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EPR of Eu?* in Pb,_,Eu,Se layer and in Ph_,Eu,Se/PbSe superlattice grown
by molecular-beam epitaxy on Bak substrates
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Electron paramagnetic resonan&PR experiments are performed at room and liquid helium temperature
on layers Pp_,EuSe and on the superlattice PbSe/BlEu,Se, grown by molecular beam epitaxy. EPR
measurements show unambiguously that'Bons replace the P ions and that the crystal field is associated
with an octahedron of $e ions in the Ph_,Eu,Se epitaxial layer. The data were fitted with the classical cubic
spin Hamiltonian. The crystal field coefficients déig=267.4 MHz andbg= —3.4 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 characterizedH®yvanishing of the fine structure,
(i) the appearance of a strong central transitiiin, the broadening of the transition due to theEnearest-
neighbor dipolar and exchange interactions.
[S0163-182698)03126-9

[. INTRODUCTION mined from microprobe measurements. A Brukéband
(9.54 GH2 spectrometer equipped with an Oxford Instru-
Electron paramagnetic resonanl&R measurements on ment helium gas flow and a goniometer for precise sample
low concentration divalent europium ions in semiconductorrientation with respect to the applied magnetic field was
such as the lead chalcogenitiégive information about the used for EPR measurements performed at 300 and 4.2 K.
local symmetry and the crystal field associated with the rareThe (111) faces of Bak substrate were used to orient the EL
earth site in rock salt structures. The EPR spectra of isolateld the cavity.
EW" has been extensively studied in a wide range of envi-
ronments. They are well known in the case where sonfé Eu
ions substitute for P ions in the bulk diamagnetic lead
chalcogenides PbSRefs. 1 and 2, PbS(Ref. 3, and PbTé.
Let us recall that the EPR spectrum of an isolated*Eon A. Spin Hamiltonian

in a IV-VI host with a rock salt structure is strongly depen- The EPR line positions of the isolated #uions were

dent on the angle between the external applied magnetic fielgho 15 the classical spin Hamiltonian, which describes the

and the crystal axis. This anisotropy is the result of the split4|actronic states of the ground s, in a cubic crystal
ting of the EG" electronic levels by the host crystal field. field:>8
For the orientation for which the fine structure splitting is

largest HII[001]), the spectrum consists of seven fine lines

I. ISOLATED Eu 2* IONS IN PbSe SINGLE
EPITAXIAL LAYERS

roughly symmetrical about the central transition. The para- bs o 4 be 0 4
magnetic resonance characteristics of?Eun PbSe are H=gugH- S+ &5 [04+504]+ 756506~ 2106]-
therefore used to investigate the crystallographic quality and (1

the microscopic environment in the case of thg BEu,Se
crystal growth by molecular-beam epitatylBE).

In this paper we report and discuss the EPR results on K EQ. (1) the first term describes the Zeeman interaction of
series of Pb_,EuSe epitaxial layers(EL's) and on the Ed" ion with the external magnetic fieltl, g is the
Pb,_,EuSe/PbSe multiquantum welMQW) heterostruc- Landefactor, ug is the Bohr magneton, an8l is the spin
tures. The EPR study includes comparison with bulk crystalangular momentum. The second and the last terms describe
line results. All EL's and MQW'’s were grown by reflection the interaction between thg-state ion and the crystal field.
high-energy electron diffractiodRHEED) controlled mo- O} and Og' (m=0,4) are the fourth and the sixth degree
lecular beam epitaxy, using a 2300 Riber MBE system andubic operators as defined by Abragam and Bledrgyand
effusion cells for PbSe and Eu, on freshly cleavetll) face  bg are the crystal field coefficients. At zero field, tBestate
of commercial Bak substrates, which are used for PbSesplits into two doublet$’s, I';, and one quadrupldtg, with
growth because of the nearly lattice constant and thermdhe respective energiesE(I'g)=14b,—20bg, E(I';)
expansion coefficient. The europium concentration =-—18b,—12bg, and E(I'g)=2b,+16bg. The overall
=0.01, 0.03, 0.04, 0.05, and 0.2 the single EL was deter- splitting is given byA=E(I';) —E(I'g)= —32b,+8bs.
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a H//[001] FIG. 2. Angular variation of the resonance field for the seven
n b) 1 allowed transitions of the Eti fine structure at 300 K. The external
magnetic field rotates in th@®11) plane of the layer. The full circles
0 represent the observed transitions and the lines represent the calcu-
lated resonance by the diagonalization of the spin Hamiltonian ma-
trix using the parameterg=1.975, b,=267.4 MHz, andbg
-1 =—3.4 MHz.
—712¢>-5/2
I I R R B S S transport measurements have shown that the &t (Q.01)
2F 7 . T was ap-type semiconductor with a carrier concentratipn
g, e Y =3.16x 10" cm 3 and resistivityp=0.07310 cm which is
L G T A T close to the value for bulk sample. For the EL with a small
1 2 3 4 5 6 thickness (2 wm) compared to the penetration depfh
H (kOe) =(p/mur)?=0.14mm for p=0.0731Q cm and v

=9.54 GH4, the energy absorption is not dependent on the
FIG. 1. X-band first derivative absorption EPR spectra of theelectron diffusion. Thus the skin effect leaves the observed
EW* in Pb,_,EuSe/Bak layer growth by MBE forHI[111] (a) Gaussian shape of the EPR line unchanged.
andHII[001] (b) at 300 K. The dotted line represent the EPR spec- At 300 K and forHII[ 001] the experimental intensities of
tra of bulk sample. Asymmetry of the transition about the centralthe seven allowed transitions agree with the theoretical val-
absorption is better shown fti[111]. ues calculated from the spin Hamiltonian of the isolated ions
B. EPR spectra [S(S+ 1)— M (I\{I - 1)]1. For instar71ce thse gxperimental inten-
sity ratio of +3+< —3 to the —5<—3 is 16:5.5 for the
The EPR spectra of Rb,Eu,Se single EL were recorded |ayer instead of the theoretical 16:7. For bulk sample, we
at 300 and 4.2 K for different orientation of the externalhave found 16:4.5. The distribution d&(I'g) and E(T';)

magnetic fieldH in the (011) plane. Figures () and Xb)  values for EG* observed in the case of the bulk sampfes
show derivative EPR spectra of the PhEuSe x=0.01) s not present in the EL.

layer at 300 K and foHI|[111] andHII[001]. Typical Ef* Figure 2 exhibits the measured angular dependence of the
spectra in the PbSe bulk sample for the two different di- magnetic field for resonance corresponding to the seven al-
rections are exhibited as a dotted line in Fig. 1. A4F001] lowed transitions of isolated Eti ions in the Ph_,EuSe

the EPR spectra is Composed of seven 3”0W9d transitionsL (x=0.01) when the magnetic field direction rotates in the
M—M-1 (whereM=3, 3, 3,3, —3, =3, —3, —5isthe (011 plane. The position of the EPR lines are determined
electronic magnetic quantum numperhile the EPR spectra  without Dyson analysis® of the line shape. In first approxi-

for HII[111] is composed of only five EPR lines. As can be mation the angular variation of the seven allowed transitions
seen in Fig. 1, the spectra are not symmetrical about thgeld follows approximately the relation

central line. ForHII[OOl] the separation between the2
3 1

—3 and — 3 —3 transitions is larger than the+H3« 1-5sirf 6+ (15/4sin* 6, 2
+3) and (+ 23— +3) ones. ForHI[111] the asymmetry is

better shown comparing the separation of the two extrem@ which 6 is the angle between the magnetic field and the
lines — 2+ —3 and 2~ 32 from the central- 1% line. [001] crystal axis.

It is seen in Fig. 1 that the positions of the EPR lines of The examined single epilayer revealed an intense single
the E* substituting for the P ions in the bulk sample line spectrum foré close to 30°. In Fig. 2, the solid lines
grown by the Bridgman method and the EL grown by MBE represent the best fit of the experimental data to the theoret-
are found to be practically the same within the experimentaical fields for resonance determined from the exact diagonal-
error. Meanwhile, the shapes of the EPR lines are differentzation of the (8<8) matrix. The values of the crystal field
At 300 K, the Dysonian line shape due to the metal-likecoefficients areéb,=267.4 MHz andbg= —3.4 MHz at 300
behavior is not observed in the case of the EL. ElectricaK, while the values for bulk sample were found to bg



PRB 58 EPR OF Ed" IN Pb,_,Eu,Se LAYER AND IN ... 879

3 T T T T 6 T T T T v T v T T
E T =300 K H// 111} 1
E 4 -
H//[001] L 4
x=0.01
2 -l
1o -
= oy 3 z
2 = AT & a =
= e T p ~
N ! Q - o
s 0 - G
S -’
& =
= s 10 v T v T T T v T
g ;,%” H // [001]
20 -1 [ (b
n
2
i 4
sk 5 E - H// [111]
[l " (] 1 [
1 2 3 4 5 6
H (kOe) 1 2 3 4 5 6
FIG. 3. X-band first derivative absorption EPR spectra of the H (kOe)
Ew?' in Pb,_,EuSe/Bak layer growth by MBE, forHI[111] and . _
HII[001] at 4.2 K. The spectrum farl[111] is better resolved. FIG. 4. Different EG" concentration Ph EuSe/Balh EPR

spectra performed at 300 K fdll[111] and HI[001]. The fine
structure vanishes with the increase of the composition. For the

=269 MHz andbg= —5.8 MHz at 300 K. We think that the
hlgh composition, the spectra consist of a large central position.

small discrepancy is due to the Dysonian line shape analysis

used for the bulk sample. The EPR linewidths COrreSpondIn%oefﬁcient a, which represents the admixture between the

to the transitonsM«—M-1 and — M« —(M-1) for 8 :
S;» and 8P, states has been estimated as 0.3 from the
HII[001] were found to be the same as those Hiif 111]. expression of Lacrofk

Figure 3 shows%;che EPR spectrum measured at 4.2 K, the
fine structure of Eti" in the EL is typical of a cubic crystal 1 2\2 2
field splitting. The estimated value of the crystal field coef- 9=(1=a")7gs*a’gy, @
ficients are found to be the same as those at 300 K. The EPWhereg, and gp are theg values for®s,, and ®P,, states.
lines are not affected by the skin effegt=0.0014() cm,  The value ofa is very close to the values estimated in the
6=19 um). ForHII[111] the fine structure is better resolved case of Pb_,EuSe (Refs. 1 and 2 («=0.25) and
at 4.2 K than at room temperature. This is due to the deperPb, _,EuS (Ref. 3 (a=0.3) bulk samples. It is seen in Figs.
dence on temperature of the EPR linewidths. The peak ta(a) and 3 that in addition to the seven intense allowed fine
peak average width of the EPR lines shape at 300 K is abouftructure lines there appeared three forbiddAME +2)

140 G, decreasing to 110 G at 4.2 K. Below about 20 K, thetransmons at low field WhICh are attributed to the transitions

—30-3 —3o- palr of transition becomes resolved ;<3 (H=1945G), — 5 —3 (H=1273G), and—3«3
while the + 33—+ 2, + 2~ +1% pair of transition is not re- (H=1479 G).
solved. Thus the asymmetry of the EPR spectrum due to the
effect of the cubic crystal field is clearly shown and it can be
accounted for only ib, andbg have opposite signs.

The absolute signs db, and bg were confirmed from Figures 4a) and 4b) show the dependence of the EPR
measurements of the relative intensities of thé— —3, spectrum onx, for the single EL's with concentratiox
+ £ 2 transition at 4.2 and 300 K. The increase in intensity=0.01-0.20. The thickness of the EL’s varied from 1.5 to 2
of the high-field line forHII[001] and the low-field line for ~um. ForHII[111] and HI[001] the effect of the incorpora-
HII[111] gives rise to thd ¢ doublet as a fundamental state tion of europium in the PbSe lattice on the EPR lines of the
at zero field. allowed transitions is clearly shown. First, the EPR line-

In the 4.2—300 K temperature range, the estimated Landeidths increased with increasing Euconcentratior{Fig. 5).
factorg values were found to be independent of temperatur&uch behavior is attrlbuted to the EuEW?" dipolar and
g=1.975+0.002. The difference between free electron spinexchange interactiort§:**
and experimental values of Lanéictor can be explained by Second, the fine structure of Euions vanished with in-
the influence of the excited states on the ground state. Thereasingx. The positions of the seven allowed transitions

lll. EFFECT OF THE Eu ** CONCENTRATION
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FIG. 5. Linear variation of the full half line width for thg«<
1

e 1‘{%”(5;23;;”5”5 logg, for the HI[001] (circle) and for FIG. 6. (8 EPR spectrum at 300 K of a PbEuSe/PbSe

. MQW for the HI[111]. (b) EPR spectrum at 300 K of a single
Pb,_,Eu,Se layer k=0.04).(c) Strong and broad EPR lines deter-
Thined by subtraction of the signadsandc. This line is attributed
to the E4" cluster resonance.

are found to remain the same but the ratio of the experime
tal intensity of thes«— — % transition to the otheM — M
—1 lines increased with increasing value>ofrom 0.01 to
0.05. Forx=0.2 EL, the EPR signal is not anisotropic and ) ]
the spectrum consists of an isotropic central line. grown using a Ph ,EuSe buffer layer(1.5 um) while the

To summarize, the increase in the?Ewconcentration re-  Superlattice was grown on a PbSe relaxed buffer ldges
sults in a gradual disappearance of the typical fine structuré™- The EPR spectrum of five MQW heterostructures is
due to the isolated ions and in an increase in the intensity o$hown in Fig. €a). The observed behavior of the EPR line-
the central line. There are two possibilities to explain thewidths as a function of for the single EL’s is used to obtain
dependence of the EPR results as a functior.dfirst, the the valuex=0.09 for the EG" concentration in th|§ hetero—
incorporation of europium in the PbSe lattice can affect theStructure. The shape of the EPR spectrum looks similar to the
structural quality of the EL. Disorder in the atomic arrange-Shape of the EPR line observed for,PkEu, Te/PbTe MQW
ment in the Pp_,EuSe lattice or mosaiciness of the EL heterostructures grown by hot wall epitaXyThe spectrum
affect the EPR lines which depend on the orientation of théS due to the isolated Eli ions[Fig. &(b)], superimposed on
crystal axis. a large and isotropic central ling¢Fig. 6(c)]. For the

Secondly, the changes in the the EPR spectrum of the EPti-xEwTe/PbTe MQW heterostructure, the authors have
with the E#" ions concentration can be due to cluster reso-attributed the additional EPR line to Eudispersed into the
nance. The statistics of the clusters for a crystal with rock”bTe layerS’ and to a inhomogeneous distribution of eu-
salt structure predict a decrease of the number of the isolat¢@Pium in the PbTe lattice. Magnetization measurements per-
ions with increasingx. In the concentration range  formed at low temperature on PhEuTe (Ref. 14 bulk
=0.01-0.05 the number of single ion clusters exceeds théamples have shown that the randominess of the distribution
number of the other cluster types. For the high concentratioff EU*" over the cation sites is perfect. As we have seen in
of europium, the probability to find single ion clusters is the case of the europium doped EL, the concentratiam-
zero, and the EPR signal cannot be treated using the spifiences the EPR spectrum shape, thus we think that a study
Hamiltonian of the isolated ions. The following arguments©f the EPR spectrum change withmust be performed on a
indicate that the second possibility is more likely. First, thesingle Ph_,Eu,Te layer before attributing it to the existence
full width at half maximum(FWHM), obtained from x-ray Of defects in the crystal.
diffraction patterns is found to be practically the sa(@80 The 50 period Ph ,EuSe/PbSe superlattice structure was
arc seg for the sample withx=0.01, 0.03, 0.04, and 0.05. confirmed by the x-ray diffraction pattern obtained around
Secondly, microprobe analysis has revealed that the substi444 reflections. Because of the low europium concentration
tution of P ions by E4" is real and that the distribution and of the thickness of the individual layer, we assume that
of the E®* ions is random. In addition, magnetization the layers are fully relaxed. The EPR spectrum of this
measurementd performed on bulk samples have shown thatPbi-xEuSe/PbSe MQW heterostructure féti[111] and

the distribution of E&* ions is homogeneous for=1.3, 3, HI[001] and for 4.2 K(Fig. 7) can be interpreted using the
and 4 %. spin Hamiltonian of the isolated ions and the parameters de-

termined in the case of the single EL. We fouxd 0.017
(Fig. 4) for the concentration of E ions in the Pp_,Eu,Se
layers of the superlattices.

Five and a fifty Ph_,Eu,Se/PbSe MQW's were grown on The strain effect on the EPR spectrum, reported in the
(111) BaF, substrates. The thickness of the individual layercase of MA* in ZnTe/MnTe(Ref. 19 is not present on the
in the two heterostructures is 200 A. The five MQW’s werespectrum at 4.2 K. Because of the small content of Eu, the

IV. Pb;_Eu,Se/PbSe MULTIQUANTUM WELLS



PRB 58 EPR OF Ed" IN Pb,_,Eu,Se LAYER AND IN ... 881

4 T v T v T v T Y V. SUMMARY AND CONCLUSION
Pbl_xEuXSe/ PbSe T=42K
[ superlattice T The EPR measurements performed on the_RBuSe

EL and on the Ph ,Eu,Se/PbSe superlattice show crystal-

3k -
line perfection for low europium concentrationgs<(5%)
necessary for sensor narrow-gap materials. The two fine
2 b i structures, foH|[[111] andHI||[001], and the angular varia-

tion of the resonant field in thé11) planes are interpreted
using the cubic spin Hamiltonian and the crystal field coef-
- ficients are found to be close to the values obtained from the
bulk sample EPR measurements. The asymmetry observed is
attributed to the crystal field coefficients as in the case of
4 Gd®" diluted in Bi,Se;.1®

The EPR lines are not Dysonians contrary to the EPR
lines of the bulk sample. Thg factor is found to be isotropic
for all the epilayers §=1.975). The EPR spectrum of £u
in Pb,_,EuSe is very sensitive to the orientation of the ap-
plied magnetic field, the temperature, and the number of the
isolated ions in the host lattice. The changes in the EPR
spectrum observed with the concentration are attributed to
the effect of the europium cluster resonance and the vanish-
3k i ing of the fine structure due to the isolated ions is associated

4 4 4 4 with the decrease of the probability finding isolated ions in

the lattice with increasing.
H (kOe) EPR measurements performed on superlattices show that

. o ) the crystal field is cubic. The EPR spectrum agree with the
FIG. 7. X-band first derivative absorption EPR spectra of thecrystal field coefficient of a single EL.

EW* in the Ph_,EuSe/PbSe superlattice grown on a thick PbSe

buffer layer by MBE forHI[111] andHI[001] at 4.2 K. The ex-

perimental EPR resultanisotropy, fine structure of the isolated

ions) are very well interpreted using the Euspin Hamiltonian and ACKNOWLEDGMENTS
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