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Magnetic hyperfine interaction in CeMn2Ge2 and CeMn2Si2 measured
by perturbed angular correlation spectroscopy
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Time differential perturbedg-g angular correlation technique has been used to measure the magnetic
hyperfine field at both Mn and Ce atom sites in CeMn2Ge2 and CeMn2Si2 intermetallic compounds. The probe
nucleus111In→111Cd was used to investigate the hyperfine interaction at Mn sites, while the140La→140Ce was
used to measure the magnetic hyperfine field at Ce. Present measurements cover the temperature range from 10
to 460 K in both compounds. Measurements with111Cd probe show pure electric quadrupole interactions
above 420 K in both compounds and a combined magnetic dipole and electric quadrupole interaction below
respective magnetic transition temperatures. While the temperature dependence of the hyperfine field at111Cd
on Mn site in the CeMn2Si2 showed a standard behavior for an antiferromagnetic compound belowTN

'408 K, the temperature dependence of magnetic hyperline field~MHF! in CeMn2Ge2 showed a transition
from ferromagnetic to antiferromagnetic phase at around 320 K and from antiferromagnetic to paramagnetic
phase at 420 K. No hyperfine field was observed at140Ce in CeMn2Si2 in the temperature range from 10 K to
400 K. A unique and well-defined magnetic interaction is observed at Ce sites in CeMn2Ge2 below 320 K,
corresponding to a ferromagnetic ordering of Mn moments. The temperature dependence of MHF, however,
shows a sharp deviation from an expected Brillouin-like behavior for temperatures below 120 K. The addi-
tional magnetic interaction is believed to result from the polarization of Ce spin moments induced by the
magnetic field from Mn moments.

DOI: 10.1103/PhysRevB.69.144425 PACS number~s!: 76.80.1y, 75.20.Hr, 31.30.Gs
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I. INTRODUCTION

Intermetallic compounds of the typeRT2X2, whereR is a
rare-earth or actinide ion,T is a transition metal, andX is an
sp element such as Si, Ge, Sn, or Sb, form a large fam
which exhibits very interesting physical phenomena. In p
ticular, the compounds whereR5Ce andX5Si or Ge have
been studied quite intensively since the discovery1 of super-
conductivity in the heavy fermion CeCu2Si2, and have
shown a rich variety of different properties such as mag
tism, superconductivity, mixed valence, heavy fermion,
Kondo behavior. Among these compounds, those withT
5Mn are reported2,3 to have a special feature: they are t
only members of the family, which exhibit magnetic m
ments exclusively at Mn. A detailed investigation of the
compounds can, therefore, be very useful in the effort
understand the complex behavior of theRT2X2 series and
the origin of their magnetic interactions.

The CeMn2X2 (X5Si,Ge) compounds crystallize in
body-centered tetragonal ThCr2Si2-type ~space group
I4/mmm) structure in which the Ce atoms occupy 2a ~0,0,0!
positions, the Mn atoms occupy 4d ~0,1/2,1/4! positions
forming a simple tetragonal sublattice, and theX atoms oc-
cupy 4e ~0,0,z! positions. Therefore, the crystal structure
formed by stacked atomic layers along thec axis with the
Mn-X-Ce-X-Mn sequence of atomic planes.

Nowik et al.4 observed from the Mo¨ssbauer spectroscop
measurements that CeMn2Ge2 has an antiferromagnetic or
dering with a Ne´el temperature ofTN5390 K. In a later
work, Fernandez-Bacaet al.,5 using neutron-diffraction mea
surements, concluded that CeMn2Ge2 shows a collinear
commensurate antiferromagnetic phase belowTN'415 K. It
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has also been reported5,6 that at the Curie temperatureTC

'320 K, there is a transition to an incommensurate fer
magnetic component of the Mn moments in thec axis and a
helical component in theab plane. The compound CeMn2Si2
has a collinear antiferromagnetic order below 380 K.3,5 In
CeMn2Si2 the magnetic structure is such that the intralay
exchange interaction between Mn moments is ferromagne
and the interlayer is antiferromagnetic. For CeMn2Ge2, be-
low Néel temperature, the intralayer exchange is antifer
magnetic and undergoes a transition to an incommensu
conical structure in the ferromagnetic phase. There are
nificant differences in the magnetic-moment values, repor
in the literature, for both compounds.3,5

Although the magnetic phase-transition behavior of
CeMn2Ge2 and CeMn2Si2 compounds has been studied b
other techniques,3,5,6 only one microscopic study4 on atomic
scale has been reported. In the present work, the magn
dipole and electric quadrupole interactions, at the Ce and
sites, were investigated by the time differential perturb
g-g angular correlation~TDPAC! spectroscopy. This metho
requires only a small amount of radioactive probe nuc
~tracers in most cases! and offers a high sensitivity to loca
distance variations in the crystal lattice and, consequen
can be used to follow changes such as magnetic order
bond distances, symmetry, defect trapping, etc. on a mi
scopic scale by measuring the electric-field gradient~EFG!
and magnetic hyperfine field~MHF! at probe sites. TDPAC
is also the only technique, among all the radioactive hyp
fine methods, that uses the140Ce as probe nuclei, which in
the present case is crucial for investigating the local m
netic behavior of Ce atoms. The investigation of the MHF
Ce atoms in CeMn2Ge2 and CeMn2Si2 is quite important to
©2004 The American Physical Society25-1
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clarify as to why these compounds do not really pres
magnetic ordering at Ce sites, or if there exists some m
netic polarization of the Ce electrons which is not seen
macroscopic techniques. TDPAC measurements were
formed in CeMn2Ge2 and CeMn2Si2 compounds as a func
tion of temperature, using111In→111Cd probe to obtain in-
formation about microscopic details of their electronic a
magnetic structures and the temperature dependence o
EFG and MHF at Mn sites. Some of the PAC data
CeMn2Ge2 using 111Cd probe were already presented in
earlier publication.7 In the present work we have extende
the analysis of these data to further investigate the temp
ture dependence of the EFG and its relation with the m
netic behavior. Moreover, we present and discuss the re
of the MHF values for both CeMn2Ge2 and CeMn2Si2 com-
pounds. Additional measurements were carried out be
Néel temperature of both compounds using140La→140Ce
probe to investigate the local magnetic field at Ce sites.

II. EXPERIMENTAL PROCEDURE

Stoichiometric polycrystalline samples of CeMn2Ge2 and
CeMn2Si2 were prepared by repeatedly melting the const
ent elements~Ce 99.99%, Mn 99.9985%, Ge 99.9995%!
along with the radioactive tracers under argon atmosph
purified with a hot titanium getterer. Radioactive probe n
clei used were carrier free111In purchased from MDS Nor-
dion, and140La obtained by neutron irradiation of lanthanu
metal in the IEA-R1 research reactor at IPEN that substitu
for less than 0.1% of Ce atoms. The samples were anne
under an atmosphere of ultrapure Ar for 48 h at 700 °C.

The hyperfine interaction of the 245 keV, 5/21 spin state
of 111Cd probe nuclei in the polycrystalline samples
CeMn2Ge2 and CeMn2Si2 was measured by the TDPAC
technique utilizing the~171–245! keV g-g cascade. Theg-g
cascade of~329–487! keV populated from theb decay of
140La was used for the measurement of magnetic interac
of the 2083 keV, 41 spin state in140Ce. TDPAC spectra
were recorded at several temperatures using a standard
with four BaF2 detectors arranged in a planar 90° –180° g
ometry, generating simultaneously 12 delayed coincide
spectra. The detector system had a time resolution of 600
For low-temperature measurements the sample was atta
to the cold finger of a closed-cycle-helium refrigerator w
temperature controlled to better than 0.1 K. Spin rotat
spectraR(t) were generated from the background subtrac
coincidence countsC(u,t):

R~ t !52F C~180°,t !2C~90°,t !

C~180°,t !12C~90°,t !G , ~1!

where C(u,t) are the geometric mean of the coincidenc
taken from the spectra recorded at angleu. Above the mag-
netic transition temperature, the measured perturbation fu
tion R(t) was fitted to the following expression for the sta
electric quadrupole interaction:

R~ t !5A22G22~ t !5A22(
i

f iG22
i ~ t !, ~2!
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whereA22 is the unperturbed angular correlation coefficie
f i are the fractional site populations, andG22

i (t) are the cor-
responding perturbation factors given by

G22~ t !5S201 (
n51

3

S2ncos~vnt !exp~2vn
2tR

2/2!

3exp~2vn
2d2t2/2!, ~3!

The primary frequenciesvn and their amplitudesS2n are
related to the hyperfine splitting of the intermediate nucl
level and depend on the nuclear quadrupole frequencyvQ
5eQVzz/4I (2I 21)\ and the asymmetry parameterh
5(Vxx2Vyy)/Vzz, where Vxx , Vyy , and Vzz are the ele-
ments of the EFG tensor in its principal axis system. Gen
ally one uses the spin independent quadrupole frequency
fined by nQ5eQVzz/h, where Q is the nuclear electric
quadrupole moment of the intermediate level. The kno
quadrupole moment of 0.83 b for theI 55/21 intermediate
level of 111Cd has been used to determineVzz. The effect of
finite time resolutiontR of detectors and the distribution o
EFG with a relative widthd are properly taken into accoun
in Eq. ~3!.

In order to fit the perturbation functions measured at te
peratures belowTC or TN , we used a model which include
combined electric and magnetic interaction in a polycrys
line sample from which the quadrupole frequencynQ as well
as the Larmor frequencyvL5gmNBh f /\, where g is the
nuclearg factor andBh f is magnetic hyperfine field, can b
deduced. The known values of theg factors,g50.306 and
g51.12 for theI 55/21 and theI 541 intermediate levels of
111Cd and 140Ce, respectively, were used to determine t
corresponding magnetic hyperfine fieldBh f .

III. EXPERIMENTAL RESULTS

Crystal structures of the samples were checked by pow
x-ray-diffraction measurements at room temperature. The
sults confirmed a predominant phase, with ThCr2Si2 proto-
type structure, in both compounds. The magnetization m
surements were carried out by a super conducting quan
interference device magnetometer and the results confir
the antiferromagnetic phase with Ne´el temperature of
;380 K for CeMn2Si2 and the ferromagnetic phase wit
TC'320 K for CeMn2Ge2.

Some of the perturbation functions, measured in the te
perature range from 15 to 460 K using111Cd probe, are
shown in Fig. 1 for CeMn2Si2 samples along with their Fou
rier transforms. In the case of CeMn2Ge2 the perturbed an-
gular correlation~PAC! spectra aboveTC were least-square
fitted with two-probe site model using theoretical perturb
tion function given by Eq.~3!. The Fourier spectrum show
two fractions with sharp (d,1%) and well-resolved fre-
quencies. The major fraction (;75%) is axially symmetric
(h50) with a very small value of the quadrupole frequen
nQ53.5 MHz while the other fraction is characterized by
quadrupole frequencynQ5121 MHz andh'0.37. In the
case of CeMn2Si2 the spectra aboveTN could also be fitted
with two probe sites but showed a wider frequency distrib
5-2
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tion. The major fraction (;60%) in this case corresponds
the higher quadrupole frequencynQ5110 MHz with h
'0.50 andd'35%, while the smaller fraction correspond
to nQ'8 MHz with h50 andd'5%. In both compounds
we have associated the lower frequencies to the111Cd probe
substituting the Mn atoms and the higher frequency to
probe substituting either Ce or Ge~Si!atoms. These assign
ments are consistent with anab initio calculation using full-
potential–linear augmented plane wave~FP-LAPW!
method.8 Calculated values of EFG at Mn in both com
pounds are much smaller compared to those at Ce or Ge~Si!.

The assignments are also consistent with the result
magnetic hyperfine field in these compounds which are
cussed below. The calculated values of EFG at Ce
Ge~Si! atoms, however, do not give any clue about the hig
frequencies as to whether they correspond to Ce or Ge~Si!
sites. Since only very weak or no magnetic interactions w
observed for these fractions, we shall focus our attention
the fractions which correspond to the Mn sites in both co
pounds.

Below respective magnetic transition temperatures, P
spectra for both compounds were fitted with a model wh
accounts for the combined electric quadrupole and magn

FIG. 1. The perturbation functions and their Fourier transfor
for 111Cd probes in CeMn2Si2 compound at various temperature
Solid lines are the least-squares fits of the theoretical function to
experimental data.
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dipole interactions. The Larmor frequencyvL as well as the
quadrupole frequencynQ for the major fraction, measure
for 111Cd in CeMn2Ge2, is plotted as a function of tempera
ture in Fig. 2. A change in the slope of the curve around 3
K is clearly seen. The same effect is observed with Mo¨ss-
bauer studies,4 and reflects the transition from an antiferr
magnetic to ferromagnetic order at this temperature. For t
peratures below 320 K, in the ferromagnetic phase,
values of Larmor frequency follow a normal Brillouin curve
It was demonstrated from the Mo¨ssbauer studies that th
doped 57Fe occupies mainly the Mn site in CeMn2Ge2.
Since we observed a remarkable similarity between the t
perature dependence of the hyperfine field as well as the E
in the present PAC experiment with the earlier Mo¨ssbauer
experiment,4 we also conclude that the major fraction
111Cd probes indeed replace the Mn atoms in this compou

At 15 K, where the curve reaches the saturation regi
the measured values ofvL and the corresponding hyperfin
field Bh f are, respectively, 297.1~3! Mrad/s and 20.3~1! T.
The hyperfine fields as well as the largest component of
EFG tensorVzz, are in the direction of thec axis. Tempera-
ture dependence of the Larmor frequency measured for
111Cd probe substituting for Mn sites in CeMn2Si2 is shown
in Fig. 3.

The measured Larmor frequency of 101.8~3! Mrad/s at 20
K gives Bh f56.96(2) T. Just below the magnetic transitio
temperature, in the critical region for both compounds,
considered the first five points to fit the experimentalvL
values to the well-known power-lawvL(T)5vL(0)(1
2T/TN)b for magnetic materials. The resulting paramete
are vL(0)5283(8) Mrad/s, Bh f(0)519.3(5) T, exponent
b50.41(2), and TN5408(2) for CeMn2Ge2 and vL(0)
5112(5) Mrad/s,Bh f(0)57.7(4) T, exponentb50.43(3)
andTN5379(4) for CeMn2Si2. The values of Ne´el tempera-
tures obtained here agree quite well with those obtained
neutron-diffraction measurements.3,5

Some of the PAC spectra for CeMn2Ge2 and CeMn2Si2,

s

e

FIG. 2. The temperature dependence of fitted quadrupole
quencynQ ~top! and Larmor frequencyvL ~bottom! for 111Cd at
Mn sites in CeMn2Ge2.
5-3
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measured by using the140La→140Ce probe, obtained jus
above and below respective Ne´el temperatures are shown
Fig. 4 and Fig. 5, respectively.

As the quadrupole moment of the 2083 keV 41 state of

FIG. 3. The temperature dependence of fitted Larmor freque
(vL) for 111Cd at Mn sites in CeMn2Si2.

FIG. 4. The perturbation functionsR(t) and their Fourier trans-
forms for 140Ce probes in CeMn2Ge2 compound at various tem
peratures. Solid lines are the least-squares fits of the theore
function to the experimental data.
14442
140Ce is known to be very small,9 one expects to observe a
almost pure magnetic dipole interaction, at the Ce site, be
Néel temperatures. Since the probe140Ce is not an impurity
atom in CeMn2Ge2 and CeMn2Si2 compounds, its use in
PAC experiments is unique among the microscopic metho

No hyperfine field was observed in CeMn2Si2 in the tem-
perature range from 10 K to 400 K and in CeMn2Ge2 be-
tween 410 K and 320 K. This is consistent with the symm
try considerations of the spin-‘‘up’’ and spin-‘‘down’
arrangement of the Mn superlattice around the Ce site in
antiferromagnetic phases in both compounds. Below 320
a unique and well-resolved magnetic interaction is obser
at Ce in CeMn2Ge2. The temperature dependence of the L
mor frequencyvL is plotted in Fig. 6. The observed mag
netic interaction corresponds to the ferromagnetic order
of the Mn moments.

The measurements below 150 K, however, show a sh
deviation from an expected Brillouin-like behavior for
simple ferromagnetic ordering. The Ce hyperfine field,
stead of approaching a saturation value, increases sharp
lower temperatures. The measured hyperfine field at 150
15.9~4! T while at 10 K it is 39.04~7! T. This result contrasts
the regular temperature dependence of the hyperfine fie
Mn site measured by the111Cd probe Fig. 2, as well as th

y

al

FIG. 5. Perturbation functionsR(t) for 140Ce probes in
CeMn2Si2 compound at some temperatures.
5-4
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results of the magnetization measurement in CeMn2Ge2. The
results clearly indicate that below 150 K there is an ad
tional contribution to the MHF, most probably from the p
larization of the Ce spins in the compound. The estimated
contribution to the MHF at 0 K corresponds roughly to
;20 T. This is just about half the value found for the MH
at Ce site, extrapolated to 0 K, in the CeIn3 intermetallic
compound.10 CeIn3 is a concentrated Kondo system whe
the Ce moments order antiferromagnetically and, theref
expected to present smaller MHF values than those prese
by ferromagnetically ordered Ce system. The fact that the
spin contribution to the MHF at Ce site in CeMn2Ge2 is
much smaller indicates a weaker Ce spin alignment mec
nism in this compound.

IV. DISCUSSION

Neutron-diffraction measurements3,5,6 have determined
the magnetic structure of CeMn2Si2 and CeMn2Ge2. The
former has a collinear antiferromagnetic structure where
the manganese moments within the same plane~intralayer
exchange! are coupled ferromagnetically parallel to thec
axis, while the moments in an adjacent plane~interlayer ex-
change! are coupled antiferromagnetically. In the case
CeMn2Ge2, the intralayer exchange is antiferromagnet
while the interlayer exchange is responsible for the transi
from a commensurate antiferromagnetic ordering to an
commensurate conical structure with a ferromagnetic co
ponent along thec axis and a helical component in theab
plane. Temperature dependence of the quadrupole frequ
nQ , plotted in Fig. 2 below the Ne´el temperature, shows
discontinuity at 320 K. Since there is no evidence of a crys
structure change at this temperature, sudden drop in the
at 111Cd at Mn atom site must be associated with the cha
of the spin structure of Mn sublattice from an antiferroma
netic to ferromagnetic alignment. A similar discontinuity
the EFG has been observed in the Mo¨ssbauer experiment.4

Neutron-diffraction measurements5 attributed the observed
magnetic transition at 318 K to the spin reorientation of M
atoms from antiferromagnetic to a ferromagnetic alignme
As the measured exponentb was found to be almost th
same for both compounds we conclude that the nature o

FIG. 6. The temperature dependence of fitted Larmor freque
(vL) for 140Ce at Ce sites in CeMn2Ge2 compound.
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antiferromagnetic order is similar in CeMn2Ge2 and
CeMn2Si2. Since 111Cd probe is nonmagnetic (sp-electron
element!, it only probes the magnetic interaction from th
neighboring Mn atoms and the magnetic hyperfine field c
be seen as a measure of the strength of Mn-Mn interact
Apparently this interaction seems to be much stronger
CeMn2Ge2 than in CeMn2Si2 and could provoke a spin re
orientation leading to a ferromagnetic phase transition
served in CeMn2Ge2 at lower temperature.

Departure of the temperature dependence of the hype
frequency for the140Ce probe in the case of CeMn2Ge2 from
that of the bulk magnetization of the sample, as can be s
in Fig. 6 was already observed in some magnetic syste
The NMR frequency of 55Mn in a dilute ferromagnetic
FeMn alloy was experimentally shown to decrease more r
idly with temperature11 than the magnetization of Fe host an
this behavior was explained by Jaccarino, Walker, a
Wertheim12 by means of a very simple approach in which t
Mn moments are believed to be localized and their magn
zation is induced by the iron host. Thiel, Gerdau, a
Böttcher,13 who measured the MHF at140Ce probe nuclei in
some rare-earth elements, explained their unusual temp
ture dependence as resulting from a mixed (31 and 41)
valence in Ce probe atoms. They based their interpreta
on the fact that the MHF extrapolated toT50 K was found
to be much lower than the magnetic field of the free Ce31

ion, B4 f(3
1)5183 T.14 This interpretation was, howeve

criticized by Wäckelgardet al.15 who showed that the crys
talline electric field, which was neglected by Thielet al., can
reduce the free ion hyperfine field of Ce31 in the host. Un-
like the previous experiments, in the present work the140Ce
probe atom is not an impurity, but one of the constitue
elements of the compound itself which is an important f
as the Ce magnetism and charge in such cases can be i
tigated by macroscopic methods. Although the extrapolate
K value of the MHF of 140Ce in CeMn2Ge2 , Bh f539 T, is
much smaller than the free ion hyperfine field for Ce31, we
can disregard the mixed valence effect in this compou
The valence of Ce ion in Ce Mn2Si2 and CeMn2Ge2 was
experimentally measured and the results16,17 showed an in-
stability of Ce valence for CeMn2Si2 with a intermediate
valence of 3.12 and a stable Ce31 state for CeMn2Ge2. Fur-
thermore, neutron-diffraction measurements showed no
dering of the Ce moments in either compounds.

As no ordering of the Ce moments was observed
CeMn2Ge2, we are led to believe that the additional ma
netic interaction observed at the Ce sites of this compo
below around 120 K, could only appear as a result of
polarization of Ce ion spin moment induced by the magne
field from the Mn moments. As the temperature behavior
magnetic hyperfine field for111Cd at Mn sites in CeMn2Ge2
follows the Brillouin function for temperatures below 320
~see Fig. 5!, we conclude that the Ce atoms polarization do
not affect the magnetic coupling among Mn spins, that
there is no induction of spin polarization of Mn atoms fro
the Ce atoms. This fact provides a strong indication that
polarization of the Ce atoms by the magnetic field of M
indeed occurs. Moreover, a first-principles density-functio

y
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calculations of the magnetic hyperfine interactions for b
CeMn2Si2 and CeMn2Ge2 compounds, which has been r
cently performed by our group,18 showed that the Mn-Ce
interaction@through the Mn(3d)-Ce(5d) hybridization# pro-
vides the mechanism of Ce spin alignment. The polariza
of a paramagnetic rare earth sublattice by transition m
ions was proposed by Braberset al.19 to explain the tempera
ture dependence of the susceptibility in (Gd,La)M2
(Ge,Si)2 compounds. The same mechanism was used
Levin, Palewski, and Mydlarz20 to explain the magnetoresis
tivity behavior of CeMn2(GexSi12x)2 compounds. It can
therefore be considered that the paramagnetic Ce subla
in CeMn2Ge2 is locally polarized by an external magnet
field from Mn ions, i.e., the magnetic hyperfine fieldBh f

Mn at
Ce sites, created by the magnetic ordering of Mn mome
polarizes the disordered Ce spins. In such a situation
effective magnetic fieldBe f f

Ce at Ce atoms is given by21 Be f f
Ce

5Bh f
Mn1Bh f

Ce , whereBh f
Ce is the magnetic hyperfine field a

Ce nuclei due to the spin polarization of the 4f electrons. On
the other hand, the polarization of the paramagnetic sub
tice causes an increase in the magnetic induction so th22

Be f f
Ce5(11x)Bh f

Mn5bBh f
Mn , where x is the local magnetic

susceptibility andb ~not to be confused with the exponentb
defined earlier! is the local paramagnetic enhancement fac
Combination of the expressions forBe f f

Ce gives the following
expression for the paramagnetic enhancement factor:

b511
Bh f

Ce

Bh f
Mn

. ~4!

From the Larmor frequencyvL , it is possible to determine
the local paramagnetic enhancement factor using22,23 vL(T)
5(gNmN /\)bBh f

Mn . The results ofb as a function of the
inverse temperature are shown in Fig. 7. The values ofBh f

Mn

at different temperatures in the regionT,200 K were esti-
mated from the fit of a Brillouin function to the points fo

FIG. 7. The local paramagnetic enhancement factorb as a func-
tion of the inverse of the temperature for140Ce at Ce sites in
CeMn2Ge2. The inset shows the temperature dependence of
inverse of the local susceptibilityx.
14442
h

n
al

y

ice

s,
e

t-
t

r.

T>200 K in Fig. 6. The solid line in the figure representsb
values for 4f 1 (Ce31) localized ions which were calculate
from the expression23,24 b511gJmB(J11)B(0)/3kT,
where gJ56/7, J55/2, andB(0)5183 T is the hyperfine
field at 0 K. The horizontal line corresponds tob51 and
represents the non magnetic behavior for tetravalent Ce41.
The inset in Fig. 7 shows the temperature dependence o
local susceptibility24,25 x(T)5N(b21)gJmBJ/B(0). It can
be seen from Fig. 7 that the values ofb for 140Ce probes in
the Ce sublattice of CeMn2Ge2 compound are smaller com
pared to that for Ce31 free ion values.

Similar behavior of the temperature dependence ofb at
Ce sites, measured by TDPAC using140Ce, was also found
in CeFeGe3 ~Ref. 25! and CeNiSn~Ref. 26! compounds, as
well as in dilute Ce impurity in Y and Zr.27 In each case the
b values are smaller than those for free Ce31 ion. In these
situations the behavior of the temperature dependence o
local susceptibility was explained as a consequence of
Kondo behavior. Thex(t) values for CeMn2Ge2 could be
reproduced by a Kondo model where the Kondo impur
problem within the Coqblin-Schrieffer model was solved n
merically by using the Bethe-ansatz formalism.28 In this
model the behavior of the Ce ions is characterized by
zero temperature local susceptibility x(0)5n(n2

21)m2/24pkBT0 whereT0 is the characteristic scaling tem
perature related to the Kondo temperature29 TK50.677T0.
Using the results from the calculations of Brickers, Cox, a
Wilkins,29 the best fit to theb values in CeMn2Ge2 yielded
T0527 K, which corresponds toTK518 K. This value
agrees with the expectation from the measurement of
temperature dependence of resistivity17,20 for CeMn2Ge2
compound at zero field.

V. CONCLUSION

The PAC technique was used to investigate the hyper
fields in CeMn2Ge2 and CeMn2Si2 intermetallic compounds
by using 111In→111Cd and 140La→140Ce nuclear probes. A
fraction of the 111Cd probe nuclei were found to substitu
Mn sites in both compounds. The140Ce probe was used to
investigate the magnetic hyperfine fields at Ce sites. Ex
sive PAC measurements below the Ne´el temperatures have
revealed important information on the magnetic properties
both compounds. The temperature dependence of the M
at 111Cd probe in CeMn2Si2 shows a transition from para
magnetic to antiferromagnetic ordering at 379 K and a st
dard Curie-Weiss behavior below this temperature. F
CeMn2Ge2 the measurement of MHF at111Cd probe re-
vealed a paramagnetic to antiferromagnetic phase trans
at 408 K and a second transition to ferromagnetic order
low 320 K. Temperature dependence of the electric-field g
dient as well as the MHF in the case of CeMn2Ge2 showed
sharp discontinuity at 320 K. The spin reorientation of M
atoms is believed to be responsible for the magnetic ph
transition observed at 320 K. No MHF was observed at Ce
CeMn2Si2, in the temperature range from 400 K to 10 K, a
in CeMn2Ge2 in the temperature range from 408 K to 320 K
measured with140Ce probe. This fact is associated with th

e
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symmetry of the spin-up and spin-down arrangement of
Mn superlattice around the Ce site in the antiferromagn
phase which causes the cancellation of MHF. Between 32
and 150 K, the MHF at Ce site in CeMn2Ge2 follows the
regular behavior expected for the ferromagnetic ordering
Mn moments, however for temperatures lower than 150
the MHF values deviate from the standard Brillouin cur
and increase sharply. This behavior is explained as a l
spin polarization of the Ce ions and analyzed in terms
local paramagnetic enhancement factorb at 140Ce sites. The
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