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High pressure studies of the T -P phase diagrams of erbium and thulium up to 30 GPa
by using ac magnetization experiments
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The pressure dependence of the magnetic ordering temperatures for lanthanide ferromagnets Er and Tm has
been investigated in the pressure region of up to 30 GPa through ac magnetization measurements by employing
a superconducting quantum interference device. Six 4 f lanthanide ferromagnets, from Gd to Tm, commonly
have successive structural transitions starting from a hexagonal close-packed (hcp) structure under pressure.
The experiments reported here have been performed with high sensitivity to allow for a more comprehensive
discussion of the magnetostructural correlation when compared to four other 4 f ferromagnets, namely Gd, Tb,
Dy, and Ho. Our results conclude that only Er exhibits the increase in ferromagnetic ordering temperature against
initial compression among the six lanthanide ferromagnets. The ferromagnetic magnetization anomaly for Er
reduces below the detection limit before the structural transformation from Sm-type to the dhcp structures, and
that for Tm exhibits similar behavior before the structure transformation from the hcp to Sm-type structures.
However, the helimagnetic magnetization anomalies of both Er and Tm remain stable at least within the Sm-type
structure below 30 GPa.
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I. INTRODUCTION

The microscopic origin of the magnetization and the polar-
ization variables is closely related with the degrees of freedom
of the electron, charge, and spin, whereas their arrangement in
a crystal lattice is related with the volume variable. Therefore,
using stress it is possible to induce changes in the crystalline
structures (volume variable), such as a change in the atomic
distances or structural phase transitions, which modifies the
electronic states near the Fermi surface, resulting in a change
in the magnetic properties of metallic magnets. In this context,
the connection between ferromagnetism and metallicity has
been a crucial topic in solid state physics since long ago,
which could be understood by first studying how the magnetic
properties of ferromagnetic (FM) metals depend on the crystal
structure. High-pressure experiments, capable of continuous
structural manipulation over a wide range, have yielded valid
physical information on this subject.

In fact, there exist only nine ferromagnetic metals consti-
tuted by a single atomic element: the three 3d transition metals
(Fe, Co, and Ni) and the six 4 f lanthanide metals (Gd, Tb, Dy,
Ho, Er, and Tm). The ferromagnetism of 4 f lanthanide fer-
romagnets is comprehended through the consideration of the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction among
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the localized moments of the f -orbital electrons mediated by
the conduction electrons [1–3]. The spatially damped oscil-
lation of the spin polarization of conduction electrons could
originate a competition between FM and antiferromagnetic
(AFM) interactions, often leading to the formation of an in-
commensurate helimagnetic (HM) structure. Hereafter, the
magnetic transition temperatures between the FM and HM
states, as well as between the HM and paramagnetic (PM)
states, are denoted by TC and TN, respectively. Regarding 4 f
lanthanide ferromagnets, Gd is irregular and only Gd has no
TN [4]. As the atomic number increases from Tb to Tm, both
TC and TN decrease. Indeed, TC barely changes within 20 ±
5 K for Ho, Er, and Tm [4].

All 4 f lanthanide ferromagnets, from Gd to Tm, com-
monly have a hexagonal close-packed (hcp) structure at
ambient pressure and undergo a structural transformation
as the pressure increases according to the sequence; hcp
→ rhombohedral Sm-type → double-hcp (dhcp) → face-
centered cubic (fcc) → trigonal structure, as shown in Fig. 1
[5–7]. For example, for the alkali metals Li, Na, K, Rb, and
Cs, the body-centered cubic (bcc) structure with a filling fac-
tor of 68% changes to an fcc structure with a filling factor
of 74%, leading to an hcp structure with the same filling
factor of 74% [8]. The stacking of the hexagonal layers in fcc
and hcp structures are ABC(A) and AB(A), respectively. In
contrast, the 4 f lanthanide ferromagnets display the opposite
trend. They possess more complicated rhombohedral Sm-type
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FIG. 1. Change in the crystal structure of 4 f lanthanide ferro-
magnets under pressure [11]. The pressure region of each crystal
structure refers to the experimental results at ambient temperature
[7]. For reference, the black triangle in Gd-Ho represents the pressure
above which the magnetic signal observed by the SQUID magne-
tometers becomes lower than the measurement noise level [11].

and dhcp structures between hcp and fcc structures as seen in
Fig. 1. Moreover, there is a distinct difference in the stacking
direction of hexagonal layers between dhcp and fcc structures.
Indeed, Sm has an Sm-type structure at ambient pressure
and exhibits complex properties [9], which change when the
crystal structure is modified under pressure [10]. Thus, it is
important to investigate the magnetic properties of the series
of lanthanides Gd–Tm during the structural transformation
from hcp → Sm-type → dhcp → fcc.

The magnetic properties evolution with structural trans-
formations for the six 4 f FM metals were investigated by
magnetic measurements (Gd–Ho [11–13], Gd [14], and Gd–
Tm [15]), electrical resistance measurements (Gd [16–18],
Tb [18–20], Dy [17,18,21], and Er [22,23]), neutron diffrac-
tion (Gd [24], Tb [19,25–27], Dy [28,29], and Ho [30,31]),
Mössbauer spectroscopy (Dy [32]), and x-ray absorption near
the edge structure (Dy [32]).

Magnetic measurements mainly are dominated by the
magnetic moments of the localized 4 f electrons, whereas
resistivity measurements detect the transport properties of
the conduction electrons correlated with the localized 4 f
electrons. Thus, resistivity measurements have been suc-
cessfully conducted at pressures much higher than those
employed in magnetic measurements because the accuracy
of the measurements can be maintained with successful elec-
trode construction.

However, we aimed to perform the magnetic measurements
at high pressure. A detailed history of the magnetic mea-
surements at high pressure is provided in Ref. [11]. Figure 1
illustrates an overview on the structural phase transition for
Gd–Tm [5–7] and provides information on the critical pres-
sure above which the magnetic signal for Gd–Ho cannot be
detected in conventional magnetometry experiments: (i) ac
magnetic susceptibility by the electromagnetic induction-type
ac method using a high-frequency ac field (Gd–Ho [15]), (ii)
both dc magnetization (Gd [14], Gd–Ho [13]) and (iii) ac
magnetization using a commercial superconducting quantum
interference device (SQUID) magnetometer and a miniature

DAC (Gd–Ho [11]), and (iv) dc magnetization by vibrating
coil magnetometer methods using SQUID (Ho [11]).

Lanthanide ferromagnets Gd–Tm exhibits systematic
structure transformation under pressure as mentioned above.
Comprehensive understanding of the magnetostructural cor-
relation in a series of six 4 f FM metals Gd–Tm is very
important to discuss the connection between ferromagnetism
and metallicity. Given this background, the only available
experimental data for Er and Tm are on ac magnetic suscepti-
bility (Er [15], Tm [15]) and electrical resistivity (Er [22,23]),
and there have been no reports on more reliable magnetization
using a SQUID. Thus, in the present study, to comprehend the
universal trend in the pressure effects on six 4 f FM metals,
the ac magnetization under pressure for Er and Tm has been
measured using a SQUID magnetometer, which corresponds
to the type (iii) measurement mentioned above.

II. METHODS

Polycrystalline samples of Er and Tm metals with a high
purity (99.9%) were purchased from Nippon Yttrium Co.,
Ltd. In the high-pressure experiments some fragments with
a volume of less than 0.1 × 0.1 × 0.1mm3 were employed.

A contraction corresponding to a stress of up to 30 GPa was
achieved using an improved miniature CuBe DAC consisting
of two diamond anvils with 0.5 mm diameter flat tips and
a 0.25 mm thick Re gasket. The gasket was prepressed to
apply pressure of above 20 GPa efficiently prior to inserting
the sample into the sample chamber, so that the thickness
was reduced down to below 0.15 mm. The original minia-
ture DAC with the outer diameter of 8.5 mm was presented
in Refs. [33,34]. In this experiment, diamond anvils of the
Almax type with a culet of 0.5 mm were used. Apiezon-J oil
(M&I Materials Limited), a liquidlike pressure-transmitting
medium, was confined along with the small pieces of Er or
Tm metal in the sample chamber. Because the space around
the diamond anvils in the miniature DAC is too small to
fill several pieces of metallic sample and a volatile pressure
transmitting medium into the sample chamber, nonvolatile
Apiezon-J oil with proper viscosity is suitable as the pressure
transmitting medium to fill the sample chamber. The freezing
point of the Apiezon-J oil at ambient pressure is 272 K. It is
supposed that when we applied pressure of above 1 GPa at
ambient temperature, the Apiezon-J oil would be solidified.
The Apiezon-J oil with good thermal conductivity had often
been used as pressure-transmitting medium in the heat capac-
ity measurements [35,36] as well as magmetic measurements
[36–38]. It was also used in the previous ac magnetization
measurements for four lanthanide ferromagnets Gd–Ho [11].
The pressure at room temperature was evaluated by measuring
the fluorescence of ruby [39] in the sample chamber.

The change in magnetization against the ac magnetic field
was measured as the ac magnetization Mac using a commercial
SQUID magnetometer equipped with an ac source. Thus, the
amplitude of Hac was fixed at 3.9 Oe, and the frequency was
selected to be low frequency as either 3 or 10 Hz. In the data
analysis, the Mac signal was divided into the in-phase m′ and
out-of-phase m′′ components by Fourier transform. The m′ at
ambient pressure for polycrystalline Er and Tm was shown
in Fig. 2, where there are the data for the frequency of 3 and
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FIG. 2. T dependence of m′ for Er (110.6 mg) and Tm (91.0 mg)
polycrystalline samples. The ac magnetization was measured under
an ac field with two frequency values of 3 and 10 Hz and an am-
plitude of 3.86 Oe using a commercial SQUID magnetometer. Two
phase-transition temperatures, TC and TN, are marked with arrows.
The broken lines help recognize the anomalies concerning TN.

10 Hz. Between the results at two frequencies, there is quanti-
tatively no meaningful difference. These accurate experiments
enable to properly distinguish the two magnetic transitions
from the background in a well-separated form. Most of the
Mac background signal in the pressure experiments using
the miniature DAC originates from the eddy current of the
CuBe metal, which is the main material of DAC. Therefore
with increasing the frequency of Hac, the intensity of back-
ground signal increases and broad humps appear over a wider
temperature range. Indeed, most of the metallic background
contributions appeared in m′′ (out of phase for Hac), while
the magnetic signal of Er and Tm mainly appeared in m′ (in
phase for Hac) [37,40–47]. Even if utilizing favorable phase
separation, in the Mac measurement using DAC, discerning
between the two anomalies for Er and Tm is more challenging
because of small TN signal, compared to previous experiments
involving Gd–Ho [11].

The temperature (T ) dependence of the background signal
can slightly change through high-pressure experiments, be-
cause the CuBe metal was partially compressed and a gasket
was deformed. We could perform the background measure-
ments prior to the measurement at the initial 0 GPa and after
that at 0 GPa after applying maximum pressure, where the T
dependence of background contribution at intermediate pres-
sures rarely needs any calibration considering smooth change.
In the next section, we will describe the background subtrac-
tion procedure for each experimental sequence.

III. EXPERIMENTAL RESULTS

A. Erbium

As seen in Fig. 2, the anomaly of TC in Er has a wide cusp,
whereas that of TN is relatively narrow. Figure 3 shows the T

FIG. 3. T dependence of m′ for Er under ac field with an ampli-
tude of 3.86 Oe and a frequency of 10 Hz in the first run covering the
P range up to 7.6 GPa (first run). The mass of Er sample, estimated
from the signal intensity, is approximately 10 µg. (a) m′ including the
background and (b) m′ after subtracting the background contribution
(�m′). In (a), the background is shown with solid colored curve, and
two types of magnetic anomalies are characterized by red and green
areas. In (b), the beige and yellow lines with accompanying shadow
arrows display the trend of change of the characteristic anomalies.

dependence of m′ at different pressures in the range 0 � P �
7.6 GPa for Er (first run). The m′-T data before background
subtraction are shown in Fig. 3(a), and those obtained after
background subtraction are depicted in Fig. 3(b). As seen
in Fig. 3(a), at P = 0 GPa, there are two broad cusps at
approximately 30 and 80 K, whose T dependences differ from
that of the broader background signal. The T dependence
of the background component varies slightly by pressuriza-
tion because of gasket deformation by pressure. As seen in
Fig. 3(b), background subtraction confirms the shapes of the
two anomalies at 30 and 80 K, which are similar to the data
in Fig. 2. As P increased, the low-T anomaly characterized
by TC shifted slightly toward the higher T , whereas the high-
T anomaly characterized by TN shifted slightly toward the
lower T . At P = 6.5 GPa, TN was estimated to be ∼65 K. At
P = 7.6 GPa, close to the P value of the structural transition
from hcp to the Sm-type structures, the detection of the TN

anomaly becomes difficult, and a careful observation of the
corresponding area enabled TN to be estimated at approxi-
mately 56 K. Moreover, for P = 7.6 GPa, there was also a
broad anomaly at ∼80 K.

Figure 4 shows the T dependence of m′ up to P = 29.5 GPa
(second run) for Er. The result at P = 0 in the second run
was consistent with that of the first run. As seen in Fig. 4(b),
at P = 11.6 GPa, which is higher than the maximum P in
the first run, TC increases to ∼35 K, and there is another
anomaly at ∼75 K. These results were qualitatively consistent
with those at the maximum pressure, P = 7.6 GPa, in the first
run. At further pressurization, P = 16.4 GPa, a broad anomaly
presented with hatching was observed, which appeared to be
composed of two anomalies at 35 and 43 K at P = 11.6 GPa.
At P = 23.4 and 29.5 GPa, the magnetic signal on the low-T
region was reduced below the measurement noise level, and
only one anomaly was observed near 70 K. The discrete
change in the TN anomaly observed for Er was phenomenolog-
ically similar to that observed for Tb [11]. The convergence of
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FIG. 4. T dependence of m′ under ac field of 10 Hz for Er of
the second run covering the P range up to 29.5 GPa (second run).
The mass of Er sample, estimated from the signal intensity, is ap-
proximately 11 µg. (a) m′ including the background and (b) m′ after
subtracting the background contribution (�m′). In (a), the back-
ground is shown with a red curve, and the two types of magnetic
anomalies are characterized by red and green areas. In (b), the beige
and yellow lines with accompanying shadow arrows display the
trend of change in the characteristic anomalies. The trend from 0
to 11.6 GPa is referred to in Fig. 3.

the TC anomaly and the low-T side of the split TN anomalies
exhibited similarities to what has been observed in Ho [11]
and later Tm.

Figure 5 shows the P dependence of the characteristic
temperatures TN and TC for Er. The disappearance of the
FM magnetization anomaly, characterized as TC, was also
observed for Gd, Tb, Dy, and Ho [11], whereas the stability
of ferromagnetism for Er was higher than that for Gd–Ho.
In contrast, the survival of the HM magnetization anomaly
near its initial TN was also observed for Tb [11]. The other
overall behaviors are consistent with previous results in the

FIG. 5. Pressure dependence of TN and TC along with the results
of previous studies by Thomas et al . [22,23] (R) and Jackson et al.
[15] (χ ). The beige and yellow lines with accompanying shadow
arrows display the trend of change in the characteristic anomalies.
The discrete change in TN has already been observed for Tb [11].

FIG. 6. T dependence of m′ under ac field of 3 Hz for Tm (first
run). (a) m′ along with the background and (b) m′ after subtracting the
background contribution (�m′). The mass of Tm sample, estimated
from the signal intensity, is approximately 30 µg. In (a), the back-
ground is shown with a colored curve, and two types of magnetic
anomalies are characterized by red and green areas. In (b), the beige
and yellow lines with accompanying shadow arrows display the trend
of change in characteristic anomalies. The temperature position for
TN at P = 0 GPa is presented by a red dotted line, and the baseline of
the vertical axis at each pressure is presented by a black dotted line.

literature (magnetic susceptibility [15], resistivity [22,23]),
except for the possibility that the high-T anomaly of the split
TN anomalies remained in the considered P range. Indeed, we
could not conclude the splitting of TN anomalies because of
insufficient accuracy. However, if a small cusp at 43 K, not
characterized as TC, at P = 11.6 GPa would be real, it could
be plotted on the line representing the trend of TN in Ref. [15].

B. Thulium

As seen in Fig. 2, both anomalies concerning TC and TN

for Tm are well separated, with prominent valleys being the
former, sharper than the latter. For Tm, the T dependence of
m′ under pressure was measured along three runs. Figure 6
shows the T dependence of m′ for Tm in the first run for
P � 26.9 GPa. The m′-T data before and after background
subtraction are shown in Figs. 6(a) and 6(b), respectively.
As seen in Fig. 6(a), at P = 0 GPa, there are two broad
peaks at approximately 15 and 50 K. At P = 7.5 GPa, both
anomalies shift toward lower T , keeping almost the same
difference of 30–35 K. This behavior was confirmed in the
data after background subtraction, as shown in Fig. 6(b). Upon
further pressurization to P = 15.3, 21.9, and 26.9 GPa, only
one anomaly remained at ∼15 K. This phenomenon was also
observed at P = 28.6 GPa in the second run, as shown in
Fig. 7. By omitting the measurements near 10–20 GPa, the
pressure near 30 GPa can be achieved with high possibility.
The results of the first and second runs suggest that the TC

anomaly might remain at ∼15 K and the TN anomaly would
disappear near P = 10 GPa. However, this assumption was
rejected in the third run of the experiments.

Figure 8 shows the T dependence of m′ in the third run,
where the P region compensates for the region between 7.5
and 15.3 GPa in the first run. Figures 8(a) and 8(b) show
the data before and after background subtraction, respectively.
The figures show that the TN anomaly shifted toward the lower
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FIG. 7. T dependence of m′ and �m′ under ac field of 3 Hz for
Tm (second run). Two types of magnetic anomalies are characterized
by red and green areas. The mass of Tm sample, estimated from the
signal intensity, is approximately 40 µg. In (b), the baseline of the
vertical axis at each pressure is presented by a black dotted line.

T , increasing the magnitude of m′. This result indicates that
the TC anomaly disappeared at P = 10.0 GPa, whereas the
TN anomaly at P = 14.2 GPa remained at a temperature of
∼15 K.

Figure 9 shows the P dependence of the characteristic
temperatures, such as TN and TC for Tm, and the series
of data is consistent with previous results in the literature
(magnetic susceptibility [15]). If the measurements were re-
stricted to below 20 K, we would recognize that TC for Tm

FIG. 8. T dependence of m′ under ac field of 3 Hz for Tm (third
run). (a) m′ along with the background and (b) m′ after subtracting
the background contribution (�m′). The mass of the Tm sample,
estimated from the signal intensity, is approximately 18 µg. In (a),
the background is shown solid colored, and the two types of mag-
netic anomalies are characterized by red and green areas. In (b), the
baseline of the vertical axis at each pressure is presented by a black
dotted line. In (a) and (b), the trend of change in the characteristic
anomaly concerning TN is displayed by a yellow line with a shadow.

FIG. 9. TN and TC along with the results of a previous study by
Jackson et al. [15]. The beige and yellow lines with accompanying
shadow arrows display the trend of change in the characteristic
anomalies. The obtained pressure response is similar to that for Ho
[11].

hardly changes under pressure. However, the measurement
for the temperatures down to 5 K revealed that the FM
magnetization anomaly for Tm disappears, shifting toward the
low temperature side, contrary to the disappearance of the FM
magnetization anomaly shifting toward the high temperature
side for Er. According to recent neutron diffraction studies
of Ho at P = 8 GPa, the FM order disappears and the HM
order remains until low temperatures [31]. This instability
of the FM order under pressure is a common feature for the
FM lanthanides, including Gd, Tb, Dy, Ho, Er, and Tm [11].
The survival of the HM magnetization anomaly for Tm was
also observed, similarly to Er. However, the P dependence of
TN, as observed, exhibited similarities to that of Ho with the
transformation from the FM order into the HM order at low
temperatures, as reported in a recent study [31].

IV. DISCUSSION

The magnetic structure of Tm was investigated approxi-
mately 60 years ago. It was reported that the magnetic ordered
state below TC was ferrimagnetic based on a magnetic unit cell
of the up-up-down-down structure [48]. Here we deduce that
the FM ordering of Tm has been shown to be unstable under
pressure, as depicted in Fig. 9. On the contrary, it is noted that
only TC for Er exhibits the increase against initial compression
among the six lanthanide ferromagnets Gd–Tm and it survives
in the P region up to 17 GPa.

Figure 10 shows an overview of the stability of both the
HM and FM orders in the lanthanide FM metals Gd, Tb,
Dy, Ho, Er, and Tm from the viewpoint of magnetostructural
correlation. Here, the measurement limit of magnetization
has been determined by the measurement accuracy of the
SQUID magnetometer. The Gd–Ho results using the SQUID
magnetometer have been published elsewhere [11]. Generally,
for all six elements, the FM magnetization anomaly finally
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FIG. 10. Magnetostructural correlation of a series of lanthanide
FM metals at pressures up to 30 GPa. The results for Gd-Ho have
already been reported [11]. Herein, the results of Er and Tm are
included. The light blue and green bars represent the P region, in
which the FM and HM signals observed by the SQUID magnetome-
ters become higher than the measurement noise.

disappears at high pressures; (i) FM magnetization anomaly
in Tb, Dy, and Ho becomes unstable at a critical pressure at
which the transition from hcp to Sm-type structures occurs;
(ii) the FM magnetization anomaly in Gd and Er remains
for the Sm-type structure and disappears near or before the
structural transformation to the dhcp structure; and (iii) the
FM magnetization anomaly of Tm is the most unstable among

the six elements and disappears below the boundary between
the hcp and the Sm-type structures.

Regarding the HM magnetization anomaly, the disappear-
ance of the corresponding magnetic signal for Tb and Ho
are observed along with the structural transformation from
the Sm-type to the dhcp structure. The HM order of Er and
Tm appears to be more stable than that of Tb and Ho. The
HM order of Dy is the most unstable and the corresponding
magnetization anomaly disappears along with the FM order.
Generally, as the number of 4 f electrons increases, the stabil-
ity of the HM order against contraction tends to increase.

As mentioned above, the pressure dependences of TC and
TN for the six 4 f lanthanide ferromagnets Gd–Tm do not show
a consistent behavior, and strictly depend on the element.
However, careful observation of the common trend allows the
categorization of the P dependence of TC and TN into three
categories as shown in Fig. 11: (i) Gd and Dy, (ii) Tb and
Er, and (iii) Ho and Tm. In the first category (i) for Gd and
Dy, both TC and TN exhibit a linear decrease as a function of
pressure. Beyond the critical pressure related to the structural
transition, the magnetic anomalies at TC and TN disappear. The
second category (ii) for Tb and Er shows that TN undergoes a
discretelike change associated with structural transformation.
Subsequently, the TN anomaly persists near the initial T region
even after the TC anomaly has disappeared. In the third cate-
gory (iii) for Ho and Tm, TN approaches TC, and TN remains
close to the initial TC value after the disappearance of the TC

anomaly.

FIG. 11. Categorized figure of the P dependence of TC and TN, determined by the SQUID magnetometers, for six lanthanide FM metals.
The results for Gd, Tb, Dy, and Ho are shown in Refs. [11,31]. The results of TN for Ho at 12.7 and 16.0 GPa were reconsidered as meaningful
data in the present study [11]. For Ho, the results by neutron diffraction are also plotted as the reference data [30,31]. Beige and yellow curves
with shadows express the trends of TC and TN, respectively. The P dependences of TC and TN are categorized into three categories, namely (i)
Gd and Dy, (ii) Tb and Er, and (iii) Ho and Tm.
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Indeed, in order to investigate the magnetic structure and
conclude whether the FM and HM order survive or not un-
der pressure, the neutron diffraction experiments with high
accuracy are required. There have already been many pio-
neering reports of neutron diffraction in Gd [24], Tb [19,25–
27], Dy [28,29], and Ho [30,31]. In the future, as more
careful experiments, the neutron diffraction experiments for
a wider d-spacing region and using a higher energy source
under better hydrostatic-pressure conditions are desirable. In-
deed, the high-pressure XRD analyses at low temperatures
are also necessary to conduct reliable analyses of magnetic
structures. Finally, the results of magnetization measurement,
low-temperature XRD analyses, and neutron diffraction are
needed to be discussed along with the results of electri-
cal resistance measurements (Gd [16–18], Tb [18–20], Dy
[17,18,21], and Er [22,23]).

The density of state near the Fermi energy level is the
crucial factor to determine the magnetic interaction of metallic
ferromagnets [49]. Thus, to discuss the aforementioned phe-
nomena in detail, it is imperative to perform electronic state
determinations using first-principles calculations under pres-
sure and the subsequent calculations of the RKKY interaction.
In addition, electronic state calculations when considering
the spin contribution are required, and these are challenging
tasks. Finally, let us mention the present status for Gd. Ex-
perimentally, for Gd, the FM magnetization anomaly remains
in the hcp and Sm-type structure, whereas the intensity of
magnetization decreases after the structural phase transforma-
tion from hcp and Sm-type structure [11,13,14]. Recently, for
Gd, the pioneering study of DFT has been reported, and it is

suggested that the Sm-type and dhcp structures favor the AFM
interaction consistently with the experimental results [50].

V. CONCLUSION

To conclude, the Sm-type structure stabilized under pres-
sure in both Er and Tm did not favor the FM order, whereas it
allowed the existence of the TN anomaly. In both Er and Tm,
the HM order survives in the pressure region up to 30 GPa.
The FM state of Er is the most stable from among Gd–Tm,
and only Er exhibits the increase in TC in the P region up
to approximately 17 GPa. For P > 20 GPa, TC cannot be
determined experimentally for all metals mentioned herein.
The pressure dependences of TC and TN for the six lanthanide
ferromagnets were categorized into three divisions: (i) Gd
and Dy, (ii) Tb and Er, and (iii) Ho and Tm. In future work,
electronic state calculations using first-principles calculations
along with the high-pressure XRD analyses at low tempera-
tures are necessary to elucidate the common features of each
category.
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