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Eu2+–Eu3+ valence transition in double, Eu-, and
Na-doped PbSe from transport, magnetic, and
electronic structure studies

Bartlomiej Wiendlocha, *ab SunPhil Kim,b Yeseul Lee,c Bin He,b Gloria Lehr,d

Mercouri G. Kanatzidis,c Donald T. Morellid and Joseph P. Heremansbe

The Eu atoms in Pb1�xEuxSe have long been assumed to be divalent. We show that p-type doping of

this magnetic semiconductor alloy with Na can modify the effective Eu valence: a mixed, Eu2+–Eu3+

state appears in Pb1�x�yEuxNaySe at particular values of y. Magnetization, carrier concentration, resistivity,

and thermopower of Pb1�x�yEuxNaySe are reported for a number of samples with different x and y.

A pronounced increase in thermopower at a given carrier concentration was identified and attributed to

the presence of enhanced ionized impurity scattering. A strong decrease in the hole concentration is

observed in Pb1�yNaySe when Eu is added to the system, which we attribute to a Eu2+–Eu3+ self-

ionization process. This is evidenced by magnetization measurements, which reveal a significant reduction of

the magnetic moment of Pb1�xEuxSe upon alloying with Na. Further, a deviation of magnetization from a

purely paramagnetic state, described by a Brillouin function, identifies antiferromagnetic interactions between

the nearest-neighbor Eu atoms: a value of Jex/kB = �0.35 K was found for the exchange coupling para-

meter. The conclusion of a Eu2+–Eu3+ self-ionization process being in effect is supported further by the

electronic structure calculations, which show that an instability of the 4f7 configuration of the Eu2+ ion

appears with Na doping. Schematically, it was found that the Eu 4f levels form states near enough to the

Fermi energy that hole doping can lower the Fermi energy and trigger a reconfiguration of a 4f

electronic shell.

Introduction

The Pb-salt semiconductors (PbS, PbSe, and PbTe) have been
the earliest practical semiconductors used in electronic devices
such as crystal rectifiers, infrared sensors, diode lasers, and
thermoelectric generators.1 Recently, they also have been
reported to be potential topological insulators.2 This class of
semiconductors hosts the materials with the highest thermo-
electric ZT,3–5 in particular in alloys in which other divalent
elements such as Sr are substituted for Pb2+.6 PbSe, the binary
semiconductor that is the starting point for the present study,
is an excellent thermoelectric semiconductor7,8 that avoids the
use of Te, which is not abundant in the earth’s crust. Another

element thought to be divalent, Eu, is known to increase the
band gap of PbTe9 and PbSe:10,11 PbEuTe and PbEuSe have
been used as the high-gap semiconductor in PbTe and PbSe
double-heterojunction, quantum-well, tunable infrared diode
lasers.11 For these applications, the fact that Eu is divalent was
one of its main advantages, as compared to other rare earth
elements, since it allowed modification the band gap of the
material without increasing the carrier concentration.

Magnetic studies have been performed on PbEuTe12–15 and
PbEuSe9,16,17 alloys and superlattices. The transport properties
of PbSe containing various rare-earth elements have been
studied more recently.18 In these works, Eu in PbSe was found
to be electrically inactive and magnetic in the Eu2+ state,
making Pb1�xEuxSe one of the dilute magnetic semiconductors
(DMS). None of earlier studies include a systematic variation of
both the Eu content while adjusting the p-type doping level
independently, as is done here with Na-doping. This approach
reveals that the valence of Eu is indeed 2+ in material with low
carrier concentrations but shifts from 2+ to 3+ upon p-type
doping with Na. The second, electrically active impurity (Na+)
controls the valence transition of the 4f shell into the Eu3+ state,
leading to a mixed 4f6–4f7 valence state in the material.
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This changes both transport and magnetic properties. To the
best of our knowledge, this is the first example of a fully
controllable and tunable triggering of a valence mixing effect
in a dilute magnetic semiconductor by the addition of a second,
electrically active element. Moreover, the effect here appears at
low doping levels, with charge carrier concentration variations
orders of magnitude smaller than, for instance, in metallic
CePd3.19

Among DMS or metals in which a mixed valence or a valence
fluctuation is observed, we mostly find alloys in which the
concentration of the transition metal or rare-earth element has
been adjusted to release the valence instability. A review of
this approach for DMS based on lead chalcogenides is given in
ref. 20 and references therein. One of the most studied cases of
mixed-valence DMS is Fe-doped HgSe, where iron adopts Fe2+

configuration at low doping levels, whereas a mixed Fe2+–Fe3+

state appears21–25 at higher Fe concentration. These two types
of iron ions may form an ordered superlattice of Fe2+ and Fe3+,
leading to unexpectedly high mobility of the carriers26.
Chromium also was reported to exist in two valence states, as
Cr2+ and Cr3+ in PbTe27 and PbSe28. In all these materials, the
transition metal (TM) impurities’ valence changed with increas-
ing TM concentration, thus there was no independent way of
controlling the valence at any specific composition. Among
rare-earth impurities in chalcogenides, Gd and Yb also showed
a tendency to change their valence, when the carrier concen-
tration in the samples was varied. However, for the Gd case,
the 4f electronic shell configuration remained unchanged: in
Sn1�xGdxTe,29,30 a transition from Gd2+ (4f75d1) to Gd3+ (4f75d0)
was observed and led to modifications of the f–f exchange
interactions, but in both cases 4f shell remained half-filled.
The Yb behavior in Pb1�xGexTe:Yb seems to be more similar to
what is reported here for Eu in Pb1�x�yNayEuxSe, since the Yb
valence change affected the 4f shell configuration, leading
to a change in magnetic properties of Yb. It was found31 that
as-grown samples of, e.g., Pb0.985Ge0.01Yb0.005Te were p-type
and paramagnetic (i.e. Yb was in Yb3+ [4f13] state), but after
annealing transformed to n-type and diamagnetic (i.e. Yb was
in electrically inactive and nonmagnetic Yb2+ [4f14] state).
However, no valence mixing and no possibility to control the
valence was reported in that case, unlike in Pb1�xEuxSe:Na,
reported here. Thus, our findings in Pb1�xEuxSe:Na offer a new
way of inducing and controlling the valence transitions in
diluted magnetic semiconductors.

The manuscript is structured further as follows. Samples of
Pb1�x�yEuxNaySe alloys were synthesized using a combined
vacuum-melting and spark-plasma sintering (SPS) technique.
The transport properties are reported next, and reveal an
anomaly in the variation of the charge concentration with
increasing Na content y. We show that the Pisarenko relation
between the carrier concentration and the thermopower
suggests an increase in ionized impurity scattering at a particular
value of y, suggesting a sudden change in the valence of Eu from
Eu2+ to Eu3+. Next, magnetic studies quantitatively confirm this
hypothesis. A more detailed study of the deviations of the
measured magnetization curves from Brillouin functions reveals

the presence of antiferromagnetic interactions between Eu ions.
Finally, electronic structure calculations confirm the existence of a
density of Eu 4f states near the Fermi energy EF. By changing the
Na doping level one can control the EF position independently of
the Eu concentration and locate it inside the 4f states. The Eu2+

configuration in PbSe then can become unstable and mixed
Eu2+–Eu3+ states appears.

Experimental & theoretical procedure

Elemental Pb (99.99%, American Elements), Se (99.999%, 5N
Plus Inc), Na (99.95%, Aldrich), and Eu (99.9%, Chinese Rare
Earth Information Center) were used for the synthesis of
Pb1�x�yEuxNaySe. Ingots (20 g) with nominal compositions
Pb0.99�xEuxNa0.01Se (x = 0, 0.01, 0.02, 0.03, 0.04, 0.06, 0.09
and 0.12) and Pb0.99�yEu0.01NaySe ( y = 0, 0.01, 0.02, 0.03, and
0.04) were prepared by mixing appropriate ratios of reagents in
carbon-coated quartz tubes. The tubes were sealed under
vacuum (10�4 Torr) and heated to 1423 K over a period of
12 h. The tubes then were soaked at that temperature for 5 h,
and rapidly cooled to room temperature over 3 h. The obtained
ingots were cleaned and ground to a powder using a mechanical
grinder to reduce the particle sizes to less than 53 mm. These
powders were densified at 923 K for 5 min under an axial
compressive pressure of 40 MPa in an argon atmosphere in an
SPS apparatus. Table 1 reports a summary of the samples studied.

Thermoelectric transport properties and galvanomagnetic
properties of Pb1�x�yEuxNaySe samples were measured in a
customized cryostat, either with an AC bridge, or with a static
heater-and-sink method. The samples were cut into parallele-
pipeds with dimensions around 2 mm � 2 mm � 10 mm. To
minimize heat loss, very thin copper and constantan wires were
used as thermocouples. Four-probe measurements were used
to measure the resistivity of the samples using 4 copper wires.
Hall resistivity was obtained by applying a transverse magnetic
field in the range �14 kOe r H r +14 kOe. All the thermo-
electric and galvanomagnetic properties were measured in the
temperature range 80 K r T r 420 K. Two experimental
measurements of magnetization, M, were conducted using a
superconducting quantum interference device (SQUID). The
first measurement of M vs. temperature was performed by
applying a magnetic field of 5 kOe and sweeping the tempera-
ture from 2 K to 300 K. From the obtained data, the magnetic
susceptibility w was calculated. The susceptibility of Eu2+ was
then obtained by subtracting the diamagnetic susceptibility of
the PbSe lattice. A second measurement of magnetization was
carried out by varying the magnetic field from 0 to 60 kOe
at 2 K, 4 K, and 6 K.

Electronic structure calculations were performed using the
full potential linearized augmented plane wave (FP-LAPW)
method, as implemented in the WIEN2k code.32 To simulate
the doping, the supercell approach was used, building a
64-atom 2 � 2 � 2 supercell, starting from a cubic rock-salt
PbSe unit cell (a = 6.12 Å). Spin–orbit interaction was taken into
account, and the Coulomb interactions between the 4f Eu
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electrons were treated using the LDA + U method. We took
U = 7 eV and J = 1 eV, as values of U between 7 eV and 10 eV
usually are considered for Eu in the literature.33,34 The modified
Becke–Johnson semilocal exchange potential of Tran and
Blaha35 was used and appeared to be very efficient in its
description of the 4f Eu electronic states near the band gap.

Results and discussion
A. Electronic transport properties of Pb1�x�yEuxNaySe

Transport properties (carrier concentration as measured by the
Hall effect, thermopower, and resistivity) of Pb1�x�yEuxNaySe,
( y = 0.01; x = 0, 0.01, 0.02, 0.03, 0.04, 0.06, 0.12) samples are
shown as function of temperature in Fig. 1. The carrier con-
centrations in the samples (Fig. 1a) reach values between 2 and

22 � 1019 cm�3, and exhibit a small temperature dependence,
most likely due to the temperature dependence of the Hall
prefactor.36 The hole concentration values at 80 K and 300 K of
all samples are summarized in Table 1. We did not obtain a
Hall measurement on the lowest-doped sample with the high-
est Eu content (x = 0.12, y = 0.01), because its resistivity was too
high. We also measured a Pb0.99Eu0.01Se sample without any Na
doping, not included in Fig. 1, and its Hall effect showed a hole
concentration of about 3� 1018 cm�3 at room temperature. The
thermopower scales appropriately with the carrier concen-
tration, and varies mostly linearly with temperature over the
measurement range, except for the lowest-doped samples.
The resistivity of most samples is quite high: the presence of
Eu in the samples decreases the mobility by factors varying
from 2 (x = 0.01) to over an order of magnitude (x = 0.06) when

Fig. 1 Temperature-dependent transport properties of Pb1�x�yEuxNaySe (a) carrier concentration from Hall effect measurements p(T), (b) thermopower
a(T), (c) resistivity r(T), (d) mobility (m) comparison at T = 300 K. The black dashed line, taken after ref. 7, represents mobility of Na-doped PbSe with
differing Na doping level.

Table 1 Comparison of the obtained Eu2+ concentration from magnetization data fitting and estimated based on carrier concentration data at 80 K and
300 K

Samples

Carrier concentration
(1019 cm�3) Atomic concentration of Eu2+ (%)

from magnetization fitting (in brackets:
percent of the total Eu)

Atomic concentration of Eu2+ (%)
from carrier concentration (in brackets:
percent of the total Eu)80 K 300 K

Eu0%:Na 1% 21 17 0 0
Eu1%:Na 1% 6.0 8.2 0.24 (24%) 0.14a (14%)
Eu2%:Na 1% 5.2 6.0 1.49 (74%) 1.1a (55%)
Eu3%:Na 1% 2.2 3.4 2.03 (68%) 1.92a (64%)
Eu6%:Na 1% 2.2 3.6 4.15 (69%) 4.92a (82%)
Eu1%:Na 0% — 0.27 0.93 (93%) B1 (100%)
Eu1%:Na 2% — 19 0.15 (15%) B0 (0%)
Eu1%:Na 3% — 35 0.06 (6%) B0 (0%)
Eu1%:Na 4% — 41 0.017 (1.7%) B0 (0%)

a Calculated based on carrier concentration data at 80 K.
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compared to similarly-doped Eu-free PbSe, as shown in Fig. 1d.
The Pisarenko relation (thermopower versus the carrier concen-
tration) of PbSe at room temperature of the samples is shown in
Fig. 2a where we include data taken from the literature on other
PbSe samples. The dashed lines in Fig. 2a are theoretical
curves, adopted from ref. 37, and are calculated using the
non-parabolic Kane model, literature values of valence band
effective masses,38 and assuming four different dominating
scattering mechanisms, represented by appropriate scattering
exponents l (see also ref. 39 for more details). Here, the
scattering exponent describes the energy dependence of the
hole relaxation time t(E), which is assumed to follow a power

law tðEÞ ¼ t0
gl

g0
, where the term g � gðEÞ ¼ E 1þ E

Eg

� �
, instead

of pure energy E, appears due to non-parabolicity of the band
structure, g0 is its energy derivative, and Eg is the band gap. The
scattering exponents take the values: l = �1/2 for acoustic
phonon scattering, l = 0 for neutral impurity scattering,
l = 1/2 for polar optical phonon scattering, and l = 3/2 for
ionized impurity scattering.

Comparing the thermopower data in Fig. 2a to those
reported in binary PbSe doped with Na, In, or Al,37,40,41 shows
that doubly-doped Eu + Na samples have considerably larger
thermopower at given carrier concentration. Looking at the
complete dataset in Fig. 2a and comparing to the theoretical
curves, ionized impurity scattering likely is the reason for the
increase in a. The resulting values of the power factors (PF = a2/r)
in the studied samples are between 2 and 4 mW K�2 cm�1 at
room temperature. This contrasts with the values between 7 and
15 (mW K�2 cm�1) that are reported40 for solely Na-doped PbSe at
similar carrier concentrations, as presented in Fig. 2b. The
reduction in carrier mobility more than compensates the impact
the increase in thermopower might have on the thermoelectric
performance of the system.

Previous studies have reported that Eu exists as Eu2+ in
PbSe16,18 by analyzing its transport and magnetic properties. As
a consequence, replacing Pb2+ with Eu2+ does not lead to any
considerable changes in the carrier concentration (see, e.g. ref. 18).
The Hall carrier concentration of the undoped Pb0.99Eu0.01Se
sample in our studies (3 � 1018 cm�3) is an order of magnitude

lower than one would calculate if Eu was considered an electrically
active element, confirming the previous results, and results from a
small number of Pb vacancies. In the next section, the magnetic
properties confirm that Eu is present as Eu2+ in PbSe without
Na-doping. This behavior changes when the PbEuSe system is
doped with Na, as can be seen in Fig. 1 and 2. First, substitution of
Pb with Eu in Pb1�yNaySe greatly reduces the carrier concentration
at the same Na concentration. The sample with (x = 0, y = 0.01), i.e.
doped with 1% Na only, shows highly-degenerate semiconducting
properties with approximately 2.1 � 1020 cm�3 hole concentration
at T = 80 K. This is close to the nominal carrier concentration of
1.75 � 1020 cm�3, calculated if each monovalent Na+ would give a
single hole to the system. After introducing 1 at% of Eu (x = 0.01,
y = 0.01), the hole concentration of the sample drops to about
6.0� 1019cm�3. This effect cannot be explained if Eu was still Eu2+

as in Pb1�xEuxSe, since in such a case, isovalent doping should
have minimal impact on the carrier concentration. Moreover,
continuous reduction in carrier concentration with higher Eu
levels in ( y = 0.01; x 4 0.01) samples is observed, although to a
lesser degree, and we reach p B 2–3 � 1019 cm�3 (T = 80 K) for
(x = 0.03 � 0.06, y = 0.01).

The proposed explanation of the order-of-magnitude
reduction in the carrier concentration of Pb0.99�xEuxNa0.01Se
is a change of the valence of a fraction of the Eu ions from Eu2+

to Eu3+, where Eu3+ acts as an one-electron donor compensat-
ing the acceptor behavior of Na+. Since electronic configuration
of neutral Eu is [Xe]4f76s2, Eu2+ has seven 4f electrons, which
are not mobile. Now, the release of one electron changes Eu2+ to
Eu3+, resulting in a 4f6 configuration of the Eu3+ ion with 3
mobile, valence electrons. Eu3+ now has one hole in the 4f shell.
However, this 4f-like hole, as typical for all f-like states, is
localized; thus, it does not take part in transport phenomena
and cannot be detected by the Hall effect measurements. As the
final effect, the presence of trivalent Eu3+ partly compensates
the p-type doping efficiency of monovalent Na+, when both are
substituting for divalent Pb2+. The effectiveness of this com-
pensation and the ratio of the number of Eu2+–Eu3+ ions can be
estimated simply by comparing the measured carrier concen-
trations. For the Eu-free case, Pb0.99Na0.01Se, the measured
hole concentration is about 2.1 � 1020 cm�3, and it drops to

Fig. 2 (a) The Pisarenko plot (thermopower vs. carrier concentration) of PbSe with different doping elements, as described in the legend. The dotted
lines are theoretical Pisarenko relations computed assuming different scattering exponents37,39 (see, text). Experimental points are taken from ref.
(Evola et al.37), (Chasapsis et al.40), (Wang et al.41); (b) comparison of the room-temperature power factor (PF) for double-doped and Na-doped PbSe.
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6.0 � 1019 cm�3 in Pb0.98Eu0.01Na0.01Se. Now, assuming that
all the difference comes from compensation of holes by
electrons delivered while forming Eu3+, the concentration
of these electrons is 21 � 1019 cm�3–6.0 � 1019 cm�3 =
15 � 1019 cm�3, which means that 86% of the total number
of Eu ions become Eu3+. Thus, addition of 1 at% of Eu to the
Pb0.99Na0.01Se sample compensates about 86% of the holes
delivered by 1 at% of Na atoms, and results in the Eu2+ : Eu3+

ratio of 14 : 86. When the Eu concentration increases, the
amount of europium atoms in the Eu3+ donor state increases,
further reducing the hole concentration in the samples. The
results of the analysis performed for other samples are
collected in Table 1, and, e.g., for the x = 0.02, y = 0.01 case,
about 45% of Eu has to be transformed into Eu3+ to explain
the low carrier concentration of the sample, leaving only 55%
Eu as Eu2+.42 In addition to the analysis of the carrier concen-
tration in a set of Pb0.99�xEuxNa0.01Se samples, the room
temperature carrier concentration in a second set of samples,
Pb0.99�yEu0.01NaySe, was measured, where Eu concentration
was kept at 1% and Na concentration was increased between
1% and 4%. According to Table 1, the carrier concentrations
of (x = 0, y = 1) and (x = 1, y = 2) are very much similar
(1.9 � 1020 and 1.7 � 1020 at 300 K, respectively). This also
supports the idea of charge transfer between Na+ and Eu2+.
1 at% of Na+ in the sample of (x = 1, y = 2) takes additional
electrons and transforms Eu2+ to Eu3+. Hence, only the other
1 at% of Na acts as the p-type doping agent in the sample,
showing a carrier concentration that is close to that of
(x = 0, y = 1). For the larger Na concentrations, most of Eu is
at the Eu3+ configuration. This confirms that increasing the
Na concentration triggers the transition from Eu2+ to Eu3+.

The Pisarenko plot in Fig. 2 is consistent with this hypo-
thesis. As mentioned above, the PbEuSe:Na data points align
well with the ‘‘ionized scattering’’ a(p) curve, whereas the
PbSe:Na points are below, near the polar optical phonon or
neutral impurity scattering curves. That means that Eu3+, not
Na+, is the source of the additional scattering. This also agrees
with the presence of part of Eu in the 3+ state, ionized with
respect to Pb2+, but the scattering may be enhanced generally
by the presence of Eu 4f electrons.

B. Magnetization of Pb1�x�yEuxNaySe

As the two Eu ions, Eu2+ and Eu3+, have different magnetic
properties, magnetization measurements were carried out to
verify the hypothesis further. According to Hund’s rule, the
total angular quantum number (S0 = |L � S|) of Eu2+ is 7/2 (total
orbital angular momentum L = 0, and spin S = 7/2), which gives
the 7 mB magnetic moment of Eu2+. On the other hand,
theoretical S0 of Eu3+ is zero (L = 3 and S = 3 cancel each other),
giving zero magnetic moment of Eu3+. Experimentally,43 small
magnetic moments were reported for Eu3+, but the key is that
any existence of Eu3+ instead of Eu2+ always results in a
significant reduction in magnetization of the system. No
change in magnetization is expected with Na addition if the
Eu remains in the valence state 2+. Thus, magnetization
measurements are a very sensitive tool to confirm or exclude
the hypothesis of Eu2+–Eu3+ transition in our samples.

The measured magnetization curves of ( y = 0.01; x = 0.01,
0.02, 0.03, 0.06, 0.09, and 0.12) and (x = 0.01; y = 0, 0.01, 0.02,
0.03, and 0.04) as a function of magnetic field at 2 K are
displayed in Fig. 3a and b, respectively. The weak diamagnetic
contribution of PbSe matrix, with susceptibility wd = �3.6 �
10�7 emu (g Oe)�1 was subtracted, assuming that it is tempera-
ture independent. First, in samples with fixed Na concentration
( y = 0.01; x Z 0.01), the magnetization increases with Eu
content x (Fig. 3a). This verifies that Eu gets incorporated into
each sample proportionally to the amount of Eu added. In
contrast to this expected behavior, the evolution of magnetic
properties of Pb1�x�yEuxNaySe with y shows anomalous
reduction of magnetic signal, that confirm the Eu2+–Eu3+

transition in the system independently from the anomalies in
the Hall coefficient, as explained below.

The following analysis of magnetic data starts from the mag-
netization of the 1 at% Eu doped, Na-free sample (x = 0.01, y = 0,
black top curve in Fig. 3b). M(B) at 2 K shows typical paramagnetic,
Brillouin-like function shape, and the saturation magnetization
value corresponds to the expected value for Eu2+ ion (7 mB, i.e.
1.27 emu g�1) if the actual concentration of Eu atoms in the
sample is 0.93% instead of 1%. Such a small discrepancy is
consistent with a small loss of Eu during the synthesis. Thus, in
agreement with previous reports16,18 and the small carrier

Fig. 3 (a) Magnetization of Pb1�x�yEuxNaySe (y = 0.01) with varying Eu level (x) as a function of magnetic field; (b) magnetization of Pb1�x�yEuxNaySe
(x = 0.01) with varying Na doping level (y) as a function of magnetic field.
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concentration measured in this sample, we observe that the Eu
valence is 2+ in the absence of Na in PbSe.

When 1 at% of Na is added to Pb0.99Eu0.01Se, the magnetization
of the sample drops more than three times, which is an indepen-
dent signature of the transition of the majority of magnetic Eu2+

ions into non-magnetic Eu3+. Fig. 3b shows how the magnetization
decreases further with increasing Na doping levels, with the
sample with 4 at% Na and 1 at% Eu reaching a saturation
magnetization of less than 2% of that of undoped Pb0.99Eu0.01Se.
Here, almost all of the Eu ions are transformed into Eu3+. This
observation is consistent quantitatively with the reduction
observed for the carrier concentration (Fig. 1a), where adding Eu
compensated the donor behavior of Na. The actual amount of Eu2+

in each sample, denoted here as xEu2+, deduced based on the
saturation of experimental magnetization data and assuming 7 mB

magnetic moment of Eu2+ ions, is presented in Table 1. The mixed-
valence behavior, where part of the Eu is in the 2+ and the rest is in
the 3+ state, is especially visible for the samples with 1 at% Na and
3–6 at% of Eu. It is worth noting, that Eu2+ concentrations deduced
from magnetization are close to those obtained from the carrier
concentration analysis. However, the Eu2+ concentrations deduced
from magnetization measurements should be considered as more
accurate, since the accuracy of Hall carrier concentration is limited
by the accuracy of the formula ( p = �1/eRH, e – electron charge),
and can be affected by Hall prefactors that depend on the
scattering mechanism. This is the most likely reason for the
differences between the two columns in Table 1.

The low-temperature field dependence of the magnetization
deviates slightly but measurably from the Brillouin function

that characterizes the magnetic moment of pure paramagnets.
The magnetization data of the samples with (x = 0.01, y = 0) and
(x = 0.03, y = 0.01) at T = 2 K, 4 K and 6 K, as a function of
magnetic field, are reported in Fig. 4. The field and temperature
dependence of the magnetization of the independent non-
interacting (paramagnetic) Eu2+ ions MBR is described by:43,44

MBR = M0S0xEu2+BS0
(x) (2)

where BS0
is the Brillouin function, BS0ðxÞ ¼

2S0 þ 1

2S0

coth
2S0 þ 1

2S0
ðxÞ � 1

2S0
coth

1

2S0
ðxÞ, x ¼ gmBS0H

kBT
;S0 ¼ 7=2;

M0 = gmBNA/m(xEu2+), m(xEu2+) is the molar mass of the com-
pound, g is the g-factor of Eu2+ (we take g = 2), NA is Avogadro’s
number, and mB is the Bohr magneton. Fig. 4a and c represent
the field-dependent magnetization data fitted to MBR (solid
lines) at each temperature. At low field, the sample with
(x = 0.01, y = 0) has slightly lower magnetization data when
fitted to MBR, suggesting the presence of antiferromagnetic (AF)
interactions between Eu ions in the sample, as reported in
earlier works for Eu-doped PbSe.16 The increase in Eu level in
PbSe results in a larger deviation from MBR as seen in Fig. 4c for
(x = 0.03, y = 0) sample. However, with the increase in tem-
perature, AF interactions are overcome by thermal excitations,
giving better fitting of the data to MBR; the data obtained at
T = 6 K fits MBR reasonably well.

To analyze the strength of AF interactions, a model, denoted
here as MAF_BR

16,44,45 is used. The model takes into account
antiferromagnetic interactions between the nearest neighbor
(NN) Eu ions. If random arrangement of magnetic ions in the

Fig. 4 Magnetization of two Pb1�x�yEuxNaySe samples as a function of magnetic field. Solid lines in panels (a) and (c) are the curves of the calculated
magnetization with Brillouin function (without corrections for the AF interaction). Solid lines in panels (b) and (d) are model (MAF_BR) curves that consider
AF contributions of pairs and triplets to the magnetization. The much better agreement between the measured data and models on panels (b) and (d)
versus (a) and (c) is clearly visible.
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crystal lattice is assumed, up to several percent Eu concen-
tration, we have a noticeable probability of finding Eu not only
in an isolated, single configuration (i.e. no other Eu as NN), but
also in pairs (two Eu as NN) and triplets (three Eu as NN). For
the last case we have two possibilities, open triplets (first and
third Eu are not NN, like in a chain) and closed triplets
(equilateral triangle, i.e. all Eu are NN). Higher order combina-
tions can be neglected up to about 3–4% of magnetic ions46. In
this way, the total magnetization (MAF_BR) can be described as
MAF_BR = MS + Mp + MOT + MCT, where MS, Mp, MOT, and MCT are
the contributions to magnetization from singles, pairs, open
triplets, and closed triplets, respectively. The singles’ contribu-
tion (MS) in a model (MAF_BR) is the same as eqn (2), but the
probability PS of finding the singles in the sample is taken into
account. Hence, the single contribution (MS) is

MS = MBRPS. (3)

The pair contribution (Mp) is16,44,45

Mp ¼
1

2
M0PPxEu2þ

�

PS¼SMAX

S¼0
exp

Jex

kBT
SðS þ 1Þ

� �
S sinh

2S þ 1

2S
x

� �� �
BJðxÞ

PS¼SMAX

S¼0
exp

Jex

kBT
SðS þ 1Þ

� �
sinh

2S þ 1

2S
x

� �� �
(4)

where SMAX = 2S0, Jex is the exchange coupling parameter, and
kB is the Boltzmann constant.

The open triplet contribution (MOT) and the closed triplet
contribution (MCT) are listed below:

MOT ¼
1

3
M0POTxEu2þ

P
Sa

P
Sb

P
m

m exp �EOT Sa;Sb;mð Þ 1

kBT

� �

P
Sa

P
Sb

P
m

exp �EOT Sa;Sb;mð Þ 1

kBT

� �

(5)

MCT ¼
1

3
M0PCTxEu2þ

P
Sa

P
Sb

P
m

m exp �ECT Sa;Sb;mð Þ 1

kBT

� �

P
Sa

P
Sb

P
m

exp �ECT Sa;Sb;mð Þ 1

kBT

� �

(6)

where EOT = �mgmBH � Jex(Sb(Sb + 1) � Sa(Sa + 1) � S0(S0 + 1),
ECT = �mgmBH � Jex(Sb(Sb + 1) + 3S0(S0 + 1))), and

0 � Sa � 7; Sa �
7

2

����
���� � Sb � Sa þ

7

2
; and jmj � Sb.

The probabilities of finding the singles (PS), the pairs (PP),
and the triplets (POT and PCT) of Eu ions in the rock salt fcc
lattice are shown below:46

PS = (1 � xEu2+)12

PP = 12xEu2+(1 � xEu2+)18 (7)

POT = 18xEu2+
2(1 � xEu2+)23(5(1 � xEu2+) + 2)

PCT = 24xEu2+
2(1 � xEu2+)22

These probabilities are valid under the assumption of com-
pletely random distribution of Eu ions in the samples.

The formulas above are used to fit the magnetization data in
Fig. 4b and d. Note, that the procedure involves only two fitting
parameters: xEu2+, fitting the saturated part of the magnetiza-
tion, and the exchange interaction parameter, Jex, describing
the antiferromagnetic contribution to magnetization, seen for
lower fields ( Jex was kept constant for all analyzed curves).
When AF interactions between Eu ions (singles, pairs, and
triplets) are considered, the best fitting curve is found with
Jex/kB = �0.35 K; nearly all the magnetization data lies on the
curve as shown in Fig. 4b and d, considerably improving the
fitting against the Fig. 4a and c. This supports the notion that
the exchange interaction between nearest neighbor of Eu2+ ions
in PbSe is antiferromagnetic.

A previous study16 has also reported AF interactions of Eu2+

ions in Pb1�xEuxSe samples with Jex/kB = �0.24 K at T = 0.62 K
from the magnetization steps analysis, whereas our obtained
exchange coupling ( Jex/kB) is slightly different, Jex/kB = �0.35 K
from T = 2 K to 6 K. The difference may come from the different
carrier concentration of the samples; however, further studies
at lower temperatures would be necessary to conclude this. It
should be mentioned that an increase in the Eu concentration
in PbSe will also increase the probability of forming structures
of NN Eu atoms that are larger than simple triangles in which
the AF interactions play a role. For this reason, the magnetiza-
tion fittings in the samples with (x 4 0.03, y = 0.01) are not
reported. For example, the total probability of the analyzed
configuration, PT = PS + PP + POT + PCT of (x = 0.03, y = 0.01)
sample is 99%, while that of (x = 0.06, y = 0.01) sample would be
92%, hence 8% of the total magnetization is delivered by the
higher-order configurations (squares, etc.), and the analysis
limited to triangles becomes not accurate enough and is not
presented.

In Fig. 5, the inverse low field (5 kOe) susceptibility against
temperature in three samples of Pb1�x�yEuxSe:Nay with
(x = 0.01, y = 0) (x = 0.03, y = 0.01), and (x = 0.06, y = 0.01) is
reported. The data are analyzed using the Curie–Weiss law:43

w ¼ C

T þ y
þ wd (8)

where T is the absolute temperature, wd is the diamagnetic
susceptibility, C is the Curie constant, and y is the Curie–Weiss
temperature as given by47

C ¼ xEu2þNg2mB
2S0 S0 þ 1ð Þ

3kB
(9)

y ¼ 2xEu2þS0 S0 þ 1ð Þ
3kB

zJex ð10Þ

In (9) and (10), N is
NA

m xEu2þð Þ; z is the number of sites on the

coordination sphere (z = 12), and Jex/kB is the exchange con-
stant. Using the same Jex/kB = �0.35 K and number of magnetic
Eu2+ ions xEu2+ as is the low-temperature magnetization analysis
(Table 1), we are able to describe the susceptibility behavior,
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as seen in Fig. 5, where the low field magnetic (5 kOe)
susceptibility data shows linear relation with temperature,
following the Curie–Weiss law. This supports the conclusion
of the presence of AF interactions between nearest neighboring
Eu atoms (negative y and Jex), as well as the transformation of
Eu2+ to Eu3+ with Na doping (the same xEu2+ used here).

C. Electronic structure

The experimental data analysis provides strong evidence that
the Eu valence in Pb1�x�yEuxNaySe varies from 2+ to 3+. The
question that remains open at this point is whether this
transition may be explained by the evolution of the electronic
band structure of the system, or whether it is connected to
the chemistry of the material (e.g., formation of an antiferro-
magnetic Eu–Se secondary phases could also decrease the total
magnetization of the samples, although it would not be con-
sistent with the close correlation of the drop in magnetization
with the carrier concentration change). The electronic structure
calculations in this section address the question. This is a
difficult task for density functional (DFT) methods, since the
presence of a 4f element (Eu) requires taking into account
strong Coulomb interactions on the 4f shell. Furthermore, the

system under study is double-doped (Eu + Na). The Eu2+–Eu3+

transition, proposed here to explain the behavior of the Hall
charge density and magnetization, would be consistent with the
presence of the highest occupied Eu 4f level near the Fermi
energy EF of PbSe, so that changes in EF with Na doping can
move the Fermi energy into the Eu 4f level, leading to an
instability of the 4f7 configuration and driving the transition
to the mixed 4f6–4f7 state.

The calculated densities of states (DOS) for three concentra-
tions of Eu and Na in PbSe are presented in Fig. 6. First, in
panel (a), DOS of 64-atom PbSe supercell with a single Pb
replaced with Eu (i.e. Eu1Pb31Se32) is shown. This corresponds
to about 3 at% of Eu in PbSe. We see full spin-polarization of
the Eu 4f states, with the empty spin-down states expelled well
above EF (not shown for clarity of the figure). A semiconducting
state is seen in panel (a), with Eu 4f7 occupied configuration
and spin magnetic moment of 7 mB per Eu, confirming the Eu2+

state in PbSe. The first peak of the Eu 4f7 shell DOS is about
0.25 eV below the valence band edge. Panels (b) and (c) in Fig. 6
show two cases of doubly doped PbSe, Eu1Na3Pb28Se32 in panel
(b) and Eu2Na2Pb28Se32 in panel (c). In these supercells, the
symmetry was reduced to trigonal, to allow for different
configurations of Eu and Na atoms within the same computa-
tional geometry. When Na is introduced into Pb1�xEuxSe
(see, Fig. 6b), the Fermi level moves deep into the valence band
(VB), and the 4f Eu shell DOS splits into two main parts. One,
accommodating six 4f electrons, goes deeper into the VB,
corresponding to a stable 4f6 configuration. The second,
accommodating single electron, remains near the VB edge,
with EF inside the peak. The total filling of the 4f shell here is
6.7. Such a configuration, with EF being inside the 4f peak with
a large spectral weight of f-states at the Fermi level and a partial
4f shell filling, cannot be stable in the real material and should
be interpreted as an ‘‘averaged’’ picture of the mixed 4f6–4f7

state, predicted by the static, single-electron density functional
computations. The Eu2+(4f7)–Eu3+(4f6) transition avoids such
energetically unfavorable electronic configuration, and the real
DOS in the material will not look like the one presented in
Fig. 6b, which should be treated as a signature of the valence

Fig. 6 Spin-polarized densities of states (DOS) for 64-atoms supercells of PbSe, with some of Pb atoms substituted by Eu and Na, as given in the top
legend. On each of the panels, the ‘‘spin-down’’ DOS is plotted as negative. The left scale corresponds to the partial 4f Eu DOS (black curves) given per Eu
atom and per spin, while the right scale gives the total DOS of the supercell (blue curves), divided by 32 (the number of PbSe formula units).

Fig. 5 Inverse susceptibility of three Pb1�x�yEuxNaySe samples as a func-
tion of temperature. The solid lines are obtained from the Curie–Weiss
law, eqn (8).
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instability. Similar results (Fig. 6c) were obtained for the third
studied supercell, Eu2Na2Pb28Se32, in which the two Eu atoms were
located in two inequivalent crystallographic positions with different
Eu–Na distance. Also here, as the Fermi energy comes close to the
Eu-4f DOS, the reconfiguration of the Eu 4f shell takes place. The
Eu(1) atom, located closer to Na, exhibits larger splitting of the 4f
shell and stronger reduction of the 4f7-th level filling (equal to 6.6),
comparing to Eu(2) (filling equal to 6.8), which was placed much
further from Na [the distances were: Eu(1)–Na 4.3 Å, Eu(2)–Na
7.5 Å]. This is understood, as the smaller valence electron density
around Na+, compared to Pb2+, lies behind the Eu2+–Eu3+ transi-
tion, so the Eu(1) ion located closer to Na+, should adopt the 4f6

configuration more readily than Eu(2). On the other hand, this also
shows that no Eu–Na clustering effects are necessary to trigger the
Eu2+–Eu3+ transition; for the Eu(2) atom, the nearest Na was located
as far as the 6th coordination sphere.

Note that presented results cannot determine whether the
valence ‘‘mixing’’ is in the time domain (valence fluctuations)
or in the space domain (static spatially mixed valence). Also, the
calculated fraction of Eu3+ is a slower function of the Na
concentration than that observed in the real material. The
magnetization data (Table 1) show that in the samples with
1% Eu and 1% Na concentrations, 76% of Eu is in the 3+ state.
In contrast, from DFT studies in Eu2Na2Pb28Se32 one sees that
the average Eu 4f shell filling is 6.7, which could be interpreted
as 30% of Eu in Eu3+ state. Nevertheless, DFT computations
gave theoretical and independent support to the hypothesis of a
Eu2+–Eu3+ valence transition in the studied system. Moreover, a
qualitative explanation of the mechanism of transition is given,
in terms of the modifications in the electronic structure of the
system triggered by the unfavorable location of the Fermi
energy inside the DOS of the Eu-4f electron shell.

Summary and conclusion

We have investigated thermoelectric, galvanomagnetic, mag-
netic, and electronic properties of Pb1�x�yEuxSe:Nay samples.

The measurement results are summarized in Fig. 7, which
represents magnetization and hole concentration as a function
of both Eu and Na content.

First, as the Eu level (x) in Pb0.99�xEuxNa0.01Se is increased, the
system shows a significant reduction in hole concentration.
Second, when Na level (y) is increased in Pb0.99�yEu0.01NaySe, an
equally significant decrease in magnetization is observed. Both
phenomena can be explained by the valence transition of a fraction
of the europium atoms, from magnetic and divalent Eu2+ to a non-
magnetic and trivalent Eu3+, when Na is added to the system and
the position of the Fermi level changes. As a result, a mixed valence
state is realized in the system, and each amount of Eu in a 3+ state
compensates a fraction of holes delivered by Na. When the con-
centrations of Eu and Na are both equal to 1%, 76% of Eu2+ ions
are transformed into Eu3+. When the concentration of Na is further
increased, the percentage of trivalent Eu is rising, reaching 98% for
x = 1%, y = 4% case. A simplified electron-counting model for this
transition would be that the Eu2+ concentration would change with
the introduction of Na+, into Eu3+ and Na0. Fig. 7 then illustrates
how any loss of Na+ causes an increase in the amount of non-
magnetic Eu3+ and a decrease in carrier concentration. Electronic
structure calculations showed that the highest energy Eu 4f level of
the Eu2+ ion in PbSe is located about 0.25 eV below the VB edge of
the system. When Na, which is an acceptor in PbSe, is added to
Pb1�xEuxSe, EF moves deeper into the VB, causing an instability
and splitting of the Eu-4f electronic shell. This independently
supports the idea of Eu2+–Eu3+ valence transition in the double-
doped Pb1�x�yEux NaySe.

Moreover, we observed and analyzed magnetic interactions
between the Eu ions in the studied samples. Low-temperature
magnetization data are fitted successfully to a model that
takes into account the magnetic contributions of singles,
pairs, and triplets of Eu2+ ions. Antiferromagnetic interaction
between the nearest-neighbor Eu2+ with exchange coupling of
Jex/kB = �0.35 K was found. This was confirmed further by the
low-field susceptibility measurements, analyzed using the
Curie–Weiss law and taking the same exchange constant.

The important question that remains open and should be
addressed in future studies, is whether the Eu2+–Eu3+ transition
will take place for acceptors other than Na in Pb1�xEuxSe. If the
interpretation presented here is correct, the answer should be
positive, since the interpretation does not involve the chemical
nature of Na, but is based on a shift of the Fermi levels and a
reconfiguration in Pb1�xEuxSe bands. In other words, the rigid
band approximation applies to additions of Na, but not to
additions of Eu, even if the amounts added are similar.
Furthermore, a similar behavior may be possible in other
rare-earth doped narrow-gap semiconductors and hints of a
behavior similar to that described here might have been seen in
InSb doped with Er48 and Sm49.
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