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The electronic structure of Heusler alloys having mixed magnetic phases, comprising
of vicinal anti-ferromagnetic and ferromagnetic orders, is of great significance. We
present the results of an electronic structure study on Ni,Cu;_,MnSb Heusler alloys,
using Mn-2p core-level photoemission spectroscopy. Room temperature data in the
paramagnetic phase reveal a non-monotonic variation of both electron correlation
strength and conduction-band hybridization such that the former enhances while
the latter weakens for compositions showing a mixed phase relative to composi-
tions at the phase boundaries to the ordered phases. The results suggest a possible
electronic driving force for settling mixed-magnetic phases. © 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1063/1.4960389]

The design of half-metallic magnetic materials capable of generating spin polarized cur-
rent is of immense interest both for potential device applications and fundamental understand-
ing.! An ideal material for this purpose is half-Heusler alloys (HAs) made up of intermetallics
of the type XYZ at 1:1:1 composition, where X and Y are transition-metals (TMs) and Z an
sp-element.” Especially manganese(Mn)-based half-HAs became increasingly important due to
highly tunable magnetic ordering®’ between ferromagnetic (FM) and anti-ferromagnetic (AFM)
states. This tunability can be used to design mixed magnetic phases consisting of vicinal FM and
AFM regions with unprecedented magnetic properties like giant exchange bias, paving way for
rare earth free magneto-electronic devices.»* Hence it is essential to understand what drives mixed
magnetic phases in HAs from an electronic structure point of view. Here, we study the electronic
structure of Ni,Cu;_,MnSb half-HA in the compositional range of the mixed magnetic phase by
using Mn core level photoemission spectroscopy in order to understand the role of electron-electron
correlations and conduction band hybridization in settling these phases.

Ni,Cu;_,MnSb HAs are very significant as NiMnSb (x = 1) is ferromagnetic® and CuMnSb
(x = 0) is anti-ferromagnetic,” with the possibility of tuning the magnetic ordering between these
two as a function of the Ni and Cu concentrations.” This versatile magnetic ordering has trig-
gered numerous efforts to understand the evolution of magnetization from the FM to the AFM
phase.®!” One of the most intriguing features of this evolution is the magnetic phase for Ni
concentrations below x = 0.3 that shows a sudden dramatic break in the magnetization and trans-
port properties.>”!9 It is assumed that for low Ni concentrations there is an onset of magnetic
disorder on a structurally perfect Mn sublattice induced by chemical disorder on the Cu/Ni sub-
lattice.®” Density functional theory calculations further predict a complex magnetic phase below
x = 0.2.%10 Although there is no clear understanding of this phase, it is proposed to arise due
to competition between the two kinds of indirect exchange interactions®! between Mn spins:
(a) ferromagnetic Rudermann-Kittel-Kasuya-Yosida (RKKY) type exchange and (b) antiferromag-
netic super-exchange. Both of these interactions strongly depend on the hybridization of Mn 3d
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levels with the conduction band.!® Using neutron diffraction and neutron depolarization measure-
ments, it has been found that for Ni concentrations between 0.05 < x < 0.2, a mixed magnetic
phase consisting of both FM and AFM regions exists at low temperature.’

While a number of electronic structure calculations on Ni,Cu;_,MnSb HAs exis espe-
cially for the magnetically ordered FM and AFM phases, an experimental study of the electronic
structure for compositions showing the mixed phase has been missing. The calculations show that
the magnetic properties of Ni,Cu;_,MnSb are determined by magnetic moments localized on Mn
atoms interacting via itinerant electrons in the conduction band.!” In the recent years, it has been
shown that electronic structure calculations incorporating electron correlations are applicable to
a wider class of HAs in predicting magnetic properties."!" The electron correlation depends on
on-site Coulomb potentials.l For correlated materials like HAs, electron correlation is expected to
strongly affect the nature of magnetic ordering and metallicity."'* Therefore, experimental elec-
tronic structure data revealing the nature of electron correlations and conduction band hybridization
of HAs are extremely important for enabling the rational design of these phases.

Using high-resolution Mn-2p core-level hard X-ray photoemission spectroscopy (HAXPES),
we here present an electronic structure study of Ni,Cu;_,MnSb for Ni concentrations x = 0.05,
0.15, and 0.2. The low and high concentrations, x = 0.05 and x = 0.2, mark the compositional
boundaries of the low temperature mixed magnetic phase with the AFM and FM ordered phases.’
Our room temperature results for the paramagnetic phase shows that in the mixed magnetic phase
materials, (a) hybridization between Mn 3d levels and conduction states has a non-monotonic
dependence with the variation of Ni concentration, with a minimum within the region 0.05 <
x < 0.2 and (b) the electron correlation strength is found to be higher for concentrations showing
mixed magnetic phase behaviour compared to compositions corresponding to the boundaries to the
ordered AFM and FM phases.

Mn 2p core level photoemission spectroscopy is a powerful probe to study electronic struc-
ture and to understand the effect of electron correlations and hybridization in Mn-based correlated
materials.'*~!7 This is due to the fact that during photoemission a 2p electron is emitted from Mn,
leaving behind a hole in the core level. This sudden creation of a core-hole potential at the Mn site
during photoexcitation initiates core hole screening which strongly depends on electron correlations
and charge transfer (CT) processes. As a result, the spectral Mn 2p line shapes are characteristically
modified, yielding information regarding the strength of hybridization and electron correlation in
the solid.'® Use of HAXPES in the experiment ensures that the bulk electronic structure of the HAs
is probed due to the enhanced information depth.'”

For this experiment, high quality polycrystalline Ni,Cu;_,MnSb (x= 0.05, 0.15, and 0.2) sam-
ples were prepared from the constituent elements with 99.99% purity by arc melting under argon
atmosphere.’ They have C,; type cubic structure as shown by X-ray diffraction data,> such that
Cu/Ni atoms occupy the sub-lattice (000) while Mn and Sb atoms occupy other the two sub-lattices
(1/4 1/4 1/4) and (3/4 3/4 3/4). The fourth sublattice (1/2 1/2 1/2) is unoccupied. The measurements
were carried out using the HAXPES instrument at X-ray undulator beamline P09 of PETRA III
(Hamburg, Germany).?’ The photon energy was set to 5.95 keV and a grazing photon incidence
angle of 5° relative to the sample surface was chosen. Photoelectrons emitted in the horizontal plane
and normal to the sample surface were collected by a SPECS PHOIBOS 225 HV hemispherical
electron energy analyzer. The exciting X-rays were monochromatized by a combination of a Si(111)
double-crystal primary monochromator and a Si(333) channel-cut post-monochromator. The total
energy resolution was 180 meV.?"

Fig. 1 shows room temperature Mn 2p spectra of Ni,Cu;_,MnSb for varying concentrations of
Ni. The spectra exhibit the typical doublet structure corresponding to Mn 2ps3,, and Mn 2p; /, states
due to spin-orbit splitting.'* The peak separation is ~12eV indicating strong spin-orbit coupling.
The peak energy positions correspond to a Mn®* valence state** as expected for Ni,Cu(j_,,MnSb.>>
The Mn 2p3,, peak exhibits a broad asymmetric shape along with two additional satellite fea-
tures C1 and C2 on the lower and higher binding energy sides. Similar albeit weaker satellites
are observed for Mn 2p;,,. The appearance of such satellite peaks in 2p core level spectra of 3d
transition metal (TM) based correlated systems is well-known and related to charge transfer pro-
cesses between Mn 3d and other bands related to conduction band and neighboring atoms.'#2!:22:24

t,6’10‘12
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FIG. 1. Background subtracted room temperature Mn 2p spectra of Ni,Cu;j_,MnSb for varying Ni concentrations (x = 0.05,
0.15, and 0.2). The dashed line is a guide to the eye marking structures C1 and C2 of the 2p3/; line.

Furthermore, earlier studies have shown that the asymmetric line shapes of 2p spectra of TM can
be explained within an Anderson impurity model by incorporating charge transfer to the conduction
band.!

Temperature dependent Mn 2p spectra (Fig. 2) show that the intensity of the C1 and C2 satel-
lites increases as the temperature is decreased. On the other hand, it is well established from elec-
trical transport measurements on Ni,Cu;_,MnSb that the conductivity/metallicity increases with
decreasing temperature.”?* Thus, the C1 and C2 satellites may be related to charge transfer between
Mn 3d and metallic conduction bands at the Fermi level. Similar temperature dependent satellite
structures have also been observed in Mn 2p spectra of manganites'* as well as 2p spectra of other
TMs?* and ruthenates> and have been attributed to charge transfer between valence 3d states and
the conduction band. Hence, the C1 and C2 satellite intensities can be viewed as a clear signature
of strength of hybridization between Mn 3d and the conduction band. Appearance of C1 can be
attributed to electron transfer from conduction to 3d band, while C2 to electron transfer from 3d to
conduction band.'*** This can be understood as follows : the photoemission of a Mn 2p electron
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FIG. 2. Temperature dependent background subtracted Mn 2p spectra of Nig 15Cug gsMnSb. The inset shows spectra of

Nip.15Cup.gsMnSb for 40 K and 300 K normalized to peak intensity. The spectra reveal enhanced C1 and C2 intensity at
40 K.
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leads to a 2p° final state with a core-hole. Now for a charge transfer (CT) peak for which there is
an electron transfer into 3d states, there are more unpaired 3d electrons. As a result there will be
enhanced core-hole repulsion between the 2p° core and 3d valence states, and consequently the CT
peak will appear on the lower binding energy side, as is the case for C1.>* On the other hand, when
electrons are transferred from the 3d band, the number of unpaired electron reduces and the CT peak
will appear on the higher binding energy side, as observed for C2. The broader spectral width of C2
compared to C1 may be attributed to additional charge transfer from Mn 3d to neighboring atoms.?!

The Mn 2p spectra (Fig. 1) clearly show that the intensities of the C1 and C2 satellites are
reduced for x = 0.15 compared to x = 0.2 and 0.05 for the room temperature paramagnetic phase.
This implies that the hybridization strength has a non-monotonic dependence on the Ni concen-
tration. It appears to have maximum strength for concentrations near the mixed phase boundaries
to the ordered FM and AFM phases. This non-monotonic dependence should have a very impor-
tant consequence on the indirect exchange interaction between Mn spins. This is due to the fact
that irrespective of the magnetic order in HAs being FM or AFM, both are imposed due to the
indirect exchange interactions, namely ferromagnetic RKKY for the former and antiferromagnetic
super-exchange for the latter. The strength of both types of exchange interaction, i.e., FM RKKY
and AFM super-exchange, are proportional to the fourth power of the coupling between the Mn
3d levels and the conduction states.'? Therefore, the present results showing weaker hybridization
clearly indicate a weakening of both FM and AFM indirect exchange interactions. Such a softening
of exchange interactions could be a possible driving mechanism of magnetic disorder in otherwise
ordered magnetic states.

The Mn2p spectra (Fig. 3) were fitted considering charge transfer (CT) peaks and additional
broadening due to final state multiplet effects (ME). ME occurs due to the non-degeneracy arising
from vector coupling of angular momenta of overlapping 2p core and 3d valence wave func-
tions.!%!¥ Coupling of the 2p3; ;2 (G =3/2) and 3d* (J = 4) final states gives six levels with J = 11/2,
9/2,7/2,5/2, 3/2, 1/2, while 2p51/2 (G=1/2)and 3d*(J =4) coupling gives five levels with J = 9/2,
7/2, 5/2, 3/2, 1/2. Therefore, including two CT peaks (C1, C2), 8 and 7 peaks were used to fit,
respectively, the 2p3,, and 2p;,» spectra. Both the peak position and peak ratios of all ME peaks
were kept constant for the different Ni concentrations. It is then found that the ME peak intensity
reduces for lower J values, consistent with the atomic limit where intensities are proportional to
the (2J + 1) degeneracy.'® We note that the ME intensity ratios (Table I) for peaks well separated
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FIG. 3. Fitting of the Mn 2p spectra for varying Ni concentration, including CT and multiplet peaks. The shaded region
shows CT related peaks C1 (red) and C2 (orange). Blue and green lines show the multiplet structure related to the 2p3,> and
2pj /2 states, respectively. I,,,4x denotes the highest intensity J state.
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TABLEI ME peak ratios with respect to maximum intensity I,q.(p3/2) and
Tnax(p3/2) for 2p3 /2 and 2p; /> related ME peaks respectively.”

2p3/2 ME peak ratios 2p1/2 ME peak ratios

. 082 059 04 008 003 074 04 0.13 0.04
Tnax  (0.83) (0.66) (0.5) (0.33) (0.166) (0.8) (0.6) (0.4) (0.2)

Numbers in brackets give the degeneracy ratio (2J + 1)/(2)ax+1).
Jinax=11/2 and 9/2 for 2p3, and 2p /> related ME peaks, respectively.

from CT satellites are fairly close to the degeneracy ratio. It reduces however drastically when
overlapping with CT satellites possibly indicating spectral weight transfer to CT peaks.

The CT peak parameters obtained from the fit confirm that the intensity reduces for Ni concen-
tration x = 0.15 compared to spectra measured for x = 0.2 and 0.05 which correspond to the edge of
the ordered and mixed phase. Also, the fitted results show that the CT peaks are further apart from
the ME peak in case of x = 0.15 compared to x = 0.2 and x = 0.5. The effect is more pronounced
for C1, as indicated by the vertical line connecting the peak positions in Figs. 4(a)-4(c). This clearly
confirms the trend already seen in the measured spectra (Fig. 4(d)) showing a shift of C1 spectral
weight towards lower binding energy for x = 0.15.

The fitted energy positions of the 2p3/, related C1 peak relative to Lu.(ps/2) are —1.61 eV
(x =0.05), -1.74 eV (x = 0.15), and —1.64 eV (x = 0.2). This energy shift of the CT peaks rela-
tive to the main peak is a signature of the electron correlation strength.?’ This is because charge
transfer leads to change in electron binding energy according to the strength of electron-electron
and electron-hole coulomb potentials.?*?>> On the other hand these potentials determine the strength
of electron correlation. Hence, a larger relative energy shift of the CT satellite indicates stronger
electron correlation.”> Therefore our results indicate stronger electron correlation in the middle of
the compositional range showing the mixed magnetic phase. This is a very significant effect as in
correlated materials, there exists a stability boundary for magnetic order depending on the strength
of electron correlation.'?%?” If the electron correlation strength approaches this boundary, magnetic
order can be suppressed.?’
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FIG. 4. 2p3/, related L, and C1 peak, obtained from fits of Ni,Cu;_,MnSb: (a) x=0.05, (b) x=0.15, (c) x=0.2. The
vertical line serves as a guide to the eye joining the peak positions. The C1 peaks clearly show a larger relative peak separation
for x=0.15. (d) Experimental spectra of Ni,Cu;_,MnSb at 300 K with magnified region near C1 of Mn2p3,,. The arrows
mark the knee position of the C1 related part of the spectra, highlighting a spectral energy shift towards lower binding energy
for x=0.15, in accord with the fitting results.
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In conclusion, we have presented results of an electronic structure study of Ni,Cu;_,MnSb
Heusler alloys using Mn 2p photoemission spectroscopy, to reveal the nature of electron correlation
and conduction band coupling with Mn 3d levels for Ni concentrations mixed magnetic phase at
low temperatures. It is found primarily from room temperature data that both electron correlation
and conduction band coupling vary non-monotonically with composition, such that the former re-
duces and the latter gains in strength at the compositional boundaries of the low temperature mixed
magnetic phase materials to the ordered FM and AFM phases. As conduction band hybridization
determines the strength of magnetic exchange interaction while electron correlation strength affects
the stability of magnetic order, the results point to the possible electronic driving force for settling
mixed magnetic phases in the Heusler alloys that are of immense importance in high spin polar-
ized devices. The present experimental work opens an essential path for the future research that
could use relative effects of electron correlation and conduction band coupling to tailor competing
magnetic phases and the spin polarization in such spintronic systems.
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