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Abstract

We report on the valence band electronic structure as well as structural,
magnetic and electronic transport properties of a novel intermetallic
YbNipgAls,. The compound crystallizes in the orthorhombic YNiAls-type
structure (@ = 4.049(2), b = 15.305(5) and ¢ = 6.586(3) A) with space group
Cmcm. The valence band spectrum and magnetic data indicate an intermediate
valency of Yb ions in the studied compound with a valence of about 2.66 at room
temperature. The temperature dependences of electrical resistivity, Hall effect
and thermoelectric power display characteristic features of Kondo lattice with
a large Kondo temperature (~1300 K), being consistent with the intermediate
valence scenario. An analysis of magnetic data suggests the presence of strong
ferromagnetic correlations in the investigated compound at low temperatures.
In order to obtain information about the electron—hole analogy between the Ce
and Yb compounds, we have compared the observed behaviour with that of the
dense Kondo compound CeNiAly.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Amongst intermetallic lanthanides, there exists a class of compounds in which the rare earth
atoms such as Ce, Sm, Eu or Yb show a noninteger valency [1, 2]. The underlying physics
of this phenomenon is governed by a hybridization between the 4f and conduction band states.
Owing to a nearness of the 4f electron level to the Fermi energy, the hybridization easily leads to
fluctuations of both charges and spins of these f electrons. In other words, the atoms may spend
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an appreciable fraction of their time in two different electronic configurations, nonmagnetic {”
ones and magnetic f”* ones. This means that the occupation number n¢ of such f states is less
than one, and it changes dynamically with temperature. There exist about at least two models
that attempt to explain the electronic properties of intermediate valence (IV) compounds. On
the one hand, in the so-called interconfigurational fluctuation (ICF) model [3], the valence
of the magnetic ions depends both on the energy difference E of these states and on a
characteristic fluctuation temperature, T, that describes the dynamics of the fluctuations. As
a consequence, a maximum at 7p,,x occurs in the temperature dependence of the susceptibility.
Furthermore, at relatively high temperatures, where the all atoms tend to occupy the magnetic
f"* state (the f occupation number tends to unity), the magnetism appears to be typical of
local moment. On the other hand, in terms of the Kondo—Anderson model (KAM) [4-6]
the electronic properties of IV compounds may be described with help of the hybridization
characterized by the hybridization strength V, which affects both the exchange interaction
Js¢ [3] and the width of the conduction band W. These quantities ascertain the appearance of
a low-energy peak in the renormalized density of states of a characteristic Kondo temperature
Tx. The thermodynamic properties of IV compounds reflect the temperature behaviour of n¢ as
well as the Kondo temperature 7x.

It is interesting to add that Yb-based compounds with the nonmagnetic f'4 and magnetic
f13 configurations may be regarded as the ‘f-hole’ analogue of Ce compounds, for which
there are nonmagnetic f and magnetic f' configurations. If the roles of the 4f electron and
4f hole are interchanged one observes similar phenomena, such as intermediate valence or
heavy-fermion behaviour in Ce and Yb counterparts [7-9]. Previously, CeNiAly was reported
to exhibit properties typical of a dense Kondo or heavy-fermion (HF) system [10, 11]. The
magnetic susceptibility that follows the Curie—Weiss law in the range 100-300 K suggests
localized 4f electron character. On the other hand, the electronic specific heat coefficient is
estimated to be 204 mJ mol~! K2, indicating the HF state at low temperatures. The resistivity
shows In T dependence in the high-temperature regime and a broad maximum at around 120 K.
The thermoelectric power is positive and exhibits a broad maximum at about 75 K [12] or at
about 150 K [13]. In the context of the electron—hole analogy we thought it would be worth
investigating the magnetic properties of YbNiAls. The crystal structure of YbNipgAls, has
not yet been reported, though other compounds RNiAly (R = rare earth) are known to form a
large series of compounds adopting the orthorhombic YNiAls-type structure [14]. The physical
properties of two of them, namely, of CeNiAly [10-13, 15] and PrNiAly [16, 17], have been
investigated over the past decade, but nothing has been reported so far on other members of the
series.

In this work, we report the crystal structure and valence band spectrum analysis, as well
as the results of dc magnetization, electrical resistivity, Hall effect and thermoelectric power
measurements on a new intermetallic compound of approximate stoichiometry YbNiggAlys.
We show that YbNij gAly» crystallizes in the orthorhombic YNiAly-type structure, isostructural
to CeNiAly, and shows IV behaviour.

2. Experimental details

Two polycrystalline samples were prepared by an induction melting of stoichiometric elements
(Yb:Ni:Al = 1:1:4) in a water-cooled crucible in an inert atmosphere of argon. Due to the
volatile nature of Yb at high temperatures, a weighed amount of Yb was taken with an excess
of 5%. The purity of starting materials was 3 N Yb, 4 N Ni and 5 N Al. The weight losses
after melting were less than 1%. The obtained samples were stable against air and moisture.
No sign of decomposition was observed after several months. The quality and purity of the
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Figure 1. X-ray powder diffraction pattern of YbNipgAlso (open circles). The solid line
presents the theoretical curve. The vertical lines indicate the positions of the Bragg reflections for
YbNig gAls 2, YbAl3 and YbsNisAljg, respectively. The solid line at the bottom is the difference
between the experimental and theoretical curves.

samples were checked by microscopic and x-ray diffraction analysis. An energy-dispersive x-
ray analysis with a Philips EDX515-PV9800 scanning electron microscope indicated a main
phase with the composition 16.53 Yb%, 13.15 Ni% and 70.32 Al%, corresponding to the
stoichiometry 1:0.8:4.2, Therefore, in the following we assume that the stoichiometry of
the studied compound is YbNigpgAls,. Unfortunately, there exists in the studied samples
a minor impurity (less than 3%), which can be identified as YbAl; and YbsNisAljg. X-
ray powder diffraction measurements were carried out at room temperature using Fe Ko
radiation. The pattern obtained is given in figure 1. As can be seen, the Bragg reflections
of the main phase can be indexed by an orthorhombic cell (space group Cmcm) with the
YNiAls-type structure [18] (figure 1), suggesting that a fraction of the Al atoms possibly
occupies Ni positions in the structure. Obviously, further structural studies on a single crystal
are needed to confirm this suggestion. Nevertheless, we may quote the crystallographic data
of CeNiAly [12], for which the single crystal refinements yielded an occupation of C or N
atoms at the 4c position, leading the material to possess the stoichiometry CeNiAl4Cp7. The
lattice parameters of YbNipgAls, at room temperature were calculated by the least squares
method [19] to be @ = 4.049(2),b = 15.305(5) and ¢ = 6.586(3) A. In addition to the
reflections of YbNijpgAls, there are several visible peaks derived from the impurity phases
YbAl; and YbsNisAljg. These compounds crystallize in cubic (space group Pm3m [20])
and orthorhombic (space group CmCm [21]) structures, respectively. The fitting of the
diffraction pattern yielded a = 4.202 A for YbAl; and a = 4.073(2),b = 16.091(5) and
c = 27.099(6) A for YbsNisAlj. The lattice parameters for the latter compound are a little
larger than the literature data (a = 4.0635, b = 15.901 and ¢ = 26.983 A) [21].
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Figure 2. Valence band photoemission of YbNiggAls, measured at room temperature. The
spectrum shows two sets of peaks derived from Yb3*, and Yb?* and the Ni 3d states.

An x-ray photoemission experiment was performed with monochromatized Al Ko
radiation at room temperature using a PHI 5700/660 ESCA spectrometer. The valence band
spectrum was collected immediately after breaking the samples in a vacuum of 10~'° Torr. The
Fermi level referred to was of the gold 4f level (84 eV). Magnetization (M) measurements were
performed on powdered samples in the temperature range 2—-400 K and in magnetic fields up
to 5 T using a commercial Quantum Design MPMS-5 magnetometer, and in fields up to 9 T
using the MagLab2000 instrument. Electrical resistivity (o) measurements were carried out on
rectangular samples of uniform thickness 1 x 1 x 5 mm? in the temperature range 2-300 K using
a standard four-probe dc technique. The Hall coefficient (Ry) was measured in magnetic fields
up to 7 T in the temperature range 2—300 K. The thermoelectric power (TEP) was measured in
the temperature range 4-300 K, using a differential method.

3. Results and discussion

3.1. Valence band spectrum data

Figure 2 shows the valence spectrum for YbNig gAly». The noticeable feature of the spectrum is
the presence of two sets of peaks ranging between —4 eV and EF, and between —12 and —5 eV,
respectively. The first set of peaks could be attributed to the superposition of the Ni 3d state and
the spin—orbit doublet of the divalent Yb. In fact, the Yb** 4f; /2 peak with its spin—orbit partner
4fs), are located at —0.44 eV and at —1.68 eV, respectively. These peaks can be identified as
the bulk doublet and are deconvoluted as solid lines in figure 2. The spin—orbit splitting in
YbNig gAly, is about 1.24 eV, which is comparable to the case of YbAl; (1.27 eV) [22]. We
distinguish another doublet at —1.91 and —0.71 eV originating from the surface 4f;/,,—4fs/,
transition (dotted lines). One can compare the x-ray photoelectron spectroscopy (XPS) data
with those of CeNiAly [23]. For the latter compound a double-peak structure is observed: one
peak is located at about 0.25 eV and the other at about 0.05 eV below Er. The nearness of these
peaks to the Fermi level points to stronger electron correlations in the CeNiAly case. In figure 2
the broad peak at —2.76 eV is certainly due to the Ni 3d states (dashed line). We must point
out that the energy position of the Ni 3d structure in the XPS valence band of YbNijgAls,
is considerably shifted from the Fermi level, if one compares to that of the pure Ni metal
(—0.4 eV [24]). A larger shift of the Ni 3d band was observed for CeNiAly too [23]. Such
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Figure 3. Temperature dependence of the magnetic susceptibility of YbNig gAls » measured at 0.5,
3 and 9 T (line + symbols). The solid circles are estimated high-field xpr data.

a behaviour may be qualitatively understood by taking into account the 3d band-filling effect.
As was demonstrated in the XPS experiment for Ni—Al alloys [24], with increasing Al content
across the series Ni, NizAl, NiAl, Ni,Al; and NiAlj, the position due to the 3d states shifts
down to large binding energies of 0.6, 0.9, 1.8, 1.9 and 2.5, respectively. This situation could
happen in YbNipgAls, because of a higher 3d band filling caused by the relatively large Al
content in the compound. Consequently, the energies of Ni states in YbNipgAls, and in NiAlj
with respect to Ep are not so different, and this would indicate that the 3d bands in these alloys
are basically filled. The presence of the Ni 3d and Yb 4f states near the Fermi level implies a
high density of the hybridized f—d band.

The structure between —12 and —5 eV below Ef can be recognized as the multiplet due to
the 4f'3 — 4f!2 transition. Apparently, the intensity of the Yb** part is comparable with that
of the bulk Yb** part, suggesting that the Yb atoms in the studied alloy are in an intermediate
valence state. For YbNij gAly», the valence v of Yb was estimated from the intensity ratio of
the trivalent part and the bulk divalent part, and it amounts to about 2.66(2).

3.2. Magnetic properties

The magnetic susceptibility x = M(T)/H of YbNipgAls, in several magnetic fields H as
a function of temperature is shown in figure 3. The x(7") curve does not exhibit Curie—
Weiss behaviour in the temperature range measured. Instead, it displays a broad maximum
around Tif,x = 250 K, corroborating the intermediate valence behaviour of the Yb atom in
YbNiggAls,. According to Hundley et al [25], the value of T« is believed to scale with the
coherence temperature T,on by the relation 7o o< 4Tk /(2J + 1). From this relationship, and
taking J = 7/2 for Yb3t, we estimate Tyon ~ 125 K for YbNigsAls,. Such a large observed
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Figure 4. Magnetization of YbNipgAls» as a function of applied magnetic field. The dashed line
shows an estimate of the high-field susceptibility yyr at 2 K. The arrows indicate field directions
for which the magnetization data were recorded.

value of Ti%, is presumably due to a strong hybridization of the 4f electrons with the conduction
electrons, and it corresponds to IV systems with a large Kondo temperature. For intermediate
valence materials, Rajan, within the Cogblin—Schrieffer model, predicted [26] a maximum
in the temperature dependence of magnetic susceptibility at a temperature of approximately
(0.3-0.5)T) for J > 1/2, where Tj is the characteristic spin-fluctuation temperature. From
the data presented in figure 3, we can evaluate 7T, ~ 625 K. Using the relationship between
To and Tx (Ty = (J + )T, /27 [26] and Tx = 0.6745T, [27]), we find the Kondo
temperature Tx ~ 1325 K for YbNip gAls . Rajan [26] also predicted the relationship between
the electronic specific heat coefficient y and T by the relation y = 2Jmwkg/6T,. From this we
would expect the y-value of YbNig gAl, » to attain 22 mJ mol ! K2.

As can be seen in figure 3, x (T') below 50 K is strongly temperature and field dependent.
With decreasing temperature x (0.5 T, T) reaches a value as large as 6.2 x 10~ cm? mol™!
at 2 K. The application of magnetic fields suppresses the magnitude of the low-temperature
susceptibility. However, the upturn feature of the x(7) curves persists at a high field of
9 T. Even the high-field susceptibility xyr (solid points), obtained from the linear part of the
isotherms (see figure 4), displays a similar behaviour. Such field and temperature dependences
of the susceptibility at low temperatures do not merit an interpretation in terms of IV model,
and rather indicate strong ferromagnetic correlations.

Figure 4 shows isothermal magnetization curves M (H) measured at several temperatures
below 50 K. The data do not show any saturation in fields up to 7 T. Also, we could not
detect any hysteresis. These features suggest that the short-range correlation in YbNig gAls» is
intrinsic. A strong field dependence of M (H) can be interpreted as being due to two
components. The first one is the contribution of the intrinsic magnetic moments of magnetic
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Figure 5. Temperature dependence of the electrical resistivity of YbNig gAlys o (circles + line) and
YNiAly (dashed line). The triangles represent the magnetic resistivity of YbNiggAls».

ions, which provide a linear dependence of the M (H) curves at high fields and low
temperatures. The slope of the linear part of the magnetization may be defined as the
high-field susceptibility xgr. The second component is reflected by a saturable portion of
the magnetization and presumably is associated with magnetic correlations between those
moments. The contribution of the second component, My, can be estimated from the intercept
of the dashed line to the vertical axis.

3.3. Electronic transport properties

The electrical resistivity of YbNipgAls, and YNiAly as a function of temperature is displayed
in figure 5. It can be seen that the resistivity of YNiAly is a typical behaviour of ordinary
metals. On the other hand, p(7T) of YbNiygAls,, with a broad maximum at around 270 K
and the Fermi liquid temperature dependence (p o T?) at low temperatures, suggests the
behaviour of a concentrated Kondo compound with a large Kondo temperature 7x. The
magnetic contribution ppae to the resistivity of YbNiggAls, was estimated by subtracting
the phonon-induced resistivity as measured in the reference material YNiAls;. The maximum
appearing at about 7,2, = 160 K in the py.e(T) curve may evidence the onset of coherent
scattering of the conduction electrons from Kondo centres arranged periodically on the lattice,
since it is close to the coherence temperature evaluated above (125 K). In figure 5 we also show
the fit of the magnetic resistivity data for temperatures between 2 and 50 K (solid line) to the
relation P (T) = po + AT?. The fit yielded a temperature coefficient of the resistivity
A = 5.1 x 1073 uQ cm K2 and the residual resistivity py of 37 uQ cm. The deduced
coefficient A of YbNig gAly > is similar to those observed for YbInAu, [28] and YbNi,Ge, [29].
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Figure 6. Temperature dependence of the Hall coefficient of YbNipgAls o measured at 7 T. The
inset displays the linear dependence between Ry and p? below 50 K.

Both the latter compounds were found to show an enhanced electronic coefficient of the
specific heat y, i.e., of 40 and 136 mJ mol~! K2, respectively. The enhanced values of
the coefficients A and y in these materials were shown to associate with the enhancement
of the electron effective mass [28]. For most Yb-based intermetallics, the Kadowaki—Woods
relation A/y? was found to range from 0.4 x 107 to 0.8 x 107> € cm mol®> K?> mJ~2 [28].
Assuming this relation to be valid for YbNijgAls, one approximates y to locate between 25
and 113 mJ mol~! K2, being the same order of magnitude as that estimated from the magnetic
susceptibility data (22 mJ mol~' K—2).

The Hall coefficient Ry of YbNipgAls, as a function of temperature is shown in
figure 6. The Hall coefficient is generally negative. This finding, along with the negative
thermoelectric power (see below), suggests the dominant contribution of the negative charge
carriers. Inspection of the temperature dependence of the Hall coefficient indicates some
similarities to typical Kondo lattices or heavy-fermion compounds [30-32], namely there are
remarkable values of Ry and a broad extremum in the Ry (7 )-dependence. As for strongly
correlated electron systems, the temperature dependence of Ry is mainly determined by skew
scattering [32, 33]. At low temperatures, the skew scattering from the magnetic ions may
give a relationship Ry oc p? [33]. Such a behaviour has been found for a few heavy-fermion
compounds at temperatures below TH‘?S( [33]. For YbNig gAls, we observe a linear dependence
between Ry and p? below 50 K, i.e., about TRH /2 (see the inset of figure 6).

Pursuing the temperature dependence of the Hall coefficient, we may note that the
appearance of the TRM maximum is commonly interpreted as being due to vanishing of
incoherent skew scattering and development of coherent scattering below TRH. Thus, the
position of T;Eg defines the coherence temperature. However, as regards YbNipgAlso,
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TR = 95 K is smaller than T, deduced from the magnetic susceptibility and resistivity
measurements. Note that 7,8 of some Yb-based intermediate valent compounds, e.g. YbCuAl
and YbCu,Si,, also occurs at temperatures lower than their 7.2,  [34]. This discrepancy with
the theory developed for Ce-based compounds [32] suggests that for Yb-based compounds one
must take into account, in addition to incoherent and coherent skew scattering mechanisms,
other factors, for instance the Kondo hole effect or the large ground state degeneracy (N =
2J + 1). The first effect results from imperfections in the Yb sublattice. In normal metals
such lattice defects alter mainly the residual resistivity. In Kondo lattices, however, the
defect on a given site influences the Kondo resonance, playing a role like a Kondo hole in
analogy to the case of magnetic impurity in a nonmagnetic matrix [35]. The presence of the
Kondo hole effect has been documented in several Yb-based intermetallics, like YbCusAg [36],
YbCu,Si, [37] and YbNi,Ge, [29]. As an effect of the Kondo hole, an additional contribution
pXH = pKH — BT? to the total resistivity will modify both the residual resistivity and
the T2-coefficient of the resistivity [35]. Thus, the coherent temperature can be shifted to
higher temperatures compared to that of the system without a Kondo hole. The ground state
degeneracy is a second mechanism that may be the reason for the difference in magnetic
behaviour between Ce- and Yb-based intermetallics. As is predicted by Rajan [26], the density
of states (DOS) has a peak situated above the Fermi level (Er) for N > 4 but it is located just
at Er for N < 3. This means that the DOS of the conduction band for Ce-based compounds
can be more enhanced by many-body correlations compared to that for Yb-based compounds.
Comparison of the XPS data presented here with those of CeNiAly [23] may confirm the
theoretical prediction. It is of interest to recall that the Kondo hole, ground state degeneracy and
other mechanisms like single-body band effect and intersite magnetic correlation have recently
been considered to be factors causing the difference in A/y? ratio between the Ce- and Yb-
based compounds [28].

In figure 7 we show the temperature dependence of the thermoelectric power S(7) of
YbNipgAls,. The TEP of YbNiggAly s is negative over the whole range of temperature. This
fact is in contrast to the Kondo lattice compound CeNiAly, for which S(7") was reported to
be positive [12, 13]. The opposite signs in the thermoelectric power of the Ce and the Yb co-
partners may reflect the electron—hole symmetry of the 4f' (Ce) and 4f'3 (Yb) states. Analogous
observations were reported for a large number of Ce and Yb compounds [38]. As can be seen
from figure 7, two well formed extrema are present in the S(7") curve: one is located at about
40 K and the other is at 270 K. Therefore, the overall behaviour of the TEP of YbNiygAly, is
consistent with the prediction of the theory presented by Zlati¢ et al for Ce- and Yb-based
intermetallics [39].

The observed high-temperature TEP maximum at 7,3, = 270 K correlates well with the
maximum of the susceptibility and resistivity and is possibly explained by the Kondo effect. A
comparison of Tr;fax with that of CeNiAly (~75 K [12], ~150 K [13]) strongly indicates that
the Kondo temperature of YbNij gAly, is much higher than that of CeNiAly.

It is worthwhile noting that the TEP of YbNig gAls, has a large value of —50 uV K~ at
T3 ., which is quite comparable to those found in other intermediate valence compounds, like
Yb,Pt3Sns [40] and YbRh,Ga [41]. Such large S-values may be ascribed to the formation of
a narrow peak in the electron state density near the Fermi level due to the correlation between
the conduction electrons and the 4f electrons/holes of Ce/YDb ions, respectively [39].

In the inset of figure 7 we display the temperature dependence of thermoelectric power
factor (TPF), S?/p. At 35 K the TPF reaches 45 uW K2 cm™!, comparable to the values
found in Yb,Pt3Sns of 43 uW K2 cm™" at 13 K [40], NaCo,04 (50 W K2 cm™!) and
BiyTes (40 uW K2 cm™!) at room temperature [42]. The latter material is commonly used as
a thermoelectric material.
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Figure 7. Temperature dependence of the thermoelectric power of YbNig gAls . The inset shows
the thermoelectric power factor as a function of temperature.

4. Concluding remarks

We have synthesized a new intermetallic compound YbNipgAls, and characterized it
by means of x-ray diffraction and microprobe EDX measurements. It appears that
YbNig gAly» crystallizes in the orthorhombic YNiAls-type structure, being isostructural to that
of the Kondo lattice compound CeNiAly. The physical property measurements indicate that
YbNijgAls, is an intermediate valence compound with a characteristic Kondo temperature
of about 1325 K and Yb valence of 2.66 at room temperature. Besides, it may be that in
YbNij gAls, strong ferromagnetic correlations set in at temperatures below 50 K. Based on the
XPS data we suggest that the role of Yb 4f—Ni 3d hybridization could be relevant for explaining
the IV behaviour of YbNijpgAls,. A comparison of electronic properties with those of CeNiAly
suggests an electron—hole analogy. However, there exists a clear difference in regards to energy
scale in these compounds. The investigated YbNijpgAls» compound exhibits a larger Kondo
temperature compared to that of CeNiAls. We have considered this difference in relation to the
Kondo hole and ground state degeneracy effects.
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