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We report the growth and characterization of MnPdsP, a rare-earth-free ferromagnet, with 7o ~ 295 K
and planar anisotropy, and conduct a substitutional study with its antiferromagnetic analog MnPtsP. All
compounds in the family adopt the layered anti-CeColns-type structure with the space group P4/mmm, and
EDS and x-ray diffraction results indicate that MnPtsP and MnPdsP form a complete solid solution. Based on
measurements of the temperature- and field-dependent magnetization and resistance, we construct a temperature-
composition (7-x) phase diagram for Mn(Pt;_,Pd,)sP and demonstrate that the essentially antiferromagnetic
order found in MnPtsP is extraordinarily sensitive to Pd substitution. At low Pd fractions (x < 0.010), the
single antiferromagnetic-like transition in pure MnPtsP splits into a higher-temperature ferromagnetic transition
followed first, upon cooling, by a lower temperature ferromagnetic to antiferromagnetic transition and then by
a re-entrant antiferromagnetic to ferromagnetic transition at even lower temperatures. The antiferromagnetic
region makes up a bubble phase that persists up to x =~ 0.008-0.009 for T =~ 150 K, with all samples 0 < x <
0.008 recovering their initial ferromagnetic state upon further cooling to base temperature. Once x > 0.010,
Mn(Pt;_,Pd,)sP undergoes a only single transition into the ferromagnetic phase. The Curie temperature initially
increases rapidly with x, rising from 7T &~ 197 K at x = 0.013 to a maximum of 7¢ &~ 312 K for x ~ 0.62, and
then falling back to 7 =~ 295 K for pure MnPdsP (x = 1.00). Given that Pt and Pd are isoelectronic, this work
raises questions as to the origin of the extreme sensitivity of the magnetic ground state and the nature of the
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re-entrant ferromagnetism at dilute Pd levels.

DOLI: 10.1103/PhysRevB.107.134429

I. INTRODUCTION

Targeted design of tunable magnetic materials is active
and key challenge for the materials chemistry and physics
community. Achieving this goal necessitates understanding, at
a microscopic level, what chemical and structural features un-
derpin the magnetic properties of a given material. Whereas in
magnetic semiconductors and insulators, theories based upon
superexchange interactions can often provide a satisfactory
explanation of the magnetism [1,2], in metallic compounds,
it is far more challenging from a theoretical perspective
to understand and therefore to predict whether a structure
containing transition metals will be paramagnetic, ferromag-
netic, or antiferromagnetic [3]. This difficulty is particularly
pronounced in the case of low-dimensional and/or itinerant
magnetic metals, which show completely different electronic
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and magnetic properties from magnetic semiconductors [4-9].
With these challenges in mind, detailed studies on isostruc-
tural or chemically similar intermetallic compounds with
disparate magnetic properties may yield valuable insight into
the physical parameters that ultimately determine the mag-
netism and hopefully provide guidelines for more targeted
design of magnetic materials.

The M(Pt,Pd)sX (X =P, As) family is a group of
materials that crystallize in the quasi-two-dimensional anti-
CeColns-type tetragonal structure with the space group
P4/mmm (#123). Whereas members in which M is a late
transition metal (Ag, Zn, Cd, Hg) or boron-group element (Al,
Ga, In, T1) have been known for decades [10], we recently
discovered several new members where M is a magnetic 3d
transition metal [11-15]. Despite sharing the same crystal
structure, the magnetic properties of the 3d metal containing
M (Pt, Pd)sX materials are remarkably diverse. MnPtsAs is a
Te ~ 280 K ferromagnet [13], whereas the isovalent MnPtsP
orders antiferromagnetically below Ty ~ 190 K (likely with
a small ferromagnetic, ¢ = 0, component in addition to the
predominantly antiferromagnetic order) [11,15]. FePtsP is an

©2023 American Physical Society
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itinerant antiferromagnet that undergoes three closely spaced
transitions between ~70-90 K [12,15]. Lastly, MnPdsSe also
shows antiferromagnetic order below 7Ty ~ 80 K, and a spin
reorientation is observed upon further cooling below 50 K
[14]. The range of properties exhibited by the M (Pt, Pd)sX
family suggests that the magnetism in these compounds is
extremely sensitive to some combination of chemical compo-
sition, electron count, and steric considerations. The case of
MnPtsP is particularly interesting. As noted above, MnPtsP
orders essentially antiferromagnetically, whereas MnPtsAs is
a ~280 K ferromagnet. Very recent work furthermore indi-
cated MnPdsP exists and manifests ferromagnetic order near
room temperature [15], suggesting that both lattice expansion
(toward MnPtsAs) and contraction (toward MnPdsP) push
the antiferromagnetic MnPtsP toward a ferromagnetic ground
state.

In this work, we present a substitutional study between
MnPdsP and MnPtsP to better characterize the magnetism of
the end members and to understand how the initially antiferro-
magnetic state of MnPtsP evolves towards ferromagnetism in
MnPdsP. Phase and structural analysis with x-ray diffraction
and energy dispersive spectroscopy indicate that MnPtsP and
MnPdsP form a full solid solution of Mn(Pt,_,Pd,)sP, with
no crystallographic evidence for a site preference between
Pt and Pd atoms. Magnetization measurements show that the
essentially antiferromagnetic state in pure MnPtsP is extraor-
dinarily sensitive to Pd substitution. At Pd concentrations
as low as x < 0.01, the single antiferromagnetic transition
found for pure MnPtsP splits into a higher temperature fer-
romagnetic transition followed first, upon cooling, by a lower
temperature ferromagnetic to antiferromagnetic transition and
then by a re-entry into the ferromagnetic state at lower temper-
atures. The antiferromagnetic region makes up a bubble phase
that persists up to x &~ 0.008-0.009 for T ~ 150 K, with all
samples x < 0.008 recovering their initial ferromagnetic state
upon further cooling to base temperature. When x > 0.010,
Mn(Pt,_,Pd,)sP undergoes only a single ferromagnetic tran-
sition, where the Curie temperature initially increases with x
and is maximized at ~312 K for x = 0.62 Pd before decreas-
ing to 295 K in pure MnPdsP. Considering that for x >
0.01, the rather gradual and nonmonotonic T variation does
not track well with lattice parameters, the fantastic sensitivity
of the antiferromagnetic phase of Mn(Pt;_,Pd,)sP for x <
0.01 is remarkable and suggests there is a qualitative change in
the material that we suggest may be associated with a change
in the Fermi-surface topology, such as a Lifshitz transition.
Qualitatively in-line with this proposal, electronic band struc-
ture calculations for MnPtsP indeed show several pockets near
the Fermi level which could be altered by Pd substitution.
Direct experiments to probe the electronic structure or density
of states at the Fermi level are needed to further understand
the extraordinary sensitivity of MnPtsP to Pd alloying.

II. EXPERIMENTAL DETAILS

A. Crystal growth

We prepared and characterized both single crystalline and
polycrystalline samples of MnPdsP and Mn(Pt;_,Pd,)sP.
The Mn(Pt;_,Pd,)sP single crystals were grown from

(Pt;_,Pd,)-P based solutions as follows [15]: Elemental Mn
pieces (Puratronic, 99.98%), Pt powder (Engelhard, 99 + %
purity), Pd powder (Engelhard, 99 4+ % purity), and red P
pieces (Alpha-Aesar, 99.99%) were weighed according to
nominal compositions of MngPt7;_,Pd, P>y (the actual com-
positions are given in Table IV in the Appendix) and placed
into the bottom of an alumina Canfield crucible set (CCS)
[16,17]. The packed CCS was flame sealed into evacuated
fused silica ampules that were backfilled with ~1/6 atm Ar
gas. Using a box furnace, the ampules were warmed to 250 °C
over 6 h and then to 1180°C over an additional 8 h. After
dwelling at 1180 °C for 6 h, the furnace was gradually cooled
to 800 °C (for samples with nominally less than 50% Pd) or
to 830°C (for those with over 50% Pd) over ~100 h. Upon
reaching the desired temperature, the excess liquid phase was
decanted by inverting the ampules into a specially designed
centrifuge with metal rotor and cups [18]. After cooling to
room temperature, the ampules and CCS were opened to
reveal clusters of metallic plate-like crystals with typical di-
mensions of ~3 mm, and a representative picture of several
crystals is shown in the inset to Fig. 1(d).

The polycrystalline samples were prepared from a solid
state reaction by sintering pellets with nominal composi-
tions of Mn(Pt;_,Pd,)sP (x = 0.2, 0.4, 0.5, 0.6, 0.8, and 1).
Mn powder (Mangan, 99 + %), Pt powder (BTC, 22 mesh,
99.99%), Pd powder (BTC, 200 mesh, 99.95%) and red P
powder (BTC, 100 mesh, 99%) were mixed and ground in
Mn(Pt;_,Pd,)sP: P =1:5: 1atomic ratio. The mixture was
pressed into a pellet, and the pellet was placed into an alumina
crucible and sealed in an evacuated silica tube. The sample
tube was then heated to 1050 °C at a rate of 40 °C per hour. Af-
ter annealing for 2 days at 1050 °C, the samples were slowly
cooled to room temperature at the speed of 10°C per hour.
Both the single- and polycrystalline Mn(Pt;_,Pd, )sP samples
were stable in moist air.

B. Phase and structure determination

Powder x-ray diffraction patterns were obtained using a
Rigaku Miniflex-II instrument operating with Cu-K« radia-
tion with A = 1.5406 A (K1) and 1.5443 A (K«2) at 30 kV
and 15 mA. The samples were prepared by grinding a rep-
resentative number of crystals (5-10) to a fine powder. To
determine the lattice parameters, the powder patterns were
refined using the Rietveld method with the GSAS-II software
[19]. To obtain a better estimate of the uncertainty in the
lattice parameters for samples very dilute in Pd: (x < 0.022),
we collected and refined three separate patterns, and used the
standard deviations of the refined values of a, ¢, and V as error
bars [see Figs. 1(b)-1(d)]. For samples with x > 0.022, the
fitting errors from the Rietveld refinements were used as the
error bars.

Single-crystal x-ray diffraction (SCXRD) experiments
were conducted in a D8 Quest Eco diffractometer with Mo-
Ko radiation (A =0.71073 A) equipped with Photon II
detector. Empirically, we found that the solution grown single
crystals of Mn(Pt;_,Pd,)sP were not favorable for SCXRD,
whereas very small single crystals picked from the sintered
pellets (the solid-state reactions) were more suitable and
were used for the SCXRD. The samples were mounted on a
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FIG. 1. (a) Powder x-ray diffraction patterns collected from the solution-grown Mn(Pt,_,Pd, )sP crystals. The Pd fractions were determined
from EDS (see Table IV in the Appendix). Rietveld refined (b) a-lattice parameters, (c) c-lattice parameters, and (d) unit-cell volume V. The
dashed line in panel (b) is a guide to the eye connecting x = 0 and x = 1, and the dashed lines in panels (c) and (d) are linear fits connecting the
x = 0 and x = 1 values of ¢ and V, respectively. The upper insets in panels (b)—(d) show a close-up of the lattice parameters below x < 0.04.
The lower inset in panel (d) shows several representative crystals on a millimeter grid.

Kapton loop and measured with an exposure time of 10 s per
frame scanning 20 width of 0.5°. Structure refinement was
performed in the SHELXTL package using direct methods and
full matrix least-squares on F2 model [20,21]. Anisotropic
thermal parameters for all atoms were refined in SHELXTL. The
VESTA software was used to plot the crystal structures [22].

C. Scanning electron microscopy and elemental analysis

The Pd concentrations x in the Mn(Pt;_,Pd,)sP single
crystals were determined by energy dispersive x-ray spec-
troscopy (EDS) quantitative chemical analysis using an EDS
detector (Thermo NORAN Microanalysis System, model
C10001) attached to a JEOL scanning-electron microscope
(SEM). The compositions of each crystal were measured at

several (3-6) different positions on the crystal’s face (perpen-
dicular to the ¢ axis), revealing good homogeneity in each
crystal. An acceleration voltage of 16 kV, working distance
of 10 mm and a takeoff angle of 35° were used for measuring
all standards and samples. A pure MnPtsP single crystal (x =
0.000) was used as a standard for Mn, Pt, and P quantification,
and a pure MnPdsP single crystal (x = 1.000) was used as
a standard for Pd. The spectra were fit using NIST-DTSA II
MICROSCOPIUM software [23]. The average compositions and
error bars were obtained from these data, accounting for both
inhomogeneity and goodness of fit of each spectra. Chemical
compositions of the polycrystalline Mn(Pt;_,Pd,)sP sam-
ples were analyzed using a high-vacuum Zeiss Sigma Field
Emission SEM (FESEM) with an Oxford INCA PentaFETx3
energy-dispersive spectroscopy (EDS) system. Spectra were
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collected for 100 s from multiple areas of the crystals mounted
on a carbon tape with an accelerating voltage of 20 keV.

D. Physical property measurements

For the single crystals, magnetization measurements were
performed in a Quantum Design Magnetic Property Mea-
surement System (MPMS-classic) SQUID magnetometer
operating in the DC measurement mode. The magnetic mea-
surements were conducted with the field oriented parallel and
perpendicular to the ¢ axis, where c is axial direction relative
to the plate-like crystals. For measurements with H L c, the
samples were held in place between two plastic straws, and for
H || ¢, the samples were sandwiched from above and below
between two plastic disks. A small pinhole was poked in
the space between the disks to allow for evacuation. In the
latter case, a blank background using the bare disks was first
measured and the values subtracted.

The temperature dependent resistance of the
Mn(Pt;_,Pd,)sP single crystals were measured on a Quantum
Design Physical Property Measurement System (PPMS)
operating in the AC transport mode with an applied current
of 3 mA and frequency of 17 Hz. The samples were prepared
by cutting the crystals into rectangular bars, and the contacts
were made by spot welding 25-um-thick annealed Pt wire
onto the samples in standard four point geometry. After spot
welding, a small amount of silver epoxy was painted onto
the contacts to ensure good mechanical strength, and typical
contact resistances were 1 Q. Unless noted, the data were
collected on cooling from 375 to 1.8 K.

E. Computational details

Electronic band structure and density of states for MnPtsP
and MnPdsP were calculated in density-functional theory
(DFT) [24,25] using PBE [26] as the exchange-correlation
functional with spin-orbit coupling (SOC) included. All DFT
calculations were performed in the Vienna ab initio simula-
tion package (VASP) [27,28] with a plane-wave basis set and
projector augmented wave method [29]. The kinetic-energy
cutoff was 270 eV. We used a I'-centered Monkhorst-Pack
[30] (10 x 10 x 6) k-point mesh with a Gaussian smearing
of 0.05 eV for the primitive tetragonal unit cell.

III. RESULTS AND DISCUSSION
A. Phase, composition, and structural analysis

We first analyzed our samples with powder x-ray diffrac-
tion (PXRD) and energy dispersive spectroscopy (EDS) to
determine the phase and assess the degree of Pd incorporation
into the Mn(Pt;_,Pd,)sP alloys. Figure 1(a) shows the pow-
der patterns collected for the ground, solution-grown single
crystals, and the EDS data are given in Table IV in the Ap-
pendix. The PXRD patterns of every sample are in excellent
agreement with the anticipated reflections for the P4/mmm
structure of MnPtsP and MnPdsP, and the EDS analysis like-
wise suggests a monotonic increase in the Pd incorporation
into the 1-5-1 matrix as Pt is exchanged for Pd in the starting
melts (see Table IV).

TABLEI. Single-crystal structure refinement details for MnPdsP
at 300(2) K.

Refined formula MnPdsP
EW. (g/mol) 61791
Space group; Z P4 /mmm; 1
aA) 3.899 (2)

¢ (A) 6.867 (4)
v (A% 104.42 (9)
6 range (°) 2.966-34.770
No. reflections; R;y 578; 0.0609
No. independent reflections 170

No. parameters 12

Ry: wWRy [I > 2d(I)]
Goodness of fit
Diffraction peak and hole (e~ /A3)

0.0509; 0.1204
1.282
2.656; —1.863

The lattice parameters determined from Rietveld refine-
ments of the powder patterns are shown in Figs. 1(b) and
1(c). The a-lattice parameter has a very shallow maximum at
x = 0.54, but overall there is little change in a over the full
compositional range. This is contrasted by the c-lattice param-
eter, which decreases monotonically with a slightly downward
bowing from linearity [note the y-axis scales in Figs. 1(b) and
1(c) show that the degree of change in the a-lattice parameter
is over an order of magnitude smaller than the change of c).
The unit-cell volume V, shown in Fig. 1(d), decreases linearly
as the Pd content is raised, closely following Vegard’s law for
a solid solution between MnPtsP and MnPdsP.

To provide more detailed structural analysis of MnPdsP
and the Mn(Pt,_,Pd, )sP alloys, we conducted single-crystal
x-ray diffraction (SCXRD). The resulting crystallographic
data, including atomic coordinates, site occupancies, and
equivalent isotropic thermal displacement parameters of
MnPdsP, are reported in Tables I and II whereas crystallo-
graphic information on the Mn(Pt;_,Pd,)sP alloys are given
in the Appendix in Tables VI and VII. The results confirm
that MnPdsP and the Mn(Pt;_,Pd,)sP compounds crystalize
in a tetragonal unit cell with the space group of P4/mmm, like
the previously reported MnPtsP and MnPtsAs. The crystal
structure is illustrated in Figs. 2(a) and 2(b) and consists of
layered motifs, with alternating layers of Mn@Pd, face shar-
ing polyhedra that span the ab plane and which are separated
by P layers along the ¢ axis. Consistent with the powder
diffraction data, the single-crystal XRD confirms that the
Mn(Pt;_,Pd,)sP alloys maintain the parent lattice structure
with the Pt and Pd atoms having mixed occupancy on the two

TABLEII. Atomic coordinates and equivalent isotropic displace-
ment parameters of MnPdsP at 300(2) K. (U,, is defined as one-third
of the trace of the orthogonalized U;; tensor (A?)

Atoms  Wycoff  Occ. X y z Ueq

Pd1 4i 1 0 1/2  0.2948(1)  0.015(1)
Pd2 la 1 0 0 0 0.012(2)
Mn3 le 1 12 172 0 0.022(2)
P4 1 1 0 0 1/2 0.016(2)
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(@) Pd1layer QO> Q.02 O
Pd2 & Mn layer O——0 1 @D

FIG. 2. (a) The crystal structure of MnPdsP showing Mn@Pd,,
face sharing polyhedral and P layers (b) Unit cell of Mn(Pt,_,Pd, )sP
indicating the mixture of Pd and Pt.

atomic sites la and 4i as indicated in Fig. 2(b). Details on the
Pt and Pd distributions on la and 4i sites for each phase are
given in Table VII in the Appendix. The SCXRD data may
hint that the Pd atoms have a slight preference for occupying
the 4i site over the 1a site; however, given the uncertainties in
our refinements, this cannot be supported with confidence and
our data indicate the Pt and Pd mixing is essentially a solid
solution.

B. Temperature-composition magnetic phase
diagram of Mn(Pt,_,Pd,)sP

MnPtsP enters into a spin-canted antiferromagnetic state
at Ty = 192 K [11,15], and preliminary data collected on
MnPdsP indicated that this material becomes ferromagnetic
near room temperature [15]. To understand how the mag-
netic state evolves as Pt is replaced with Pd, we conducted
temperature and field dependent magnetization and transport
measurements on our Mn(Pt;_,Pd,)sP single crystals. Us-
ing the transition temperatures inferred from the magnetic
and transport data, we assembled a temperature-composition
(T -x) phase diagram shown in Fig. 3. These results are out-
lined in detail below.

The temperature dependent resistance and respective
derivatives dR/dT are shown in Figs. 4(a)—4(d) and give an
initial picture of how the single 192 K transition in pure
MnPtsP evolves upon Pd alloying. As expected, the resistance
in each sample has a metallic temperature dependence that de-
creases with cooling, and the R(T') datasets each show a clear

400 : . .
(a) ® dR/T, sc
2 d(M/H)AT, pc PM
300 2 EAEe 2 3
®
3 o®
<200 i
~ 4 FM
100 } -
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
X Mn(Pt, Pd,)sP
(b) 250 . ,
PM
200 b
g-a o 0 - o 1
HH
=c—
_150F E o -
g AFM
— K1
~
100 B T3 FM n
o
I o—
50 F i
O 1 1
0.00 0.01 0.02 0.03

X Mn(Pt, ,Pd, )P

FIG. 3. (a) Full temperature-composition phase diagram for
Mn(Pts_,Pd,)sP. (b) The low-x region of the phase diagram for
x < 0.03. The * next to AFM denotes the small ferromagnetic (¢ =
0) component to the primarily antiferromagnetic order in the low-x
samples, and the dashed lines are guides to the eye. In panel (a),
the closed points represented dated obtained from the single crystals
(sc) and the crossed-open points data from the polycrystalline (pc)
samples.

kink followed by a rapid drop at the initial magnetic transition
temperature 77, marking the loss of spin-disorder scattering as
the samples enter a magnetically ordered state. The residual
resistance ratios, RRR = R(375 K)/R(1.8 K), are shown in
Fig. 4(e) and are minimized near x = 0.5, as expected for
stronger scattering associated with the crystallographically
disordered Pt and Pd atoms in the alloys.

Based on the maxima in derivatives of the R(T) data, we
estimated the magnetic transition temperatures in each sample
[31]. Atlow Pd fraction [Fig. 4(b)], the initial 192 K transition
(Ty) for x = 0 splits into two transitions, where 77 increases
with x, and the second transition (73) is suppressed from
~187 K at x =0.0013 to =177 K at x = 0.0053. Further
cooling reveals a third transition (73) that increases with Pd
alloying from ~71 K for x = 0.0013 to 160 K at x = 0.009.
T; is hysteretic between warming and cooling, implying it
is first order [see the zoomed view in Fig. 4(f)]. Only two
transitions are observed when the Pd level reaches x = 0.008
and x = 0.009, which is likely due to the close proximity of
T, and T3 at these compositions. Beyond x > 0.01, only a
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FIG. 4. (a) Temperature-dependent resistance data for

Mn(Pt,_,Pd,)sP, x < 0.022 single crystals with the data normalized
to R(375 K). For clarity, the R(T) curves are each offset by 0.1.
(b) Derivatives of the datasets in panel (a). The peaks were used to
determine transition temperatures and are marked with arrows [31].
Panels (c) and (d) are the respective R(T')/R(375 K) and dR/dT
data for x > 0.033. (e) Residual resistance ratios (RRR) for each
sample. (f) Close-up of the R(T') data near 73 for the x = 0.003
sample showing hysteresis on increasing and decreasing temperature
sweeps.

single transition is observed, which increases rapidly with Pd
substitution and is maximized at ~312 K for x = 0.62 before
falling back to 295 K for pure MnPd;sP.

Temperature dependent magnetization (M/H) collected at
H =1 kOe for the Mn(Pt,_,Pd,)sP single crystals is pre-
sented in Figs. 5(a) and 5(b). Lower field M/H data obtained
at H =50 Oe is shown in Figs. 5(c) and 5(d). The M/H

TABLE III. Paramagnetic Weiss temperatures, High temperature
effective moments, 2 K saturated moments (measured at 50 kOe),
and Rhodes-Wohlfarth ratios (g./g;) of all Mn(Pt,_,Pd, )sP single-
crystal samples.

x O K) e (u/fu)  pge (us/fu.) qc/qs
0 206(2) 5.85(6) 4.49(4) 1.32(2)
0.001(1) 206(6) 5.9(1) 4.9(1) 1.23(4)
0.003(1) 208(3) 5.85(6) 4.65(4) 1.28(2)
0.0053(5)  209(2) 5.91(5) 4.74(4) 1.27(2)
0.0082(7) 209(5) 6.0(1) 4.7(1) 1.29(4)
0.009(1) 210(3) 5.93(7) 4.77(5) 1.26(2)
0.013(2) 211(3) 5.86(7) 4.71(5) 1.26(2)
0.022(1) 4.61(6)

0.033(3) 219(7) 5.8(2) 4.65(3) 1.27(4)
0.064(3) 225(4) 5.75(8) 4.32(6) 1.35(3)
0.116(5) 238(2) 5.97(4) 4.74(2) 1.28(1)
0.188(5) 259(2) 5.61(4) 4.40(3) 1.29(1)
0543(4) 313(4) 5.75(5) 4.53(2) 1.26(2)
0.623(4) 290(5) 5.65(8) 4.54(6) 1.26(2)
1 257(2) 5.58(3) 4.0(4) 1.29(1)

results indicate the ab plane (H _L c orientation) is the easy
direction for all samples, which is confirmed by the field-
dependent magnetization isotherms shown below in Figs. 6
and 7. At high temperatures above the respective transitions,
M/H is Curie-Weiss like for all samples, as shown in Fig. 10
in the Appendix. As summarized in Table III, the paramag-
netic Weiss temperatures track well with the initial transitions
Ti, and the effective moments remain approximately constant
across the series, with values of (5.8 £ 0.2)ug, very close to
the theoretical value of 5945 expected for Mn>* moments.

When the magnetic field is applied within the easy
ab plane, dilute Pd substitution (x < 0.01) causes the initially
narrow, antiferromagnetic-like, peak observed at 192 K for
pure MnPtsP to shift to higher temperatures and substantially
broaden as x increases [see 50 Oe data in Fig. 5(c)], forming a
plateau-like maxima centered near 2180 K. These features
closely correspond to the evolution of 77 and 7, in the re-
sistance data [see Fig. 4(b)]. Likewise, upon Pd substitution,
the weak upturn in M/H below 100 K observed in MnPtsP
becomes a sharp increase reminiscent of ferromagnetic or-
dering. This ferromagnetic-like upturn tracks well with 73 in
the resistance data and moves to higher temperatures as x
increases, eventually merging with 7, such that by x = 0.008,
only two features are observed in the 50 Oe M/H data,
an initial ferromagnetic-like transition at ~193 K, followed
by a second, subtle, increase beginning at ~150 K. Above
x > 0.010, only a single ferromagnetic transition is observed,
and the Curie temperature increases with Pd alloying to a
maximum at 312 K for x = 0.62 before falling gradually back
to 2295 K for pure MnPdsP.

Using the transitions identified in the temperature depen-
dent M/H and R(T) data discussed above, we can delineate
regions of the 7-x phase diagram shown in Fig. 3. We find
that the initial transition at 192 K in pure MnPtsP splits into
two transitions, 77 and 75, upon even minute levels of Pd
substitution. 77 appears to be ferromagnetic and increases with
x to a maximum at 312 K for x = 0.62, whereas 7> decreases
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FIG. 5. Temperature dependence of M/H for all Mn(Pt,_,Pd, )sP single crystals. All measurements where field-cooled. (a) Data for H L ¢
and (b) H || cin a H = 1 kOe field. Panels (c) and (d) are the same for low x Mn(Pt,_,Pd,)sP with x < 0.02 and H = 50 Oe. The inset in
panel (b) shows a closer view of the H || ¢ data for samples with x < 0.022.

gradually with x. The low-x samples show a third, lower tem-
perature transition 73 that increases with x and intersects 7; at
approximately x ~ 0.008-0.009, such that 7, and 75 delineate
a “bubble region” on the phase diagram that extends out to
x ~ 0.009.

To better determine the type of order found in each region
of the phase diagram, we obtained magnetization isotherms
at salient temperatures for samples with different values of
x. Anisotropic M(H) data are given in Figs. 6(a) and 6(b)
for x = 0.0053, which is taken as representative for the low-x
samples. Depending on the temperature, the H L ¢ isotherms
show either rich metamagnetism or rapid saturation at maxi-
mum values of ~4.6up (the values of jg, are summarized in
Table II). On the other hand, the magnetization in the H || ¢
orientation is an order of magnitude weaker with essentially
linear behavior and little or no hints of saturation up to at least
50 kOe. The anisotropic M (H) results in Figs. 6(a) and 6(b)
confirm that the ab plane is the easy direction, as inferred from
the M/H data.

The magnetization isotherms measured in the easy H L
¢ direction allow for clear assignment of each region of
the phase diagram. For pure MnPtsP [Fig. 6(c)], the M(H)
curves show a series of metamagnetic transitions that shift
to lower field as the temperature is lowered, indicating

antiferromagnetic order. As outlined in our prior work [15],
there is a small ferromagnetic (¢ = 0) component to the or-
der in MnPtsP, but the observance of metamagnetism at all
temperatures below 7y indicates the ground state remains
primarily antiferromagnetic down to at least 2 K [we use *
in Fig. 3(b) to denote the ferromagnetic component to the oth-
erwise primarily antiferromagnetic state]. This is consistent
with the R(T) data for MnPtsP showing only a single 192 K
transition. This said, the very low metamagnetic field, which
decreases with decreasing temperature rather than the more
standard increasing with decreasing temperature, strongly
suggests a close energetic proximity to an ordered state with a
larger ferromagnetic component.

Upon introduction of Pd, the M(H) isotherms measured
above the “bubble” region of the phase diagram, at temper-
atures between 77 and 7>, show a swift rise in M at low
field followed by saturation at above ~1 kOe, implying that
T; is a ferromagnetic transition [see 185 K data in Fig. 6(a)
and 190 K data in Figs. 6(d) and 6(e)]. Within the bubble,
between T, and T3, the M(H) curves all show metamagnetic
transitions that generally move to lower fields as the tem-
perature is lowered (for a given value of x). Likewise, the
M (H) datasets all show a small but measurable low-field sat-
uration below ~0.2 kOe. Together, this information suggests
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FIG. 6. (a) Field dependent magnetization isotherms for x = 0.0053(5) Mn(Pt;_,Pd,)sP measured in the easy direction (H L ¢) and
(b) hard direction (H || ¢). The inset in panel (b) shows the data up to 50 kOe. (c)—(f) show the H L ¢ magnetization isotherms for (c) x = 0,
(d) x = 0.001, (e) x = 0.003, (f) x = 0.008. Note that the x-axis scale for panels (c) and (d) extends to 10 kOe to observe the metamagnetic

transitions.

that the bubble phase is the same spin-canted AFM* state
found in pure MnPtsP. Below Tz, the M(H) isotherms for
Pd containing samples again are characteristic ferromagnetic
behavior, with a rapid increase in M at low field followed by
saturation at ~4.6u5 /f.u. Once x reaches 0.008 [Fig. 6(f)], the
magnetization isotherms show ferromagnetic behavior at all
temperatures, consistent with the temperature dependent data
that show 75 and T3 essentially merging into a single transition
at this level of Pd substitution.

Figure 7 displays the anisotropic magnetization collected
at 2 K for samples with x > 0.01. In agreement with the
temperature dependent M/H data, the M (H ) isotherms show
classic easy-plane ferromagnetic behavior at all temperatures
below T;. At 2 K, the saturated moments fis,, summarized
in Table III, have essentially constant values of ~4.6ug,
which is not far from the Sup expected for Mn>* mo-
ments. As there is no systematic trend across the series,
the approximately +£0.3up variance of saturated moments
likely comes from a combination of weighing errors, uncer-
tainty in x (and molar mass), sample orientation etc., and
do not represent any real change in u.g. Because both the
saturated and effective moments are close to the theoreti-
cal values anticipated for Mn2*, we can conclude that the

magnetism in Mn(Pt;_,Pd, )sP is primarily local moment like,
as is commonly observed for Mn containing compounds. Lo-
cal moment magnetism is supported by the relatively small
Rhodes-Wohlfarth ratios (g./q;), listed in Table III, which are
expected to be close to unity for local moment systems [4].

The M(H) curves have very small (*10-20 Oe), al-
most negligible, hysteresis on raising and lowering the field,
implying that the ferromagnetism in Mn(Pt;_,Pd,)sP sin-
gle crystals is very soft. Moreover, the M (H) results show
that the Mn(Pt;_,Pd,)sP samples have relatively strong pla-
nar magnetic anisotropy. Anisotropy fields Hy estimated by
extrapolating the tangents of the H L c and H || ¢ datasets de-
crease monotonically as the Pd fraction rises, from ~108 kOe
for x = 0.022 Pd to ~10 kOe in MnPdsP, which likely reflects
the decreasing strength of spin-orbit coupling accompanying
substitution of the Pt with the smaller Z Pd.

C. Discussion

The phase diagrams delineated by our magnetic and trans-
port measurements and shown in Fig. 3 have two primary
points of interest. First, the re-entrant ferromagnetism ob-
served at low Pd substitution is unusual. As shown in
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FIG. 7. Field-dependent magnetization isotherms measured at 2 K for all Pd containing Mn(Pt,_,Pd, )sP (x > 0.022) single crystals. The
small degree of nonlinearity observed at low fields for x = 0.022 and x = 0.064 Pd likely arise from slight misorientations of the samples. The
dotted lines show the extrapolation of the tangents used to estimate the anisotropy fields Hy.

Fig. 3(b), at very low, essentially homeopathic levels of Pd
x < 0.01, the single transition in MnPtsP splits into two
transition that separate as the Pd level increases. The first tran-
sition is ferromagnetic, and the lower transition makes up an
antiferromagnetic “bubble” that extends from pure MnPtsP to
x ~ 0.008-0.009 and below which the original ferromagnetic
order is recovered on cooling. Re-entrant phase transitions,
in which a high-temperature phase with higher symmetry is
recovered on cooling, are relatively rare [32-37], and are
typically observed when multiple degrees of freedom compete
with each other on cooling. With this in mind, it would be
useful to conduct low temperature x-ray diffraction measure-
ments on samples with x < 0.01 to determine if there are any
structural distortions associated with the antiferromagnetic
transition 75, or the re-entrant ferromagnetic transition 73.
Second, the sensitivity of MnPtsP to Pd substitution is
remarkable, as only the small, isovalent, perturbation of x ~
0.013 Pd substitution on the Pt sites is sufficient to produce
a change from antiferromagnetic to purely ferromagnetic or-
der. One possible explanation for the sensitivity of MnPtsP
to Pd substitution is a Lifshitz type transition where the
Fermi-surface topology abruptly changes, i.e., small pock-
ets appear and/or disappear with small Pd substitution. Such

an electronic transition will lead to changes in the density
of states (DOS) at the Fermi energy as well as changes in
the generalized electronic susceptibility, x (g), which governs
whether the magnetic order is anti- or ferromagnetic. Because
a change in electronic structure could affect the crystal struc-
ture (as well as the magnetic interactions), it is worth noting
that nonmonotonic changes in the a-lattice parameter and
unit-cell volume are possibly detected at room temperature
over essentially the same range of low x [see the insets to
Figs. 1(b)-1(d)] that the antiferromagnetic bubble is observed;
although the error bars associated with our refinements leave
this possible correlation at the edge of resolvability.

To assess the possibility of a change in Fermi-surface
topology, we calculated electronic band structures for non-
magnetic MnPtsP and MnPdsP. The band structures are
displayed in Fig. 8, where the green shading represents the
projection of Mn-3d orbitals to the electronic states. As ex-
pected, the calculations indicate both MnPtsP and MnPdsP
are metals, with multiple well-dispersed bands crossing the
Fermi energy (Er). In both compounds, most of the bands near
Er are composed of Mn-3d based states. Most importantly,
the band structure for pure MnPtsP has several bands that
graze, or come very close to Ep at the M, R, and A points
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FIG. 8. Electronic band structures calculated for (a) MnPtsP and
(b) MnPdsP. The green shading represents the relative projection of
Mn-3d orbitals to the electronic bands.

in the Brillouin zone, as well as a Dirac-like set of bands
along X—M. In MnPd;sP, the flat-band sections near the M
and R points move above Ep, and the band along the X-M
direction also moves up in energy. Furthermore, new flat-
band sections appear near Er in MnPdsP along the I'-X and
A-Z directions. Admittedly, comparison of the end members
MnPtsP and MnPdsP represents an extreme perturbation in
reference to the x &~ 0.013 needed to stabilize purely ferro-
magnetic order in Mn(Pts_,Pd, )sP; however, the calculations
do show that MnPtsP has multiple pockets very near Ep that
are substantially changed in MnPdsP, suggesting a Lifshitz
transition is at least plausible in Mn(Pts_,Pd, )sP. Subsequent
measurements that directly probe the electronic states at E,
such as the thermopower and Hall effect, would be needed to
explore and test this proposal.

IV. SUMMARY AND CONCLUSIONS

We determined that ferromagnetic MnPdsP adopts the
anti-CeColns structure with the space group P4/mmm and
conducted a detailed substitutional study with its isostructural
antiferromagnetic analog MnPtsP. EDS and x-ray diffraction
data support the formation of a full Mn(Pt;_,Pd,)sP solid
solution that maintains the tetragonal anti-CeColns structure.
The magnetic data show that the primarily antiferromag-
netic state in pure MnPtsP is extremely sensitive to Pd

substitution, and as little as x > 0.010 Pd stabilizes purely
ferromagnetic order. At low x < 0.010, Mn(Pt,_,Pd,)sP
shows unusual re-entrant ferromagnetism. Here, the single
antiferromagnetic transition in MnPtsP splits into a higher
temperature ferromagnetic transition and lower temperature
ferromagnetic-to-antiferromagnetic transition. The antiferro-
magnetic region forms a bubble in the 7—x phase diagram that
persists up to x ~ 0.008-0.009, and for which further cooling
recovers the ferromagnetic state. We speculate that the fan-
tastic sensitivity of MnPtsP to isovalent Pd substitution may
involve a change in Fermi-surface topology accompanying
dilute Pd incorporation, resulting in a change of x (g) and the
associated magnetic interactions. Electronic band-structure
calculations indicate pure MnPtsP has several pockets close
to the Fermi level that could be involved in such a transition.
Beyond x > 0.010, the ferromagnetic Curie temperature is
substantially enhanced with Pd incorporation to ~312 K at
x = 0.62 before falling back to 295 K in pure MnPdsP. All
Mn(Pt;_,Pd,)sP samples have strong magnetic anisotropy in
which the ab plane is the easy direction, and the anisotropy
field decreases from ~108 kOe for x = 0.022 Pd to ~10 kOe
for MnPdsP, likely a result of reduced spin-orbit coupling.
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APPENDIX

1. EDS analysis of Mn(Pt,_,Pd, )sP

Table IV lists the nominal compositions MngPt;_,Pd, Py
used for the growth of Mn(Pt;_,Pd,)sP single crystals and
the corresponding values of x determined by EDS from each
batch. Note that starting compositions do not correspond to
exact Mn(Pt;_,Pd,)sP stoichiometry (i.e., y # x) because
the intention for solution growth is to intersect the liquidus

134429-10



MN(PT;_xPDy)sP: ISOVALENT TUNING ...

PHYSICAL REVIEW B 107, 134429 (2023)

TABLE IV. Chemical compositions determined from EDS anal-
ysis for the solution-grown single crystals of Mn(Pt,_,Pd,)sP. The
nominal compositions used for the growth were MnyPt;,_,Pd,P5,
and we also give the nominal Pd fraction (x) in each. The EDS values
of x represent the averages of 3—6 scans on each sample and the
error bars were obtained considering both the EDS fitting errors and
standard deviations of each measurement (see text).

Nominal y Nominal x EDS x Mn(Pt,_,Pd, )sP
0.25 0.0035 0.00013 £ 0.001
0.5 0.0070 0.003 + 0.001
1 0.014 0.0053 4+ 0.0005
1.5 0.021 0.0082 4+ 0.0007
1.75 0.025 0.009 + 0.001
2.25 0.032 0.013 £ 0.002
3 0.042 0.022 + 0.001
6 0.0845 0.033 £ 0.003
9 0.13 0.0635 + 0.003
16 0.225 0.116 + 0.005
23 0.32 0.188 + 0.005
47 0.66 0.543 £ 0.004
50 0.70 0.623 £ 0.004

surface for crystallization of Mn(Pt;_,Pd,)sP on cooling, not
to be directly “on-line.” Table V gives the same information
for the polycrystalline samples obtained from solid-state re-
actions. The values of x are the average of multiple scans
obtained on each sample and the error bars were determined
either by the standard deviations or the EDS fitting error (the
fitting error was only used for x = 0.0001). We calculated x
relative to the total amount of Pt and Pd detected in each
sample, i.e., x = fpa/(fpt + fra) Where fpy (fpa) represent
the quantity of Pt (Pd) found in each sample. For both the
solution-growth single crystals and polycrystalline samples,
we observe a monotonic enrichment of the EDS Pd fraction
as the starting growth compositions become richer in Pd. For
the single-crystalline sample with nominal y = 0.25 and EDS
x = 0.000 13, the Pd fraction is under the detection limit of
our instrument (the fitting errors to the EDS spectra were
~10 times greater than the detected quantity of Pd). This
is unsurprising given the extremely dilute quantity added to
the initially melt (y = 0.25, which is =0.35% Pd relative
to the total quantity of Pt and Pd); however, the significant
differences in the magnetic and transport properties between
this sample and those of pure MnPtsP imply very small but
finite Pd incorporation (see Figs. 5 and 6 in the main text).

TABLE V. Chemical compositions determined from EDS analy-
sis for the polycrystalline samples of Mn(Pt;_,Pd, )sP.

Nominal xMn(Pt;_,Pd,)sP EDS xMn(Pt,_,Pd,)sP

0.2 0.188(5)
0.4 0.39(2)
0.5 0.502(5)
0.6 0.589(3)
0.8 0.81(1)
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FIG. 9. EDS values of x Pd in Mn(Pt,_,Pd,)sP compared with
the nominal x added to the starting crystal-growth compositions. The
inset shows a closeup of the low-x data, and the dashed line is a linear
fit to the data up to nominally x = 0.0845.

Given the detected Pd in this sample is below the resolution
of our instrument, to estimate the Pd fraction, we extrapolated
the linear trend between nominal and EDS values of x to
nominally x = 0.0035 (see the inset to Fig. 9), which gives
an estimate of x = 0.0013 for the most dilute sample.

2. Crystallographic information for Mn(Pt,_,Pd, )sP

Table VI gives the refinement information and statistics
for the single crystal XRD refinements of Mn(Pt;_,Pd,)sP
samples. The single crystals used for these measurements
were picked from the sintered pellets (solid-state reactions).
The atomic positions and isotropic displacement parameters
are listed in Table VII. The results indicate that MnPdsP
and the Mn(Pt,_,Pd,)sP compounds all adopt the Ilay-
ered tetragonal (P4/mmm) anti-CeColns type structure. The
single-crystal XRD refinements support mixed occupancy be-
tween Pt and Pd on the two atomic sites 1a and 4i, indicating
the formation of a Mn(Pt,_,Pd, )sP solid solution. As shown
in Table VII, the Pd atoms may have a slight preference for
occupying the 4i site over the la site; however, given the
uncertainties of our experiments we are not able to confidently
assert at site preference for the Pt or Pd atoms.

3. Additional magnetic data for Mn(Pt,_,Pd, )sP single crystals

Figure 10 shows the inverse (M/H)~! of the polycrys-
talline averaged M/H datasets for each Mn(Pt;_,Pd,)sP
sample. Here M/Hpc = 1/3M/H, + 2/3M/H, , where M/H,
and M/H, are the respective H | ¢ and H L ¢ datasets
shown in Fig. 5(a) and 5(b). The (M/H)~' curves all show
Curie-Weiss like behavior at high temperatures, with lin-
ear M/H~' above the respective transition temperatures. We
therefore fit the high-temperature data to the Curie-Weiss law
M/H = C/(T — ®), where C is the Curie constant and ®
the Weiss temperature. The estimated values of ©, listed in
Table III, track reasonably well with the Curie temperatures
and are positive for all samples, consistent with the observed
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TABLE VI. Single-crystal structure refinement information for Mn(Pt, _,Pd, )sP at 300(2) K. (The standard deviations are indicated by the
values in parentheses.) The single crystals used for data collection and refinement were picked from the sintered pellets.

Loaded composition MI’lPd5P Mn(Pto'zpdoAg )5P Mn(Pt0.4Pdo'6 )5P MII(Pt()deO‘S )5P Ml’l(PtOdeQA)jP
Refined Formula MnPdsP Mn(Pto_172(4)Pd0_328(4))5p MII(Pt()_454Pd()_546 )5P Ml’l(Pto_4gPdo_52 )5P Mn(Pt0_5gPd0_42 )5P
E.W. (g/mol) 617.91 694.18 819.24 848.5 875.11

Space group; Z P4 /mmm; 1 P4 /mmm; 1 P4 /mmm; 1 P4 /mmm; 1 P4 /mmm; 1
aA) 3.899(2) 3.894(1) 3.887(2) 3.888 (2) 3.901(3)

c(A) 6.867(4) 6.855(1) 6.853(2) 6.861(2) 6.892(4)

vV (A% 104.42(2) 103.93(2) 103.54(4) 103.73(5) 104.93(11)

0 range (°) 2.966-34.770 5.236-34.828 5.246-34.892 2.969-3.874 5.919-34.646
No. reflections; R;, 578; 0.0609 1397, 0.0293 999; 0.0444 904; 0.0549 214;0.0233

No. independent reflections 170 173 166 167 94

No. parameters 12 14 14 14 14

Ri: wR, (I > 2(])) 0.0509; 0.1204 0.0253; 0.0603 0.0429; 0.1026 0.0417; 0.1080 0.0373; 0.0947
Goodness of fit 1.282 1.346 1.331 1.429 1.154
Diffraction peak and hole (e /A% 2.656; —1.863 2.632; —1.926 7.771; —=3.765 7.323;5.219 2.579; —3.540
Temperature (K) 300 (2) 299 (2) 301 (2) 300 (2) 301 (2)

TABLE VII. Atomic coordinates, occupancies and isotropic displacement parameters of Mn(Pt;_,Pd,)sP at 300(2) K. [Ueq is defined as
one-third of the trace of the orthogonalized U;; tensor (Az)].

Atom Wyckoff. Occ. X y z Ueq
MnPd;sP
Pd1 4i 1 0 ! 0.2948 (1) 0.015(1)
Pd2 la 1 0 0 0 0.012(2)
Mn3 le 1 ! ! 0 0.022(1)
P4 1b 1 0 0 i 0.016(2)
Mn(Pto,Pdy5)sP
Pd1 4i 0.84(2) 0 ! 0.29385(9) 0.0058(2)
P2 4i 0.22(2) 0 ! 0.2948(1) 0.0058(2)
Pd3 la 0.78(2) 0 0 0 0.0046(3)
Pt4 la 0.22(2) 0 0 0 0.0046(3)
Mn3 le 1 : 3 0 0.0128(9)
P4 1b 1 0 0 i 0.0076(11)
Mn(Pto4Pd6)sP
Pd1 4i 0.57(6) 0 ! 0.29296(17) 0.0056(4)
P2 4i 0.43(6) 0 ! 0.29296(17) 0.0056(4)
Pd3 la 0.55(6) 0 0 0 0.0037(6)
Pt4 la 0.45(6) 0 0 0 0.0037(6)
Mn3 lc 1 : : 0 0.020(2)
P4 1b 1 0 0 3 0.006(2)
Mn(Pto sPdys)sP
Pdl 4i 0.50(8) 0 ! 0.29274(18) 0.0078(5)
P2 4i 0.50(8) 0 ! 0.29274(18) 0.0078(5)
Pd3 la 0.42(6) 0 0 0 0.0049(7)
Pt4 la 0.58(6) 0 0 0 0.0049(7)
Mn3 le 1 : : 0 0.015(3)
P4 1b 1 0 0 i 0.011(3)
Mn(Ptg¢Pdg.4)sP
Pd1 4i 0.43(6) 0 ! 0.29254(11) 0.0084(6)
P2 4i 0.57(6) 0 ! 0.29254(11) 0.0084(6)
Pd3 la 0.38(6) 0 0 0 0.0068(7)
P4 la 0.62(6) 0 0 0 0.0068(7)
Mn3 le 1 3 3 0 0.012(3)
P4 1b 1 0 0 i 0.014(4)
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FIG. 10. Polycrystalline averaged (M/H)~' for the single-crystal Mn(Pt,_,Pd,)sP samples measured at H = 1 kOe [M/H shown in
Figs. 5(a) and 5(b) in the main text]. All samples show Curie-Weiss behavior above the respective magnetic transition temperatures.

ferromagnetic ordering. That the Weiss temperature of pure
MnPtsP (x = 0) is also positive, despite ordering antiferro-
magnetically, likely points to the close proximity of this phase
to ferromagnetic order. The effective moments, pi.¢, estimated
from the fitted Curie constants, remain effectively constant at
~5.8up across the substitutions series, in excellent agreement
with 5.9, which is theoretically anticipated for Mn%t mo-
ments.

4. Magnetic data for polycrystalline Mn(Pt;_,Pd,)sP

Because the crystallographic data for MnPdsP and
Mn(Pt;_,Pd,)sP was obtained from small single crystals
picked from solid-state reactions, we also measured the mag-
netic properties of the sintered pellets to ensure consistency
with the solution-grown single crystals discussed in the

main text. The magnetic properties of the polycrystalline
Mn(Pt;_,Pd,)sP (x =0.2, 0.4, 0.5, 0.6, 0.8, and 1) were
measured in a Quantum Design PPMS Dynacool (QD-PPMS)
at the National High Magnetic Field Laboratory over a tem-
perature range of 1.8 to 400 K with the applied field of 1 kOe.
Additionally, magnetic measurements of Pt doped compounds
were carried out in a vibrating sample magnetometer (VSM)
in a Quantum Design PPMS system over a temperature range
of 1.8-600 K with the applied field of 1 kOe. The field depen-
dent magnetization measurements were carried out at several
different temperatures between 2-350 K and in fields up to
90 kOe.

The magnetic data for the polycrystalline Mn(Pt;_,Pd, )sP
samples are displayed in Figs. 11 and 12. Like the single
crystals discussed above, the Pd-containing polycrystalline
samples, which have 0.2 > x > 1, also show ferromagnetic
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FIG. 11. Temperature-dependent M/H measured on pellets of
polycrystalline Mn(Pt,_,Pd, )sP.

behavior where Ty is maximized near 312 K for ~x
0.60 Pd. However, in addition to the Mn(Pt;_,Pd, )sP primary
phase, the polycrystalline pellets also contained a small frac-
tion of a ferromagnetic impurity, likely MnPts (T = 390 K)
[38,39]. Owing to the strong response of ferromagnetism
to an applied magnetic field, even small ferromagnetic im-
purities are easily detected in magnetization measurements,
and our polycrystalline samples with x < 0.5 all show high-
temperature (7 > 300 K) ferromagnetic-like transitions that
are not observed in any of the datasets collected on the single
crystals. An analogous MnPd; phase also exists, but orders
antiferromagnetically [40-42], which likely explains why the
polycrystalline Mn(Pt;_,Pd, )sP samples with x > 0.5 do not
show evidence for a second transition. As the ordering of
MnPt; could easily be misinterpreted as a second, higher
temperature, transition in the Pt-rich samples, the contrast
between single and polycrystalline data is an excellent demon-
stration of the advantages of solution growth, which allows
us to produce high quality Mn(Pt;_,Pd, )sP crystals free of
significant contamination by magnetic impurities. The field-
dependent magnetization isotherms for the polycrystalline
samples are shown in Fig. 12 and show soft ferromagnetic
behavior below T; and saturated moments ~4-4.5ug/f.u. at
2 K. Excluding the transitions from the MnPts, the intrinsic
Curie temperatures of the polycrystalline samples are other-
wise in good agreement with those inferred from the data
collected on single crystals.
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FIG. 12. Field-dependent magnetization isotherms measured on pellets of polycrystalline Mn(Pt,_,Pd, )sP.
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