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Shastry-Sutherland lattice was observed as alternative ground state in Rare Earth intermetallic
with Mo2B2Fe and UzPt2Sn anisotropic structures where magnetic frustration is favored. In the
case of CeaPd2Sn, it was shown that such phase can be suppressed by the application of magnetic
field and, in this work, its stability is studied as a function of the electronic concentration by doping
the Sn(4+) lattice with In(3+) atoms. Magnetic and specific heat measurements show that around
50% substitution the Shastry Sutherland lattice vanishes in a critical point. This result confirms the
strong dependence of that phase on the electron density because a recent investigation on the Pd
rich solid solution Cez4Pda—_cIni_5Sn, (with € < 0) demonstrates that atomic disorder dominates
the phase diagram at intermediate Sn/In concentration inhibiting magnetic frustration effects. In
the alloys investigated in this work, the e > 0 character stabilizes the ferromagnetic ground state
all along the concentration, allowing the Shastry Sutherland lattice formation on the Sn rich side.

I. INTRODUCTION

Intermetallic compounds with the formula RoT5X
(with R = rare earths, T' = transition metals and X =
Sn, In, Pb and Cd) have received considerable atten-
tion due to their varied behaviors, such as intermedi-
ate valence [I], non-Fermi liquid [2, B] and quantum
phase transitions [3, [4]. Most of these compounds crys-
tallize in the tetragonal MosFeBs-type [B], whereas a
few of them are formed in a related variant UsPtoSn-
type. Both structures consist of alternate R-planes and
T/ Xplanes stacked along the ¢ axis. In the first lay-
ers, magnetic R atoms form a network of triangles and
squares (mimicking a pinwheel mosaic). This geom-
etry provides the ideal conditions for magnetic frus-
tration and the consequent formation of the Shastry-
Sutherland phase as alternative ground state, provided
that the interactions between next neighbors may form
a square lattice of magnetic dimers. In fact, Shastry-
Sutherland (ShSu) lattices [6] were observed in inter-
metallic compounds like YbaPtoPb [7, 8] crystallizing in
the UaPtoSn-type and CeaPdoSn [9] with the Moo FeBo-
type.

In the case of CesPdsSn the ShSu phase is detected
between a temperature (Ts) at which neighboring Ce
atoms form magnetic dimers distributed at the corners
of a simple square 2D lattice and a FM transition (T¢)
at which inter-plane interactions transform the system
into a 3D magnet [9]. The magnetic stability of this
phase in CesPdsSn was previously studied under mag-
netic field [I0], detecting that it is suppressed at a crit-
ical field B, =0.11+£0.01T.

In order to recognize the stability of that phase as
a function of electronic concentration, the progressive
substitution of tetravalent (44) Sn atoms by trivalent
(34) In ones was investigated. The isotypic CeaPdaln

is known to form in the same MosBsFe-type structure
[B]. However, instead of a stoichiometric compound
it was determined that it forms as a solid solution
CegyPda_In [II] around that concentration. More-
over, the low temperature magnetic properties were rec-
ognized to depend on the relative excess of Ce (e > 0)
or Pd (e < 0) resulting in ferromagnetic (FM) or anti-
ferromagnetic (AFM) ground states (GS) respectively
[11, 12]. These two branches on the In rich side al-
lows to study the ShSu lattice stability within the
CeaPd2Sn;—yIn, alloys following to comparable trails,
one pointing to a FM and the other to an AFM final
GS.

Recently, the € < 0 branch, i.e. starting from the
AFM sate in CeyPda(Ing_,Sn,), was reported [I3] to
show relevant atomic disorder for x > 0.4 that inhibits
the formation of the ShSu lattice at higher Sn content.
Such magnetic disorder is reflected in a broadening of
the Ty (z) transition at that concentration. Comple-
mentary, in this work we report on the stability of the
ShSu phase following the rich Ce, Ces. 15Pd1.9551n1—,In,
FM branch, i. e. with € > 0, that forms continuously
along the full Sn/In composition and show well defined
magnetic transitions.

II. EXPERIMENTAL DETAILS AND RESULTS
A. Sample Preparation and Characterization

The samples were prepared by weighing the proper
amounts of elements, then arc melted in an Argon at-
mosphere on a water cooled copper hearth with a tung-
sten electrode. To ensure good homogeneity the buttons
were turned over and remelted several times. Weight
losses after melting were always smaller than 0.5 mass



percent. Later, the samples were annealed at 750 °C for
ten days and quenched in cold water. Scanning electron
microscopy (SEM), and electron probe micro-analysis
(EPMA) based on energy-dispersive X-ray spectroscopy
were used to examine phase compositions. The com-
positional contrast was revealed in unetched samples
by means of a backscattered electron detector (BSE).
The composition values derived were usually accurate to
1at%. X-ray diffraction (XRD) was performed on pow-
der samples using a vertical diffractometer X-Pert with
CuK, radiation. Lattice parameters slightly change
along the concentration range from a = 7.765A4 and
c = 3.9024, with a ¢/a =0.5026 ratio of the z = 0
mother compound [9].

DC-magnetization measurements were carried out us-
ing a standard SQUID magnetometer operating be-
tween 1.8 and 320K, and as a function of field up to
5T. Specific heat was measured using a standard heat
pulse technique in a semi-adiabatic He-3 calorimeter in
the range between 0.5 and 20K, at zero applied mag-
netic field.

B. Magnetic Properties

High temperature (T' > 30K) magnetic susceptibil-
ity results are properly described by a x = Xecw + Xp
dependence, see Fig. [Th, where the first term corre-
sponds to the temperature dependent Curie-Weiss con-
tribution x¢, = T%e and the second to a Pauli-like con-
tribution. This weak x, contribution is observed along
the full concentration range with values ranging within
Xp = 0.6 £ 0.4)1072 emu/Ceat.Oe. From the inverse
of Xew Oone may extract the Curie constant (Cc) which
indicates a large but not fully developed Ce3™ mag-
netic moment (i.e. perr = 2.32 up per Ce atom). The
paramagnetic temperature extrapolated from high tem-
perature (T > 50K) is notably weak 6p < 7K all along
the concentration variation, excluding any relevant ef-
fect of local moments-conduction band hybridization or
Kondo effect.

On the stoichiometric Sn limit, the six fold degener-
ated state established by Hund’s rules for the J = 5/2
angular momentum of Ce atoms is split by the crystal
electric field (CEF) effect into three Kamer’s doublets
with the excited ones at Ay = 65K and Ay ~ 230K [9].
Similar value (A; ~ 60K) was reported for the first
excited doublet on the In side [I2]. This coincidence in-
dicates that no relevant modification of the CEF occurs
along the Sn/In substitution guaranteeing that the low
temperature magnetic properties is governed by a pure
doublet GS.

Magnetization M (B) curves at T = 1.8 K are shown
in the inset of Fig. [Ih. The saturation values slightly
increases from 1.02 up to 1.13 up between pure Sn and
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FIG. 1. (a) Inverse magnetic susceptibility from 1.8 K up to
room temperature measured in a field B = 1 T. Inset: mag-
netization versus field up to 5 T, measured at 1.8 K. (b) Low
temperature susceptibility of Sn rich alloys, measured with
B = 100 Oe, showing how the ShSu phase is progressively
suppressed by increasing In content. (c) The same for the
In rich concentrations.

In limits, with a maximum value at the critical concen-
tration y.. = 0.5 of 1.18 up.

The low temperature magnetization normalized by
field (M/B) is presented in Fig. [Ip including the 0 <
y < 0.5 samples where both Ts(y) and Te(y) transi-
tions are clearly identified. Fig. contains the FM
magnetization of the 0.5 <y < 1 samples.

C. Specific Heat

To extract the magnetic contribution (C,,) to the
measured specific heat (Cp), the LagPdsyIn compound
was used as a reference for the phonon subtraction [9]
as Cp, = Cp(T) — C(LagPdyIn). On the Sn-rich side,
the two magnetic transitions observed in magnetic mea-
surements (see Fig. ) are reflected in corresponding
C(T)/T jumps presented in Fig. On the Sn-rich
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FIG. 2. Magnetic contribution to the specific heat of the
measured alloys in a 3D representation. Tc(y) indicates
the FM transition (continuous curve) and Ts(y < 5) the
transition into the Shastry Sutherland phase (dashed curve)

side, the specific heat jump at the T = Tg (dashed
curve) transition between paramagnetic and ShSu phase
exhibits a second order character, whereas the lower one
(T¢) associated to the ferromagnetic phase shows the
characteristic of a first order. However, above the criti-
cal concentration (y., =~ 0.5), at which the ShSu phase
is suppressed, the only transition T becomes of second
order keeping the tail originated in magnetic fluctua-
tions arising above the transition.

Coincidentally with the previous study on stoichio-
metric CeoPdsSn, the ShSu phase suppression by mag-
netic field, Ts(y) slightly changes in temperature with
In concentration Ts(0 < y < 0.5) = (4.5 £ 0.2K)
whereas To(y = 0) = 2.1K increases from up to reach
the critical point at Te,(yer) = 4.15K.

Notably, the height of C,,/T at Tc(0 < y < 0.5)
is clearly larger than for T5(0.5 < y < 1). This in-
dicates that the transition at T = Tg corresponds to
an intermediate phase that involves a partial condensa-
tion of the available degrees of freedom which are then
condensed into the FM phase at T' < T¢. On the con-
trary, the transition at for x > y., involves all magnetic
degrees of freedom.

III. DISCUSSION
A. Magnetic phase diagram

Based on magnetic and specific heat results, the evo-
lution of the Shastry-Sutherland (Ts) and Curie (T¢)
transitions can be traced as a function of In increase
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FIG. 3. Magnetic phase diagram showing the evolution of
the Curie (T¢) and Shastry-Sutherland (7s) transitions as
a function of In increase.

(upper FM curves). One can see that the Shastry-
Sutherland holds up to about 50% ofIn substitution.

On the Sn-rich side, the characteristics of the ShSu
phase recognized in the CeyPdaSn compound [9] can
be traced up to the sample with 40% of In concentra-
tion. Although the difference between T and T¢ in
the specific heat measurements is observed as a struc-
ture in a unique anomaly, the M (T') dependence allows
to better distinguish both transitions at that concen-
tration, see Fig[dh. Both properties are better com-
pared in the lower panel (Fig), using as magnetic
parameter the second derivative because in FM systems
the internal magnetic energy U,, o< M? and therefore
Cpn < SM?/5°T.

Another identification of the ShSu phase can be done
through its suppression by a magnetic field, which oc-
curs at B, (y = 0.4) ~ 500 Oe, see the inset in Figlth.
This behavior can be compared with the suppression
of the ShSu phase of the stoichiometric compounds Ce
9PdaSn [14], taking into account that B..(y = 0.4) ~
1/2B,(y = 0).

B. Critical point

The full suppression of the ShSu phase by increas-
ing In concentration is observed slightly above the 50%
of substitution, where the Ts(y) transition joints T (y)
FM phase boundary. In Figlf| the specific heat transi-
tions of two neighboring concentrations, y = 0.5 and
y = 0.6, are compared making evident that the later
does not show any structure around its maximum which
is still detected in the x = 0.5 one. Coincidentally, there
is practically no difference between respective entropies
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FIG. 4. (a) Progressive Shastry Sutherland phase suppres-
sion by magnetic field at 40% In in a zero field cooling pro-
cess. Inset: detail of the mentioned suppression. (b) Com-
parison between specific heat measurement and magnetiza-
tion derivative.

collected up to the transition.

In the inset of Fig[j] the same comparison is per-
formed on respective magnetization derivatives making
the difference more evident. Notably, the first order
type cusp in the y = 0.5 sample fully disappears at the
following concentration y = 0.6.

C. Physical behavior beyond the critical point

Between y = 0.6 and 1, the typical FM M (T') depen-
dence is observed, see Fig, while C,,/T shows the
same behavior like for pure In. Independently of these
low temperature features, sample z = 0.8 shows an
unexpected ferromagnetic signal in the thermal depen-
dence of its magnetic susceptibility arising at T < 30K,
see Figle] This FM contribution was analyzed as a
function of magnetic field at T = 25K reflected in
an increase of the measured magnetization with field
AMs5 g (B), see the inset in Fig@ This FM signal is
found to saturate at around 0.3 T. Such contribution
cannot be explained by any foreign phase constituted
by any combination of the four elements Ce-Pd-Sn-In,
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FIG. 5. Critical concentration determined by specific heat
and, in the inset, by the magnetization derivatives of sam-
ples y = 0.5 and y = 0.6.
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FIG. 6. Field dependence of the unexpected ferromagnetic
contribution below about 30 K tentatively attributed to spin
density waves formation. Inset: Magnetization increase
upon the bulk magnetization at 25K.

therefore it could be more likely related to the onset of
spin density waves. A microscopic investigation on the
nature of this anomaly is required to confirm its origin.

IV. CONCLUSIONS

This study demonstrates that, contrary to the AFM (
€ < 0) branch of Cegy Pda_(In;_,Sn,) alloys, the FM
(e > 0) one shows well defined transitions with irrele-



vant atomic disorder produced by Sn/In substitution.
As a consequence the upper (T = Tg) and the lower
(T = T¢) boundaries of the ShSu phase can be clearly
traced up to y =~ 50% of Sn/In substitution. The reduc-
tion of the electronic concentration driven by doping the
Sn(4+) lattice with In(3+) atoms progressively weakens
the stability of that phase reflected in the monotonous
growing of the FM phase in detriment of the former
and the consequent increase of T¢(y). Magnetic field
effect, analyzed at the edge of the critical concentration
y = 0.4, shows that only 1/2 of field is required to sup-

press the ShSu phase in comparison to stoichiometric
CeyPdsSn.

Although Ce rich content (e > 0) reduces atomic dis-
order effects allowing to extend the ShSu phase range,
further decrease of electronic concentration after Sn/In
substitution definitively suppresses the possibility of
dimers formation on which simple square ShSu lattice
builds up. Since this lattice forms within the Ce planes,
one may expect that on the In-rich side (i.e. y > 0.5)
interplane interactions arise making the system to be-
have like a 3D - FM as soon as the magnetic order
parameter arises.
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