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PB 50, MG CEP 37500-903, Brazil
2Departamento de Fı́sica, ICEx, Universidade Federal de Minas Gerais, Belo Horizonte, PB 702, MG CEP
30123-970, Brazil
3Instituto de Fı́sica, Universidade de São Paulo, São Paulo, PB 66318, SP CEP 05315-970, Brazil
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Electrical resistivity measurements were performed on p-type Pb1�xEuxTe films with Eu content

x¼ 4%, 5%, 6%, 8%, and 9%. The well-known metal-insulator transition that occurs around 5%

at room temperature due to the introduction of Eu is observed, and we used the differential

activation energy method to study the conduction mechanisms present in these samples. In the

insulator regime (x> 6%), we found that band conduction is the dominating conduction

mechanism for high temperatures with carriers excitation between the valence band and the 4f
levels originated from the Eu atoms. We also verified that mix conduction dominates the low

temperatures region. Samples with x¼ 4% and 5% present a temperature dependent metal

insulator transition and we found that this dependence can be related to the relation between the

thermal energy kBT and the activation energy Dea. The physical description obtained through the

activation energy analysis gives a new insight about the conduction mechanisms in insulating

p-type Pb1�xEuxTe films and also shed some light over the influence of the 4f levels on the

transport process in the insulator region. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4729813]

I. INTRODUCTION

The Pb1�xEuxTe is a IV–VI semiconductor alloy that has

been applied on the fabrication of mid infrared sensors and

diode lasers1,2 due to the large tunability of the energy gap

with variation of Eu content. It also presents very interesting

physical properties that differs it from the other more com-

monly studied semiconductors: the introduction of Eu2þ ions

to form the Pb1�xEuxTe alloy drastically changes the optical

and electrical properties of this semiconductor.3 The energy

gap located at the L point of the Brilloiun zone increases,

while the carrier mobility is reduced, as the Eu content is aug-

mented. Also, the increasing of the Eu content x leads to a

metal-insulator transition that occurs around x ¼ 5% for

p-type samples3 and around x ¼ 10% for n-type samples.4

The transition occurs due the disorder caused by the Eu atoms

and it is an Anderson transition type.

Another important consequence of the introduction of

the Eu ions is the formation of the 4f level below the valence

band maximum for x < 6%.5 For x ¼ 6%, the 4f level broad-

ens with the valence band maximum and for x > 6% the 4f
levels penetrates the energy gap.6 Through optical measure-

ments, Krenn et al.6 verified that in this situation the original

transitions between the Lþ6 and L�6 points (valence and con-

duction band respectively) changes to transitions between

the 4f states and the L�6. Regarding to the electrical proper-

ties, the influence of the 4f states for x > 6% on the transport

process is not clear. Despite the strong localization of the 4f
core levels, there are indications that these states indeed alter

some electrical properties.3

In this work, we performed electrical resistance measure-

ments on p-type Pb1�xEuxTe samples with x ¼ 4%, 5%, 6%,

8%, and 9%. From the analysis of the experimental curves

using the differential activation energy (DAE) method,7 we

investigated the conduction mechanisms present in the sam-

ples. Through the DAE curves obtained from the experimental

data, we found that the band conduction dominates at higher

temperatures for samples with x ¼ 8% and 9%. For samples

with x ¼ 4%, 5%, and 6%, it is possible to indentify a mix

conduction, indicating that these samples are in a transition

region where more than one mechanism plays an important

role, i.e., it is possible that the diffusive regime coexists with

the thermally activated or hopping regimes. We also com-

pared the activation energies Dea to the thermal energy kBT
and found that the reduction or saturation of the electrical re-

sistance observed in some samples at low temperatures can be

related to the relation between Dea and kBT. Recently, new

methods of gating and nanostructure fabrication of PbTe/

Pb1�xEuxTe quantum wells were suggested for possible appli-

cation of this material on spintronic based devices.8–10 Hence,

we expect that the detailed description of the conduction

mechanisms and the influence of the 4f levels on them can

lead to improvements on the application of PbEuTe alloys on

electrical and optical devices as well as in the development of

spintronic devices that could be designed to operate in a given

temperature range.a)E-mail: marcelos@unifei.edu.br.
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II. EXPERIMENTAL

The measurements were performed on films of p-type

Pb1�xEuxTe with x varying from 4% up to 9%. The samples

were grown in a Riber 32 P molecular-beam epitaxy MBE

system onto freshly cleaved (111) BaF2 substrates. The films

were grown at a substrate temperature of 208.5 �C during

2 h, with a deposition rate of 3.9 Å/s, resulting in a 2.8 lm

layer thickness. Three effusion cells with PbTe, Eu, and Te2

were used to grow the samples. Pb (Te) vacancies in PbTe

crystals act as acceptors (donors); therefore, it is possible to

control the concentration and the type of carriers through the

chalcogen source flux variation. To provide a p-type sample,

an excess of Te2 was maintained during the growth. The flux

rates from the individual effusion cells were measured with

an ion gauge, which is mounted on the sample manipulator

and can be rotated to the substrate growth position. To obtain

crystals with different Eu contents, the ratio between the

PbTe and Eu flux rates was varied.

III. RESULTS AND DISCUSSION

Figure 1 presents the normalized electrical resistance

(RN) for p-type Pb1�xEuxTe samples as a function of the tem-

perature in the range of 5–400 K and for x¼ 4%, 5%, 6%,

8%, and 9%. Through this figure, it is possible to observe

that a metal-insulator transition occurs around 5%, which is

in agreement to previous results reported in literature.3 This

transition is caused by the disorder originated from the Eu

ions, and the higher is the Eu content, deeper in the insulator

side lays the sample. For high temperatures (T> 200 K), the

metal-insulator transition is clearly observed as the curves

change the slope signal when x varies from 4% to 9%. How-

ever, samples with x¼ 4% and 5% (see inset to better visual-

ize the 5% sample profile) are considered to be in a

transition region, i.e., both present metallic and insulator

behaviors depending on the temperature region and tend to

saturate as temperatures reached the minimum value meas-

ured here. In addition, the sample with x¼ 8% exhibited

electrical resistance values only higher than the sample with

x¼ 4% and lower than all the others as the temperatures

decreased bellow �130 K.

In order to investigate the conduction mechanisms in the

insulating samples, we performed an analysis using the DAE

method.7 This method allows one to obtain the activation

energies involved in the carrier transport in a non-diffusive

regime. The method consists in obtaining the activation ener-

gies from a numerical derivation of natural logarithm of the

electrical resistance curves
dðlnRÞ

dðkBTÞ�1

� �
as a function of

(kBT)�1. The temperature dependence of DAE is a good

method to distinguish between variable range hopping

(VRH), nearest neighbor hopping (NNH), or band conduc-

tion (Arrhenius) because the last two do not present tempera-

ture dependence. Hence, if the band conduction, i.e.,

(exp(hv/kBT)), and NNH, i.e., (exp(hv0/kBT)), regimes are

present, where hv and hv0 are constants,11 the resulting acti-

vation energies obtained from the numerical derivation must

be constants. Hence in Figure 2, we present the activation

energy values as a function of temperature obtained from the

electrical resistance curves presented in Figure 1. One can

observe that samples with x¼ 8% and 9% presented plateaus

in the high temperature region indicating that band conduc-

tion dominates for such temperatures. The observed negative

activation energy values for the sample with x¼ 4% comes

from the metallic character of this sample and, as the temper-

atures decreases, the energy increases until a maximum and

changes slope around 177 K. The inversion of slope as the

temperature decreases is also observed for samples with

x¼ 5%, and 6% and indicates that these samples are in the

transition region. This reveals that, even though the resist-

ance curve for the sample with x¼ 6% presented insulator

like behavior in the whole range of temperatures measured,

FIG. 1. Normalized electrical resistance (RN) for p-type Pb1�xEuxTe sam-

ples as a function of the temperature in the range of 5–400 K and for x¼ 4%,

5%, 6%, 8%, and 9%. The metal-insulator transition occurs around 5%. The

inset shows the profile for the 5% sample that exhibits a metal-insulator tran-

sition as the temperature decreases.

FIG. 2. Activation energy values as a function of temperature obtained from

the electrical resistance curves presented in Figure 1. Samples with x¼ 8%

and 9% presented plateaus in the high temperature region indicating that

band conduction dominates while the negative activation energy values for

the sample with x¼ 4% comes from the metallic character of this sample.

(See text for further explanation.)
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this sample is not entirely insulating. Furthermore, at low

temperatures, for T< 40 K, it is possible to observe through

the inset in Figure 2 that the activation energies for the sam-

ples with x¼ 4%, 5%, and 8% drops below the thermal

energy (full line), while the ones for samples with x¼ 6%

and 9% remains above it until the lowest temperature meas-

ured. This is an indication that the thermal energy could play

an important role even at low temperatures, i.e., hole carriers

could be thermally activated from a region of localized states

to a region of delocalized states leading to a reduction of

electrical resistance. This could explain the resistance satura-

tion observed for samples with x¼ 4% and 5% and the

reduction of resistance for sample with x¼ 8% at low tem-

peratures. In addition, all samples present a decrease of the

activation energy as the temperature decreases after a certain

value. In this temperature region, it is not possible to identify

a dominating conduction regime and we indicate this region

as dominated by a mix conduction regime.

The values of the activation energy obtained at high

temperatures from the plateaus for samples with x¼ 8% and

9% indicate that must there be an energy level which separa-

tion from the valence band is smaller than the energy gap.

The energy gap DeG for Pb1�xEuxTe samples with x¼ 8%

and 9% are expected to be around 606 meV and 641 meV,

respectively, using the equation given in Ref. 12 and nearly

constant between 300 K and 400 K. These values show that,

in fact, the carriers activation is not between valence and

band conduction, i.e., between Lþ6 and L�6 points. How-

ever, as told before, the 4f level forms a band that penetrates

the energy gap for x> 6% and, according to Krenn et al.,6

the energy gap value, taking the 4f level as the initial state

of the interband transitions, can be calculated using

De4f(x)¼ (0.34þ 2.03� x) which leads to the values of

502 meV and 523 meV for x¼ 8% and 9%, respectively.

Considering that the carriers activation occurs between the

Lþ6 point and the 4f band (empty states in the top of the 4f
band), we calculated the activation energy as Dea

(x)¼DeG�De4f (x) and obtained the value of 104 meV for

x¼ 8% and 118 meV for x¼ 9%. These values are indicated

in Figure 2 as dashed lines and are in good agreement to the

values obtained through the DAE method since the dashed

lines lays approximately in the plateaus. In Figure 3, we

indicate the position of the 4f level with respect to the

valence (Lþ6) and band conduction (L�6) and show the ener-

gies DeG(x), De4f(x), Dea(x). This figure presents a simplified

representation of the activation energy mechanism discussed

above.

IV. CONCLUSIONS

We have measured electrical resistance on p-type

Pb1�xEuxTe samples for x¼ 4%, 5%, 6%, 8%, and 9% and,

using the activation energy method, we identified band and

mixed conduction mechanisms in very precise temperatures

regions between 5 up to 400 K. We found that for high Eu

concentrations (x¼ 8% and 9%), band conduction dominates

at high temperatures for T> 200 K. We compared the activa-

tion energy values from the plateaus observed on samples

with 8% and 9% of Eu with the calculated values for transi-

tions between the valence band and the 4f level and found

very good agreement. In addition, we verified that the satura-

tion/reduction of the electrical resistances at low tempera-

tures observed for samples with 4%, 5%, and 8% is related

to the relation between the activation and the thermal energy.

We observed that when the activation energy becomes lower

than the thermal energy as the temperature decreases bellow

40 K, there is a decreasing of the electrical resistance indicat-

ing that hole carriers could be thermally activated from a

region of localized states to a region of delocalized states

leading to a reduction of electrical resistance. The descrip-

tion of the conduction mechanisms of p-type Pb1�xEuxTe

alloys can lead to the improvement of the application of this

compound on electrical and optical devices as well as in

PbTe/Pb1�xEuxTe nanostructures for spintronic devices.
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