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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 PrCuSb2 exhibits such phenomena, which at ambient pressure
exhibits a fragile antiferromagnetic order, where cooling in a small c 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, PrCuSb2 presents a distinct scenario for
interplay between different orders, underscoring the breadth of such behaviors within one family of
correlated materials.

I. INTRODUCTION

The coexistence and interplay of different phases as-
sociated with different degrees of freedom is a hallmark
feature of strongly correlated electron systems. Archety-
pal examples are the cuprate superconductors, where un-
conventional superconductivity manifests in close prox-
imity to antiferromagnetism, together with behaviors
such as charge density wave order, a pseudogap phase
and strange metals [1–4]. Superconductivity 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 phe-
nomena, which often arise from competing interactions,
such as between magnetic exchange interactions and the
Kondo effect [9–11]. For instance, the heavy fermion su-
perconductor CeCoIn5 hosts a field-induced spin-density
wave state (Q-phase) that is strongly intertwined with
a spatially modulated superconducting order parameter,
vanishing together with superconductivity at the upper
critical field [12–15]. Meanwhile, applying high mag-
netic fields to CeRhIn5 induces a Fermi surface recon-
struction that at some field angles is concomitant with
a nematic state breaking the four-fold lattice symmetry
[16–18]. Correlated intermetallics can also exhibit an in-
tricate interplay between ferromagnetic (FM) and anti-
ferromagnetic (AFM) orders, whereby applying pressure
to suppress a FM transition can induce an AFM or spin-
density wave ground state rather than a FM quantum
critical point [19, 20], as realized experimentally in both
transition-metal [21, 22] and f -electron [23–25] magnetic
systems.

The RT (Sb,Bi)2 (R = Ce, Pr; T = transition metal)
series also have a layered tetragonal structure [Fig. 1(a)],
where the rare-earth ions exhibit a rich range of magnetic
behaviors which interplay with the crystalline-electric

field (CEF) and Kondo lattice effects [26–31]. Among
these, it was found that the AFM order of CeAuSb2 be-
low TN = 6.3 K is closely preceded by a nematic transi-
tion at Tnem = 6.5 K that breaks the C4 lattice symmetry
[32]. Correspondingly, neutron diffraction reveals single-
q stripe antiferromagnetism below TN which also lacks
the rotational symmetry of the tetragonal lattice, while
applying a c axis field induces a metamagnetic transi-
tion to a double-q structure which restores C4 symme-
try [33]. Strong coupling of the order parameters associ-
ated with structural and magnetic degrees of freedom is
further revealed from pressure dependent measurements,
where both TN and Tnem are gradually suppressed by
pressure, reaching a multicritical point which is proposed
to connect the high temperature paramagnetic and ne-
matic phases, as well as the stripe and multi-q AFM
phases [32]. Moreover, uniaxial strain induces a new
spin-density wave (SDW) phase with a distinct propaga-
tion 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, PrCuSb2, exhibits a very different scenario for in-
tertwined orders. PrCuSb2 was suggested to be ferro-
magnetic 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 PrCuSb2 exhibits a fragile antiferromagnetism in
zero-field with a Néel temperature TN = 5.2 K, where a
very small field applied along the c axis induces a metam-
agnetic transition to a field-induced FM state. The field
at which this metamagnetic transition occurs increases
with temperature, and therefore the AFM order exhibits
an ‘inverse melting’ effect below a transition TM upon
cooling in small easy axis fields. Moreover, a moderate
pressure induces an additional first-order transition T0

below TN that is not likely solely magnetic in nature, yet
is strongly intertwined with the magnetic order, since
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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 T0, even in the absence
of an applied field.

II. METHODS

Single crystals of PrCuSb2 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 alu-
mina 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/hour, after which the tube was removed from
the furnace and centrifuged to remove excess Sb. The
obtained crystals are platelike with typical dimensions
4 × 4 × 0.3 mm3. Single crystals of the non-magnetic
analog LaCuSb2 were also obtained using a similar proce-
dure. The phase was checked by measuring x-ray diffrac-
tion using a XPert MRD (CuKα) powder diffractometer
with Cu-Kα radiation, where all the Bragg peaks are
well-indexed by the (00l) reflections of PrCuSb2 [26],
demonstrating that the c axis is perpendicular to the
large face of the crystals. Resistivity and specific heat
measurements were performed in applied fields up to 14 T
using a QuantumDesign Physical PropertyMeasurement
System (PPMS-14) down to 1.8 K, and to 0.3 K using a
3He 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 Sys-
tem (MPMS) SQUID magnetometer. Resistivity mea-
surements under pressure were carried out in a piston
cylinder cell, and a BeCu diamond anvil cell (DAC) with
a 400-µm-diameter culet and a Re gasket. Daphne oil
7373 was used as the pressure-transmitting medium.

III. RESULTS

A. Inverse melting in PrCuSb2

The low temperature magnetic susceptibility χ(T ) of
a PrCuSb2 single crystal in a 0.1 T applied field is dis-
played in Fig. 1(b), which evidences a magnetic transi-
tion at TN = 5.2 K. For H ‖ c, χ(T ) has a peak at TN,
while χ(T ) for H ‖ ab remains almost constant below
the transition. Together with the magnitude of χ(T ) at
low temperatures being larger for H ‖ c than for H ‖ ab,
this suggests AFM ordering below TN with the moments
orientated along the easy c axis. Furthermore, below the
peak at TN, χ(T ) for H ‖ c shows a sizeable 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
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FIG. 1. (Color online) (a) Crystal structure of PrCuSb2 where
the red, yellow and green atoms correspond to Pr, Cu and
Sb, respectively. (b) Low temperature magnetic susceptibility
χ(T ) of PrCuSb2 with a magnetic field µ0H = 0.1 T applied
parallel to the c 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.

inset up to 300 K, which above 100 K were analyzed using
the Curie-Weiss law: χ=χ0+C/(T − θCW), where χ0 is a
temperature-independent term, C is the Curie constant
and θCW is the Curie-Weiss temperature. The fitted re-
sults are shown by the solid lines, yielding θcCW = 4.49 K
with an effective moment of µc

eff = 3.03µB/Pr for H ‖ c,
while θabCW = 5.21 K and µab

eff = 3.44µB/Pr for H ‖ ab.
The obtained values of µeff for both directions are close
to the full value of 3.58 µB for the J = 4 ground state
multiplet of Pr3+. Note that at elevated temperatures
χ(T ) is larger for H ‖ ab than for H ‖ c, pointing to a
crossover of the easy axis direction.
The temperature dependence of the resistivity ρ(T ) in

zero-field also exhibits an anomaly corresponding to the
magnetic transition at TN = 5.2 K [Fig. 2(a)], where there
is an abrupt change of slope. In the paramagnetic (PM)
state, ρ(T ) is metallic for both current directions, but the
overall magnitude is considerably smaller for j ⊥ c than
j ‖ c, 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 CeAgBi2[28] and CeCuSb2[29].

The transition at TN is also observed in the heat capac-
ity of PrCuSb2 shown in Fig. 2(b), while the transition is
absent in nonmagnetic isostructural LaCuSb2. The mag-
netic contribution to the specific heat coefficient Cm/T of
PrCuSb2 is shown by the red solid line (Appendix), and it
can be seen that there is a sizeable contribution above TN,
which forms an extended tail that reaches up to around
60 K. At TN, the magnetic entropy Sm (Appendix Fig. 9)
reaches 0.93R ln 2, which is close to the full value for a
ground state doublet. Meanwhile Sm reaches 2R ln 2 at
60 K, suggesting that the aforementioned tail in Cm/T is
associated with a low-lying excited CEF (doublet) level.
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FIG. 2. (Color online) (a) Temperature dependence of the
resistivity ρ(T ) of PrCuSb2 between 2 and 300 K with the
current parallel (red) and perpendicular (blue) to the c axis.
For clarity, the data for the current perpendicular to the c
axis are scaled by a factor of 20. The inset displays 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 PrCuSb2 as well as the nonmag-
netic analog LaCuSb2, measured down to 2 K. The red solid
line shows the magnetic contribution Cm/T.

Measurements of χ(T ) with different fields applied
along the c axis are shown in Fig. 3(a). For applied fields
less than 0.25 T along the c axis, the peak in χ(T ) corre-
sponding to TN decreases slightly with field. While upon
cooling to lower temperatures, there is a pronounced in-
crease of χ(T ) consistent with the presence of an addi-
tional transition in applied fields (labelled TM), 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 ferromagnetic 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 supported by heat capacity measurements [Ap-
pendix 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 transi-
tions can be inferred from ρ(T ) at low temperatures dis-
played in Fig. 3(b), where TN 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 pres-

4 8
3

4

5

0

2

4

T (K)

(a)

TM

 

r 
(m

W
 c

m
)

 0     
 0.05
 0.075 
 0.1
 0.15 
 0.2
 0.5  
 2
 5

H // c

m0H (T)

TN

(b)

TN
TM

 

 

c 
(e

m
u/

m
ol

)

 0.05
 0.1 (FC) 
 0.1 (ZFC)
 0.15 (FC)
 0.15 (ZFC)
 0.25
 0.5
 2
 5

H // c

m0H (T)

FIG. 3. (Color online) (a) Low temperature χ(T ) for different
magnetic fields applied parallel to the c 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 ρ(T ) of PrCuSb2 in various applied mag-
netic fields parallel to the c axis. The dashed arrow shows the
evolution of the AFM transition at TN, while the solid arrows
highlight the field induced transition TM.

ence of a field-induced magnetic transition. This field-
induced transition TM, defined as where ρ(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 TM approaches TN,
and at 0.2 T no abrupt low temperature anomalies are
observed, and instead there is a broad hump in ρ(T ),
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 distinct behavior for the two magnetic
phases, where there is no remanent magnetization or hys-
teresis at zero-field, and M(H) increases linearly at low
fields. At higher fields there is a metamagnetic transi-
tion (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 corresponds
to a saturation magnetization of around 1.4µB/Pr. As
shown in the inset, no further metamagnetic transitions
are observed up to at least 5 T. Upon increasing the tem-
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FIG. 4. (Color online) Field dependence of the (a) magneti-
zation M(H), and (b) resistivity ρ(H), of PrCuSb2 for fields
along the c axis at several temperatures below and above TN.
The inset of (a) shows M(H) at 3 K in applied fields up to
5 T along the c axis. The dashed arrow highlights the evo-
lution of the metamagnetic transition with temperature, and
the solid arrows show the direction of the field sweep.

perature below TN, 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 con-
sistent with an AFM state in PrCuSb2 at zero and very
low field, while a small applied field induces a metam-
agnetic transition to the field-induced FM state. Note
that at 2 K the field-induced FM state appears to re-
main metastable even in zero-field, but when the magne-
tization is measured with increasing field after zero-field
cooling, the low field metamagnetic transition is still ob-
served [Appendix Fig. 11(b) inset]. On the other hand,
no metamagnetic transitions are observed in either ρ(H)
or M(H) for fields applied in the ab-plane (see Appendix
Fig. 11).

Metamagnetic transitions are also revealed in the field
dependence of the resistivity ρ(H) for fields along the c
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 tran-
sition where there is a significant drop of ρ(H), with clear
hysteresis between measurements performed while sweep-
ing the field up and down, which corresponds to entering
the field-induced phase. Upon increasing the temper-
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FIG. 5. (Color online) Temperature-field phase diagram of
PrCuSb2 at ambient pressure for fields along the easy c axis,
from measurements of the resistivity, susceptibility, magneti-
zation, and specific heat, where the black lines are guides to
the eye for TN and TM. The orange dotted lines illustrate two
paths in the phase diagram, described in the text. Path 1○
demonstrates an inverse melting effect in PrCuSb2, whereby
there is AFM order below TN, which melts upon further cool-
ing through TM. On the other hand, path 2○ demonstrates
how the high temperature PM state and low temperature FM
state can be connected without going through a phase tran-
sition (similar to the liquid-gas phases), and hence these two
phases have the same symmetry.

ature below TN, the metamagnetic transition moves to
higher fields, while at 5 K just below TN, there is a broad
decrease of ρ(H) with weak hysteresis.

The temperature-field phase diagram of PrCuSb2 for
c axis fields based on the above measurements is dis-
played in Fig. 5, where the phase boundaries deduced
from different techniques are highly consistent. In zero
field there is a single AFM transition below TN = 5.2 K.
Upon applying a small c axis field, TN is suppressed
slightly, but a field-induced transition TM to a FM state
occurs below TN, which increases rapidly with field.
Above around 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 labelled
1○ 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 second transition from
the AFM to field-induced FM state. It is possible to
reach the field-induced FM state from the high temper-
ature paramagnetic (PM) phase without going through
a phase transition (path 2○), 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, trans-
lational and/or rotational 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
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FIG. 6. (Color online) Temperature dependence of the resis-
tance R(T ) of PrCuSb2 in zero applied field (a) at low pres-
sures 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 TN, the pressure induced first-order transition at T0, and
the broad shoulder feature TS. The shoulder feature at high
pressures is characterized by an increase of the derivative of
R(T ) over a broad temperature range upon cooling, and TS

is defined as the midpoint of this increase. Note the mea-
surements at 2.5 GPa and below were performed in a piston
cylinder cell, while those at higher pressures used a diamond
anvil cell.

TM there is a transition from the lower symmetry AFM
phase, to one with higher symmetry [37–39]. We note
that if the transition TM corresponded to a transition 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 PrCuSb2 was measured under

different hydrostatic pressures up to 20 GPa, which are
displayed for zero applied field in Fig. 6. At 0.5 GPa,
the data resembles that at ambient pressure, exhibiting
a single AFM transition with a slightly enhanced TN.
On the other hand, the data at 1.2 GPa are drastically
different, where in addition to TN, another anomaly de-
noted T0 is observed at a lower temperature of around
3.2 K. Upon cooling below T0, the resistive drop is much
more pronounced than at TN, and moreover there is size-
able hysteresis between measurements performed upon
sweeping the temperature up and down, pointing to a
first-order nature of this pressure-induced transition. TN

and T0 are enhanced by pressure, both reaching over 20 K
at 11.5 GPa. Since at higher pressures T0 increases more
rapidly than TN, these transitions appear to merge to-
gether at around 13 GPa, and at this pressure no pro-
nounced 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 between these transi-
tions, which simultaneously disappear upon merging un-
der pressure, being replaced by a broad crossover feature.
Upon applying magnetic fields under pressure, ρ(T ) at

0.5 GPa [Fig. 7(a)] is again very similar to that at am-
bient pressure [Fig. 3(b)], where the transitions at TN

and TM are observed in a small applied field, while no
transitions are found in 0.2 T. Conversely, upon apply-
ing a small 0.05 T field at higher pressures of 1.2 and
1.8 GPa [Figs. 7(b) and (c)], three transitions are now
observed corresponding to TN, TM and T0, where the lat-
ter pressure-induced transition T0 is situated below TM.
These show that the pressure-induced transition at T0

must be distinct from the field-induced transition at TM,
and that T0 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 T0 coincides with that of TN, pointing to a close link
between these transitions. These results are summarized
by the field-temperature phase diagrams in Figs. 8(b)
and (c). At 0.5 GPa, only TN and TM can be observed
in applied fields, in line with the ambient pressure case.
At 1.8 GPa, there are similar behaviors of TN and TM

to those at low pressures, while there is little change of
T0 with field, before it abruptly disappears above 0.15 T
together with the other transitions.

IV. DISCUSSION AND SUMMARY

Our measurements of the resistivity, magnetic suscep-
tibility and specific heat at ambient pressure show that
PrCuSb2 orders antiferromagnetically below TN = 5.2 K,
with the moments orientated along the c axis. A small
c axis field induces a metamagnetic transition, above
which the spins are polarized with a saturation magneti-
zation of 1.4µB/Pr. In sufficiently low c axis fields, ρ(T )
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FIG. 7. (Color online) ρ(T ) of PrCuSb2 under pressure in
several applied fields along the c axis at (a) 0.5 GPa, (b)
1.2 GPa and (c) 1.8 GPa. The arrows denote the transitions
at TN, T0, and TM. All the measurements were performed
upon decreasing the temperature.

exhibits a second transition below TN, labelled TM, which
in comparison to the measurements of M(H) and ρ(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 already breaks time-
reversal symmetry in the high temperature paramagnetic
state, this field-induced FM phase does not break any
additional symmetries, while in the AFM phase transla-
tional and/or rotational symmetries are broken. Conse-
quently this is a manifestation of ‘inverse melting’, where
upon cooling through TM, there is a transition to a higher
symmetry phase [37–39]. It is notable that in the low
temperature limit only a very small c axis field is re-
quired to polarize the spins (< 0.05 T), suggesting ex-
tremely weak AFM coupling relative to the energy scale
of TN, indicating the presence of significant FM interac-
tions. 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 temperatures indi-
cates that the AFM state is entropically favored in a nar-
row temperature region, pointing to the presence of addi-
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noted by TS. Temperature-field phase diagrams of PrCuSb2

for fields applied along the c axis at (b) 0.5 GPa and (c)
1.8 GPa.

tional degeneracies associated with the AFM phase [37].
Uncovering the mechanism behind this inverse melting
effect therefore requires additional probes of the struc-
ture and excitations associated with different degrees
of freedom, including using techniques such as neutron
and x-ray scattering, as well as nuclear magnetic reso-
nance. Note that while the metamagnetic transition of
Nd0.5Sr0.5MnO3 between the charge-ordered insulating
AFM phase and a metallic field-induced FM phase can
be shifted to higher fields with increasing 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 supercool-
ing of a metastable state [40]. In contrast, the increase
of the metamagnetic field with temperature in PrCuSb2
is robust for both increasing and decreasing field-sweeps
(Fig. 4).

Under a moderate pressure of 1.2 GPa, an additional
first-order transition T0 emerges in the low temperature
resistivity below TN. This transition is unlikely to be
purely magnetic in nature, since there is a pronounced
drop of the resistivity below T0, a far larger decrease than
below the magnetic transitions TN and TM, together with
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significant thermal hysteresis. Furthermore, T0 persists
in a small applied field, and still exists below TM in the
field induced FM state. On the other hand, this tran-
sition is closely coupled to the magnetic order, since in
larger applied fields T0 is absent once TN and TM disap-
pear. In addition, both T0 and TN increase with pres-
sure, and these transitions merge at a pressure of around
PC ≈ 13 GPa, above which no clear transition is de-
tected, but there is a broad shoulder in the resistivity.

A pronounced resistivity anomaly together with a first-
order nature suggests that T0 could correspond to a struc-
tural transition that is closely coupled to magnetic order.
In isostructural CeAuSb2, a structural transition that
breaks the C4 lattice symmetry TNem is observed just
above an AFM transition to a single-q striped magnetic
phase [32, 33]. On the other hand, in PrCuSb2 there is
an abrupt disappearance of T0 in field [Fig. 8(c)] which is
suggestive that the first-order T0 line terminates at a fi-
nite temperature critical point. In this scenario, T0 would
not be anticipated to break any additional lattice sym-
metries (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 di-
agrams versus field and pressure, it is of particular inter-
est to determine whether there is the disappearance of
AFM order below T0. To address this question and the
nature of the transition at T0, neutron diffraction under
pressure is highly desirable.

In addition, while the magnetic entropy being close to
Rln2 at TN points to a doublet ground state, there is
still a sizeable contribution above TN, reaching around
2Rln2 at 60 K. This suggests the presence of low-lying
CEF levels, and therefore it would be desirable to deter-
mine whether there is also a role played by quadrupolar
degrees of freedom [41–43]. Consequently, measurements
such as inelastic neutron scattering to determine the CEF
level scheme are important for gaining a microscopic un-
derstanding of the different orders.

In conclusion, PrCuSb2 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 T0, which
while not likely solely associated with magnetic degrees
of freedom, is strongly coupled to the magnetism, since
it disappears once small fields destroy the magnetic or-
der, and also merges with the AFM transition at high
pressures around PC ≈ 13 GPa. The intricate inter-
play of these phases presents differently to that of the
intertwined phases in CeAuSb2 and the iron-pnictides,
in which the coupling between itinerant magnetic (SDW)
[35, 44] and nematic orders gives rise to similar phase di-
agrams [5, 32, 45]. This suggests that despite PrCuSb2
being isostructural to CeAuSb2, it should be described by
fundamentally different microscopic and phenomenologi-
cal models, which may be related to the presence of more
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FIG. 9. (Color online) (a) Low temperature Cm/T of
PrCuSb2 measured down to 0.5 K, together with the magnetic
entropy Sm. Here a contribution from a nuclear Schottky
anomaly CN/T (red dashed line of the inset) has been sub-
tracted from the estimated Pr contribution CPr/T obtained
from subtracting the C/T of LaCuSb2. (b) Temperature de-
pendence of C/T of PrCuSb2 in various applied magnetic
fields parallel to the c axis.

localized magnetism. Together, these underscore the rich
variety of intertwined orders within a single family of cor-
related rare-earth intermetallics.
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APPENDIX

A. Specific heat of PrCuSb2

Figure 9(a) shows the magnetic contribution to the
specific heat coefficient Cm/T of PrCuSb2 down to 0.5 K.
As shown in the inset, the low temperature C/T shows
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cooling (FC), which were performed upon warming from the
base temperature.

a steep upturn arising from a nuclear Schottky anomaly.
This low temperature contribution was estimated from
fitting a nuclear Schottky anomaly contribution CN =
A/T 2 (dashed line). In order to obtain Cm/T , both the
phonon contribution estimated from the data of LaCuSb2
in main text Fig. 2(b), as well as CN/T, were subtracted.
The temperature dependence of the magnetic entropy
Sm of PrCuSb2 is also displayed obtained by integrating
Cm/T . Note that since a tiny residual upturn in Cm/T
is still present from the incomplete subtraction of CN,
Cm/T was taken to have a constant value below 0.8 K.
At TN, Sm reaches 0.93R ln 2, while Sm reaches 2R ln 2
at 60 K. From extrapolating the C/T data for T > TN,
a large zero temperature value of γ = 215 mJ/mol K2 is
obtained, which could indicate an enhanced Sommerfeld
coefficient arising from strong electronic correlations.

Figure 9(b) displays the low temperature C/T of
PrCuSb2 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 tran-
sition. Above 0.25 T no pronounced transition is ob-
served, where instead there is broad peak, which further
broadens with increasing field. These suggest that a very
small c axis field can tune PrCuSb2 from the AFM to
field-induced FM phase.

B. Dependence of the magnetic properties on ab
plane fields

The low temperature ρ(T ) for fields within the ab plane
is shown in Fig. 10(a). Here the AFM transition is more
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FIG. 11. (Color online) Field dependence of the (a) resistiv-
ity ρ(H), and (b) magnetization M(H) of PrCuSb2 for fields
within the ab plane, at several temperatures below and above
TN. The inset displays M(H) of PrCuSb2 for fields along the
c axis at 2 K measured with the field increasing after zero-
field cooling. It can be seen that the metamagnetic transition
is detected at low fields, similar to the 3 K data in Fig. 4(a).

robust than for fields parallel to the c 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 ap-
plied field orientation. The low temperature magnetic
susceptibility for fields within the ab plane is shown in
Fig. 10(b), where the position of TN also changes little
with field, and below the transition χ(T ) has a nearly
constant value.
The field dependence of the resistivity and magneti-

zation are displayed in Fig. 11(a) and Fig. 11(b) respec-
tively, for fields within the ab plane. Neither quantity ex-
hibits any metamagnetic transitions, where ρ(H) gradu-
ally decreases with field, while M(H) smoothly increases.
In a 5 T field, the magnetization reaches 1.9 µB/Pr, which
is comparable to the corresponding value of 1.6 µB/Pr for
fields along the c axis, suggesting a more isotropic CEF
ground state in high fields.
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