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Bulk crystal growth and surface preparation of NiSb, MnSb, and NiMnSb
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Jon A. Duffy, and Gavin R. Bellc)

Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
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Bulk single crystal and polycrystalline samples of NiSb, MnSb, and NiMnSb have been grown and

characterized. The lattice parameter of NiMnSb was found to be 5.945 6 0.001 Å, around 0.25%

larger than previous reports. The surface preparation of these materials was investigated using

x-ray photoelectron spectroscopy. Wet etching with HCl and argon ion sputtering were used in

tandem with vacuum annealing. For both binary materials, a clean and stoichiometric surface

could be regained by HCl etching and annealing alone. However, clean and stoichiometric

ternary NiMnSb was not successfully prepared by these methods. The transition metal 2p

and 3p levels are analyzed for all three materials. VC 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/10.1116/1.4953549]

I. INTRODUCTION

The experimental1–7 and theoretical8–16 study of half-

metallic ferromagnetic (HMF) materials continues among

many groups, motivated by both fundamental interest in the

unusual electronic structure of this class of materials and their

potential for use in spintronic and magnetoelectronic devices.

The high Fermi level spin polarization (PDOS) of HMFs is a

great advantage: in principle, PDOS¼ 100% for an HMF mate-

rial, although several factors can corrupt ideal half-metallicity.

Even for stoichiometric single-crystal material, nonzero tem-

perature, atomic-scale disorder and altered local atomic envi-

ronments at interfaces13–17 can all result in a loss of spin

polarization. Half-metallicity was first proposed in NiMnSb by

de Groot and Mueller using electronic structure calculations.18

Since then many studies, using mainly density functional

theory (DFT) at T¼ 0 K, have been undertaken. Such work

has explored HMF behavior in materials as diverse as Heusler

alloys,15,19 half-Heusler alloys,8,14 zincblende-structure binary

transition metal pnictides16,20,21 and chalcogenides,22,23 transi-

tion metal oxides,13 complex oxides,24 carbides,10 nitrides,11

selenides,25 and porphyrins.26 Some theoretical studies have

also investigated finite-temperature band structure and spin

polarization beyond standard DFT.8,20,27–29 All of these valua-

ble theoretical studies should be compared to experimental

data, which places stringent demands on both material produc-

tion and analysis techniques.

Atomic-scale disorder and nonstoichiometry in the bulk

and surface or interface reconstruction or relaxation of

atomic structure can both affect PDOS. This is, of course,

critical for devices involving spin injection and detection in

nonmagnetic semiconductor structures via HMF contacts

and for superlattice-type spin filtering and spin–diode struc-

tures. However, these effects are also important in experi-

mental determination of PDOS since many experimental

techniques either form an interface (e.g., point contact

Andreev reflection30) or require a free surface (e.g., spin-

polarized electron spectroscopies2,31). The sensitivity of

reported spin polarizations to the experimental technique

and the quality of the HMF material is reflected in the litera-

ture, especially for NiMnSb which has been studied since

the 1980 s, where there is wide variation in the reported

value of spin polarization.32–34 On the other hand, some

experimental techniques sensitive to PDOS require bulk
rather than thin film samples (e.g., magnetic Compton scat-

tering35,36). Therefore, high quality bulk crystals are also

valuable in fundamental investigations of half-metallicity.

Several approaches to surface preparation of pnictides are

available, including chemical etching,37 ion bombardment and

annealing (IBA), and atomic hydrogen cleaning (AHC).38 A

potential undesirable effect due to IBA is patterning or nano-

structuring of surfaces.39 Wet chemical methods can avoid

near-surface damaged layers associated with sputtering. It is

also worth noting that the practical applicability of a given

HMF material can be enhanced by a suitable wet chemical

etch for device processing.

In this paper, we examine the surface preparation of bulk

samples of the ternary compound NiMnSb and its binary rela-

tions NiSb and MnSb, using HCl etching and IBA. NiMnSb

has predicted minority spin gap Egap¼ 0.5 eV at room temper-

ature, with corresponding PDOS¼ 100%. However, nonzero

temperature DFT using the disordered local moments approach

suggests that even small reductions in magnetization will rap-

idly reduce the polarization due to defectlike states infecting

the minority spin gap.20 In contrast, MnSb is a weakly metallic

ferrimagnetic compound with high Curie temperature, 587 K,

and low predicted PDOS� 18%. Nonetheless due to its good

interfacial properties, high magneto-optic Kerr rotation, strong

transport spin polarization, and ease of chemical etching

with dilute HCl,37 it has proved useful in magnetoelectronic

and optoelectronic applications,40,41 The cubic polymorph of

MnSb, which can be grown epitaxially, is predicted to be a

much more robust HMF material than NiMnSb, with

Egap¼ 1.0 eV, far stronger resistance to magnetization
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reduction20 and promising interface structures.16 Thin film

growth of MnSb is fully compatible with many conventional

III–V semiconductor materials. It also has applications in Li

ion storage batteries.42

NiSb is a weakly metallic paramagnetic material which

occurs naturally as the mineral breithauptite. It could be

used as a spacer material in all-epitaxial multimagnetic

structures,43 e.g., based on the MnSb–CrSb–NiSb series.

NiSb also has numerous potential applications in nanocom-

posite materials: recently, there has been a surge of interest

in this family of materials for Li batteries.44–49 Nanoparticle

NiSb has potential as a heterogeneous catalyst50 and has

been investigated within an InSb matrix for thermoelectric

applications.51 For catalysis and battery anode applications,

the surface properties are clearly critical.

In the present work, we show that the surfaces of NiSb

and MnSb bulk samples could be prepared, after polishing

and air exposure, by wet etching in HCl and subsequent

vacuum annealing. We also demonstrate growth of high

quality NiMnSb single crystals and investigate the prepara-

tion of NiMnSb surfaces. However, in contrast to its binary

relations, a clean stoichiometric surface of NiMnSb could

not be prepared by procedures using HCl wet etching, sput-

tering with Ar ions and vacuum annealing.

II. EXPERIMENTAL DETAILS

A. Bulk crystal growth and stoichiometry

Polycrystalline samples of NiSb, MnSb, and NiMnSb

were prepared by arc melting high purity (99.99% or better)

powders of Ni, Mn, and Sb on a water cooled copper hearth

under a high purity (5N) argon gas atmosphere in a tri-arc

furnace (Centorr, USA). To ensure phase homogeneity, the

resulting buttons were flipped and remelted several times.

The arc melted samples were subsequently sealed in evac-

uated quartz tubes and annealed for 150 h. The annealing

temperatures were 850 �C for NiMnSb and 800 �C for the

binary compounds.30 The resulting polycrystalline boules

were around 7 mm in diameter. A larger ingot of NiMnSb

was cast for crystal growth by the Czochralski method using

a tetra-arc furnace (Cyberstar). A tungsten rod was used as a

seed, and the growth was performed at 10 mm/h in an argon

atmosphere. The NiMnSb crystal produced was around

20 mm long and 3 mm in diameter. A portion of the crystal

boule was cut from the middle section into disks 2 mm thick

for the measurements.

Samples were analyzed by energy dispersive x-ray analy-

sis (EDX) using a Zeiss SUPRA55VP scanning electron

microscope with EDAX Genesis analytical system, including

standard corrections for atomic number, absorption, and flu-

orescence. Measurements on five different slices of a

NiMnSb boule gave stoichiometry variations within 60.5%.

Optimization of the bulk stoichiometry is discussed in Sec.

III A. Samples were also characterized by powder x-ray

diffraction at room temperature using a Panalytical X-Pert

Pro MPD Ka1 system. Single crystal samples were oriented

crystallographically by x-ray Laue back-reflection.

B. Surface preparation and XPS analysis

Polished surfaces were prepared after first cutting sections

from polycrystalline or single crystal ingots with a rotating

diamond blade. After polishing to a mirror finish with

increasingly fine grades of lapping paper, a final polish with

a suspension of 0.25 lm diamond grit was used. Polished

samples were cleaned ultrasonically in acetone then isopro-

panol then deionized water. The polished surfaces were

imaged with reflected-light differential interference contrast

(DIC) microscopy and atomic force microscopy (AFM)

using an Asylum Research MFP-3D in tapping mode.

Before introduction into the ultrahigh vacuum (UHV)

system, the samples were mounted on standard carrier plates

or stubs using either spot-welded Ta wire or silver epoxy

glue. Samples were etched in HCl (36% solution) for 10 s at

room temperature then rinsed in deionized water and blown

dry with nitrogen immediately before loading into vacuum;

a longer etch of 30 s was also performed for NiMnSb. The

fast-entry chamber was flushed continually with dry nitrogen

before pumping down. One of the NiMnSb samples was also

studied with only in vacuo surface cleaning and no prior HCl

etch. Samples were annealed in UHV to either 250 or 300 �C
in 1 h steps, except for a final long anneal for etched and

sputtered NiMnSb. Argon ion sputtering conditions were:

ion energy 500 eV or 1 keV, sample drain current around

1 lA, and polar angle of incidence 45�.
Sample surfaces were analyzed in UHV by x-ray photo-

electron spectroscopy (XPS) using two systems equipped

with monochromatic Al Ka sources (Omicron GmbH,

Kratos Axis Ultra DLD) and base pressures 1� 10�10 mbar.

All the XPS experiments were performed at 90� take-off

angle. In the Omicron system, the analyzer entrance slits

were set to accept electrons from an area of the sample

approximately 1.0 mm across. The corresponding analysis

area in the Kratos system was approximately 0.3 � 0.7 mm.

Data were obtained immediately after loading and then after

different in situ surface treatments. Survey scans and

detailed region scans were obtained at each stage. The Sb 3d

region coincides with O 1s and so the Sb 4d shallow-core

level was examined. Ni and Mn were studied through their

2p regions and shallow-core 3p levels. The C 1s and Cl 2p

were recorded to monitor residual surface contamination.

Detailed fitting of transition metal peaks can be challenging

and due to the uncertainties associated with quantification

of, e.g., Ni 2p in the absence of robust standards,52 quantifi-

cation of stoichiometry was performed here via peak analy-

sis with standard relative sensitivity factors. Stoichiometry

trends across samples subject to different treatments should

be self-consistent, but absolute stoichiometries cannot be

accurately claimed by this XPS analysis. More detailed peak

fitting was performed on the Sb 4d peaks, with standard

Shirley background and Voigt line shapes, in order to extract

the fraction of oxidized Sb. The inelastic mean free path

(IMFP) of photoelectrons was not included in the quantifica-

tion. Instead a direct comparison was made between stoichi-

ometry derived from the shallow-core lines (high electron

kinetic energy, so higher IMFP) and Sb 3d/metal 2p lines

041219-2 Maskery et al.: Bulk crystal growth and surface preparation of NiSb, MnSb, and NiMnSb 041219-2

J. Vac. Sci. Technol. B, Vol. 34, No. 4, Jul/Aug 2016

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  137.205.202.72 On: Mon, 11 Jul 2016 09:14:23



(lower electron kinetic energy hence lower IMFP). These are

labeled “bulk” and “surface,” respectively, but these labels

are merely an indicator of the relative depth sensitivity of

the measurement.

III. RESULTS AND DISCUSSION

A. Bulk stoichiometry optimization

The high vapor pressure of Sb means that an initially non-

stoichiometric mix of source materials may be expected for

optimum bulk crystal growth, to account for small nonstoi-

chiometric losses at the tri-arc melting stage. In order to opti-

mize this first step, several small binary and ternary

polycrystal samples were grown with varying initial compo-

sitions. The composition after remelting stages was then

checked with EDX. For the binary materials, an initially stoi-

chiometric mix of materials indeed gave polycrystals with

composition close to M0.55Sb0.45 (where M is Ni or Mn). A

few percent excess Sb allowed polycrystals to be grown with

elemental abundances equal to within 61%. The precise

excess required depended on the number of remelting cycles

performed since some Sb was lost at each stage. Because the

Sb loss does not occur quite uniformly from one melting

cycle to another, some trial and error is needed to grow stoi-

chiometric material. All the subsequent surface preparation

work was performed on stoichiometric MnSb and NiSb

samples.

The ternary material behaved slightly differently, requir-

ing a small excess of Mn to produce polycrystalline ingots

close to stoichiometry. Similar behavior was reported by

Gardelis30 and Wang et al.:3 both groups found some NiSb

phase present in their NiMnSb polycrystalline samples, the

amount of which was reduced by including a few percent

excess of Mn. Our polycrystalline boules prepared with an

initial 5% excess Mn were used for single crystal growth as

described above. Example EDX data are shown in Fig. 1 for

a NiMnSb single crystal slice after polishing and ultrasonic

cleaning. Discounting about 2% residual surface contamina-

tion, the mean Ni:Mn:Sb composition ratios across five

different slices were found to be Ni 35.2%, Mn 32.3%, Sb

32.5%, varying by 60.5%.

B. NiMnSb single crystal and binary polycrystals

Figure 2 shows a photograph of some typical samples. A

circular NiMnSb single crystal slice mounted on a UHV

sample plate is in the center (b) flanked by larger polycrys-

talline NiSb (a) and MnSb (c) samples. The expected crystal

structures were obtained for all three compounds, with no

extraneous structures present. Example XRD data are shown

in Fig. 3 for NiMnSb together with a calculation of the dif-

fractogram. All of the expected peaks for the C1b structure

of NiMnSb are present and close to the predicted intensity

ratios, while no peaks due to extraneous phases3,30 are pres-

ent (calculated diffractograms for NiSb and MnSb are

shown). The lattice parameter of NiMnSb was found to be

5.945 6 0.001 Å. This is about 0.25% greater than previously

reported values,53,54 and 0.15% to 0.4% larger than the range

reported by Gardelis30 for polycrystalline NiMnSb with

some NiSb phase present. The crystallographic orientation

of our single crystal NiMnSb was confirmed to be h001i par-

allel to the main boule growth direction. A typical x-ray

Laue image is shown in Fig. 4 obtained from a polished sur-

face cut perpendicular to the growth direction. The clear

fourfold symmetry is consistent with an {001} surface

orientation.

The surface topography of the NiMnSb after two polish-

ing steps is shown in the AFM images of Fig. 5. Image (a) is

after the initial polish, and is dominated by scratches several

tens of nm deep with small islandlike features typically

5–15 nm in height. The overall root-mean-square (RMS)

roughness on this scale is around 3 nm. After the fine dia-

mond grit polish (b), scratches are less evident, and the RMS

roughness is only 2.5 nm even on this larger image. In gen-

eral, one expects the measured RMS roughness to increase

with image size, proportional to image size raised to an

exponent b. The scaling of RMS roughness with image size

FIG. 1. (Color online) Sample EDX spectrum from stoichiometric single

crystal NiMnSb after polishing and ultrasonic cleaning. The major Ni, Mn,

and Sb peaks are identified directly, with low-energy peaks (<1 keV) la-

beled by symbols.

FIG. 2. (Color online) Photograph of a selection of samples. (a) Polycrystalline

NiSb sample after polishing. (b) Single crystal NiMnSb polished and mounted

on a standard UHV sample plate. Note that this sample is glued with UHV sil-

ver epoxy whereas standard samples for etching and XPS were mounted with

spot-welded Ta wire. (c) Polycrystalline MnSb samples before polishing. The

mirror finish of the polished samples is not obvious in the photograph but the

characteristic pink hue of the NiSb is apparent.
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is illustrated in Fig. 6 for NiMnSb before and after polishing.

Prior to the final polish, the data are well fitted with

b¼ 0.60, while b¼ 0.34 after the fine polish. This is consist-

ent with the deeper polishing scratches being removed by

the final polish and the overall variance of scratch depth

reducing significantly. Prior to this, the increased likelihood

of finding deep scratches on larger images keeps the expo-

nent b high.

We also show some typical data for NiSb. In Fig. 5(c) is

shown a typical DIC micrograph for polished NiSb. The col-

ors represent phase contrast due to differently oriented

grains. The grain size varies from several millimeters (e.g.,

the top left grain on the image extends much further) to

�100 lm. A corresponding AFM image is shown in Fig.

5(d). Long parallel polishing marks are evident along with

islandlike features and pits. The RMS roughness is 8 nm, the

smaller islands are typically 10 nm high and the pits several

tens of nm deep (up to �100 nm). The persistence of pits in

the polycrystalline samples prevented them being polished

as smoothly as the single crystal NiMnSb. The elongation of

the small islands from bottom left to top right of the image is

not a tip artifact since differently oriented features appear in

different regions of the sample; rather, it seems to be a prod-

uct of the polishing process. Pits were typically larger on the

MnSb sample compared to NiSb giving correspondingly

higher surface roughness.

C. Chemical cleaning of NiSb and MnSb

The binary compounds were studied by XPS in three

states: untreated, after acid etching and after etching and a

vacuum anneal. The survey spectra contained peaks due to

Mn or Ni, Sb, O, C, and (after etching) Cl. Figures 7 and 8

show summaries of the XPS data for MnSb and NiSb,

respectively, focusing on the metal 2p lines, Sb 4d shallow

core levels and Sb 3d/O 1s region. Panels (g), (h), and (i)

show the Sb 4d doublet. For clarity, detailed fits are not

shown for MnSb and NiSb (the NiMnSb data presented later

include example peak fits).

For MnSb, before surface treatment, the Sb 4d line

appears as four overlapping peaks [Fig. 7(g)]. Etching imme-

diately reduces the broader, higher binding energy compo-

nents [Fig. 7(h)] and they have almost vanished after

vacuum annealing [Fig. 7(i)]. These peaks were readily fitted

as the Sb 4d doublet at around 32 eV with additional broader

peaks at higher binding energy which can be assigned to Sb

oxide. Table I gives the proportion of intensity in the Sb 4d

oxide peaks compared to the MnSb-related peaks as a func-

tion of surface preparation stage. For NiSb, the progression

is slightly different, with the Sb oxide peaks enhanced by the

initial etch [Figs. 8(g)–8(h)]. However, the volatile Sb oxides

are removed effectively by the vacuum anneal [Fig. 6(i)],

leaving a nearly pure Sb 4d doublet. The oxide contribution

after etching and annealing is 6% (NiSb) or 3% (MnSb). At

low binding energy (high kinetic energy), the IMFP of elec-

trons is relatively long, and so, this shallow core level signal

has a strong contribution from subsurface Sb.

The center panels [(d)–(f)] in each figure show the over-

lapping O 1s and Sb 3d regions, for which the IMFP is some-

what shorter, giving higher surface specificity. Initially,

there is a strong and quite broad O 1s peak in both spectra

[Figs. 7 and 8(d)]. The Sb 3d doublet also has strong chemi-

cally shifted components at higher binding energy, due to

the surface oxide. For MnSb, the etch strongly suppresses

the O 1s peak and oxide peaks [Fig. 7(e)]. For NiSb, in

agreement with the Sb 4d results, the O signal and Sb 3d

chemically shifted component are both increased by the etch

[Fig. 8(e)]. It is evident for both NiSb [Fig. 8(f)] and MnSb

[Fig. 7(f)] that after etching and annealing the region com-

prises only the Sb 3d doublet with very little contribution

from Sb oxides or O 1s. This is in agreement with the Sb 4d

results but also indicates that the amount of O in the form of

Ni or Mn oxides is similarly small.

FIG. 3. (Color online) NiMnSb powder XRD. The black curve (uppermost)

shows typical experimental data. The peaks are all readily indexed to

NiMnSb; the weak peak at low angle labeled with an asterisk is due to the

Al sample holder. Below the experimental data is shown a simulation

(yellow curve) for pure NiMnSb giving excellent agreement with experi-

ment. The two curves below are simulations for NiSb (blue, middle) and

MnSb (red, bottom): these peaks are completely absent from experimental

data.

FIG. 4. X-ray Laue photograph of the NiMnSb crystal shown in Fig. 1(b)

taken perpendicular to the polished (001) face.
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The greater complexity55 of the Mn and Ni 2p regions

[Figs. 7 and 8(a)–8(c)] means that it is more difficult to

assign simple oxide peaks. For NiSb, the etch appears to

increase the intensity of a component with binding energy

FIG. 5. (Color online) Selected microscopy data for NiMnSb and NiSb single crystals. AFM data for NiMnSb bulk crystal are shown after the initial polishing

stage (a) and after final diamond grit polish (b). For NiSb, we show a typical IC micrograph (c) highlighting the grain structure of the polycrystal, and an AFM

image after polishing (d).

FIG. 6. (Color online) RMS roughness as a function of AFM image size for

NiMnSb before (a) and after (b) the final polishing step. The fits are

described in the text.

FIG. 7. XPS data for MnSb after different treatments: top row untreated,

middle row after wet etching with HCl, and bottom row after subsequent

vacuum annealing. The Mn 2p, Sb 3d, O 1s, and Sb 4d regions are shown.
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approximately 3.0 eV larger than the main doublet. This is

concurrent with the increase in the Sb oxide component. The

anneal then removes this peak effectively, which could be

assigned to a Ni hydroxide.52,55 After etch and anneal, Ni 2p

region appears as a doublet of asymmetric peaks with the

main 2p3/2 peak at 853.3 eV and a broad feature centered at

860.6 eV. The main peak is closer in binding energy to NiO

or Ni intermetallics than to metallic Ni (Refs. 52 and 56)

consistent with assignment to NiSb.

For MnSb, the Mn 2p region does not evolve significantly

as the surface treatment progresses. The main peak is broad

and asymmetric, centered on binding energy 641.8 eV. The

spin–orbit splitting DSO for first-row transition metal 2p levels

varies depending on the local environment and chemical

state.57 Our clean polycrystalline MnSb shows a value

DSO¼ (11.5 6 0.2) eV, consistent with a previous determina-

tion58 for MnSb of 11.6 eV. Between these two main spin-

orbit-split peaks lies a broad feature at around 646.9 eV, which

can be tentatively assigned to a shake-up feature.58 The spectra

for clean NiSb are similar, with DSO¼ (17.2 6 0.2) eV, closer

to Ni metal (17.4 eV) or Ni(B,S,P) alloys59 (�17.0 eV) than

NiO (18.4 eV), in agreement with the direct core level results.

Table II shows the stoichiometry of the materials during

preparation. Both binaries are Sb rich after cleaning. The

XPS data are consistent with a Sb layer on top of stoichio-

metric material, as observed previously for MnSb thin

films.37 On both NiSb and MnSb, some C and Cl

contamination remains after the cleaning process, at levels

around 2%–5% of total elemental composition. However,

the behavior of the metal, O and Sb peaks indicates that sur-

face cleaning via HCl etch and vacuum anneal is effective

for both materials, efficiently removing the surface oxide.

D. Chemical cleaning and argon sputtering of NiMnSb

The ternary compound was studied in a similar manner to

the binaries, but with two different etching times. It was also

studied separately by IBA. Example XPS data are shown in

Figs. 9 and 10. The shallow core regions are shown in Fig.

FIG. 8. XPS data for NiSb after different treatments: top row untreated, mid-

dle row after wet etching with HCl, and bottom row after subsequent vac-

uum annealing. The Ni 2p, Sb 3d, O 1s, and Sb 4d regions are shown.

TABLE I. Fraction of oxidized Sb inferred from fitting Sb 4d peaks as a func-

tion of surface cleaning stage for NiSb, MnSb, and NiMnSb.

Preparation stage NiSb MnSb NiMnSb

Untreated 36 66 52

Etch only 56 18

10 s etch and anneal 6 3 40

30 s etch and anneal 26

IBA 12

TABLE II. Stoichiometry as a function of surface cleaning for NiSb, MnSb,

and NiMnSb.

Preparation stage [Sb]/[Ni] [Sb]/[Mn] Ni:Mn:Sb surface Ni:Mn:Sb bulk

Untreated 1.4 1.0 0.4:0.5:1 0.8:1.3:1

Etch only 2.5 10.0

10 s etch and anneal 1.3 1.4 0.7:1.4:1

30 s etch and anneal 0.7:1.4:1

IBA 0.6:1.6:1 0.8:1.3:1

FIG. 9. (Color online) Example shallow-core XPS data and fits for NiMnSb

after etch and anneal. Panel (a) shows data (circles) after 10 s acid etch and

anneal, with Ni 3p, Mn 3p, and Sb 4d regions fitted (red solid line; compo-

nents not shown for clarity). Panel (b), after 30 s etch and anneal, shows the

Sb 4d peaks (blue dashed line) with two-component fit (black heavy solid

line) comprising NiMnSb (red fine solid line, two sharp intense peaks) and

Sb oxide (green fine solid line, two broad weak peaks).
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9(a), with well resolved Ni 3p, Mn 3p and Sb 4d core levels.

The Ni 3p and Mn 3p regions were readily fitted with stand-

ard Shirley background and three Voigt peaks, primarily to

obtain peak areas for stoichiometry trend estimation. The

peak shapes and areas hardly change between the short and

long etch/anneal samples. The main Ni 3p doublet appeared

as peaks at binding energy 66.8 and 68.6 eV on a broad back-

ground. These can be assigned to the spin–orbit split compo-

nents of a Ni2þ state56 and the splitting, DSO ’ 1.8 eV, is

similar to that found in Ni intermetallics.60 The Mn region

contains a weak feature at low binding energy (46.9 eV) and

main peak at 48.6 eV, plus a broad peak at higher binding

energy (around 50.6 eV). The main peak can be tentatively

assigned to a Mn3þ state56 while the higher binding energy

peak may be due to mixed-valence Mn. The small 46.9 eV

component is characteristic of metallic Mn.61

Turning to the transition metal 2p levels, Fig. 10 compares

the NiMnSb, NiSb, and MnSb data. Panel (a) shows superim-

posed Ni 2p spectra for NiMnSb and NiSb. Although the

backgrounds differ somewhat the core level spectra are

clearly very similar. Binding energies are very slightly higher

for NiSb (by 0.2 eV), but the spin–orbit splitting is nearly

identical, as is the position of the broad shake-up feature at

(860.6 6 2) eV. For Ni(S,P,B) alloys,59 the shake-up intensity

has been related to shift of Ni 3d levels relative to the Fermi

level as a function of alloying species and fraction, and

consequent probability that the final state of the photoionized

Ni atom is [core�1]3d104s or [core�1]3d94s2. Our values of

�7% of the main peak area for NiMnSb and �9% for NiSb

are broadly consistent with the group V (Ni-P) alloys. Figure

10(b) shows the corresponding data for Mn 2p. Features in

the NiMnSb spectrum are generally broader and less clearly

resolved than that for MnSb. The spin–orbit splitting is only

slightly larger at DSO¼ (11.9 6 0.2) eV. The possible shake-

up feature around 647 eV is less prominent than in MnSb and

there appears to be more metalliclike Mn present as indicated

by the stronger shoulder at 638.6 eV.

The ratio of Sb oxide to Sb in NiMnSb is shown in Table

I [derived from Sb 4d analysis, e.g., Fig. 9(b)]. The etch and

anneal process is less efficient at reducing the Sb oxide when

compared to NiSb or MnSb. The Sb oxides can be removed

by IBA but even after several cycles the fraction remains

above 10%. The stoichiometry is summarized in Table II.

For untreated NiMnSb, the surface appears to be Sb-rich

with approximately twice the Sb concentration compared to

the transition metals. It is closer to stoichiometry overall

when the longer IMFP data (shallow cores) are analyzed, but

still strongly Mn-rich compared to Ni.

In Fig. 11, we show the evolution of NiMnSb stoichiome-

try during a sequence of IBA treatments. An initial anneal

causes the Mn surface enrichment to appear rapidly; subse-

quent treatment then causes a steady increase of Mn surface

content (black squares). This surface segregation is observed

even in the bulk signal with long IMFP after the final 12 h

anneal. In contrast, the Ni signal changes rather little as the

treatment proceeds, being strongly deficient in the surface

signal and moderately deficient in the bulk. Increasing the

ion energy to 1 keV appeared to increase the Mn enrichment:

a surface composition ratio as high as Mn:Sb 4:1 appeared

after a 30 min IBA cycle with the higher ion energy.

FIG. 10. (Color online) Comparison of transition metal 2p XPS spectra for

NiMnSb, NiSb, and MnSb after acid etch and vacuum anneal.

FIG. 11. (Color online) Stoichiometry evolution of NiMnSb during sequen-

tial in vacuo surface treatment. The labels bulk and surface refer to stoichio-

metries derived from shallow core levels (Sb 4d, metal 3p) and deeper lying

core levels (Sb 3d, metal 2p), respectively, i.e., indicate only the relative

depth sensitivity of the XPS measurement. The Mn and Ni concentrations

are normalized to that of Sb. The labels refer to 30 min annealing cycles at

300 �C (A 30 m), ion bombardment with 500 eV Arþ for 30 min (IB 500 eV)

or both (IBA). The final anneal was 12 h.
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E. Discussion

In the present study, HCl etching and annealing alone

could prepare oxide-free MnSb and NiSb surfaces with slight

Sb excess. It is likely that this is due to residual Sb at the sur-

face, as we found previously for MnSb thin films.37 These

Sb layers can protect samples from native oxide formation

(especially Mn oxides) and so the simple HCl etch has

proved valuable in, for example, device fabrication and

transport measurements with MnSb. We did not detect any

nanostructuring effect for our (100) bulk crystals under the

conditions employed here as observed by Eickhoff et al.39

for NiMnSb(110). Ristoiu et al.33 studied IBA of

NiMnSb(100) films deposited on MgO, reporting a high

degree of sensitivity of spin-resolved inverse photoemission

measurements to the surface preparation. They found that

sputtering enriched the surface with Sb, followed by Mn

enrichment on annealing to remove the Sb. The behavior of

our bulk samples was somewhat different but retained the

trend toward surface enrichment of Mn compared to Ni even

prior to cleaning treatment (Table II). This was not improved

by extended IBA cycles and it was not possible to achieve

stoichiometric NiMnSb by IBA or by HCl etching. It is clear

that the simple etch-and-anneal procedure which effectively

cleans NiSb and MnSb is far less efficient when applied to

NiMnSb. Interestingly, for samples glued to stubs with

epoxy resin, curing of the epoxy in air at 200 �C for several

hours caused MnSb to discolor significantly (forming a

brownish oxide layer) while the NiMnSb retained its shiny

silver surface finish. We have not investigated further this

thicker oxide layer on MnSb (or NiSb), but the observation

does highlight a difference in surface chemistry between

the ternary and binary compounds. AHC has been used

successfully on III–V semiconductors38 and is a plausible

low-damage route to Heusler alloy surface preparation in

combination with chemical etching.

IV. SUMMARY AND CONCLUSIONS

For both bulk crystal growth and surface preparation, the

ternary compound NiMnSb behaves somewhat differently

from its binary pnictide relations NiSb and MnSb. As

expected from its higher vapor pressure, excess Sb is

required for bulk crystal growth of stoichiometric binary

materials. In agreement with previous work,3,30 we find that

a small excess of Mn is also required to form stoichiometric

bulk NiMnSb. The NiMnSb lattice parameter was found to

be 5.945 6 0.001 Å at room temperature, slightly larger than

values previously reported. Stoichiometric and nearly

oxygen-free surfaces of the binary materials NiSb and MnSb

can be prepared by etching in HCl and gentle annealing

(300 �C) in UHV, the latter in agreement with our previous

studies on epitaxially grown thin films.37 However, surface

oxides appear to be much more stubborn on NiMnSb and a

stoichiometric surface could not be prepared by wet etching,

annealing and Ar ion sputtering in UHV. The difficulty of

NiMnSb surface preparation has been noted by other groups

and has probably contributed to varying assessments of its

spin polarization. A semiquantitative analysis of the core

level spectra of the three materials after surface cleaning has

been given. In terms of both core level shifts and the 2p tran-

sition metal spectra (satellite features and spin–orbit split-

ting), NiMnSb behaves very similarly to its binary

counterparts. A more detailed study including valence band

data and first-principles calculations will be given in a future

paper.
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