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EPR spectra and magnetization of Eu’" ions in PbSe
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Electron-paramagnetic-resonance (EPR) experiments are performed on Pb,_, Eu, Se at room tempera-
ture and at liquid-helium temperature to identify the different transitions with respect to the central one
(%e— %) and to deduce the effective Landé factor g. We found g =1.982+0.002. The fine structure is
in agreement with the crystal-field-level splitting (to second order in perturbation theory). The crystal-
field coefficients b, and b are found to be, respectively, b, = +269.2 MHz and bs= —2.4 MHz at 4.2 K.
Furthermore, forbidden transitions and transitions due to pairs are observed. The analysis of magnetiza-
tion and susceptibility experiments in terms of a modified cluster model of the Pb,_, Eu, Se shows two
types of pairs with different interactions: the first type is attributed to ferromagnetic interactions be-
tween the Eu?" ions’ nearest neighbors with a constant exchange value of J 1/kg=++0.52 K, and the
second is attributed to antiferromagnetic interactions between next-nearest neighbors with a

JZ/kB=~O-32 K.

I. INTRODUCTION

To date, diluted magnetic semiconductors have been
prepared using II-VI and IV-VI materials. In II-VI com-
pounds, extensive studies have been performed using Mn
magnetic ions;'"* however, some investigations have
been carried out with Fe and Co.>”'© Also, some work
has been done in the case of IV-VI compounds using
transition metals and rare earths as magnetic ions. These
compounds have attracted attention because they permit
a study of the effects of the incorporation of ions with
partially filled 3d or 4f shells in the cubic rock-salt struc-
ture rather than the zinc-blende structure. In addition, it
is easier to introduce Eu in this structure, because EuSe
and EuTe have the cubic rock-salt lattice. Magnetic
properties of IV-VI chalcogenides containing magnetic
ions have been studied recently. Mathur et al.!! have
measured the magnetic susceptibility of Sn,_,Eu,Te and
observed a weak antiferromagnetic coupling between Eu
ions. Savage and Rhyne!’ and Anderson et al.!> have
measured the magnetization and the magnetic suscepti-
bility of Pb,_,Gd, Te and found a small antiferromagnet-
ic exchange interaction. Gorska et al.'* performed the
same experiments on Pb,_,Eu,Te and again found a
weak antiferromagnetic coupling among Eu ions.

No work, up to date, has been done on Pb,_ Eu,Se.
It is probably due to the rather complicated magnetic
phase diagram of EuSe (Refs. 15 and 16) which presents
several magnetic phases in a small temperature range. In
this material the exchange constants J, and J,, which are
the exchange interactions between the nearest neighbors
(NN) and the next-nearest neighbors (NNN), respective-
ly, are of opposite sign but the same absolute value. It
could be expected that in Pb,_, Eu, Se the interpretation
of magnetic measurements, and electron paramagnetic
resonance (EPR) will be more difficult than in the previ-
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ous case. In this paper we try to understand the magnet-
ic interactions between Eu ions, and thus we present ex-
perimental results and the analysis of the EPR spectra in
the X band (9.56 GHz), the low-field susceptibility, and
the high-field (0—70 kOe) magnetization measurements of
Pb,_,Eu,Se (x =0.03).

II. EXPERIMENTAL TECHNIQUES

Experiments were carried out on an n-type single crys-
tal of Pb,_,Eu,Se, grown by the Bridgman method. The
crystal was not intentionally doped with any other ele-
ment. The solubility limit of Eu in the PbSe matrix is
about 10%. X-ray diffraction analysis indicates a fcc
structure for all samples. The EPR measurements in the
X band (9.56 GHz) were performed on a parallelepidic
sample (3X2.9X2 mm?) with the longest axis along the
[001] direction with a nominal Eu composition of
x =0.013. Magnetization measurements (1.5 and 4.2 K)
and magnetic susceptibility (1.5-130 K) were performed
on three half-disk samples (the diameter ¢=8 mm and
the thickness e =1 mm) with a superconducting quantum
interference device system at L. Néel Laboratory in
Grenoble. For magnetization, the magnetic field varies
from O up to 70 kOe, whereas the magnetic susceptibility
is obtained in the linear part of magnetization (H =5
kOe).

III. ELECTRON SPIN RESONANCE

The spin Hamiltonian which describes the electronic
states of the ground state %S , in the case of Eu?" 4f7,
in a cubic crystal field is given by!7~1°

H=guyH-S+B,(03+50%)+B,(02—210%)+ 41'S ,
(1)
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where O, and Oy are the fourth and sixth degree cubic
operators; b, and by are the crystal-field coefficients
(by=60 B,, bg=1260 Bg), AI-S describes the hyperfine
structures for the >'Eu isotope. At zero field, the L =0
and S, =1 state splits into two doublets I'y and I'; and
one quadruplet I'y, with the following respective energies
(twofold I'; taken as energy origin=0):

E(F6)=32b4—8b6 )
(2)

E(T'3)=20b,+28b .

It can be deduced that, for L =0, there is no crystal-field
effect at first order. The allowed transitions are those for
which Am ==1, where m is projection of the angular
momentum parallel to the magnetic field. Their positions
to second-order correction for the [001] direction are
known.!®

Figure 1 shows the Pb,_,Eu,Se (x =0.013) EPR spec-
trum for H||[001] direction at 4.2 K. The deduced
effective Landé factor is g =1.982+0.002. The symme-
trical transitions on each side of the central structure
(3<>—3%) are easily identified. The crystal-field
coefficients are also deduced from the spectrum of Fig. 1:
b,=+271.5 MHz; bsy=—4.1 MHz at 290 K and
b,=+269.2 MHz; b= —2.4 MHz at 4.2 K. The signs
of the crystal-field coefficients b, and by are individually
determined. As a matter of fact at low temperature
(kg T < E) the population of the m positive value energy
levels decreases and then their intensities are less than
those corresponding to the m negative values. The ener-
gy level positions for TI's and I’y are determined
with a good precision with I'; as the origin:
E(Tg)=(—35.571£0.1)X10"¢ eV; E(Ig)=(—21.98
+0.1)X 107 eV. The observed line shape of the allowed
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FIG. 1. EPR spectrum Eu?" in PbSe for H|[001] at 4.2 K.
The enlarged scale shows the central line and reveals the
hyperfine structure.
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transitions are Dysonian (except +]<>*3). This might
be due to a skin effect related to an electrical conductivity
of the material.”>?! Resonances t2<>t3 in Fig. 1 are
much wider than other resonances, and the line shape is
not Dysonian. These features may be explained by as-
suming a distribution of E(I'g) and E(I";) values for the
Eu’? in the sample. The observed resonance is a super-
position of slightly displaced resonances from many spins
with different E(I'¢), E(I";) tends to make the observed
line shape less Dysonian as verified by computer simula-
tions.”> Nuclear spins are both I =2 and we get the
hyperfine coupling constant 4 =120.5 MHz for the *'Eu
isotope deduced from the inset in Fig. 1.

Figure 2 shows the angular dependence of magnetic-
field resonance at 290 K, where 6 is the angle between the
applied magnetic field and the [ 100] axis when the crystal
rotates around the [001] direction. The full lines are cal-
culated and the symbols are the experimental points. The
experimental intensities corresponding to the first-order
transitions and their theoretical values calculated from
Abragam theory!” are in good agreement. For instance,
the experimental integrated intensity ratio of «—1 to
the —3«—1 transitions is approximately 16:12.4 in-
stead of the theoretical 16:15. However, two forbidden
transitions (Am ==2) are observed, %(—)% and 3—1 at
4.2 K, and these identifications are in good agreement
with the crystal-field coefficients (b, and bg) which are
deduced from the spectrum H||[001] in Fig. 1. The ob-
served structures in the range 3.6-4.2 kOe do not fit
with transitions due to single ions (L =0, S;=1) for any
Am. Probably these structures are caused by transitions
due to pairs. The total Hamiltonian of a pair could be
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FIG. 2. Rotation diagram (i.e., resonance field as a function
of the angle between H and the [001] axis) of Eu?>* at 290 K.
Symbols, experiment; solids lines, calculated with the parame-
ters given in the text.
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written as
H,=guzH-(S,+8,)—2J,8,-S,+B,(09+507%)
+B¢(09—210%) . 3)

We have not observed any anisotropy on the obtained
structures as a function of 6 between 3.6 and 4.2 kOe, so
the crystal field has been neglected and these structures
are assumed as only due to the isotropic exchange in the
pairs J,. The pair energy levels are calculated from® 22

E,(Sp,m)=—mgupH+J,[Sp(Sp+1)—28(So+1)] ,
@

where 0=<8,<2S,, —Sr<m =Sr,and S,=1.

If we introduce J, /kp =0.52 K determined from mag-
netization in Eq. (5), at 4.2 kOe we obtained, for instance,
E,(1,1)—E,(0,0)=9.9 GHz which corresponds roughly
to the frequency used in this experiment (9.56 GHz).

IV. MAGNETIZATION
AND MAGNETIC SUSCEPTIBILITY

Figures 3(a) and 3(b) show magnetization vs magnetic
field for sample 1 at 1.5 and 4.2 K, respectively; samples 2
and 3 behave like sample 1. The experimental points are
the open circles; the full lines are calculated using the
“modified cluster model””:* 2

M, =M, +M, +M,+My +My +My,+M, , (5)

where M, M\, M5, M1, M, and M, are the contri-
butions to the magnetization of the singles, the NN pairs,
the NNN pairs, the NN open triangles, the NN closed
triangles, and the NNN open triangles, and M, is the
PbSe lattice diamagnetic contribution with
Xo=—3.6X10"7 emu/g Oe.'>!® The contribution of the
singles is given by'*

M, =M,Soxso1Bs0(§) » (6)

where M,=gugN ,/m(xgar). N, is the Avogadro
number, kj is the Boltzmann constant, up is the Bohr
magneton, m(xg,r) is the molar mass of the compound,
m(xgat)=(1—Xxgap)Mp, +Xga1ME, +Mge, Xsar IS the
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FIG. 3. Magnetization for sample 1 vs magnetic field. (a) at
1.5 K; (b) at 4.2 K. Symbols, experiment; solids lines, calculated
from isolated ions NN pairs NNN pairs; and triangles: contri-
butions.

mole fraction of Eu?" determined from the saturation of
the magnetization, B(&) is the Brillouin function:

_28,+1 28,+1 £
T2s, 25, 28, |’
¥)

21,26

1
2s, coth

Bo(§) §

cot

where §=S,gupgH /kgT. The pairs contribution is

N
max J:
S exp |——5(S+1) |8 [sinh [ BT Le, | 1Bg(E)
1 5= kgT 28
MPiz_Moxi S ’ 1—1,2 ’ (8)
? S exp | -2 s(s+1) | |sinn | 25T Lg
2P kT 25 °F
[
with £, =SgupH /kg T and S,, =2S,. And the triangle with
contributions for open and closed triangles are, respec- > mexp| —E;(S,,S,,m)/kpT]
tively, S;5Sy,m
(S, o= (10)
My, =MyP(S,) o, i=12, 2 expl—Eou(Ss,Sp,m)/kpT]
) SarSp,m

Mctl =M0Pct1 <Sz >ct1 ’

and
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E,;=—mgugH~+J,[S,(S, +1)—S,(S,+1)
—So(So+1)], i=12, (1
0<S,<7, |S,—%I=<S,=<S,+1%, Im|=<sS,,

2 mexp[—Ectl(Sa)Sbym)/kBT]

S ,S,,m
<Sz)ct1= e ’ (12)
S expl —E.(S,,S,,m)/kyT]
S,sSy,m
E =—mgugH+J,[S,(S, +1)+3S5,(S,+1)] . (13)

The probabilities to find magnetic ions in a single or pair
or triangle situation are, respectively,?’

Pi=(1=x5a1)"%, Poyy=90x§s1(1—x557)*,
PPIZIZXSAT(I—XSAT)26 s

Pctl :24x§AT( 1 TXSAT )31 ’
30 (14)
Pp2:6x5AT(1"XSAT) »

Py, =1—P;,—P,—Pp,— Py — Py .

The results of the three samples are given in Table I.
Consequently the fitting model used in this work is a
two-fitting-parameter model, namely, J, and J,, which
are the exchange constants in NN and NNN pairs. It
could be observed that J, is ferromagnetic (J, >0) and
J, antiferromagnetic (J, <0). This result is in agreement
with the susceptibility measurements performed between
4 and 130 K. In Fig. 4 (sample 1), Y ! vs T, when the di-
amagnetic contribution Y, is removed, follows a Curie-
Weiss law, with a slope change at about 50 K which
confirms the existence of two types of interactions. In the
range T > 50 K the corresponding Curie-Weiss behavior
gives a 6, value >0, whereas for T <50 K 6, is negative.
The Curie-Weiss constant could be written as follows:??

0(x)=[2xSy(S,+1)/3kz] S Z.J;, (15)

i=1,2

Z; is the number of sites on the sphere. In this case,
Z,=12and Z,=6:

Gl(xSAT)=[2xSATS0(S0+1)/3k8 ]Zl‘Il N
0x(x5a1)=[2x541S0(So+1)/3kp]Z,J; .

Using the J, /ky and J, /kg values deduced from magne-
tization, we have calculated the inverse magnetic suscep-

TABLE 1. xgat, Ji/kp, and J, /kp for samples 1, 2, and 3,
deduced from magnetization.

Sample T (K) XSAT J,/kp (K) Jy/kp (K)
1 1.5 0.0365 0.52 —0.32
4.2 0.52 —0.33
2 1.5 0.0372 0.51 —0.32
4.2 0.52 —0.31
3 1.5 0.033 0.54 —0.30
4.2 0.52 —0.31
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FIG. 4. Inverse susceptibility vs temperature for sample 1.
The enlarged scale shows a linear behavior at lower 7. Sym-
bols, experiment; solids lines, calculated.

tibility vs temperature. The calculated curve fits well
with the experimental data, showing clearly the two
slopes corresponding to the two kinds of magnetic in-
teractions. We have chosen the model with the singles,
the NN pairs, the NNN pairs, and different types of tri-
angles in order to introduce J; and J,, for two reasons:
The first one is the knowledge of J, and J, in the magnet-
ic semiconductors EuSe, in which the bond lengths Eu-Se
are the same as in Pb,_, Eu, Se; the second one is due to
the observed dependence of Y~ ! which shows two
behaviors depending on the temperature range.

However, a fitting of the magnetization, taking into ac-
count the isolated ions and only one kind of pair, namely,
with antiferromagnetic interactions, with an appropriate
phenomenological parameter T, works as well as the
proposed model. That means that one cannot make a
conclusion only by the magnetization experiments, since
the fit is not unique. One needs at least magnetization
and susceptibility to select the good physical approxima-
tion.

V. CONCLUSION

By using a modified cluster model we have shown in
Pb,_, Eu,Se that the magnetization and the susceptibili-
ty could be interpreted by J,/k,=0.52 K and
J,/k,=—0.32 K. The role of J; is very important. In
the case of Pb,_,Eu,Te (Ref. 14) the behavior was com-
pletely different: J; can be neglected with regard to J,
and the dominant interactions were of an antiferromag-
netic type.

From the low-temperature EPR data the allowed tran-
sitions and those due to the pairs are identified. The
crystal-field coefficients b, and b4 are deduced and the
hyperfine structure coupling constant A4 is found to be
120.5 MHz for *'Eu.
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