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Single crystals of RPd2P2 (R=Y, La—Nd, Sm—Ho, Yb) were grown out of a high temperature solu-
tion rich in Pd and P and characterized by room-temperature powder X-ray diffraction, anisotropic
temperature- and field-dependent magnetization and temperature-dependent in-plane resistivity
measurements. In this series, YPd2P2 and LaPd2P2 and YbPdaPs (with Yb+2) are non local-
moment bearing, whereas CePd2P2 and PrPd;Ps order at low temperature with a ferromagnetic
component along the crystallographic c-axis. The rest of the series manifest low temperature anti-
ferromagnetic ordering. EuPd2Ps has Eu™? ions and both EuPd2Ps and GdPd2P» have isotropic
paramagnetic susceptibilities consistent with L =0 and J = S = % and exhibit multiple magnetic
transitions. For R=FEu-Dy, there are multiple, T > 1.8 K transitions in zero applied magnetic
field and for R=Nd, Eu, Gd, Tb, and Dy there are clear metamagnetic transitions at T=2.0 K
for H < 55 kQOe. Strong anisotropies arising mostly from crystal electric field (CEF) effects were
observed for most magnetic rare earths with L # 0. The experimentally estimated CEF param-
eters B2 were calculated from the anisotropic paramagnetic 64 and 6. values and compared to
theoretical trends across the rare earth series. The ordering temperatures as well as the polycrys-
talline averaged paramagnetic Curie-Weiss temperature, 64, were extracted from magnetization

and resistivity measurements, and compared to the de-Gennes factor.

I. INTRODUCTION

The RT2Xs (R = Y, La-Lu; T = transition metal;
X = Si, Ge, P, As) family of intermetallic com-
pounds had been extensively studied over the past 50
years [I]. Nearly all RT3Xy compounds crystallize into
the ThCrySis (space group I4/mmm), where the rare
earth (R) ion occupies the 2(a) site which has a tetragonal
point symmetry [2]. Moreover, the transition metal ions
in this structure, except for Mn [I] (and perhaps Fe in
LuFe;Ges [3H9]), bear no magnetic moments, meaning all
the magnetic properties are a consequence of the R local
moment. The rare earth ions interact via the long range,
indirect, Ruderman-Kittel-Kasuya-Yosida (RKKY) type
interactions, mediated by the conduction electrons [I].
Therefore, an interplay between Fermi surface nesting, or
maxima in the generalized magnetic susceptibility (x) [6],
and local moment anisotropy is expected to lead to a
multitude of potential magnetic transitions and ground
states. Namely, incommensurate or commensurate mag-
netic propagation vectors, multiple transitions from one
to the other and metamagnetism are expected.

In the specific case of the RPd3P5, limited work has
been done, mainly due to the high cost of palladium and
the difficulties associated with the volatility of phospho-
rus at high temperatures. The RPd;P; series was synthe-
sized in the 1983 [7], and except one early photo-emission
study on EuPdyPs [§], which revealed that Eu is in a
divalent state, the system has been mainly overlooked.
Recently, work has been done on the CePdsPs com-
pound, revealing its ferromagnetic (FM) Kondo-lattice
nature [9HI2]. The magnetic properties of GAPd;P5 have
been reported as well [12], but only to serve as reference
to CePdyPy. Moreover, all the above mentioned mea-

surements were done on polycrystalline samples, thus the
anisotropic properties were averaged-out over all crystal-
lographic directions.

In the present work, a systematic study of the
anisotropic magnetic properties and electrical resistiv-
ity of RPdyPs single crystals is presented for R = Y,
La-Nd, Sm-Ho, Yb. The experimental techniques used
in the crystal growth and characterization are described
in Section [[ The experimental results are summarized
and presented in Section [[T] starting with x-ray diffrac-
tion followed by physical properties of R = Y and La
members, combined, and then separately for all other
members. Discussions of trends along the series, such
as ordering temperature, anisotropic Curie-Weiss (CW)
temperatures and crystal electric field (CEF) effects will
be presented in Section [[V] followed by a brief conclusion
in Section [Vl

II. EXPERIMENTAL

Growth of intermetallic compounds containing signifi-
cant amounts of volatile elements is often challenging due
to the apparent conflict between accessible liquidus sur-
faces and allowable vapor pressure. Over the past several
years we have been developing mixed metal-chalcogen
and metal-pnictogen fluxes that alleviate this problem
by greatly reducing the partial vapor pressure over the
melt. Solution growth using sulfur [I3], nitrogen [14] and
phosphorous [I5] have been possible by careful identifi-
cation and testing of binary melts for use.

Given that RPdsPy crystals have equal amounts of
palladium and phosphorous, the Pdg7P33 binary eutec-
tic (with T, ~ 780 °C) was identified as a promising
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FIG. 1: (a) Powder X-ray diffraction pattern of EuPdsP2 with (hkl) values for all peak positions. The arrow indicates a peak
from the Pd-P binary phases (b) Single crystal of EuPd2P2 displayed on a 1 mm grid.

melt. We first tested the Pdg;P33 binary by placing sto-
ichiometric amounts of elemental P and Pd (powder) in
one side of a 2ml fritted crucible set [16]. The crucibles
were sealed in amorphous silica tube [I7] under 0.2 atmo-
spheres partial pressure of Argon and then heated over 24
hours to 1100 °C followed by decanting the liquid. Given
that there was (i) no apparent phosphorus migration or
significant vapor pressure at high temperature and (ii)
no apparent crucible or ampule attack, the Pdg; P33 melt
was used for these growths.

Single crystals of the RPdaPy (R=Y, La—Nd, Sm—-Ho,
Yb) series were grown out of self flux, by adding 5 —10%
rare earth into the PdgrP33 eutectic [I7, [I8]. The ini-
tial elements where placed into the bottom 2 ml alu-
mina crucible of a fritted crucible set [16], and sealed
in amorphous silica ampules under a partial argon at-
mosphere. The ampules were heated to 300 °C in 3
hours and dwelled there for 6 hours, in order to allow the
phosphorous and palladium to react, therefore reducing
the risk for explosions. Subsequently, the ampules were
heated over 10-12 hours to 1180 °C where they dwelled
for 3 additional hours, then cooled, over 90-120 hours to
930 °C. At that point, the excess molten flux was de-
canted and, given Pd-content, recycled. The grown crys-
tals had plate-like morphology with the c-axis perpendic-
ular to the plate surface. An optical image of EuPdsPs
is given as an example in Fig. b). As R progressed
past Ho, the RPdsPy compounds became harder to grow
in single crystal form. Attempts to grow ErPd;Ps were
unsuccessful, therefore, TmPdsPs and LuPdsPs growths
were not attempted. The fact that YbPdsPs could be
grown is very likely associated with the fact that Yb is
divalent and its unit cell volume is between GdPd;Po
and TbPdsP;. As will be shown in the next section,

the residual resistivity ratio (p(300K)/p(2.0K)) mono-
tonically decreases across the RT3 members of the series,
again suggesting that as heavier rare earth are used the
single crystal growth becomes less stable.

DC magnetization measurements were performed in a
Quantum Design Magnetic Property Measurement Sys-
tem (MPMS), superconducting quantum interference de-
vice (SQUID) magnetometer (T = 1.8 - 300 K, H oz =
55 kOe). All samples were manually aligned within 5 de-
grees of accuracy, to measure the magnetization along the
desired axes. The samples were tightly squeezed between
two plastic straws for H ||ab orientation. In this configu-
ration there is no risk of sample rotation due to torque for
samples with magnetic anisotropy, and no addendum to
the magnetic signal. For the H ||c¢ orientation, the sam-
ples where mounted between two strips of Teflon tape
suspended over the edges of two internal straws inserted
into an external straw. Given that the signal of the mo-
ment bearing samples was much larger than that from
the addendum for this configuration, only the data from
LaPdsPs, YPdsPs and YbPdsPsy measurement were cor-
rected for addendum contribution.

The temperature-dependent magnetization (M(T)) of
the moment-bearing members, was measured with an ex-
ternal magnetic field of H = 1 kOe. Due to the tetrago-
nal symmetry of the RPdyPy, the polycrystalline average
method, taking yave = %Xc + %Xab» could be applied to
eliminate CEF effects [19]. The transition temperatures
for all antiferromagnetically ordered compounds were in-
ferred from d(xaeT)/dT [20].

Additional measurements of DC magnetization for
TbPdsPs and DyPdsPy up to 140 kOe were performed
using an extraction magnetometer of the ACMS option
of a Quantum Design Physical Property Measurement
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FIG. 2: (a) Powder x-ray diffraction a-axis and c-axis unit
cell parameter. (b) Unit cell volume calculated from the above
values.

System (PPMS). For these measurements the samples
were glued to a Kel-F disk to ensure H || ¢ direction
of the applied field. The signals from the samples were
significantly larger than the diamagnetic signal from the
disk [21], so no correction for the disk’s signal was used.

Resistivity measurements were performed within the
temperature-field environment of the MPMS system us-
ing a Linear Research Inc. LR-700 4-wire AC resistance
bridge. The samples were shaped into bars with typical
dimensions of 1.5 x 0.8 x 0.3 mm?® mm. Epotek-H20E
silver epoxy was used to contact Pt wires (0.05 mm diam-
eter) to the samples. Typical contact resistances were 1-2
Q. The plate-like morphology of the crystals has only al-
lowed measurements with current flowing in the ab-plane.
The resistive transition temperature values were inferred
from anomalies in dp/dT [22]. The transition tempera-
tures from magnetization and resistivity measurements
are summarized below in Table [

The uncertainty in absolute value of resistivity due to
the measurement of the sample’s dimension and sample
irregularity is estimated to be ~ 20%. The uncertainty
in determination of the transition temperature was de-
termined by half width at half maximum for d(x7T)/dT

and/or dp/dT. The error bars due to mass uncertainty
and different ranges of CW fit are about 2% for effective
moment and 10% for paramagnetic CW temperatures,
0,. The uncertainty in the saturated moment value is
estimated to be about 2% as well.

III. RESULTS
A. Powder X-ray Diffraction

The unit cell parameters for the RPd;Ps compounds
were determined at room-temperature, using ground sin-
gle crystals, with a Rigaku Miniflex powder X-ray diffrac-
tometer (Cu Ka radiation). The X-ray diffraction (XRD)
pattern of EuPd;P5 is shown in Fig. a) as an example.
All major peaks can be identified and are consistent with
the reported ThCrsSis (I4/mmm,139) tetragonal struc-
ture. In some cases, small peaks associated with the Pd-P
binary phases were also detected. The lattice parameters,
a-axis and c-axis (Fig. 2a)), were refined for all series
members and are summarized in Table [ The unit cell
volume is shown in Fig. [b). The values are in excel-
lent agreement with previously published data [7]. The
trivalent rare earth members of the RPdyP5 series show
a standard lanthanide contraction in volume. It is worth
noting that the effects of divalency (for R=Eu and YD)
are very anisotropic with an ~ 0.15A increase in the a-
lattice parameter and a comparable ~ 0.15A4 decrease in
the c-lattice parameter. This is an unusual effect, since in
related compounds, for which Eu is divalent, such behav-
ior was not observed. In EuRuyPs [23] for example, only
c-lattice parameter is increased, in EuCusGes [24] only
a-lattice parameter is increased and in EuCosGey [25]
and EuNiaGey [24] both a- and c-lattice parameter are
increased relative to the trivalent lanthanide contraction.

RPd2P2[a (A)]c (A)]Volume (A%)
Y 4.05 | 9.84 161.4
La 4.12 | 9.89 174.1
Ce 4.16 | 9.90 171.1
Pr 4.14 | 9.88 169.5
Nd 4.12 | 9.88 168.1
Sm 4.10 | 9.87 165.8
Eu 4.16 | 9.74 170.8
Gd 4.08 | 9.86 164.2
Tb 4.06 | 9.86 162.5
Dy 4.02 | 9.85 161.2
Ho 4.03 | 9.84 159.8
Yb 4.10 | 9.72 163.0

TABLE . Lattice parameters and unit cell volume of the
RPdyPs series. The uncertainty is ~ 0.2% for lattice param-
eter values.



B. YPd2P2 and Lan2P2

YPdyP; and LaPd;Ps exhibit magnetic and electronic
properties consistent with the empty 4f-shells of Y and
La ions. The zero-field resistivity (p(7T")) in FigBa)
demonstrates characteristic metallic behavior with an al-
most linear increase of the resistivity with temperature
for T' > 75 K, with no observed anomalies down to 1.8 K.
The residual resistivity ratios, RRR= p(300K)/p(2K)),
of YPd;P5 and LaPdsPs are 2.4 and 7.8 respectively.
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FIG. 3: (a) Zero-field, in-plane resistivity of LaPd2Ps and
YPd2P2 (b) Anisotropic M(T)/H of LaPdzP2 measured at
H =10 kOe. (c) Anisotropic M(T)/H of YPd2P2 measured
at H = 10 kOe.

Magnetization measurements performed at H =
10 kOe are shown in Fig. [3{b) and (c). Both com-
pounds present a net diamagnetic susceptibility, im-
plying that the sum of Landau and core diamagnetic
contributions to the magnetic susceptibility, is greater
than the Pauli paramagnetic contribution. In compar-
ison, a recent study has revealed that YCooGes; and
LaCosGey are Pauli paramagnetic [25]. The low ~, ~
6 mJ/K? [9] as opposed to 10 mJ/K? for YCo2Gey and
14.6 mJ/K? LaCoyGes [25], and the diamagnetism of
YPd;P5 and LaPdsPy imply that they have a relatively
small density of states (DOS) at the Fermi surface. The
compounds show different anisotropies, probably due to
unit cell contraction, which in turn, causes changes in

their band structures and Fermi surface topologies. For
YPd;P5 an upturn in susceptibility is present because
of trace amounts impurities. (e.g Y1_,Gd, PdaPy with
x=0.000025 would give a comparable CW tail). The
magnetic signal from the addendum used for the H ||c
was subtracted for both R=Y and La.

C. CePd2P2

Similar to CeAgSby [26], CePdyP5 is a rare example
of a low-temperature, Ce-based ferromagnet. Although
this compound was previously reported, the work has
been done on polycrystalline samples [9HI2], therefore the
anisotropic characteristics of CePdyPs were not studied.
In Fig.[d[a) M(T)/H data measured above the saturation
field (H=10 kOe) is shown. A ferromagnetic transition
is apparent at T < 30 K with large anisotropy between
the easy (H||¢) and hard-axis (H||ab) directions of applied
field. The inset shows M (T')/H data, measured in a lower
magnetic field of H=1 kOe.

The H/M (T) data are plotted in Fig.[{{b). By plotting
the data in such manner, high temperature anisotropies
become pronounced, and CW law behavior is more easily
identified. For the H | ab direction, a non-linear feature
is apparent in the 150 < T' < 50 K region, whereas the
data T > 150 K, H/My,(T) exhibit close to linear be-
havior with a CW temperature 6,, = —344 K. For H ||c,
below 150 K, H/M_.(T) deviates from the expected lin-
ear form as well. Above 150 K, H/M_.(T) is linear with
a CW temperature . = 64 K which is consistent with
the axial ferromagnetic ordering. From the H/My(T)
data, a CW temperature of 6,,. = —13 K and an effective
moment of y.rr = 2.44p were inferred, slightly smaller
than expected for a free Ce™ ion (2.54up). The exper-
imental values are in good agreement with the previous
report on polycrystalline sample [12].

Figure c) presents the anisotropic magnetization
isotherm data measured at T = 2.0 K. The easy
axis (H|l¢) M(H) curve saturates near H = 2 kOe.
The saturated moment of CePdyPy is My, = 1.64up,
higher than the reported value for polycrystalline sam-
ples [12], yet lower than the predict moment (M (T)sq: =
gsJ) value of Ce™ (2.14up) for free ions. The hard-
axis (H||ab) M(H) curve on the other hand, shows a kink
in the linear slope at H = 18 kQOe, possibly indicating
weak meta-magnetism, but does not saturate up to the
maximal measurement field of H = 55 kOe.

Finally, the zero-field, in-plane resistivity as a function
of temperature is shown in Fig. (d) The residual resis-
tivity ratio of CePdsPsy is RRR=12.4. The 4f electronic
contribution of CePdyPy was deduced by subtracting the
resistivity of LaPdsPs, which should consist primarily of
electron-phonon and electron-impurity scattering. The
characteristics of the resistivity curve, are consistent with
previously reported Kondo-lattice behavior [9], with a
weak minimum in the 4f (paf = pce — pro) component
of the resistivity around T},;, = 45 K. The ferromagnetic
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FIG. 4: Measurements of CePd2Ps.
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(a) Anisotropic M(T)/H measured at H = 10 kOe. Inset: Low temperature blow

up of anisotropic M (T)/H measured at H = 1 kOe (b) Anisotropic and polycrystalline averaged H/M (T) (c) Anisotropic
magnetization isotherm measured at 7' = 2.0 K. Inset: low-temperature blow up of dp/dT and d(Mave/H)/dT. (d) Zero-field,

in-plane resistivity (blue) and the 4f electronic contribution (paf = pce —

ordering is evident with a sharp drop in the resistivity
below the Curie temperature T, nearly to zero /f resis-
tivity at 7" = 2.0 K, on account of loss of spin-disorder
scattering, as the ferromagnetic order sets in. T'¢ was
estimated from the temperature dependence of the re-
sistivity, by taking the derivative of p(7'). The jump in
dp/dT (inset of Fig[4c)) yields T¢ = 28.4+0.4 K which
is consistent with the temperature at which a jump in
d(M(T)ave/H)/dT occurs.

D. PrPdQPQ

As shown in Fig. a), PrPd;Ps is the other ferromag-
netic member in the RPdsPy series. M (T')/H data, mea-
sured at H = 10 kOe, above the saturation of PrPdsPs,
are strongly anisotropic with M.(T)/H > M, (T)/H in
the ferromagnetic state. The inset shows M (T)/H data
measured at H = 1 kOe. The easy-axis (H| ¢) shows a
clear transition just below 10 K after which the magne-
tization saturates.

pra) (dashed magenta)(see text for details).

Figure [5[b) depicts the inverse magnetization. The
paramagnetic anisotropy is less extreme than in
CePdaPy. Both H/My,(T) and H/M.(T) show linear

behavior with a CW temperature 6,, = —55 K and
0. = 32 K. The polycrystalline averaged H/Myye(T) is
linear with a CW temperature of 8,,. = —8 K and an

effective moment of ey = 3.52up. The value of inferred
moment is consistent with the predicted value for a free
Pr*3 ion (3.58up).

Figure c) presents the anisotropic magnetization
isotherm data measured at T' = 2.0 K, confirming the
FM nature of PrPdyPs. The M(H) curve for the easy
axis (Hl|¢) rapidly saturates at H = 5 kOe. The
hard-axis (H|lab) M(H) curve on the other hand, lin-
early increases up to the maximal measurement field of
H = 55 kOe. The saturated moment of PrPd,Ps is
M,q; = 2.10up, smaller than the predicted value of Prt3
(3.2up) for free ions.

The zero-field, in-plane resistivity (Fig. d)) is roughly
linear from 300 K down to around 30 K. The residual
resistivity ratio of PrPdsyPo is RRR=7. The FM order-
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in-plane resistivity. Inset: low-temperature blow up of p(7T).

ing is evident with a sharp drop in the resistivity below
Te, associated with loss of spin-disorder scattering which
is clearly seen in the inset. The Curie temperature es-
timated from the jump in dp/dT (inset of Fig [5c)) is
Tec =8.4+0.3 K, in agreement with the peak tempera-
ture in d(Muywe(T)/H)/dT.

E. NdPd;P;

The M(T)/H data of NdPd,P, (Fig. [fa)), measured
at H = 1 kOe, are only weakly anisotropic with x. >
Xab- The M(T)/H curves follow a CW law for both
measurement directions. From the H/M(T) data shown
in Fig. |§|(b)7 Oy = —25K, 0. =—-2K and 0,,. = —19 K
CW temperatures were inferred. The effective moment
Heff = 3.64up is in good agreement with the theoretical
value for Nd™2 (3.62u5).

The anisotropic magnetization isotherm data mea-
sured at T = 2.0 K are shown in Fig. [f(c). Up to
H = 3 kOe, the M(H) curves of H ||¢c and H ||ab di-

rections are identical. For H ¢, NdPdyoPs shows a
clear metamagnetic transition at H = 3 kOe. The
magnetization in H ||ab monotonically increases, crosses
H ||c curve at 30 kOe and reverse the anisotropy at
H = 30 kOe. Neither for H ||ab nor for H ||c¢ direction,
the M(H) curve reaches the predicted saturated moment
predicted for Nd™ (3.27u5) up to 55 kOe.

The =zero-field, in-plane resistivity is depicted in
Fig. |§|(d) The residual resistivity ratio of NdPdsPs is
RRR=5.4. p(T) decreases linearly down around 25 K.
Below 25 K, the resistivity starts to saturate. At 15 K, a
change of slope is observed. In dp/dT a minimum is evi-
dent, followed by a peak at T' = 6.0+1 K as demonstrated
in the inset of Fig[5fc). At a close temperature, a change
of slope is observed in d(xgveT')/dT. From M(T)/H and
p(T) data there appears to be a weak signature which
could be associated with magnetic ordering near 6 K.
M (H) data are consistent with an AFM ground state.
Given that the rest of the RPdyPs compounds also or-
der antiferromagnetically (see below), we propose that
NdPdyP, also adopts AFM order below Ty ~ 6 K.
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FIG. 6: Measurements of NdPd2P2. (a) Anisotropic M(T)/H measured at H = 1 kOe. Inset: low-temperature blow up

of M(T)/H.

temperature blow up of p(T).

F. SdeQPQ

The M(T)/H data of SmPdyPs are rather dif-
ferent from the previous members. As shown in
Fig. [(a), the M(T)/H data are anisotropic, with
a change of anisotropy around 30 K (below which
Muw(T)/H > M.T)/H), and another change to
M.(T)/H > M (T)/H below 7K. At Tyy = 3.50£0.3 K,
an anomaly is observed for both My, (T)/H, M.(T)/H
and in d(xaveT)/dT data (insets of Fig [ff(a,c)), which
likely indicates antiferromagnetic (AFM) ordering.

From H/M(T) data (Fig. [f{b)), it is clear that the
paramagnetic susceptibility of SmPdsPs does not follow
a CW law up to 300K, and appears to saturate roughly
at room temperature. Similar behavior has been re-
ported for other Sm bearing compounds [25] 27H29]. A
likely explanation for this could be thermal population of
the Sm®*’s Hund’s rule excited states. The anisotropic
magnetization isotherm data measured at T = 2.0 K

(b) Anisotropic and polycrystalline averaged H/M(T). (c) Anisotropic magnetization isotherm measured at
T = 2.0 K. Inset: low-temperature blow up of dp/dT and d(xaveT')/dT.

(d) Zero-field, in-plane resistivity. Inset: low-

(Fig. [6]c)) show a linear increase up to H = 55 kOe
with a slight anisotropy in favor of H ||c.

The zero-field, in-plane resistivity is plotted in
Fig. d). The residual resistivity ratio of SmPd,Ps is
RRR=3.8. p(T') decreases linearly down to 25 K. Below
50 K, the resistivity saturates, then decreases slightly be-
low 10 K. At T = 3.1+0.3 K a peak in dp/dT is apparent,
and coincides with the AFM transition in d(xaveI’)/dT.

G. EuPdQPQ

Figure |§| presents measurements done on EuPdsPs.
The temperature-dependent susceptibility (Fig. a)), is
isotropic down to ~ 20 K. Around 19 K, a pronounced
peak indicating AFM ordering of the Eu moments is ob-
served. Given that M.(T)/H is essentially temperature
independent for 10 K below the peak, the ordered mo-
ments are likely aligned perpendicular to the crystallo-
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FIG. 7: Measurements of SmPd>Ps. (a) Anisotropic M(T)/H measured at H = 1 kOe. Inset: low-temperature blow up

of M(T)/H.

temperature blow up of p(T).

graphic c-axis over this temperature range. On the en-
larged temperature scale shown in the inset of Fig. [§(a),
multiple features can be identified clearly.

From the polycrystalline average H/M(T') shown in
Fig. b), an effective moment p.rr = 7.60pup and an
average CW temperature 0., = —30 K were evaluated.
The size of the effective moment is consistent with the
anomalous unit cell volume of EuPdsPs, shown in Tablel]
and Fig. (b), both suggesting that Eu is in a divalent
state. This is in agreement with Mossbauer [§] and pho-
toemission spectroscopy [30].

The anisotropic magnetization isotherm data, mea-
sured at 7' = 2.0 K is shown in Fig. [10{c). The M(H)
curve for H ||¢ direction has a linear field dependence up
to 55 kOe, whereas the M (H) curve of H || ab reveals a
metamagnetic transition at around H = 35 kOe. Above
the transition, H || aband H || ¢ M(H) curves merge. At
the maximum applied field of 55 kOe the magnetization
reaches 1.4up, far below the theoretical value of 7up for
a free Eu™? ion.

In Fig. d), the zero-field resistivity of EuPdsPy is
shown. The residual resistivity ratio is RRR = 10. p(7T)

(b) Anisotropic and polycrystalline averaged H/M(T). (c) Anisotropic magnetization isotherm measured at
T = 2.0 K. Inset: low-temperature blow up of dp/dT and d(XqveT)/dT.

(d) Zero-field, in-plane resistivity. Inset: low-

is linear down to ~ 50 K. Below 25 K, at least four tran-
sitions can be clearly seen. By looking closer at dp/dT
and d(xaveT)/dT (inset of Fig.[§(c)), a cascade of transi-
tions is apparent at 77 = 18.24+0.3 K, To = 12.4+0.5 K,
T3 =98+ 0.3 Kand T, = 5.8+ 0.3 K. The first tran-
sition can be associated with an opening of a superzone
gap. Such a complex magnetic ground state has been
previously reported for CeSb [31], where six transition
at H = 0 were identified. More advanced probes will be
necessary to determine the exact nature and number of
the observed transitions.

H. GdPd;P:

Figure |§| shows measurements done on GdPdyP5. The
M(T)/H data (Fig. [9[a)), similarly to EuPd,Ps, are
isotopic down to 20 K. GdPd;P; exhibits two mag-
netic transitions around 10 K, one peak in My, (T")/H at
~ 11 K followed by a second peak in M.(T)/H around
7 K, as can be clearly seen in the inset of Fig. @(a).

The inverse susceptibility is depicted in Fig. El(b)
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Inset: low-temperature blow up of p(T).

H/Ma(T) and H/M.(T'), and therefore H/M,.,.(T), are
indistinguishable in the paramagnetic state. The inferred
effective moment, porr = 8.01pp, is in agreement with
the theoretical prediction for Gd*™® (7.94up). The aver-
age CW temperature is 0., = —26 K, comparable with
EuPdyPy. Both pers and 64e are in agreement with
previously reported polycrystalline data [12].

In Figure @(c), the magnetization isotherm at T =
2.0 K is presented. The M(H) curves of the H |lab
and H ||¢ directions are isotropic up to H = 10 kOe.
The H |lab curve shows a metamagnetic transition at
H = 14 kOe. At H = 30 kOe, a metamagnetic tran-
sition takes place for the H |¢ direction. At the high-
est applied field of 55 kOe the magnetic moment reaches
1.9up, which is lower than the theoretical value of 7Tup
for a free Gd*3 ion.

The =zero-field, in-plane resistivity, is shown in
Fig. [0(d). p(T) is metallic down to 20 K, with RRR
= 3. At T3 = 10.1+£0.3 K an increase in p(7T) is evident,
which can be explained by an opening of a superzone
gap at the AFM transition, followed by a sharp decrease
in p(T) at T = 7.0 + 0.3 K. In the inset of Fig. [Jfc),

both transitions can be clearly identified in dp/dT and
d(XaweT)/dT.

I. TbPd.P:

The M(T)/H data of TbPdyPs (Fig.[10[a)) shows ex-
treme axial anisotropy with x.>xqp at low temperature.
M.(T)/H is monotonically increasing with decreasing
temperature. Below 15 K there are 3 clear transitions.
Ma(T)/H follows a CW law above T' > 150 K. Below
150 K there is a broad maximum in M,,(T")/H, centered
around 110 K, consistent a thermal depopulation of CEF
levels leading to the strong anisotropy.

The H/M(T) data are plotted in Fig. [L0[b). Both
Hap/M(T) and H/M_.(T) are linear above 200K with a
CW temperatures 0,, = —107 K and 6. = 43 K. An av-
erage CW temperature of 8., = —21 K with an effective
moment of perr = 9.71up were inferred for polycrys-
talline averaged H/My,.(T'), consistent with the theo-
retical value for Th™ (9.72up).

The anisotropic magnetization isotherm data were
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temperature blow up of p(T).

measured at T’ = 2.0 K and are shown in Fig. [10[c). The
M (H) curve for the H ||ab direction has a featureless lin-
ear field dependence. In the case of H ||¢ direction, sev-
eral metamagnetic transition were observed in the M (H)
curve, where the magnetic moment manifests character-
istic step-like behavior. For increased field, three well de-
fined plateaus with a moment size of 3 up at H = 20 kQe,
5.5 up at H =260 kOe and 9 up above H = 75 kOe were
observed. The two lower-field transitions have a substan-
tial hysteresis, clearly showing they are first order. The
magnetic moment at the last plateau reaches the the-
oretical saturated moment for Th*3 (9.00up), suggest-
ing that more meta-magnetic transitions are unlikely at
higher applied magnetic fields. Similarly rich metamag-
netic behavior had been observed in ThNiyGey [27] [32].

The zero-field, in-plane resistivity of ThPdyP5 is plot-
ted in Fig. d). The residual resistivity ratio of
TbPdoPsy is RRR=2.5. p(T) is metallic down to 30 K,
with no clear signature for loss of spin-disorder scatter-
ing below the highest transition temperature. A feature
more consistent with an opening of a superzone gap is
observed instead. Although the effect on the absolute

(c¢) Anisotropic magnetization isotherm measured at
d) Zero-field, in-plane resistivity. Inset: low-
Y

value of the resistivity is rather small, all transitions
can be clearly identified in the inset. Three transitons,
Ty =120+04 K, T, =75+04 Kand T35 =4.6+0.4 K,
can be inferred from dp/d T (inset of Fig[10|c)) and corre-
lated with the corresponding anomalies in d(xqueT")/dT.

.]. Dde2P2

Measurements performed on DyPdsPs are summarized
in Fig. The M(T)/H data of DyPdsP, (Fig. [[1fa))
are similar to that of TbPdsPs, but with only two ob-
served magnetic transitions.

The anisotropic inverse magnetic susceptibility is plot-
ted in Fig. [[I(b). The CW temperatures inferred in the
paramagnetic state are 0., = -37 K, 8, = 16 K and 6.
= -11 K. The effective moment is 10.62 pp, consistent
with predicted value for Dy3* (10.64 up).

The anisotropic magnetization isotherms were mea-
sured at T = 2.0 K and are depicted in Fig. |11fc). For
the H ||¢ M(H) curve, two meta-magnetic transitions
were observed. There is a plateau with a moment size of
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temperature blow up of p(T).

around 3up between 10 and 20 kOe. A second plateau,
with a moment size of 8u g, occurs above 40 kOe. In con-
trast to Tbh, the metamagentic transitions show no hys-
teresis. However, the effective temperature (%) is higher
for Dy, thus the hysteresis might be observed at lower
temperatures. DyPdsPs is significantly less anisotropic
than TbPdyPs with the H |jab M (H) curve increasing
monotonically. Only a small feature is observed around
H = 25 kOe. It can be attributed to a small grain or
twin aligned along the c-axis.

The zero-field, in-plane resistivity of DyPdsPs
(Fig. [[1{d)) is linear down to 30 K. The residual re-
sistivity ratio is RRR=2.5. Two transitions, and 7} =
6.2 £0.3 K and T, = 2.5 + 0.2 K were inferred from
dp/dT and d(xqveT)/dT shown in inset of Fig. [11]c).
Similarly to ThPdyPsy, a superzone gap-like feature is
observed below the higher transition temperature.

(d) Zero-field, in-plane resistivity. Inset: low-

K. HOPd2P2

Measurements of HoPdyPy (Fig. reveal that
the compound has little magnetic anisotropy. The
anisotropic M (T')/H data, shown in Fig. [12[a), appear
to fall on top of each other. Moreover, H/My,(T) and
H/M,(T) data are perfectly linear (Fig.[12|b)), which is
commonly observed in Ho bearing compounds with small
CEF anisotropy [27]. The inferred CW temperatures are
0, = —10 K, . = 2 K and 60,,. =6 K. The deduced
effective moment is 10.64up and corresponds to the the-
oretical value for Ho3™ (10.61u5).

The anisotropic magnetization isotherm measured at
T = 2.0 K in Fig. [I2|(b) exhibits a crossing between the
H ||ab and H ||¢ M(H) curves at around 25 kOe. M (H)
data are consistent either with AFM ordering or no mag-
netic phase above 2.0 K. The magnetic moment for both
directions appears to saturate at 55 kOe. The moment
reaches 6.9up, a value smaller than the predicted satu-
rated moment for Ho™ (10.00 up).

The zero-field, in-plane resistivity, with RRR=2, of
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FIG. 11: Measurements of DyPdsPs. (a) Anisotropic M (T")/H measured at H = 1 kOe. Inset: low-temperature blow up

of M(T)/H.

temperature blow up of p(T).

HoPd,P, (Fig. [12[d)) is metallic and essentially feature-
less down to 10 K. At T'= 5.2+ 0.5 K a broad peak is
apparent in dp/dT (inset of Fig [12(c)), although there
is no clear feature in d(xavel)/dT. We suggest that
HoPd;Ps may order antiferromagnetically, but this is less
clearly indicated than for other, lighter R-members of the
RPd,P5 series.

L. YbPd;P;

Magnetic and transport measurements of YbPdsP5 are
summarized in Fig. The M(T)/H data of YbPdsPs
(Fig. [[3(a)), H/M(T) data (Fig. [I3{b)) and XRD de-
termined unit cell parameters (Table [I) all suggest that
YbPd,Ps is divalent (Yb*?2). The susceptibility is nearly
temperature independent above 100 K, whereas at low
temperature it exhibits a Curie -like behavior with an
effective moment of 0.39 pp. This value is incompatible
with trivalent Yb (Yb*3). The CW-like M (T)/H can be
ascribed to a either impurities or ~ 1% of Yb™3 present

(b) Anisotropic and polycrystalline averaged H/M(T). (c) Anisotropic magnetization isotherm measured at
T = 2.0 K. Inset: low-temperature blow up of dp/dT and d(xaveT)/dT.

(d) Zero-field, in-plane resistivity. Inset: low-

the flux residue.

The anisotropic magnetization isotherm data mea-
sured at 7' = 2.0 K is shown in Fig.[L3|(b). The anisotropy
of the M(H) curves grows as the external field is in-
creased (> 10 kOe). The size of the moment at 55 kOe
is two orders of magnitude smaller(< 0.02up) than what
is expected for YbT™3. The zero-field, in-plane resistiv-
ity of YbPd,P5 (Fig. [13(d)) is metallic with no features
in dp/dT and d(xavel)/dT down to 2 K. RRR=5 for
YbPd,Ps.

IV. DISCUSSION

The members of the RPdsPsy series demonstrate di-
verse magnetic properties depending on the rare earth
ion. The non magnetic rare earths R = Y, La exhibit a
slightly anisotropic, temperature independent, diamag-
netic susceptibility. As for Yb, the value of tempera-
ture independent paramagnetic susceptibility is compa-
rable with the magnitude of the Pauli susceptibility of
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temperature blow up of p(T).

LaCoyGey. The large difference in susceptibility between
Y and La on one side, and Yb on the other side, can be
attributed to the difference in band filling. Yb being di-
valent changes the Fermi surface and density of states
which determines the relative size of Landau and Pauli
magnetic susceptibility terms.

GdPdyPy and EuPdsPs could serve as contrast on the
effects of band filling on magnetic properties in rare-earth
intermetallics. In this system, both are in a Hund’s rule
ground state multiplet J = % with zero angular momen-
tum. EuPd;Ps exhibits a rich magnetic phase diagram
with at least four distinct transitions. It can also be quite
clearly deduced that Fu ordered moments lie perpendic-
ular to the crystallographic c-axis, at least just below
the initial ordering. GdPd;Ps on the other hand, ex-
hibits only two magnetic transitions, apparent at differ-
ent temperatures in the anisotropic magnetic susceptibil-
ity. Such cascades of transition are commonly observed
in rare earth bearing compounds(e.g. see refs [6, 27] B2]

(c¢) Anisotropic magnetization isotherm measured at
d) Zero-field, in-plane resistivity. Inset: low-
Y

about EuNisGes, GdNisGey and TbNiyGes), where the
R-moments order in an AFM incommensurate fashion at
Tn1, followed by a commensurate AFM ordering at Tno.
The ordering temperature of EuPdsP5 is 80% higher than
that of GdAPdyP5. This could suggest that EuPdsPs has
a higher DOS at the Fermi level (Er) but could also be
associated with the anisotropic shift in lattice parameters
associated with the Eu™? state. The magnetic isotherms
at T = 2.0 K reveal another contrasting behavior. For
EuPdyPy, the H || ¢ isotherm is linear and greater than
the H || ab curve. For GdPdyPs the anisotropy is re-
versed. The same anisotropy reversal is evident in the
metamagnetic transitions.

The cascades of magnetic transitions observed in
EuPds;P, and TbPd,Ps, indicate rich magnetic phase
diagrams, making these compounds excellent candidates
for more detailed studies. Moreover, ThPdsPy maybe
a good comparison for the rich magnetic phase diagram
reported for TbNiaGey [27], 32].
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If CEF splitting effects are ignored, the properties of
the magnetic rare earth members (R=Ce-Nd, Sm-Ho)
can be discussed in the framework of mean field the-
ory. In this scenario, the paramagnetic CW tempera-
ture and the ordering temperature are expected to follow
deGennes (dG) scaling:

Op, Trns < I’ N(Ep)(gs — 1)J(J + 1) (1)
Where N(EF) is the DOS at the Fermi energy, I is the
exchange constant, g is the Landé factor and J is the
total angular momentum of the RT3 ion Hund’s rule
grown state multiplet. Generally, the heavy rare earths
(R=Gd-Tm) fit better to dG scaling than the lighter
ones (R=Ce-Sm) [I].

For the RPd,P5 series, the magnetic transition tem-
peratures, shown in Fig have a non-monotonic be-
havior with respect to the dG factor. From Ce to Sm the
ordering temperature decreases from 28.4 K to 3.3 K,
after which it increases up to 12.0 K for R=TDb and de-

clines to 10.0 K for R=Gd. A Higher ordering temper-
ature for R=Tb than for R=Gd has been reported in
RNiySiz [33] and RCo2Gey [25]. In some theories, which
take CEF effects into account, the ordering temperature
can be enhanced, according to the rare earth ion’s to-
tal angular momentum, hence explaining the breakdown
of dG scaling[19]. The transition temperatures of the
heavy rare earths are comparable with reported values
for RNigPs and RNiySiy [33] where the Th member or-
ders at a higher temperature than Gd as well. The or-
dering temperature of Eut? is substantially higher than
of Gd*3, however within this framework, it cannot be di-
rectly compared to the other members, since dG scaling
is sensitive to band filling.

The anisotropic CW temperatures are plotted versus
dG factor in Fig The average CW temperature,
Ouve, approximately follows dG scaling for the heavy rare
earths. The anisotropic CW temperatures, 6., and ., on
the other hand, follow the same trend as the the magnetic
transition temperatures.
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R 0 Oy Oavg  pess  M(Dsae Tau (K) T, (K)  BS(K)
) K X))  (uB) (ps)

Y - - - - - - - -

La - - - - - - - -

Ce -344 64 -13 2.44 1.64 28.4 (0.4) 28.6(0.3) -42.5

Pr 55 32 -8 352 2.10 8.3(0.3)  84(0.3) -3.8

Nd -25 -2 -17 3.64 - 6.0 (1) 6.3 (0.5) -0.9

Sm - - ; - - 33(0.3) 3.1(0.3) -

Eu -30 -31 -30 7.60 - 18.2(0.3) 18.3(0.3) 0
12.4(0.6)  12.5(0.3)
9.6(0.4) 10 (0.2)
5.8(0.5) 5.7 (0.5)

Gd 25 27 26 801 - 10.0(0.3) 10.1(0.3) 0
7.0(0.3) 7.0 (0.3)

Th -107 43 -21 9.71 9.0 12.0(0.4) 12.0(0.4) -3.1
7.5(0.4) 8.0 (0.4)
46(0.4)  4.6(0.4)

Dy -37 16  -11 1062 8.0 6.2(0.3) 6.3(0.3) -0.7
2.3(0.4) 2.5 (0.3)

Ho -10 2 -6 10.64 6.9 - 5.2 (0.5) -0.2

Yb - - - - - - -

TABLE II: Anisotropic Curie-Weiss temperatures, effective magnetic moment in paramagnetic state, saturated magnetic mo-
ment, magnetic transition temperatures and experimental value of B3 of RPd2P; (R=Y, La-Nd, Sm-Ho, Yb). Magnetic
transition temperatures are shown for each measurement: Ty is deduced from dx 7/dT; T, is deduced from dp/dT.

Throughout the RPd;Py series, with the exception
of Fu and Gd, the moment bearing member manifest
magnetic anisotropy in their paramagnetic susceptibility.
This anisotropic behavior is attributed to CEF effects.
In this system, the rare earth ion is in a tetragonal point
group symmetry, therefore, the CEF Hamiltonian can be
expressed as [34]:

Hepr = BYOS + BYOY + B1O] + BYOY + B;O;s  (2)

where B)" are the Stevens coefficients and O] are the
Stevens equivalent operators. It has been established
that for tetragonal point symmetry and no coupling be-
tween rare earth ions (high temperature regime), the only
contributing term in the CEF Hamiltonian is BS [35, [36].
In such case, the BY coefficient can be estimated from the
anisotropic CW temperatures which are inferred from the
experimental H/M(T) data, as [35]:

10
B = 31 +3) ®

where J is the total angular momentum of Hund’s rule
ground state for the rare-earth ion in question. The ex-
perimental values are given in Table [l Likewise, the BS
coefficients can be calculated theoretically using:

(eab - 00)

By = (r*)Aja,

(4)

where «; is the Stevens multiplication factor and AJ is
considered to be constant as it depends on the ionic en-
vironment which is the same for all the series members.

30 a
;?Ce () Tl ( )
25 o,
L o T,
20" Eu™
—~~ B \l .
X \
Sasp Tb
L o °
w0} Pr b _--®
B _Nd q Y o.Gdg
5r ‘@ EHS)“//“/ (m] -
- i.sm~  Opy
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(9,,1)%3(3+1)

FIG. 14: Magnetic ordering temperatures versus dG factor.
Dashed line is a guide to the eye. Eu™? is distinguished by
full symbols.

BY is estimated employing theoretical values of (r?) taken
from Ref. [37] and v; values from Ref. [38]. Figure[16|de-
picts experimental and normalized theoretical values of
BY plotted versus dG factor. Normalization was done to
the experimental inferred value of By for Th3* (-3.1 K),
in order to eliminate the influence of AJ. The experimen-
tal and theoretical data sets are in qualitative agreement
regarding the trend of BY, indicating that the anisotropy
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FIG. 15: Anisotropic and average paramagnetic CW tem-
peratures versus dG factor. Dashed line is a guide to the
eye.
6r
4 :_Tm
2 [ X Er
o X &
2F i Nd Ho g Dy
[ &
_ -4 :-e Pr Tb
g of
m -8 _
-10/-‘>K =
¥ a<r’>
Ce
-45
1 N 1 N 1 N 1 N 1 1 N 1 N 1

0 2 4 6 8 10 12 14 16
(9,,1)%3(J+1)

FIG. 16: B2 terms inferred from anisotropic CW tempera-
tures versus dG factor and compared to theoretical values.
(see text for details)

in this series compounds is governed by the leading term
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of the CEF effect. However, the leading CEF term does
not fully capture the anisotropy of the light rare earths,
implying that the higher terms may have to be considered
to fully describe their magnetic properties.

V. CONCLUSION

In this work, single crystalline samples of RPdsPs
(R =Y, La—Nd, Sm—Ho, Yb) were grown using a self-
flux method and characterized by x-ray powder diffrac-
tion, temperature- and field-dependent magnetization
and temperature-dependent resistivity. Magnetic order-
ing temperatures were determined down to 2.0 K from
d(Xave T)/dT (for AFM ordered samples) and dp/dT.
Compounds with R=Y, La and Yb are non-local moment
bearing; R=Y and La are diamagnetic, whereas Yb is di-
valent and paramagnetic. Their resistivity shows mono-
tonic metallic behavior as a function of temperature.
CePdyP, and PrPdsPs were found to order ferromagnet-
ically, whereas compounds with R=Nd-Ho order antifer-
romagnetically above 2 K with the highest magnetic tran-
sition temperature being 28.4 K (Ce) and the lowest be-
ing 3.3 K (Sm). Moreover, CePd2Py demonstrated pre-
viously reported Kondo-lattice behavior. More than one
magnetic phase transition was observed in RPdsPy (R
= Eu-Dy). Magnetic anisotropies were observed for all
members in the paramagnetic state, except for Gd*>+ and
Eu?* with half-filled 4f shells (L = 0). This anisotropy
can be explained within the CEF theory, where crys-
tal field parameter B is the main contributing term for
the anisotropic behavior. The de Gennes scaling qual-
itatively describes the ordering temperatures and poly-
crystalline averaged CW temperatures of the heavy rare
earth members in this series. To summarize, the RPd;Po
series exhibits diverse magnetic properties, and is one of
the few still poorly explored RT;Xs families, can serve
as an rich playground for future studies.
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