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Antiferromagnetic transitions in the Kondo lattice system CeNi;Ges
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Our investigation of CNi;Ge; by means of transport, specific heat and magnetization measurements shows
that the compound is a Kondo lattice system exhibiting two antiferromagnetic transitidiga56.1 K and
Tn2=4.5K. An analysis of the transport and specific heat data suggests that the Kondo energy Beade
of the order ofkgTy . The resistivity and heat capacity data beld K are suggestive of the appearance of a
spin-wave gap. The compound exhibits giant magnetoresistance at low temperature. The crystal field splitting
is estimated to be about 180 K.

[. INTRODUCTION capacity was measured using an adiabatic heat pulse method.
A commercial superconducting quantum interference device
Ce-based intermetallic compounds exhibit a wide range ofSQUID) magnetometer was used for the magnetization
magnetic behavior such as magnetic ordering, the Kondo efneasurement. Magnetoresistance measurements were carried
fect, heavy-fermion behavior, and valence fluctuation, whichout using a physical property measurement sys@mantum
arise from the competition between RKKY and Kondo inter-Design. All measurements have been carried out on two
actions. CeAl and CeR are typical examples of a Kondo- independently prepared samples which show similar behav-
type antiferromagnetic; CeGus a heavy-fermion system ior.
with a nonmagnetic ground state, and Cg&luis a heavy-
fermion superconductdr:* Ce,Ni;Ge; is a member of the
R,M X5 (R=rare earth,M =transition metalsX=Si, Ge
series of compounds which have shown many interesting The powder x-ray diffraction, metallographic examina-
properties. For exampléR,Fe;Sis(R=Sc, Y, Lu) show su- tion, and the electron probe microanaly$EEPMA) results
perconductivity even in the presence of a large fraction of Fehow that the sample is single phase and it crystallizes in
in the materialS. Tm,Fe;Sis is an antiferromagnetic U,CosSis-type orthorhombic structuréspacegrouplbam)
superconduct8rshowing reentrance to the normal state be-with lattice parametera=9.814 A, b=11.844A, andc
low Ty; U,RhSis undergoes a simultaneous spin- =5.963A. The unit cell volume of GBli;Ge; is 693.12 &,
quadrupolar orderingThe investigation of C#i;Ge; isim-  which is 9.6% larger than that of i;Sis. The Ce atoms
portant also from the point of view that the structurally occupy only one type of site in this structure.
related compound CepBe, shows non-Fermi-liquid behav- As shown in Fig. 1, at high temperatureb*50K), the
ior and the signature of superconductivty. susceptibility follows Curie-Weiss behavior withu
In this paper we report the magnetic and transport prop=2.5u5 , which is close to the value expected for’Céons.
erties of CeNisGe,. The existence of GBli;Ge; with  The paramagnetic Curie temperatum) was found to be
U,CosSis-type crystal structure was reported by Morozkin —52 K. Such a large negative value of the Curie temperature
and Seropegin.Isostructual CsNi;Sis is known to be a va- is often found in Kondo compounds. Two anomalies at 4.5
lence fluctuating compounid.Since the replacement of Siby and 5.1 K are observed, indicating antiferromagnetic order-
Ge will reduce the hybridization, GRi;Ge; is expected to  ing. The isothermal magnetizatigi@at 4.4 K) is linear and
show heavy-fermion behavior or to be a Kondo lattice whichreversible up to 5.5 T, which is consistent with the antifer-
undergoes magnetic ordering. Such speculation was expetiomagnetic nature of the magnetic ordering. The increase of
mentally found to be true in @é,X, (M =transition metal, susceptibility between 4.5 and 5.1 K is possibly due to the
X=Si, Ga compounds!*? Indeed, recently, Chavelier incommensurate nature of the antiferromagnetic ordering at
et al'® observed magnetic ordering at 4.2 K in 8&Ge; 5.1 K. We wish to mention here that Chevalier and Etour-
using a magnetic susceptibility measurement. neau found only one magnetic transittorat 4.2 K in
CeNiGe;,. We have been able to detect two magnetic tran-
sitions using a smaller temperature interval for the data
points. Since our sample is of high quality as revealed by
Polycrystalline samples were prepared using the standamsetallographic examination, EPMA, and the large value of
arc melting technique. The samples were annealed at 900 *@Be residual resistivity ratio (RRR40), we believe both
for 1 week. Electrical resistivity measurements were carriednagnetic transitions are intrinsic.
out using the conventional dc four-probe technique. The heat The resistivity shows a weak temperature dependence

IIl. RESULTS AND DISCUSSION

Il. EXPERIMENT
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FIG. 1. Inverse susceptibilityy 1) as a function of temperature

for CeNisGe; measured in a field of 0.1 T. The insets shpws T
at low temperatures and isothermal magnetization at 4.4 and 10 K.

T (K)

down to 100 K and a minimum at30 K (Fig. 2. It shows

a change of slope at 5.1 K and a strong decrease below 4.5 K ) ; 3 .
n'céfunctlon of temperature. Large anomalies due to magnetic transi-

which are associated with the two magnetic phase transitio - )
as revealed by the magnetic susceptibility measuremen ns are seen at lOWtemp.erature' The so“.d line passing t_hrough the

. . ata points represents a fit to the expression mentioned in the text.
The resistivity ratio between 5.1 and 15 K s . i . )

e (b) Magnetic contribution to the heat capacity together with the
pmag(S.l K)/pmad 1.5 K)=66, and the total drop of re5|st|V|Fy calculated values of the Kondo and Schottky contributions to the
is more than 173} cm. Large values of the drop of resis- | .. capacity.
tivity have recently been olE)gerved in BhGe; and
CelrsGes and also in YRMsSis. ™" For the former two com- pounds, the large drop was attributed to the combined effect

of the reduction of spin-disorder scattering and the develop-
200 | (a) 1 ment of coherence. In JRhsSis a simultaneous spin-
Me2N13Ge5 quadrupolar ordering takes place below 25 K and the resis-
200 e tivity data suggest the appearance of a spin-wave gap. As in
150 § gy the case of LRh;Sis, resistivity data of CiNi;Ge; below 4
K can be fitted asp(T)=po+AT?+CT(1+2T/Eg)exp
(—Eg/T), where p, is the residual resistivity AT? is the
Fermi liquid contribution, andty is the gap in the spin-wave
spectrum. The spin-wave gap is estimated to be 12 K.

The magnetic part of the resistivity,n,q, Which is ob-
tained by subtracting the resistivity data of ,Na;Ge;, be-
oL T haves as (-I) in two different temperature regiorj&ig.

0 L 01 2 3 45 8 7 2(b)]. Such behavior is expected for Kondo-type interactions

0O 50 100 150 200 250 300 in the presence of crystal field effe¢fs.The high-

T (K) temperature logarithmic regions represent the Kondo effect

' ‘ in the excited doublet, whereas the low-temperature regions
200 t :

e (b) represent the Kpndo effect from the crystal field ground

state. These regions are separated by a maximum whose tem-

= perature is related to the crystal field splitting. Thus the re-

— 100 ¢ \ sistivity data suggest a crystal field spitting ©.00—200 K

for the excited doublet in this compound.

In Fig. 3 we have plotted the magnetic part of the heat
01 1'0 160 capacity which is obtained by subtracting the heat capacity

T (K) of LayNizGe; from that of CeNi;Ge. Two peaks are ob-
served at~4.5 and~5 K which are due to the magnetic

FIG. 2. (a) Electrical resistivity of CNi;Ge in the temperature ~ Ordering. The total jump in the heat capacity is more than 15
interval 1.3-300 K. The inset shows an expanded view of the low-J/Ce mol K, which is larger than what is expected on the
temperature part of the resistivity. The solid line is the fit to the dataPasis of mean field theory. Further, the peak in the low tem-

below 4 K (see text (b) Magnetic contribution to the electrical perature(~4.5 K) is quite sharp(full width at half maxi-
resistivity pmag Vs InT. mum, FWHM=0.1K). These two facts hints at the first-

FIG. 3. (a) Heat capacity and magnetic entropy of,8aGe; as
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order nature of the magnetic phase transition at 4.5 K. We 200 x < , ‘ .
wish to point out here that we could not detect any hysterisis SODRS
in the resistivity measurement at low temperature within our

temperature resolution of 50 mK. This, however, does not 150

rule out the possibility of the first-order nature of the mag- /E\
netic transition at 4.5 K. In the case ofRh;Sis no hysterisis O
could be detected in the resistivity measurement, but the 100 |
first-order nature of the magnetic transition was established 3
from neutron diffraction and thermal expansion a

measurements Similar measurements are desired to estab- 50 ¢

lish the first-order nature of the magnetic phase transition at

4.5 K in CeNisGe. The magnetic entropy afy (5.1K)

reaches 0.6k In 2. Thus there is a considerable reduction of 0

the magnetic entropy due to the Kondo effect. In the absence

of short-range order, a plausible reason for the deficiency of 150

the S, Tn) is that the twofold degeneracy is partially lifted

aboveTy by the presence of the Kondo effect. In such a case ~

it can be shown thatS,,{(Tn)=Sk(Tn/Tk), Where %

S«(Tn/Tk) is the Kondo entropy aTy.® Two conditions =
Q

are necessary for this relation to hold goodi) Acr
>kgTy and (i) Ace>kgTk . From the resistivity and mag-
netic susceptibility data, we have seen that both conditions 0
are satisfied for C#NizGes. Further, using the Bethe ansatz 5
for a spins Kondo model, Desgranges and Schotte calcu- B (T)
lated the specific heat and magnetic entrbpfhe above

relation provides the rati@y /Ty using the experimentally FIG. 4. Resistivity(a) as a function of temperature at various
found S g(TN) 17 Using this method, we estimate the fixed field and(b) as a function of field at various fixed temperature.
ma . ’

Kondo' temperature 1o be-5 K. We attribute the.entropy CeNisGe;. We notice that with an increase of field bdiR,
reduction to be due to the Kondo effect only. This assump, T\, decreasdFig. 4a)], which is consistent with the

tion Is reasonable since we_do not see any tall in the hquct that phase transitions &t;; and Ty, are both of anti-
capacity above the magnetic ordering temperature. In th rromagnetic nature. The field dependencd gf and Ty,
temperature range 1.5-4.0 K, the magnetic part of the he shown in Fig. 5. The resistivity data as a function of field

Ci‘%a(/:l':y co#ldh be f|tte% tastﬁmag(-lt-%_ YT +BT texp at constant temperatures are shown in Figp).4The most
(—Ey/kgT), which corresponds to the antiferromagnetic mag'interesting aspect of the field dependence of the resistivity is

non spectrum with an energy gap as aiso indicated by thg sharp rise at a critical field valu&.(T) which decreases

resistivity data. The spin-wave gap, however, is found to beN- : : :
N . ith increasing temperature and disappear3at (4.5K).
much lesg~2 K) from the heat capacity data as compared tOBC(T) is also plotted together witlfiy; and Ty, in Fig. 5. It

12 K from the resistivity data. The value is found to be is clear from this figure that the sharp rise of resistivity is

rather large,~90 mJ/mol Ce K, but Cp data at lower tem- associated with the second magnetic transia ). Such

perature would be necessary to per_form a more precise .deofdrastic increase of resistivity at a particular field is rarely
termination. The magnetic contribution to the heat capacity

) . o observed. It is not associated with a metamagnetic transition
in the paramagnetic region is well accounted for by a com-
bination of Kondo-type and Schottky-type contributions 14 . ;
[Fig. 3(b)]. The Kondo contribution to the heat capacity was ;
taken from Ref. 17T«=5 K, estimated from the magnetic 12 ¢ RN R ]
entropy, was used to calculate the Kondo contribution. The 10 . R
simulation of the heat capacity data leads to a crystal field
splitting of ~180 K. 8 e o 1
Two magnetic phase transitions have also been seen in the ;
antiferromagnetic Kondo lattice CePt&§hThe magnetic 6
structure is incommensurate to the lattice in both antiferro- 4
magnetic phase's.It remains to be seen whether the antifer-
romagnetic structure remains incommensurate in both phases 2
0

B (T)

in CeNizGe; also or undergoes a transition from an incom- , ‘

mensurate to a commensurate structure at lower temperatures 30 35 40 45 50 55

as observed in TFe;Sis.>° As crystallographically all the T (K)

Ce ions are equivalent, the two magnetic phase transitions

are associated with a change of the magnetic structure. FIG. 5. B-T phase diagram of GNisGe;. Ty; and Ty, are
Since the magnetic field can also influence the arrangerepresented by open and solid circles. Dashed lines are a guide for

ment of the magnetic spins, it is interesting to see the effeche eye. The critical fields at which a sharp increase in resistivity is

of the magnetic field on the magnetic transitions inseen[see Fig. 4b)] are denoted by open triangles.
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since at 4.4 K we see a large increase of the resistivity at
~2.5 T, whereas the magnetization is strictly linear up to 5.5
T. Further, usually a metamagnetic transition results in a
drop of resistivity, leading to negative magnetoresistance.
The resistivity of CeNi3;Ge; as a function of field and tem-
perature hints at a rearrangement of the Fermi surface at
Tz Itis also clear from Fig. @) that the magnetoresistance

is positive in the magnetically ordered state, whereas it is
negative in the paramagnetic state. The positive magnetore-
sistance in the ordered state is consistent with the antiferro-
magnetic nature of the magnetic ordering. The destruction of

the coherent state by the application of magnetic field could 0-70 5 0'4 ols ]
also add up, leading to a giant positive magnetoresistance ' ‘ . 2
(220% a2 K and 14 7. B/(T+T)

In the paramagnetic region the negative magnetoresis-
tance is due to the freezing out of spin-flip scattering in a N
Kondo compound by the magnetic field. The normalized™ T )» WhereT
magnetoresistance in the paramagnetic region could be ] ) o )
mapped onto a single curve by scaling the field values agand the I|n_ear behawor_ of the magnetization are suggestive
different temperatures &&/(T+T*) whereT* is the char- of the antiferromagnetic nature of the magnetic ordering.
acteristic temperature which is an approximate measure droSitive magnetoresistance2K is also consistent with the
the Kondo temperatufe (see Fig. 6 We estimate the antiferromagnetic nature of the magnetic phase transition.
Kondo temperature from such scaling to-b6 K. This value The resistivity and heat capacity data velé K indicate the

is in agreement witlT~5 K estimated from the reduction @PPearance of a spin-wave gap. The crystal field splitting is
of magnetic entropy due to the Kondo effect. estimated to be~180 K. The Kondo temperature in the

crystal-field-split ground state is-5 K. Further investiga-
tions are necessary to determine the nature of the low-
temperature magnetic structure and the crystal field level

The resistivity, magnetic susceptibility, heat capacity andscheme.
magnetoresistance data without any ambiguity establish that
CeNisGe; is a Kondo lattice compound which undergoes
successive magnetic phase transitions at 4.5 and 5.1 K. The
magnetic entropy afty is only 0.6RIn 2, which is sugges- We thank O. Trovarelli for useful discussions and Y. Shi-
tive of the reduction of the magnetic moment due to thebata for EPMA. Z.H. acknowledges support from the Japan
Kondo effect. The peak in the susceptibility with no differ- Society for the Promotion of Science during his stay in Japan
ence between the zero-field-cooled and field-cooled valueat Hiroshima University.

FIG. 6. Normalized resistivity plotted as a function Bf(T
is the characteristic temperature.

IV. CONCLUSION
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