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Abstract. Results of the transport and electronic structure of Dyfuand ErRgSi> compounds

are presented. These compounds crystallize in a tetragonahb$h@ype of structure. At

high temperatures the resistivity varies linearly with temperature, whereas at low temperatures
anomalies connected with the magnetic phase transitions are observed. The electronic structure and
corresponding x-ray photoemission spectra (XPS) are presented. The band structure is calculated
by the spin-polarized tight-binding linear muffin-tin orbital (TB LMTO) method. The XPS valence
bands are compared with the calculated electronic density of states. In both compounds 4d states
of Ru atoms form a band near to the Fermi level.

1. Introduction

The ternary rare earth silicides Rf8i, (R = rare earth metal) crystallize in the ThSi,
(CeAl,Ge) type of structure. These compounds usually order magnetically at low
temperatures. For the R Tb—Er compounds below the&el temperature a sine modulated
magnetic ordering is observed [1]. For Dyf8i, the following temperature behaviour is
observed at low temperatures:

o the specific heat exhibits an anomalyfat~ 1.5 and 3.5 K [2];

o the magnetization curve reveals metamagnetic transitior$ ir 1.8 kOe and 9 K at
T =15KandinH = 10,15.5and 17.5 kOe @& = 4.2 K [2];

e neutron diffraction data indicate a complete antiphase structure/felo[3].

The magneticK, T) phase diagram for DyR&i, was presented by Andreagti al [4]).

For the ErRySi, compound the sine modulated structure is stable in temperature region
from 1.5 up tofy = 6 K [5] and the magnetic field induces the one-step metamagnetic process
[6].

In this work we report the results of electrical resistivity measurements without and with
magnetic fieldH applied up to 12.1 kOe and also experimental and theoretical studies of
the electronic structures of DyR8i, and ErRuSi,. The x-ray photoemission spectroscopy
(XPS) valence band spectra are compared alitnitio electronic structure calculations using
the tight-binding linear muffin-tin orbital (TB LMTO) method [7].
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2. Experimental details

The DyRySi, and ErRuSi, samples were arc melted from the constituent metals in a cooled
copper crucible in a high-purity argon atmosphere, remelted several times and then annealed
at 800°C for a week. The phase purity of compounds was checked by the x-ray Debye—
Scherrer diffraction with Co K radiation using the DRON-3 diffractometer. Both compounds
crystallize in the tetragonal structure.

The electrical resistivityk measurements without and with the magnetic figlapplied
up to 12.1 kOe were carried out in the temperature interval 2—-300 K using a conventional four
point-probe method.

The XPS spectra were obtained at room temperature using a Specs ESCA spectrometer
with Mg Ko (hv = 12536 eV) and Al Kx (hv = 14866 eV) radiation and with a helium
discharge lamp for ultraviolet photoemission spectroscopy (Hevl:= 212 eV, He Il
hv = 40.8 eV). The total energy resolution of the spectrometer with a hemispherical energy
analyser was about 0.75 eV for Ag 3d with Mgrkand about 0.8 eV for Ag 3d with Al K.

Binding energies were referred to the Fermi leve} (= 0).

3. The method of calculation

The electronic structure was calculated by #ieinitio self-consistent tight-binding linear
muffin-tin orbital (TB LMTO) method [7] within the framework of the local spin density
approximation (LSD). The scalar-relativistic approximation for band electrons and the fully
relativistic treatment of the frozen core electrons were used. The exchange—correlation
potential was assumed in the form proposed by von Barth and Hedin [8] and the gradient
corrections were included [9]. The self-consistent calculations were performed in the atomic
sphere approximation (ASA). The values of the atomic sphere fadik = Dy, Er, Ru,

Si) were chosen in such a way that the sum of all atomic sphere volumes was equal to the
volume of the unit cell. Using experimental values of the lattice parameters we obtained
the following values ofS, /S,, ratio: Dy—1.23, Ru—0.92 and Si—0.93 for DyE®i, and
Er—1.25, Ru—0.94 and Si—0.88 for ErEsi,. For such values of the atomic radii the
overlapping of the spheres was less than 10%. In the band calculations the initial atomic
configurations were taken according to the periodic table of elements: B)Edf4AfL; Ru,
4d’5s'; Si 3p?3p?. The energy was calculated for 349oints in the irreducible wedge of the
Brillouin zone.

The magnetic moments were calculated by the spin-polarized TB LMTO method. We
have applied the scheme proposed by Braalka [10] in which the 4f states of Dy or Er were
treated as open core states. In this model the 4f states of rare earth (R) did not hybridize with
the conduction electron states and the number of 4f electrons of R was fixed to be an integer
number.

We have also performed the spin-polarized band calculations for the full hybridization of
s, p, d and f electrons. The results are presented in section 4.3.

4. Results and discussion

4.1. Electrical resistivity

The electrical-transport properties are very sensitive to the electronic structure as well as the
magnetic nature of the materials studied. Intermetallic compoundsmvtransition metals
are expected to show more complex behaviour because of the itinerant character of the d and
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Figure 1. Temperature variation of the electrical resistiviRyfor DyRu, Si> and ErRuSis.

s electrons. According to Matthiessen’s rule the total resistivity of a magnetically ordered
material can be written as:

R(T) = Ro+ Rpn(T) + Ryag(T) @

where Ry is the residual resistivityR,,(T) is the contribution due to electron—phonon
interaction andR,,.., (T') is the contribution due to electron—spin wave scattering. According
to the temperature region, eithRp;, (T) or R,,.,(T) predominates.

The temperature dependence of the electric resistRigf both compounds is shown
in figures 1-3. At temperatures above 100 K, the resistivity increases almost linearly with
temperature as in normal metals, reaching a value @i3Zm for DyRu,Si; and 34, cm
for ErRw,;Si, at room temperature. This indicates good quality specimens without significant
internal microcracks. The resistivity slope is the®.12 4Q cm K-! for DyRu,Si, and
0.10 . cm K~ for ErRwSi,. These values suggest that electrical resistivity is dominated by
electron—phonon scattering. At low temperatures, anomalies arouncgi¢dshperatures, at
28.5 K for DyRu,Si; and 6 K for ErRySiy, are visible. For DyRyfSi; an additional minimum
of the electrical resistivity ai’ = 3.2 K is observed (figure 2). In the case of EdSip
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Figure 2. Low temperature part of resistivity of DyR8i» and ErRuSi, at different magnetic
fields.

an anomaly at low temperatures ndar = 6 K is observed (figure 2). Below80 K for
DyRu,Si; and 60 K for ErRuSi,, precursor effects of the antiferromagnetic transition are
observed, which causes a progressive increag above the phonon term. Initial growth of
fluctuations in the paramagnetic phase amplifies the magnetic electron scattering producing
negative &R /d7 values (figure 3). In both compoundRfdT shows marked anomaliesB
(figure 3). BelowI'y, dR/dT of DyRu,Si, decreases with an increasing sinusoidal order until
4.6 K where the subsequent increase followed by a rapid decrease is observed. A similar effect
is observed in the isostructural Th§8k [12]. The increase of H/dT at low temperatures is
associated with the change of the magnetic structure [3].

For DyRu,Si,, the external magnetic field = 12.1 kOe changes the@¢l temperature
from 28.5 K to 25.7 K and causes disappearance of the minimutgbf at 3.2 K (see figure 2).
This result is in accord with the magnetic phase diagram of D#RUsee figure 5 in [4]).
For the magnetic fieldd = 12.1 kOe the diagram indicates only one magnetic phase in the
temperature range 0% .

For ErRySip, the magnetic field causes a reduction of theeNtemperaturdy and
a depression of th&®(7T) maximum occurring al' < Ty. Both effects are due to the
disappearance of the magnetic super zone gap. The magnetization curve eSEfR|
indicates that the magnetic field aballe = 2.5 kOe destroys the antiferromagnetic order.

The field dependences of the electrical resistivity determined for £8Rand DyRySi,
atT = 2.0 and 4.2 K are shown in figures 4(a) and 4(b). A strong decrease of the resistivity
of DyRu,Si; at 7 = 2 K below H.; ~ 1 kOe up toH.; ~ 9 kOe is observed. AT = 4.2 K
the electrical resistivity increases linearly uphg. ~ 9 kOe. Such dependences agree with
the field dependence of magnetization at low temperatures (see figure 2 in [4]). At both
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Figure 3. Temperature dependence of the differential resistiviRydil’ for DyRu,Si> and
ErRwSi; at low temperatures.

temperatures the magnetic field causes a decrease in resistivity But 2.0 K this effect

is large. The field dependence of the electrical resistivity of EHuruns at 2 as at 4.2 K.

The electrical resistivity al’ = 2 K is constant up to critical fieldd., ~ 3 kOe and then
decreases. A similar dependence is observefd at 4.2 K. In both temperatures the effect

of the magnetic field is large and analogous to that obsenveddor DyRu,Si,. It suggests

the existence of the square modulated magnetic structure t®jowhich is confirmed by

the neutron diffraction data for a single crystal [6]. At high temperatures, electron—phonon

interaction is found to be dominant in resistiviey which manifests itself in a linear increase
inthe R(T) relation.

4.2. XPS valence band

The XPS valence bands (VBs) of the Dyf8iy and ErRySi; compounds are presented in
figures 5 and 6. The bands extend from the Fermi energy locafed-ad to a binding energy

of about 15 eV. The valence band spectra of both compounds have a characteristic maximum
near the Fermi energy and several peaks located in the energy region between 3 and 11 eV.
The positions of these peaks (equal to 3.9 and 10.5 eV for BSR@nd 5.0 and 8 eV for
ErRw,Si;) correspond to the peaks observed in the valence band photoelectron spectra of pure
dysprosium and erbium [13]. The measurement resolution was not good enough to observe
the fine structure of electron emission of incompletely filled Dy and Eishglls.
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Figure 4. Magnetic field dependence of the electrical resistivity of (a) Dy&uand (b) ErRuSi>
at7 =2.0and4.2K.

4.3. Electronic structure

In figures 7 and 8 we present the calculated total and partial densities of states (DOSs) for
ErRwSi; and DyRySi,. In the energy region between 0 and 5 eV a broad peak of 4d states
of Ru atoms is observed. The Si state forms the narrow pe&k=a® eV.

Results of calculation indicate that the density of states at the Fermi energy is actually
connected with the d-state of Ru atoms. Similar results are obtained for isostructuesit/Ru
from the calculated electronic structure [14] as well as from the XPS spectra [15].

The calculated values of the densities of states are 2.31 [staté#ceW] for DyRu,Si,
and 2.23 [states eV/cell] for ErRuSip. They agree with the value of (E ) for ErRwSi,
determined from the electronic specific hgat= 60 mJ mot K2 [6] equal to 2.55 [states
eV~1cell.

As mentioned in section 3 the magnetic moments were calculated for two different models.
In the first model we assumed the full hybridization of s (Si, Ru), p(Si), d(Ru) and f(Dy, Er)
electrons while in the second one the Brooks model [10] was applied. The values of the
magnetic moments are presented in table 1.

The value of the Dy magnetic moment in Dyf8i, was estimated as 10.1 ané@ 5 fu™*
by the neutron diffraction measurement for a single crystal [3] and the magnetization
measurement [4], respectively. The magnetic moment values for the Er in&gRare
9.07 [5] and 94 w5 fu~! [6], respectively. The magnetization measurement is a macroscopic
method in which the localized 4f and delocalized s, p, d electrons are reflected. The neutron
diffraction is a microscopic method which gives information on 4f electron. A comparison
of values yielded by the magnetization and neutron diffraction methods suggests that the 4f
electrons take no part in the hybridization in these compounds.
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Figure 5. XPS valence band spectra for (a) DyfSip and (b) ErRuSi, and adequate spectra for
metallic Dy and Er from [13].

Table 1. Value of the magnetic moments in DyE3i; and ErRgSip.

DyRu,Si> ErRwSi»

Hecalc. (,U-B) Hobs. (MB) Mecalc. (MB) Hobs. (/LB)
Ry-core  5(4F) +0.12(spd +5(0orb) = 1012  10.1(2) ND  34f) + 0.07(spd + 6(orb) = 9.07 9.07 ND
Rya;  4.84+5o0rb) =9.84 251 + §orb) = 8.51 9.4M
Ruf-core —0.02 9.6 M —-0.01
Rupg,  +0.10 +0065
Sif—core 0 0
Siépdf +0.02 0

In figures 7 and 8 we present the calculated electronic structure (DOS convoluted by
Lorentzians of half-width 0.4 eV) where the proper photoemission cross sections were taken
into account [11]. The shape of the calculated theoretical photoemission spectra is in good
agreement with experimental data (figure 5).
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Figure 6. Valence band photoemission spectra of DyBit and ErRySi, taken ativ = 40.8 eV.

5. Discussion

The results of the electronic structure calculations which are in good agreement with XPS
spectra indicate that the density of states at the Fermi level is formed by 3d electrons of
Ru atoms. The calculated contribution of the band structure to the resistivity (equation (3))
indicates also that the model of Brooksal [10] gives a good description of the electronic
structure of DyRySi, and ErRySi, compounds.

The data obtained from the temperature and magnetic field dependence of the electrical
resistivity allow for the following conclusions:

o the anomalies iR(T) dependence at low temperatures correspond to #e & phase
transition temperatures and are in good agreement with the values presenteddiinte (
magnetic phase diagrams of Dyf8k [4] and ErRySi; [16],

o the linear dependence &f(T') at high temperature (above 100 K) indicates that electron—
phonon interaction is dominant in resistivig. The slope ® /dT indicates significant
changes in the effective number of conducting electrons, thus subtle band overlap effects at
the Fermilevel. The slopeRYdT varies appreciably in different compounds, for example
itis 0.069 2 cm K~ for DyCu,Si, and Q063 12 cm K1 for ErCw,Si, [17] while for
RNi,Si it is 0.345 1 cm K~ for R = Dy and 0306 42 cm K~! for R = Er [18].

The dR/dT values determined in this work are for Dyf8i, 0.12 4 cm K~ and for
ErRwSi, 0.10 12 cm K1,

In the Bloch—Giineisen transport theory the temperature dependenfeiofelated to
the electron—phonon coupling constary the relation [19]

drR 872

= ——Skphsy 2
T = ozt )
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Figure 7. (a) The total density of states for paramagnetic Dy&p The Fermi level is located at
E = 0eV. The dashed curve presents the density of states convoluted by Lorentzians of half-width
0.4 eV and multiplied by cross sections [11]. (b) The contribution from Dy (s p d), Ru and Si to

the total density of states.

wherew), is the Drude plasma frequency given by the relation
RPw’, = 4w e® N (O)v (3)

whereNr(0) is the density of states at the Fermi level ards the Fermi velocity. The values
of dR/dT andN(0) for ErRwSi; and DyRySi, compounds differ only a little which agrees

with the relation that & /d7" ~ 1/Ng(0).
The temperature dependence of electrical resistivity according to the Baber model [19]

(which includes s—d scattering) is given by the formula [20, 21]
R(T) = Ry + B(T —aT?) 4)

72 1dNv\? 1dN
=13 =—=) — === 5
* l6 |:(NdE) N dE2 ®)
Er
andN is the density state functionNydE its firstand d N /d E? its second derivate atthe Fermi
level. The calculated values afcoefficient are 81 x 107 and Q37 x 10~/ for DyRu,Si,

where
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and ErRySi, which indicates a small influence of the s—d scattering on the transport properties
of these compounds. This is in good agreement with the determined depend&®{@® .of

Taking into consideration thR values measured at room temperatuRgd’ and as well
as the calculated band structure it is possible to estimate the electron mean frg¢ path (
transport electron—phonon coupling parametgn(

The resistivity can be written as

R1= %eZNF(O)UFR. (6)

The Fermi velocity is calculated using the Fermi energy. For isostructural 1:2:2 compounds
(Er = 828 eV [22]) vy is 54 x 10" cm s1. Assuming the same value of- for the
ErRwSi; and DyRySi, compounds the electron mean free values obtained using equation (4)
arel = 16.4 A for DyRu,Si, and 16.0 A for ErRuSi, at 7 = 250 K.

The values of plasma frequency estimated from equation (Faye= 5.3 eV (Dy) and
5.2 eV (Er). The values of the electron—phonon coupling paramgieidetermined from

equation (2) are 0.84 for DyR8i, and 0.70 for ErRpSi,.
The parameters estimated in this work are in good agreement with those determined for

the RNpB,C R = Dy, Er compounds [23]. The RhB,C compounds also crystallize in the
tetragonal structure with the samé/mmm space group [24].
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