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EPR of Eu21 in Pb12xEuxSe layer and in Pb12xEuxSe/PbSe superlattice grown
by molecular-beam epitaxy on BaF2 substrates
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~Received 13 January 1998!

Electron paramagnetic resonance~EPR! experiments are performed at room and liquid helium temperature
on layers Pb12xEuxSe and on the superlattice PbSe/Pb12xEuxSe, grown by molecular beam epitaxy. EPR
measurements show unambiguously that Eu21 ions replace the Pb21 ions and that the crystal field is associated
with an octahedron of Se22 ions in the Pb12xEuxSe epitaxial layer. The data were fitted with the classical cubic
spin Hamiltonian. The crystal field coefficients areb45267.4 MHz andb6523.4 MHz. Low-temperature
experiments do not reveal the existence of strain in the epitaxial layers and in the superlattices. The effect of
the europium concentration on the EPR spectrum can be characterized by~i! the vanishing of the fine structure,
~ii ! the appearance of a strong central transition,~iii ! the broadening of the transition due to the Eu21 nearest-
neighbor dipolar and exchange interactions.
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I. INTRODUCTION

Electron paramagnetic resonance~EPR! measurements on
low concentration divalent europium ions in semiconduct
such as the lead chalcogenides1–3 give information about the
local symmetry and the crystal field associated with the ra
earth site in rock salt structures. The EPR spectra of isola
Eu21 has been extensively studied in a wide range of en
ronments. They are well known in the case where some E21

ions substitute for Pb21 ions in the bulk diamagnetic lea
chalcogenides PbSe~Refs. 1 and 2!, PbS~Ref. 3!, and PbTe.4

Let us recall that the EPR spectrum of an isolated Eu21 ion
in a IV-VI host with a rock salt structure is strongly depe
dent on the angle between the external applied magnetic
and the crystal axis. This anisotropy is the result of the sp
ting of the Eu21 electronic levels by the host crystal field
For the orientation for which the fine structure splitting
largest (Hi@001#), the spectrum consists of seven fine lin
roughly symmetrical about the central transition. The pa
magnetic resonance characteristics of Eu21 in PbSe are
therefore used to investigate the crystallographic quality
the microscopic environment in the case of the Pb12xEuxSe
crystal growth by molecular-beam epitaxy~MBE!.

In this paper we report and discuss the EPR results o
series of Pb12xEuxSe epitaxial layers~EL’s! and on
Pb12xEuxSe/PbSe multiquantum well~MQW! heterostruc-
tures. The EPR study includes comparison with bulk crys
line results. All EL’s and MQW’s were grown by reflectio
high-energy electron diffraction~RHEED! controlled mo-
lecular beam epitaxy, using a 2300 Riber MBE system a
effusion cells for PbSe and Eu, on freshly cleaved~111! face
of commercial BaF2 substrates, which are used for Pb
growth because of the nearly lattice constant and ther
expansion coefficient. The europium concentration~x
50.01, 0.03, 0.04, 0.05, and 0.2! in the single EL was deter
PRB 580163-1829/98/58~2!/877~5!/$15.00
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mined from microprobe measurements. A BrukerX-band
~9.54 GHz! spectrometer equipped with an Oxford Instr
ment helium gas flow and a goniometer for precise sam
orientation with respect to the applied magnetic field w
used for EPR measurements performed at 300 and 4.2
The ~111! faces of BaF2 substrate were used to orient the E
in the cavity.

II. ISOLATED Eu 21 IONS IN PbSe SINGLE
EPITAXIAL LAYERS

A. Spin Hamiltonian

The EPR line positions of the isolated Eu21 ions were
fitted to the classical spin Hamiltonian, which describes
electronic states of the ground state8 S7/2, in a cubic crystal
field:5,6

H5gmBH•S1
b4

60
@O4

015O4
4#1

b6

1260
@O6

0221O6
4#.

~1!

In Eq. ~1! the first term describes the Zeeman interaction
the Eu21 ion with the external magnetic fieldH, g is the
Landé factor, mB is the Bohr magneton, andS is the spin
angular momentum. The second and the last terms desc
the interaction between theS-state ion and the crystal field
O4

m and O6
m (m50,4) are the fourth and the sixth degre

cubic operators as defined by Abragam and Bleaney.5 b4 and
b6 are the crystal field coefficients. At zero field, theS state
splits into two doubletsG6 , G7 , and one quadrupletG8 , with
the respective energiesE(G6)514b4220b6 , E(G7)
5218b4212b6 , and E(G8)52b4116b6 . The overall
splitting is given byD5E(G7)2E(G6)5232b418b6 .
877 © 1998 The American Physical Society
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B. EPR spectra

The EPR spectra of Pb12xEuxSe single EL were recorde
at 300 and 4.2 K for different orientation of the extern
magnetic fieldH in the ~011! plane. Figures 1~a! and 1~b!
show derivative EPR spectra of the Pb12xEuxSe (x50.01)
layer at 300 K and forHi@111# andHi@001#. Typical Eu21

spectra in the PbSe bulk sample for the two different d
rections are exhibited as a dotted line in Fig. 1. ForHi@001#
the EPR spectra is composed of seven allowed transit
M↔M21 ~whereM5 7

2 , 5
2 , 3

2 , 1
2 , 2 1

2 , 2 3
2 , 2 5

2 , 2 7
2 is the

electronic magnetic quantum number! while the EPR spectra
for Hi@111# is composed of only five EPR lines. As can b
seen in Fig. 1, the spectra are not symmetrical about
central line. ForHi@001# the separation between the2 5

2↔
2 3

2 and 2 3
2↔2 1

2 transitions is larger than the (1 5
2↔

1 3
2 ) and (1 3

2↔1 1
2 ) ones. ForHi@111# the asymmetry is

better shown comparing the separation of the two extre
lines 2 7

2↔2 5
2 and 7

2↔ 5
2 from the central2 1

2↔ 1
2 line.

It is seen in Fig. 1 that the positions of the EPR lines
the Eu21 substituting for the Pb21 ions in the bulk sample
grown by the Bridgman method and the EL grown by MB
are found to be practically the same within the experimen
error. Meanwhile, the shapes of the EPR lines are differ
At 300 K, the Dysonian line shape due to the metal-li
behavior is not observed in the case of the EL. Electri

FIG. 1. X-band first derivative absorption EPR spectra of t
Eu21 in Pb12xEuxSe/BaF2 layer growth by MBE forHi@111# ~a!
andHi@001# ~b! at 300 K. The dotted line represent the EPR sp
tra of bulk sample. Asymmetry of the transition about the cen
absorption is better shown forHi@111#.
l

ns

e

e

f

l
t.

l

transport measurements have shown that the EL (x50.01)
was ap-type semiconductor with a carrier concentrationp
53.1631017 cm23 and resistivityr50.0731V cm which is
close to the value for bulk sample. For the EL with a sm
thickness ~2 mm! compared to the penetration depth@d
5(r/pmn)1/250.14 mm for r50.0731V cm and n
59.54 GHz#, the energy absorption is not dependent on
electron diffusion. Thus the skin effect leaves the obser
Gaussian shape of the EPR line unchanged.

At 300 K and forHi@001# the experimental intensities o
the seven allowed transitions agree with the theoretical
ues calculated from the spin Hamiltonian of the isolated io
@S(S11)2M (M21)#. For instance the experimental inten
sity ratio of 1 1

2↔2 1
2 to the 2 7

2↔2 5
2 is 16:5.5 for the

layer instead of the theoretical 16:7. For bulk sample,
have found 16:4.5. The distribution ofE(G6) and E(G7)
values for Eu21 observed in the case of the bulk samples1,2

is not present in the EL.
Figure 2 exhibits the measured angular dependence o

magnetic field for resonance corresponding to the seven
lowed transitions of isolated Eu21 ions in the Pb12xEuxSe
EL (x50.01) when the magnetic field direction rotates in t
~011! plane. The position of the EPR lines are determin
without Dyson analysis7,8 of the line shape. In first approxi-
mation the angular variation of the seven allowed transitio
field follows approximately the relation

125 sin2 u1~15/4!sin4 u, ~2!

in which u is the angle between the magnetic field and
@001# crystal axis.

The examined single epilayer revealed an intense sin
line spectrum foru close to 30°. In Fig. 2, the solid line
represent the best fit of the experimental data to the theo
ical fields for resonance determined from the exact diago
ization of the (838) matrix. The values of the crystal fiel
coefficients areb45267.4 MHz andb6523.4 MHz at 300
K, while the values for bulk sample were found to beb4

-
l

FIG. 2. Angular variation of the resonance field for the sev
allowed transitions of the Eu21 fine structure at 300 K. The externa
magnetic field rotates in the~011! plane of the layer. The full circles
represent the observed transitions and the lines represent the c
lated resonance by the diagonalization of the spin Hamiltonian
trix using the parametersg51.975, b45267.4 MHz, and b6

523.4 MHz.
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5269 MHz andb6525.8 MHz at 300 K. We think that the
small discrepancy is due to the Dysonian line shape ana
used for the bulk sample. The EPR linewidths correspond
to the transitionsM↔M21 and 2M↔2(M21) for
Hi@001# were found to be the same as those forHi@111#.

Figure 3 shows the EPR spectrum measured at 4.2 K,
fine structure of Eu21 in the EL is typical of a cubic crysta
field splitting. The estimated value of the crystal field co
ficients are found to be the same as those at 300 K. The
lines are not affected by the skin effect~r50.0014V cm,
d519mm!. For Hi@111# the fine structure is better resolve
at 4.2 K than at room temperature. This is due to the dep
dence on temperature of the EPR linewidths. The peak
peak average width of the EPR lines shape at 300 K is ab
140 G, decreasing to 110 G at 4.2 K. Below about 20 K,
2 5

2↔2 3
2 , 2 3

2↔2 1
2 pair of transition becomes resolve

while the 1 5
2↔1 3

2 , 1 3
2↔1 1

2 pair of transition is not re-
solved. Thus the asymmetry of the EPR spectrum due to
effect of the cubic crystal field is clearly shown and it can
accounted for only ifb4 andb6 have opposite signs.

The absolute signs ofb4 and b6 were confirmed from
measurements of the relative intensities of the2 7

2↔2 5
2 ,

1 7
2↔ 5

2 transition at 4.2 and 300 K. The increase in intens
of the high-field line forHi@001# and the low-field line for
Hi@111# gives rise to theG6 doublet as a fundamental sta
at zero field.

In the 4.2–300 K temperature range, the estimated La´
factorg values were found to be independent of temperat
g51.97560.002. The difference between free electron s
and experimental values of Lande´ factor can be explained b
the influence of the excited states on the ground state.

FIG. 3. X-band first derivative absorption EPR spectra of t
Eu21 in Pb12xEuxSe/BaF2 layer growth by MBE, forHi@111# and
Hi@001# at 4.2 K. The spectrum forHi@111# is better resolved.
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coefficient a, which represents the admixture between t
8S7/2 and 6P7/2 states has been estimated as 0.3 from
expression of Lacroix9

g5~12a2!2gs1a2gp , ~3!

wheregs andgp are theg values for 8S7/2 and 6P7/2 states.
The value ofa is very close to the values estimated in t
case of Pb12xEuxSe ~Refs. 1 and 2! (a50.25) and
Pb12xEuxS ~Ref. 3! (a50.3) bulk samples. It is seen in Figs
1~a! and 3 that in addition to the seven intense allowed fi
structure lines there appeared three forbidden (DM562)
transitions at low field which are attributed to the transitio
7
2↔ 3

2 (H51945 G), 2 7
2↔2 3

2 (H51273 G), and2 1
2↔ 3

2

(H51479 G).

III. EFFECT OF THE Eu 21 CONCENTRATION

Figures 4~a! and 4~b! show the dependence of the EP
spectrum onx, for the single EL’s with concentrationx
50.01– 0.20. The thickness of the EL’s varied from 1.5 to
mm. For Hi@111# and Hi@001# the effect of the incorpora-
tion of europium in the PbSe lattice on the EPR lines of
allowed transitions is clearly shown. First, the EPR lin
widths increased with increasing Eu21 concentration~Fig. 5!.
Such behavior is attributed to the Eu21-Eu21 dipolar and
exchange interactions.10,11

Second, the fine structure of Eu21 ions vanished with in-
creasingx. The positions of the seven allowed transitio

FIG. 4. Different Eu21 concentration Pb12xEuxSe/BaF2 EPR
spectra performed at 300 K forHi@111# and Hi@001#. The fine
structure vanishes with the increase of the composition. For
high composition, the spectra consist of a large central position
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are found to remain the same but the ratio of the experim
tal intensity of the1

2↔2 1
2 transition to the otherM↔M

21 lines increased with increasing value ofx from 0.01 to
0.05. Forx50.2 EL, the EPR signal is not anisotropic an
the spectrum consists of an isotropic central line.

To summarize, the increase in the Eu21 concentration re-
sults in a gradual disappearance of the typical fine struc
due to the isolated ions and in an increase in the intensit
the central line. There are two possibilities to explain t
dependence of the EPR results as a function ofx. First, the
incorporation of europium in the PbSe lattice can affect
structural quality of the EL. Disorder in the atomic arrang
ment in the Pb12xEuxSe lattice or mosaiciness of the E
affect the EPR lines which depend on the orientation of
crystal axis.

Secondly, the changes in the the EPR spectrum of the
with the Eu21 ions concentration can be due to cluster re
nance. The statistics of the clusters for a crystal with ro
salt structure predict a decrease of the number of the isol
ions with increasingx. In the concentration rangex
50.01– 0.05 the number of single ion clusters exceeds
number of the other cluster types. For the high concentra
of europium, the probability to find single ion clusters
zero, and the EPR signal cannot be treated using the
Hamiltonian of the isolated ions. The following argumen
indicate that the second possibility is more likely. First, t
full width at half maximum~FWHM!, obtained from x-ray
diffraction patterns is found to be practically the same~250
arc sec! for the sample withx50.01, 0.03, 0.04, and 0.05
Secondly, microprobe analysis has revealed that the su
tution of Pb21 ions by Eu21 is real and that the distribution
of the Eu21 ions is random. In addition, magnetizatio
measurements12 performed on bulk samples have shown th
the distribution of Eu21 ions is homogeneous forx51.3, 3,
and 4 %.

IV. Pb12xEuxSe/PbSe MULTIQUANTUM WELLS

Five and a fifty Pb12xEuxSe/PbSe MQW’s were grown o
~111! BaF2 substrates. The thickness of the individual lay
in the two heterostructures is 200 Å. The five MQW’s we

FIG. 5. Linear variation of the full half line width for the12↔
2

1
2 transition versus log(x), for the Hi@001# ~circle! and for

Hi@111# ~square!.
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grown using a Pb12xEuxSe buffer layer~1.5 mm! while the
superlattice was grown on a PbSe relaxed buffer layer~1.5
mm!. The EPR spectrum of five MQW heterostructures
shown in Fig. 6~a!. The observed behavior of the EPR lin
widths as a function ofx for the single EL’s is used to obtain
the valuex50.09 for the Eu21 concentration in this hetero
structure. The shape of the EPR spectrum looks similar to
shape of the EPR line observed for Pb12xEuxTe/PbTe MQW
heterostructures grown by hot wall epitaxy.13 The spectrum
is due to the isolated Eu21 ions @Fig. 6~b!#, superimposed on
a large and isotropic central line@Fig. 6~c!#. For the
Pb12xEuxTe/PbTe MQW heterostructure, the authors ha
attributed the additional EPR line to Eu21 dispersed into the
PbTe layers13 and to a inhomogeneous distribution of e
ropium in the PbTe lattice. Magnetization measurements p
formed at low temperature on Pb12xEuxTe ~Ref. 14! bulk
samples have shown that the randominess of the distribu
of Eu21 over the cation sites is perfect. As we have seen
the case of the europium doped EL, the concentrationx in-
fluences the EPR spectrum shape, thus we think that a s
of the EPR spectrum change withx must be performed on a
single Pb12xEuxTe layer before attributing it to the existenc
of defects in the crystal.
The 50 period Pb12xEuxSe/PbSe superlattice structure w
confirmed by the x-ray diffraction pattern obtained arou
~444! reflections. Because of the low europium concentrat
and of the thickness of the individual layer, we assume t
the layers are fully relaxed. The EPR spectrum of t
Pb12xEuxSe/PbSe MQW heterostructure forHi@111# and
Hi@001# and for 4.2 K~Fig. 7! can be interpreted using th
spin Hamiltonian of the isolated ions and the parameters
termined in the case of the single EL. We foundx50.017
~Fig. 4! for the concentration of Eu21 ions in the Pb12xEuxSe
layers of the superlattices.

The strain effect on the EPR spectrum, reported in
case of Mn21 in ZnTe/MnTe~Ref. 15! is not present on the
spectrum at 4.2 K. Because of the small content of Eu,

FIG. 6. ~a! EPR spectrum at 300 K of a Pb12xEuxSe/PbSe
MQW for the Hi@111#. ~b! EPR spectrum at 300 K of a singl
Pb12xEuxSe layer (x50.04). ~c! Strong and broad EPR lines dete
mined by subtraction of the signalsa andc. This line is attributed
to the Eu21 cluster resonance.
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lattice mismatch between PbSe and Pb12xEuxSe is estimated
to be only 0.1%, therefore, the layers are strain relaxed.

FIG. 7. X-band first derivative absorption EPR spectra of th
Eu21 in the Pb12xEuxSe/PbSe superlattice grown on a thick PbS
buffer layer by MBE forHi@111# andHi@001# at 4.2 K. The ex-
perimental EPR result~anisotropy, fine structure of the isolated
ions! are very well interpreted using the Eu21 spin Hamiltonian and
the crystal field coefficients of the PbSe lattice. No strain induc
by the lattice mismatch is observed.
o

o

M

e

d

V. SUMMARY AND CONCLUSION

The EPR measurements performed on the Pb12xEuxSe
EL and on the Pb12xEuxSe/PbSe superlattice show crysta
line perfection for low europium concentrations (x,5%)
necessary for sensor narrow-gap materials. The two
structures, forHi@111# andHi@001#, and the angular varia-
tion of the resonant field in the~011! planes are interpreted
using the cubic spin Hamiltonian and the crystal field co
ficients are found to be close to the values obtained from
bulk sample EPR measurements. The asymmetry observe
attributed to the crystal field coefficients as in the case
Gd31 diluted in Bi2Se3.

16

The EPR lines are not Dysonians contrary to the E
lines of the bulk sample. Theg factor is found to be isotropic
for all the epilayers (g51.975). The EPR spectrum of Eu21

in Pb12xEuxSe is very sensitive to the orientation of the a
plied magnetic field, the temperature, and the number of
isolated ions in the host lattice. The changes in the E
spectrum observed with the concentration are attributed
the effect of the europium cluster resonance and the van
ing of the fine structure due to the isolated ions is associa
with the decrease of the probability finding isolated ions
the lattice with increasingx.

EPR measurements performed on superlattices show
the crystal field is cubic. The EPR spectrum agree with
crystal field coefficient of a single EL.
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