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Magnetic and magnetocaloric properties of single crystalline Er5Si4 have been investigated as
a function of the applied magnetic field (up to 50 kOe) and the hydrostatic pressure (up to 10
kbar) in the 5-300 K temperature range along the three main crystallographic directions. The
magnetization isotherms show a highly anisotropic behaviour with the easy-magnetization direction
along the b-axis for the low-pressure monoclinic and high-pressure orthorhombic structures, in good
agreement with previous neutron scattering experiments. Below TC the approach to the saturation
shows a step-like behaviour when the magnetic field is applied along the hard directions. The steps
are sharper as the pressure increases. At constant magnetic field change, increasing the pressure
induces a highly anisotropic enhancement of the magnetic entropy change. An enhancement of 20
% is observed along the easy axis b, where the magnetic entropy change is maximum. The different
evolution of the magnitude and temperature dependence of the magnetocaloric effect (MCE) along
the three crystallographic directions with pressure is discussed.

PACS numbers: 75.30.Kz,75.50.Cc, 62.50.-p, 75.30.Sg

I. INTRODUCTION

The effect of the hydrostatic pressure on the magnetic
and structural properties of the R5(SixGe1−x)4 (with R=
Rare Earth) compounds has been deeply explored over
the last few years in order to get a better understand-
ing of the interplay between the crystal structure and
magnetism in this family of intermetallic compounds (see
review in Ref.1). Many of these alloys show a strong
magneto-structural coupling manifested in the existence
of magnetic and structural transitions that can be re-
versibly induced by modifying one or more external pa-
rameters such as temperature, magnetic field or hydro-
static pressure. As a consequence, many interesting ef-
fects have been discovered in this family of compounds:
Giant magnetocaloric effect2, large magnetoresistance3,
and giant magnetostriction4 are only a few examples.
The physical properties of the 5:4 family are governed
by their peculiar crystal structures, which are intrinsi-
cally layered and are formed by the stacking of very
stable two-dimensional layers (slabs) of R and Si/Ge
atoms5. The crystallographic phase and magnetic order-
ing are controlled by the number of interlayer covalent-
like Si/Ge-Si/Ge bonds connecting the slabs6. There-
fore, the hydrostatic pressure allows to control the dis-
tance and bonding between slabs, being a key parameter
to determine the crystallographic and magnetic states
in these alloys.Three main crystal structures are present
in this family of compounds, whose crystal symmetry

is controlled by the interslabdistance and Si(Ge)-Si(Ge)
bonding. The Gd5Si4 type (so-called O(I) state) crystal-
lizes in orthorhombic Pnma space group and it is char-
acterized by conserving all the Si(Ge)-Si(Ge) pairs cova-
lently bonded. When half of the bonds are broken, this
system presents a Gd5Si2Ge2-type monoclinic P1121/a
symmetry (the M phase). Eventually, the system recov-
ers the orthorhombic Pnma symmetry when all pairs are
unbonded, crystallizing in the so-called O(II) phase.
Among all of the 5:4 compounds studied, the Er5Si4

shows the most outstanding behaviour under hydrostatic
pressure and will be subject of study in this work. Er5Si4
exhibits a Gd5Si4 type [O(I) state with space group
Pnma] crystal structure at room temperature and on
cooling it undergoes a first-order crystallographic phase
transition to a Gd5Si2Ge2-type crystal structure (M
state, space group P1121/a) in the paramagnetic state
at a characteristic temperature Tt ∼ 200-230 K7,8. The
system becomes ferromagnetic (FM) at low temperature,
TC = 30 K7,9–11. Further studies by means of neu-
tron scattering8,12 indicated a complex non-collinear fer-
romagnetic state below TC with an easy magnetization
direction along the b-axis. A weak antiferromagnetic cou-
pling was observed in the (010) plane, with Er moments
forming small canting angles with the b-direction. Those
studies also revealed that no structural change accompa-
nies the magnetic ordering at low temperature and am-
bient pressure.
Recent studies have shown that a high magnetic field

induces a structural transformation to the orthorhombic
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phase giving rise to the O(I)-FM phase at low tempera-
tures (H > 80 kOe at T = 5 K)13,14. On the other hand,
hydrostatic pressure not only induces the O(I) phase at
low temperature, but also shifts the high-temperature
crystallographic change at a very high rate of dT t/dP ∼
-30 K/kbar15. This causes both transitions (the high-
temperature crystallographic and the low-temperature
magnetic ordering) to collapse at high pressures (above
6 kbar), which stabilizes the O(I)-Er5Si4 over the whole
temperature range maximizing the magnetocaloric effect
at low temperature16. This low-temperature O(I) crystal

structure has a Curie temperature T
O(I)
C = 35 K, higher

than that of the monoclinic phase TM
C = 30 K.

The studies mentioned above have been performed on
polycrystalline samples where some aspects of the phys-
ical behaviour may be masked or averaged out, mainly
those associated with anisotropic properties. Remark-
able anisotropic magnetic properties has been observed
in different members of the family based on Gd17–20 and
Tb21–23, even in the case of 5:4 single crystals based on
Gd (L=0). The study of other compounds of the fam-
ily with non-zero rare earth orbital momentum is nec-
essary to understand the origin of magnetocrystalline
anisotropy in these compounds and its relevance in the
magnetocaloric properties. The use of hydrostatic pres-
sure in these materials has demonstrated to be an in-
teresting approach to analyse the coupling between the
crystal structure and the magnetism1,15,16,20,24–27. Thus,
the aim of the present work is to investigate the magnetic
properties of single crystalline Er5Si4 under hydrostatic
pressure. We have performed a complete study of the
magnetic properties along the main crystallographic di-
rections by measuring the magnetization, up to an ap-
plied magnetic field of 50 kOe, as a function of the tem-
perature and the hydrostatic pressure. From these mea-
surements the magnetocaloric effect (MCE) along the
different crystallographic directions has been calculated,
and its dependence on the hydrostatic pressure and mag-
netic field determined. The strong anisotropic character
of the Er3+ will be reflected in the complex magnetic be-
haviour observed in the isothermal magnetization curves
and also in the difference of the MCE along the different
crystallographic directions.

II. EXPERIMENTAL DETAILS

A large single crystal of Er5Si4 was grown by the Bridg-
man method28 from stoichiometric amounts of high pu-
rity Er prepared by the Materials Preparation Center
of the Ames Laboratory29 and silicon. Purities of the
starting components were identical to that described in
Ref. 11. The as-grown crystal was oriented by back re-
flection Laue technique, and the crystallographic direc-
tions assigned using scans on a conventional x-ray powder
diffractometer. A sample in the shape of a parallelepiped
(1.40mm x 0.80mm x 0.48mm) was cut by spark ero-

sion and the faces were polished using standard metallo-
graphic techniques.
Magnetic measurements were performed in a commer-

cial (Quantum Design) superconducting quantum inter-
ference device (SQUID) magnetometer in applied mag-
netic fields up to 50 kOe in the temperature range 2- 300
K. Pressure experiments were carried out using a minia-
ture piston-cylinder-type CuBe pressure cell by Quantum
Design. The applied pressure was estimated from the su-
perconducting critical temperature using a Sn manome-
ter. The sample and the Sn manometer were com-
pressed in a Teflon capsule filled with a liquid pressure-
transmitting medium (a mixture of mineral oils). Techni-
cal details about the pressure cell can be found in Ref. 30.
The magnetization was measured under hydrostatic pres-
sures up to 10 kbar.The magnetic entropy change △Smag

has been calculated numerically following the well-known
expression:

∆Smag(T,H, P ) =

∫ H

0

[
∂M(T,H, P )

∂T
]HdH (1)

derived by integration of the Maxwell relation
(∂S/∂H)T = (∂M/∂T )H

31,32.

III. RESULTS AND DISCUSSION

Low-temperature magnetization isotherms have been
measured at selected hydrostatic pressures ranging from
0 to ∼ 10 kbar (values at low temperatures) along the
three crystallographic directions. Figure 1 illustrates the
measurements carried out at 5 K. These results clearly
show that the b axis is the easy magnetization axis at
T = 5 K [Fig 1(b)] and a direction is the hard mag-
netization axis [Fig 1(a)], whereas c direction appears
to be an intermediate situation. From the saturation
magnetization and the strong magnetic anisotropy ob-
served, it is evident that the system at ambient pressure
is not a simple ferromagnet at low temperatures. The
magnetization along the b axis [Fig 1(b)] shows a rapid
increase at low fields associated with domain walls move-
ment. After that, the magnetization reaches the satu-
ration giving rise to a saturation magnetization value of
Ms = 195 emu/g at 50 kOe, which yields a magnetic
moment of 6.4 µB per Er atom (far from the expected
value for the saturation magnetization of gJ= 9µB/Er).
The shape and the magnitude of the isotherms are re-
markably different along the a- and c-axes. At ambient
pressure, several metamagnetic processes take place in
magnetic fields between 10 and 30 kOe, each of them
followed by a hysteretic behaviour. The magnetization
at 50 kOe reaches 3.8µB/Er and 5.8µB/Er along a and
c directions, respectively, again significantly lower than
the theoretical saturation value of 9µB/Er. These obser-
vations are in agreement with the canted ferromagnetic
structure characterized by neutron diffraction below TC
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FIG. 1. (Color online) Magnetization isotherms of Er5Si4
measured at 5 K as a function of the hydrostatic pressure
with the magnetic field applied along the a (a), b (b) and
c-axes (c).

= 30 K8 with an easy magnetization axis along the b-
axis and a weak antiferromagnetic coupling in the (010)
plane.

The effect of the applied pressure is remarkably differ-
ent along the three crystallographic directions. Whereas
the general features remains essentially unchanged with
applied pressure along the easy-axis [Fig. 1(b)], magneti-
zation isotherms along a and c directions [Fig. 1(a), Fig.
1(c)] show a strong change both in the shape and the
magnitude of the magnetization when pressure increases
up to ∼ 3.5 kbar after which they remain only weakly
affected. This fact indicates that low pressure (P < 3.5
kbar) induces a remarkable change in the magnetic state
of Er5Si4 at 5 K. The application of ∼ 3.5 kbar makes the

0

50

100

150

200

0 10 20 30 40 50

M
(e

m
u

/g
)

Field (kOe)

T = 20 K

a-axis

0 kbar
1.2 kbar

6.2 kbar

3.5 kbar

9.7 kbar

(a)

0

50

100

150

200

0 10 20 30 40 50

M
(e

m
u

/g
)

Field (kOe)

T = 20 K

b-axis

0 kbar

1.8 kbar

3.6 kbar
6.6 kbar

8 kbar

(b)

0

50

100

150

0 10 20 30 40 50

M
(e

m
u

/g
) 

Field (kOe)

T = 40 K

0 kbar
1.2 kbar

6.2 kbar

3.5 kbar

9.7 kbar

0

50

100

150

200

0 10 20 30 40 50

M
(e

m
u

/g
)

Field (kOe)

T = 40 K
0 kbar

1.8 kbar

6.6 kbar
8 kbar

3.6 kbar

0

50

100

150

0 10 20 30 40 50

M
(e

m
u

/g
)

Field (kOe)

c-axis

0 kbar1.8 kbar

4 kbar

5.6 kbar
10.6 kbar

T = 20 K

(c)

200

0

50

100

150

0 10 20 30 40 50

M
(e

m
u

/g
) 

Field (kOe)

T = 40 K

0 kbar 1.8 kbar

4 kbar
5.6 kbar

10.6 kbar

FIG. 2. (Color online) Magnetization isotherms of Er5Si4
measured along the three crystallographic axis at selected
pressures and temperatures in the vicinity of the magnetic
ordering: (a) a- axis at 20 K (b) b-axis and (c) c-axis. The
inset display the corresponding isotherms at 40 K.

metamagnetic-like transitions sharper, whereas the hys-
teretic behaviour is suppressed in both cases. Magnetiza-
tion smoothly increases with the magnetic field reaching
4.4 µB/Er at 50 kOe for the a-direction (∼ 15% higher
than the ambient pressure value), whereas along the c-
axis magnetization reaches 6 µB/Er at 50 kOe (∼ 4%
higher than the ambient pressure value). It is worth
noting that this behaviour remains unchanged at higher
pressure, so the changes induced by pressure at 5 K along
both the a and c-axes are already completed at ∼ 3.5
kbar. From these results, we deduce that although mod-
ifications of magnetic and/or crystallographic properties
are induced by pressure, ferromagnetic ordering along the
b-axis with some canting in the ac plane is still observed
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at high pressure.

Figure 2 displays the measurements carried out in the
vicinity of TC at 20 K and at 40 K (corresponding in-
sets) for the three crystallographic directions. At 20 K,
the magnetization of the ambient-pressure isotherm mea-
sured along the easy axis b [Fig. 2(b)] has decreased due
to the proximity of TC whereas the magnetization along
a and c (Fig. 2(a) and 2(c), respectively) show a single
metamagnetic-like transition at about 10 kOe. For all the
cases the 3 kbar isotherm represents a crossover between
the low-pressure low-magnetization state and the high-
pressure high-magnetization regime. The latter effect is
remarkable along the a and c-axes: at maximum field,
the high-pressure magnetization values are ∼30% higher
than those at ambient pressure along both the a- axis and
c-axis, whereas the magnetization only slightly increases
along the b-axis (∼2.5%). It is remarkable that the in-
crease of the magnetization associated with domain walls
movement observed at low fields along the b direction is
more abrupt in the high-pressure regime (P > 3.5 kbar),
exhibiting a much more rapid tendency toward satura-
tion. This fact suggests the existence of stronger ferro-
magnetic correlations at higher hydrostatic pressures.

In the three directions the pressure-induced changes
are completed at P ≥ 4 kbar. At 40 K the magnetic
signal has significantly decreased for the three crystal-
lographic directions. Again, a low-magnetization be-
haviour is observed at low pressures (P < 2 kbar) and the
∼ 6 kbar measurement displays a greater magnetization
value, almost 36%, 20% and 40% larger than the ambient-
pressure signal along a, b and c axes, respectively (insets
of Fig. 2(a), 2(b) and 2(c)). It is worth noting that
the enhancement of the magnetization when pressure in-
creases is stronger along the hard a and c-axes. These
changes can be understood assuming a change from the
M-FM state present at ambient pressure to the O(I)-FM
state at high enough pressure. As was already discussed
in the Introduction, magnetic, linear thermal expansion
measurements and neutron diffraction experiments have
shown that the hydrostatic pressures stabilizes the O(I)-
FM phase in polycrystalline samples15,16. High applied
field measurements14 also evidences that the effect of the
magnetic field at low temperatures is to produce a mix-
ture of both phases M-FM and O(I)-FM , the volume of
the O(I)-FM phase growing at the expense of the M-FM
phase as the magnetic field increases. We propose a sim-
ilar scenario to explain the magnetization measurements
under hydrostatic pressure in the single crystal: at ambi-
ent pressure the magnetization measurements correspond
to the M-FM phase and at high enough applied pres-
sure the magnetization is associated with the O(I)-FM
behaviour. At intermediate pressure both phases coex-
ist, and the magnetization presents an intermediate be-
haviour, increasing the relative volume of the O(I) phase
as the pressure is increased. The applied pressure at
which the complete transformation takes place depends
on temperature. At 5 K,∼ 3.5 kbar is enough to complete
the transformation to the high-pressure phase. Once the
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FIG. 3. (Color online). Magnetization of Er5Si4 as a func-
tion of temperature and hydrostatic pressure measured dur-
ing heating in 1 kOe magnetic field applied along the a, b and
c-axes. The ordering temperatures of the two polymorphic
modifications of Er5Si4 are marked with arrows.

whole volume of the sample corresponds to the O(I)-FM
phase, no more changes in the magnetic behaviour are
observed. For 20 K and 40 K the pressure needed to
complete the transformation increases to ∼ 4 kbar and
∼ 5.5 kbar, respectively.

The complex approach to the saturation observed
when the magnetic field is applied along the hard direc-
tions is associated to the energy levels splitting produced
by crystal electric field (CEF) acting on the Er3+ ions.
It is worth noting that M-phase has five independent
Er-sites. Two pairs of these sites are semi-independent
since they are formed by splitting of two 8-fold sites
in the O(I) structure5. Assuming a single-ion model,
we can explain the multiple steps on the magnetization
isotherms as associated with the spin reorientation in
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FIG. 4. (Color online) Temperature dependence of the high-
field magnetization of Er5Si4 in the vicinity of the low-
temperature magnetic ordering measured during heating at
selected pressures in a 10 kOe magnetic field along the a, b
and c-axes.

the different sets of Er-sites due to the fact that the
applied magnetic field produces a crossing of the CEF
levels in each site33,34. The complex crystallographic
structure and high number of different sites for the Er3+

ions makes very difficult a theoretical calculation using a
CEF-based Hamiltonian due to the large number of pa-
rameters present in such CEF Hamiltonian. It is worth
noting the existence of magnetic anisotropy even at 40 K
in the paramagnetic phase (see inset of Figure 2) which
is a well known feature of rare earth intermetallics as, for
instance, in RNi5 alloys35.

Temperature dependent magnetization measurements
under hydrostatic pressure have been performed with the
magnetic field applied along the a, b and c-axes of the
crystal, and these are shown for H = 1 kOe and dif-
ferent pressures in Fig. 3. Measurements have been

carried out on heating after cooling in zero field. At
ambient pressure, the FM ordering of the M crystallo-
graphic phase of Er5Si4 appears as a marked peak at
TM

C = 30 K along the a and c-axis and a sharp anomaly
along b-axis where TM

C is determined as the maximum

of the derivative |(dM
dT

)H |. In addition, a low tempera-
ture anomaly (T∼ 10-20 K) is observed for the a- and
c-axis, which is related to a spin reorientation character-
ized by neutron diffraction around ∼15 K8. The effect
of the pressure on the magnetization is different along
the three crystallographic directions. For the easy-axis
[Fig. 3(b)], a low-pressure transition (P < 2 kbar) is ob-
served around 30 K and a high-pressure transition (P >
2 kbar) occurs around 35 K, which correspond to TM

C

and T
O(I)
C , respectively. For the a- and c- axis, however,

the application of pressure induces two apparently inde-
pendent processes, similarly to the behaviour reported
for polycrystalline specimens of Er5Si4

14: On the one
hand, the growth of the low-temperature anomaly (T∼
10-20 K) which shifts towards higher temperature values
and gradually broadens as pressure increases and, on the

other hand, the appearance of a new peak at T
O(I)
C ∼

35 K. It is worth noting, however, that both pressure-
induced processes are remarkably different along the a-

and c-axes. First, the contribution of the peak at T
O(I)
C

gradually increases, while the anomaly at TM
C progres-

sively disappears along the a-axis [Fig 3(a)] resembling
the behaviour of the polycrystalline sample. However,

along the c-axis this increment at T
O(I)
C occurs while the

anomaly at TM
C progressively increases [Fig. 3(c)]. For

both crystallographic directions, the anomaly at T
O(I)
C

becomes dominant at ∼ 6 kbar and the peak at TM
C

nearly disappears. Second, the low-temperature anomaly
reaches much greater magnetization values with the mag-
netic field applied along the c-axis than the a-axis. The
magnetization value for the former is nearly a factor 3
at the highest pressure value ∼ 10 kbar. The observed

change from TM
C to T

O(I)
C can be explained with the

physical picture of an equilibrium state where two phases
with different ordering temperatures coexist at interme-
diate pressures15. The increasing pressure reduces the
concentration of the monoclinic phase with TM

C = 30
K, which is stable at ambient pressure, and transforms it

into a new orthorhombic phase with T
O(I)
C = 35 K, which

becomes dominant at pressures over 6 kbar. The unex-
pected increase at low pressures of the magnitude of the
anomaly at TM

C =30 K observed along c does not contra-
dict this picture if we consider the extent of the broad low
temperature peak associated with the spin reorientation
transition. This broad anomaly increases spectacularly
upon pressure, and this increase can easily account for
the observed enhancement of the TM

C peak, when the
expected tendency in this scenario would be a reduction
due to the lower concentration of the M-FM phase.

Fig. 4 displays the high-field magnetization measure-
ments (H = 10 kOe) along the three crystallographic di-
rections in the vicinity of the low-temperature magnetic
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transitions. For each case, the ambient pressure mea-
surements resemble the low-field curves shown in Fig. 3
with an obviously higher magnetic signal. A pressure
of ∼ 3.5 kbar induces a significant increase of the low-
temperature magnetization along the a-[Fig.4(a)] and c-
[Fig.4(c)] axes, which is nearly three times the ambient-
pressure value along the c- axis, whereas no remarkable
change is observed along the b - axis [Fig. 4(b)]. Higher
pressure does not significantly increases the maximum
magnetization value in each case, which resembles the
saturation of the pressure effects observed in the mag-
netization isotherms. The anomaly near TC diminishes
with pressure along the c-axis, whereas along the a-axis
the pressure shifts the anomaly towards higher tempera-
tures, and the magnetization value at the maximum re-
mains unaffected by the pressure. In the latter case, at
intermediate pressures (P = 3.5 kbar) a new anomaly ap-

pears close to 35 K (T
O(I)
C ) whose contribution gradually

increases with rising pressure while the anomaly at TM
C

progressively diminishes. At higher pressure (P>7 kbar)

the anomaly at T
O(I)
C becomes dominant but the peak

at TM
C has disappeared.

These results indicate that the hydrostatic pressure in-
duces remarkable changes in the magnetic state of Er5Si4
although different effects are seen along different crys-
tallographic directions. The increase of the magnetiza-
tion signal at low temperature can be interpreted as the
favouring of a more collinear FM structure, whereas a
higher TC could be related to stronger FM interactions.
These observations are related to shortening of the in-
terslab distances causing the onset of the O(I) crystallo-
graphic structure, as reported in polycrystalline Er5Si4
at low temperature with the application of a magnetic
field and hydrostatic pressure14,15.
The structuralO(I)←→ M transformation in the para-

magnetic regime, which is detected by an observable
change of slope in the magnetization7, significantly shifts
to low temperatures with increasing pressure for the
three crystallographic directions. The high-temperature
structural-only transition is shown for the a-axis in Fig-
ure 5 as representative of this study. A steplike anomaly
is observed in the magnetization between ∼ 212 K and
∼ 154 K on warming and a similar anomaly occurs be-
tween the same both temperatures on cooling. There is
a large thermal hysteresis between the warming and the
cooling magnetization curves. The width of thermal hys-
teresis amounts to about 50 K at ambient pressure.This
observation agrees with previous work on polycrystalline
sample15 which reported a gradual and extended first-
order transformation7,8. In the present case, however,
the crystallographic transition spans a larger tempera-
ture range. Under pressure the steplike anomaly becomes
smoother: at 1.2 kbar (see Fig. 5(b)) the beginning of
the thermal hysteresis T ∗

t , which defines the extended
first-order structural transformation, shifts from ∼ 212
K down to ∼ 160 K. At 3.6 kbar, it shifts down to ∼ 100
K (see Fig. 5(c)). Such a displacement is equivalent to a
rate dT ∗

t /dP ≈ - 26 K/kbar. This value is similar to the
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FIG. 5. (Color online) Pressure dependence of the magneti-
zation in the proximity of the structural transition measured
in 1 kOe magnetic field along the a-direction. Open symbols
are used for the cooling curves and filled symbols are for the
heating runs. The different curves are labeled with the cor-
responding pressure values. The vertical arrows indicate the
beginning and the end of the thermal hysteresis. Note the
different scales in temperature.

23 K/kbar value obtained from the magnetization mea-
surements in the polycrystalline sample15. By contrast,
the thermal hysteresis (∆T ≈50 K) remains unaffected
with applied pressure whereas the steplike anomaly in
the magnetization which defines the structural transition
becomes smoother. This fact introduces uncertainty in
the determination of the transition temperature at high
pressures.

Several sets of magnetization isotherms have been mea-
sured at different pressures in the temperature range
from 5 to 70 K in order to calculate the magnetic en-
tropy change along the three crystallographic directions.
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FIG. 7. (Color online) Maximum value of the magnetic en-
tropy change for a magnetic field change △H = 50 kOe along
the a, b and c-axis as a function of the hydrostatic pressure.

The magnetic entropy changes (∆Smag) calculated using
Eq. (1) from the magnetization isotherms are shown in
Fig. 6 for a magnetic field change ∆H = 20 kOe in Figs.
6(a), 6(b) and 6(c). Different features are observed in
the MCE curves with pressure for the three crystallo-
graphic directions. The evolution of the magnitude and
the temperature of the MCE peak for the easy-axis di-
rection [see Fig. 6(b)] resembles the behaviour reported
for the polycrystalline sample16. The magnitude of the
MCE increases with pressure from 8.5 J/kg K at ambi-
ent pressure up to 10.5 J/kg K at 1.8 kbar with the peak
value remaining at a constant temperature of T ∼ 30 K,
which corresponds to TM

C [ Fig. 6(b)]. As pressure in-
creases, the MCE moves to higher temperature and its
maximum increases in its magnitude reaching a value of
∆Smag∼ 12 J /kg K at 8 kbar and T ∼ 35 K, which

coincides with T
O(I)
C , giving rise to a 41% enhancement

of the MCE peak at the magnetic field change of 20 kOe
with respect to ambient pressure. This value is slightly
lower than that reported for the polycrystalline sample

(56%).
The magnetic entropy change calculated for the a- and

c- axis present common features when applying pres-
sure although different from those described above for
the easy-axis. Thus, the magnitude of the peak in MCE
increases with pressure although the values involved in
these cases are much lower than those found along the
b-axis: the MCE increases from 2.9 J/kg K at ambient
pressure with the peak at ∼ 32 K up to 3.1 J/kg K at
9.7 kbar at T ∼ 37 K along a-axis [Fig. 6(a)] whereas
along the c-axis, the increment goes from 4.2 J/Kg K
at ambient pressure up to 6.7 J/kg K at 10.6 kbar [Fig.
6(c)]. The overall increase in MCE is 7% and 60% for
a and c-axes, respectively. For both directions a nega-
tive MCE is observed below 20 K giving rise to a broad
negative shoulder at ambient pressure. Such a shoulder
becomes less pronounced as pressure is applied, turning
into a positive shoulder for pressures above ∼ 1.5 kbar.
With a magnetic field change of 50 kOe the evolution of
the MCE peak with pressure is similar to ∆H = 20 kOe
(not shown). On the other hand, the low temperature
shoulder observed for a- and c-axis at ambient pressure
is not present.
The main features displayed by the MCE curves (i.e.

the pressure dependencies of the maximum value of
∆Smag for the a-, b- and c-axis at a magnetic field change
∆H=50 kOe) are plotted in Figure 7. The peak value of
MCE saturates at 1.8 kbar for the easy axis b. This sat-
uration occurs at some pressure value between 3.5 and 6
kbar for a- and c-axis. The overall increase in MCE is
41% for both axes, which is higher than the correspond-
ing MCE increase with pressure along the b-axis (∼17
%). It is worth noting that the increase of MCE reported
for the polycrystalline sample (35%) nearly doubles the
observed in the easy-axis of the single-crystalline sam-
ple in the present work. The values of MCE at ambient
pressure in the latter case, however, are higher than the
corresponding values in the polycrystalline sample.
The dependence of the MCE with the direction at

which the magnetic field is applied reflects the strong
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anisotropic character of Er3+ ion and the pressure de-
pendence of the MCE is associated with pressure-induced
M → O(I) structural transformation that takes place in
Er5Si4. When the magnetic field is applied along the
easy-magnetization direction (b-axis) the MCE shows a
normal behaviour with a maximum at the ordering tem-
perature. At ambient pressure the maximum occurs at 30
K corresponding to the Curie temperature of the M-FM
phase TM

C . As the hydrostatic pressure is increased, the
maximum shifts to 37 K corresponding to the Curie tem-

perature of the O(I)-FM phase T
O(I)
C . At pressures≥ 6.6

kbar, the behaviour of the MCE remains unchanged in-
dicating that the transformation is complete in the whole
temperature range. An intermediate behaviour between
the ambient pressureM-FM behaviour and the highO(I)-
FM behaviour is observed for an intermediate range of
pressures, reflecting again the phase co-existence. The
enhancement of the MCE in the O(I)-FM phase is as-
sociated with stronger ferromagnetic correlations due to
the modification of the interlayer coupling between the
M and O(I) states. In the high pressure O(I) phase, all
of the covalent-like interslab bonds are formed favouring
the ferromagnetic interlayer interactions6,36.
The complex approach to the saturation observed in

the magnetic isotherms when the magnetic field is ap-
plied along the hard directions, is reflected in the temper-
ature dependence of the MCE presented in Fig. 6. The
MCE shows a peak at the ordering temperature, chang-
ing from 30 K (M phase) to 37 K [O(I) phase], but below
30 K the MCE shows a non-monotonic behaviour with
even negative values (inverse MCE). Such a behaviour is
associated with the strong magnetocrystalline anisotropy
of the Er3+ ion which produces a reduction of the mag-
netization at 5 K with respect to the measured at higher
temperatures (see Fig. 1 and 2) due to step-like approach
to the saturation at low temperatures.

IV. CONCLUSIONS

A study of the magnetization in a wide range of tem-
peratures, magnetic field and hydrostatic pressure has
been performed for a single crystal of Er5Si4 with the
magnetic field applied along the main crystallographic
directions. The experimental measurements confirm the
b-axis as the easy magnetization direction and show a
complex, step-like approach to the saturation at low
temperatures when the magnetic field is applied along
the hard magnetic directions. The magnetization results
have been explained assuming the existence of pressure-
induced transformation from the low-pressure M phase
to a high-pressure O(I) phase. At intermediate pressures
co-existence of both crystallographic phases has been de-
tected.
Using the Maxwell relation, △Smag has been calcu-

lated with the magnetic field applied along three main
crystallographic directions as a function of applied mag-
netic field and hydrostatic pressure. △Smag shows a nor-

mal behaviour when the magnetic field is applied along
the easy magnetization direction with a maximum ob-
served at the magnetic ordering temperature. When
the magnetic field is applied along the hard direction,
△Smag shows a complex behaviour, with inverse MCE at
low temperatures, originated by the strong magnetocrys-
talline anisotropy of the Er3+ ion. The MCE results
have been explained assuming a phase transformation
and an enhancement of the ferromagnetic correlations in
the O(I) phase compared with the M phase. The study of
the anisotropic effects of MCE in Er5Si4 as a function of
pressure reveals that the effect of pressure is remarkable
in the c -axis, whereas in the easy magnetization b -axis
is quite moderate and an intermediate situation occurs
in the hardest a-axis. The small difference between the
MCE as a function of pressure along the easy axis with
respect to the polycrystal suggests that textured Er5Si4
does not provide a major improvement in terms of ab-
solute MCE with the aim of application. On the other
hand, texturing can be a possible strategy in order to
choose the optimal crystal orientation to obtain a large
differential MCE if hydrostatic pressure is the tuning pa-
rameter. This idea should be explored by further analysis
of MCE as a function of pressure in single crystals with
even higher anisotropy in order to elucidate the interest of
this approach. For instance, previous analysis carried out
in single crystalline Tb5Si2.2Ge1.8 show that the strong
single ion anisotropy of Tb gives rise to huge anisotropy
in both magnetization (in this case the easy axis is a, and
hardest axis is b with a 1000% relative variation of the
MCE37). In this system, a much higher differential MCE
as a function of pressure should be expected thanks to
the combined effect of much larger anisotropy and the
recoupling of the magnetic and structural transitions.
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