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Magnetic properties of Ce* in Pb;_,Ce,Se: Kondo and crystal-field effect
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Electron paramagnetic resonan@PR experiments were performed on a;PpCeSe crystal at liquid-
helium temperatures and show very clearly that the dodbjas the ground state for cerium ions. The cubic
symmetry is shown and the effective Lani@etor for the C&' is determined to be 1.3540.003. An orbital
reduction factor is introduced to explain theexperimental value. High-field magnetization results are in good
agreement with the EPR results. The nominal Ce composition in PbSe deduced from saturation of the mag-
netization,x=0.0405+0.0003, is very closed to the value determined by microprobe analysi®.04). At
1.5 K, an antiferromagnetic interaction between the nearest-neighbor cerium atoms is Jouthd=
—0.715 K. The low-field magnetic-susceptibility results show that the magnetic moment of cerium impurities
is strongly temperature dependent, explained by the presence of the crystal-field effect and the Kondo effect.
[S0163-182697)04434-3

[. INTRODUCTION levels within a manifold of angular momentudy for the
ground statéL =3, S=1/2,J=5/2) Fs,in the case of C&
In this paper, we present experimental results and analysif?, is written a8?®
of EPR, low-field susceptibility vs temperature and high- 0 4 0
field magnetization (0-100 kOg¢ performed on DMS H=gugH-J+B,4(0;+50,) +B,0;. @
Pb _.CeSe. Recently, the magnetic properties of IV-VI |5 gq (1), the first term is the Zeeman teri,is the external
chalcogenides with dilute§-state rare-earth magnetic ions magnetic fieldg is the Landefactor of the C& ion, andug

. 4 . . .
have been studiet: Studies of IV-VI diluted magnetic g the Bohr magnetorb, andb, are the crystal-field coeffi-
semiconductors ~containing ndhstate ions are also cients:h,= 608, andb,=28,.

. . ,6 . .
investigated:® PbSe, PbTe, PbS are interesting host crystals The crystal-field operatorSDo,O“,OS are considered

because dlt IS easrlwer to dl'llu\t/? rﬁrelz-earth_éons Im tL“S class Qfinnle operators with the same transformation as the spheri-
semiconductors than in 1l-Vl chalcogenides. In these Semit,| hamonic operators.  Without tetragonal distortion and

magnetic semiconductors, characterized by a small gap, tr}ﬁ zero field, the ground staf <, splits into a doublef -
nearest-neighboi®NN) exchange interaction is the dominant and a quadruplefs with a splitting A =E(T') — E(T';)

one. The magnetic susceptibility of PCe Se presents a _=6b,. In an octahedral symmetry sitgositive value ob,),
strong te_mpergture_dependence_ affecte_d by the ConQUCt'QHe ground state is the doublBt. The tetragonal distortion
electron impurity spln—e>.<change mteracudﬁnndo effecy. effect on the doublet cannot be seen with an EPR measure-
The Ph_,CgSe magnetic properties are also affected by thement, the distortion affects only the quadruplét which

cubic crystal field of the NaCl lattice structure. splits into two Kramers doublets and thus increases the zero-
field splitting.

Il. ELECTRON SPIN RESONANCE RESULTS B. Landé factor value

A. Spin Hamiltonian Figure 1 shows the Rb,CeSe (x=0.0405) EPR spectra

A single crystal of Pp_,CgSe is grown by the well- (»=9.54 GHz) of a powder and a single crystal with an
known Bridgman method. X-ray-diffraction analysis indi- HII[001] crystal axis at 4.2 K. No anisotropy in the EPR line
cates a fcc structure for this sample. The nominal Ce composition was observed with an orientation of the external
position, x=0.04, was determined by microprobe analysis.field. The Dysonian line shape of the PRCgSe signal is
Only one phase was found in the crystal. In the cubic crysdue to the skin effet? manifested by the metal-like behavior
tal field (including the possibility of a tetragonal distortion of Pb,_,CeSe (Eg=0.29 eV for PbSe,p[Pb _,CeSe]
of PbSe, the spin Hamiltonian which describes the energy=0.0058) cm at 300 K. This isotropic line is attributed to
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FIG. 1. Isotropic EPR spectra in tieband at 4.2 K for powder ~05F O T=15K+
and crystal samples of Pb,CeSe. i’)
s
. _ . ) 0.4 J
the doubletl’; which can be described using an effective E T=42K |
spin 1/2 and an effective Landictor |g|=1.354+0.003 =
=5/3g;. (Absolute value of the effective Landéactor £ 03r T
means that the doubl&t; case is an example of a negative .E
effective Landefactoff). We deduced the experimental value 3 0.2 | -
of Landefactor g, of the manifoldJ, g;=0.812+0.005. S
The 5% reduction of thg; experimental value, compared g o1l i
to the theoretical value of the free ion (6/7), is due to the
existence of covalent bonding in the rare-earth ioreglect-
. . . _ 0.0 1 M 1 n 1 L 1 n
|ng.the effect of admixtures from exc;lted statéj’sThe ex- 0 20 20 60 80 100
perimental value can be explained if the orbital reduction
factor is taken into account as follows: (b) H (kOe)
expt_ - theor J(J+1)—S(S+1)+L(L+1) FIG. 2. Magnetization vs magnetic fielt) Open circles, ex-
gy =0; —(1-k) 230+ 1) periment; solid lines, calculated with different cluster contributions.
(b) Open circles, experiment; solid lines, calculated total magneti-
6 8 zation from a modified cluster model at 4.2 and 1.5 K.
=7-7(1-Kk) 3]
zation at 1.5 and 4.2 K. The symbols represent the experi-
with L=3, S=1/2, andJ=5/2. mental data, the full lines are the best fit obtained using the
Since Ag; is the difference between the theoretical andmodified cluster modét*3which take into account the con-
experimental value of;, then tributions of the differents clusters. In this way, the total

magnetization can be written as follows:
1-k=(7/8)Aqg;.
Using this expression, we obtain—k=0.03%+0.005 for Mr=Mce:+Mxg With Mcg+=Ms+Mp+Mort MC(Té)
Pb,_,CeSe. This value is very similar to the case of
Pb_,YbSe (1-k=0.041£0.003)>° At 4.2 K, the g  whereMs, M,,, Mgy, andMcr are, respectively, the con-
value confirms that the Gé Kramers doubletI'; is the tributions to the magnetization of the singles, the pairs, the
ground state, and Géis in an octahedral symmetry site, i.e., open triplets, the closed triplets, aMiy, is the PbSe lattice

the substitution of Pb ions by Ce ions. diamagnetic contribution with  yg=—3.6x10""
emu/g Oe!**®
Ill. MAGNETIZATION AND MAGNETIC The single contribution is given by

SUSCEPTIBILITY _
A. Magnetization results Ms=MSxsatB3s(£),
Ma —— rY}/(\_flhere
gnetization measurements were performed on a sa
crystal at different temperatures with a supercongucting Na
guantum interference devi¢g€QUID) system at Louis N& Mo=gug ——.
Laboratory(Grenoblg. Figures 2a) and 2b) show magneti- M(Xgat)
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m(Xsa7) iS the molar mass of the compounu(xgar)=(1 ~ Where

— XgaT) Mppt+ XsatTMeet Mee. Nais the Avogadro numbeg

is the effective Landéactor determined from the EPR mea- _

surement ¢=1.354+0.003), S is the effective spin of the SgugH

doubletI’;, xgat Was obtained from the saturation magneti- §= CkgT ®)
zation, andB3(¢) is the Brillouin function:

B=(£)— 2S+1 25+1 1 £ andkg is the Boltzmann constant.
s(§)=— = cot >3 &)~ 75 ot 23/ The pairs contribution is

L 3 5 expf (Jox/ ks T) S(S+ 1) IS(SINH{[ (25+ 1)/2S]xp})Bg(Xp)
==

2 VX 32 expf (Jox/ ks T) S(S+ 1) 1(sinh[ (25+ 1)/2S]xp}) ©

with ép=SdugH/KkgT, Smaxzzé andJ, is the NN exchange parameter. The open and the closed triplet contributions are

Zs, s, .mM exXd —Eor(S;, S m)/kpT]
Mor=MoXoSz)or With (Sz)or= S, 5 m OH —Eor(Sa, Sy, m)/kgT] (7)

and Egr= —mgugH + Jof So(Sp+ 1) — Sa(Sa+1)— S(S+1)]1:

Zs s, mM exd —Ect(Sy, Sy, m)/kgT]

M= Mgx with = 8
CT 0 CT<SZ>CT <SZ>CT ESa,Sb,m exq_ECT(Sa;Sb;m)/kBT] ( )
|
andEcr= — mgugH + Jof Sy(Sy+ 1)+ 35(S+ 1)7: B. Magnetic susceptibility
The susceptibility of C& is obtained from the experi-
0<S,<1, |S,—1/2<S,<S,+1/2, |m|<S,. mental susceptibility minus the diamagnetic susceptibility of

the PbSe lattic@A y= x(Pb,_,CeSe)— xq4]. The reciprocal

The probabilities to find magnetic ions in singles, pairs, orsusceptibility of Cé"(Ax 1) vs the temperature shown in
triangle clusters, assuming a random distribution, are givefrig. 3 is strongly dependent on the temperature. A Curie-
by’ Weiss behavior exists only approximately at a temperature
above 100 K. This behavior is reproduced by a fit using the
Ps=(1—xgan) 2 parameters deduced from EPR and magnetic measurements

and the following expression:

Pp=1Xsar(1—Xsa7)®, 2 9

Nax ucetp
M 069 Ske(T-0) ©
Por= 18Xsa12(1—Xsa1) T 2+ 5(1—Xsa7) 1, B

3 wherewce=g;yJ(J+1) is the effective moment of €&, In
Pcr=1-Ps=Pp=Por. this case,uce=2.4ug, J=5/2, and g;=0.812. x is the
o nominal composition of & deduced from the saturation of
Each cluster-type composition is deduced from these expregne magnetization. The asymptotic Curie-Weiss temperature
sions withx; =Xsat P (i=S,P,OT,CT). A phenomenologi-  deduced from the linear part of the reciprocal susceptibility
cal parametefT is introduced in the temperature, taking s found to be strongly negativey=—165 K. The pro-
account _of th_e _Iong-distance magn_etic_ interaction. _ nounced negative curve of they ! plots vs temperature
The first fitting of total magnetization was made usingsnows that the cubic crystal field affects the magnetic prop-
two fitting parameters and T, and only the contribution of = gties of the ceriun?F s, ground state above 70 K. A deter-
the single ions and the diamagnetic part of the PbSe lattic§nination of the splittingA between the doubldt, and the

We found xsar=0.0405,To=—0.2K at 1.5 K, andxsar  quadrupletl’s energy levels can be deduced from the Jones
=0.041,Ty=—-0.21K at 4.2 K. These parameters are useqy,1819 55 follows:

for the second fifwith all the contributionys of the magne-
tization measurements data where the only fitting parameter
is Jox,. The NN exchange interaction was found to be anti- 21T(1+2e?) ith 5= A
ferromagnetic and temperature independer,/kg= X [5+26e 2+ (32/6)(1—e 9] " 0T kgT
—0.715+0.005 K. (10)
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3.5 produces a large resonant scattering effect. The resonant
Pb Ce Se Curie-Weiss law scatte.ring mgchanis_m of a conduction eIectron by localized

- X atom impurities begins preponderant on the direct exchange
between conduction electron spin and localized electrons.
The interaction exchang&; is negative and large. For al-
loys with diluted magnetic impurities, the magnetic suscep-
tibility obeys a Curie-Weiss law with|=4Tqndo- 2

X

30F  x=0.0405

2.5
V. CONCLUSION

From EPR measurements, we conclude that th& Geb-
stitute the PB" ions in PbSe, i.e., the octahedral symmetry of
the site is confirmed. The orbital reduction factor—(&) is
i closed to the value for ytterbium ions octahedral in Pb&e.

4.2 K, the effective Landéactor is determined for this ma-
terial and its value confirms that the doublgtis the ground
state. The magnetization measurements show a magnetic or-
dering at 1.5 K. The value of the nominal Ce composition
deduced from the saturation of the magnetization is very
closed to the composition determined by microprobe analysis
and the exchange interaction parameter is found to be anti-
ferromagnetic in this material. At 1.5 and 4.2 K, the magne-
tization measurements confirm that the douliletis quite
0.0 ! ' ‘ ! isolated. The low-field magnetic susceptibility is influenced
0 S0 100 150 by the PbSe crystal-field effect on the diluted cerium ions
T (K) and shows the presence of the Kondo effect. Fot*Qii-
luted in PbSe, Kondo temperature is found to be equal to 41
FIG. 3. Reciprocal magnetic susceptibility of Ce(Ax) tvs K. Measurement performed on a single crystalyeCe gives
temperature. In the insert is the Jones law fit witkr 268 K. 40 K for the Kondo temperatufé. This value has been cal-
culated by Cornutet al?® in the case of two levels. The
An overall splitting of 268 K is sufficient in order to obtain splitting of the C&" ground state into the doubldt; and
reasonable agreement between the theoretical and expeguadrupletl’s energy levels allows one to determine the
mental magnetic susceptibilityvith = —0.2 K). Using the  unique value of the crystal parametsf=40 K (without te-
value of the magnetic interaction between the NN Ce atomsyragonal distortion In the case of alloys with ytterbium im-
deduced from the magnetization curve, the Curie temperayurities such as PbYbSe, PbYbTe, and PbYbS, the EPR
ture 6 at low temperature can be calculated as folldfvs:  measurements can give information about the nature of the
ground state. Measurements performed by Isteal> con-

2.0

Jones law

Ayx1[106(emu/g)/Oe]

1.0 -

Dnm

0.5

Thog

6(x) = m ox. firm a cubic symmetry site and a doublé&f as a ground state
3kg for Yb3" in PbSe, PbTe, and PbS. But no Kondo effect is
Z is the number of sites on the coordination sphefe ( present |n.these materials although many authori, related its
—12). existence in the case of ytterbium impurity allgys:

We found a Curie temperatur@€ — 0.17 K) of the same
magnitude as the Jones law one. The Curie-Weiss tempera-
ture 6= — 165 K, deduced from relatiof®), can be seen as a The authors would like to thank Y. ShapiieI T, Boston
manifestation of the Kondo effect on the susceptibility. It isand F. RachdiGDPQ, Montpellier Il for helpful discus-
well known that for components with diluted rare-earth-like sions and V. D. Ribes for technical assistance. This work
cerium?®2 Ce* ions produce Kondolike anomalies in the was supported by Centre National de la Recherche Scienti-
physical properties. The Kondo effect of cerium is connectedique and in part by the Polish Committee for Scientific Re-
to the presence of afdlevel close to the Fermi level which search Grant No. 2 PO3B 091 12.
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