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Electronic structure of some Heusler alloys based on aluminum and tin
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We report on the magnetic properties and electronic structure of Cu2CrAl, and FexTiSn, Fe22xNixTiSn, and
Fe22xCoxTiSn cubic solid solutions. The analysis of the magnetic susceptibilityx(T), electrical resistivity
r(T), and lattice thermal expansiona(T) data allowed us to find the existence of a thermodynamic phase
transition in all samples at;240 K. The observed anomalies at;240 K provide evidence of an isostructural
phase transition which could be created by a large strain due to a small size of grains. Fe2TiSn was observed
by high-resolution electron microscopy to be composed of nanosized solid solution grains of the order of 100
nm. We discuss the superparamagnetic behavior in these alloys which results from an atomic disorder.
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I. INTRODUCTION

Heusler alloys1,2 are ternaryL21 compounds of the form
X2YZ, whereX andY are two different transition metals an
Z is a nonmagnetic metal or a nonmetallic element. Mos
these compounds are magnetically ordered; their magne
is due to one or more 3d elements occupying theX or Y sites,
or both. The origin of the ferromagnetism and the problem
the local magnetic moment—that is, localized behavior
some aspects of itinerantd electrons—constitute a challeng
ing problem for the Heusler alloys. In Heusler alloys of t
X2MnZ type the magnetic moment of Mn atoms is abo
4mB ; it was reported in Refs. 3–6 to be independent of
nature of theX element and theZ element, and behaves lik
localized Mn moments in an insulator.7 The magnetic behav
ior of the Co2YZ or Fe2YZ alloys contrast sharply with tha
of most of the Mn Heusler alloys; the itinerant character
the 3d electrons and the strong dependence of the magn
momentm of Co or Fe atoms on the partner elementsY and
Z are almost always observed. Most of these compounds
found to exhibit some degree of atomic disorder, which
exposed in their electronic properties.

Recently, we have been engaged in a systematic stud
the cubic L21-type intermetallic compound Fe2TiSn, the
magnetic and electrical transport properties of which are
strong correlation with the local environment of Fe atoms8,9

Fe2TiSn has a number of properties that make it of curr
interest. Within the LMTO~localized muffin tin orbital! ap-
proximation, electronic structure calculations indicated t
Fe2TiSn should be a nonmagnetic semimetal with
pseudogap in the density of states~DOS! at the Fermi level.
0163-1829/2002/65~14!/144430~7!/$20.00 65 1444
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The calculations predicted that the stoichiometric compou
has no magnetic transition, whereas the disordered allo
which Fe and Ti are intermixed should be magnetica
ordered,10 in agreement with observation.8 An anomalous be-
havior of the specific heat was also observed for Fe2TiSn,8

where the electronic component was reported to have a b
peak at 1 K, yielding evidence of the formation of ferroma
netic correlations and heavy quasiparticles with an effec
mass of;40 times the free-electron mass.

In order to better understand the influence of the lo
environment on the electronic structure and magnetic pr
erties of Fe2TiSn-type alloys we have investigated Cu2CrAl.
In this paper, we report electrical transport, magnetic, a
x-ray photoemission~XPS! measurements on Cu2CrAl,
which heretofore has not been investigated in detail,7 to our
knowledge, as well asab initio electronic structure calcula
tions using the LMTO method. These measurements y
evidence of the weak magnetic ground state and a ‘‘Kon
like’’ behavior, while the electronic structure calculation
predict the nonmagnetic ground state of the Cu2CrAl com-
pound. However, the change in the DOS at the Fermi leve
the Cu2CrAl due to the local environment of Cr atoms lea
to the magnetic ground state.

We also discuss an abnormal change of the slope in
experimental lattice parametersa(T) visible at;240 K for
Fe2TiSn, Fe22xMxTiSn, whereM5Ni or Co, and Cu2CrAl.
The observed anomalies in all examples provide evidenc
an isostructural phase transition which could be created
an atomic disorder. This transition appears to be magneti
nature, as evidenced by a small hump at;240 K in the
x(T) curves.
©2002 The American Physical Society30-1
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Also reported herein are the results of an investigation
the electronic structure and crystallographic properties
Fe22xNixTiSn, Fe22xCoxTiSn, and FexTiSn alloys. Such
studies are used to determine the density of states of
alloys, and, more interestingly, the contribution of the co
stituent elements to the valence bands. We also discuss
strongly hybridizedd-electron states which form a peak lo
cated in the DOS at the Fermi level, and its influence on
stability of the crystalline structure of the alloys.

II. EXPERIMENT

Polycrystalline samples of Fe22xNixTiSn, Fe22xCoxTiSn,
FexTiSn, and Cu2CrAl alloys were arc melted on a wate
cooled copper hearth in a high-purity argon atmosphere w
a Zr getter. X-ray-diffraction analysis revealed that the allo
consisted of a single phase with a cubicL21-type Heusler
structure. The structure of the samples was studied betw
10 and 300 K by x-ray diffraction, with CuKa radiation,
using a Siemens D-5000 diffractometer. The dc magnet
tion was measured using a commercial superconduc
quantum interference device magnetometer from 1.8 to
K in magnetic fields up to 5 T. Electrical resistivity measur
ments were performed between 4.2 and 300 K, using a s
dard four-wire ac method. The XPS spectra were obtai
with monochromatized AlKa radiation at room temperatur
with a total energy resolution of about 0.3 eV using a P
5700 ESCA spectrometer. The electronic densities of st
were calculated using a spin-polarized self-consistent tig
binding linear-muffin-tin-orbital method11 within the frame-
work of the local-spin-density approximation. Further insig
was gained with a comprehensive transmission electron
croscopy~TEM! study. Conventional TEM in support of th
high resolution work was done in a JEM 2000FX microsco
operated at 200 kV analytical data collection and selec
area electron-diffraction~SAED! patterns were recorded in
CM 200 FEG microscope operating in the nanoprobe mo

III. RESULTS AND DISCUSSION

A. Fe2ÀxM xTiSn, where MÄNi, Co

The resistivity and magnetic susceptibility data presen
in Ref. 9 provide further evidence of the Kondo-lattice b
havior of Fe2TiSn. The resistivityr(T) of Fe2TiSn and
Fe22xNixTiSn alloys varies as lnT below;50 K, while the
r(T) curves are quite different and typical of spin fluctu
tions for Fe22xCoxTiSn.9 In the picture of a Kondo-lattice
description, the weak ferromagnetism observed for Fe2TiSn
was discussed in Ref. 9 as a result of local magnetic m
ments of Fe that are not Kondo compensated. In view
band-structure calculations and resistivityr(T) and magnetic
susceptibility x(T) data, we have identified Fe2TiSn as a
weakly ferromagnetic Kondo system with a semiconduct
gap that, however, is strongly reduced by the local envir
ment. A similar feature in the electronic structure and a se
conductor like resistance anomaly were observed in F
which has been classified12 as a uniqued-electron system
that belongs to the family of Kondo insulators. The sp
polarized band calculation for Fe2TiSn with a cubically or-
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dered L21-type structure showed that the system
paramagnetic.8 The magnetic moment localized on Fe atom
depends strongly on the local environment, and its va
changes from 0mB to 2.7mB depending on the degree o
atomic disorder. In Fig. 1 we present numerical calculatio
of the electronic DOS of Fe22xNixTiSn and Fe22xCoxTiSn.
Also shown in the figure, for comparison, are the XP
valence-band spectra. The density of states was convol
by Lorentzians with a half-width of 0.4 eV to account for th
instrumental resolution. The partial DOS’s were multiplie
by the corresponding cross sections.13 A background, calcu-
lated by means of a Tougaard algorithm,14 was subtracted
from the XPS data. The spectra were measured at room
perature, i.e., above the Curie temperature~or the tempera-
ture of the formation of superparamagnetic clusters9!; there-
fore, to obtain a better agreement between the experime
and calculated bands, in Fig. 1 we compare the XPS vale
band spectra with the calculated one for the paramagn
alloy. The bands extend from the Fermi energy to a bind
energy of about 10 eV, and are characterized by a major p
located at about 2 eV due to Fe, Ti, andM-metald states. A
weak peak is located at about 8 eV due to Sns states. The
calculations agree well with the XPS valence-band spec
The DOS values ateF are strongly dependent on the Ni o

FIG. 1. The total DOS calculated for the paramagne
Fe22xMxTiSn alloys, whereM5Ni or Co ~thin curve!, convoluted
by Lorentzians of half-width 0.4 eV, taking into account the prop
cross sections for bands with differentl symmetry~dashed line!, are
compared to the measured XPS valence-band data correcte
background~points!.
0-2
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ELECTRONIC STRUCTURE OF SOME HEUSLER ALLOYS . . . PHYSICAL REVIEW B65 144430
Co concentration. The spin-polarized tight-binding LMT
calculations indicate that the chemical disorder gives rise
the magnetic moment on Fe atoms.

Using theab initio LMTO method, we try to determine
whether the disordered alloy FexTiSn is a semiconductor o
metal. The solid solution with theL21 structure only forms
in FexTiSn for x>1.6. In the band calculations we assum
that one fcc sublattice is occupied by iron atoms, and
change the number of Fe only in the second fcc sublatt
This procedure leads to the lowest energy at the minim
Spin-polarized band calculations showed that all FexTiSn al-
loys are paramagnetic. The total DOS’s were obtained us
the experimental lattice parameters, and the lattice par
eters obtained by a minimization of the total energy w
respect to the volume. In both cases the total DOS’s are v
similar.

Shown in Fig. 2 is a plot of the calculated total energ
relative to its minimum value vs the lattice parametera for
FexTiSn. Our theoretical results indicate that up tox51.5 the
lattice parameters at the minimum of the total energy
very similar to that obtained experimentally by x-ray diffra
tion on the FexTiSn samples. However, for Fe1.25TiSn and
FeTiSn the calculations predict lattice parameters wh
seem to be unreliable. Thus we conclude that the Fe1.25TiSn
and FeTiSn alloys do not crystallize in the cubic structure~or
cannot be obtained as a single phase!. As shown in Fig. 3 and
in the inset of Fig. 2, vacancies in the Fe sites reduce
pseudogap at the Fermi level and, ateF create, a narrow
d-type peak in the Fe DOS. The intensity of this peak
creases with decreasingx ~i.e., with an increasing number o
vacancies!, and is obtained to be drastically large for th
hypothetical compound FeTiSn.

Shown in Fig. 4 are plots of the electrical resistivityr vs
T for FexTiSn, wherex>1.4. In particular, ther(T) curves
show very similar behaviors atT.100 K, while atT50 the
value of the residual resistivityr0 decreases with the chang
in the number of vacancies created on the Fe sites. As sh

FIG. 2. The total energy as a function of the Wigner-Seitz rad
r WS ~lattice parametera) for FexTiSn. The r WS values obtained
experimentally for the polycrystalline samples are;11.48 for
Fe1.9TiSn and Fe1.8TiSn, and;11.49 for Fe1.6TiSn. Inset: numerical
calculations of the DOS of the cubic FeTiSn~space groupFm3m).
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in Fig. 4, ther(T) curves of FexTiSn are typical ofd-type
metals, while ther(T) curves of Fe1.9TiSn and Fe1.8TiSn
alloys vary, as lnT below ;10 K. The resistivity data pre-
sented in Fig. 4 provides further support for the ban
structure calculations, which exhibit ad-type peak in the
DOS located ateF , and also for Kondo-lattice behavior i

s

FIG. 3. The total DOS calculated for the paramagne
Fe1.875TiSn ~thin curve! and the calculated XPS valence-band sp
tra using the same procedure given in description of Fig. 1~dashed
line!, are compared to the measured XPS valence-band data
rected for background~points!. The partial DOS curves for Fe, Ti
and Sn are plotted below.

FIG. 4. Reduced electrical resistivityr(T)/r(300 K) vs T for
FexTiSn. The large value of the residual resistivityr0 results from
the defected crystalline structure of Fex(Vac)22xTiSn with the in-
creasing number of the vacancies. The largest value ofr0 is mea-
sured for the two-phase sample Fe1.4TiSn, which was not obtained
as a one phase sample under 2 weeks annealing.
0-3
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FexTiSn alloys. We therefore expect tha
Fe1

I Fex21
II (Vac)22xTiSn alloys, with a fully occupied FeI sub-

lattice and a disordered occupation of the FeII sites, have
magnetic moments localized on the FeII atoms, which are
compensated for by Kondo-like screening.

B. Cu2CrAl

A standard analysis of the peak positions in the pow
x-ray-diffraction pattern for Cu2CrAl showed that it crystal-
lizes in an L21-type structure with a lattice parameter
0.58124 nm. Displayed in Fig. 5 is a plot of the lattice p
rametera determined from x-ray-diffraction measurements
various temperaturesT. At ;230 K there is an abnorma
change ina vs T plot which coincides with some features
r(T), also shown in Fig. 5. The electrical resistivityr data
plotted asr vs T exhibit a slight minimum at;15 K, while
for T,15 K r varies as lnT, characteristic of a Kondo-type
interaction.

Plots of the magnetic susceptibilityx and (3kB /NA)1/2

3(xT)1/2 vs T between 1.9 and 400 K are shown in Fig.
There is a sharp increase inx(T) below ;50 K; we also
note a distinct anomaly at;10 K in the x(T) data. The
magnetic susceptibilityx(T) deviates markedly from the
Curie-Weiss law signaling the onset of a magnetic grou
state. (3kB /NA)1/2(xT)1/2 expresses the temperature depe
dence of the effective magnetic momentme f f . Since the
Curie-Weiss law is followed, it saturates at temperatu
higher than the temperature attributed to the crystal
electric-field splitting. However, (xT)1/2, displayed in Fig. 6,
does not saturate and is about 0.6mB at 400 K, much smaller
than the Cr31 free-ion value of 3.87mB .

Since the magnetizationM vs H up toH55 T is nonlin-
ear atT51.9 K ~Fig. 6!, one explanation for an anomalou
change inx at ;10 K in x vs theT plot would be super-
paramagnetism. The magnetic properties of Cu2CrAl are
similar to that of Fe2TiSn,9 or Fe2VAl and Fe2VGa.15 These
stoichiometric materials are nonmagnetic, while the lo
disorder creates a magnetic moment on Cr or Fe sites
leads to the formation of small grains. The small size

FIG. 5. Lattice parametera and electrical resistivityr vs tem-
perature for Cu2CrAl.
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grains provides a clear criterion to form a single-domain c
figuration, e.g., of superparamagnetic type~it will be dis-
cussed below!. Superparamagnetism would also be crea
in larger grains by magnetic clusters. In both cases
atomic disorder seems to be the main reason behind
anomalous behaviors observed in the magnetic-susceptib
measurements.

The susceptibility data plotted in Fig. 6 also show thatx
is linear with T21/2 for Cu2CrAl at T,10 K. Anderson16

showed that, if spin compensation is the dominant mac
nism responsible for the low-temperature magnetic behav
x varies asT21/2 in the low-temperature limit; thex vs T
data in Fig. 6 is in good agreement with this theoretical p
diction. Also, (xT)1/2 decreases smoothly to an estimat
value of;0.04mB at T50. The magnetic susceptibility dat
shown in Fig. 6 has features similar to those inx vs T plot
for Fe2TiSn.9 We postulated a Kondo-lattice behavior with
partial spin compensation, which could be responsible for
susceptibility behavior in Fe2TiSn.

Another possible source of the magnetic ground state
Cu2CrAl would also be a volume effect. Shown in Fig. 7 is
plot of the calculated total energy, relative to its minimu
value for a ferromagnetic and paramagnetic ground state,
a magnetic momentm vs the Wigner-Seitz radiusr WS ~or
equivalently, the Wigner-Seitz volumeVWS54p/3r WS

3 ). Ac-
cording to the calculatedm values shown in Fig. 7, Cu2CrAl
exhibits a magnetic behavior (m.0) at the valuer WS

expt

510.97 which is experimentally obtained from the latti
parametera. The calculated total energy atr WS

expt, is however,
significantly larger for the ferromagnetic ground state th
the value obtained for the paramagnetic one. Thus we
tribute the magnetism of Cu2CrAl more to the atomic disor-
der than to the volume effect.

FIG. 6. Magnetic susceptibilityx and (3kB /NA)1/2(xT)1/2 vs
temperature for Cu2CrAl. The applied magnetic field was 10 kOe
The x(T) data are fitted by the relationx(T)5x01C/(T2u)
~solid line!. The best fit to x(T) data yields x051
31024 emu/mol, C52.431023 emu K/mol, andu5211.2 K.
The inset shows the magnetizationM vs the magnetic fieldH at T
51.9 K, andx vs T andT21/2.
0-4
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ELECTRONIC STRUCTURE OF SOME HEUSLER ALLOYS . . . PHYSICAL REVIEW B65 144430
The LMTO valence-band calculations for a paramagne
Cu2CrAl are compared to the XPS spectra in Fig. 8. T
agreement between the theory and the experimental da
excellent. The spectra reveal a valence band that has a m

FIG. 7. Calculated magnetic moment and the total energy a
function of the Wigner-Seitz radiusr WS ~lattice parametera) for
ferromagnetic~F! and paramagnetic (P) Cu2CrAl. The experimen-
tal value ofr WS is 10.97.

FIG. 8. Numerical calculations of the DOS of Cu2CrAl for both
spin directions~c!. In ~a!, the total DOS calculated for the parama
netic Cu2CrAl ~thin curve!, convoluted by Lorentzians of half
width 0.4 eV, taking into account proper cross sections for ba
with different l symmetry~dashed line! and measured XPS valence
band spectra corrected for the background~points!. In ~b!, the par-
tial DOS curves for the paramagnetic Cu2CrAl.
14443
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peak due to the Cud states located 4 eV in the band, whi
the Crd states are located at the Fermi level. However,
spin-polarized band calculations performed for the ferrom
netic Cu2CrAl showed Crd↑ states located 1 eV beloweF ,
due to the Culomb interaction inside the Crd shell.

C. Structural investigations

From the electron-diffraction analysis we obtained a ve
small crystallite size of a few nanometers to tens of nano
eter. Figure 9 shows an electron diffraction pattern~in the
selected-area electron diffraction mode! registered for
Fe2TiSn polycrystals in nanocrystalline grains about 100 n
in size. The electron-diffraction result confirms the partic
crystallinity with different lattice parameters due to the loc
atomic disorder and different orientations. However, t
SAED patterns of the different grains have never display
rings typical of the amorphous state.

A more detailed analysis of the x-ray-diffraction data@Fig.
10~a!#, in which the crystal structure of Fe2TiSn was refined
with the Rietveld method,17 also revealed the presence
crystallographic disorder. The lower value of theR factor
(Rwp54.9) corresponds to the occupation of the Ti site
Fe in every fifth unit cell. However, the shape of the refle
tions are not in good agreement with the calculations, p
ticularly in the 2u range of the tail of each line, which w
attribute to the small size of the grains. Texturing the po
dered sample on the x-ray slide could also shift the rela
intensities of the diffraction peaks in a way similar to chem
cal disorder. Thus, to exclude this possibility, we have a
lyzed the x-ray-diffraction patterns obtained for two differe
~perpendicular! positions, one position of the powdere
sample at an angle ofa50° and another one correspondin

a

s

FIG. 9. SAED pattern registered for the Fe2TiSn polycrystalline
sample in one of the polycrystalline particles of;100 nm in size.
The composition of this grain, Fe46.5Ti20.5Sn33, was checked by
x-ray energy dispersive spectroscopy~XEDS!.
0-5
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A. ŚLEBARSKI et al. PHYSICAL REVIEW B 65 144430
to a rotation ofa590° in the plane of the x-ray slide. It i
noteworthy that both diffraction patterns of these two geo
etries were identical. Shown in Fig. 10~b! are x-ray-
diffraction data of Fe2TiSn obtained with background correc
tion ~the x-ray reference measurement of a glue w
subtracted from the x-ray diffraction pattern! for 2.5°,2u
,85° with monochromatized CoKa radiation using a
STOE diffractometer. The x-ray powder diffraction patte
does not display any amorphous background at the lowu
values ~greater than the reference x-ray diffraction patte
which was subtracted!. On the basis of the x-ray-diffraction
data we are drawn to the same conclusion as obtained
the SAED.

The mesoscopic size of the grains provides a clear c
rion to form the single-domain configuration of the sup
paramagneticlike materials. As mentioned above, the lo
disorder can lead, in Fe2TiSn-type alloys, to superparamag
netic features. When the size of the magnetic grains en
into the nanometer scale, the particle moments rotate coh
ently if the thermal energy exceeds the anisotropy barr
this magnetic behavior is described as superparamagne
The relaxation time of the magnetization between two sta
with oppositely directed spins~i.e., two easy orientations o
magnetization! is given by thermal activation formula18,19 t

FIG. 10. ~a! The observed~points! and calculated~solid line!
x-ray-diffraction patterns of Fe2TiSn. The bottom is the difference
between the observed and calculated intensities after Rietveld
finement. The x-ray powder diffraction was carried out with FeKa
radiation.~b! X-ray-diffraction pattern of Fe2TiSn ~obtained with Cr
Ka) subtracted by background.
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5t0exp(Ea /kBT), whereEa is the energy barrier separatin
the states andt0 is a microscopic limiting relaxation time
usually '1029 s. Below a ‘‘blocking’’ temperatureTB of
order Ea/25kB , fluctuations between the two states beco
long enough to be observable.19 For a still lower value ofT
the system appears ‘‘blocked’’ in one of the states. If o
attributes the anomalous behavior inx vs T at ;10 K in
Fig. 6 to the blocking at the temperatureTB , then one also
expects some anomalies at the temperature 25TB in r(T),
x(T), anda(T). As mentioned above, a lattice parametera
of Fe22xNixTiSn, plotted asa vs T between 10 and 300 K
exhibits an abrupt drop relative to the calculateda(T) curve8

at ;240 K. In Fig. 5 exactly the same abnormal change
a(T) is shown for Cu2CrAl at ;230 K. This anomalous
change of the lattice parameter cannot be attributed t
structural phase transition; the x-ray-diffraction patterns
dicated any change of the crystal structure. The obser
anomalous change ofa in the a vs T plot coincides with
some features inr(T) and x(T), and provides evidence o
the superparamagnetic behaviors.

Another reason for these anomalies at;240 K could be
a local strain in the small grains created by defects. In e
grain a local strain which results, e.g., from the atomic d
order, becomes energetically nonfavorable, if the thermal
ergy exceedskBT0, whereT0 is about 240 K. The coexist
ence of the lattice thermal vibration can also lead to
anomalous change observed in the lattice expansion co
cient a(T). It is likely that both the relaxation of the mag
netic domains and the strain inside the grains are signific
mechanisms.

IV. CONCLUSIONS

Within the LMTO approximation electronic structure ca
culations indicated that Fe2TiSn and Cu2CrAl should be non-
magnetic materials, whereas for the disordered alloys a m
netic ground state is obtained, in agreement w
observation. Both compounds and their alloys, show sim
thermodynamical properties; the magnetic susceptibi
x(T), electrical resistivityr(T), and thermal lattice expan
sion a(T) exhibit similar anomalies at about 240 K, whic
can result from superparamagnetic thermal fluctuations
the magnetic nanograins. The nanosized particles are s
grains with an atomic disordering, which induce magne
moments in Fe or Cr atoms. At;10 K the magnetic do-
mains are blocked, having one orientation of the magn
moment, which can be partially compensated for by the m
netic moments of the conduction electrons.
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