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Crystal Growth of Materials with the ThCr,Si, Structure Type

Kristin Kliemt, Marius Peters, Fabian Feldmann, Alexej Kraiker, Doan-My Tran,
Susanna Rongstock, Johannes Hellwig, Sebastian Witt, Michael Bolte,

and Cornelius Krellner*

The single crystal growth of 19 different intermetallic compounds within the
LnT,X, family (with Ln = lanthanides, T = Co, Ru, Rh, I, and X = Si, P) is
presented, by employing a high-temperature metal-flux technique. The
habitus of the obtained crystals is platelet-like with the crystallographic ¢
direction perpendicular to the surface and with individual masses between

1 and 100 mg. The magnetic properties of these crystals are characterized by
magnetization, heat-capacity, and resistivity measurements. These crystals
form the materials basis for a thorough study of exciting surface properties

by angle-resolved photoemission spectroscopy.

1. Introduction

The interaction of valence electrons with a lattice of localized
4f states is responsible for intriguing electronic states and
phase transitions under variation of temperature and pressure.
Within these materials, the ternary intermetallic LnT,X, family
(with Ln = lanthanides, T = transition metal and X = element
from the carbon or nitrogen group) in the ThCr,Si, structure
typel*? stands out, because many examples of emergent corre-
lated phenomena were discovered in compounds with this struc-
ture type. Prominent examples are CeCu,Si,, the first uncon-
ventional superconductor,’’! URu,Si,, the famous hidden-order
superconductor,! YbRh,Si, a prototypical material to explore
quantum criticality,”! AFe,As, materials, the parent compounds
of the ”122”-family of Fe-based superconductors,®”! as well as the
first valence fluctuating system EuCu, Si,.®!
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The characteristics of this structure are
layers of edge-connected TX,-tetrahedra,
which alternate along the ¢ direction
with planar square lattices of Ln-atoms
(see Figure 1). For Lnlr,Si, compounds,
often polymorphism with two different
structure types, ThCr, Si, (I4/mmm) and
CaBe,Ge, (P4/nmm) is observed.®? In
the latter, an Ir- and Si-plane are in-
terchanged with each other, leading to
a lower symmetry, with a missing mir-
ror plane at the body-centered Ln-atom
(see e.g., Figure 1 in ref. [13]). This
structure is therefore named primitive (or P-type) in contrast to
the body-centered (I-type) version. In the studied cases, the body-
centered ThCr, Si,-type structure is the thermodynamically stable
variant at low temperature, whereas the primitive CaBe,Ge,-type
structure is formed only at high temperature. A further peculiar-
ity of the ThCr,Si, structure is the transition into the so-called
collapsed tetragonal phase with strongly reduced X-X distances
compared to the normal tetragonal phase of these materials. This
transition was observed for X = P, As and deeply investigated in
Fe-based superconductors, as, for example, CaFe,As,, where this
transition is induced by external pressure.!'*l

In some of the Fe- or Co-based 122 superconductors with the
ThCr, Si, structure type, pronounced deviations from the ideal
stoichiometry are observed. Examples are LaCo,As, with x rang-
ing from 1.6 < x < 2.1 as well as K, Fe, Se, with 0.2 <x <1
and y < 0.4.617] In those cases, a careful structural and chem-
ical determination of the precise stoichiometry is necessary. A
further indication of strong off-stoichiometry is a very low resid-
ual resistivity ratio (RRR) which is below 1.5 in LaCo, As, and
K, Fe,  Se, ' In the LnT,Si, compounds, such strong devia-
tions from the ideal stoichiometry have not been observed; how-
ever, for the materials close to a quantum critical point (QCP)
as CeCu, Si, and YbRh, Si, even very small deviations in the sto-
ichiometry can lead to changes in the physical properties. This
is due to the nearly degenerate ground states close to the QCP.
There, a very careful examination of the stoichiometry with a
feedback to the crystal growth parameters needs to be under-
taken to allow the fabrication of crystals with well-defined physi-
cal properties. For CeCu, Si, this took quite some time and it was
found that the Cu/Si ratio can slightly vary from CeCu, (;Si, o,
to CeCu, (sSi; 5. This is accompanied by a change from an an-
tiferromagnetic ground state to a superconducting one.'¥! In
YbRh,Si, a finite homogeneity range for the Rh/Si ratio was
found as well through accurate X-ray diffraction and wavelength
dispersive X-ray spectroscopy measurements, although it turned
outto be very small, z < 0.01 in YbRh,,, Si,_,.!¥) Remarkably, the
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Figure 1. Tetragonal ThCr,Si, structure type of the LnT,X, materials.

accompanied defects could be visualized in real space by scan-
ning tunneling microscopy and have strong impact on the RRR
and the temperature dependence of the resistivity close to the
QCP.I1

The magnetic properties of the presented ternary intermetallic
LnT,X, materials are mainly due to the magnetism of Ln, with ex-
ception of the materials with T = Co. Some of them were already
studied in great detail in recent years — others not. We started this
work with the crystal growth of the heavy-fermion compounds
YbRh, Si, and Yblr, Si,."* These crystals were investigated in de-
tail by thermodynamic measurements at mK temperatures and
turned out to be very convenient for angle-resolved photoemis-
sion spectroscopy (ARPES).2%21l The platelet-like crystals can be
easily cleaved to obtain a well-defined surface, crucial for ARPES.
After the discovery of strong ferromagnetism at the surface of the
antiferromagnetic EuRh,Si, by ARPES Y this opened the way
for a systematic investigation of the surface states in LnRh,Si,
and Lnlr, Si, using this technique.?>?l These surface states were
found to be strongly modified by the internal magnetic fields
from the ordered rare earth ions underneath and for a thorough
understanding of these effects it is essential to characterize the
magnetic ground state in great detail.

In this overview, we will present the results of the crystal
growth of 19 different compounds together with their structural
and magnetic properties, which partly were not reported yet in lit-
erature.

2. Crystal Growth

Growing crystals of compounds with high-melting transition
metals (like Ru, Rh, or Ir) on the one hand and elements with
high vapor pressure (like P or Yb) on the other hand is often
a difficult challenge. One attractive method to overcome this is
to use a low-melting metallic flux (such as In or Sn). By using
a flux it is possible to solve the high-melting elements as well
as the elements with low boiling points and obtain a melt with
a moderate vapor pressure which is suitable for the growth. A
good overview about the use of metallic fluxes is given in refs.
[28-30]. In the past, the flux method has been successfully ap-
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plied for intermetallic compounds using indium, tin or lithium
as flux.t%34 In some cases, the use of a solvent leads to the for-
mation of unwanted phases; in this regard the use of a self-flux
can be more successful. Even when using a flux, the growth tem-
perature often exceeds 1200 °C. Due to the highly volatile and
reactive constituents, the growth then usually is performed in a
closed niobium or tantalum crucible. For the silicides presented
in this work an indium flux was used, whereas for the phosphides
the successful growths were performed with tin. Furthermore,
we used an inner crucible made from graphite, enclosed under
argon in the Ta- or Nb-crucible.

Often the Bridgman technique is used to grow single crystals
of congruent melting materials. In the conventional Bridgman
technique, the crystallization of a sample is controlled by moving
an ampoule which contains the molten educts through a temper-
ature gradient. The ampoule is moved from the hot to the colder
zone of a tubular furnace. During cooling, a growth front between
melt and solid forms, where the crystallization takes place. One
disadvantage of this method is the direct contact of the material
with the crucible, which can cause strain and defects in the grown
single crystal. Furthermore, the crucible material can be attacked
by the melt. For the crystal growth of LnT,X, compounds, pre-
sented in this work, we used a modified Bridgman method in
a vertical resistive furnace (GERO HTRV70250/18) in which a
maximum temperature of 1700 °C can be used. This method
was optimized in great detail for the crystal growth of the heavy-
fermion compounds YbRh, Si, and YblIr,Si,3 and later success-
fully applied to other compounds as presented in Table 1.

In our experiments, the crucible is placed on a sample holder
which remains on a fixed position. To achieve crystallization, the
furnace is moved upwards. This setup is advantageous, since the
furnace is decoupled from the sample holder and the sample does
not experience vibrations due to the motion of the furnace. At the
beginning of the growth, the furnace heated up to the maximum
furnace temperature of T,,,, = 1550 °C with a rate of 300 Kh~' for
the silicides. After a homogenization period of 1 h, the furnace
moved upward applying a fast-move period (v = 100 mm h~!) fol-
lowed by a slow-move period (v = 1 mm h~!). The fast-move pe-
riod after homogenization is necessary to quickly lower the tem-
perature at the bottom of the crucible. Long exposure at high
temperatures might lead to enhanced pollution of the melt with
material from the crucible. During the slow-move period, the
crystal growth takes place. Afterward, the furnace cooled down
with 200 K h~! to room temperature. A typical temperature-time
profile for LnRh,Si, is shown in Figure 1 of ref. [35]. For the
iridium compounds, the cooling was performed with a lower
cooling rate (AT = 50 K h™!) than for the rhodium compounds
(AT =200 K h7'). The idea was to include an annealing pe-
riod, to obtain crystals with the low-temperature ThCr, Si,-type
crystal structure I4/mmm. For the P-based compounds, which
were grown in Sn-flux, the maximum furnace temperature was
lower (1300 to 1400 °C) and the initial heat-up rate was slower
(100 K h™1) with an additional hold time of 10 h at 450 °C, to en-
sure a complete reaction of P with Sn. A flow of argon through
the growth tube was present (=~ 150 mL min~!) for all the exper-
iments, which prevented oxidation of the metallic crucible and
provided an additional cooling at the bottom of the crucible. The
indium and tin flux was removed after the growth by etching with
hydrochloric acid.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Structural properties of the grown crystals within the LnT, X, fam-
ily. /n denotes the average mass of the 10 largest crystals obtained in each
growth. The quality of the crystals is reflected in the resistivity ratio (RR)
measured with current perpendicular to the ¢ direction, RR = p3g0x/91.3k-
For materials with low lying phase transitions, as, for example, YbRh,Si,,
the residual resistivity ratio, RRR = p3pqx/pox can be much higher. The RR
value for current parallel to the ¢ direction is lower, but could not be sys-
tematically determined due to the reduced thickness of the crystals. "long
edge” refers to the longest naturally grown edge which can vary between
[100] and [110] for the different materials. If the probability for the long
edge to be [110] or [100] is nearly equal, this is denoted by "mixed.” Direc-
tions marked with an asterisk are found with 80% probability. The lattice
parameters are taken from literature. For GdIr,Si, and Lulr,Si, they were
obtained within this work.

LnT,X, m RR long a < Ref.
[mg] jle edge (Al (Al

PrRh,Si, 10 18 [110] 4.079 10.138 36]
NdRh, Si, 5 25 [110] 4,069 10.11 137]
SmRh, Si, 1 25 [100] 4055 10.04 38]
GdRh, Si, 25 23 (110} 4.042 9.986 139]
TbRh,Si, 7 13 mixed 4.037 9.95 37]
DyRh,Si, 60 10 [110] 4.022 9.90 37]
HoRh, Si, 1 15 [110] 4015 9.89 137]
TmRh, Si, 35 15 mixed 401 9.85 [40]
YbRh, Si, 50 30 (110} 4.007 9.862 (9]
LuRh,Si, 1 6 [110]* 4.000 9.87 37]
Gdir,Si, 5 30 [100] 4.060 9.930

Tbir,Si, 4 47 [100] 4143 10.155 [41]
Dylr,Si, 3 38 [100] 4.029 9.856 [42]
Holr,Si, 30 29 [100] 4,048 9.884 [43]
Yblr,Si, 40 95 [100] 4.035 9.828 [13]
Lulr,Si, 1 12 [100] 4.031 9.807

LaCo,P, 6 11 [100] 3.315 11.04 [44]
CeCo,P, 14 24 [100] 3.895 9.604 [44]
CeRu,P, 4 56 (110} 4.042 10.134 [45]

In an ideal growth experiment, solidification should start at
the coldest point, the tip at the bottom of the crucible. Afterward,
the crystal should grow from the tip. Ideally, this should prevent
further nucleation in the crucible. But in our experiments the for-
mation of many small crystals was observed. An explanation for
this could be the constitutional undercooling of the melt. An im-
provement of the mixing of the melt, for example, by rotating the
crucible could prevent the strong undercooling. In these experi-
ments it is not possible to use a seed in the present setup since
the cooling with a gas flow at the lower part of the crucible is
not strong enough to avoid that the seed is dissolved by the melt.
However, in our case, it is advantageous that in one batch a few
tens of crystals grow, because many crystals are needed due to
repeated cleaving procedures in ARPES measurements.

The average mass and the resistivity ratio given in Table 1
reveal strong differences for the various materials. The differ-
ent values are likely due to the different solubilities of the start-
ing materials in the flux at a given temperature. An individ-
ualized optimization of the initial stoichiometry and the tem-
perature profile would be required for each material, to obtain
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higher values. For YbRh,Si, such an extensive optimization re-
vealed that three times excess of Yb was necessary to grow crys-
tals which are thicker than 0.1 mm along the crystallographic
¢ direction, leading to an initial stoichiometry of the melt of
3:2.2:1.8:24 (Yb: Rh: Si: In)." For the other LnT,Si, com-
pounds presented in Table 1, we used an initial stoichiometry of
1:2:2:24 (Ln:T: Si: In). For GdlIr,Si,, the optimization of
the growth conditions to obtain single crystals in the low temper-
ature phase (I4/mmm) and large enough to be suited for ARPES
studies turned out to be more elaborate. Finally, we found that the
I4/mmm phase forms if the initial stoichiometry of the melt was
chosentobe 1:2:2:49 (Gd: Ir: Si: In). The high-temperature
phase (P4/nmm) was formed in experiments with an initial stoi-
chiometry of 1.1:0.9:0.9: 24 (Gd : Ir : Si: In). For the Co-based
compounds, we optimized the initial stoichiometry with tin flux
and obtained good results for 1.6 : 2:2: 30 (Ln : Co : P : Sn),
whereas for CeRu,P, we used the stoichiometry 1:1:1:57
(Ce:Ru:P:Sn).

3. Structural and Chemical Characterization

The single crystals of LnT,X, grown with the high-temperature
metal-flux technique all had a platelet-like habitus (see Fig-
ure 2b—f). Their individual masses range from 1 to 100 mg (see
Table 1). To give a quantitative measure, we have determined
an average mass, m, weighing the 10 largest crystals obtained
in each growth. The crystal structure was confirmed to be of
ThCr, Si, type by powder X-ray diffraction. For that purpose we
have taken selected crystals and powdered them. The diffraction
patterns were recorded on a diffractometer with Bragg-Brentano

Figure 2. a) Laue pattern of TbRh,Si, and single crystals of b) TbRh,Si,,
¢) Tblr,Si,, d) HoRh,Si,, ) CeRu,P,, and f) CeCo,P,. The largest surface
of the crystals is always perpendicular to the crystallographic ¢ direction,
but the direction of the longest edges can differ for the different materials.
The underlying grid is in all cases millimeter paper.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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geometry and copper K, radiation. The Laue method was used to
determine the orientation of the crystals relative to an X-ray beam
from a tungsten anode. Additionally, the shapes of the obtained
reflections provide information on the crystallinity of the single
crystal. For TbRh,Si, an example is shown in Figure 2a, with
sharp and well-defined spots. The fourfold symmetry of the ¢
axis which is perpendicular to the surface of the crystals is clearly
visible. Simulation of the Laue patterns of LnT, Si, revealed, that
the spots along the [100] direction appear closer to the (001)
point compared to the [110] direction (Figure 2a). The pictures
of the crystals together with their orientations in Figure 2 b—f
show, that the longest naturally grown edge can vary between
[100] and [110] for the different materials. On the other hand, the
shortest edge, that is, the direction perpendicular to the surface
of the platelets, is always along [001]. In Table 1, the preferences
of the long edge for the different materials are given. It turned
out that for the compounds with T = Ir and Co, the longest edge
is always along [100], whereas for T = Rh this can vary. There, in
some cases it can even vary from crystal to crystal in one batch,
sometimes with a higher probability to find the [110] direction
(GdRh, Si,, YbRh,Si,, LuRh,Si,, CeRu,P,) and sometimes with
similar probabilities (TbRh,Si, and TmRh,Si,). The reason for
that observation is the similar binding energies for the two
in-plane directions, but a much smaller one for the ¢ direction.

The chemical compositions of the single crystals were ana-
lyzed by energy-dispersive X-ray spectroscopy (EDX) and revealed
for the presented silicides values of (20+1)at% Ln, (40+1)at% T,
and (40+2)at% Si. From these measurements, we can exclude
strong non-stoichiometry in the presented materials, as it was
observed in LaCo,As,> and KFe,Se,.1*”] However, we can-
not exclude small homogeneity ranges as it was observed for
CeCu,Si,*® and YbRh,Si,.’) For the Co-based compounds
LaCo,P, and CeCo,P,, we observed slightly off-stoichiometric
values. We measured several crystals from different batches and
obtained (19+1)at% Ln, (37+1)at% Co, and (44+2)at% P. For
CeRu,P,, we observed similar values as in the silicides and ob-
tained (19+1)at% Ce, (40+1)at% Ru, and (41+2)at% P. The ab-
sence of pronounced non-stoichiometry in the silicides and in
CeRu, P, is further confirmed by rather high RR values (typically
larger than 10, see Table 1). One exception is Lulr,Si,, where we
might have pronounced structural disorder, probably Ir-Si side
exchanges which is not detectable in chemical analysis. As dis-
cussed in the introduction, the P-type structure can be formed
in Lnlr, Si, systems. The difference to the I-type structure is one
Ir-Si layer with interchanged Ir-Si position (see e.g., Figure 1
in ref. [13]). The observed off-stoichiometry in LnCo,P, is con-
firmed by low RR values for these two compounds. For LaCo,P,
crystals with higher RR has been grown by Teruya et al.,[*’); there-
fore, this is not an intrinsic property of this material and might
be improved by optimization of the initial stoichiometry and the
temperature profile during the crystal growth.

For GdIr,Si, we have performed a single crystal structure
determination of the I-type crystal. The data were collected at
173 K on a STOE IPDS II two-circle diffractometer with a
Genix Microfocus tube with mirror optics using MoK, radiation
(A=0.71073 A) and were scaled using the frame scaling proce-
dure in the X-AREA program system.[*’] The structure was solved
by direct methods using the program SHELXSM® and refined
against F? with full-matrix least-squares techniques using the
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Table 2. Atomic coordinates and equivalent isotropic displacement pa-
rameters for GdlIr,Si, (14/mmm) determined by single crystal analysis at
T = 173 K. U(eq) is defined as one third of the trace of the orthogonalized
U¥ tensor.

Atom Wyckoff X y z U(eq) [A?]
position

Gd 2a 0 0 0 0.032(1)

Ir 4d 0 05 0.25 0.031(1)

Si 4e 0 0 0.3761(9) 0.033(2)

program SHELXL.8 The atomic coordinates determined by sin-
gle crystal analysis are summarized in Table 2. The lattice param-
eters are shown in Table 1. In the refinement, we tested inter-
changed Ir-Si positions as defects but could not detect them. This
is in agreement with a rather high RR = 30 for this compound.

4. Physical Characterization

Now, we focus on the magnetic properties of the different LnT, X,
materials. With the exception of LnCo,P,, the magnetism in
these compounds arises solely from the trivalent rare earth ions
and can be characterized as local-moment magnetism due to the
spatially localized character of the 4f-wave functions. These mag-
netic moments polarize the spins of the conduction electrons
which mediate the magnetic exchange interaction (RKKY), lead-
ing to long-range magnetic order with ordering temperatures of
several tens of K. In case of Yb and Ce-based systems, the Kondo
effect can lead to a screening of the magnetic moments, resulting
in a suppression of magnetic order. In Table 3, an overview of the
magnetic structures of these compounds is presented, which in
most cases were determined by neutron diffraction, reported in
literature in recent years. As discussed in the introduction, these
materials can be cleaved easily and were therefore extensively
studied by ARPES. It was found that the electronic surface states
are strongly modified by the internal magnetic fields from the
ordered rare earth ions. For a thorough understanding of these
magnetic effects on the surface states it is essential to character-
ize the magnetic ground state in detail. We therefore measured
magnetization, heat capacity, and resistivity for most of the ma-
terials in Table 3 and will show some of these measurements in
the following.

The physical properties presented in this work were all mea-
sured in a commercial Physical Property Measurement System
(PPMS) from Quantum Design, equipped with a 9 T magnet en-
abling fast temperature control from 1.8 to 400 K. A vibrational
sample magnetometer (VSM option) was used to measure the
magnetization as function of temperature or field. This option
was additionally equipped with a local heater stick to measure
up to 800 K. The resistivity was obtained with the AC-transport
option in a four-point geometry. The contacts were manually pre-
pared on the surface of the crystals with silver epoxy and 25 pm
thick Pt wire. Heat-capacity measurements were performed with
a thermal-relaxation method.

In Figure 3, we present heat-capacity and resistivity mea-
surements of TbRh, Si, and Tblr,Si,. In the heat capacity, pro-
nounced anomalies are visible at the antiferromagnetic transition

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Magnetic properties of the LnT,X, compounds. Given is the mag-

netic ordering temperature Ty, and the corresponding ordering vector k.1f
a second magnetic ordering appears at lower temperatures, this is given
as Ty, . Furthermore, the direction of the magnetic moment within the or-
dered phase is given. The magnetic ordering temperatures were obtained
from thermodynamic measurements within this work. nk stands for not
known.

LnT,X, Ty kry Ty, ZTNZ Mom. Ref.
[K] [K] direc.
PrRh,Si, 68 (001) — — Ile 36]
NdRh,Si, 58 (001) — — Ile [49]
SmRh, Si, 64 nk — — Le 38]
GdRh,Si, 107 (001 — — Lc 39]
TbRh,Si, 94 (007) — — Ile [41]
DyRh, Si, 52 (001) 18 (001) = 50]
HoRh,Si, 29 (001) 1 (001) II ) [57]
TmRh,Si, 6.4 nk 4 nk Il ¢ [40]
YbRh,Si, 0.07 nk — — nk [52]
LuRh,Si, — — — — — 53]
GdIr, Si, 86 nk — — lec this work
Tbir,Si, 82 (001) — — Ile [41]
Dylr,Si, 42 (001) 109 (001) Ile [42]
Holr,Si, 22 (007 — — Ile [43]
Yblr,Si, — — — — — [54]
Lulr,Si, — — — — — [54]
LaCo,P, 135¢) FM — — Lc 55]
CeCo,P, 440 nk — — nk [44]
CeRu,P, — — — — — [56]
2 Below Ty, @ canting of the moment sets in, which reaches ~ 19° at 42 K

®)HoRh,Si, presents three magnetic transitions. An additional one at 27 K. Between
29 and 27 K the ordering vector is unknown. Below Ty, a canting of the moment
sets in, which reaches ~ 32° at 1.5 K; 9Only one magnetic transition was reported
in ref. [40], with the direction of the magnetic moment canted ~ 68° away from ¢ at
4.2 K; 9Only one magnetic transition was reported in ref. [42], with the direction of
the magnetic moment along ¢ at 1.5 K; ®This compound orders ferromagnetically
(FM) and we found a much higher T in agreement with ref. [S7], but in contrast to
T¢ = 103 K reported in ref. [55].

(TR*=94 K, TIr = 82 K), which were first reported on polycrys-
talline samples in neutron diffraction by Slaski et al.*!. Below Ty
no further anomaly is visible down to 1.8 K for both compounds.
For comparison, the heat-capacity data of the non-magnetic
LuRh,Si, and Lulr,Si, are shown as solid lines. From the
comparison of these curves it is obvious that the difference of
TbRh, Si, and Tblr, Si, above Ty comes from differences in the
phonon contribution to the heat capacity, as this difference is
also observable in the non-magnetic references. The electrical
resistivity for both compounds shows an anomaly at the same
magnetic ordering temperature as the heat-capacity. Below Ty,
the drop is stronger for Tblr,Si,, indicating a smaller residual
resistivity at lower temperatures. This is reflected in a higher
resistivity ratio, RR = 47, for Tblr,Si, compared to RR = 13 for
TbRh, Si,. No sizable anisotropy was detected for Tblr,Si,, when
measuring the resistivity with current along and perpendicular
to the crystallographic ¢ direction (open and closed symbols,
respectively in Figure 3b).
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Figure 3. a) Heat capacity and b) resistivity normalized to 300 K of
TbRh,Si, and Tblr,Si, single crystals. For comparison, the data of the heat
capacity for LuRh,Si,?3 and Lulr,Si, are shown as solid lines in (a).

0 50
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The magnetic properties of TmRh,Si, were poorly docu-
mented in literature and so far, to the best of our knowledge,
only one neutron study on polycrystalline samples at 4.2 K has
been reported.’ In Figure 4a, we present heat-capacity measure-
ments of TmRh, Si, and found two sharp anomalies at T, = 6.4 K
and Ty, = 4.0 K. The shape of the anomalies might indicate a
first-order transition of the latter, although we could not detect la-
tent heat directly in the temperature—time relaxation curves. The
temperature dependence of the resistivity confirms the conclu-
sion drawn from heat-capacity measurements. Above 10 K, the
system behaves as an ordinary metal and at Ty, a pronounced
drop indicates the onset of magnetic order, followed by a smaller
drop at Ty,. Extrapolating the resistivity down to zero tempera-
ture, we obtain a RRR = 17, which indicates that disorder does
not play an important role in this compound.

As discussed in the introduction, some of the Lnlr,Si, com-
pounds present two structural variants. In Figure 5, we present
heat-capacity and resistivity measurements on single crystals
of the two different polymorphs of Gdlr,Si,. In literature,
magnetic properties have only been reported for the ThCr,Si,
structure type (I4/mmm), with an antiferromagnetic transition
at Ty, = 82.4 K% In agreement to that, we found antiferromag-
netic order at Ty, = 86 K for the [4/mmm compound, whereas
the compound with the CaBe,Ge, structure type (P4/nmm)
orders antiferromagnetically at Ty =12.5 K. The P4/nmm

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Heat capacity and b) resistivity normalized to 300 K of
TmRh,Si, single crystals. In the heat-capacity measurements two well-
defined anomalies indicate the onset of long-range magnetic ordering. At
Ty a pronounced drop is seen in the resistivity followed by a smaller kink
at Ty, .

compound shows a rather high degree of disorder, resulting in a
low RRR = 2.2, whereas the I4/mmm compound has a RRR = 30.
This is typical for the two structural polymorphs, because the
P4/nmm phase is only metastable at room temperature and
cooling down after the crystal growth, probably results in some
Ir-Si side exchanges. Similar different RRR values with different
magnetic ground states were observed for the two polymorphs
of Yblr, Si, .14

The magnetic ordering of the LnRh, Si, and Lnlr, Si, series can
be understood in terms of RKKY theory. There, the size of the
interaction energy depends on the distances between the mag-
netic atoms and the Fermi wave vector, which would need ab
initio band-structure calculations to determine it. In cases where
a sizable f~d hybridization leads to strongly correlated systems,
this is not an easy task. An alternative way is to relate the order-
ing temperatures to the de Gennes factor dG = [(g; — 1)*J(J + 1)),
a parameter derived for the size of exchange interaction, where
g; is the Landeé g factor and | is the total angular momentum
of the Ln* ions (with a ground state J according to the three
Hund’s rules). In Figure 6, we have plotted the magnetic ordering
temperatures of the LnRh, Si, and Lnlr, Si, series as function of
atomic number together with dG. It is apparent that for the heavy
rare-earth atoms (Z > 64) the scaling is valid, whereas it com-
pletely fails for the light rare-earth atoms (Z < 63). This was also
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Figure 5. a) Heat capacity and b) resistivity normalized to 300 K for the
two structural polymorphs of GdIr,Si,. The one with the ThCr,Si, struc-
ture type (14/mmm, blue symbols) presents antiferromagnetic order at
86 K. The one with the CaBe,Ge, structure type (P4/nmm, red symbols)
orders at 12.5 K. In the resistivity measurements current was applied per-
pendicular to the ¢ direction.
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Figure 6. Magnetic ordering temperatures of LnRh,Si, (closed symbols)
and Lnlr,Si, (open symbols) as function of the atomic number. For com-
parison, the de Gennes factor multiplied by the highest ordering tempera-
ture (Ty = 107 K for GdRh, Si,) is shown as solid line. For Eu two values of
the de Gennes temperature are shown, zero for Eu3* and 107 K for Eu?*,
because Eu is divalent with long-range magnetic order in EuRh,Si, but
trivalent (non-magnetic) in Eulr,Si,. The ordering temperatures are taken
from Table 3 and from references(42:58-621,
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Figure 7. Susceptibility (dc) as function of temperature for a) CeCo,P,
and b) CeRu,P, single crystals.

observed in other rare-earth series and is likely due to stronger hy-
bridization of f and conduction (spd) electrons as well as stronger
influence of the crystalline electric field for the lighter rare earths,
with more extended 4f wave functions.

In the final part of this section, we now turn to the P-
based materials. CeCo, P, was first characterized by Reehuis and
Jeitschko*l and found to be antiferromagnetic at 440 K due to or-
dering of the d-electrons of cobalt. This was later on confirmed by
neutron powder diffraction experiments, which revealed that the
Co-atoms are ordered ferromagnetically within the basal plane
and antiferromagnetically along the ¢ axis.[! In contrast, the or-
dering of LaCo,P, is ferromagnetic below 135 K, with the mo-
ments pointing along the [100] direction.’>) One open question
concerns the large ordering temperature in CeCo,P,, which is
four times higher compared to LaCo, P,. One possibility would be
a contribution to the magnetic exchange from the 4f-electrons.
However, the development of the unit cell volume through the
lanthanide series LnCo, P, suggests a tetravalent or intermediate
valent Ce ground state at 300 K. However, at higher temperatures,
a strong increase of the unit-cell volume was observed, indicating
a tendency toward more trivalent Ce.%l In Figure 7a, we present
the dc susceptibility M/H of a CeCo,P, single crystal in a wide
temperature range from 2 to 700 K for two field directions. For
both field directions, the susceptibility increases with decreasing
temperature above Ty, followed by a pronounced decrease below
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Ty The susceptibility perpendicular to the ¢ direction is larger in
the complete temperature range compared to the susceptibility
measured with field along c. At 700 K, the magnetic anisotropy
is about 1.35, whereas in the ordered phase it increases to about
4. The magnetic anisotropy in the ordered phase is in agreement
with the moments pointing along the ¢ direction as concluded
from neutron diffraction; however, the sizable anisotropy above
Ty is unexpected if the magnetic behavior would be only due to
itinerant d magnetism of Co. For example, in LaCo,P, there is
little anisotropy in the spin fluctuations above T-” and also in
SrCo, P, no sizable magnetic anisotropy was detected at 300 K.(¢!
Therefore, it is reasonable to assume that Ce is not completely
tetravalent above 300 K and that the observed anisotropy comes
from some remaining 4f magnetism.

This conclusion is confirmed when looking at the magnetic
anisotropy in CeRu,P,, shown in Figure 7b. CeRu, P, is an inter-
mediate valent Ce system, with a characteristic energy of the 4f
electronic system of the order of 200 K, as evidenced by a broad
maximum in the electrical resistivity.*® This energy scale is also
visible in the magnetic susceptibility again as a broad maximum
at around 200 K (Figure 7b). The intermediate valence of Ce in
this compound was recently directly confirmed by X-ray absorp-
tion spectroscopy and resonant inelastic X-ray scattering.’’] The
magnetic anisotropy of CeRu, P, is reversed to CeCo, P, with the
c direction as the easy axis. However, the overall size of the mag-
netic anisotropy is around 1.5 and therefore similar as observed
for CeCo, P, above Ty.

5. Conclusion

We have shown that the high-temperature metal-flux technique
is an appropriate method for the crystal-growth of LnT,X, ma-
terials. We performed an optimization of the initial stoichiome-
tries and temperature profiles for three different material classes,
LnRh,Si,, Lnlr,Si,, and LnT,P, and obtained platelet-like single
crystals with masses between 1 and 100 mg. The magnetic prop-
erties of these materials vary and we have determined the order-
ing temperatures by means of magnetization, heat-capacity, and
resistivity measurements. We found two magnetic transitions in
TmRh,Si, at Ty = 6.4 K and Ty, = 4.0 K. For GdIr,Si,, single
crystals of two different structure types (ThCr, Si, and CaBe,Ge,)
were grown, which have different magnetic ordering tempera-
tures at Ty = 86 K and Ty, = 12.5 K, respectively. Finally, we ob-
served magnetic anisotropy in the itinerant 3d-magnet CeCo,P,
above Ty = 440 K and attributed this to some remaining 4f mag-
netism, similar to what was observed in the intermediate valent
CeRu,P,. In the future, the presented crystal-growth method will
be applied to grow additional LnT,P, compounds, to allow a de-
tailed study of their structural and magnetic properties.
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