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Abstract. The XPS electronic structure was measured for ¥MABdMm,, ErMny, YMn4Alg

and GdMnAl g single crystals and pure Mn. Exchange splitting of Mn 3d and 3s states was found
for the compounds with magnetic manganese. The electrical resistivity of the £slivigle
crystal shows an antiferromagnetic transition at 108 K and the second transition at 32 K. The
lattice parameter against temperature of GdMrhibits a large spontaneous magnetostriction

at Tyy. The anisotropic character of the GdMmagnetization was found. The results were
discussed using the Yamada and Shimizu model.

1. Introduction

The magnetic properties of the intermetallic compounds R-T (R—rare earth element,
T—transition metal 3d, 4d, 5d) have recently been examined intensively., RNstallizes

in the cubic C15 Laves phase (for-RY, Gd, Tb and Dy) or the hexagonal C14 Laves
phase (for R= Pr, Nd, Sm, Er, Tm and Lu). HoMnhas both structures depending on

the heat treatment [1]. RMrnwith a magnetic rare earth element consists of two magnetic
sublattices which are formed by the localized 4f electrons of R and the itinerant 3d electrons
of Mn. The Mn magnetism is close to the instability limit due to a critical value of the
Mn—Mn interatomic distancesd{ = 2.67 A at 4.2 and 2.7A at 300 K) which lead to

a huge magnetovolume anomaly [2,3]. Both YMand GdMn have a similar Mn—Mn
distance which is larger than the critical which leads to the stability of the Mn moments

[4]. YMn; is an antiferromagnet with a helical modulation which was concluded from a
neutron diffraction experiment [5]. It exhibits a giant volume chang&xatelated to the
transition from spin fluctuations to a local moment of Mn [6]. For GdMhe magnetic
structure is not established by the neutron experiment due to strong neutron absorption by
Gd [7]. For the single crystals of the RMrcompounds obtained by Makihaet al [8],

using the Bridgman method, the measurements of the magnetization, ac susceptibility and
the electrical resistivity were performed. They concluded the simple ferrimagnetic structure
for GdMn,. Ibarraet al [9] suggested a co-existence of two phases bdipwa transformed

one, in which the magnetic moment of Mn is stable, and a non-transformed one, in which the
magnetic moment is not present. Moreover they concluded an ordering of the Gd sublattice
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below T, (about 35 K). The separate ordering of the Gd sublattice was not confirmed by
Mossbauer, NMR and specific heat measurements [10-12]. Prr#uwja0] andZukrowski
[13] concluded from Myssbauer measurements the ordering of the Gd sublattice also above
40 K even up toTy. Yoshimuraet al [11] found a perpendicular alignment of the Gd
and Mn moments and an antiferromagnetic coupling between the Mn moments from the
NMR measurements. Yamada and Shimizu [14-16] have deduced from their calculations
that the moments of Mn in GdMnare canted by the hybridizations between 3d states of
Mn and 5d states of Gd and by the exchange field created by the localized moments of
Gd. Recently Hausest al [17] concluded from the thermal expansion measurements that a
separate magnetic ordering of the Gd and Mn sublattices which can be induced by external
pressure should occur.

YMn4Alg and GdMnAlg crystallize in the tetragonal ThMp crystal structure. For
this structure the manganese atoms occupy mainly the 8f sites with the Mn-Mn distance
d = 2.56 A [18] which is below the critical one. For such a small distance the manganese
atoms do not carry the magnetic moment.

The aim of this work is to compare the electronic structure of RMind RMnAlg
single crystals and the electrical resistivity, magnetic susceptibility, magnetization and lattice
parameter measurements for a better understanding of the problem of Mn magnetism.

2. Experimental details

The YMrp, GdMmp, ErMnp, YMn4Alg and GdMnAlg single-crystalline samples were
obtained by the Czochralski method from a levitated melt [19] using high-purity starting
materials. To avoid formation of dRn,3 a small excess of rare earth was added (about 3%)
to the nominal stoichiometry. The quality of the samples was checked by x-ray methods.
The compounds were identified by the x-ray powder diffraction with Qur&diation using

a Siemens D-5000 diffractometer. The Berg—Barrett x-ray topography of Gdfiguare 1)
shows that the investigated crystal is a good quality single crystal without a mosaic structure.
The changes of contrast in the topography are due to roughness of the ‘as-grown’ crystal
surface.

Figure 1. X-ray Berg—Barrett topography of a GdMsingle crystal; (440) reflection.
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Single crystals of GdMxof good quality of the approximate size ab0mmx 0.5 mmx
0.5 mm were studied using the graphite—monochromatized &uadiation (Enraf—~Nonius
rotating anode) and a four-circle diffractometer with 250 mrircle (Huber) controlled by
a PC with the STOE STADI4 program system and equipped with a two-stage closed-cycle
helium low-temperature attachment (CTI Cryogenics). The temperature was controlled
within 0.1 K. The refinement of cell parameters was carried out by measuring about 60
reflections with high ®-values and their Friedel pairs at both sides of the primary beam.
An w-scan was carried out at and —20 andw. The centre of gravity was determined
for both scans and the observe® Xalue was determined by the difference of the two
centres [20]. These results are free of zero-point errors, absorption effects and systematic
errors resulting from miscentring of the crystal.

The XPS spectra of YMn GdMr,, ErMn,, YMn,Alg, GdAMnAlg, pure Mn and Gd at
room temperature were obtained with monochromatized &lr&diation (1486.6 eV) using
a PHI 5600ci ESCA spectrometer. The energy spectra of the electrons were analysed by a
hemi-spherical mirror analyser with an energy resolution of about 0.4 eV. The Fermi level
was referred to the gold 4f binding energy at 84 eV. The RMompounds proved to be
very reactive. It was difficult to perform the measurements of the polycrystalline samples
because of an oxygen and carbon contamination between the grains; it was impossible to
remove this by sputtering with the argon ion beam. The single-crystalline samples produce
spectra without or with little contamination by oxygen after breaking them under high
vacuum and short subsequent sputtering. The measurements were made with a relatively
short acquisition time because of the growing of the oxygen peak even under high-vacuum
conditions (101° Torr).

The electrical resistivity measurements were performed by the conventional method
using 100 mA DC current in the temperature range 4.2—-300 K.

The measurements of the GdMmagnetization were performed in the International
Laboratory of High Fields and Low Temperature in W using static fields up to 140 kOe
and pulsed fields up to 300 kOe along the principal and the [111] direction.

3. Results

3.1. Electronic structure

The spectra of GdMnand YMn, in a wide range of binding energies are shown in figures 2
and 3. They are free from the contribution of oxygen and carbon contamination. The valence
band of GdMn together with Gd 4f and Gd 5p in comparison with pure Gd exhibits the
domination of the Mn 3d states at the Fermi level (figure 4). The Gd 4f and 5p states in the
compound are slightly shifted to a higher binding energy in comparison with pure Gd (about
0.5 eV) probably due to a chemical shift connected with the different chemical environment
in the compound. The valence bands of YMGdMn,, ErMn,, YMn Alg, GdMmnAlg,

pure Mn and Gd are collected in figure 5. The common feature of the valence bands for all
compounds is the pronounced character of the Mn 3d states which are hybridized with 4d
states of yttrium or 5d states of gadolinium or erbium. All compounds have been measured
at room temperature in the paramagnetic state. This state for,M#oharacterized as

a weakly itinerant antiferromagnetism [21]. For GdMand YMn, the narrowing of the

3d states at the Fermi level is observed in comparison with pure manganese. Fgr ErMn
(figures 6, 7) which crystallizes in a hexagonal structure and where the localized moments of
Mn do not occur due to the small Mn—Mn distance, the valence band is less intensive, flatter
and shifted from the Fermi level to a higher binding energy; this indicates the lower density
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Figure 2. XPS spectrum of GdMnin the wide range 0-1400 eV.

of states at the Fermi level. For YMihe bandwidth of the valence states is comparable
with pure Mn (above 4 eV). Beside the narrow peak close to the Fermi level (binding
energy 0.7 eV), the second peak at about 2.7 eV is well defined. The splitting between
Mn 3d peaks is about 2 eV. According to Himpsel [22] the exchange splitting of the 3d
states near the Fermi level is found to be proportional to the local magnetic moment in a 3d
metal, with a proportionality constant of 1 e;VI;l. This correlation between the magnetic
splitting and the magnetic moment is valid not only for ferromagnetic systems but also for
antiferromagnetics. Deported al [23] examined the spin fluctuations in the paramagnetic
state of YMn using the polarized neutrons. They revealed the strong antiferromagnetic
correlations which persisted up td@3. The value of the magnetic moment found &3
(300 K) was 19+ 0.1 up in good agreement with the value of the exchange splitting
in YMn, found in the XPS valence band at room temperature. For Gdi® exchange
splitting of Mn 3d was not observed perhaps because of the quenching of the spin fluctuation
on manganese by gadolinium [24]. For Erjthe exchange splitting was very weak (about
1 eV). For YMnAlg and GdMnAlg the valence band did not show any exchange splitting.

For pure Mn these two peaks are hardly distinguishable, they are much flatter and wider;
this influences the properties and causes only the itinerant character of 3d electrons. The
double-peaked DOS of d electrons for the YMrompound was calculated by Yamada and
Shimizu [14]. They explained that the antiferromagnetism of ¥Nnmainly caused by the
minority spin band of the d electrons at the Fermi level. The main part of the majority spin
band lies below the Fermi level. This fact is responsible for the strong antiferromagnetism
and the small value of the parallel susceptibility because d electrons cannot flip their spins
too much with the external magnetic field. The described calculations are in good agreement
with the measured valence band of YMrFor YMnsAlg and GdMnAlg where Mn is non-
magnetic the valence band is less intensive, flat and shifted towards higher binding energy
similar to ErMrnp. However, for ErMia a weak splitting and narrowing of the 3d states, as
compared with YMgAIlg and GdMnAlg, is observed and spin fluctuations exist [25].

The core level states Mn 3s of GdMand YMn, (figure 8) exhibit similar exchange
splitting as pure Mn; it equals about 4 eV. For YMidg and GdMnAlg, where the
manganese moment does not occur, this splitting is not observed.
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Figure 3. XPS spectrum of YMp in the wide range 0-1200 eV.
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Figure 4. Valence band, Gd 4f and Gd 5p states of Gahamd Gd.

3.2. Electrical resistivity

The electrical resistivity of GdMnwas measured on the single-crystalline sample along

the growth direction [111] (figure 9). On cooling the electrical resistivity shows a rapid

change at 118 K followed by the wide peak connected with the antiferromagnetic ordering
of the Mn sublattice at 108 K. The second transition is observed at 32 K and may be related
to the end of the magnetic or crystallographic transformation. In addition, an increase of
the resistivity below 20 K was observed. The heating process exhibits the transition at
32 K and indicates a weak thermal hysteresis of the resistivity. Next, a rapid change of
the resistivity with the very sharp antiferromagnetic peak and a wide thermal hysteresis
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Figure 6. XPS spectrum of ErMain the wide range 0-1200 eV.

is observed at 108 K. After a strong volume transformation small amounts of the sample
surface had peeled off, giving irregularities in the resistivity run.

3.3. Lattice parameter

In the whole temperature range GdMhas the cubic C15 type structure. The temperature
dependence of the lattice parameter of the Ggidimgle crystals (figure 10) shows the
beginning of the transition at 140 K on cooling. From the temperature of about 120 K
the lattice parameter increases and a rapid change occurs at 110 K which is consistent
with x-ray powder diffraction data [26] and the dilatometer measurements of the thermal
expansion [8]. On heating the weak thermal hysteresis is observed up to the transition



Magnetism of manganese in RE-Mn compounds

5000

587

4000 r

w

o

(=]

(=]
T

Intensity [a.u.]

N

[

Q

(&)
T

1000~

( Imst . .
0 5 10 15
Binding energy [eV]
Figure 7. Valence band and Er 4f states of Erpn
T .
Mn 3s 80 = GdMn Al
o +  YMnAl
° % «  GdMn,
i ° «  Mn
: °o° v YMI‘I2
~= 3000+ x oo 1
5 E . ,&ﬁi;x o
(1] o ¥ ® 4
= ° ﬂw ° o o o0 o
% o wvv%é ° e ef %
§ ot {vw % LR, u i
E o xvvv .-‘4-‘..... v K :) :,g;x,,é!v v"vw )‘: ;v B PP
SN . b e T x 0y
2000F 0%~ S 0 S S
o ‘vv v .‘- _'u'-.- "
RS adves et '.'Mg
_.O,xx:-:;"td'&" - ..- '-'-'.-"f‘-f.'-f:.'-"l'-'.-’ "U'_":.'h-'
.
™ '_"-'- .l-"'_:"‘\' .
» s H i,
78 82 86 20

Binding Energy [eV]

Figure 8. 3s states of YMp, GdMmn,, GdMmnyAlg, YMn4Alg and Mn.

region. The solid curve presents the hypothetical nonmagnetic behaviour calculated from
the Giineisen—Debye theory usingp, = 270 K [27]. This discrepancy indicates that a
spontaneous positive and temperature dependent magnetostriction takes place. The second
smaller change is observed at about 30 K but it is within the error limit.

3.4. Magnetization

The magnetization measurements of a GgdMimgle crystal along the principal direction
[100] and along the [111] direction in the static fields show a strong anisotropy (figure 11).
At 4.2 K and in the field of 150 kOe along [100] the value of the magnetization is close to
zero; it is equal to only @ x5 fu~! Along [111] the magnetization reache$4.; fu™ at
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150 kOe and 4.2 K and appears far from saturation. The saturation effect was obtained in
the pulsed fields up to 290 kOe with the value of the magnetic momant 5fu~! at 4.2 K
(figure 12). Such a value of the magnetic moment in relatively high magnetic fields indicates
the existence of the antiferromagnetic moment contribution of Mn. Assuming the antiparallel
and canted arrangement of the Mn atoms [11, 14] and taking the magnetic moment of Mn
as 3up and of Gd as 7up we can estimate Zup — 5.2 up = 1.8 up as a contribution
of two manganese atoms to the magnetization. For one(M /3 ng) = 0.3, which
gives an angle @ = 145 between Mn atoms.

The measurements of the magnetic moment versus temperature (figure 13) exhibit the
ferromagnetic character of the magnetization with a very small value of the magnetic
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Figure 11. (a) Magnetization of GdMsm along the [100] direction in static fields.
(b) Magnetization of GdM# along the [111] direction in static fields.

moment (2.5 and .24 up fu™! in the fields 2 kOe and 10 kOe). In the weaker field of
2 kOe the additional transition at about 50 K is visible.

4. Discussion

The shape of the density of states at the Fermi level influences the magnetic properties of
the measured compounds. It is correlated with the distance between the 3d atoms. The
XPS measurements of RMrand RMmnyAlg compounds show the change of the valence

band with a decrease of this distance below the critical one when the manganese atoms
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become weakly magnetic (for ErMnhor nonmagnetic (for YMpAlg and GdMnAlg). The
valence band at the Fermi level becomes wider, shifted to higher binding energies and less
intense. This is because the interatomic d hopping integrals of d electrons and hence the d
bandwidths are inversely proportional to the fifth power of the distance between the atoms
[16]. Moreover the density of states at the Fermi level decreases so the intensity becomes
lower. The exchange splitting of the core level Mn 3s is not sensitive to the change of the
environment from pure Mn to RMn which is similar to the results obtained by Arrettal

[28]. The valence band measurements are in agreement with the DOS calculated for YMn
by Yamada and Shimizu [16]. They also predicted the magnetic structure of &M

In this model the Mn atoms are canted by the hybridization between the 3d states of Mn and
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the 5d states of the Gd atoms and by the exchange fields created by the localized moments of
Gd. The resultant component of the canted and antiferromagnetically coupled Mn moments
is antiparallel to the localized Gd moments. This produces a rather small total magnetic
moment of GdMa as compared to the free moment of the*Gibn which is observed in

the field dependent magnetization measurements. The angle between the canted Mn atoms
may be sensitive to the change of the magnetic field and temperature; this results in the
different antiferromagnetic contribution to the total magnetic moment. For GdMneasy
direction was found as [111] similarly to YMA29]. The transition below 50 K observed

in the resistivity, the lattice parameter and the magnetization versus temperature seems to be
related to the canting process rather than to the ferromagnetic ordering of the Gd sublattice
according to the lack of an anomaly in this region in the heat capacity measurements [12].

5. Conclusions

e The single crystals of YMs) GdMn,, ErMn,, YMn4Alg and GdMnAlg were obtained
by the Czochralski method from a levitated melt.

e The electronic structure shows the domination of Mn 3d states in the valence bands
of the measured compounds. They hybridize with Y 4d or Gd, Er 5d states and clearly
change their shape with the decrease of the critical distdnce

e The electrical resistivity of GdMnexhibits the antiferromagnetic transition with the
peak atTy = 108 K and the second one at 32 K accompanied with a thermal hysteresis.

e The lattice parameter against temperature shows a C15 type of structure from 10 to
300 K and a large positive spontaneous magnetostrictidry at

e The magnetization reaches saturation at 290 kOe in the [111] direction with a magnetic
moment of 52 g fu™t.

e The model of Yamada and Shimizu seems to be in agreement with the obtained results.

e Neutron measurement on single crystals are still highly desired.
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