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ABSTRACT

We report the growth of a single crystal of PrIr3B, by Czochralski pulling method and its structural and anisotropic magnetic properties.
At room temperature, Prlr;B; crystallizes in the hexagonal CeCosB,-type (P6/mmm) structure. However, a change of crystal symmetry is
indicated by a hysteretic transition observed in both the resistivity and heat capacity taking place at ~ 280 K, which is similar to the observed
transition from monoclinic (at room temperature) to hexagonal at 395 K previously reported in Celr3;B; in literature. The jump in the heat
capacity at the transition during cooling is nearly 400 J/mol K. The Curie-Weiss behavior of susceptibility conforms to a trivalent state of the
Pr ions, which order antiferromagnetically or ferrimagnetically, as inferred from a relatively broad peak in the susceptibility centered around
10 K. The bulk magnetic transition is further corroborated by an anomaly in the heat capacity at low temperatures. Both the temperature
dependence of magnetization, and the isothermal magnetization at 2 K reveal a highly anisotropic magnetic behavior in Prlr;B, with c-axis
[0001] as the hard direction of magnetization. The electrical resistivity shows normal metallic behavior down to T, below which it shows an
upturn suggesting the onset of superzone gap.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079847

The compounds of RT3B, (R = Ce and Pr; T = Rh and Ir)
show interesting magnetic and structural properties. CeRh3B,, crys-
tallizing in the hexagonal CeCosB,-type structure (P6/mmm), is a
ferromagnet with the highest Curie temperature T¢ of ~120 K for
any compound of Ce with other non-magnetic elements.” PrRh;B,
is iso-structural to CeRh3B; and it orders ferrimagnetically at ~3.6 K
with an Ising triangle spin structure.? The large anisotropic magneti-
zation of PrRh3B, was well explained as arising due to a large overall
crystal electric field (CEF) splitting energy of 1080 K. RIr3B, (R = Ce,
Nd-Lu; Sc and Y) were initially reported to adopt a base-centered
monoclinic structure with the possible space group C2/m and two
formula units per unit cell.> There was no information on the crys-
tal structure of Prlr3B; in Ref. 3. Using x-ray powder and single
crystal diffraction, Sologub et al. in a later work inferred the hexago-
nal, CeCosB;-type structure for CelrsB; and Prlr;B,.* Working on
a single crystal of Celr3B, grown by Czochralski pulling method,
Kubota et al. found that there is a structural transition from room

temperature monoclinic to hexagonal symmetry approximately at
395 K on heating.5 Somewhat similar to its Rh-analog, Celr;B;
orders ferromagnetically with a relatively high T of 41 K. The fer-
romagnetic saturation moment at 1.8 K was found to be 0.04 yp/Ce,
which is almost an order of magnitude lower than the corresponding
figure in CeRh3B,. In view of the observed magnetic and structural
properties and the presence of strong CEF in these compounds, we
have undertaken a study of single crystalline PrIr3;B, and the results
are reported here.

A single crystal of PrIrsB, was grown by Czochralski pulling
method in a tetra arc furnace under an inert atmosphere of argon.
Initially, a polycrystalline ingot weighing nearly 10 g was melted,
flipping over the as-cast button several times to ensure homogene-
ity. A piece of Prlr3B, polycrystal was used as seed and momen-
tarily dipped into the melt and the crystal was pulled at a speed of
10 mm/h. Lalr;B; poly-crystal was synthesized by arc-melting the
high purity metals in stoichiometric composition. Laue diffraction
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FIG. 1. (a) Hexagonal crystal structure of Prir;B, at room
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method was used to characterize the symmetry of the single crystal
and to orient it along the desired directions, at room temperature
and powder x-ray diffraction (Cu-K, radiation of A = 1.5418 A)
was used to find the lattice parameters at 300 K. MPMS and PPMS
(Quantum Design, USA) were used to measure the magnetization
(1.8t0 300 K; 0 to 7 T), and the heat capacity and electrical resistivity
(1.9 to 340 K), respectively.

The Laue diffraction pattern taken on a piece cut from the
nearly 5 cm long specimen pulled from the melt showed sharp
diffraction spots characteristic of hexagonal symmetry. Figure 1(b)
shows Laue diffraction for the crystal piece oriented along [0001]
direction. The crystal was then cut along the principal crystallo-
graphic directions along viz., [1010], [1210] and [0001] for elec-
trical, magnetic and heat capacity measurements. The hexagonal
crystal structure is shown in Fig. 1(a). Powder x-ray diffraction pat-
terns obtained by crushing a small portion of the LalrsB, polycrys-
tal [Fig. 1(c)] and Prlr3B; single crystal [Fig. 1(d)] could be neatly
refined on the basis of hexagonal, P6/mmm, symmetry with lattice
parameters a = b = 5.546 A, ¢ = 3.1145 A and a = b = 5.5149 A,
¢ = 3.0957 A, respectively, by Rietveld method using Fullprof soft-
ware.® The Bragg R-values of the fit are 7.51 and 5.92, respectively.
The absence of any spurious peaks confirmed the phase purity of
our single crystal and poly-crystal. In view of the symmetry change
reported in Celr3B,, and our data on the electrical resistivity and
heat capacity of Prlr;B, (see below), we infer a structural transiton
just below room temperature.

A single crystal enables us to explore the anisotropic behav-
ior of various physical properties, like magnetization and electri-
cal resistivity in the present case, when the external agents such as
magnetic field or electrical current density are applied along par-
ticular directions of the unit cell. In the present case the alignment
of the specimen along the crystallographic directions was done at
room temperature where the crystal exists in the hexagonal sym-
metry. Therefore, the directions of the applied field and the current
density below the structural transition are only notional with respect

20 (Degrees)

to the hexagonal unit cell. It has been pointed out earlier that the
monoclinic structure can be viewed as a slightly distorted hexag-
onal C<3C03Bz—type.3 In particular the c-axes coincide in both the
structure types.

The inverse magnetic susceptibility between 1.8 and 300 K is
shown in Fig. 2. While the response is nearly isotropic in the ab-
plane, there is a large anisotropy in the susceptibility between the
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FIG. 2. Inverse magnetic susceptibility (1/y) of PrlrsB; single crystal for field along
three principal crystallographic directions. Inset (a): y vs T, zoomed at low tem-
perature. Inset (b): Field cooled (FCW) and ZFC susceptibility measured for H ||
[1010], at a field H = 0.1 kOe.
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FIG. 3. Isothermal magnetization (M vs H) measured on Prir;B, single crystal
for field along three principal crystallographic directions at T = 5 K. Inset shows
temperature dependent ac susceptibility (x’) at different frequencies.

ab-plane and c-axis. The data in the ab-plane could be fitted to the
Curie-Weiss law with pesr = 3.83 and 4.0 yp/Pr. and 6 = 29.7 and
24.4 K for H || [1010] and [1210], respectively. The g values some-
what exceed the value of 3.58 up for Pr’* and positive 8, indicates a
predominant ferromagnetic interaction in the ab-plane. y ~' shows
an appreciable curvature along the c-axis and a fit to Curie-Weiss law
does not appear feasible. It may be noted that the susceptibility data
do not exhibit any distinguishable anomaly at the structural transi-
tion. The low temperature susceptibility below 40 K is shown in the
inset (a) of Fig. 2. Susceptibility shows a peak near 10 K for fields
applied in the ab-plane indicating the transition to an antiferromag-
netic state. For H || c-axis the susceptibility is nearly independent of
temperature below Tx and relatively more than an order of magni-
tude smaller. The right inset of Fig. 2 shows the susceptibility mea-
sured in ZFC (zero-field-cooled) and FCW (field-cooled-warming)
mode for H || [1010] in the neighborhood of T. The near coinci-
dence of the two susceptibilities below T, at low field (H = 0.1 kOe)
is in conformity with the antiferromagnetic nature of the magnetic
transition. To explore further the very slight bifurcation between
ZFC and FCW data, we have measured the ac susceptibility, y" at
selected frequencies from 11 to 1320 Hz between 2 and 20 K. The
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data are plotted in Fig. 3 inset. y' shows a broad peak around 10 K
with no discernible frequency dependence ruling out any spin glass
freezing of Pr-moments.

The results of isothermal magnetization at 5 K are in full cor-
respondence with the susceptibility data presented above. The mag-
netization for H || [0001] varies linearly with field right up to the
highest field of 70 kOe attaining a value of just 0.25 yg/Pr, as shown
in Fig. 3. On the other hand, in the ab-plane the magnetization is
again isotropic for the two directions attaining a value of 2 up/Pr
at 70 kOe, which is almost an order of magnitude higher than the
corresponding value along the c-axis. For the field applied along two
directions in the ab-plane, in dM/dH there is a shallow peak around
15 kOe (not shown here), suggesting a possible spin-flop transition.
These data suggest that ab-plane is the easy-plane and the c-axis
the hard axis of magnetization. Since a zero magnetization is not
seen at fields below the spin-flop, it indicates a relatively more com-
plex configuration of the Pr-moments in the antiferromagnetic state
compared to the simple bipartite collinear antiferoomagnet.

The heat capacity of Prlr;B, and the non-magnetic reference
Lalr3B, between 1.9 and 300 K are plotted in the main panel of
Fig. 4 (a). For Pr-analog, data taken in both cooling and heating
cycles near room temperature are shown in the bottom inset. A huge
anomaly with hysteresis is seen in the range 275-285 K. The jump in
the heat capacity at the transition during cooling is nearly 400 J/mol
K. The hysteretic anomaly in the heat capacity indicates a structural
transition and maybe a change of crystal symmetry as observed in
Celr3B,.° The heat capacity data below 20 K are depicted in the
top inset of Fig. 4 (a). A mild anomaly is observed at the magnetic
transition, which is relatively muted compared to the robust lambda
type anomalies characteristic of long-range magnetic order. Assum-
ing the phonon spectra of Pr and La compounds are identical, the
4f-derived heat capacity Cyy, and the entropy, Ssf, are plotted in the
left-axis of Fig. 4 (b). Sy is calculated by integrating Cy¢/T. The peak
at the transition looks relatively sharper after the phonon contri-
bution is subtracted; the entropy R In2 associated with an effective
spin-half doublet ground state is released by about 20 K.

The electrical resistance measured in the temperature range
1.8 to 340 K of Prlr3B, is shown in Fig. 5 as normalised resis-
tance R(T)/R(340 K) vs. T. The data show a hysteretic transition
between 250 and 280 K (refer to the inset of Fig. 5), providing addi-
tional evidence for the structural transition inferred above from heat
capacity. A two-step feature is observed in Norm. Resitance vs T,
near the structural transition. It needs to be investigated further to
understand its origin. Below the structural transition the resistivity
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FIG. 5. Normalised resistance vs. T of Prir3B; single crystal at zero field for current,
J'|| [1010]. Inset shows R vs T data during 1st cooling, 1st heating and 2nd cooling
near the structural transition.

shows a metallic behavior decreasing with temperature. It shows an
upturn at the magnetic transition which is tentatively attributed to
the superzone-gap induced by the antiferromagnetic ordering of the
Pr-moments.
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In conclusion, we have synthesized high quality single crystal of
Prlr;B; and investigated its structural, electrical, magnetic and ther-
modynamic properties. We propose a structural transition near T
= 280 K inferred from hysteretic heat capacity and electrical trans-
port in the vicinity of T and a huge jump in the heat capacity across
Ts. Magnetic ordering is confirmed from magnetic, transport and
thermodynamic measurements. An anomaly near 10 K confirms the
antiferromagnetic transition at low temperature, where a super-zone
gap opens at fermi surface. The anomaly in heat capacity at Ty is
broad; it may be due to low-lying CEF levels, or due to peculiar-
ity in the low temperature crystal structure which at present is not
known.
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