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The number of paramagnetic materials that undergo a structural phase transition is rather
small, which can perhaps explain the limited understanding of the band Jahn-Teller mechanism
responsible for this effect. Here we present a structural phase transition observed in paramagnetic
YoIn at temperature Ty = 250 + 5 K. Below Tp, the high-temperature hexagonal P63/mmc phase
transforms into the low-temperature orthorhombic Pnma phase. This transition is accompanied by
an unambiguous thermal hysteresis of about 10 K, observed in both magnetic susceptibility M /H (T")
and resistivity p(7"), indicating a first order transition. Band structure calculations suggest a band
Jahn-Teller mechanism, during which the degeneracy of electron bands close to the Fermi energy
is broken. We establish that this structural phase transition does not have a magnetic component;
however, the possibility of a charge density wave formation has not been eliminated.

I. INTRODUCTION

A structural phase transition can be driven by a num-
ber of parameters — temperature [1-6], pressure [7], chemi-
cal composition [8, 9], or magnetic field [10, 11]. When the
driving parameter is temperature, the transition typically
occurs from a higher to a lower symmetry [12]. This is
illustrated by a large number of austenite-martensite struc-
tural phase transitions, in which the high-temperature
cubic phase is transformed into a low-temperature tetrag-
onal one [4]. If the symmetry of two phases is different,
the structural phase transition is likely to be first order,
resulting in a discontinuous volume change. A reliable
indicator of a first order phase transition is the presence of
hysteresis [13-15]. For temperature-induced transitions,
the high- and low-temperature phases coexist in the re-
gion corresponding to the width of the hysteresis — in
some materials this region can be as small as a fraction of
a Kelvin [16] while in others it can reach several hundreds
of Kelvin [3, 4, 6, 17]. Materials with wide thermal hys-
tereses are frequently used as a basis for shape-memory
devices [14].

Structural phase transitions are frequently accom-
panied by various phenomena. In magnetic compounds,
structural phase transitions often accompany the mag-
netic order [1, 2, 5, 9, 18]. In metals, charge transfer
between various atoms can result in a change of valence,
e.g. Mn- and Fe-based materials [14, 19], that could lead
to a metal-insulator transition [20]. The formation of a
spin [21] or charge [22-24] density wave has also been
associated with structural distortions. The origin of a
structural instability in transition metals has been at-
tributed to either a cooperative Jahn-Teller distortion (in
systems with local moments) or a band Jahn-Teller effect
(in systems without local moments) [12, 25, 26]. In the
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FIGURE 1. (a) The zero field-cooled (black line) and field-
cooled (gray line) temperature-dependent magnetic suscepti-
bility M/H(T) data of YoIn, measured in H = 0.04 T. Inset:
the thermal hysteresis around the Ty = 250 + 5 K transition.
[Note: 1 emu/(molr.y. Oe) = 47 107° m®/mol] (b) Magneti-
zation isotherms M (H), measured at T' = 200 K (circle), and
300 K (triangle).

band Jahn-Teller model, the lattice distortion breaks the
degeneracy of the electron bands in the vicinity of the
Fermi energy, which results in a redistribution of electrons
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FIGURE 2. The temperature-dependent resistivity p(T) of
YoIn in H = 0. Inset: the thermal hysteresis in H = 0 (line)
and H =5 T (symbols).

between these bands, lowering the free energy [26]. The oc-
currence of a structural phase transition within the band
Jahn-Teller model is suggested to arise in compounds for
which there exists a sharp d-electron dominated peak close
to the Fermi energy, Er, which is either flattened or split
into two peaks as a result of a structural phase transition
[27-29]. Experimental realizations of this model include
YCu [30] and LaCd [28].

While the majority of the RoIn compounds crystallize
in the hexagonal P63/mmec structure [31, 32], some are
known to occur in the Pnma space group [33, 34]. This,
together with a large peak in the density of states close to
the Fermi energy DOS(Er) [35], suggests the possibility
of a band Jahn-Teller transition in YeoIn. In this paper,
we present evidence for a structural phase transition from
the high-temperature P63/mmc to a low-temperature
Pnma phase in YoIn. The transition is signaled by a step
in the temperature-dependent susceptibility M/H (T) as
well as resistivity p(T") around Tp = 250 £ 5 K. In both
measurements, a well-pronounced hysteresis of about 10 K
suggests that the transition is first order, consistent with
an abrupt volume change. Band structure calculations
reveal the expected flattening of the d-electron peak in
the DOS(EF).

II. EXPERIMENTAL METHODS

Several polycrystalline samples were synthesized by
arc-melting Y (Hefa Rare Earths, 99.9%) and In (Alfa
Aesar, 99.9995%) in ratios ranging from 1.8:1 to 2.3:1 with
mass losses of no more than 0.5%. The arc-melted but-
tons were then wrapped in Ta foil and annealed at 950 °C,
850 °C, and 750 °C for 96 hours each. Both annealed and
non-annealed samples are extremely air sensitive, simi-
lar to other R-In compounds [36]. All thermodynamic
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FIGURE 3. The transition temperature Tp = 250+ 5 K, deter-
mined from the derivatives of susceptibility d(M/H(T))/dT
(H = 0.04 T, gray line, left axis) and resistivity dp(T")/dT (H
= 0, black line, right axis).

and transport measurements show the sharpening of the
features associated with the transition upon annealing,
and a dependence of the transition width and magnitude
with the exact Y:In composition. All data presented
here are for the Y:In = 2.2:1 annealed specimens, which
showed the sharpest transition and the highest step in
magnetization and resistivity. Powder neutron and x-
ray diffraction at room temperature confirm the known
P63/mmc structure of YoIn. Additional temperature-
dependent neutron diffraction data were collected on the
BT-1 powder diffractometer at the NIST Center for Neu-
tron Research. Collimators of 15’, 20’ and 7’ were used
before and after the Cu (311) monochromator (A = 1.5401
A) and after the sample, respectively, and data were col-
lected in steps of 0.05° in the 260 range of 3° to 168°. The
results of the Rietveld structural refinements with the
FullProf software of the data below (T" = 200 K) and
above (T = 300 K) the structural phase transition are
summarized in Table I. Due to high air sensitivity of
the samples, diffraction data were collected on a powder
sample sealed under an inert atmosphere in a Pyrex tube.
Complementary powder x-ray diffraction measurements
using Cu K,, radiation (A = 1.5401 A) were carried out
at several temperatures between 200 K and 300 K in a
Bruker diffractometer equipped with a liquid nitrogen
cooled sample stage.

Temperature- and field-dependent DC magnetization
measurements were performed in a Quantum Design (QD)
Magnetic Property Measurement System for temperatures
between 1.8 K and 400 K, and for applied magnetic fields
up to 7 T. Specific heat was measured from 2 K to 100 K
in a QD Physical Property Measurement System (PPMS).
DC resistivity measurements from 2 K to 300 K were
carried out using the standard four-probe method in the
QD PPMS in H = 0.
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FIG. 4. Neutron diffraction patterns of YzIn (symbols) for (a) T'= 300 K and (b) 7' = 200 K. The data were fit (black line) with
(a) P63/mmc and (b) Pnma space groups, with calculated peak positions represented by the vertical symbols. The difference
between measured and fit data is shown as a gray line. (¢) Evolution of the x-ray diffraction pattern (solid lines) between 200 K
and 300 K compared with the neutron data (symbols). The high- and low-temperature crystal structures are shown in panels
(d) P63/mmec and (e) Pnma, with the unit cell outlined in black.

Band structure calculations were performed using the
full-potential linearized augmented plane-wave method
implemented in the WIEN2K package [37, 38]. The
PBE-GGA exchange-correlation potential was used and a
10 x 10 x 10 grid was used to sample the k-points in the
Brillouin zone.

III. RESULTS AND DISCUSSION

The magnetic properties of RoIn compounds are di-
verse, ranging from antiferromagnets (R = Gd, Th and
Dy) and ferromagnets (R = Ho, Er, Tm) to weak dia-
magnets (R = Sm, Yb, Eu) [39]. The magnetic suscepti-
bility of YoIn was previously reported to be temperature-
independent, and no transitions were observed in the
temperature range between 4.2 K and 300 K [39]. By
contrast, our temperature-dependent magnetization data
for YoIn reveal a step around Ty = 250 K (Fig. 1(a)).
The slight upturn in the low-temperature susceptibility
data points towards the presence of a small magnetic im-
purity, which amounts to 0.003 % Gd. A well-pronounced
thermal hysteresis with a width of about 10 K, shown
in the inset of Fig. 1(a), suggests that the T transition
is first order [13-15]. Such a step has previously been
observed in the magnetic susceptibility of a number of

materials with structural phase transitions [1-6], some of
which are accompanied by magnetic spin reorientations
[18, 40]. In order to check whether or not the transition
has a magnetic component, field-dependent magnetiza-
tion isotherms were measured at temperatures below and
above the transition, as shown in Fig. 1(b). Both the
T = 200 K (blue circle) and T = 300 K (red triangle)
isotherms appear to be paramagnetic.

The temperature-dependent resistivity data (Fig. 2)
support the possibility of a structural phase transition
around Ty = 250 £ 5 K. A hysteretic jump around Tj
is observed in p(T') (Fig. 2), slightly broader (AT ~ 10
K) than the M/H(T) hysteresis. The resistivity enhance-
ment associated with the transition Ap(T)/p(T) = 9 %
is large and comparable to what had been observed for
other structural phase transitions [1, 2, 16]. The small
residual resistivity ratio RRR = p(300 K)/p(2 K) = 5
can be attributed to the polycrystalline sample form.
From the inset of Fig. 2, it is clearly seen that both
the transition temperature Ty and the thermal hysteresis
width are essentially unchanged with field, confirming the
lack of a magnetic component. A better estimate of Tj
is available from combined derivatives of susceptibility
d(M/H(T))/dT (Fig. 3, gray line, left axis) and resistiv-
ity dp(T)/dT (Fig. 3, black line, right axis), which give
To = 250+ 5 K, where the uncertainty corresponds to the



TABLE 1. Summary of parameters for the two YsIn phases.

Lattice parameters Volume x(high T, low H) xo = u5DOS(EF)
Space Group
ad) | v | @ (A% (10* emu/molp.y.) | (10~ emu/moly.v.)
P63/mme | 5.3599(2) | 5.3599(2) | 6.7647(3) | 168.57 | x(300 K, 0.04 T) = 5.8 7.0
Pnma 6.7486(4) | 5.1426(4) | 9.7382(7) | 337.97 | x(200 K, 0.04 T) = 5.2 5.9
width of the hysteresis. b P6/mme (c) Pnma

To further examine the nature of the step-like tran-
sition in YsoIn, structural analysis of the powder neu-
tron diffraction patterns was performed at temperatures
above (T' = 300 K, Fig. 4(a)) and below (T = 200 K,
Fig. 4(b)) To. At high-temperature, YoIn forms in the
hexagonal P63/mmc structure (Fig. 4(d)), consistent
with previous reports [31, 32]. Upon cooling through
the Ty = 250 = 5 K transition, the structure changes
to the orthorhombic Pnma (Fig. 4(e)), which has not
been reported previously. The temperature evolution of
this structural transition was studied with powder x-ray
diffraction (Fig. 4(c)). As the wavelengths of the neutron
and x-ray diffraction measurements are equivalent, the
peak positions can be directly compared at T = 300 K
and T = 200 K, showing good agreement. However, the
relative peak intensities can not be directly compared,
due to the difference in the scattering interaction. At
T = 300 K, there are two prominent Bragg peaks between
32° and 34°, which are indexed as (102) and (110) in the
P63 /mmec space group. Cooling through the symmetry
reducing structural transition, many new Bragg peaks
emerge, including an intense reflection at 33°, which is
indexed as (211) within the Pnma space group. The x-ray
diffraction measurements at 7' = 230 K and 7' = 220 K
show coexistence of Bragg reflections from both the high-
and low-temperature phases, consistent with the interval
of hysteresis shown in Fig. 1(a).

The nature of the structural transition in YoIn can be
understood by comparing the crystal structures presented
in Fig. 4(d) and (e) of the high-temperature hexagonal
(P63/mmc) and low-temperature orthorhombic (Pnma)
phases, respectively. In both structures the indium atoms
(orange) occupy a single crystallographic site and the
yttrium atoms occupy two crystallographic sites (Y1, dark
green and Y2, light green). In the hexagonal case, the
structure can be visualized as Y1 chains along the c-
axis, enclosed by a honeycomb of In and Y2 within the
ab plane. Within the honeycomb lattice, the Y2—In
distance is 3.11 A, while the adjacent honeycomb layers
are separated by 3.39 A. In the orthorhombic structure,
the Y1 atoms are displaced into a buckled chain, leading
to an increased Y1—Y1 distance. The honeycomb of In
and Y2 is also distorted, primarily along the a-axis, with
the Y1—In separation alternating between 2.73 A and
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FIGURE 5. (a) The total (solid line) and d-electron (dashed
line) non-magnetic density of states for the Pnma (blue line)
and the P63/mmec (red line) phases of YoIn. Fermi surface
plots for the (b) P63/mmc and (c) Pnma phases of YaIn.

4.02 A.

The experimental evidence for the structural transi-
tion at Ty motivated band structure calculations, which
are shown in Fig. 5(a). The DOS(EF) is larger for the
high-temperature phase than the low-temperature phase.
This is consistent with the observed drop in the Pauli
susceptibility, with the respective x( values listed in Ta-
ble I. The d-electron contribution to the DOS shows a
peak for the high-temperature phase, which then flattens
out in the low-temperature phase (dashed lines). Both
the total and partial DOS are similar to those calculated
for YCu [30] and LaCd [28], two materials that undergo
structural phase transition driven by the band Jahn-Teller
mechanism. The number of bands contributing to the
DOS(EF) is two for the high-temperature phase and four
for the low-temperature phase, consistent with a lowered
free energy (Fig. 5(b) and (c)).

It is important to note that the structural phase
transition in YsIn can be accompanied by formation of
a charge density wave. However, a definitive analysis is
only possible for single crystals which are currently not
available.



IV CONCLUSIONS

It was found that YoIn exhibits a structural phase
transition at Tp = 250 £ 5 K, as evidenced by crystal-
lographic analysis, magnetization, and resistivity data.
The phase transition from a high-temperature hexago-
nal P63/mmc to a low-temperature orthorhombic Pnma
phase is accompanied by a large thermal hysteresis of
about 10 K, indicating that this transition is first order.
Based on the band structure calculations, this structural
phase transition can likely be attributed the band Jahn-
Teller effect. The possibility of an accompanying charge
density wave formation has not been ruled out and is left
to a future study.
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