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EPR study of Eu** in Pb,_ Eu,Se layers grown on a Si substrate
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Electron paramagnetic resonance (EPR) of Eu”* ions in Pb,_,Eu,Se layers grown by molecular beam epitaxy
on Si substrate has been investigated. The measurements were performed on layers with thickness around
1.5 um and europium concentration x=0.01, 0.06, 0.08, and 0.10. The spin Hamiltonian (SH) parameters of
the single ion anisotropy were obtained from the sample with x=0.01. Room temperature (300 K) EPR
measurements showed that the site symmetry of the Eu?* ions is cubic and the SH parameters were found to
be g=1.970+0.001, b4,=270.5+0.5 MHz, and bg=—-2.0+0.5 MHz. However, at T=4.2 K, it was found that the
cubic symmetry is axially distorted along the [111] direction, perpendicular to the layer surface. The change in
the EPR spectra at 4.2 K was interpreted by incorporating an axial component in the SH with b,=
—41+3 MHz. The observed distortion was attributed to strain induced by thermal expansion caused by a
mismatch between the layer and the substrate. For x=0.01, we also observed a partially resolved hyperfine
structure due to the '>'Eu and '>*Eu isotopes and a structure of lines due to Eu-Eu pair spectra. For samples
with higher Eu concentration x=0.06 and x=0.08, the spectrum consisted of the isolated Eu** ions EPR lines
superimposed on a broad single isotropic line at g=~2, which was attributed to signal from Eu clusters. For the
sample with x=0.10, we only observed a single broad line centered on g~2. The number of single Eu>* ions
was determined from the EPR lines intensities at 7=300 K. The results show that the distribution of the Eu>*

over the cation sites is not random.

DOI: 10.1103/PhysRevB.76.035203

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) generally con-
sist of a magnetic semiconducting material, such as II-VI or
IV-VI, in which a small fraction of cations is replaced by
magnetic rare-earth or transition metal ions. DMSs have
unique properties that make them potential candidates for
use in optoelectronic and spintronic applications.'~* The dop-
ing of the host material with magnetic ions is a prerequisite
to change the characteristics of the pure crystal, such as the
increase of the energy gap of the material and/or the change
of carrier’s concentration. One extensively studied class of
DMS is based on II-IV materials in which some of the cat-
ions have been substituted by manganese.> Another group is
based on lead salts (PbS, PbSe, PbTe) with rocksalt crystal
structure, containing divalent europium ions.® Magnetic
properties involving electron paramagnetic resonance (EPR)
on bulk Pb,_,Eu,Se samples have already been reported.”~'%
In all these works, the fine structure (FS) of the isolated Eu**
ions (i.e., ions which have no nearest-neighbor-like ions) lo-
cated on sites with cubic symmetry was reported. The EPR
of isolated Eu* ions (singles) in Pb,_,Eu,Se layers and su-
perlattices grown by molecular beam epitaxy (MBE) on
BaF, substrate was also reported by Gratens et al.!' The
results showed that the site symmetry of the Eu’* ions re-
mains cubic in the whole range of temperature from 300
down to 4.2 K.
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In this paper, we present the study of the strain on
Pb,_,Eu,Se layers grown by MBE on Si substrate by means
of EPR measurements. Furthermore, the distribution of the
Eu ions over the Pb sites in Pb;_ Eu,Se layers as well as the
exchange interaction between Eu”* ion will be evaluated.

II. EXPERIMENT

High quality epitaxial layers of Pb,_,Eu,Se were grown
by MBE. The layer growth was controlled by reflection high-
energy electron diffraction using a 2300 Riber MBE system
and effusion cells for PbSe and Eu. Four layers of
Pb,_,Eu,Se with x=0.010, 0.060, 0.080, and 0.10 and thick-
ness of 1.6, 1.2, 1.6, and 2.0 um, respectively, were used in
the present study. The layers were grown on (111)-oriented
Si substrate using a thin (80 A) CaF, buffer layer to reduce
the lattice parameters as well as the thermal-expansion-
coefficient mismatch between the layer and the
substrate.!>”'* The values of Eu concentration were deter-
mined by microprobe analysis, and the EPR measurements
were carried out from 300 to 4.2 K using an X-band
(9.54 GHz) Bruker spectrometer. The samples of approxi-
mately 2 X4 mm? were oriented in the EPR cavity with the
external magnetic field H parallel to the (011) plane of the
Pb,_,Eu,Se layer. The temperature was regulated with an
Oxford gas flow system and was measured with a thermo-
couple.
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FIG. 1. X-band (9.56 GHz) EPR spectra for the Pb,_,Eu,Se
layer with x=0.010 at 7=300 K and 7=4.2 K: (a) the magnetic
field direction is parallel to [001] and (b) H is perpendicular to the
layer surface. In both directions, the fine structure (FS) lines of the
isolated Eu’* ions (singles) were identified by the quantum number
mg of the lowest energy level of the transition. For HII[111], the
overall splitting of the FS was found to increase when the tempera-
ture was lowered down to 4.2 K, while for HI[[001] no significant
changes in the FS were perceived.

III. EPR SPECTRUM FOR LOW CONCENTRATION

In this section, we present the EPR results obtained for
the layer with x=0.010. Due to the low concentration of the
magnetic ions in this sample, the fine structure was well
resolved and the effects of broadening as well as the correc-
tion due to demagnetization field were found to be insignifi-
cant. It is worthwhile mentioning that for this sample, EPR
lines due to Eu-Eu pairs coupled by antiferromagnetic ex-
change interaction were also identified.

A. Fine structure of isolated ions

Figure 1 shows two relevant EPR spectra recorded at T
=300 K for H parallel to the [001] direction and perpendicu-
lar to the layer (i.e., HII[111]). In both spectra, the seven FS
lines corresponding to the allowed transitions Amg==+1
(where my is the projection of the S=7/2 spin of Eu?*) were
clearly resolved. For both spectra, the transitions were iden-
tified based on the comparison of the experimental line in-
tensities with theoretical values'® at T=300 K and T=4.2 K.
Furthermore, two EPR forbidden line (Amg=+2) transitions

PHYSICAL REVIEW B 76, 035203 (2007)

Magnetic Field (T)

Magnetic field (T)

0 30 60 90 120 150 180
6 (deg)

FIG. 2. Angular variation of the FS line positions with the mag-
netic field orientation at (a) 7=300 K (b) and 7=4.2 K for the layer
with x=0.010. The magnetic field was rotated in the (011) plane of
the Pb;_,Eu,Se lattice. The orientation #=0° correspond to the
[001] direction. The circles represent the experimental data and the
continuous lines are the best fits obtained by numerical matrix di-
agonalization of the spin Hamiltonian (SH). At T=300 K, the site
symmetry of the isolated Eu”* ions was found to be cubic, while at
T=4.2 K, the cubic SH of Eq. (1) used at 7=300 K was incre-
mented by an axial symmetry term to account for the strain effect.

were observed in the low-field part of the spectrum [Fig.
1(b)].

The angular dependence of the EPR line positions was
recorded for various orientations of the external magnetic
field in the (011) plane [Fig. 2(a)]. For each orientation of H,
the positions of the FS lines were obtained from the fitting of
the spectrum to seven EPR lines of Lorentzian shapes. Then,
the collected FS line positions were simultaneously fitted to
the spin Hamiltonian (SH) which describes the electronic
states of the %S, ion in cubic symmetry:'®

be
1260

H=guzH-S+ %(02+503) + (02-210)). (1)
In Eq. (1), H is the external magnetic field and wg is the
Bohr magneton. The spin operators O/, are those described
by Abragam and Bleaney'> and g, b4, and by are the usual
SH parameters. The fitting of the data is shown in Fig. 2(a)
and was obtained by numerical diagonalization of Eq. (1).
The excellent agreement to the experiment confirms the cu-
bic site symmetry of the isolated Eu ions. The SH parameters
were found to be g=1.970+0.001, ,=270.5+0.5 MHz, and
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be=—-2.0+£0.5 MHz. These values are in very good agree-
ment with those obtained for bulk crystals”*!? and for layers
deposited on BaF, substrate.!!

The EPR spectra obtained at T=4.2 K for H parallel to
the [001] and [111] directions are displayed in Fig. 1. For
HII[001], we clearly observe an increase in the intensity of
the highest-field line compared to that of the lowest field
line. This characteristic indicates that the transition within
the two lowest energy levels (=7/2+—5/2) occurs at high
field, while for HI|[111], due to the mixing of the energy
levels, changes in the line position arrangement occur and
the situation is inverted, i.e., the transition (=7/2+«-5/2)
becomes the lowest in field. This implies that at low tem-
peratures, the levels with negative mg are more populated
than those with positive mg, identifying the highest-field EPR
line to be the (—7/2+»—5/2) transition and the absolute sign
of b, to be positive. Furthermore, for HII[111], changes in
the FS line positions were observed when the sample was
cooled down to 4.2 K. These changes were characterized
by an increase of the overall splitting of the spectrum and
a wider separation between the two (—1/2«+>-3/2) and
(=3/2+>=5/2) EPR transitions, while for HII[001], no sig-
nificant changes in the FS line positions (within the experi-
mental error) were observed. The positions of the FS lines
were also determined at 7=4.2 K for various orientations of
the external magnetic field [Fig. 2(b)]. We clearly observed a
deviation from the cubic symmetry, characterized by the

nonequivalence of the directions [111] and [111]. The ob-
served changes in the spectra are due to an axial distortion of
the cubic symmetry along the [111] direction.'® The data in
Fig. 2(b) were fitted by matrix diagonalization of the cubic
spin Hamiltonian of Eq. (1) incremented by the axial sym-

metry term of the form %OQ with the z axis of the spin
operator along the [111] direction, perpendicular to the sur-
face of the layer. The fit was performed with b, as fitting
parameter, while the values of g, by, and by were used as
determined from the measurements at 300 K. This choice
was based on the fact that no relevant changes were observed
for HII[001]. The best fitting to the experimental data was
obtained for b,=—-41+3 MHz.

The observed axial distortion of the cubic symmetry at
low temperature was attributed to the strain induced by
thermal-expansion-coefficient mismatch between the sub-
strate and the layer. At 7=300 K, the site symmetry of the
isolated ions was shown to be cubic, which is in agreement
with a full relaxation of the strain after the growth of a thick
layer."* On cooling the sample down to 4.2 K, and assuming
the layer pinned to the substrate which deforms elastically,
the lattice spacing parallel to the surface (a;) should be
nearly constant a(T)=a(300 K)=6.124 A due to the small
thermal expansion coefficient of Si.'> An exact calculation
was made for ¢;(4.2 K) based on

T
ay(T) = a(300 K)(f adT - 1). (2)

300 K

In Eq. (2), « is the linear thermal expansion coefficient of
Si instead of PbSe. We obtained (4.2 K)=6.122 A. The
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FIG. 3. Pb;_,Eu,Se EPR spectra obtained at 7=4.2 K for the
layer with x=0.010, for H|[[001] and [111]. The solid lines repre-
sent the experimental spectra after subtractions of the central line.
The traces exhibit a partially resolved hyperfine structure due to the
isotopes BBy and Eu and another structure of much more
broader linewidths attributed to Eu?*-Eu”* pairs. The dotted lines
are the simulation results of the hyperfine structure (Sim.1) and the
first nearest neighbor (NN) pair spectrum (Sim.2).

lattice parameter for “free” PbSe crystal is a;=6.094 A at
4.2 K, causing a tensile strain parallel to the interface g
=(ay—ag)/ay=0.46 and a compressive strain ¢ | =—Ag (with
A=1.16)."* The outcome of this strain is a rhombohedral
deformation of the lattice with ez=(qy—a )/ay, slightly
higher than 1% at T=4.2 K. However, the changes in the FS
line positions for HII[111] were observed for 7< 130 K, im-
plying a relaxation of strain between 300 and 130 K, while
the layer deforms elastically only for 7<<130 K, in which
case the calculation shows that the value of b,=
—41+3 MHz is correlated to a lattice deformation e of
0.3%.

B. Other features of the EPR spectrum

Superimposed on the FS of the isolated Eu** ion spec-
trum, we have also observed other lines near the (1/2+«
—1/2) transition. The lines are clearly visible in Fig. 1 at T
=4.2 K, but the overall structure is better resolved when a
background line corresponding to the (1/2+»—1/2) transi-
tion is subtracted from the spectrum as shown in Fig. 3.

We have identified the partially resolved hyperfine (hf)
structure composed of four equally spaced lines due to the
two equally abundant ">'Eu and '**Eu isotopes. The posi-
tions of the hf lines determined from the second derivative of
the absorption signal were also emphasized in Fig. 3 by ver-
tical segments. The hf structure is the result of an overlap of
12 lines corresponding to both isotopes (six lines each). The
analysis of the overall spacing of the structure and the posi-
tion of the resolved lines allowed us to determine the hyper-
fine coupling constants to be A('°'Eu)=92.5 MHz and
A('3Eu)=36 MHz. These values were estimated from the
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best simulation of the hf structure and were found to be in
good agreement with the values reported in the literature for
bulk samples containing Eu ions.”!

Furthermore, other structures of lines in Fig. 3 were suc-
cessfully identified within the energy levels of nearest neigh-
bor (NN) Eu**-Eu?* pairs coupled by antiferromagnetic (AF)
exchange interaction. The dominant exchange interaction be-
tween Eu ions in Pb;_,Eu,Se was found to be AF with a
value of J/kz=-0.24 K.'7 It was also established that the
distribution of the Eu?* ions over all the cation sites is near
randomicity. Based on this result and for x=0.01, about 89%
of the total number of Eu?* ions are isolated and about 10%
are NN exchange coupled ions. We have performed simula-
tions of the NN pair spectrum for HII[001] based on the
appropriate pair spin Hamiltonian (PSH) given by

H

pair = H(l) + H(Z) - 2JSI ' SZ + d(3S1152z - Sl ' SZ)» (3)

where H; (i=1,2) corresponds to the low temperature SH
for each of the two Eu* ions. The last two terms represent
the isotropic exchange interaction (J/kz=-0.24 K) and the
dipolar interaction for the NN pairs, respectively.!” When
HII[001], the dipolar interaction splits the 12 NN pairs into
two nonequivalent NN groups, four pairs having their z axis
(along the line joining the two ions) perpendicular to H and
eight pairs making an angle of 45° with the [001] axis. How-
ever, for HlI[111], all the 12 NN pairs are equivalent. The
dipolar constant d has been calculated using a point charge
model with d=(gug)?/r*, where r is the distance between the
two NN Eu ions without deformation of the cubic lattice.
In Eq. (3), the dominant term is the exchange interaction
and the pair states can be described by the total spin Sy
=S,+S,."® The anisotropic terms in the Hamiltonian produce
small splitting of the (2S;+ 1)-fold degeneracies, giving rise
to a structure of lines. We have determined the positions of
the transitions by matrix diagonalization of the (64X 64)
PSH given in Eq. (3). For each transition, we have calculated
the respective transition probability represented by the term
1,=(S1,8,,my,my|Sx; +Sx,|S],S5,m|,m})|?* using the eigen-
vectors of the PSH matrix for each of the magnetic field line
transitions. The result showed that the main transitions occur
between states of the same S, and for AM = +1 (where AM
is the component of S; along the external magnetic field),
and it was concluded that the transition probabilities are pro-
portional to S;(S;+1)+M(M;+1). Other transitions with
much lower but significant transition probability have also
been identified. It was found that they arise from energy
levels with AS7=0 and AM;==+2. The simulation of the pair
spectrum was performed at 7=4.2 K, and the intensity of
each of the lines was premeditated by the transition probabil-
ity given by the term /; and the Boltzmann population of the
energy levels. The simulated pair spectrum shown in Fig. 3
was obtained by using a Lorentzian EPR line shape and a
peak to peak width of AH,,=9 mT. The matching between
the experimental and simulated spectra was not perfect but
relatively good considering that no adjustable parameters
were used in the simulation. The effect of the lattice distor-
tion on the dipolar interaction has also been investigated;
however, it turns out that the contribution of this term is

PHYSICAL REVIEW B 76, 035203 (2007)

H|[111]

Intensity (arb. units)

0.2 0.3 0.4 0.5
Magnetic Field (T)

FIG. 4. EPR spectra of the samples with x=0.06, 0.08, and 0.10
obtained at 7=300 K and 7=4.2 K for H|I[111]. The lines labeled
1, 2, 4, and 5 correspond to the FS of isolated Eu* ions. For x
=0.06 and x=0.08, the central broad line labeled 3 is the result of
the overlap of the (—1/2 < +1/2) line of isolated Eu”* ions and the
AF cluster lines (x=0.10).

negligible and brings no significant changes to the simulated
pair spectra shown in Fig. 3. The slight disagreement be-
tween the experimental and simulated pair spectra could be
due to a larger deviation from cubic symmetry around the
two Eu?* ions, which was not included in Eq. (3).

IV. EPR ON LAYERS WITH HIGH Eu CONCENTRATIONS
A. Overall view

Figure 4 shows the EPR spectra collected for the layers
with x=0.060, 0.080, and 0.10 at 7=300 K and 7=4.2 K
with the external magnetic field along the [111] direction.
For the three samples, the spectra show a broad line with g
~72 labeled as number 3 on the graph. For x=0.060 and x
=0.080, the FS lines from the isolated Eu?* ions were also
resolved. These lines were labeled on the graph as lines 1, 2,
4, and 5 in order of increasing field for HII[111]. Lines 2 and
4 in the spectra of x=0.060 and x=0.080 are the results of
the overlap between the (£5/2+« £3/2) and (£3/2+ +1/2)
lines. Lines 1 and 5 which correspond to the (-7/2«
—-5/2) and (7/2+5/2) transitions, respectively, were only
observed for HII[111]. The relative intensity of line 3 as
compared to the intensities of the other observed lines was
found to increase with increasing x. For x=0.10, the spec-
trum consisted only of the isotropic central transition (line
3), as shown in Fig. 4.

The variation in the EPR spectra with increasing Eu con-
centration is attributed to the decrease in the number of
singles and the increase of the AF clustering of Eu ions in the
sample. Thus, for samples with large Eu concentration, line 3
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is mainly due to signal coming from various types of AF
clusters including pair contributions (Sec. III B).

B. Line positions and linewidths

An accurate determination of the SH parameters for the
samples with x=0.06 and x=0.08 was difficult due to the
large broadening and the overlap between various lines of
the FS. However, simulation of the spectra by using the SH
parameters determined at 7=300 K for x=0.010 describes
well the FS spectra of isolated Eu?* ions for the samples with
large concentrations, except for line 3 which is the superpo-
sition of the (-1/2+«>+1/2) and the AF cluster isotropic
lines.

On cooling down to low temperature, we observed a shift
in the line positions to higher field; this shift AH
=H(4.2 K)-H(300 K) was found to increase with increasing
x. For line 3, AH was found to be 11.0, 12.0, and 19.0 mT
for x=0.06, 0.08, and 0.10, respectively. We have also no-
ticed that AH is maximal for H perpendicular to the layer
surface and increases with increasing the applied external
magnetic field. The shift in the line positions was attributed
to the demagnetization field caused by the sample shape. For
H perpendicular to the layer surface, the internal field (H,,,)
within a flat sample is given by H,,,=H,,—47M, where M is
the sample magnetization.!” At 7=300 K and for HII[111],
the magnetization is expected to be small and the line shift
would be given by AH=47M at T=4.2 K. We calculated the
expected shift for line 3 at 7=4.2 K, assuming a pure para-
magnetic film; the calculations were made by using a Bril-
louin function and yield AH=11.7, 15.7, and 20.0 mT for
x=0.06, 0.08, and 0.10, respectively. These values are
slightly higher than the experimental values obtained from
the EPR spectra, which is consistent with the presence of a
weak AF clustering.

After correction of the demagnetization field, we were
able to substantiate the presence of thermal strain for the
layers with x=0.06 and x=0.08 from the overall splitting
between lines 1 and 5 for HII[111] and using the cubic SH
parameters determined for x=0.010. Thus, the estimated b,
values were —0.04 and —0.06 GHz for x=0.06 and x=0.08,
respectively.

The EPR linewidths of the FS are originated by an intrin-
sic linewidth as well as dipolar and hyperfine broadening.
According to this scheme, the linewidths are expected to
be the same for all the FS lines. However, experimentally,
the extreme FS lines (i.e., lines 1 and 5) for x=0.010 are
characterized by larger linewidths as compared to the cen-
tral line. It was found that AH,,(+7/2+ +5/2)=14.5 mT,
AH,,(-7/2-5/2)=16.0 mT, and AH,,(-1/2+-1/2)
=11.6 mT for HII[001] at T=4.2 K. This broadening of the
extreme FS lines was attributed to a distribution of the SH
parameters caused by the strain. To illustrate this difference,
we have simulated the observed broadening of the satellite
lines by assuming a Gaussian distribution of the parameter b,
and using AH,,, of the (—=1/2 < —1/2) transition as the intrin-
sic linewidth (this approximation is valid, since, in first or-
der, the axial component has no effect on the line positions
for HII[001]). Good agreement between the simulated and
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FIG. 5. Relative number of isolated Eu?* ions in the Pb,_ Eu,Se
layers grown by MBE on Si (dark circle) and BaF, (open square)
substrates. The continuous line represents the predicted number of
singles assuming a random distribution of the Eu ions over the
cation sites.

experimental linewidth values was obtained for a half width
Ab,=0.026b,. This value also gave a good description of the
FS for HII[111]. For x=0.06 and x=0.08, the estimations of
Ab, were not performed because of the lack of a good ap-
proximate for the intrinsic linewidth. Indeed, for these con-
centrations line 3 is mainly due to the AF clusters with a
small contribution from the (-1/2++—1/2) line of the iso-
lated ions. The line was found to have a Lorentzian line
shape and broadens with decreasing temperature and increas-
ing Eu concentration, which is a characteristic of exchange-
narrowing cluster line also observed in other DMSs.?0-%2

C. Concentration of the isolated ions

The number of single ions was estimated from the EPR
line intensities at 7=300 K for H|I[[111] given by I, I3, and
I, for lines 2, 3, and 4, respectively. The intensity I, (or 1) is
related to the number of isolated Eu?* ions n(S), by n(S)
=1,/27, while the rest of Eu** ions considered to gather in
various forms of AF clusters (i.e., pairs, open triplets, close
triplets, and clusters with more than three coupled ions). The
intensity of the AF clusters is given by n(AF)=1,,/84, where
I, was determined by subtracting from the intensity of line
3 the contribution of the FS (1/2«+>—1/2) line given by
I1(1/2+-1/2)=161,/27. The relations given above are
based on the theoretical intensity for the FS lines of isolated
ions and assuming that the intensity for Eu?* ions in a cluster
is the same as that in the isolated ions at 7=300 K. It is
worthwhile mentioning that the experimental intensities were
calculated by numerical integration of the absorption area. In
Fig. 5, the relative numbers of singles given by P(S)
=n(S)/[n(S)+n(AF)] are plotted as function of the total Eu
concentration for the four studied samples. The results ob-
tained for epitaxial layers of Pb;_,Eu, Se grown on BaF, sub-
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strate are also displayed on the same figure. These data were
compared to the number of relative Eu isolated ions deduced
by assuming a random distribution of the ions over the site of
Pb (continuous line in Fig. 5). The results clearly show a
deviation from a random distribution toward a slight increase
of AF europium clusters in the sample.

V. CONCLUSION

The EPR study of Pb,_,EuSe (0.01<x<0.1) layers
grown by MBE on Si substrate confirms the substitution of
Eu?>* on Pb?* sites. At low temperature, the anisotropy
caused by thermal strain was identified, measured, and com-
pared to the cubic anisotropy. We have also investigated the
rhombohedral deformation of the lattice arising at low tem-
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perature; the lattice deformation parameter was estimated to
be £,=0.3% at T=4.2 K. EPR lines due to nearest neighbor
pairs were clearly identified for the sample with x=0.01. For
higher Eu concentrations, the antiferromagnetic exchange in-
teraction was also confirmed by the reduction in the isolated
ion population. The intensity line calculation shows that the
distribution of europium ions is close to being, but not per-
fectly, random. This was also confirmed for bulk samples of
Pb,_,Eu X (X=Te,Se,S)!"??* and Sn,_,Eu,Te.”
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