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Magnetism, the Kondo Effect and Spin Correlationsin ThFex(S1; xGex)2
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A series of intermetallic compounds ThFey(Si1; xGex)2 with0 - x - 1 and ¢ x = 0:1
was prepared, and x-ray diffraction, dectric resistivity and magnetic susceptibility measure-
ments were performed. For all concentraions 0 - x - 1, besides the low temperature Negl
point Ty and the Kondo temperature Ty, the high temperature characteristic points Tsc were
observed, where spin fluctuations start to influence the transport and magnetic properties of
the material. The values of Ty and Tsc, obtained for different x, have a direct rdationship
with the behavior of the c-axis, and all these quantities have a minimum at x = 0.4. The
decrease of Ty with the crystal |attice condensation is rather unusual and can berelated to the
Kondo mechanism. The ThFe,Ge, compound can be characterized as an antiferromagnetic
Kondo lattice. Some othe mechanisms of the Ty and Tsc behavior are also discussed.

PACS. 61.90.+d — Other topics in structure of solids and liquids.
PACS. 75.25.+z — Spin arrangements in magnetically ordered materials.
PACS. 75.30.Mb — Valence fluctuation, Kondo lattice, and heavy-fermion phenomena.

|. Introduction

The rare earth ternary intermetallic compounds ThFexX2(X=S, Ge) have a ThCr,Si> type
crydal structure with a space group of 14=mmm [1]. The dimens on of thetetragonal unit cdl is
goproximatdy 4£ 4£ 10 A3. The neutron diffraction study [1] reveded that at |ow temperatures
ThFe; Xo trandorm from a paramagnetic (PM) date into an antiferromagnetic (AF) gate. Only
Tb atoms possess a magnetic moment and the magnetic structure is incommensurate with the
crystallographic unit cell. The 5/Fe Mossbauer spectroscopy measurements by Noakes et al. [2]
have proved that Fe aoms in TbFe,Si, possess no magnetic moments, and the Fe atoms occupy
only one type of locd site i.e, thereis no site exchange of the Fe and S a@oms. Duh et al. [3,
4] reported the magnetic and dectric properties of ThFex X, (X = Si, Gg). The obtaned Ned
temperature Ty is6.5 K in ThFexSi; [ 3] and 8.5K in ThFex Ge, [4]. Besidesthe antiferromagnetic
transition gppearing at low temperature, they found another anomaly at high temperature where
the resistivity and inverse magnetic susceptibility deviate from a linear law. It was suggesed [3,
4] that the observed anomaly may be due to a spin corrdation effect, and two mechanisms were
discussed to explain the observed devigtion from the linear law. One of them is related to the sin
fluctuations of localized dectrons and the other one is due to gap formation in the spin-excitation
spectrum of itinerant dectrons (the spin-gap effect). It is not yet clear, which mechanism of spin
fluctuations is the proper one. In this paper we present x-ray diffraction, resistivity and magnetic
susceptibility data for the mixture series of polycrydalline ToFe,(Si1; xGey)s.
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[l1. Experimental

Eleven samples of polycrystalline ThFex(Si1; xGex)2 with 0 - x - 1and ¢ x = 0:1 were
prepared by the mdting of goichiometric amounts of the constituent materids in an argon arc
furnace. The purities of the raw materials were Th:3N5, Fe6N, Si:6N and Ge6N. To improve
the homogendty, the metallic buttons were remeted several times, and the buttons were placed
upside down during each mdting. After melting the overdl weight loss was less than 1%. Then
the samples were sealed in a quartz tube and anneded at 800 C for seven days

The x-ray measurements were performed with a MAC MXP3 x-ray diffraccometer. For
dl concentrations X, the x-ray diffraction spectra of TbhFex(Si1; xGex)2 can be indexed well to a
body-center tetragonal crysal sructure of the ThCra Sz type with space group 14=mmm.

The magnetic susceptibility messurements were performed using the Physical Property
Messurement Sysem (PPMS) (Quantum Design Co.) in the temperature range 2-300 K, and in
an applied magnetic field of H = 2 kOe. In dl of the measurements, the sample was firg cooled
down to a specified temperaure in zero fidd, then an extemad magnetic fidd was applied, and
dl of the data were taken a each step of the temperature and fidd varidions The reg divity
measurements were aso performed usng the PPM S with a standard four-probe technique.

IIl. Results and discusson

The room temperaiure values of the lattice paameer ¢ determined from X-rays in
ThFex(Si1; xGex)2 asa function of x are given in Fig. 1. According to the Vegard law, a latice
parameter of substitutiond solid solutions is a linear function of the atomic composition. It is
dea from Fig. 1 that the parameter ¢ does not obey the Vegard law, and a sharp bend appears
in the lattice spacing curve with aminimum at X = 0.4. Usually the existence of sharp bends is
atributed to an dectron dengty vari aion resulting in Brillouin zone overlaps.

Figure 2 shows the temperaure dependence of the dc magnetic susceptibility of
ThFex(Si1; xGex)2 measured in the fidd H = 2 kOe. At low temperatures, an antiferromag-
netic transition is observed in all of the samples; the Ty vaue as a function of x are given in
Fig. 3. We found that the behavior of Ty is very unusud. With increasing X, the Ty vaue firg
decresses, atains the minimum vaue of 4.6 8 0.5 K at x = 0.4, and then increases up to the
maximum value of 8.1 8 0.5 K in ThFe;Ge,. Comparing Figures 1 and 3, one can see that T
and c-axis vaues have similar dependence on X, and they both pass the minimum a x = 04.

Normally, Ty behaves in an opposite way, i.e, it increases when lattice parameters decresse
and vice versa.  An exception is known for the rare-earth orthoferrites RFeO3 [5], which are
antiferromagnetic insulators with a grong superexchange Fe-O-Fe coupling. When R in RFeO3
changes from La to Lu, the lattice parameters decrease due to the decreasng of the ionic radius
of R. However, the Ty vaues decresse too because the angle of the chemicd bond Fe-O-Fe
decreases from 180-degrees, thus diminishing the exchange interaction [5].

In intermetallic sysgems like ThFex(Si1; xGex)2, the exchange interaction is mediated by
conduction dectrons, and the behavior of Ty is mainly determined by the band dructure. It
must be noted that the behavior of Ty in our ThFex(Si1; xGex)2 system is different from that in
the CePd2(Si1; xGex)2 sysgem, where the lattice expand on depresses Ty [6]. However a similar
behavior had been observed recently in the U(Pdy; xFex).Ge, system [7], where Ty decreased
with changing x along with decreasing of the ¢ axisand interatomic U-U distance values. The
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FIG. 1. Lattice parameter c¢ in the TbFe
(Si1; xGex)2 system as a funcion of x.
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FIG. 2. Tempeature dependencies of the
dc magnetic susceptibility in ThFe
(Si1; xGex)2 for x = 0:0 » 1:0 (from
top to bottom) measured in an applied
magnetic fidd of 2 kOe
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FIG. 3. Neél temperatures Ty @ a function of
x for ThFe, (Si1; xGex)2 system.
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FIG. 4. Tempeature dependences of the in-
verse magnetic susceptibility for TbhFe,
(Si1; xGex)2 in an gpplied field of 2
kOe.

crydal structure of ThFex(Si1; xGex)2 and U(Pdi; xFex)2Ge, is the same, but the subgtitution
is taking place on different locd dtes, so the mechanisms of Ty suppresson may be somewhat

different.

Endstra et al. [8] suggested the “ f-d hybridization model” to account for the systematic
in the magnetic-ordering temperatures of the MT2X> compounds (M = U, RE; T = 3d, 4d, or 5d
transition metd; and X = Ge, Si). Inthismodd, an ordering of T spins of M appears as aresult of
competition between an indirect T-d-f magnetic interaction of thelocal M moments (a conduction-
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dectron-mediated RKK Y -type interaction) and a K ondo-type spin-compensating mechanism. Both
interactions depend on the exchange-coupling parameter Jgr, which is proportiond to the f-d
hybridization srength and depends both on filling the d band and on the distance between the
d and T atoms in the crystd structure. As a result of the competition of two contributions, a
maximum of the magnetic ordering temperature Ty is expected a Jg¢ = Jc on the T-J phase
diagram for the Kondo lattice. The theory predicts a decrease of Ty as Jgr IS incressed above
its critical vdue. Brandt and Moshchalkov [9] suggested a Smilar behavior in the “concentrated
Kondo systems’. Taking into account the above ideas, we can conclude from the Ty behavior in
ThFex(Si1; xGex)2 that the Kondo regime prevails at X < 0.4.

Figure 4 shows the temperature dependence of the inverse magnetic susceptibility. For
dl concentrations X, two anomalies are observed in the 1=A = T(T) curves. The anomdies
a low temperatures are typical of the magnetic phase trangtion from a paramagnetic into an
antiferromagnetic state. The second anomay appears at higher temperature, where the inverse
susceptibility deviates from lineerity, i.e. it does not obey the CurieWeiss lav. We found tha in
the high-temperature range, where the contribution from the Tb crysa-field splitting of the ground
date may be neglected, the susceptibility can be fitted to the law: A = [Aq+C=(T j )], whereAg
is the temperature-independent contribution due mainly to itinerant-eectron Pauli paramagnetism.
Thefit shows that in the series ToFex(Si1; xGex)2, the Pauli term Ag is rather high at &l x values,
and for the end members TbFe,Si, and ThFe, Ge, it isintherange (2.1-2.4) £ 10i 4 and (3.4-4.1)
£ 101 ° emugi * Oel !, respectivdy. )

The characteristic temperature of deviation of the 1=A = f(T) curves from the Curie-Weiss
lawv we denote by Tsc. The plot of Tsc as afunction of x is givenin Fig. 5. It gppeared that
the Tsc = T(X) behavior has the same tendency as the c-axis behavior (see Fig. 1), and it shows
aminimum a x = 04.

Aswas discussed in [3, 4], the observed anomaly at Tsc may be rdated to aspin corrdation
effect. To get more information, we have investigated the temperaure dependence of red givity
(%) inthese materials, the data for TbFexSi> and ThiFexGe, are shown in Fig. 6. 1t was found that
the residivity of TbFe,Ge; is about ten times higher than that of TbFe,Siz (the regstivity deta of
TbFe;Si; are multiplied by 10). In the low temperature region one can observe three anomdies
in the %(T) curve of TbFe,Ge, (Fig. 6). Thereis afirst upward bend & about 8 K, a downward
bend a about 35 K, followed by a second upward bend a about 130 K. Thisis reminiscent of a
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FIG. 5. The Tsc valuesas afunction of x for the ThFe;(Si1; xGex)z system.
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FIG. 6. The temperature dependence of resistivity for TbFe, S, and ThFe,Ge,. The resistivity data of
TbFe,Si, are multiplied by 10.

characterigic Kondo-latti ce “ double bump” structure due to the combined effect of a crystd line-
dectric fidd and the Kondo effect [6]. The temperature-dependent behavior of resistivity in
ThFeGe, is qualitaivey similar to that observed in CePd>Ge, [6], showing thereby the presence
of crystal-field and Kondo effects. Thus for TbFeGe,, the temperatures of about 8 K, 35 K and
130 K may be attributed to the Nedl (Ty), Kondo (T ) and crystal-field (Tcg) points, respective y.
For TbFe;Si2 in the low temperaure region, the resistivity shows an anomdy only a Tk, and
no anomdies were observed a Ty and Tcge (see Fig. 6). Thus the TbFe,Ge, compound can be
characterized as an antiferromagnetic Kondo lattice.

It was also found that in all compounds the %(T) curves deviate from alinear law at the
temperature, which coindides with the Tsc points, where 1=A = f(T) deviaes from linearity.
Recently, a corrdation between the deviation of the regstivity from T-linearity and the change
in the gpectrum of gin fluctuations was found in the high temperaure superconductors YBCO
[10-12]. This deviation corresponds to gap formetion in the pin-excitation spectrum (the “spin
g0’ effect), as suggesed from_neutron and NMR studies [13, 14]. It was shown [10, 12] that, if
aspin gap exigts, the %(T) and A(T) curves will deviate from linear behavior before the compound
transforms from a paramagnetic to an antiferromagnetic state. Some other mechanisms of the
deviation of the resistivity from T-linearity were discussed in [3].

In our TbFex(Si1; xGex)2 system, spin fluctuations appear a a reldively high temperature
Tsc, i.e, the fluctuations exig in the region Ty < T < Tsc before the compound transorms
into the antiferromagnetic state. At these temperatures, charge trangport may be influenced by
the spin excitations. It isseenin Fig. 6 that at T < Tsc the deviation from linearity is small in
ThFe;Si», whereasit isquite didinct in ToFe,Gey. Therefore, wesugges that the spin corrdations
regponsible for the change in trangport properties & Tsc are much sronger in ThFe;Ge, than in
TbFeSiH.

The correlaion of Tsc = f(Xx) behavior with the c-axis behavior in ThFex(Si1; xGex)2
is of gpecia interest. The smdl substitution of Ge for S causes a lattice condensatiion with
minimum a X = 0.4. The effect of quantum fluctuations (the quantum effect of phonons on the
energy spectrum of eectrons) on the lattice condensation (or phonon order parameter myp) has
been considered theoreticd ly for quasi-one-dimensiond electron-phonon systems such as organic



74 MAGNETISM, THE KONDO EFFECT AND ¢¢¢ VOL. 40

or high temperature superconductors [15-17]. Schmdtzer et al. [15] obtained that, at certain
values of electron-phonon coupling parameter g, quantum fluctuations reduce m, from the dtatic
mean-fidd vdue. Chu and Ye [16] have found that the laitice condensation due to quantum
fluctuations is reduced in the srong electron-phonon coupling regime and it is enhanced in the
amdl coupling regime. It was dso shown in [17] that indluson of fluctuaions strongly modifies
the superconducting gap equation in quas-two-dimensond systems, and there is apossibility that
fluctuations may increase the superconducting transition temperature. The ThFex(Sit; xGex)2
compounds have a tetragond structure with c=a » 25 and in a cetan sense they may be
congdered as low-dimensional systems. So, it is interesing to apply the aove idess about
lattice condensations to these materialsin order to explain the observed anomdies by the quantum
fluctuation effect. Then according to [16], it can be suggested that in the TbFey(Si1; xGey)2
gystem the dectron-phonon coupling first is weakening at small substitutions of Ge for S as the
lattice condensation enhances. The coupling reaches a minimum a x = 0.4, and then it increases
with increasing x to obtain the maximum vdue in ThFe,Ge, as the quantum fluctuations reduce
the lattice condensation. It seems that the absolute values of resistivity (which in TbhFe,Ge, is
ten times higher than in TbFe;Si») as well as the temperature-dependent behavior of red givity
(Fig. 6) support this suggestion. Then we are able to observe the quantum fluctuations effect from
awesk coupling regime to a strong coupling regime in one physical system ThFex(Sit; xGex)2.
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