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Enhanced magnetic ordering in the heavy lanthanide Er metal under megabar pressures
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Four-point electrical resistivity measurements were carried out on erbium (Er) metal and dilute magnetic
alloy containing 0.5 at.% Er in superconducting Y for temperatures 3.5-295 K under pressures to 183 GPa in
a diamond anvil cell. The magnetic ordering temperature 7, of Er appears to rise rapidly above 80 GPa. Y(Er)
alloys display giant superconducting pair breaking A7, per atomic percent as large as 19 K/at.% Er. The present
results give evidence that, for pressures above 80 GPa, the exchange coupling J between Er ions and conduction
electrons becomes negative, thus activating Kondo physics in this highly correlated electron system. We suggest
that these anomalously high magnetic ordering temperatures are an unrecognized feature of the Kondo lattice
state, providing another perspective for designing magnetic materials with high ordering temperature.
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I. INTRODUCTION

Lanthanide elements are of particular interest from a fun-
damental perspective. Their partially filled 4 f orbital leads to
their complex crystal and electronic structures, hence yielding
rich phase diagrams and unique properties. Tuning elemental
lanthanide metals by pressure can reveal the intrinsic na-
ture of a 4f electron without introducing chemical disorder.
When compressed under extreme pressures, lanthanide sys-
tems could possibly enter a regime with magnetic instabilities,
exhibiting many fascinating phenomena, such as Kondo lat-
tice behavior [1], anomalous magnetism [2,3], unconventional
superconductivity [4,5], and quantum criticality [6].

In lanthanide systems near a magnetic instability, the
Doniach phase diagram [7-9] describes the competition
between the Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action and Kondo spin screening, governed by the negative
exchange coupling J between magnetic ions and conduction
electrons, as illustrated in Fig. 1. In such a Kondo lattice
system, the magnetic ordering temperature (7;) is predicted to
increase initially with the magnitude of |J|, reach a maximum,
and then decrease toward 0 K, marking a quantum critical
point. Extensive attention has been devoted to investigating
the vicinity of the quantum critical point [6,10], but it is
crucial to recognize that other regions of the phase diagram
may reveal unforeseen and fascinating physical phenomena
[2,3].

Recently, Song et al. reported that 7;, for Nd metal begins
to steeply increase above 30 GPa and passes through a maxi-
mum (~180 K) near 70 GPa, before falling towards 0 K near
150 GPa [2], showing a whole Doniach phase diagram. In the
same pressure range (P > 30 GPa), dilute Nd ions alloyed in
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superconducting yttrium (Y) induce a remarkable Kondo-like
pair-breaking phenomenon. This observation implies that the
unusual rise in the magnetic ordering temperature 7;, in Nd
metal may share a common origin. Specifically, it is attributed
to the activation of Kondo correlations as Nd approaches a
magnetic instability, resulting in a negative exchange coupling
J[2].

As one of heavy lanthanides, trivalent Er adopts hcp struc-
ture with a 4f'! electron configuration at ambient pressure.
The magnetic transitions and complex magnetic structures,
arising from the localized 4 f orbital, have been the focus of
numerous investigations. A variety of techniques, including
elastic neutron scattering [11-15], synchrotron x-ray scatter-
ing [16], electrical resistivity [17,18], magnetization [18,19],
heat capacity [20,21], and magnetostriction [22-24], have
confirmed antiferromagnetism (AFM) below 80 K and fer-
romagnetism (FM) below 20 K in Er. The equation of state
and the following structural phase transitions in Er have been
determined to pressures as high as 151 GPa at ambient tem-
perature [25]. The structural transitions have been established:
hep to Sm type at 9 GPa, to dhcp at 29 GPa, to hR24 at 58 GPa,
and to monoclinic C2/m at 118 GPa. This sequence, shown at
the top of Fig. 3, is typical of trivalent lanthanide metals and
results from the increased d character in the conduction band
under pressure [26].

Previous studies on magnetism of Er have been limited
to pressures below 20 GPa. Neutron diffraction studies indi-
cated a complete suppression of FM below 2 GPa [27-29].
Electrical resistivity measurements showed that the AFM
transition temperature decreases with pressure, with a slope
of approximately —3 K/GPa below 10 GPa [30,31]. Magnetic
susceptibility measurements confirmed that the AFM transi-
tion persists up to at least 20 GPa [32,33]. However, due to the
limited resolution of ac magnetic susceptibility experiments,
the behavior of the AFM transition above 20 GPa re-
mains unclear [33]. The pressure-induced decline in magnetic
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FIG. 1. Magnetic ordering temperature 7, vs absolute value of
negative exchange parameter J according to the Kondo lattice model
[7]. The competition between RKKY interaction (Tzgxy o< J2) and
Kondo effect (Tx o< e'//N®r)) Jeads to anomalous enhancement and
quenching of T,,.

ordering temperature is commonly attributed to a reduction in
the electronic density of states at the Fermi level N(EFr) as a
result of volume compression [3,33].

In this paper, we present the results of temperature-
dependent dc electrical resistivity measurements conducted
on Er to pressures as high as 166 GPa. Remarkably, as the ap-
plied pressure surpasses approximately 80 GPa, T;, undergoes
a significant increase. These findings, along with the giant pair
breaking effect in the dilute magnetic alloys Y(0.5 at.% Er),
suggest that Er enters into an unconventional magnetic state
with an anomalously high magnetic ordering temperature un-
der extreme pressure, distinct from conventional de Gennes
scaling.

II. EXPERIMENTAL METHODS

Er samples for the high-pressure resistivity measurements
were cut from a polycrystalline Er ingot. The dilute mag-
netic alloys of Y(Er) were made by argon arc-melting small
amounts of Er with Y in argon (both Er and Y 99.9% pure,
polycrystalline, Alfa Aesar). Following the initial melt, the
sample was turned over and remelted several times to en-
hance homogeneity. The Er concentration in the bulk sample,
as measured by inductively coupled plasma-atomic emission
spectrometry (ICP-AES), was determined to be 0.508 at.%
with an uncertainty of 0.004 at.%.

To generate pressures well beyond a megabar pressure,
a diamond anvil cell (DAC) made of CuBe alloy was used.
Five separate high-pressure experiments on Er or Y(Er) were
carried out. In runs 1 and 2 pressure was generated by two
opposing diamond anvils with 0.30 mm diameter culets. The
stainless steel (T301) gasket (250 um thick) was preindented
to 50 um and a 200 um diameter hole drilled through the
center of the preindentation area. CBN-epoxy mixture was

used as insulation material. A hole of 100 um diameter was
drilled and NaCl was filled as a pressure medium. Four gold
strips were then placed on the insulation layer, acting as the
electrical leads for the four-point resistivity measurement. The
Er sample with dimensions 50 x 50 x 5 um? was then placed
on the gold strips. In experimental run 3 on elemental Er and
in our measurements of Y(Er) alloy, the anvils had 0.10 mm
diameter culets beveled to 0.30 mm diameter. The stain-
less steel (T301) gasket (250 wm thick) was preindented to
30 um and a 250 wm diameter hole was laser-drilled through
the center of the preindentation area. Al,O3-epoxy mixture
was used as insulation material. A hole of 50 um diameter
was drilled and NaCl was filled as a pressure medium. The
inner Au/Ti electrodes were sputtered on the anvil culet with a
thickness of 0.5 um. The Er or Y(Er) sample with dimensions
15 x 15 x 1 um? was then placed on the deposited gold leads,
as shown in the inset of Fig. 3. Further details of the high-
pressure resistivity techniques can be found elsewhere [2,34].
Pressure was determined by ruby fluorescence [35] in runs 1
and 2 and diamond Raman shift [36] in run 3 and Y(Er). The
values of the pressures given are averaged over the sample to
an estimated accuracy of +5%.

High-pressure x-ray absorption near-edge spectroscopy
(XANES) experiments on Er’s L3 edge (8.358 keV) used
transmission geometry at beam line BL15U1 of Shanghai
Synchrotron Radiation Facility (SSRF). Anvils with 80 wm
culet diameter beveled to 300 wm and stainless steel (T301)
gaskets were used. A piece of Er sample was flattened to
approximately 5 um in thickness and cut to a size of ~30 x 30
um?. Compressed neon (Ne) gas was used as the pressure
medium and ruby spheres were placed next to the sample for
pressure calibration. When the ruby fluorescence diminished,
the diamond Raman shift was used for pressure calibration.
The XANES measurements at ambient temperature show that
Er remains firmly trivalent to at least 123 GPa.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The temperature-dependent resistance R(7) of Er was
measured in three separate experimental runs. Runs 1, 2, and
3 were successfully conducted up to pressures of 20 GPa,
59 GPa, and 166 GPa, respectively. In Fig. 2, R(T) is il-
lustrated over the temperature range of 3.5-295 K and the
pressure range of 0-166 GPa. Note that no indications of
superconductivity were observed in any of the measurements.
Referring to Fig. 2, the initial decrease in R(T) on cooling
from room temperature is moderate, followed by a sharp
increase in slope dR/dT marked by an anomaly or knee,
signaling a reduction in the spin-disorder scattering R,; as
magnetic ordering sets in. Here, the magnetic ordering tem-
perature 7, is defined as the temperature where two straight
red tangent lines intersect, as illustrated at 59 GPa in run2 and
at 102 GPa in run3 in Fig. 2. At some pressures in run2, such
as 0.5, 3.1, 5,1, and 7.5 GPa, the increase of resistance with
decreasing temperature near 7, is attributed to critical spin
fluctuation [31,37]. Fortunately, the transition remains sharp
up to the highest pressure 166 GPa in this study, unlike the
broadening observed in other trivalent lanthanides such as Nd,
Dy, Gd, Tb, and Sm, which have been studied under similar
conditions in previous research [2,3,38,39].

125117-2



ENHANCED MAGNETIC ORDERING IN THE HEAVY ...

PHYSICAL REVIEW B 111, 125117 (2025)

(@) 80 T

70

60

R (mQ)

0 50 100 150 200 250 300

T(K)
(b) 350 T T
[ Er (run3) 157_]
300 F

250 F

200 |

R (mQ)

150 |

100

0 50 100 150 200 250 300
T (K)

FIG. 2. Resistance of Er from run 2 (a) and run 3 (b) versus
temperature to 295 K at various pressures. Data are shifted vertically
for clarity; the shift-up values at each pressure are as follows: (a) 0,
6, 8, 10, 11, 13, 13, 14, 13, 13, 11, 11, and 13 m at 0.5, 3.1, 5.1,
7.5, 10, 12, 16, 19, 23, 28, 38, 42, and 59 GPa, respectively; (b) 0, 0,
0, 0, 0, —20, 20, 40, 60, 80, 100, 120, 140, and 160 mS2 at 1.2, 6.0,
20, 55, 79, 102, 108, 117, 126, 134, 143, 152, 157, and 166 GPa,
respectively. The magnetic ordering temperature 7, is determined
by the intersection point of two straight lines, while the upper and
lower error bars for 7, are determined by the tangent points where
the straight lines touch the R(T") curve, as illustrated at 59 GPa in
panel (a) and at 102 GPa in panel (b).

Referring to Fig. 3, the pressure dependence 7,(P) for Er
decreases monotonically below 20 GPa, agreeing reasonably
both with earlier magnetic susceptibility measurements of
Jackson et al. [33] to 20 GPa and with very recent resistivity
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FIG. 3. Magnetic ordering temperature 7, of Er versus pressure.
Earlier studies in (x) symbols: Jackson e? al. [33], and present resis-
tivity measurements in solid symbols: run 1 (red), run 2 (blue), and
run 3 (black). The extended solid line through data points is a guide
to the eye. The inset shows an image of Er sample resting on four
deposited Au leads in run 3 to illustrate the Van de Paw configuration
for measuring R(T). Crystal structures at top of graph are for Er [25].

studies of Thomas e al. [31] to 10 GPa. The pressure de-
pendence T,(P) to 80 GPa exhibits a nonmonotonic behavior,
passing through a maximum near 40 GPa, gradually decreas-
ing to ~20 K near 80 GPa. For a conventional lanthanide
metal with a stable magnetic moment, the magnetic ordering
temperature 7, is expected to scale with the de Gennes fac-
tor (g — 1)?J,(J; + 1), modulated by the prefactor J?N(Ep),
where J represents the exchange interaction between the 4 f
ions and conduction electrons, N(EF) is the density of states
at the Fermi energy, g is the Landé g factor, and J; is the
total angular momentum quantum number [33,40]. Since the
de Gennes factor remains constant under pressure, unless
the magnetic state becomes unstable or a valence transition
occurs, the strikingly similar nonmonotonic pressure depen-
dencies of 7, for Er up to 80 GPa, Tb up to 80 GPa [38], Dy
up to 70 GPa [3], and Gd up to 60 GPa [3] likely originate
from the pressure dependence of the prefactor J2N(Er). This
behavior is facilitated by a series of nearly identical structural
phase transitions observed in Er [25], Tb [41], Dy [42], and
Gd [43] under pressure.

Intriguingly, 7,(P) experiences a sharp upward shift to
171 K at 166 GPa (see again in Fig. 3), suggesting an instabil-
ity in Er’s magnetic state emerges and Er shows anomalous
magnetism. In contrast, no such magnetic instabilities are
observed in Gd, even under extreme pressures [3], because
the local magnetic state of Gd, with its half-filled 4 f7 orbital,
is the most stable among all elements, with the 4 f7 level
lying ~9 eV below the Fermi level [44]. A similar pronounced
upward shift of the anomaly in R(T") was also found in Dy for
P > 70 GPa [3]. Recent synchrotron Mdssbauer spectroscopy
(SMS) studies conducted on Dy up to 141 GPa support that
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the anomaly in Dy’s R(T') at T, indeed arises from magnetic
ordering [45].

In general, the exchange coupling J = J, + J_ between a
magnetic ion and the conduction electrons includes both the
conventional positive exchange interaction J, [46] and the
negative covalent mixing exchange J_ [47]. For a lanthanide,
the negative covalent-mixing exchange component J_ could
be determined by J_ o« —|V,s|?/E,y, where V,; is the mix-
ing matrix element and E,, is the 4f-electron stabilization
energy (E. = Ep — E4pn for Er’t) [47]. As for the majority
of lanthanides at low pressure, the positive exchange domi-
nates, resulting in a positive J, and 7, follows conventional
de Gennes scaling [33]. An example of this behavior is seen
in the pressure dependence T,(P) for Er below 80 GPa when
compared to other heavy lanthanide metals [33]. However,
as the ions magnetic state is pushed toward an instability
by applying sufficiently high pressure, E,, approaches zero
and/or V;; increases, and thus the covalent-mixing exchange
may become dominant, leading to a negative J, whereby the
Kondo screening effect strongly competes with the RKKY
interactions between ions. Then, the Doniach phase diagram
(see Fig. 1) is invoked to illustrate the competition between
the RKKY interaction and the Kondo interaction as a function
of the total exchange coupling J between magnetic ions and
conduction electrons (J = J; + J_ < 0). Initially, |J]| is small,
the RKKY interaction dominates, and 7, follows Trgxxy. As
|J| increases, the Kondo interaction becomes comparable to
the RKKY interaction, causing 7, to deviate from Trgxy and
reach a maximum. Finally, when the Kondo interaction (Tx o
e!MNERY overtakes the RKKY interaction (Trgxxy o J2), T,
decreases toward zero, marking the complete screening of the
local magnetic moment.

In order to test whether in Er the anomalous enhancement
of T, with pressure might signal an approaching instability
in the magnetic state of each Er ion, a well-established ap-
proach [48,49] to probe the magnetic state of a given ion is
to alloy it in dilute concentration with a superconductor that
shares closely similar conduction electron properties and then
determine the extent of suppression of the superconducting
transition temperature, A7.. Yttrium (Y), a superconductor
under pressure [2,50,51], is the ideal host for Er since the char-
acter of a Y’s spd-electron conduction band closely matches
that of Er. Comparing Figs. 3 and 5, it is seen that Y’s
structural sequence matches that of Er reasonably well. The
pressure dependence of superconductivity was studied in di-
lute magnetic Y(0.5 at.% Er) alloys to 183 GPa, as illustrated
in Fig. 4. T, is determined as the midpoint of the supercon-
ducting transition. All results for T,.(P) are presented in Fig. 5.
In the lower-pressure region below 80 GPa, T,.(P) for the
Y(Er) alloys reasonably tracks that for pure Y. However, a
significant deviation becomes apparent at higher pressures.
The suppression of superconductivity continues to increase
up to the highest measured pressure. This substantial pair
breaking provides clear evidence that Kondo physics becomes
prominent for pressures above 80 GPa. A similar phenomenon
has been observed in Y(Nd) [2], Y(Dy) [3], Y(Tb) [38], and
Y(Sm) [39]. In addition, a key indication that Kondo physics
with a negative exchange interaction (J) plays a crucial role in
these experiments is the emergence of a resistivity minimum
in R(T) at the highest pressures, as depicted in Fig. 6. Above
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FIG. 4. Four-point resistance versus temperature for Y(0.5 at.%
Er) at various pressures. 7> is defined as the intersection of two
straight dashed lines, 7.”° is defined as the temperature where the
sloped dashed line intersects R = 0 m€2, and 7, is determined as the
midpoint between 7> and 7", as illustrated at 41 GPa. Below
T7°™ the resistance vanishes within experimental error.

the superconducting transition temperature of the Y (Er) alloy,
the resistance is primarily governed by a significant phonon
contribution. Consequently, a precise determination of the
Kondo temperature is not feasible due to the overwhelming
influence of phonon scattering.

The increase in the magnetic ordering temperature 7;, under
pressure, predicted by the Doniach model, should theoreti-
cally reach a maximum and then decline towards 0 K. Song
et al. [2] confirmed this experimentally in a light lanthanide
Nd showing a whole Doniach phase diagram with similar
anomalous behavior in 7,(P). In parallel, the giant pair break-
ing for Y(Er) alloys seen in Fig. 5 should decrease at even
higher pressures. Theoretical work [53,54] has shown that the
rise and fall of giant Kondo pair breaking is a result of the
passing of the Kondo temperature through the temperature
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FIG. 5. T, versus pressure for Y(0.5 at.% Er) compared to that for
Y [2]. Above 80 GPa, strong superconducting pair breaking AT, =
T.(Y) — T.[Y(Er)] occurs. 7> and 7,”*" defined in Fig. 4 provide
the upper and lower error bars of 7. At the top of the graph are crystal
structures taken on by superconducting host Y [52].

region near 7,. This rise and fall of AT, has been clearly
demonstrated in experimental results on La(Ce) [55], Y(Dy)
[3], and Y(NA) [2] alloys, etc. The extent of pair breaking AT
per atomic percent here is very large, reaching to a maximum
value of ~19 K/(at.% magnetic impurity) at about 183 GPa.
The anomalous enhancement of 7, in Er and the on-
set of robust superconducting pair breaking in Y(Er) alloys
both commence at approximately the same pressure range of
80 GPa. This alignment implies a common mechanism: at
this pressure, the exchange parameter (J) has likely turned
negative, triggering intense Kondo correlations that substan-
tially alter the exchange interactions among Er ions. We
propose that, as the magnitude of |J| increases with pressure,
T, initiates a steep ascent along the left side of the Doniach
phase diagram depicted in Fig. 1. In this framework, the same
negative exchange parameter J is accountable for both the
markedly enhanced magnetic ordering and the occurrence of
giant pair breaking when |/| attains a sufficiently large value.
To rule out the possibility of a valence transition (4f!" —
4£'0) that could lead to a remarkable increase in the or-
dering temperature based on de Gennes scaling [33,40], we
conducted XANES studies at pressures up to 123 GPa. As
shown in Fig. 7, no additional absorption peak (44) was
observed up to 123 GPa, indicating that Er remains trivalent
at these pressures. In contrast, valence transitions have been
reported in Yb [5] and Eu [57,58], where clear XANES fea-
tures associated with valence changes were identified. The
L absorption edge is dominated by the dipolar 2p3,, — 5d
electronic excitation; thus the feature of the absorption peak
is directly related to the characteristics of the 5d band. The
absorption peak center shifts toward higher energy slightly,
indicating an increase in the 54 band bottom energy [26].

0.30 T T T T T T T T T
FY(0.5 at.% Er) .
| P (GPa)

0.25 - 179

a 5
é 5
~ 5
0.20 |- 183
0.15 L L L L L L L L L
15 20
T(K)

FIG. 6. Resistance of Y (0.5 at.% Er) as a function of tempera-
ture at 179 GPa and 183 GPa exhibits characteristic Kondo minima.
Data are shifted vertically for clarity; the shift-down values are 69.04
m$2 for 179 GPa and 68.50 mS2 for 183 GPa, respectively. The red
dashed curves serve as a visual guide to highlight the Kondo minima.

The reduction in the white line peak intensity is attributed to
s — d electron transfer [26,56], resulting in increased 5d state
occupancy and reduced L3 edge absorption. The broadening
of the absorption peak with increasing pressure is primarily
attributed to the broadening of the 54 band bottom [26],

1
1
—3GPa | Er Er-XANES
——12GPa !
2+ 24 GPa —
— 55 GPa
. 69 GPa
2 —81 GPa
S 91 GPa
S
—
s
> .
‘B
c
5
£

8.34 8.36 8.38 8.40

Energy (keV)

FIG. 7. Pressure dependence of L; XANES data showing that
Er remains trivalent (4f'") to at least 123 GPa. No 4+ or mixed
valence state is observed. Pressure-induced reduction of peak height
is a direct measure of s — d transfer [26,56].
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while pressure-induced inhomogeneities or disorder may also
contribute to some extent.

Could perhaps an alternative explanation, such as the crys-
tal electric field splitting effect or the Anderson localization
due to local disorders, account for the anomalously high
magnetic ordering temperatures 7, in Er? First, in the crystal
electric field scenario, a maximum enhancement of 7, would
be expected to be approximately 3J;/(J; + 1) = 2.6 [3,59] for
trivalent Er (S = 3/2, L = 6, and thus J; = 15/2). However,
the observed enhancement of 7, above 80 GPa is approxi-
mately 7,(166 GPa)/T,(80 GPa) ~ 8, which is significantly
higher. Moreover, in this crystal electric field scenario, it
is difficult to understand a negligible pair breaking below
80 GPa and a strong increase of the pair breaking above
80 GPa in the dilute magnetic alloy Y (0.5 at.% Er). Second, in
the case of the Anderson localization due to local disorders, it
would apply to Gd as well, which should lead to an anomalous
rise in 7, for Gd under extreme pressure. However, no such
rise in T, has been observed in Gd [3,56]. Therefore, we
propose that the observed behavior in Er is more consistent
with a Kondo physics scenario.

IV. CONCLUSION

In summary, the magnetic ordering temperature (7,) of Er
exhibits a notable increase starting at around 80 GPa. The in-
volvement of Kondo physics is supported by the resemblance
to the Doniach phase diagram and the giant superconducting
pair breaking observed in dilute Y(Er) alloys under extreme
pressures. This study contributes to the understanding of the
Kondo lattice behavior and unveils an unrecognized feature,
an anomalous enhancement of magnetic ordering, providing
another perspective for designing magnetic materials with
high ordering temperature.
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