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Much of the rich physics of correlated systems is manifested in the diverse range of intertwined ordered phases
and other quantum states that are associated with different electronic and structural degrees of freedom. Here we
find that PrCuSb, exhibits such phenomena, which at ambient pressure exhibits a fragile antiferromagnetic order,
where cooling in a small ¢ axis magnetic field leads to an additional transition to a field-induced ferromagnetic
state. This corresponds to an inverse melting effect, whereby further cooling the system restores symmetries
of the paramagnetic state broken at the antiferromagnetic transition. Moreover, hydrostatic pressure induces
an additional first-order transition at low temperatures, which despite being not likely associated with solely
magnetic degrees of freedom, is closely entwined with the magnetic order, disappearing once antiferromagnetism
is destroyed by pressure or magnetic fields. Consequently, PrCuSb, presents a distinct scenario for interplay
between different orders, underscoring the breadth of such behaviors within one family of correlated materials.
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I. INTRODUCTION

The coexistence and interplay of different phases associ-
ated with different degrees of freedom is a hallmark feature
of strongly correlated electron systems. Archetypal exam-
ples are the cuprate superconductors, where unconventional
superconductivity manifests in close proximity to antiferro-
magnetism, together with behaviors such as charge density
wave order, a pseudogap phase, and strange metals [1-4]. Su-
perconductivity in Fe-based superconductors similarly arises
near antiferromagnetic (AFM) order, and in some cases there
is an electronic nematic order which breaks the rotational
symmetry of the lattice that may be driven by spin or orbital
ordering [5-8]. f-electron systems also exhibit a range of
such phenomena, which often arise from competing interac-
tions, such as between magnetic exchange interactions and
the Kondo effect [9-11]. For instance, the heavy fermion
superconductor CeColns hosts a field-induced spin-density
wave (SDW) state (Q phase) that is strongly intertwined with
a spatially modulated superconducting order parameter, van-
ishing together with superconductivity at the upper critical
field [12-15]. Meanwhile, applying high magnetic fields to
CeRhlns induces a Fermi surface reconstruction that at some
field angles is concomitant with a nematic state breaking the
fourfold lattice symmetry [16—18]. Correlated intermetallics
can also exhibit an intricate interplay between ferromagnetic
(FM) and AFM orders, whereby applying pressure to suppress
a FM transition can induce an AFM or SDW ground state
rather than a FM quantum critical point [19,20], as realized
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experimentally in both transition-metal [21,22] and f-electron
[23-25] magnetic systems.

The RT (Sb, Bi), (R = Ce, Pr; T = transition metal) se-
ries also has a layered tetragonal structure [Fig. 1(a)], where
the rare-earth ions exhibit a rich range of magnetic behav-
iors which interplay with the crystalline-electric field (CEF)
and Kondo lattice effects [26-31]. Among these, it was
found that the AFM order of CeAuSb, below Ty = 6.3K is
closely preceded by a nematic transition at Tj.,, = 6.5 K that
breaks the C, lattice symmetry [32]. Correspondingly, neutron
diffraction reveals single-q stripe antiferromagnetism below
Tx which also lacks the rotational symmetry of the tetragonal
lattice, while applying a ¢ axis field induces a metamagnetic
transition to a double-q structure which restores C4 symme-
try [33]. Strong coupling of the order parameters associated
with structural and magnetic degrees of freedom is further
revealed from pressure-dependent measurements, where both
Tn and Ty are gradually suppressed by pressure, reaching
a multicritical point which is proposed to connect the high-
temperature paramagnetic (PM) and nematic phases, as well
as the stripe and multi-q AFM phases [32]. Moreover, uniaxial
strain induces a new SDW phase with a distinct propagation
vector [34,35], suggesting coupling between itinerant SDW
orders and a Fermi surface reconstruction.

Here, we find that a Pr-based member of the same series,
PrCuSb,, exhibits a very different scenario for intertwined
orders. PrCuSb, was suggested to be FM based solely on
magnetization measurements of polycrystalline samples [26],
while magnetic Bragg peaks were not resolved in powder
neutron diffraction [36]. Our measurements of single crystals
demonstrate that PrCuSb, exhibits a fragile antiferromag-
netism in zero-field with a Néel temperature Ty = 5.2 K,
where a very small field applied along the c¢ axis induces
a metamagnetic transition to a field-induced FM state. The
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FIG. 1. (a) Crystal structure of PrCuSb, where the red, yellow,
and green atoms correspond to Pr, Cu, and Sb, respectively. (b) Low
temperature magnetic susceptibility x (7') of PrCuSb, with a mag-
netic field uoH = 0.1 T applied parallel to the ¢ axis and within the
ab plane. The inset displays the inverse magnetic susceptibility up to
300 K in a 0.5 T field, where the solid lines display the results from
fitting with Curie-Weiss behavior.

field at which this metamagnetic transition occurs increases
with temperature, and therefore the AFM order exhibits an
inverse melting effect below a transition 7y upon cooling in
small easy axis fields. Moreover, moderate pressure induces
an additional first-order transition 7y below 7Ty that is not
likely solely magnetic in nature, yet is strongly intertwined
with the magnetic order, since it vanishes once the magnetic
transitions disappear in applied magnetic fields or pressure.
Above 13 GPa, no transitions are detected, and the resulting
temperature-pressure phase diagram poses the question as to
whether the AFM order disappears below Tj, even in the
absence of an applied field.

II. METHODS

Single crystals of PrCuSb, were grown using a Sb self-
flux method with a molar ratio of Pr:Cu:Sb of 1:2:19 [27].
Starting materials of Pr ingots (99.9%), Cu slugs (99.999%),
and Sb slugs (99.99%) were loaded into an alumina crucible
which was sealed in an evacuated quartz tube. The tube was
heated to 1000 °C and held at this temperature for two days,
cooled slowly to 670 °C at 2.75 K/h, after which the tube was
removed from the furnace and centrifuged to remove excess
Sb. The obtained crystals are platelike with typical dimensions
4 x 4 x 0.3 mm?>. Single crystals of the nonmagnetic analog
LaCuSb, were also obtained using a similar procedure. The
phase was checked by measuring x-ray diffraction using a
XPert MRD (CuKw) powder diffractometer with Cu-Ke ra-
diation, where all the Bragg peaks are well-indexed by the
(001) reflections of PrCuSb, [26], demonstrating that the ¢
axis is perpendicular to the large face of the crystals. Re-
sistivity and specific-heat measurements were performed in
applied fields up to 14 T using a Quantum Design Physical
Property Measurement System (PPMS-14) down to 1.8 K,
and to 0.3 K using a *He insert. Magnetization measurements
were performed in the range 1.8-300 K in applied fields up to
5 T using a Quantum Design Magnetic Property Measurement

System (MPMS) SQUID magnetometer. Resistivity measure-
ments under pressure were carried out in a piston cylinder cell,
and a BeCu diamond anvil cell with a 400-ym-diameter culet
and a Re gasket. Daphne oil 7373 was used as the pressure-
transmitting medium.

III. RESULTS
A. Inverse melting in PrCuSh,

The low-temperature magnetic susceptibility x(7) of a
PrCuSb, single crystal in a 0.1 T applied field is displayed
in Fig. 1(b), which evidences a magnetic transition at Ty =
5.2K. For H || ¢, x(T) has a peak at Ty, while x(7T") for
H || ab remains almost constant below the transition. Together
with the magnitude of x (T') at low temperatures being larger
for H || ¢ than for H || ab, this suggests AFM ordering be-
low Ty with the moments orientated along the easy c axis.
Furthermore, below the peak at Ty, x(7T) for H || ¢ shows
a sizable increase with decreasing temperature, pointing to
the onset of a FM component to the magnetism in a 0.1 T
field. The inverse susceptibility measured in a 0.5 T field is
displayed in the inset up to 300 K, which above 100 K were
analyzed using the Curie-Weiss law: x = xo + C/(T — Ocw),
where xo is a temperature-independent term, C is the Curie
constant, and Ocw is the Curie-Weiss temperature. The fitted
results are shown by the solid lines, yielding 65y, = 4.49K
with an effective moment of ugy = 3.03ug/Pr for H || c,
while 9@%, =5.21K and ug}’f = 3.441/Pr for H || ab. The
obtained values of u.s for both directions are close to the
full value of 3.58 up for the J = 4 ground-state multiplet of
Pr’*. Note that at elevated temperatures, x (T) is larger for
H || ab than for H || ¢, pointing to a crossover of the easy axis
direction.

The temperature dependence of the resistivity po(7) in
zero-field also exhibits an anomaly corresponding to the mag-
netic transition at 7y = 5.2 K [Fig. 2(a)], where there is an
abrupt change of slope. In the PM state, p(7) is metallic
for both current directions, but the overall magnitude is con-
siderably smaller for j 1 ¢ than j || ¢, where the latter is
about 30 times larger at 300 K. This could reflect a quasi-
two-dimensional nature of the electronic state, where similar
anisotropies were observed in CeAgBi, [28] and CeCuSb,
[29].

The transition at 7Ty is also observed in the heat capacity of
PrCuSb, shown in Fig. 2(b), while the transition is absent in
nonmagnetic isostructural LaCuSb,. The magnetic contribu-
tion to the specific-heat coefficient Cy, /T of PrCuSb, is shown
by the red solid line (Appendix), and it can be seen that there is
a sizable contribution above Ty, which forms an extended tail
that reaches up to around 60 K. At 7y, the magnetic entropy
Sm (Appendix Fig. 9) reaches 0.93R In 2, which is close to the
full value for a ground-state doublet. Meanwhile, Sy, reaches
2RIn2 at 60 K, suggesting that the aforementioned tail in
Cn/T is associated with a low-lying excited CEF (doublet)
level.

Measurements of x (7") with different fields applied along
the ¢ axis are shown in Fig. 3(a). For applied fields less than
0.25 T along the ¢ axis, the peak in x(7') corresponding
to Tn decreases slightly with field. Upon cooling to lower
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FIG. 2. (a) Temperature dependence of the resistivity p(7') of
PrCuSb, between 2 and 300 K with the current parallel (red) and
perpendicular (blue) to the ¢ axis. For clarity, the data for the current
perpendicular to the c axis are scaled by a factor of 20. The inset dis-
plays the low temperature resistivity, where there is a sharp anomaly
at the antiferromagnetic transition. (b) Temperature dependence of
the specific heat (as C/T) of PrCuSb, as well as the nonmagnetic
analog LaCuSb,, measured down to 2 K. The red solid line shows
the magnetic contribution C,,/T.

temperatures, there is a pronounced increase of x(7), con-
sistent with the presence of an additional transition in applied
fields (labeled Typ), and its position is determined from the
temperature below which this increase occurs. This anomaly
is more prominent in fields of 0.1 T and 0.15 T, and such an
increase points to a FM nature of the field-induced phase.
Above 0.25 T, there are no clear transitions and there is a
broad shoulder which tends towards saturation at the lowest
temperatures. The lack of a transition at 0.25 T is also sup-
ported by heat-capacity measurements [Appendix Fig. 9(b)],
which exhibit a broad hump instead of the sharp transition
observed at lower fields.

The evolution of the AFM and field-induced transitions
can be inferred from p(T) at low temperatures, displayed
in Fig. 3(b), where Ty is slightly suppressed with increasing
field. Moreover, while only a single transition is observed in
zero field, in an applied field of 0.05 T, there is an additional
anomaly at a lower temperature of 2.5 K, marked by a vertical
arrow, indicating the presence of a field-induced magnetic
transition. This field-induced transition 7y, defined as where
p(T) exhibits a second abrupt slope change upon cooling,
moves to higher temperature with increasing field, as expected
for a FM transition. It can be seen that Ty approaches Ty, and
at 0.2 T no abrupt low temperature anomalies are observed,

(@4 "Hil ¢

toH (T)

0.05
0.1 (FC)
(.1 (ZFC)

0.15 (FC)
(.15 (ZFC)
—().25

05

— )

7 (emu/mol)
N

T(K)

FIG. 3. (a) Low temperature y (7") for different magnetic fields
applied parallel to the ¢ axis. Measurements for all fields were
performed upon warming from the base temperature after zero-
field cooling (ZFC), while for 0.1 and 0.15 T both ZFC and
field-cooling (FC) data are displayed. (b) Low temperature p(7)
of PrCuSb, in various applied magnetic fields parallel to the ¢
axis. The dashed arrow shows the evolution of the AFM tran-
sition at 7y, while the solid arrows highlight the field-induced
transition 7.

and instead there is a broad hump in p(7"), which shifts to
higher temperature with increasing field.

The isothermal magnetization as a function of field M (H)
is displayed in Fig. 4(a) for fields along the c¢ axis, where
the sample was cooled in zero field, after which a field was
applied, and then magnetization loops were measured with
both positive and negative fields. The 3 K data exhibits dis-
tinct behavior for the two magnetic phases, where there is no
remanent magnetization or hysteresis at zero field, and M (H)
increases linearly at low fields. At higher fields, there is a
metamagnetic transition (at 0.067 T for the up field sweep) at
which there is a significant increase of M (H ) with hysteresis
between up and down field sweeps. Above around 0.23 T,
M (H) changes little with field, suggesting that this corre-
sponds to a saturation magnetization of around 1.4ug/Pr.
As shown in the inset, no further metamagnetic transitions
are observed up to at least 5 T. Upon increasing the tem-
perature below Ty, the low field linear region widens and
the hysteresis loops narrow, while at 6 K (T > Tn) M(H)
smoothly increases with field. These behaviors are consis-
tent with an AFM state in PrCuSb, at zero and very low
field, while a small applied field induces a metamagnetic
transition to the field-induced FM state. Note that at 2 K
the field-induced FM state appears to remain metastable even
in zero field, but when the magnetization is measured with
increasing field after zero-field cooling, the low-field metam-
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FIG. 4. Field dependence of the (a) magnetization M(H) and
(b) resistivity p(H ), of PrCuSb;, for fields along the ¢ axis at several
temperatures below and above Ty. The inset of (a) shows M(H)
at 3 K in applied fields up to 5 T along the ¢ axis. The dashed
arrow highlights the evolution of the metamagnetic transition with
temperature, and the solid arrows show the direction of the field
sweep.

agnetic transition is still observed [Appendix Fig. 11(b) inset].
On the other hand, no metamagnetic transitions are observed
in either p(H) or M (H ) for fields applied in the ab plane (see
Appendix Fig. 11).

Metamagnetic transitions are also revealed in the field de-
pendence of the resistivity p(H) for fields along the ¢ axis,
as displayed in Fig. 4(b). At 2 K, the resistivity remains
nearly constant at very low fields in the AFM phase. At
around 0.05 T, there is a metamagnetic transition where there
is a significant drop of p(H), with clear hysteresis between
measurements performed while sweeping the field up and
down, which corresponds to entering the field-induced phase.
Upon increasing the temperature below 7y, the metamag-
netic transition moves to higher fields, while at 5 K just
below Ty, there is a broad decrease of p(H) with weak
hysteresis.

The temperature-field phase diagram of PrCuSb, for
c axis fields based on the above measurements is displayed
in Fig. 5, where the phase boundaries deduced from dif-
ferent techniques are highly consistent. In zero field, there
is a single AFM transition below 7y = 5.2K. Upon ap-
plying a small ¢ axis field, Ty is suppressed slightly, but
a field-induced transition Ty to a FM state occurs be-
low Ty, which increases rapidly with field. Above around
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FIG. 5. Temperature-field phase diagram of PrCuSb, at ambient
pressure for fields along the easy ¢ axis, from measurements of
the resistivity, susceptibility, magnetization, and specific heat, where
the black lines are guides to the eye for Ty and Ty. The orange
dotted lines illustrate two paths in the phase diagram, described in
the text. Path @ demonstrates an inverse melting effect in PrCuSb,,
whereby there is AFM order below Ty, which melts upon further
cooling through Ty;. On the other hand, path @ demonstrates how
the high-temperature PM state and low-temperature FM state can
be connected without going through a phase transition (similar to
the liquid-gas phases), and hence these two phases have the same
symmetry.

0.2 T, no transitions are resolved, and instead there is a
crossover to the spin-polarized FM phase. It can be seen
that if the system is cooled in a moderate easy axis field
(following the path labeled © in the phase diagram), the
system first undergoes a transition from the PM state to
the AFM phase, and at lower temperatures there is a sec-
ond transition from the AFM to field-induced FM state.
It is possible to reach the field-induced FM state from
the high-temperature PM phase without going through a
phase transition (path @), demonstrating in analogy with
the liquid-gas transition that the two phases have the same
symmetry (time-reversal symmetry is broken in the PM state
by the applied field). Conversely, translational and/or rota-
tional symmetries of the PM state will be broken entering
the AFM phase. As such, the transition from the AFM to
FM phase corresponds to an inverse melting effect, whereby
upon cooling below Ty there is a transition from the lower
symmetry AFM phase to one with higher symmetry [37-39].
We note that if the transition 7y corresponded to a transi-
tion to a different type of magnetic ordering rather than an
FM phase, a phase transition would be expected between
this phase and the high-temperature PM region, which is
not detected. The spin-polarized nature of this field-induced
phase could be verified by measurements such as neutron
diffraction.

B. Intertwined phases under pressure

To determine the evolution of the magnetic order with
pressure, the resistivity of PrCuSb, was measured under dif-
ferent hydrostatic pressures up to 20 GPa, which are displayed
for zero applied field in Fig. 6. At 0.5 GPa, the data re-
sembles that at ambient pressure, exhibiting a single AFM
transition with a slightly enhanced Ty. On the other hand, the
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FIG. 6. Temperature dependence of the resistance R(T) of
PrCuSb, in zero applied field (a) at low pressures up to 5.2 GPa
and (b) at higher pressures up to 20 GPa. For clarity, the data for
adjacent pressures have been shifted vertically. The arrows denote the
antiferromagnetic transition at 7y, the pressure-induced first-order
transition at 7y, and the broad shoulder feature 7s. The shoulder fea-
ture at high pressures is characterized by an increase of the derivative
of R(T) over a broad temperature range upon cooling, and Tg is
defined as the midpoint of this increase. Note the measurements at
2.5 GPa and below were performed in a piston cylinder cell, while
those at higher pressures used a diamond anvil cell.

data at 1.2 GPa are drastically different, where in addition
to Ty, another anomaly denoted T; is observed at a lower
temperature of around 3.2 K. Upon cooling below Tj, the
resistive drop is much more pronounced than at 7y, and
moreover there is sizable hysteresis between measurements
performed upon sweeping the temperature up and down,
pointing to a first-order nature of this pressure-induced transi-
tion. Ty and T are enhanced by pressure, both reaching over
20 K at 11.5 GPa. Since at higher pressures T increases more
rapidly than 7y, these transitions appear to merge together at
around 13 GPa, and at this pressure no pronounced transition
is observed, where instead there is a broad shoulder feature
in the resistivity. The position of this shoulder is denoted
by Ts, which increases and broadens upon increasing the
pressure up to 20 GPa. These results are summarized by the
phase diagram in Fig. 8(a), and point to a close link be-
tween these transitions, which simultaneously disappear upon
merging under pressure, being replaced by a broad crossover
feature.
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FIG. 7. p(T) of PrCuSb, under pressure in several applied fields
along the ¢ axis at (a) 0.5 GPa, (b) 1.2 GPa and (c) 1.8 GPa. The
arrows denote the transitions at Ty, Tp, and Ty;. All the measurements
were performed upon decreasing the temperature.

Upon applying magnetic fields under pressure, po(7T) at
0.5 GPa [Fig. 7(a)] is again very similar to that at ambient
pressure [Fig. 3(b)], where the transitions at 7y and 7y are
observed in a small applied field, while no transitions are
found in 0.2 T. Conversely, upon applying a small 0.05 T
field at higher pressures of 1.2 and 1.8 GPa [Figs. 7(b) and
7(c)], three transitions are now observed, corresponding to
TN, Tv, and Ty, where the latter pressure-induced transition
Ty is situated below Ty. These show that the pressure-induced
transition at 7y must be distinct from the field-induced transi-
tion at Ty, and that T persists even in the field-induced FM
phase. On the other hand, none of the transitions are found
in a 0.2 T field, again demonstrating that the disappearance
of Ty coincides with that of Ty, pointing to a close link
between these transitions. These results are summarized by
the field-temperature phase diagrams in Figs. 8(b) and 8(c).
At 0.5 GPa, only Ty and Ty can be observed in applied
fields, in line with the ambient pressure case. At 1.8 GPa,
there are similar behaviors of Ty and Ty to those at low
pressures, while there is little change of 7y with field before
it abruptly disappears above 0.15 T together with the other
transitions.
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FIG. 8. (a) Temperature-pressure phase diagram of PrCuSb, at
zero field, where the black squares, red circles, and blue triangles
correspond to 7y, Ty, and Ts, respectively. P, represents the pressure
above which Ty and 7; disappear, and there is the emergence of
a broad shoulder denoted by 7s. Temperature-field phase diagrams
of PrCuSb, for fields applied along the ¢ axis at (b) 0.5 GPa and
(c) 1.8 GPa.

IV. DISCUSSION AND SUMMARY

Our measurements of the resistivity, magnetic susceptibil-
ity, and specific heat at ambient pressure show that PrCuSb,
orders antiferromagnetically below Ty =5.2K, with the
moments orientated along the ¢ axis. A small ¢ axis field
induces a metamagnetic transition, above which the spins are
polarized with a saturation magnetization of 1.4ug/Pr. In
sufficiently low c axis fields, p(7") exhibits a second transition
below Ty, labeled Ty, which in comparison to the measure-
ments of M(H) and p(H) (see phase diagram in Fig. 5) can
be seen to correspond to a transition from the AFM to the
field-induced FM phase. Since the applied magnetic field al-
ready breaks time-reversal symmetry in the high-temperature
PM state, this field-induced FM phase does not break any
additional symmetries, while in the AFM phase translational
and/or rotational symmetries are broken. Consequently, this
is a manifestation of inverse melting, where upon cooling
through 7y, there is a transition to a higher symmetry phase
[37-39]. It is notable that in the low temperature limit only
a very small ¢ axis field is required to polarize the spins
(<0.05T), suggesting extremely weak AFM coupling rela-
tive to the energy scale of Ty, indicating the presence of
significant FM interactions. Moreover, this suggests that in

these small fields the field-induced FM state has the lowest
energy, while the occurrence of AFM order at higher tem-
peratures indicates that the AFM state is entropically favored
in a narrow temperature region, pointing to the presence
of additional degeneracies associated with the AFM phase
[37]. Uncovering the mechanism behind this inverse melting
effect therefore requires additional probes of the structure
and excitations associated with different degrees of freedom,
including using techniques such as neutron and x-ray scatter-
ing, as well as nuclear magnetic resonance. Note that while
the metamagnetic transition of NdgsSrosMnO;s; between
the charge-ordered insulating AFM phase and a metallic
field-induced FM phase can be shifted to higher fields with in-
creasing temperature, this was only realized for measurements
performed with decreasing field, and hence the reentrance
of the higher symmetry metallic phase is ascribed to the
supercooling of a metastable state [40]. In contrast, the in-
crease of the metamagnetic field with temperature in PrCuSb,
is robust for both increasing and decreasing field sweeps
(Fig. 4).

Under a moderate pressure of 1.2 GPa, an additional first-
order transition Ty emerges in the low-temperature resistivity
below Ty. This transition is unlikely to be purely magnetic
in nature, since there is a pronounced drop of the resistivity
below Ty, a far larger decrease than below the magnetic tran-
sitions Ty and Ty, together with significant thermal hysteresis.
Furthermore, Tj persists in a small applied field, and still ex-
ists below Ty in the field-induced FM state. On the other hand,
this transition is closely coupled to the magnetic order, since
in larger applied fields Ty is absent once Ty and Ty disappear.
In addition, both Ty and Ty increase with pressure, and these
transitions merge at a pressure of around Pc ~ 13 GPa, above
which no clear transition is detected, but there is a broad
shoulder in the resistivity.

A pronounced resistivity anomaly together with a first-
order nature suggests that 7y could correspond to a structural
transition that is closely coupled to magnetic order. In
isostructural CeAuSb,, a structural transition that breaks the
Cy lattice symmetry Tnem iS observed just above an AFM
transition to a single-q striped magnetic phase [32,33]. On
the other hand, in PrCuSb; there is an abrupt disappearance
of Ty in field [Fig. 8(c)] which suggests that the first-order
Ty line terminates at a finite temperature critical point. In this
scenario, Tp would not be anticipated to break any additional
lattice symmetries (in analogy with the liquid-gas transition),
and hence is not likely to correspond to a nematic transition.
Furthermore, given the similarities between the phase dia-
grams versus field and pressure, it is of particular interest to
determine whether there is the disappearance of AFM order
below Ty. To address this question and the nature of the
transition at 7p, neutron diffraction under pressure is highly
desirable.

In addition, while the magnetic entropy being close to
RIn2 at Ty points to a doublet ground state, there is still
a sizable contribution above 7Ty, reaching around 2RIn2 at
60 K. This suggests the presence of low-lying CEF levels, and
therefore it would be desirable to determine whether there is
also arole played by quadrupolar degrees of freedom [41-43].
Consequently, measurements such as inelastic neutron scat-
tering to determine the CEF level scheme are important
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FIG. 9. (a) Low temperature C,,/T of PrCuSb, measured down
to 0.5 K, together with the magnetic entropy S,,. Here a contribution
from a nuclear Schottky anomaly Cy/7T (red dashed line of the
inset) has been subtracted from the estimated Pr contribution Cp,/T
obtained from subtracting the C/T of LaCuSb,. (b) Temperature
dependence of C/T of PrCuSb, in various applied magnetic fields
parallel to the c axis.

for gaining a microscopic understanding of the different
orders.

In conclusion, PrCuSb, exhibits intertwined orders that are
readily tuned by magnetic fields and pressure. In zero field,
this is manifested by a fragile AFM phase that is readily
destroyed by a c-axis field, and upon cooling in small applied
fields there is inverse melting to a low-temperature FM state.
Meanwhile, moderate pressures induce a low-temperature
first-order transition 7y, which while not likely solely associ-
ated with magnetic degrees of freedom, is strongly coupled
to the magnetism, since it disappears once small fields de-
stroy the magnetic order, and also merges with the AFM
transition at high pressures around Pc ~ 13 GPa. The intri-
cate interplay of these phases presents differently to that of
the intertwined phases in CeAuSb, and the iron pnictides,
in which the coupling between itinerant magnetic (SDW)
[35,44] and nematic orders gives rise to similar phase dia-
grams [5,32,45]. This suggests that despite PrCuSb, being
isostructural to CeAuSb,, it should be described by funda-
mentally different microscopic and phenomenological mod-
els, which may be related to the presence of more localized
magnetism. Together, these underscore the rich variety of in-
tertwined orders within a single family of correlated rare-earth
intermetallics.
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FIG. 10. (a) Low temperature p(T") of PrCuSb, in various mag-
netic fields applied within the ab plane. (b) x(7) for different
magnetic fields applied within ab plane. Data are shown for both
zero-field cooling (ZFC) and field-cooling (FC), which were per-
formed upon warming from the base temperature.

ACKNOWLEDGMENTS

We are grateful to Z. Wang for interesting discussions and
helpful suggestions. This work was supported by the National
Key R&D Program of China (Grants No. 2022YFA 1402200
and No. 2023YFA1406303), the Key R&D Program of Zhe-
jiang Province, China (Grant No. 2021C01002), and the
National Natural Science Foundation of China (Grants No.
12222410, No. 12174332, No. 11974306, and No. 12034017).

APPENDIX
1. Specific heat of PrCuSh,

Figure 9(a) shows the magnetic contribution to the specific-
heat coefficient Cy, /T of PrCuSb, down to 0.5 K. As shown in
the inset, the low temperature C/T shows a steep upturn aris-
ing from a nuclear Schottky anomaly. This low-temperature
contribution was estimated from fitting a nuclear Schottky
anomaly contribution Cy = A/T? (dashed line). To obtain
Cwn/T, both the phonon contribution estimated from the data
of LaCuSb, in the main text, Fig. 2(b), as well as Cxn/7T,
were subtracted. The temperature dependence of the mag-
netic entropy S, of PrCuSb; is also displayed obtained by
integrating Cp,,/T. Note that since a tiny residual upturn in
Cn/T is still present from the incomplete subtraction of
Cn, Cn/T was taken to have a constant value below 0.8 K.
At Ty, Sy, reaches 0.93RIn2, while S, reaches 2RIn2 at
60 K. From extrapolating the C/T data for T > Ty, a large
zero temperature value of y = 215mJ/mol K? is obtained,
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FIG. 11. Field dependence of the (a) resistivity p(H) and
(b) magnetization M (H ) of PrCuSb, for fields within the ab plane, at
several temperatures below and above 7y. The inset displays M (H)
of PrCuSb;, for fields along the ¢ axis at 2 K measured with the field
increasing after zero-field cooling. It can be seen that the metamag-
netic transition is detected at low fields, similar to the 3 K data in
Fig. 4(a).

which could indicate an enhanced Sommerfeld coefficient
arising from strong electronic correlations.

Figure 9(b) displays the low-temperature C/T of PrCuSb,
with different fields applied along the c axis. It can be seen that
in a field of 0.1 T, the transition is slightly suppressed to 5.1 K
in line with an AFM transition. Above 0.25 T, no pronounced
transition is observed, where instead there is broad peak,
which further broadens with increasing field. These suggest
that a very small c axis field can tune PrCuSb, from the AFM
to field-induced FM phase.

2. Dependence of the magnetic properties on ab plane fields

The low-temperature p(7) for fields within the ab plane
is shown in Fig. 10(a). Here the AFM transition is more
robust than for fields parallel to the ¢ axis [Fig. 3(b)],
and can be detected up to at least 1 T, while above
2 T no clear anomaly is observed. Moreover, no addi-
tional field-induced transitions are observed for this applied
field orientation. The low-temperature magnetic susceptibil-
ity for fields within the ab plane is shown in Fig. 10(b),
where the position of Ty also changes little with field,
and below the transition x(7) has a nearly constant
value.

The field dependence of the resistivity and magnetiza-
tion are displayed in Figs. 11(a) and 11(b), respectively, for
fields within the ab plane. Neither quantity exhibits any meta-
magnetic transitions, where p(H) gradually decreases with
field, while M(H) smoothly increases. In a 5 T field, the
magnetization reaches 1.9 ug/Pr, which is comparable to
the corresponding value of 1.6 ug/Pr for fields along the ¢
axis, suggesting a more isotropic CEF ground state in high
fields.

[1] C. Proust and L. Taillefer, The remarkable underlying ground
states of cuprate superconductors, Annu. Rev. Condens. Matter
Phys. 10, 409 (2019).

[2] J. Chang, E. Blackburn, A. Holmes, N. B. Christensen, J.
Larsen, J. Mesot, R. Liang, D. Bonn, W. Hardy, A. Watenphul
et al., Direct observation of competition between superconduc-
tivity and charge density wave order in YBa,Cu3Og¢;, Nat.
Phys. 8, 871 (2012).

[3] R. Daou, N. Doiron-Leyraud, D. LeBoeuf, S. Y. Li, F. Laliberté,
O. Cyr-Choiniere, Y. J. Jo, L. Balicas, J.-Q. Yan, J.-S. Zhou,
J. B. Goodenough, and L. Taillefer, Linear temperature de-
pendence of resistivity and change in the Fermi surface at the
pseudogap critical point of a high-7. superconductor, Nat. Phys.
5, 31 (2009).

[4] S. Badoux, W. Tabis, F. Laliberté, G. Grissonnanche, B.
Vignolle, D. Vignolles, J. Béard, D. Bonn, W. Hardy, R. Liang
et al., Change of carrier density at the pseudogap critical
point of a cuprate superconductor, Nature (London) 531, 210
(2016).

[5] R. Fernandes, A. Chubukov, and J. Schmalian, What drives
nematic order in iron-based superconductors? Nat. Phys. 10, 97
(2014).

[6] J.-H. Chu, J. G. Analytis, K. D. Greve, P. L. McMahon,
Z. Islam, Y. Yamamoto, and I. R. Fisher, In-plane resistiv-
ity anisotropy in an underdoped iron arsenide superconductor,
Science 329, 824 (2010).

[7]1 S. Avci, O. Chmaissem, J. Allred, S. Rosenkranz, I. Eremin,
A. V. Chubukov, D. Bugaris, D. Chung, M. Kanatzidis, J.-P.
Castellan et al., Magnetically driven suppression of nematic
order in an iron-based superconductor, Nat. Commun. 5, 3845
(2014).

[8] S.-H. Baek, D. Efremov, J. Ok, J. Kim, J. Van Den Brink, and
B. Biichner, Orbital-driven nematicity in FeSe, Nat. Mater. 14,
210 (2015).

[9] C. Pfleiderer, Superconducting phases of f-electron com-
pounds, Rev. Mod. Phys. 81, 1551 (2009).

[10] G. R. Stewart, Non-Fermi-liquid behavior in d- and f-electron
metals, Rev. Mod. Phys. 73, 797 (2001).

[11] Z. Weng, M. Smidman, L. Jiao, X. Lu, and H. Q. Yuan,
Multiple quantum phase transitions and superconductivity
in Ce-based heavy fermions, Rep. Prog. Phys. 79, 094503
(2016).

[12] M. Kenzelmann, T. Strassle, C. Niedermayer, M. Sigrist, B.
Padmanabhan, M. Zolliker, A. Bianchi, R. Movshovich, E. D.

104414-8


https://doi.org/10.1146/annurev-conmatphys-031218-013210
https://doi.org/10.1038/nphys2456
https://doi.org/10.1038/nphys1109
https://doi.org/10.1038/nature16983
https://doi.org/10.1038/nphys2877
https://doi.org/10.1126/science.1190482
https://doi.org/10.1038/ncomms4845
https://doi.org/10.1038/nmat4138
https://doi.org/10.1103/RevModPhys.81.1551
https://doi.org/10.1103/RevModPhys.73.797
https://doi.org/10.1088/0034-4885/79/9/094503

INVERSE MELTING AND INTERTWINED ORDERS IN ...

PHYSICAL REVIEW B 109, 104414 (2024)

Bauer, J. L. Sarrao et al., Coupled superconducting and mag-
netic order in CeColns, Science 321, 1652 (2008).

[13] M. Kenzelmann, S. Gerber, N. Egetenmeyer, J. L. Gavilano, T.
Strissle, A. D. Bianchi, E. Ressouche, R. Movshovich, E. D.
Bauer, J. L. Sarrao, and J. D. Thompson, Evidence for a mag-
netically driven superconducting Q phase of CeColns, Phys.
Rev. Lett. 104, 127001 (2010).

[14] S. Gerber, M. Bartkowiak, J. L. Gavilano, E. Ressouche, N.
Egetenmeyer, C. Niedermayer, A. D. Bianchi, R. Movshovich,
E. D. Bauer, J. D. Thompson, and M. Kenzelmann, Switching
of magnetic domains reveals spatially inhomogeneous super-
conductivity, Nat. Phys. 10, 126 (2014).

[15] D. Y. Kim, S.-Z. Lin, F. Weickert, M. Kenzelmann, E. D. Bauer,
F. Ronning, J. D. Thompson, and R. Movshovich, Intertwined
orders in heavy-fermion superconductor CeColns, Phys. Rev. X
6, 041059 (2016).

[16] L. Jiao, Y. Chen, Y. Kohama, D. Graf, E. Bauer, J. Singleton,
J.-X. Zhu, Z. Weng, G. Pang, T. Shang et al., Fermi sur-
face reconstruction and multiple quantum phase transitions in
the antiferromagnet CeRhlIns, Proc. Natl. Acad. Sci. 112, 673
(2015).

[17] P. J. W. Moll, B. Zeng, L. Balicas, S. Galeski, F. F. Balakirev,
E. D. Bauer, and F. Ronning, Field-induced density wave in
the heavy-fermion compound CeRhlIns, Nat. Commun. 6, 6663
(2015).

[18] F. Ronning, T. Helm, K. Shirer, M. Bachmann, L. Balicas,
M. K. Chan, B. Ramshaw, R. D. Mcdonald, F. F. Balakirev,
M. Jaime et al., Electronic in-plane symmetry breaking at field-
tuned quantum criticality in CeRhlns, Nature (London) 548,
313 (2017).

[19] D. Belitz, T. R. Kirkpatrick, and T. Vojta, Nonanalytic behavior
of the spin susceptibility in clean Fermi systems, Phys. Rev. B
55, 9452 (1997).

[20] M. Brando, D. Belitz, F. M. Grosche, and T. R. Kirkpatrick,
Metallic quantum ferromagnets, Rev. Mod. Phys. 88, 025006
(2016).

[21] V. Taufour, U. S. Kaluarachchi, R. Khasanov, M. C. Nguyen, Z.
Guguchia, P. K. Biswas, P. Bonfa, R. De Renzi, X. Lin, S. K.
Kim, E. D. Mun, H. Kim, Y. Furukawa, C.-Z. Wang, K.-M.
Ho, S. L. Bud’ko, and P. C. Canfield, Ferromagnetic quantum
critical point avoided by the appearance of another magnetic
phase in LaCrGes under pressure, Phys. Rev. Lett. 117, 037207
(2016).

[22] S. Friedemann, W. J. Duncan, M. Hirschberger, T. W. Bauer,
R. Kiichler, A. Neubauer, M. Brando, C. Pfleiderer, and F. M.
Grosche, Quantum tricritical points in NbFe,, Nat. Phys. 14, 62
(2018).

[23] V. A. Sidorov, E. D. Bauer, N. A. Frederick, J. R. Jeffries, S.
Nakatsuji, N. O. Moreno, J. D. Thompson, M. B. Maple, and
Z. Fisk, Magnetic phase diagram of the ferromagnetic Kondo-
lattice compound CeAgSb, up to 80 kbar, Phys. Rev. B 67,
224419 (2003).

[24] H. Kotegawa, T. Toyama, S. Kitagawa, H. Tou, R. Yamauchi,
E. Matsuoka, and H. Sugawara, Pressure-temperature magnetic
field phase diagram of ferromagnetic Kondo lattice CeRuPO,
J. Phys. Soc. Jpn. 82, 123711 (2013).

[25] E. Lengyel, M. E. Macovei, A. Jesche, C. Krellner,
C. Geibel, and M. Nicklas, Avoided ferromagnetic quan-
tum critical point in CeRuPO, Phys. Rev. B 91, 035130
(2015).

[26] O. Sologub, K. Hiebl, P. Rogl, H. Noél, and O. Bodak, On
the crystal structure and magnetic properties of the ternary rare
earth compounds RETSb, with RE = rare earth and T = Ni,
Pd, Cu, and Au, J. Alloys Compd. 210, 153 (1994).

[27] K. Myers, S. Bud’ko, I. Fisher, Z. Islam, H. Kleinke, A.
Lacerda, and P. Canfield, Systematic study of anisotropic trans-
port and magnetic properties of RAgSb, (R =Y, La-Nd, Sm,
Gd-Tm), J. Magn. Magn. Mater. 205, 27 (1999).

[28] A. Thamizhavel, A. Galatanu, E. Yamamoto, T. Okubo,
M. Yamada, K. Tabata, T. C Kobayashi, N. Nakamura, K.
Sugiyama, K. Kindo er al., Low temperature magnetic proper-
ties of CeTBi, (T: Ni, Cu and Ag) single crystals, J. Phys. Soc.
Jpn. 72,2632 (2003).

[29] A. Thamizhavel, T. Takeuchi, T. Okubo, M. Yamada, R. Asai,
S. Kirita, A. Galatanu, E. Yamamoto, T. Ebihara, Y. Inada, R.
Settai, and Y. Onuki, Anisotropic electrical and magnetic prop-
erties of CeT'Sby(T = Cu, Au, and Ni) single crystals, Phys.
Rev. B 68, 054427 (2003).

[30] E. Jobiliong, J. S. Brooks, E. S. Choi, H. Lee, and Z.
Fisk, Magnetization and electrical-transport investigation of
the dense Kondo system CeAgSb,, Phys. Rev. B 72, 104428
(2005).

[31] C. Adriano, P. F. S. Rosa, C. B. R. Jesus, J. R. L. Mardegan,
T. M. Garitezi, T. Grant, Z. Fisk, D. J. Garcia, A. P.
Reyes, P. L. Kuhns, R. R. Urbano, C. Giles, and P. G.
Pagliuso, Physical properties and magnetic structure of the
intermetallic CeCuBi, compound, Phys. Rev. B 90, 235120
(2014).

[32] S. Seo, X. Wang, S. M. Thomas, M. C. Rahn, D. Carmo, F.
Ronning, E. D. Bauer, R. D. dos Reis, M. Janoschek, J. D.
Thompson, R. M. Fernandes, and P. F. S. Rosa, Nematic state
in CeAuSb,, Phys. Rev. X 10, 011035 (2020).

[33] G. G. Marcus, D.-J. Kim, J. A. Tutmaher, J. A. Rodriguez-
Rivera, J. O. Birk, C. Niedermeyer, H. Lee, Z. Fisk, and C. L.
Broholm, Multi-¢ mesoscale magnetism in CeAuSb,, Phys.
Rev. Lett. 120, 097201 (2018).

[34] J. Park, H. Sakai, A. P. Mackenzie, and C. W. Hicks, Effect of
uniaxial stress on the magnetic phases of CeAuSb,, Phys. Rev.
B 98, 024426 (2018).

[35] R. Waite, F. Orlandi, D. A. Sokolov, R. A. Ribeiro,
P. C. Canfield, P. Manuel, D. D. Khalyavin, C. W. Hicks,
and S. M. Hayden, Spin-density-wave order controlled by
uniaxial stress in CeAuSb,, Phys. Rev. B 106, 224415
(2022).

[36] M. Kolenda, M. Hofmann, J. Leciejewicz, B. Penc, A. Szytula,
and A. Zygmunt, Magnetic structures of RTSb, (R = Pr,
Nd; T = Cu, Pd) compounds, J. Alloys Compd. 315, 22
(2001).

[37] N. Schupper and N. M. Shnerb, Spin model for inverse melt-
ing and inverse glass transition, Phys. Rev. Lett. 93, 037202
(2004).

[38] M. Paoluzzi, L. Leuzzi, and A. Crisanti, Thermodynamic first
order transition and inverse freezing in a 3D spin glass, Phys.
Rev. Lett. 104, 120602 (2010).

[39] D. E. Jackson, Probing phase transition using high pressure
and high magnetic field, Ph.D. thesis, University of Florida,
2018.

[40] H. Kuwahara, Y. Tomioka, A. Asamitsu, Y. Moritomo, and Y.
Tokura, A first-order phase transition induced by a magnetic
field, Science 270, 961 (1995).

104414-9


https://doi.org/10.1126/science.1161818
https://doi.org/10.1103/PhysRevLett.104.127001
https://doi.org/10.1038/nphys2833
https://doi.org/10.1103/PhysRevX.6.041059
https://doi.org/10.1073/pnas.1413932112
https://doi.org/10.1038/ncomms7663
https://doi.org/10.1038/nature23315
https://doi.org/10.1103/PhysRevB.55.9452
https://doi.org/10.1103/RevModPhys.88.025006
https://doi.org/10.1103/PhysRevLett.117.037207
https://doi.org/10.1038/nphys4242
https://doi.org/10.1103/PhysRevB.67.224419
https://doi.org/10.7566/JPSJ.82.123711
https://doi.org/10.1103/PhysRevB.91.035130
https://doi.org/10.1016/0925-8388(94)90131-7
https://doi.org/10.1016/S0304-8853(99)00472-2
https://doi.org/10.1143/JPSJ.72.2632
https://doi.org/10.1103/PhysRevB.68.054427
https://doi.org/10.1103/PhysRevB.72.104428
https://doi.org/10.1103/PhysRevB.90.235120
https://doi.org/10.1103/PhysRevX.10.011035
https://doi.org/10.1103/PhysRevLett.120.097201
https://doi.org/10.1103/PhysRevB.98.024426
https://doi.org/10.1103/PhysRevB.106.224415
https://doi.org/10.1016/S0925-8388(00)01300-1
https://doi.org/10.1103/PhysRevLett.93.037202
https://doi.org/10.1103/PhysRevLett.104.120602
https://doi.org/10.1126/science.270.5238.961

YE, ZHANG, LE, YUAN, AND SMIDMAN

PHYSICAL REVIEW B 109, 104414 (2024)

[41] M. Kosaka, H. Onodera, K. Ohoyama, M. Ohashi, Y.
Yamaguchi, S. Nakamura, T. Goto, H. Kobayashi, and S. Ikeda,
Quadrupolar ordering and magnetic properties of tetragonal
TmAu,, Phys. Rev. B 58, 6339 (1998).

[42] A. Kiss and P. Fazekas, Quadrupolar interactions in Pr com-

pounds: PrFe P, and PrBa,Cu;Og, J. Phys.: Condens. Matter
15, S2109 (2003).

[43] T. Takimoto and P. Thalmeier, Theory of induced quadrupolar
order in tetragonal YbRu,Ge,, Phys. Rev. B 77, 045105 (2008).

[44] M. D. Lumsden and A. D. Christianson, Magnetism in Fe-based
superconductors, J. Phys.: Condens. Matter 22, 203203 (2010).

[45] R. M. Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and J.
Schmalian, Preemptive nematic order, pseudogap, and orbital
order in the iron pnictides, Phys. Rev. B 85, 024534 (2012).

104414-10


https://doi.org/10.1103/PhysRevB.58.6339
https://doi.org/10.1088/0953-8984/15/28/332
https://doi.org/10.1103/PhysRevB.77.045105
https://doi.org/10.1088/0953-8984/22/20/203203
https://doi.org/10.1103/PhysRevB.85.024534

