ac susceptibility
x"(T) for each magnetic field was investigated for local max-
ima (max. in AC x”). By taking the minimum in d>M/dH*
versus H min. in DC d*M/dH? points were determined. The
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FIG. 12. Magnetic phase diagram of EuZn,P, for magnetic fields applied perpendicular (a) and parallel (b) to the crystallographic ¢ axis.
The solid and dashed lines are the guides for the eyes. Abbreviation FIF stands for field induced ferromagnetic.

max. in HC points are corresponding to the maxima in heat
capacity C,(T') for each magnetic field.

Based on these data the magnetic phase diagram was
constructed, as a result several phase regions can be distin-
guished for this compound. As can be seen in Fig. 12 for
zero field, going from higher temperatures, a paramagnetic
region (P) is followed by a transition at the Néel temperature
Ty = 23K to antiferromagnetic order with Eu>* magnetic
moments tilted from the basal plane towards the ¢ axis (AF).
At lower temperatures (around 7* = 5 K), a feature shifting to
higher temperatures with increasing field, indicating its origin
in ferromagnetic interactions between the Eu>* moments, is
visible (AF* region). With application of an external magnetic
field another region (field induced ferromagnetic, FIF) can be
observed, which is related to the crossover from the param-
agnetic state to field induced alignment of the Eu>* magnetic
moments below the temperature Tpyp.

The observed phenomena indicate that the ground state of
EuZn;P; is an antiferromagnet with moments tilted from the
basal plane, however there are some additional ferromagnetic
features possibly originating from presence of magnetic do-
mains or canted antiferromagnetic order.

F. Magnetoresistance

The temperature dependence of electrical resistivity of
EuZn,P, was studied first in Ref. [6]. However, this work
covers only a high temperature range (140-400 K). The rapid
increase at lower temperatures does not allow to use conven-
tional setups suitable for metallic materials at PPMS systems,
as G2 sample resistance is comparable with the resistance of
the sample holder without any sample. Here we used an elec-
trometer setup which provides data with reliable temperature
dependence as well as absolute values of resistance, which is,
however, not easily transformable to resistivity. Very approx-
imately, 1 Q resistance corresponds for the given geometry
to p = 10mQcm. On the fine scale, the results differed

when changing the range of electrometer, however the orders
of magnitude turned out reliable. Figure 13 shows that the
resistance increases with decreasing 7" until it reaches a broad
maximum related undoubtedly to magnetism, but located still
above the actual Ty. The Ty actually manifests as a minimum,
below which resistance resumes its increasing tendency. The
position of the broad maximum is very sensitive to magnetic
field, being shifted by more than 10 K (from Tj,,x = 30K) in
magnetic field of 1 T. The magnetic phase transition tempera-
ture is in agreement with the ac susceptibility measurements,

<3
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i;\ L/ 10° 1
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FIG. 13. Temperature dependence of electrical resistance R(T)
for current along the basal plane in various magnetic fields applied
parallel to the ¢ axis. The inset shows high temperature data in zero
field as a function of 1/7, used to determine the activation energy
E,. The inset data were obtained using the electrical transport option
in PPMS (ETO).
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FIG. 14. Magnetoresistance at 7 = 10 K of EuZn,P, for field
increasing (black) and decreasing (green). Measurement with current
in the basal plane, magnetic field along the ¢ axis.

i.e., shifts slowly to lower temperatures with application of
an external magnetic field, reaching 20 K in 1 T. The related
minimum gets deeper and sharper.

The high-temperature part of R(7T") follows an exponen-
tial law with the excitation energy E, = 0.145 eV, which is
not far from the value of 0.11 eV reported in Ref. [6]. As
E, = 2E,, the gap width of 290 meV is obtained. As seen,
cooling further below the minimum brings another increase
of resistance, and values exceeding 10" ©Q were recorded at
T = 2 K. Although this final increase could be ascribed in
principle to shallow (2-3 meV) impurity levels in the gap,
affecting the electrical conduction, a more simple solution
is to assume that the resistivity decrease associated with the
antiferromagnetic order, manifested as a band gap reduction,
saturates gradually below 7y. Around this temperature, the
suppression of magnetic fluctuations can be still assisted by
external magnetic field. The field of 1 T is already sufficient
to induce the ferromagnetic-like alignment of Eu moments in
a limited temperature range. At lower temperatures a phase
boundary of the AF state is encountered, which manifests as
a sudden termination of the decreasing trend. The field varia-
tions in Fig. 13 can be classified as colossal magnetoresistance
effects, which are indeed disclosed in Fig. 14, revealing a
resistance decrease by two orders of magnitude in uoH =1 T.

G. High pressure studies

Application of hydrostatic pressure leads to a similar effect
as magnetic field. The broad maximum of R(T') is gradually
shifted towards higher temperatures and absolute R values
decrease. In addition, the low-T" upturn becomes insignificant.
As seen from Fig. 15, the absolute values decrease by many
orders of magnitude. The analysis reveals that the activation
energy is progressively reduced and the gap disappears at 16—
17 GPa. At the highest pressure applied, 18.7 GPa, the sample
is apparently in a semimetallic state already, as indicated by
P30k = 8m2cm and residual resistivity pp = 0.5 m2 cm.
Figure 15 shows that even in such case the resistivity in
the paramagnetic state is very strongly field dependent, with
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FIG. 15. Variations of R(T") of EuZn,P, as a function of hydro-
static pressure (top). The middle panel describes pressure variations
of the gap width. The lower panel displays field variations of re-
sistivity at the highest pressure achieved (p = 18.7 GPa), which is
sufficient to suppress the gap entirely.

large negative magnetoresistance persisting up to the room
temperature. The fact that largest effect is observed around
T = 100K, where fields of several Tesla affect magnetic
fluctuations, indicates the strong coupling of such fluctua-
tions to the pool of conduction electrons. Such an effect is
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FIG. 16. Pressure variations of magnetic susceptibility of
EuZn,P, monitored by ac susceptibility in the piston cylinder cell
(small points) and dc susceptibility in DAC (large points). The dc
susceptibility was measured in the field of 0.01 T. The x(7') values
were rescaled arbitrarily. The inset displays the pressure dependence
of Ty obtained by the two techniques.

necessarily reduced with increasing 7', as the thermal energy
kg T becomes much higher than the Zeeman energy of a single
Eu moment in given fields.

As shown above, Ty corresponds at ambient pressure to a
minimum in R(T), however, the character of R(T') dramati-
cally changes when pressure is applied and from R(T) it is
not obvious what is the pressure variation of 7. Therefore it
was essential to determine the susceptibility under pressure.
In Fig. 16, two types of experimental results under pressure
are displayed. The ac susceptibility, x,.(T'), used in the lower
pressure range (up to 3 GPa), provides good hydrostaticity
and low noise. The range up to 10 GPa was covered by the
dc magnetization measurements. The fact that susceptibility
forms a maximum means that the AF order does not transform
to ferromagnetism in the pressure range studied. In the range
where both techniques overlap we observed their good agree-
ment, following approximately linear increase. This increase
becomes steeper around p = 4 GPa. The data suggest that
there may be another linear increase above this limit, but a
more detailed study has to be undertaken to be conclusive. The
important fact is that the 7y values at elevated pressures do not
correlate with any particular anomaly in R(7T'). The maximum
in R(T) in Fig. 15, albeit related to magnetism, is located
above the actual Ty at corresponding pressures. Hence, we
tend to associate the maximum, or better the decrease of R

from the exponentially increasing tendency, with magnetic
fluctuations, inducing magnetic polarons.

As the family of ternary Eu Zintl phases with a distinctly
layered structure is quite extended, we can compare the behav-
ior with other systems, having identical or very similar crystal
structure. For some of them, even the pressure variations of
the behavior have been explored. A convenient starting point
of understanding is that the Eu magnetism implies the 4 f7 5d°
(Eu*") state. This charge state is at least to some extent robust
against the lattice compression. On the other hand, the state
with 46 5d' configuration has dramatically lower volume
and should be therefore preferred in a highly compressed
state. The 46 state with L =S5 =3,J = L — S = 0 is natu-
rally non magnetic. In addition, valence fluctuations between
one magnetic and one non-magnetic state may also produce
non-magnetic ground state due to the dynamics of charge fluc-
tuations or Kondo effect. For systems tunable across the loss
of magnetism either by changes of composition or pressure,
as, e.g., Bu(Rh;_,Ir;),Si,, the transition can be of the first
order type [57].

A characteristic feature of electronic structure of the Eu
Zintl phases (those containing a pnictogen or chalcogen) is
existence of a gap at the Fermi level, with the 3p states of
P contributing to the upper edge of the valence band and 5d
states of Eu in the conduction band.

For EuZn,P,, the pressure induced gradual gap suppres-
sion, indicated both by calculations and resistivity studies, can
thus eventually bring the 5d states to and below the Fermi
level. We can speculate then that a crossing of the metal
insulator transition giving a fractional occupancy of the 5d
states may also give a non-magnetic state due to the mean
4f occupancy sinking below 7, which would suppress its
magnetism. In pressures used here, EuZn,P,, is however still
on the ascending part of the dependence of Ty on pressure.
It implies that the 4 f occupancy stays at 7 and the effective
inter-site exchange coupling increases. As pointed out already
for various isostructural compounds [6], the Eu-Eu distances
are likely the explicit tuning parameter. This is, however, true
both for the dipole-dipole interaction suggested in Ref. [6]
and (more likely) for the superexchange, depending on the
4 f-3p hybridization. The observed increase of Ty of EuZn, P,
under pressure is the continuation of the same trend to even
smaller distances than available compounds offer within the
same structure type. What remains to complete the story
is to describe the pressure variations of lattice parameters.
The anisotropy of lattice thermal expansion detected here for
EuZn,P,, suggests that also individual compressibilities under
hydrostatic pressure may exhibit a significant anisotropy.

Such robust enhancement of ordering temperatures in Eu
systems is naturally not restricted to the given family of
ternaries. As a simple model systems one can take, e.g., Eu
monochalcogenides, which crystallize in the cubic rocksalt
structure. Indeed, magnetic ordering temperatures increase
with decreasing size of a chalcogen or with pressure. More-
over, the gradual compression turns the antiferromagnetic
order of EuTe into ferromagnet, with the critical Eu spacing
around 5.2 A, achieved in ~8 GPa [58]. On the other side
of the series, EuO with the ferromagnetic ground state has
Tc dramatically increasing by 5K/GPa [59] from 69.2K
at ambient pressure. A remarkable fact is that both the
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predominance of the F order at low Eu-Eu distances and
increase of Tc with compression are well accounted by ab
initio calculations (LDA + U). [60] An analysis shows an im-
portant role of the p-f mixing and superexchange. With such
background information it is understandable that the exchange
in the basal plane is strong and ferromagnetic, as the Eu-Eu
distances are far below 5 A, while much longer bonds along
the ¢ axis bring AF coupling, which is so weak that it can
be broken in magnetic fields of few tesla. The superexchange
operates, as pointed out in Ref. [7], via the P atoms adjacent to
the Eu planes. The situation with strong in-plane coupling and
weak inter-plane one brings 2D magnetic correlations existing
above Ty. Their footprint can be seen in magnetic entropy
extending up to 7 = 40K even in zero magnetic field.
Among compounds with the same crystal structure,
EuZn;As, with lattice parameters somewhat higher and Ty =
19.2 K lower than for EuZn,P,, exhibits a remarkable similar-
ity to EuZn,P, [9]. While there are no high pressure data for
EuZn;As;, high pressure effects were studied for Euln,As;
with a similar structure type [3]. It is more metallic than
EuZn,P,, possibly with a very narrow gap around the I" point,
at which nontrivial topologically protected states are present
at the Fermi energy Er. As those states depend on the symme-
try imposed by magnetic ordering, any moments reorientation
yields a large impact on electrical resistivity. A complicated
helicoidal magnetic structure of the ground state makes the
situation quite involved [61]. The impact of pressure is very
dramatic. The Ty value increases up to 65 K in p = 14.7 GPa,
which is attributed to stronger exchange coupling in the basal
plane. In pressures exceeding 17 GPa it becomes amorphous
and metallic, so the trend could not be followed continuously
any more [3]. We can think about the first order transition
coupling the volume collapse with the valence change. The
amorphization can appear in the situation in which a local
structure motif imposed by bonding conditions modified by
the compression is incompatible with the 3D translation pe-
riodicity of the crystal lattice. An interesting feature is rather
low bulk modulus By = 32.3 GPa. Comparing the linear com-
pressibilities from the data in Ref. [3], one can deduce that
the ¢ axis is actually much softer. Increasing pressure brings
metallization seen in electrical resistivity, while the colossal
magnetoresistance effect is gradually suppressed. Although
topological states depending on the symmetry of the AF state
turning to F under the influence of field can affect the resis-
tivity, a general and more simple mechanism is a reduction of
the band gap. Even if it happens for one spin direction only, a
simple parallel resistor model reveals that the opposite spin
direction where the gap increases becomes for conduction
practically irrelevant. The other side of the coin is that the
conduction electrons are very strongly spin polarized, which
gives rise to a spin filter effect, described, e.g., for EuO [62].
An interesting fact is that the largest magnetoresistance effect
is for EuZn,P, recorded not in the low temperature limit,
but above Ty, where the resistance forms a pronounced knee.
Evidently the strong coupling of transport to magnetic fields
reflects the field effect on magnetic correlations above Ty. In
particular, we can expect magnetic field to have a stabilizing
effect on ferromagnetic fluctuations, assumed within the basal

plane. As we measure, due to the geometry of the crystals
grown, the resitivity perpendicular to the ¢ axis, the experi-
ment is particularly sensitive to the correlations in the basal
plane. Applying pressure the knee shifts accordingly, exceed-
ing T = 100 K. The largest magnetoresistance point shifts to
~150K. The fact that there is very little field dependence
in the low-T limit can mean that the type of order actually
changes from AF to F in the higher pressures applied in this
work.

IV. SUMMARY AND CONCLUSIONS

EuZn,P, is an antiferromagnetic layered compound with
a narrow band gap, which is intimately connected with the
magnetic state. We assume a strong ferromagnetic Eu-Eu
exchange coupling within the basal plane sheets, based on
superexchange including phosphorus ions. The weaker in-
teraction to more remote Eu neighbours along the c¢ axis
is antiferromagnetic, which determines the type of magnetic
order. The Eu?>* moments are inclined from the basal plane.
Large Eu moments of 7 uz, weak AF coupling and very weak
magnetocrystalline anisotropy (Eu?* has spin-only moments
similar to Gd>*, but absence of 5d occupancy makes the
anisotropy even weaker than for Gd systems) facilitate the
rotation of moments into a field aligned state, accomplished in
noH = 2 T. This dramatically reduces resistivity not only in
the AF state but also above Ty. Such CMR effect is even more
pronounced in a limited 7 range above the actual Ty, which
is related to ferromagnetic correlations. The phenomenon can
be related to the reduction of the gap width. The gap is
suppressed in p &~ 17 GPa, where EuZn,P, becomes a semi-
metal, probably ferromagnetic. Hence we can anticipate that
it is also a half-metal with one spin direction only at the Fermi
level. Hydrostatic pressure also increases 7y from 23K to
almost 45K in p = 10 GPa, which seems to be quite general
effect for Eu systems with a band gap [59]. As the crystal
structure does not have a center of symmetry, further research
will have to focus on possible non-trivial topological states
and their interplay with the symmetry of magnetic state and
its development in magnetic fields.
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