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Altermagnets break a combination of time-reversal and rotational symmetries without generating a net
magnetization. As such, the order parameter of d-wave altermagnets has the same symmetry as magnetic
multipoles and couples to the product of a magnetic field and uniaxial strain. We combine elastocaloric
experiments, free-energy modeling, and first-principles calculations on MnF2 to establish a thermodynamic
probe of the predicted finite-temperature altermagnetic critical point. These results pave the way to explore
altermagnetic quantum criticality in d-wave materials and beyond.
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Introduction—Symmetry analysis is a cornerstone of
condensed-matter physics, providing a rigorous framework
for identifying broken-symmetry states. In the context of
collinear magnetism, a recent classification based on spin
groups has revealed a rich variety of magnetic orders that
extend far beyond conventional dipolar ferro- and anti-
ferromagnets. Among these, so-called altermagnets (AMs)
[1–3] have garnered significant attention recently due to
their unique electronic structure, characterized by an
alternating spin polarization [4,5] of the energy bands
combined in certain cases with zero net magnetization [6].
This property opens pathways toward novel functionalities
in metallic spintronic devices [2,7].
The distinctive features of AMs arise from their com-

pensated magnetic structures, which preserve combinations
of time-reversal and rotational point-group symmetries.
Because the relevant symmetry constraints involve

operations both in spin space and in real space [8,9],
AM order parameters can be interpreted in terms of higher-
rank multipole orders [6,10–14] instead of a conventional
dipole order [15].
The symmetries of an ordered phase impose strict

constraints on its allowed response functions. While recent
studies have focused on spectroscopic and transport sig-
natures of the unconventional symmetry breaking in AMs
[16–18], thermodynamic characterization remains less
explored. However, such measurements offer fundamental
insights, since the application of a conjugate field ĥ—an
external perturbation that transforms like the order param-
eter—causes a distinct thermodynamic response that is a
direct consequence of the broken symmetry in the ordered
state. One key prediction is that a sharp phase transition at
ĥ ¼ 0 and temperature Tc becomes a crossover at finite ĥ,
with the associated crossover temperature T� obeying the
scaling relation

T� − Tc ∝ ĥ1=ðβδÞ; ð1Þ

where β and δ are the critical exponents of the transition
that determine, as usual, the change of the order parameter
with temperature and conjugate field, respectively.
Moreover, near the critical point at (ĥ ¼ 0, Tc), the entropy
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is expected to peak and to decrease as one applies the
external conjugate field ĥ.
With the exception of ferromagnets and nematics, where

ĥ corresponds to a uniform magnetic field and uniaxial
strain, the physical realization of a conjugate field is often
challenging, even if the magnetic order is collinear. For
instance, in a two-sublattice antiferromagnet that breaks
translational symmetry, ĥ is a staggered magnetic field that
alternates between the sublattices. A distinctive feature of
AMs with a d-wave component (or, equivalently, a ferroic
order of emergent magnetic octupole moments) is that
piezomagnetism [19–21] allows ĥ to be realized through a
combination of magnetic field and strain [11,22–26],
enabling thermodynamic measurements to reveal the nature
of the broken symmetry.
In this Letter, we experimentally verify such key

thermodynamic predictions resulting from the symmetry
breaking in a d-wave AM. This type of AM is proposed to
exist in rutile insulating compounds [2,10,27–29], such as
MnF2 and CoF2, which have dxy-wave symmetry, and
metallic systems [30,31]. Based on the symmetry analysis,
the rutile systems exhibit an emergent ferroic time-reversal
symmetry breaking octupolar order [10] [see Figs. 1(a)
and 1(b)]. These symmetry considerations allow us to
identify the relevant conjugate field ĥ as a combination of a
magnetic field along the z axis, μ0Hz, and a symmetry-
breaking shear strain εxy, i.e.,

ĥ ¼ μBεxyμ0Hz: ð2Þ
As a method of choice to explore the thermodynamics of
AMs [11,24,32] experimentally, we focus here on the
elastocaloric effect (ECE)—the adiabatic temperature
change induced by strain:

ηij ¼
�
∂T
∂εij

�
S

¼ −
T
Cεij

�
∂S
∂εij

�
T

; ð3Þ

which is thermodynamically related to the temperature (T)
and strain (εij) derivative of the entropy (S). Cεij ¼
−Tð∂S=∂TÞεij is the specific heat at constant strain. The
ECE has recently emerged as a highly sensitive probe of
symmetry breaking in quantum materials, enabled by
recent advances in in situ-tunable uniaxial pressure cells
[33–40]. Despite theoretical results showing the connection
between ECE and the AM susceptibility [26,41], the ECE
has not yet been experimentally explored in the context of
the multipolar order of AMs.
Here, we establish the sensitivity of the ECE to AM

symmetries through experiments on MnF2 combined with
symmetry analysis, free energy modeling, and density
functional theory (DFT). MnF2 is particularly well suited
for our study owing to its well-characterized magnetic order

below the accessible transition temperature Tð0Þ
c ¼ 67.5 K

[28,42,43], its known piezomagnetism [44,45] reflecting

the underlying spatial and spin symmetries, prior evidence
of aspherical magnetization density around Mn ions [46],
and the recent observation of AM magnon splitting [47].
Our key result is the experimental identification of the

predicted crossover lines in MnF2 [see Fig. 1(c)]. We
complement this by identifying signatures of entropy
accumulation in the vicinity of the transition temperature.
Furthermore, we show through DFT calculations that the
observed thermodynamic response can be microscopically
explained by a weakly spin-orbit-coupled AM insulator
with a small degree of off-stoichiometry. Our results
provide a road map for future thermodynamic investiga-
tions of strain-tuned AMs, in particular, for experimental
explorations of AM quantum criticality [26,41] in both
insulators and metals.

FIG. 1. (a) Emergent ferro-octupolar order [10,14] of the AM
candidate MnF2. The pink arrows depict the antiferromagnetic
ordering of dipoles, whereas the ferroically ordered octupoles are
depicted in purple and cyan. (b) A top view of the crystal
structure. The F ions (gray circles) create an octahedral environ-
ment around the Mn atoms (purple circles); as a result, the two
Mn sublattice sites are related by a nonsymmorphic symmetry
involving a 90° rotation and a half-translation. A strain εxy will
break this rotational symmetry. The conjugate field to the AM
order, ĥ, is composed of εxy and a magnetic field along the c axis,
μ0Hz. (c) Experimentally determined crossover lines T� − Tc of
MnF2 as a function of conjugate field ĥ ¼ μBμ0Hzεxy. The
experimental data, extracted from the data in Fig. 2 and in
End Matter, follow the expectation for an AM critical point at
μBμ0Hzεxy ¼ 0. The data are well described by a fit to Eq. (5)
with the mean-field exponent 1=ðβδÞ ¼ 2=3. For clarity, error
bars are shown only for representative data points.
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Results and discussion—In order to induce a εxy strain
experimentally, we apply a uniaxial stress along the crys-
tallographic [110] direction, σ110 [see Fig. 2(a)]. Such a
stress generates both the symmetry-breaking εxy component
and a fully symmetric component 1=2ðεxx þ εyyÞ.
Importantly, for any generic symmetry of the order param-

eter, the symmetric strain can always shift Tð0Þ
c linearly, as

can ðμ0HzÞ2 (see Supplemental Material [48], Sec. C2).
Thus, the extended AM free energy, including all terms
relevant for experiments under σ110, reads as [22,26,41]

f ¼ kB
2
ðT − TcÞΦ2 þ u

4
Φ4 − λĥΦ ð4Þ

with Tc ¼ Tð0Þ
c þ a0 1

2
ðεxx þ εyyÞ þ a2ðμ0HzÞ2. Tð0Þ

c is the
transition temperature at zero strain and magnetic field, and
Φ is the AM order parameter, which couples to its conjugate
field with a coupling constant λ (note that per definition λ is
dimensionless here). Since ðεxx þ εyyÞ ∝ σ110 ∝ εxy (see
Supplemental Material, Sec. C2 [48]), we can analyze our
results in terms of any of these three variables, with the
understanding that the physical external control parameter is
σ110. Since our primary interest is on the altermagnetic term,

hereafter we choose to express our results in terms of εxy.
Consequently, when Tc is plotted as a function of εxy, it
also has a linear contribution, resulting in the following

equation for Tc∶Tc ¼ Tð0Þ
c þ a1εxy þ a2ðμ0HzÞ2. We obtain

(see Supplemental Material, Sec. C1 [48])

T� ¼ Tc þ Tc

�
λĥ

kBTc

�1=ðβδÞ
; ð5Þ

which is Eq. (1) given above.
Figures 2(b) and 2(c) show thermodynamic ECE

data ηxy, which reveal distinct features that we trace
as a function of relative temperature T − Tc, for μ0Hz ¼
0 T (b) and 6.44 T (c) [using Tð0Þ

c ¼ 67.467ð3Þ K,
a2 ¼ −0.015 85ð14Þ K=T2, and a1 ¼ −59ð3Þ K, deter-
mined from a global fit; see Supplemental Material
Sec. D4 [48] ]. The characteristic temperatures Tc (at
ĥ ¼ 0) and T⋆ (at ĥ ≠ 0) are defined by the point of
steepest slope in ηxyðTÞ, which corresponds to a maximum
in the derivative of ηxyðTÞ (see insets). In each panel, we
show ηxyðT − TcÞ at three different compressive εxy values.
In zero field, the steplike feature appears at T ¼ Tc for all
εxy. Under a fixed finite field, however, the feature shifts to
higher T with increasing εxy [dotted lines in Fig. 2(c)],
indicating a combined action of εxy and μ0Hz.
The result of T⋆ − Tc as a function of ĥ, compiled from

all datasets that are shown in Figs. 5 and 6 in End Matter, is
presented in Fig. 1(c). Importantly, the data exhibit a
sharp kink at ĥ ¼ 0, are symmetric around that point,
and collapse for all different εxy onto a single curve within
the experimental resolution. This behavior matches the
expectation for the crossover lines from the analysis of the
AM free energy. Fitting the data in Fig. 1(c) with Eq. (5)
using the mean-field critical exponent of 1=ðβδÞ ¼ 2=3
yields λ ¼ 0.56ð5Þ [while a fit using the 3D Ising critical
exponent of 1=ðβδÞ ≈ 0.64 yields λ ¼ 0.35ð5Þ; see
Supplemental Material Sec. C1 [48] ].
We further support the thermodynamic evidence for

AM symmetries ofΦ by identifying AM signatures directly
in the magnitude of ηxy. In Fig. 3, we compare the
experimental ηxyðTÞ at fixed strain εxy ¼ −0.11% and
varying μ0Hz with simulations based on the mean-field
free energy Eq. (4), with a1, a2, and λ as above. Two
distinct contributions to ηxyðTÞ can be identified. First, in
zero field, both experiment and theory show a jumplike
change at Tc, consistent with the Ehrenfest relation Δηxy ∝
dTc=dεxy ¼ a1 [see Eq. (A1)], i.e., a field-independent,
non-AM contribution to ηxyðTÞ, since it does not depend on
the AM coupling λ. Second, for finite fields, we find that
both experiment and simulations show a stronger negative
response upon approaching T� from below (note that the
general suppression of T� is a consequence of the a2
parameter). On a quantitative level, there is a good

FIG. 2. (a) The application of a uniaxial stress along the [110]
direction, σ110, leads to an induced strain that can be described by
the superposition of a symmetric strain and an antisymmetric
strain. The latter is denoted by εxy, and ν is the Poisson ratio. (b),
(c) ECE data ηxy on MnF2 as a function of the relative temper-
ature T − Tc. Tc is the transition temperature including non-AM
shifts in strain and field (see the text). While for μ0Hz ¼ 0 T
(b) the ECE features occur at the same temperature (see dotted
lines, representing the point of steepest slope), they move to
higher temperature with higher compression for 6.44 T (c), as
expected for a system with AM order. The insets in (b) and
(c) show the temperature derivatives of the ECE data in the
respective plots. The maxima of the derivatives mark the points of
steepest slope in the ECE data.
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agreement between simulations and experiment: The mini-
mum of ηxy decreases in both by ≈6–8 K when μ0Hz

increases from 0 to 6.44 T.
This change in ECE magnitude can be attributed to the

AM term in the free energy, i.e., is a consequence of λ. The
change in ηxy with μ0Hz at fixed εxy directly reflects the
entropy accumulation at the critical point (εxyμ0Hz ¼ 0,
Tc). For finite μ0Hz, the critical endpoint becomes strain
controlled, enforcing a symmetric entropy landscape
around the maximum at εxy ¼ 0 (see the inset in Fig. 3).
Consequently, the ECE contribution is negative for com-
pressive strain and grows with increasing μ0Hz, as the field
effectively renders λ field dependent. Importantly, the ECE
magnitude related to the AM term λ can reach experimen-
tally resolvable magnitudes even for moderate λ, since the
Grüneisen parameter Γxy ¼ ηxy=T is expected to nearly
diverge [67] at a finite-T critical endpoint due to the
entropy accumulation.
Next, to gain insight into the microscopic origin and

magnitude of λ, we link it to the piezomagnetic (PZM)
response obtained from first-principles DFT calculations
[see Figs. 4(a) and 4(b)]. Spin-group analysis allows only
one PZM response to be nonzero without spin-orbit
coupling, given by Mz ¼ −∂f=∂Bz ¼ λμBΦεxy (see End
Matter, Sec. B). Using that by conventionΦ ≈ 1 deep in the
ordered state, we estimate λ from the calculated PZM
response.
In the DFT calculations (see Supplemental Material,

Sec. C5 [48]), the AM phase of MnF2 with magnetic
moments parallel to the crystallographic c axis is

considered, and self-consistent calculations are repeated
for varying magnitudes of ϵxy strain to obtain the magnitude
of the induced unit cell magnetic dipole moment along the
c axis. Interestingly, while spin-group analysis predicts that
PZM induced by εxy [see Fig. 4(b)] should be allowed in the
AM phase without spin-orbit coupling (SOC) [68], DFT
calculations show that it is strongly suppressed in the
absence of SOC at zero temperature. This can be explained
by the fact that MnF2 is an insulator, and it is not possible to
induce a magnetic moment in fully occupied bands without
exciting electrons across the band gap [14,25]. This is
supported by the observation that increasing electronic
temperature enhances the PZM coefficient in DFT [see End
Matter, Fig. 7(a)].
However, our DFT calculations for pristine MnF2 with

finite SOC consistently underestimate the experimentally
observed λ, and introducing reasonable values of the
Hubbard U or Hund’s coupling J does not alter this result
[see Fig. 7(b)]. A potential explanation for the discrepancy
between calculations and experiment could be finite-tem-
perature effects. It was recently proposed that thermally
excited magnons also contribute to λ as Tc is approached

FIG. 3. Comparison of (a) experimental ηxy − ηn (with ηn the
high-temperature background; see End Matter) of MnF2 as a
function of T at a fixed strain of εxy ¼ −0.11% and different
fields up to 6.44 T with (b) mean-field simulations for ηxy, based
on the free energy Eq. (4). The contributions to ηxy due to a1 and λ
are marked by vertical bars. The AM contribution associated with
λ leads to a negative change in ηxy under finite fields, as the
entropy S grows toward a maximum at zero strain (see the inset).

FIG. 4. (a) Magnitude of λ per unit cell as a function of
additional carrier concentration from DFT calculations. Intro-
duction of ∼0.001 holes per unit cell (∼1019 cm−3) in the DFT
calculations provides agreement with the experimental observa-
tion (dotted pink line) for reasonable values of the Hund’s
coupling J. (b) Net magnetic moment Mz per unit cell of
MnF2 as a function of ϵxy shear strain for different magnitudes
of SOC calculated from DFT. Even though the spin group
analysis allows the Mz PZM response to be finite, our calcu-
lations indicate that the corresponding component λ is suppressed
at zero temperature because of the large band gap when SOC is

not taken into account. (c) Simulations of ηxy vs T − Tð0Þ
c for a

higher value of λ [dotted red line in (a)], which may be realized in
other materials with metallic character or larger SOC [see (b) and
End Matter]. The predicted ηxy values should be readily observ-
able in experiments over a wider temperature range, enabling the
direct measurement of the AM susceptibility.
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from below in insulating antiferromagnets [24,25].
However, in this case a strong temperature dependence
of λ is expected, which was not observed in an earlier
measurement of the PZM in MnF2 [69].
In the following, we show that another way to reconcile

this disagreement is to take into account the presence of
additional electrons or holes in the system. Although our
samples are of high quality, we cannot fully exclude the
presence of defects or slight off-stoichiometry. For exam-
ple, even a one part in 103 off-stoichiometry leads to
∼1019 cm−3 electrons or holes, which is much higher than
obtained through thermal excitations across the gap (note
that, for piezomagnetism, what matters is whether the
additional charges are spin polarizable, not whether they
are itinerant; in insulating MnF2, off-stoichiometry likely
results in localized charges). In order to simulate this effect,
we repeated our DFT calculations with added electrons or
holes and extracted λ [see Fig. 4(a)]. Both electrons and
holes initially enhance λ by orders of magnitude before it
shows a saturationlike behavior. Even though the sign of
the coefficient is the same for either type of doping, there is
strong electron-hole asymmetry in the size of response,
which is particularly pronounced at J ¼ 0. This can be
understood by considering which sites the carriers occupy
in the DFT calculations [see Fig. 7(c)]. Doped electrons
occupy the widest t2g bands formed by d orbitals elongated
along the Mn chains along the c axis. The spin density is
nonzero on both opposite spin Mn ions, and, hence, their
net magnetic moment is canceled to a large extent. Doped
holes, on the other hand, occupy the narrower eg bands on
top of the valence band, and the DFT results indicate that
most of them occupy only one of the Mn ions’ orbitals
under strain, hence giving rise to an enhanced net magnetic
moment. Introducing additional on-site Hund’s coupling J
reduces this electron-hole asymmetry but does not com-
pletely eliminate it. In either case, we estimate that about
0.001 holes per Mn is sufficient to obtain results that agree
with the experimental observation. Note, however, that the
magnitude of this effect is meaningful only as an order of
magnitude because of the tendencies of DFT to overesti-
mate magnetic order in partially filled orbitals and to
underestimate electron localization.
These insights highlight that even very small deviations

from stoichiometry can significantly affect the magnitude
of λ in AM insulators. For MnF2, where only a single prior
measurement exists for this combination of strain and field
[45] (see End Matter, Sec. B), this sensitivity likely
rationalizes remaining discrepancies of earlier studies with
our results, in addition to experimental factors such as
background signals.
Summary and outlook—In this Letter, we establish a

direct thermodynamic measurement of the octupolar sym-
metry of theAMorder parameter ofMnF2. By exploiting the
elastocaloric effect as an exceptionally sensitive probe of the
strain and field dependence of the AM free energy, we

determine the cusp-shaped dependence of the crossover
scale T� at the AM phase transition as a function of the field
conjugate to the AM order parameter. In this way, the
underlying PZMmakes it possible to observe the otherwise
hiddenAMorderparameter experimentally, even in systems,
such as MnF2, where the PZM coupling is relatively weak.
Taken together, the present results open the way to

applying this novel ECE methodology to other AM
candidates with varying λ. In AMs with a 2 orders of
magnitude larger λ, substantial ECE signatures at finite ĥ—
of the type shown in Fig. 4(c)—should emerge. In this case,
therefore, ECE measurements should not only enable
measurements of the crossover lines and of the entropy
accumulation close to Tc, but should also allow the
determination of the AM susceptibility for T ≫ Tc
[26,38,41]. Since we suggest from our DFT results that
λ can be orders of magnitude larger in AM metals, where a
band gap is absent, ECE measurements should be particu-
larly powerful in metallic d-wave AMs.
Importantly, the finite SOC in real materials will also

extend the reach of ECE measurements beyond d-wave
octupolar AMs. This is because in higher-order g-wave
AMs such as hematite [70] and MnTe and CrSb, even
though spin-group symmetries forbid intrinsic octupole
moments, SOC necessarily induce them [6,13,14], thereby
leading to PZM responses [71,72].
Beyond uncovering the thermodynamic signatures of

unconventional symmetry breaking of multipolar order in
AMs, the prediction of resolvable elastocaloric effects
offers a compelling route to access AM fluctuations near
putative quantum critical points [26,41], akin to studies of
nematic quantum criticality in the pnictides [73]. This
positions the ECE approach as a powerful probe of, e.g.,
superconductivity [74] induced by AM (i.e., multipolar)
quantum critical fluctuations [75].
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End Matter

A. Elastocaloric data at different fields and strains—
In the following, we present all experimental data of the
ECE in MnF2 as a function of T at different εxy and

μ0Hz, that we used to infer the T� − Tð0Þ
c data in Fig. 1

of the main text. Figure 5 shows ηxy of MnF2 vs T at
zero magnetic field and at different compressive strains
εxy up to −0.15%. The data reveal a clear steplike
feature around T ≈ 67.5 K, characteristic for a second-
order phase transition, as expected for MnF2 at zero
strain. To better illustrate the strain-induced shift of the
transition temperature, the phase transition anomaly is
shown on enlarged scales in the inset in Fig. 5. We find
that the transition temperature shifts linearly to higher
temperatures with increasing compression (see also
Fig. S6 in Supplemental Material [48]) and follows

T 0
c ¼ Tð0Þ

c þ a1εxy with a slope of a1 ¼ −59ð3Þ K. The
ECE jump remains essentially unchanged at different
εxy, as expected for a constant a1 and a constant specific
heat Cε, following the Ehrenfest relation

dTð0Þ
c

dεxy
¼ Δ½Cεηxy�

ΔCε
: ðA1Þ

Next, we present the ECE at μ0Hz for four selected
strain values between −0.04% and −0.15%, as shown in
Figs. 6(a)–6(d). For each strain, the ECE feature shifts
to lower temperatures with increasing μ0Hz up to
6.44 T, and this suppression is essentially symmetric in
field (see Supplemental Material [48]). At zero strain,
the field dependence of the critical temperature is well

described by T 0
c ¼ Tð0Þ

c þ a2ðμ0HzÞ2 with a2 ¼
−0.015 85ð14Þ K=T2 (see Supplemental Material,
Sec. D4 [48]), in excellent agreement with earlier reports
of the T-μ0Hz phase diagram [77].

B. Connection to piezomagnetic coefficients—In
Ref. [45], the PZM coefficient of MnF2 was reported as
the magnetization induced by stress, σjk:

PHYSICAL REVIEW LETTERS 137, 056702 (2026)

056702-7

https://doi.org/10.1063/1.432885
https://doi.org/10.1063/1.432885
https://doi.org/10.1088/0022-3719/11/7/001
https://doi.org/10.1088/0022-3719/11/7/001
https://doi.org/10.1016/j.commatsci.2007.07.020
https://doi.org/10.1016/j.cpc.2012.05.007
https://doi.org/10.1016/j.cpc.2012.05.007
https://doi.org/10.1016/j.cpc.2016.04.003
https://doi.org/10.1016/j.cpc.2019.107042
https://doi.org/10.1063/1.5144261
https://doi.org/10.1016/j.cpc.2013.12.023
https://doi.org/10.1016/j.cpc.2013.12.023
https://doi.org/10.1103/PhysRevB.77.155104
https://doi.org/10.1103/PhysRevB.77.155104
https://doi.org/10.1103/PhysRevB.65.035111
https://doi.org/10.1126/science.adf3348
https://doi.org/10.1038/s41467-022-32177-4
https://doi.org/10.1103/PhysRevB.2.733
https://doi.org/10.1063/1.5099924
https://doi.org/10.1016/j.cryogenics.2010.12.009
https://doi.org/10.1063/5.0019553
https://doi.org/10.1063/5.0019553
https://doi.org/10.1103/PhysRevB.110.064514
https://doi.org/10.1088/0022-3727/5/1/421
https://doi.org/10.1088/0022-3727/5/1/421
https://doi.org/10.1103/PhysRevLett.104.245701
https://doi.org/10.1103/PhysRevLett.104.245701
https://doi.org/10.1107/S2053273325004127
https://doi.org/10.1063/1.5075485
https://doi.org/10.1103/PhysRevResearch.6.043157
https://doi.org/10.1103/PhysRevResearch.6.043157
https://doi.org/10.1103/PhysRevMaterials.8.L041402
https://doi.org/10.1103/PhysRevMaterials.8.L041402
https://doi.org/10.1073/pnas.2105911118
https://doi.org/10.1073/pnas.2105911118
https://doi.org/10.1007/s43673-025-00158-6
https://doi.org/10.1103/dlpb-gfct
https://doi.org/10.1103/dlpb-gfct
https://doi.org/10.17617/3.ZLCFJZ
https://doi.org/10.17617/3.ZLCFJZ
https://doi.org/10.1103/PhysRevLett.23.98
https://doi.org/10.1103/PhysRevLett.23.98
https://doi.org/10.1103/t3xl-bxfv
https://doi.org/10.1103/t3xl-bxfv


Mi ¼ Λijkσjk: ðB1Þ

The stress σ110 can be connected to the strain εxy using
the appropriate Young’s modulus C0 and the Poisson
ratios via σ110 ¼ ð2C0=1þ νÞεxy. Together with the
definition of the PZM in the main text, this allows us to
express λ in terms of the measured Λ:

λ ≈
Λ

μBΦ
2C0

1þ ν
: ðB2Þ

FIG. 6. Elastocaloric effect, ηxy ¼ ΔT=Δεxy, of MnF2 vs temperature T, taken at constant strains [(a) εxy ¼ −0.04%,
(b) εxy ¼ −0.08%, (c) εxy ¼ −0.11%, and (d) εxy ¼ −0.15%] at different magnetic fields (0–6.44 T).

FIG. 5. Elastocaloric effect, ηxy ¼ ΔT=Δεxy, of MnF2 vs
temperature T, at different constant strains and zero magnetic
field. The inset shows an enlarged view of the data around the
phase transition. The pink arrow indicates that the phase
transition shifts to higher temperatures with increasing compres-
sion (negative strains). The change in the magnitude of the
elastocaloric effect at high temperatures likely results from small
strain-induced changes of the phononic contributions and is
denoted by ηn in the main text.

TABLE I. Literature values of the piezomagnetic coefficient per
unit cell of MnF2 and the corresponding AM coupling constant λ
calculated by means of Eq. (B2). Additionally, the temperature at
which the piezomagnetic coefficient was measured is stated. Only
Λzyx is allowed by symmetry, whereas Λyzx is allowed only in the
presence of SOC. Λave refers to a measurement on a polycrystal.

Λijk λijk T Ref.

Λzyx ¼ 5.82e−7 μB=MPa 0.176 60 K [45]
Λyzx ¼ 8.15e−7 μB=MPa 0.246 20 K [44]
Λave ¼ 1.20e−7 μB=MPa 0.036 50 K [78]
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In Table I, we list the previously reported value of Λzyx,
which is the PZM coefficient allowed by symmetry only, as
well as the one of Λyxz, which is allowed only in the
presence of SOC, as well as the corresponding λijk values
using the assumption that Φ ≈ 1. This assumption is likely

violated, especially near Tð0Þ
c where Φ becomes small,

leading to an underestimation of λ according to Eq. (B2).

The DFT-based calculation results for λ of pristine
MnF2 are shown in Figs. 7(a) and 7(b) as a function of the
electronic temperature Te for J ¼ 0 eV (a) and as a
function of J and U at T ¼ 0 K (b). In addition, Fig. 7
(c) shows the change in the charge and spin densities upon
electron and hole doping, respectively (see the main
text, Fig. 4).

FIG. 7. (a) Calculated λ as a function of electronic temperature, extracted from calculations of the piezomagnetism through DFT
calculations of fully stoichiometric MnF2. For large enough electronic temperatures that give rise to considerable number of electron-
hole pairs to be excited, λ is strongly enhanced. (b) When an on-site þU correction is introduced in the DFT calculations, λ shows a
minor dependence on the value of U used but a stronger dependence on the Hund’s coupling J. Nevertheless, physically meaningful
values of J do not lead to large enough λ values that agree with the experimental observations. (c) Isosurfaces of the doping-induced
changes in the charge densities (green, positive change; yellow, negative change) and spin densities (pink, positive change; cyan,
negative change) under electron and hole doping, shown around the Mn ions (purple) and F ions (gray).
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