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D. Ristoiu, Ch. Hordequin, J. Pierre, and J. P. Nozières
Laboratoire L. Ne´el, CNRS, BP 166 X, 38042 Grenoble Cedex 9, France

~Received 10 March 2000; accepted for publication 12 May 2000!

The surface Debye temperature of the NiMnSb~100! epitaxial films has been obtained using low
energy electron diffraction, inverse photoemission, and core-level photoemission. The normal
dynamic motion of the~100! surface results in a value for the effective surface Debye temperature
of 145613 K. This is far smaller than the bulk Debye temperature of 31265 K obtained from wave
vector dependent inelastic neutron scattering. The large difference between these measures of
surface and bulk dynamic motion indicates a soft and compositionally different~100! surface.
© 2000 American Institute of Physics.@S0003-6951~00!05127-5#

Interest in NiMnSb Heusler alloys remains active be-
cause of the relatively high Curie temperature~;730 K! and
like all half metallic systems has potential technological ap-
plications in spin polarized electron transport devices.1 In
spin tunnel junction devices, the interfaces play an important
role in the value of the tunneling magnetoresistance~TMR!.
The interface should have, ideally, 100% polarization at the
Fermi energy and well characterized ‘‘matched’’ Fermi
crossings. Unfortunately, the polarization of NiMnSb is very
sensitive to composition and defects2,3 and the NiMnSb~100!
surface is observed to be very fragile.2,4 The thermal motions
of the surface atoms dictates many of the physical and
chemical properties of a surface, such as surface diffusion,5

anharmonicity leading to roughening transitions,6 surface
reconstructions,7 and influence the extent of composition in-
homogenities, including defects. The key descriptive param-
eter of the dynamic motions of atoms on the surface, as well
as in the bulk, is the Debye temperature.

In this letter we investigate the effective surface Debye
temperature of the NiMnSb~100! which we compare to the
bulk Debye temperature calculated from the phonon disper-
sion curves obtained from inelastic neutron scattering. This
comparison is one of only a limited number of such studies
in complex compound materials8,9 and the first for the Heu-
sler alloys.

The bulk Debye temperature of single crystals can be
estimated from application of the Debye model and the pho-
non dispersion curves.10 In this model, the upper limityD to
the frequency is to be obtained from the normalizing condi-
tion that the total number of oscillatory modes is equal to
3rNA per mole, wherer is the number of atoms per unit cell
~andNA is Avogadro’s number!. The quantityvD is with the
related parameteruD by

vD5
kB

h
uD, ~1!

whereh is Planck’s constant andkB is Boltzman’s constant.
Thus, the frequency limitD and the related parameteruD ,
the Debye temperature, can be obtained from the formula10

4pV

3
~cL

2312cT
23!vD

3 53rNA , ~2!

in which V is the molar volume andcL,cT are the corre-
sponding longitudinal and transversal wave velocity. For cu-
bic crystals, the velocities are related to the elastic constants
C11, C44, andC12 along the main axis of symmetry~100!,
~110!, and ~111!, as described in Ref. 11. For values of the
scattering vectorq close to zero, the dispersion of the acous-
tic oscillatory modes is linear, and the slope of this linear
dependence is related to particular elastic constants, depend-
ing on the scanning direction.

The effective surface Debye temperature of single crys-
tal materials can be investigated by low energy electron dif-
fraction ~LEED!,12–14 x-ray photoemission spectroscopy
~XPS!, or valence band photoemission~PES!,15 inverse
photoemission16 as well as atom beam scattering and other
surface sensitive techniques~Ref. 15 and the references
therein!. Generally, in electron scattering and electron spec-
troscopy techniques it is assumed, in the absence of a surface
phase transition, that the emerging electron beam intensity
depends exponentially on the sample temperature13,14

I 5I 0 exp~22W! ~3!

2W5
3\2T~Dk!2

2mkBuD
2 , ~4!

whereW is the Debye–Waller factor,\ is Planck constant,T
is the sample temperature,\(Dk) is the electron momentum
transfer,m is the mass of the scattering center,kB is the
Boltzmann constant, anduD is the effective surface Debye
temperature. This surfaceuD is dominated by the dynamic
motions normal to the surface in almost all experiments and
typically does not contain significant in-plane or anharmonic
contributions to the true surface Debye temperature,15 and
therefore tends to be independent of surface orientation.@The
major exception is high-resolution electron energy loss spec-
troscopy of the surface~where the details of phonon disper-
sion can matter! and, in off-specular scattering geometries,
nondipole active modes can be probed#.a!Electronic mail: pdowben@unl.edu
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To apply Eqs.~3! and~4! to LEED or photoemission, we
need to consider the geometry of the experiment and the
mass of the scattering centers. For LEED, we have used dif-
fracted electron beams with the scattering vector (Dk) close
to the normal to the surface~leading to the dominant role of
normal lattice vibrations!. The mass of the scattering centers
is an average of the three different atomic masses contained
in a unit cell with the scattering vector being calculated from

Dk52k cos
u

2
5

4p

l
cos

u

2
, ~5!

where u is the angle between the incoming and outgoing
electron beams andl is the wavelength of the electrons.

In the case of photoemission spectroscopy~XPS and
PES! (u50), the momentum transfer is equal to the momen-
tum of the emitted electron:Dk52p/l. In our experiments,
we monitored the photoelectron intensity from the 3d shell
of the Sb atoms~using MgKa radiation! and appropriately
corrected for the scattering center mass. For inverse photo-
emission, we used the momentum of the incident electron,
probing the unoccupied band closest toEF ~9.5–11.5 eV
electron kinetic energy!. For all surface studies, the surface
of the NiMnSb~100! epitaxial thin films17 of 1000 Å thick-
ness were carefully prepared by gentle Ar-sputtering and an-
nealing treatments, as described in Ref. 2.

Figure 1 shows the temperature dependence of the inten-
sities of the backscattered low electron diffraction spots, af-
ter background subtraction (I bk) and normalization to the
value (I 0) at the lowest temperature. The three sets of data
shown were taken using different incident electron energies
of 33, 58, and 83 eV. The angleu from Eq. ~2! varied very
little in our experiment and the change in scattering vector
(Dk) largely comes from the different electron energies em-
ployed.

The change in LEED intensities, shown in Fig. 1 as the
slopes of ln@(I2Ibk)/I0#, increase with increasing (Dk) or
with increasing incident~and backscattered! electron ener-

gies. Using Eq.~1!, the values obtained for the effective
surface Debye temperature are 140620 K ~at 33 eV incident
electron energy!, 143620 K ~at 58 eV!, and 154620 K ~at
83 eV!. The electron mean free path increases and so does
the probing depth with increasing incident~and backscat-
tered! electron energies. We consider the effective Debye
temperature obtained at the lowest electron energies as the
most representative of the dynamic normal atomic motions
in the thin film surface region. The other two values, at
higher electron energies, include the normal vibrations of the
atoms situated increasingly deeper in the selvedge~near sur-
face! region.

Temperature dependence of the 3d3/2 core level of anti-
mony obtained in x-ray photoemission is shown in Fig. 2.
This particular core level has a narrow and intense line
shape. From Eq.~4! results a value of 144610 K for the
effective surface Debye temperature. The mean free path of
the ejected electrons in normal emission is no more than 20
Å from the free surface and so, the sample probing depth is
limited to the surface and selvedge region. Inverse photo-
emission is also very surface sensitive. The intensity of the
largely spin majority unoccupied band~nearEF where the
electron phonon coupling is greatest!,2 in inverse photoemis-
sion, provides a value for the effective Debye temperature of
about 147630 K. The value of the effective Debye tempera-
ture obtained in XPS and inverse photoemission are both
representative of the harmonic vibrations of the atoms in the
surface region along the film normal.

For comparison, we have compared the above values

FIG. 1. Logarithm of the intensities of the diffracted electron spots obtained
in LEED, after background (I bk) subtraction and normalization to the value
(I 0) at the lowest temperature. The three sets of data were obtained using
different incident electron energies: 33~circles!, 58 ~up triangle!, and 83 eV
~diamond!.

FIG. 2. ~a! Normal x-ray photoemission spectra of Sb– 3d3/2 core level for
various temperatures after background subtraction. The light was incident at
60° with a photon energy of 1254 eV.~b! Logarithm of the intensity of the
Sb– 3d3/2 core level vs temperature~d! and the intensity of the state at the
conduction band edge~just aboveEF) in inverse photoemission~s!.
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with that of bulk single crystals obtained from neutron scat-
tering ~a bulk sensitive technique!. Inelastic neutron scatter-
ing experiments19 were carried out at the Institute Laue-
Langevin, using IN1 ~hot neutrons! and IN8 ~thermal
neutrons! spectrometers, in order to cover all the values for
the transfer energies from 0 to 120 meV. Excitations were
investigated mainly at room temperature in the direction of
the high symmetry axis~100!, ~110!, and~111!. No magnetic
field was applied. Constant energy scans were generally per-
formed to investigate the steep magnon dispersion, whereas
constant-q scans were used to locate the acoustic and optical
phonons. Figure 3 presents the complete experimental
phonons and magnons dispersion curves at 300 K.18 For a
material with three atoms in the primitive cell, we generally
expect three acoustic and six optical branches, whereas only
one ~two fold degenerated! branch of magnons was ob-
served. Longitudinal acoustic phonons reach a maximum en-
ergy forq close to~0.6, 0, 0! in the ^100& direction and~0.7,
0.7, 0! in the ^110& direction. One very flat optical branch
was observed at an energy of about 29 meV, with little dif-
ference in energy for longitudinal and transverse directions.
~One explanation for this dispersionless optical mode is the
arrangement of the Ni atoms in the cubic structure. Among
the closest neighbor lattice sites to nickel are the vacancy
sites.!

The elastic constants can be easily extracted from the
slope of the acoustic modes in eachG point, depending on
the scanning direction. For thê100& longitudinal mode,
C115138 G Pa, for the^110& transversal mode 1,C44

545 G Pa and for the^110& transversal mode 2,C12

548 G Pa.18 Using these values to calculate the longitudinal
and transversal mode velocities in Eq.~2!, we obtain a value
of the bulk Debye temperature of 31265 K.

Almost independent of surface orientation we would ex-
pect that the effective surface Debye temperature is of the
order of 70% ~i.e., 1

&! of the bulk value of the Debye
temperature.13–15 This is due to the fact that the surface at-
oms have only half of the number of nearest neighbors that
surround the bulk atoms.14 Comparing the values of the De-
bye temperature obtained for the NiMnSb~100! Heusler al-
loy, the surface temperature is almost 45% of the bulk value.

This drop in the Debye temperature between the surface and
the bulk is not unexpected if we consider that the surface and
selvedge region has a different composition than the bulk,
under our preparation conditions.2,4 Indeed, as shown in Ref.
4, manganese segregation occurs at the NiMnSb~100!
surface.4 In addition, there are several other phenomena that
may contribute to the lowering of the surface Debye tem-
perature with respect to the bulk. The motion of the surface
atoms is not isotropic, the force constants at the surface can
be appreciably different than in the bulk and, in general, the
surface may contain anharmonic phonon modes that differ
from the bulk.20,21

In conclusion, we have found the effective surface De-
bye temperature for the NiMnSb~100! thin film to be 145
613 K, far smaller than the bulk Debye temperature of
31265 K. The reduced surface Debye temperature will
lower the barriers to surface segregation and can be a conse-
quence of the compositional difference due to segregation.

This work was supported by NSF through Grant No.
DMR-98-02126, the Center for Materials Research and
Analysis ~CMRA! and the Nebraska Research Initiative at
the University of Nebraska, and the Region Rhone-Alpes
through the ‘Nanotechnologie’ program under Contract No.
PR97024.
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FIG. 3. Dispersion curves for magnons~d!, longitudinal phonons~j!, and
transversal phonons~m! at 300 K. No magnetic field was applied.
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