
Effects of pressure on the magnetic-structural and Griffiths-like transitions in
Dy5Si3Ge
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Magnetization studies have been performed on a polycrystalline sample of Dy5Si3Ge as a function
of applied magnetic field (up to 50 kOe) and hydrostatic pressure (up to 10 kbar) in the 5-300 K tem-
perature range. The anomalous behaviour of the magnetic susceptibility indicates that a Griffiths-
like phase exists at low magnetic fields and pressures up to 10 kbar. We present evidence that the
high-temperature second-order ferromagnetic transition can be coupled with the low-temperature
first-order crystallographic transformation into a single first-order magnetic-crystallographic trans-
formation using magnetic field and hydrostatic pressure as tuning parameters. The effect of pressure
on the Griffiths-like phase is reported and analyzed in the framework of the complex competition
between the interslab and intraslab magnetic interactions.

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

I. INTRODUCTION

Since the discovery of the giant magnetocaloric ef-
fect (GMCE) near the magnetostructural transition in
Gd5Si2Ge2

1,2 there has been a growing interest in R5T4

(R=rare earth; T=Si and Ge) compounds and their solid
solutions. Many of these alloys show a strong mag-
netostructural coupling manifested in the occurrence of
structural and magnetic transitions that can be reversibly
induced by modifying one or more external parameters
such as magnetic field, temperature or hydrostatic pres-
sure. As a consequence, remarkable physical properties
have been observed in this family of compounds including
giant magnetoresistance3, giant magnetostriction4 and
giant magnetocaloric effect1.

The observed phenomenology of the 5:4 family is
associated with a peculiar crystal structure, which is
intrinsically layered, and is built by stacking of sta-
ble two-dimensional sub-nanometer thick layers (slabs)
of R and Si/Ge atoms5 and the strong interplay be-
tween the magnetic and structural degrees of freedom.
The crystallographic phase and the nature of the mag-
netic interactions are controlled by the number of in-
terlayer covalent-like (Si/Ge)-(Si/Ge) bonds connecting
the slabs6. The rearrangement of these slabs via chang-
ing specific (Si/Ge)-(Si/Ge) bonds gives rise to differ-
ent crystal structures adopted by this family of materi-
als. Compounds with all the slabs connected through
strong (Si/Ge)-(Si/Ge) bonds adopt the Gd5Si4-type or-
thorhombic structure [also referred to as O(I) state with
space group Pnma], whereas those without any interslab

(Si/Ge)-(Si/Ge) bonding possess the Sm5Ge4-type struc-
ture [referred to as O(II) structure, space group Pnma].
The compounds with alternate slabs connected through
the (Si/Ge)-(Si/Ge) bonds belong to the Gd5Si2Ge2-
type monoclinic crystal structure [M state, space group
P1121/a].

Recent studies reveal the presence of Griffiths-like
phases (GP) in several compounds of the R5(SixGe1−x)4
family (R = Gd, Tb, Dy and Ho) adopting the M and
O(II) structural phases at room temperature7,8. The ap-
pearance of this regime originates from the local disorder
within the crystallographic structure, stabilized and en-
hanced by the competing intralayer and interlayer mag-
netic interactions. Hydrostatic pressure allows one to
control the bonding and distance between the slabs, be-
ing a key parameter to determine the crystallographic
and magnetic states in these alloys. The extraordinary
sensitivity of the electronic and crystal structures to the
application of hydrostatic pressure have led to a system-
atic investigation over the last few years (see review in
Ref. 9) in order to more completely comprehend the
microscopic processes taking place in the 5:4 materials.
Among all of them, Er5Si4 shows the most outstanding
behaviour under hydrostatic pressure. In this compound
the structural and magnetic transitions are reported to
be unusually far apart, i. e., they are separated by a
temperature difference of ∼ 200 K. On cooling, this sys-
tem undergoes a first-order crystallographic phase tran-
sition O(I)→ M in the paramagnetic (PM) state at Tt ∼
200-230 K10,11 and becomes ferromagnetic (FM) at low
temperature, TC = 30 K10,12–14. Hydrostatic pressure
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not only induces the O(I) phase at low temperature, but
also shifts the high-temperature crystallographic change
at a very high rate of dTt/dP ∼ -30 K/kbar15,16. This
causes both transitions (the high-temperature crystallo-
graphic 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 max-
imizing the magnetocaloric effect at low temperature17.

Tb5Si2Ge2 is another example which exhibits weakly
decoupled magnetic and structural transitions. The
structural change occurs approximately 10 K below TC
= 110 K at ambient pressure18. Hydrostatic pressure
has been shown to be a tool producing a recoupling of
both the magnetic and crystallographic transitions be-
cause the structural transition temperature and TC ex-
hibit different pressure dependences (the rate of change
of the former is nearly one order of magnitude greater
than that of the latter). This difference in the rate re-
sults in a spectacular enhancement of the MCE in this
compound when both transitions are recoupled19.

The extent of decoupling of structural and mag-
netic transitions in Dy5Si3Ge places it halfway between
Tb5Si2Ge2 and Er5Si4. Previous studies on Dy5Si3Ge
revealed that it has the monoclinic M -type structure at
room temperature20. Magnetization measurements in-
dicated that it orders ferromagnetically at TC ∼ 65 K,
which is preceded by an antiferromagnetic (AFM) tran-
sition. On cooling, an incomplete structural transforma-
tion from M to the O(I)-phase takes place at Tt ∼ 50
K21. The closely spaced ferromagnetic and structural
transitions lead to a hysteresis in the magnetization data
as expected for a first-order phase transition21. Below
∼50 K, Dy5Si3Ge exists in a structurally phase separated
state and is ferromagnetically ordered. It is noteworthy
that the structural transition is incomplete at the lowest
recorded temperature (∼ 47 % vol. of the O(I)-phase
is observed at T = 5 K21). Moreover, a GP phase be-
haviour above the AFM state was suggested. Recently,
it was proposed that Ge and Si atoms preferentially oc-
cupy the intraslab and interslab sites, respectively, which
leads to dominant FM interactions within both the or-
thorhombic and monoclinic structures22.

Application of hydrostatic pressure in Dy5Si3Ge
should lead to a moderate increase of the second-
order Curie temperature TC and Néel temperatures TN
whereas a much stronger effect is expected at the first-
order structural transformation Tt. Thus, it is reason-
able to investigate whether the application of pressure
results in a recoupling of the anomalies in this com-
pound. The aim of this work is to investigate the mag-
netic and structural phase diagrams of Dy5Si3Ge under
hydrostatic pressure. We have performed a complete
study of the magnetic properties by measuring the mag-
netization up to an applied magnetic field of 50 kOe, as a
function of temperature and hydrostatic pressure. From
these measurements the different pressure-magnetic field-
temperature phase diagrams have been determined. The
anomalous behaviour of the magnetic susceptibility in-

dicates the existence of a GP at low applied magnetic
fields and applied hydrostatic pressures up to 10 kbar.
The effect of hydrostatic pressure on GP phase is pre-
sented for the first time and discussed in the framework
of the complex competition between the interslab and
intraslab magnetic interactions.

II. EXPERIMENTAL DETAILS

Polycrystalline Dy5Si3Ge sample was prepared by arc
melting of pure constituent elements taken in stoichio-
metric proportions under inert argon atmosphere. Dy
was prepared by the Materials Preparation Center at the
Ames Laboratory23 and it was 99.9 at.% pure with re-
spect to all other elements in the periodic table. Ma-
jor impurities were O (602 ppm at.), C (189), F (111),
and Fe (6). The Si and Ge, both better than 99.99
wt.% pure, were purchased from commercial vendors. A
button weighing approximately 10 g total was re-melted
seven times to ensure homogeneity. According to x-ray
powder diffraction data the as-prepared sample was a
single phase material (within the sensitivity of the tech-
nique, which can be estimated as 2-5 vol.% of an im-
purity phase) crystallising in the monoclinic Gd5Si2Ge2-
type structure.

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. For zero-field-cooled (ZFC) measurements of the mag-
netization, the sample was cooled from the PM state in
a zero applied field and the magnetization was measured
while warming the sample. The magnetization data in
the field-cooled (FC) state were collected while cooling
the sample (FCC) in an applied field. Data were also
collected while warming the sample in the presence of
field after cooling in the same field (FCW). Several mag-
netization versus field (M-H) isotherms in fields up to 50
kOe were measured at different temperatures, cooling the
sample in a zero magnetic field every time from a true
PM state to the temperature of the measurement.

Pressure experiments were carried out using a commer-
cial miniature piston-cylinder-type CuBe pressure cell
Mcell 10 by EasyLab. The applied pressure was esti-
mated from the superconducting critical temperature us-
ing a Sn manometer. The sample and the Sn manometer
were compressed in a Teflon capsule filled with a liq-
uid pressure-transmitting medium (a mixture of mineral
oils). Technical details about the pressure cell can be
found in Ref. 24. The magnetization was measured un-
der hydrostatic pressures up to 10 kbar.

III. RESULTS AND DISCUSSION

Figure 1 (a) shows the temperature dependence of
the real part of the ac magnetic susceptibility (χ′ac) of
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FIG. 1. (Color online) (a) Temperature dependence of the
real (χ′ac) component of the ac susceptibility in an applied
ac field of 1 Oe at a frequency of 1 kHz. Filled symbols
are used for the heating runs and open symbols are used for
the cooling curves. (b) ZFC-FC magnetizations (as warming
and as cooling) of Dy5Si3Ge as a function of temperature
measured at ambient pressure in an applied field of 100 Oe.
The inset of figure 1(a) shows the Curie-Weiss fit to the inverse
magnetic susceptibility in 100 Oe, field-cooled state.

Dy5Si3Ge measured at ambient pressure with an ac mag-
netic field of Hac= 1 Oe and a frequency of 1 kHz. A
pronounced cusp at 76 K for both cooling and warm-
ing modes is related to the FM transition according to
previous work by Ivtchenko25. The peak at higher tem-
peratures is related to the AFM transition (TN ∼ 100
K) whereas the minor anomaly at T∗ ∼ 126 K may be
related to the onset of the GP as discussed below. On
the other hand, the shoulder observed at temperatures
lower than TC , around 60 K on cooling mode indicates
the partial structural transformation O(I)←→ M in the
FM state already noted by Nirmala et al.22. This is sup-
ported by the hysteretic behaviour usually observed in
first order structural transformations. As expected, the
structural transition is slightly decoupled from the FM
transition by a temperature span of about 15 K. The ob-
served hysteresis is related to the first order nature of the
near structural transition.

ZFC, FCC and FCW magnetization data of Dy5Si3Ge
obtained in an applied field of 100 Oe at ambient pres-
sure are shown in Figure 1 (b). The AFM transition
is observed as a broad hump centered at TN ∼ 100 K,
which is preceded by the FM transition at TC ∼ 76 K
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FIG. 2. (Color online) Temperature dependence of reciprocal
susceptibility χ−1 of Dy5Si3Ge as a function of magnetic field,
measured on heating. The line through the points shows the
Curie-Weiss fit to the susceptibility. The inset shows fits at
100 Oe in the Griffiths and PM phases, respectively.

during the ZFC measurements. The FM transition is
marked by a significant irreversibility between the ZFC
and FC data. The ZFC magnetization decreases below
TC with decreasing temperature, whereas both the FCC
and FCW magnetizations increase down to 2 K. The dif-
ference between the ZFC and FCC magnetization data in
ferromagnets is in general related to the coercitivity and
domain wall pinning. The large difference observed be-
low TC in the present case reflects sizable pinning effects
in this compound21. It is noteworthy that the transi-
tion temperatures observed in the sample studied in this
work are shifted to higher values than the observed in
a sample with the same nominal composition previously
investigated by Nirmala et al.21, although the sequence
and the character of the different magnetic and struc-
tural transitions remain unchanged. We attribute these
differences to small changes in the composition between
both samples. It is worth noting that previous works
on 5:4 compounds reveal texture in the polycrystalline
samples26,27. This fact together with the strong magne-
tocrystalline anisotropy of the Dy3+ can explain also the
differences found in the magnitude of the low tempera-
ture FC magnetization from previous work by Nirmala
et al.21.

The structural transformation O(I) +M←→ M in the
FM regime is detected by a remarkable change in the
FCC and FCW magnetization as seen in Fig. 1(b). A
step-like anomaly is observed in the magnetization be-
tween ∼ 74 K and ∼ 42 K on warming, whereas a pro-
nounced maximum centered at 65 K occurs while cooling.
There is a large thermal hysteresis between the warming
and the cooling magnetization curves. The width of ther-
mal hysteresis between both curves amounts to about 30
K. This observation agrees with previous work21, which
reported a first-order transformation developing in this
temperature range. In the present case, however, the
crystallographic transition spans a significantly larger
temperature range, which suggests an extended first-



4

order transformation due to disorder28. Furthermore,
the significant differences between the anomalies in the
FCC and FCW magnetizations suggest that not only the
structural changes are developing in the FM state but
also different FM ordered structures can be present in
the M and O(I) phases, as it was shown in Er5Si4 com-
pound by neutron scattering measurements15.

Inset of figure 1 (a) shows the low-field reciprocal
susceptibility ( χ−1 = H/M) at 100 Oe. On cooling,
χ−1 exhibits a linear thermal dependence (as expected
from the Curie-Weiss law) that however disappears at
T∗ above TN . Above T∗, the susceptibility obeys Curie-
Weiss law (M/H = C/(T-θP )) and yields a paramagnetic
Weiss temperature (θP ) of 75 K and an effective mo-
ment µeff = 11.8µB/Dy

3+, respectively. The experi-
mentally determined value is slightly larger than the the-
oretical value for the µB/Dy

3+ free ion (g[J(J+1)]1/2 =
10.65µB). The positive value of θP indicates that FM in-
teractions are dominant in this compound in agreement
with previous studies21. Between T∗ and TN the inverse
susceptibility shows a negative deviation from the Curie-
Weiss behaviour, which is often considered as a signa-
ture of a GP. In fact, on further increasing the magnetic
field, the anomaly displayed in χ−1 is suppressed, becom-
ing nearly indistinguishable from the high-temperature
range values at H > 10 kOe (see Fig. 2). Furthermore,
a magnetic susceptibility exponent λ lower than unity,
i.e., χ−1(T ) = (T/TC − 1)1−λ, where 0 ≤ λ < 1, is ob-
tained in this temperature range. We have fitted the
logarithmic representation of χ−1 (see inset in Fig. 2)
obtaining clearly different values for the exponent de-
pending on whether we refine it in the anomalous region
of χ−1 [TN < T < T ∗, λG = 0.25(1) at 100 Oe] or in
the conventional PM phase [T> 150 K, λPM = 0.02(1)
at 100 Oe]. This behaviour, as previously seen in similar
compounds such as Tb5Si2Ge2 and Gd5Ge4

7,29, is typ-
ical of short-range FM clusters in a PM matrix and is
the hallmark of Griffiths singularities30,31. This result is
in agreement with the presented (x,T) phase diagram of
the system Dy5(SixGe1−x)4 which predicts T∗ at ∼ 125
K for Dy5Si3Ge (x = 0.75)8. At higher fields, the val-
ues of the exponent still remain far from zero value (not
shown), e. g. λG (1000 Oe) = 0.12(2), so the GP exists
at fields higher than 1 kOe. In contrast, λPM remains
quite small (∼ 0.04(1)) indicating that the GP does not
extend to temperatures higher than ∼ 150 K.

Temperature-dependent dc magnetization measure-
ments as a function of hydrostatic pressure at low field
(H = 100 Oe) are shown in Figure 3. The effect of
the applied pressure indicates that low pressure (P < 4
kbar) induces a notable change in the structurally phase
separated magnetic state of Dy5Si3Ge below TC . The
pronounced maximum at 63 K in the FCC magnetiza-
tion at ambient pressure, which coincides with the struc-
tural transition, shifts towards higher temperatures and
rapidly decreases upon increasing pressure. At 4 kbar,
the structural transition appears as a step-like anomaly
at 73 K. Such a displacement is equivalent to a rate of
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FIG. 3. (Color online) FCC, FCW and ZFC magnetizations
(as warming and as cooling) of Dy5Si3Ge as a function of
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field of 100 Oe at (a) 0 kbar, (b) 1.45 kbar, (c) 4 kbar, (d) 7
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5

dTt/dP ∼ 2.5 K/kbar. The width of the thermal hystere-
sis significantly decreases upon application of relatively
low pressure: from ∆ T= 30 K at ambient pressure down
to ∆ T∼ 8 K at 4 kbar. For pressures above 4 kbar
it remains unaffected. This observation indicates that
the transition retains its first-order character within the
pressure range studied although significant changes are
induced at low pressures.

Figure 4 shows the dependence of the different phase
transitions TC , TN and Tt with pressure obtained from
the data showed in Figure 3. The transition temperatures
(TC and TN ) have been estimated from the maximum
of the derivative |dM/dT | whereas the structural tran-
sition Tt has been estimated from the maximum in the
FCC magnetization curve. The AFM transition in the
M phase shifts linearly with pressure to higher tempera-
tures at a slow rate of dTN/dP =+0.34 K/kbar, which is
expected for a pure magnetic anomaly. However, the FM
transition in the M phase shifts linearly with pressure at
a slow rate of dTC/dP =+0.2 K/kbar for pressures below
4 kbar, showing a strong dependence for pressures above
4 kbar (dTC/dP =+4.7 K/kbar). As it is clearly seen in
the Figure 3(c), at 4 kbar the structural transition (max-
imum in FCC magnetization) is in the vicinity of the
FM transition TC (∼ 78 K). The proximity between the
low-temperature crystallographic M - O(I) and FM tran-
sition causes both to collapse at higher pressures (above
4 kbar) giving rise to the observed enhancement of the
pressure rate of TC . Increasing the pressure up to 4 kbar
induces a significant increase of the low temperature mag-
netization [Fig 3(a) and Fig 3(c)], which is nearly 30 %
the ambient pressure value. These results indicate that
low pressure (P < 4 kbar) induces significant changes in
the magnetic state of Dy5Si3Ge.

The effect of hydrostatic pressure on the onset of the
GP in the PM regime, which is detected by the anomaly
displayed in the inverse of susceptibility at T∗ at 100 Oe
at ambient pressure, can be analyzed. The temperature
dependence of the inverse susceptibility at 100 Oe under
selected pressures is depicted in Figure 5. The negative
deviation from Curie-Weiss is observed for all the mea-
sured pressures. We have fitted the logarithmic repre-
sentation of χ−1 obtaining values of the exponent λ far
from zero in the GP state TC < T < T ∗ and λPM ∼ 0
for T > T ∗. Those fits are shown in Fig. 6 for selected
pressures as representative of this study. It is worth not-
ing that for each analysis the shift of TC,N with pres-
sure has been taken into account. These measurements
indicate that GP remains at higher pressures up to 10
kbar ( λPM ∼ 0 and λG ∼ 0.18(2)). A slight variation
of the exponent λG is observed in the investigated pres-
sure range, and T∗ shifts to higher temperatures at a
very slow rate of dT∗/dP ∼ +0.16 K/kbar (see Fig. 4).
Such a pressure dependence of T∗ is in good agreement
with the reported behaviour on R5(SixGe1−x)4 series (R
= Gd, Tb, Dy and Ho)8. According to that study, T∗

shifts to higher temperatures as Si content increases (i.e.
as the cell volume decreases) in all the studied magnetic
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and structural phase diagrams. It is worth noting that
a direct comparison between the hydrostatic and chem-
ical pressure effects is not suitable since the change of
the Si content not only modifies the cell volume but also
introduces changes in the electronic structure of the com-
pound.

Figure 7 illustrates the dc magnetization data collected
in an applied field of 1 kOe. The ambient pressure mea-
surement resembles the low-field curve shown in Fig. 1
with an obviously higher magnetic signal. The AFM
transition is quenched by the field whereas the anomaly
displayed in χ−1 at T∗ shown in Fig. 2 still remains. The
structural transition appears as a step-like anomaly be-
tween ∼ 70 K and ∼ 40 K on both warming and cooling
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curves with thermal hysteresis between the two curves.
An applied field of 1 kOe has strongly reduced the max-
imum in the FCC magnetization seen at 100 Oe. The
application of pressure induces two main processes: first
is the shift of the FM transition towards higher temper-
atures. The second is the appearance of large thermal
hysteresis of∼ 6 K between the FCC and FCW curves ob-
served around TC for pressures above 4 kbar. During the
pressure application process the maximum of the deriva-
tive |dM/dT | has shifted linearly with pressure from its
initial temperature of TC = 77 K up to TC = 80 K at
4 kbar. Such a displacement corresponds to a slow rate
of dTC/dP ∼ +0.32 K/kbar, similar to the obtained rate
at low magnetic fields in the same pressure range (see
Fig. 7 (b)). Above 4 kbar however, the linear shift of the
transition with pressure corresponds to a rate of dTC/dP
∼ +4.0 K/kbar. The large thermal hysteresis around TC
points to the first-order nature of the transformation at
TC . These results suggest that a coupled magnetic-
crystallographic transformation takes place at pressures
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cooling (FCC). Open symbols are used in the cooling curves
and solid symbols in the heating runs. The different transi-
tions are marked by arrows (see text for details). (b) T-P
magnetic phase diagram for Dy5Si3Ge as obtained from mag-
netization measurements at 1 kOe. Diamonds represent the
onset of the GP phase (T∗), circles represent the onset of the
FM order (TC) whereas triangles are used for the structural
transformation (Tt). Open symbols are used in the cooling
curves (FCC) and solid symbols in the heating runs (FCW).
Thick solid lines depict the magnetic and/or crystallographic
phase boundaries.

above 4 kbar, and thus the increase of the transition tem-
perature with pressure is one order of magnitude higher.
It is noteworthy that the low temperature magnetization
increases with rising pressure a 17 % the ambient pres-
sure value. On the other hand, GP persists at pressures
up to 10 kbar ( λPM ∼ 0 and λG ∼ 0.14(2)). The value
of T∗, associated with the onset of short-range FM cor-
relations, increases linearly with pressure at a pressure
rate dT∗/dP = +0.32 K/kbar, which is higher than the
observed rate at H = 100 Oe. This fact indicates a strong
interplay between the applied magnetic field and the hy-
drostatic pressure on T∗. As far as we know, theoretical
studies about the effect of hydrostatic pressure on the
GP are still lacking. We believe that our work gives in-
teresting experimental results in order to understand the
dependence of the GP on P and H.

The interesting behaviour of Dy5Si3Ge is further clar-
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ified by the high-field dc magnetization measurements
(H= 10 kOe). Temperature dependencies of the high-
field magnetization at different pressure values are dis-
played in Fig. 8(a). Only zero- and maximum pressures
are included for the sake of clarity. At ambient pressure,
an applied field of 10 kOe quenches the AFM transition
and the anomaly displayed by χ−1 at T∗ and low field
is suppressed (see Fig. 2). A large thermal hysteresis of
∆T ∼8 K between the FCC and FCW magnetization at
zero pressure around TC is observed. The correspond-
ing T-P phase diagram is shown in Fig. 8 (b) where
the transition temperature values have been taken at the
maximum derivative of the magnetization. It is easy to
see that the magnetic transformation moves linearly with
pressure towards higher temperature values at a rate of
dTC/dP = +4.1 K/kbar on cooling and +4.3 K/kbar on
warming. Moreover, the transition retains its first-order
character within the pressure range studied as can be de-
duced from the hysteretic behaviour and from the little
variation in the sharpness of the anomaly. The width
of the hysteresis however, decreases with pressure down
to ∆T ∼ 5 K. These observations suggest that the high-
temperature second-order FM transition is coupled with
the low-temperature first-order structural phase change
into a first-order magnetic-crystallographic transforma-
tion, this coupling being induced by a high magnetic field
(10 kOe). Remarkable changes are being induced by pres-
sure in the high-field magnetic state of Dy5Si3Ge as can
be inferred from the significant decrease of the low tem-
perature magnetization [Fig 8(a)] upon increasing pres-
sure. The decrease of the low temperature magnetization
observed at 10 kOe is opposite to the behaviour observed
at lower magnetic field (see Fig 7(a)). This fact can be
due to the different ratio of volume fractions of the M and
O(I) phases as function of the P and H. The O(I) phase
is favoured by both the hydrostatic pressure and the ap-
plied magnetic field. The effect of H can be clearly seen in
the phase diagrams shown in Figure 7(b) and Figure 8(b):
At ambient pressure, the temperature region where only
the M phase is present is strongly reduced by the applied
magnetic field and disappears at 10 kOe. The enhance-
ment of the O(I) phase content with applied magnetic
field has been also observed in the Er5Si4 system with
neutron scattering experiments32. At low applied mag-
netic field (H<10 kOe) and low temperatures, the main
effect of pressure is to transform the remanent M phase
content into the O(I) phase with high magnetic moment.
As a consequence, an increase of the low temperature
magnetization is observed. At applied magnetic fields
higher than 10 kOe, the O(I) phase content is close to
100 % even at ambient pressure. In this case, the applied
pressure modifies the magnetic behaviour of the O(I)
phase. The reduction of the low temperature magnetiza-
tion seen in Figure 8 can be explained either as assuming
that the hydrostatic pressure induces a more canted ferro-
magnetic structure in the O(I) phase or considering that
P modifies the magnetocrystalline anisotropy present in
this compound. The latter would change the magnetic
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FIG. 8. (Color online) (a) FC magnetizations of Dy5Si3Ge
measured in 10 kOe magnetic field as a function of tempera-
ture at ambient pressure and 10 kbar during heating (FCW)
and cooling (FCC). Open symbols are used in the cooling
curves and solid symbols in the heating runs. (b) Pressure-
Temperature magnetic phase diagram for Dy5Si3Ge as ob-
tained from magnetization measurements at 10 kOe. Open
symbols are used in the cooling curves (FCC) and solid sym-
bols in the heating runs (FCW).

isotherms giving rise to a reduction of the magnetization
as pressure increases. This behaviour has already been
observed in Er5Si4 single crystal under pressure16.

Magnetization has been measured as a function of field
at various temperatures in fields up to 50 kOe at selected
hydrostatic pressures ranging from 0 to ∼ 10 kbar (val-
ues at low temperature). The dependence of the magne-
tization isotherms at 5 K on the hydrostatic pressure is
illustrated in Figure 9. A change in the magnetic state of
Dy5Si3Ge with pressure is seen when comparing the am-
bient pressure isotherm with the applied-pressure mea-
surements. At ambient pressure, a metamagnetic pro-
cess takes place at ∼ 7 kOe followed by a significant
increase in magnetization, which is then followed by a
hysteretic behaviour. Magnetization smoothly increases
in the high magnetic field range without reaching the sat-
uration. At 50 kOe the magnetization reaches ∼ 7µB/Dy
which is significantly lower than the theoretical satura-
tion magnetization moment (gJ= 10µB) for Dy3+ ion.
On the other hand, the magnetic hysteresis is rather
large and substantial coercitivity and remanent magne-
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FIG. 9. (Color online) Magnetization isotherms of Dy5Si3Ge
measured at 5 K at selected pressures.

tization values (∼ 7 kOe and ∼ 100 emu/g, respectively)
are found. It may be mentioned that, in general, the
magnetic R5T4 materials with a large anisotropy show
considerable hysteresis and possess large value of coerci-
tivity and remanence21. It is worth noting that some dis-
crepancies in the shape of M(H) curves compared to pre-
vious results are related to texture that is always present
in the as-solidified alloys21. In our sample the magnetic
field was likely applied along a direction close to hard
magnetization direction and the sample is not saturated
at 50 kOe. This is clearly observed both in the slope of
the magnetization at high fields and in the low value of
the magnetic moment compared to the expected for the
Dy3+ ion and the obtained by Nirmala et al.21. More-
over, a canted ferromagnetic structure as is commonly
observed in R5T4 compounds can also contribute to the
low magnetic moment obtained.

A pressure of 1.5 kbar shifts the metamagnetic transi-
tion to higher magnetic fields ∼ 8.5 kOe (∼ 20 % higher
than the ambient pressure value) whereas the magnetiza-
tion reaches ∼ 5.6µB/Dy at 50 kOe ( ∼ 15 % lower than
the ambient pressure value). On the other hand, coerci-
tivity and remanent magnetization values are ∼ 8.5 kOe
and ∼ 90 emu/g, respectively. It is worth noting that
this behaviour remains essentially unchanged at higher
pressures, so the changes induced by pressure at 5 K are
already accomplished at 1.5 kbar.

Figure 10 (a) displays the measurements carried out
in the vicinity of Tt at 50 K, whereas Fig 10 (b) shows
the isotherms in the vicinity of TC at 75 K. At T =
50 K (close to the structural transition and 20 K lower
than TC), the ambient pressure magnetization shows a
fast increase at low fields (up to ∼ 8 kOe) associated
with the displacement of the domain walls, a typical be-
haviour for ferromagnets. After that, the magnetization
smoothly increases with the magnetic field. At higher
fields (above 30 kOe) it shows little tendency toward
saturation, reaching ∼ 6µB/Dy at the maximum field
(50 kOe). Figure 10 (a) evidences a substantial change
in the magnitude of the magnetization at low pressure,
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FIG. 10. (Color online) Magnetization isotherms of Dy5Si3Ge
measured at selected pressures and temperatures in the vicin-
ity of structural transition and magnetic ordering: (a) at 50
K and (b) at 75 K.

whereas the shape remains unaffected when pressure in-
creases up to 1.5 kbar. For higher pressures the magneti-
zation remains unaffected. At 50 kOe the magnetization
value changes from ∼ 30µB/F.U at ambient pressure to
∼ 26µB/F.U at the maximum pressure (10 kbar) which
is equivalent to a significant decrease of ∼ 15 %.

At T = 75 K (well above Tt, close to TC and be-
low TN ) the ambient pressure isotherm shows a mod-
erate increase at low fields (up to ∼ 5 kOe) associated
with the displacement of the domain walls [Fig. 10(b)].
With a further increase of the field the magnetization in-
creases rather slowly and shows a broad metamagnetic-
like transition in the field range of 25-30 kOe, which
is followed by a hysteretic behaviour associated to the
structural transition18. A significant change in the shape
of the magnetization is observed when pressure increases
up to 4 kbar. The application of 4 kbar suppresses the
metamagnetic-like transition and the increase of the mag-
netization at low fields is more rapid. The magnetiza-
tion value at the maximum field however, remains unaf-
fected. Upon further increasing of the pressure, a signif-
icant increase of the magnetization is observed (almost
9 % higher than the ambient-pressure value at the max-
imum field). This enhancement of the magnetization is
more pronounced in the magnetic fields below 10 kOe,
where the high-pressure isotherm exhibits a more rapid
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tendency toward saturation.
The behaviour observed in the isotherms is very com-

plex and difficult to explain considering the high number
of parameters present in these measurements. As the
magnetic field and hydrostatic pressure are applied we
are changing the magnetization in each crystallographic
phase (M and O(I)) and simultaneously transforming the
M phase into the O(I) phase favoured by both H and
P. Therefore, the magnetization isotherms are a result
of the interplay between the different magnetocrystalline
anisotropies of the M and O(I) phases and the transfor-
mation of the M phase into the O(I) phase. From our
magnetization measurements it is clear that at 5 K and
1.5 kbar the M phase has been completely transformed
into the O(I) phase as no changes are present in the mag-
netization isotherms above that pressure. The reduction
in the magnetization observed can be attributed to a
higher magnetocrystalline anisotropy of the O(I) phase.
For higher temperatures, higher pressures are needed to
transform the M phase into the O(I) and close to the
Curie temperature the maximum applied pressure is not
high enough to completely transform the M into the O(I)
phase, and a more complex behaviour with magnetic field
is observed. For a complete understanding of the ef-
fect of the hydrostatic pressure on the magnetocrystalline
anisotropy and the phase transformation, measurements
of a single crystalline sample are needed.

IV. CONCLUSIONS

An extensive study of the effects of the hydrostatic
pressure and magnetic field on the structural and mag-
netic phases of the Dy5Si3Ge compound has been per-
formed. From our measurements the magnetic and struc-
tural phase diagrams as a function of the magnetic field
and the hydrostatic pressure have been constructed. The
experimental measurements demonstrate that the O(I)

ferromagnetic phase is favoured by applying H and P,
while the M -AFM and M -FM regions disappear. A mag-
netic field of 10 kOe induces the coupling of the second-
order FM transition with the low-temperature first-order
structural phase change. At lower magnetic fields, such a
coupling is induced by hydrostatic pressure ( ∼ 4 kbar).

The thermal dependence of the magnetization at dif-
ferent H and P has been explained as coexistence of both
M and O(I) phases. Moreover, a complete study of the
dependence of the Griffiths-like phase with hydrostatic
pressure has been carried out for the first time. The
Griffiths-like phase persists at pressures up to 10 kbar.
The value of T∗, associated with the onset of short-range
FM correlations, increases linearly with pressure at a rate
of dT∗/dP ∼ +0.16 K/kbar, in agreement with the re-
ported behaviour on R5(SixGe1−x)4 series (R = Gd, Tb,
Dy and Ho). This new experimental evidence may stim-
ulate the interest of theoreticians in the development of
theoretical models to explain the dependence of the Grif-
fiths phases as a function of different external parameters
such as high magnetic fields and hydrostatic pressure, in
order to get a deeper insight on the interplay between ex-
ternal stimuli and the disorder-induced exotic magnetic
behaviour of Griffiths phases.
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