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It is shown that the phase shift between an applied weak alternating magnetic field and the magnetocaloric
response signal of the magnetic material is drastically sensitive to the order of phase transition. Namely, at the
second-order phase transition, the phase shift does not depend on the magnetic field magnitude, while in the
first-order phase transition this one depends significantly on the field strength. We have shown that this effect
follows from the general critical dynamics theory.
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According to the Ehrenfest’s classification, the first deriva-
tive of the free energy with respect to some thermodynamic
variable exhibits a discontinuity across the first-order phase
transitions (FOPT). On the other hand, the second-order phase
transitions (SOPT) are continuous in the first derivative and
exhibit discontinuity in a second derivative of the free energy
[1–4]. The abstract derivative of the Gibbs thermodynamic
potential corresponds to an experimentally measured macro-
scopic parameter of the material. Accordingly, the order of
phase transition can be determined by studying temperature
or pressure dependences of the appropriate parameters.

The type of phase transition can also be determined by the
behavior of the magnetocaloric effect (MCE). Materials with
FOPT are characterized by temperature hysteresis of the mag-
netocaloric effect, one-sided temperature boundaries of the
effect independent of the magnetic field (temperature effect
limited from below or above), a nonmonotonic dependence
of the effect on the magnetic field, high-asymmetry temper-
ature dependence of MCE with respect to transition point,
etc. [5–9]. However, determining the phase transition order
using MCE data is not always objective, since many of these
criteria are not strictly established. Moreover, this approach
often requires the use of strong magnetic fields. There is one
more (and more stringent) quantitative parameter that allows
us to distinguish between first and second order transitions.
This is the exponent n in the field dependence of the change
in magnetic entropy �SM ∼ Hn, which has a maximum n > 2
only for thermomagnetic FOPT [10].

Currently, MCE is studied using various methods [5]. The
most widely used method for indirectly estimating is evaluat-
ing the isothermal entropy change from magnetization or heat
capacity data [11,12]. A direct technique for studying MCE
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is to measure the adiabatic temperature change of a material
under a fast change in the applied external magnetic field
[5]. Currently, MCE is also being studied using theoretical
methods [13]. When used in magnetic cooling technology,
the magnetocaloric material will be exposed to a cyclic (al-
ternating) magnetic field; accordingly, several techniques for
measuring the MCE in alternating magnetic fields have been
developed to carry out relevant studies [14–17]. The essence
of the method proposed elsewhere [17] is that the magne-
tocaloric material is exposed to an alternating magnetic field;
in general, such a field can be represented as

H = H0sin(ωt ), (1)

where H0 is the amplitude value of the magnetic field and ω

is the cyclic frequency of the magnetic field. The temperature
response of a material to the applied alternating magnetic field
in general can be presented in the form

�Tad = ±�T0|sin(ωt − φ)|, (2)

where �T0 is the amplitude value of the temperature change
and φ is the phase shift between the magnetic field and the
sample response. Phase shift occurs due to relaxation phenom-
ena occurring during phase transitions. Different materials
have different field dependence of the MCE that results in the
different temperature response. It follows from this that the
temperature response can be functionally different from the
magnetic field. For MCE measurements this does not matter;
the main condition is that this response occurs at the same
frequency, which is the same as the disturbance frequency,
and are in a certain way related in phase. The sign of �T
will be positive in the case of direct and negative in the case
of inverse MCE. The modulus of the function sin(ωt − φ)
means that we have �T of the certain sign, regardless of the
direction of the magnetic field (in the absence of anisotropy).
In the conventional direct MCE measurement, the measured
parameter is only the adiabatic temperature change �Tad and,
when measured in an alternating field, we have the values
of two parameters—�Tad and the phase shift φ. A phase
shift can provide valuable information about the behavior of
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FIG. 1. Normalized temperature dependences of magnetization in a magnetic field of 200 Oe. Blue up triangles mark temperatures of
FOPT (at heating run); red down triangles mark SOPT temperatures.

a magnetic system in alternating magnetic fields, including
some characteristics of magnetic phase transitions. For this
purpose, we studied the magnetocaloric properties of several
magnetocaloric materials with phase transitions of different
natures, in alternating magnetic fields of low frequency and
amplitude.

The measurements were carried out in alternating mag-
netic fields according to the technique described in [17]. The
source of the alternating magnetic field was an electromagnet,
through the coil of which an alternating current was passed
using a current source with external analog control. To obtain
alternating current, the external control input of the current
source was supplied with voltage from the built-in AC gener-
ator of the lock-in. Due to the inductance of the electromagnet
coil, a temperature independent constant phase shift occurs
between the magnetic field on the coil and the original control
voltage. An additional constant phase shift may also appear
between the AC voltage generator and current source. For our
studies, such constant phase shifts do not matter, since the
initial constant phase shift can always be set equal to zero
using the phase shifter of the lock-in.

We studied the magnetocaloric properties of sev-
eral samples of different classes of magnetic materi-
als: Ni54Mn18V3Ga21In4, Ni49.3Mn40.4In10.3 (Heusler alloys),
Fe48Rh52, and MnAs. The choice of these materials is condi-
tioned so that the most possible magnetic phase transitions can
be observed in these materials. The magnetocaloric properties
of these materials in moderate and high magnetic fields were
previously studied elsewhere [6,18,19].

Figure 1 shows the normalized temperature dependences
of the magnetization of all samples in a magnetic field of
200 Oe. In the Ni54Mn18V3Ga21In4 Heusler alloy, a second
order ferromagnetic-paramagnetic phase transition occurs at
the Curie temperature TC = 277 K. In the MnAs compound,
a first-order ferromagnetic-paramagnetic phase transition is
observed, with the Curie temperature TC = 317 K in the heat-
ing run and 304 K in the cooling run. In the Fe48Rh52

alloy, a first-order phase transition is observed from a low-
temperature antiferromagnetic phase to a high-temperature
ferromagnetic one, with Néel temperatures TN = 319 K in
the heating run and 310 K in the cooling run. In the
Ni49.3Mn40.4In10.3 Heusler alloy a series of phase transitions
is observed: high-temperature second order ferromagnetic
austenite–paramagnetic austenite phase transition with a
Curie temperature of 319.5 K and low-temperature magne-
tostructural martensite–austenite phase transition, with Néel
temperatures TN = 224 K in the heating run and 210 K in
the cooling one. Further cooling in the martensitic phase
transforms the sample into a ferromagnetic state with the
Curie temperature TC = 149 K. All magnetostructural phase
transitions are accompanied by a sharp change in lattice
parameters.

Figure 2 shows the temperature dependences of the adi-
abatic temperature change �Tad of all samples in alternating
magnetic fields 200–3000 Oe. For clarity, the figures show the
MCE curves only in heating runs. The results obtained reveal
direct MCE in the case of FM-PM transitions and an inverse
one in the region of the Néel temperature and in the region of
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FIG. 2. Temperature dependences of the adiabatic temperature change �Tad in alternating magnetic fields with an amplitude from 200,
500, 1000, 2000, and 3000 Oe. Blue up triangles mark temperatures of FOPT; red down triangles mark temperatures of SOPT (according to
magnetization).

the magnetostructural phase transition martensite–austenite.
All materials studied reveal significant and even giant MCE
values under moderate and high fields, but under weak field
change the MCE values are small; this is especially typical
in the region of the first-order phase transitions. This is a
consequence of the fact that these fields are insufficient to
induce magnetostructural transitions; accordingly, there is no
lattice contribution to the overall MCE.

The temperature dependences of the phase shift are shown
in Fig. 3. When measuring the phase shift, the following
procedure was carried out. Initially, �Tad and the phase shift
were measured in a magnetic field of 200 Oe. After that,
using the phase shifter of the SR830 lock-in, the phase was
set to be zero at the phase transition point. In the case of the
Ni49.3Mn40.4In10.3 Heusler alloy, where several phase transi-
tions are observed, the zero phase was set at the point of the
ferromagnetic-paramagnetic phase transition (319.5 K). Then,
with this phase set, measurements of �Tad and phase shift
were carried out in magnetic fields of 200, 500, 1000, 2000,
and 3000 Oe.

The following peculiarities of the temperature dependences
of the phase shift are observed in Fig. 3. First, in a narrow
region near the SOPT point, the phase shift weakly depends
on the magnetic field. With distance from the Curie point,
the phase shift changes and strongly depends on the mag-
netic field. As well, the phase shift in the region of the
FOPTs strongly depends on the magnetic field. The points of
maximum phase shifts at first-order phase transitions shift in

temperature with field, which is not observed at the point of
second-order phase transitions. The temperature of the maxi-
mum rate of change of magnetization in a weak magnetic field
(200 Oe) was taken as the transition temperature.

Note that the some nonzero phase shift occurs for the
150 K SOPT [Fig. 3(d)]. This transition, although it belongs
to a second-order phase transition, is significantly subject to
a magnetic prehistory. Also, due to the temperature width
of the transition, it can be assumed that fluctuations of the
order parameter at the transition are weakly developed. These
two reasons can be associated with the behavior of the phase
shift, which is somewhat different from that expected near
the second-order phase transition. Therefore, in further dis-
cussions we will not pay attention to the behavior of the phase
shift in the region of this transition.

At around 225 K in Fig. 3(d), a significant change in
the phase shift at 3.0 kOe compared to 2.0 kOe is evident.
This effect is related to the following. In materials with a
first-order PT, with increasing magnetic field, the MCE be-
gins to increase sharply as it approaches the critical field.
The critical field in this case is the field that causes a re-
versible magnetostructural phase transition and the critical
field depends on temperature. The critical field depends on
the temperature hysteresis width and this field must be suf-
ficient to shift the transition temperature in the heating run
below the transition temperature in the cooling run in zero
field. Anomalies of various physical parameters, including
MCE and phase shift in magnetostructural phase transition
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FIG. 3. Temperature dependences of the phase shift in alternating magnetic fields with an amplitude from 200, 500, 1000, 2000, and
3000 Oe. Blue up triangles mark temperatures of FOPT; red down triangles mark temperatures of SOPT (according to magnetization).

materials, will depend nonlinearly on the field. The nature
of the martensite–austenite phase transition, which in this
composition is observed at temperatures of about 225 K, has
been well studied in the literature [20–22].

Measurements taken at other frequencies show a shift
in the entire phase curve with a change in the frequency
of the magnetic field (see Fig. 4). It is obvious that the
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FIG. 4. Dependence of the phase shift on frequency in the
Ni49.3Mn40.4In10.3 alloy: (a) near a second-order magnetic phase tran-
sition; (b) near a first-order phase transition under different magnetic
fields. The phase shift is represented as the difference between the
phase at various frequencies, magnetic fields, and temperatures and
the phase at a second-order phase transition point in a magnetic field
change of 200 Oe and a frequency of 0.2 Hz.

shift is primarily due to a change in frequency; at different
frequencies, different phases will correspond to the same lag
in the response of the system to the external disturbance. In
this case, there will be additional phase shifts at different
temperatures and, only in the region where the phase does not
depend on frequency, the shift will be linear with the change
in frequency. As can be seen from Fig. 4, this is exactly
the picture observed: at different temperatures this shift is
different, since a phase shift due to the different response of
the system at different temperatures is added to the regular
one. Only in the region of a second-order phase transition is
the phase shift independent of frequency.

Let us now give a qualitative interpretation of the experi-
mental data presented above. The main effect is that the phase
shift does not depend on the applied magnetic field at the
SOPT. From the point of view of dynamic theory, this means
that this shift does not depend on the rate of the field change.
Indeed, the sweep rate of the magnetic field changes when
the field amplitude changes at a frequency remain constant. In
other words, we are dealing with a situation when the response
of the system (in our case, this is an adiabatic temperature
change) does not lag behind the disturbance. As we demon-
strate below, an absence of frequency dispersion at the SOPT
point can be described within the framework of the general
theory of critical dynamics and the linear response.

We use the simplest fluctuation-dissipative model of phase
transition. The main idea of the our qualitative interpretation
is based on the fact that fluctuations of the order parameter are
static (they do not depend on time) at the SOPT. On the other
hand, such fluctuations strongly depend on time, for example,
they quickly decay at the FOPT. This conclusion follows from
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the theory of critical dynamics [23,24]. Let us introduce the
order parameter in the form of a scalar field

�(r, t ) = �0 + ��(r, t ), (3)

where �0 is the regular part of the order parameter, depending
only on temperature, and ��(r, t ) is the fluctuation, which in
general is a function of space and time. The rate of change
�(r, t ) is proportional to the thermodynamic force for small
deviations from equilibrium [23]

∂t�(r, t ) ≡ ∂t��(r, t ) = −�
δF
δ�∗ , (4)

where we introduce free energy F{�} as a functional of the
fluctuations field and � is a kinetic coefficient that is finite
at the phase transition point [23]. From this expression it
follows that at the SOPT point we have ∂t��(r, t ) = 0, since
δF/δ�∗ = 0. Thus the fluctuations of the order parameter
are static at the SOPT. Based on this property, we study the
frequency dispersion of the thermodynamic quantity, i.e., the
phase difference between the disturbance (in the case of MCE
this is an alternating magnetic field) and the response.

In general, the response x(t ) is related to the perturbation
f (t ) by the relation (according to linear response theory)

x(t ) =
∫

α(t − τ ) f (τ )dτ, (5)

where α(t − τ ) is the response function (susceptibility). In
the case of MCE, the quantity x(t ) is the magnetization and
the perturbation is the magnetic field. The Fourier transform
gives x(ω) = α(ω) f (ω). In the general case α(ω) = α′(ω) +
iα′′(ω). The presence of a frequency dependence in the real
part of the susceptibility α′(ω) means the presence of fre-
quency dispersion in the system, due to which the response
function lags compared to the disturbance signal.

The fluctuation-dissipation theorem (FDT) relates the
imaginary part of susceptibility with the so-called spectral
density of fluctuations Sx(ω) of the thermodynamic quantity
x(t )

Sx(ω) = h̄α′′(ω) coth

(
h̄ω

kT

)
. (6)

In the low-frequency limit h̄ω � kT we have

α′′(ω) ≈ ω

2kT
Sx(ω). (7)

Now let us take advantage of the fact that at the SOPT point
the fluctuations are static. This means that the value of Sx at
the transition point does not depend on time: Sx = const [near
SOPT the time evolution of this function is Sx ∼ exp(−t/tξ )
[24], where tξ = ξκ and ξ is the fluctuation size and κ is some
positive number], which gives for their Fourier transform
(spectral density)

Sx(ω) = const2πδ(ω). (8)

Thus, for a SOPT, we obtain

α′′(ω) ≈ πω

kT
constδ(ω). (9)

Let us find the real part of the susceptibility using the
Kramers-Kronig relations α′(ω) = 1

π
P

∫
α′′(z)dz

z−ω
. This integral

is nonzero only at ω = 0. Thus

α′(ω) = const

kT
δω,0. (10)

Thus, at the SOPT point, there is no frequency disper-
sion. At this point there should be no lag in the phase of
the response from the disturbance, i.e., φ = 0. This can be
understood from general considerations. Le Chatelier’s prin-
ciple states that any equilibrium system resists changes in its
state caused by external forces. The response of the system
is defined by the thermodynamic force, which is a variation
of the free energy with respect to the order parameter. At
the point of the second-order phase transition, this force is
zero (δF/δ� = 0) and the system does not resist the external
perturbations. As a result, it responds without any delay. At
the FOPTs the fluctuations have a finite (very short) lifetime,
i.e., not static. This means that the α′(ω) will be a function of
frequency. Thus we can conclude that the FOPT point is char-
acterized by the presence of susceptibility dispersion, leading
to a phase shift. This shift is measured by a lock-in (see the
experimental part of the Letter). If the lock-in input receives
an MCE signal in the form ui = �T0sin(ωt + φ), then the
output signal turns out to be proportional to the amplitude and
also contains a phase factor: u f = �T0cosφ. From this we get
ϕ = arccos( u f

�T0
). Because the temperature change �T0 during

MCE is a nonlinear function of the magnetic field (this can be
understood from Maxwell’s relations, for instance), then the
φ will be a function of the magnetic field amplitude. Let us
demonstrate this for a simple case when the fluctuation corre-
lator has the form Sx = exp(−γ |t |), where γ is the inverse
fluctuation lifetime (for second-order transitions γ = 0). In
this case

α′(ω) = 1

kT

[
γ 2

ω2 + γ 2
(1 − δω,0) + δω,0

]
. (11)

Applying the inverse Fourier transform, we obtain

α′(t ) = 1

kT
(πγ e−γ |t | + δγ ,0). (12)

So, we have obtained an expression for the real part of the
susceptibility for the case of fluctuations with a finite lifetime.
This function describes the time dispersion in the system, i.e.,
delay of the response signal from the perturbation. Let us
show this directly. Let the perturbation be given in the form
f (t ) = cos ωt . Then for the response we obtain

x(t ) ∼ γ Re
eiωt − e−γ t

iω + γ
+ δγ ,0 sin ωt . (13)

The quantity γ is large for the FOPT. Therefore, we can
neglect the term e−γ t . Then we have (at γ �= 0)

x(t ) = πγ

kT

γ cos ωt + ω sin ωt

ω2 + γ 2
. (14)

If we set γ = A sinφ and ω = A cosφ, then

x(t ) = πγ

kT
√

ω2 + γ 2
sin (ωt + φ). (15)

Thus the finite lifetime of fluctuations leads to a phase shift
φ = arctan(γ /ω) of the response from the perturbation. From
this it can be seen that the phase shift is zero at γ = 0
(SOPT). In the case of MCE, the measured quantity is the
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adiabatic change in temperature �T , which is determined by
the magnetization M. In this case we have x = M and the
perturbation f is the magnetic field H . To estimate the change
in temperature, we can use Maxwell’s relations, which give
(see, for example, Ref. [13])

�T = −
∫ H0

0

T

ρcp

(
∂M

∂T

)
H

dH. (16)

Using Eq. (15) for the magnetization with f = H cos ωt , we
obtain

�T = �T0 sin (ωt + φ), (17)

where �T0 ≈ 1
2kT

1
ρcp

πγ H2
0√

ω2+γ 2
. Thus the qualitative picture pre-

sented by us of the time dynamics is completely consistent
with the experimental data.

From the results obtained, it can be stated that in the
immediate vicinity of magnetic phase transitions there is no
dependence of the phase shift between the magnetic field
and the temperature response of the sample on the magnetic
field and the rate of change of the magnetic field. Thus this
parameter can be used as an indicator of the order of the phase
transition. The absence of a dependence of the phase shift
on the field indicates a second-order phase transition and the
dependence on the field of the phase shift and the temperature
shift of the point of maximum phase shift indicate a first-order
phase transition.

The experimental results, the phase shift measurements,
and the hypothesis about the nature of observed effect
were supported by the Russian Science Foundation Grant
No. 22-19-00610. The theory of the observed effect was
developed with the support of the MIPT Goszadaniye (Grant
No. FSMG-2023-0011).

[1] L. D. Landau and E. M. Lifshitz, Statistical Physics, Course
of Theoretical Physics, 3rd ed. (Pergamon, New York, 1994),
Vol. 5.

[2] G. Jaeger, The Ehrenfest classification of phase transitions:
Introduction and evolution, Arch. History Exact Sci. 53, 51
(1998).

[3] P. Ehrenfest, Phasenumwandlungen im üblichen und erweit-
erten Sinn, classifiziert nach den entsprechenden Singularitäten
des thermodynamischen Potentiales, Proceedings Koninklijke
Akademie van Wetenschappen 36, 153 (1933).

[4] T. Sauer, A look back at the Ehrenfest classification translation
and commentary of Ehrenfest’s 1933 paper introducing the no-
tion of phase transitions of different order, Ver. K. Akad. Wet.
(Amsterdam) 226, 539 (2017).

[5] A. Tishin and Y. Spichin, The Magnetocaloric Effect and its
Applications (IOP Publishing, London, 2003).

[6] A. M. Aliev, A. B. Batdalov, L. N. Khanov, A. P. Kamantsev,
V. V. Koledov, A. V. Mashirov, V. G. Shavrov, R. M.
Grechishkin, A. R. Kaul, and V. Sampath, Reversible magne-
tocaloric effect in materials with first order phase transitions
in cyclic magnetic fields: Fe48Rh52 and Sm0.6Sr0.4MnO3, Appl.
Phys. Lett. 109, 202407 (2016).

[7] N. A. de Oliveira and P. J. von Ranke, Magnetocaloric effect
around a magnetic phase transition, Phys. Rev. B 77, 214439
(2008).

[8] V. Basso, The magnetocaloric effect at the first-order magneto-
elastic phase transition, J. Phys.: Condens. Matter 23, 226004
(2011).

[9] E. Valiev, Entropy and magnetocaloric effects in ferromagnets
undergoing first- and second-order magnetic phase transitions,
J. Exp. Theor. Phys. 108, 279 (2009).

[10] J. Y. Law, V. Franco, L. M. Moreno-Ramírez, A. Conde,
D. Y. Karpenkov, I. Radulov, K. P. Skokov, and O. Gutfleisch,
A quantitative criterion for determining the order of mag-
netic phase transitions using the magnetocaloric effect, Nat.
Commun. 9, 2680 (2018).

[11] V. K. Pecharsky and K. A. Gschneidner, Mag-
netocaloric effect from indirect measurements:

Magnetization and heat capacity, J. Appl. Phys. 86, 565
(1999).

[12] J. S. Amaral and V. S. Amaral, On estimating the magne-
tocaloric effect from magnetization measurements, J. Magn.
Magn. Mater. 322, 1552 (2010).

[13] V. V. Sokolovsky, O. N. Miroshkina, and V. D. Buchelnikov,
Review of modern theoretical methods for studying magne-
tocaloric materials, Phys. Met. Metallogr. 123, 319 (2022).

[14] B. R. Gopal, R. Chahine, M. M. Foldeaki, and T. K. Bose, Non-
contact thermoacoustic method to measure the magnetocaloric
effect, Rev. Sci. Instrum. 66, 232 (1995).

[15] J. Döntgen, J. Rudolph, A. Waske, and D. Hägele, Modulation
infrared thermometry of caloric effects at up to khz frequencies,
Rev. Sci. Instrum. 89, 033909 (2018).

[16] Y. Tokiwa and P. Gegenwart, High-resolution alternating-field
technique to determine the magnetocaloric effect of metals
down to very low temperatures, Rev. Sci. Instrum. 82, 013905
(2011).

[17] A. M. Aliev, A. B. Batdalov, and V. S. Kalitka, Magnetocaloric
properties of manganites in alternating magnetic fields, JETP
Lett. 90, 663 (2010).

[18] A. M. Aliev, A. B. Batdalov, L. N. Khanov, M. Alexey, E. T.
Dil’mieva, V. V. Koledov, and V. Shavrov, Degradation of the
magnetocaloric effect in Ni49.3Mn40.4In10.3 in a cyclic magnetic
field, Phys. Solid State 62, 837 (2020).

[19] A. M. Aliev, L. N. Khanov, A. G. Gamzatov, A. B. Batdalov,
D. R. Kurbanova, K. I. Yanushkevich, and G. A. Govor, Giant
magnetocaloric effect in MnAs1−xPx in a cyclic magnetic field:
Lattice and magnetic contributions and degradation of the ef-
fect, Appl. Phys. Lett. 118, 072404 (2021).

[20] T. Krenke, M. Acet, E. F. Wassermann, X. Moya, L. Mañosa,
and A. Planes, Ferromagnetism in the austenitic and marten-
sitic states of Ni−Mn−In alloys, Phys. Rev. B 73, 174413
(2006).

[21] L. Pfeuffer, T. Gottschall, T. Faske, A. Taubel, F. Scheibel, A. Y.
Karpenkov, S. Ener, K. P. Skokov, and O. Gutfleisch, Influence
of the martensitic transformation kinetics on the magnetocaloric
effect in Ni-Mn-In, Phys. Rev. Mater. 4, 111401(R) (2020).

L060402-6

https://doi.org/10.1007/s004070050021
https://doi.org/10.1140/epjst/e2016-60344-y
https://doi.org/10.1063/1.4968241
https://doi.org/10.1103/PhysRevB.77.214439
https://doi.org/10.1088/0953-8984/23/22/226004
https://doi.org/10.1134/S1063776109020101
https://doi.org/10.1038/s41467-018-05111-w
https://doi.org/10.1063/1.370767
https://doi.org/10.1016/j.jmmm.2009.06.013
https://doi.org/10.1134/S0031918X22040111
https://doi.org/10.1063/1.1145264
https://doi.org/10.1063/1.5008506
https://doi.org/10.1063/1.3529433
https://doi.org/10.1134/S0021364009220068
https://doi.org/10.1134/S1063783420050030
https://doi.org/10.1063/5.0038500
https://doi.org/10.1103/PhysRevB.73.174413
https://doi.org/10.1103/PhysRevMaterials.4.111401


PHASE SHIFT IN AC MAGNETOCALORIC EFFECT … PHYSICAL REVIEW B 110, L060402 (2024)

[22] X. Moya, L. Mañosa, A. Planes, T. Krenke, M. Acet, and
E. F. Wassermann, Martensitic transition and magnetic prop-
erties in Ni–Mn–X alloys, Mater. Sci. Eng.: A 438, 911
(2006).

[23] A. Z. Patashinskii and V. L. Pokrovskii, Fluctuation Theory of
Phase Transitions (Pergamon Press, New York, 1979).

[24] P. C. Hohenberg and B. I. Halperin, Theory of dynamic critical
phenomena, Rev. Mod. Phys. 49, 435 (1977).

L060402-7

https://doi.org/10.1016/j.msea.2006.02.053
https://doi.org/10.1103/RevModPhys.49.435

