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We report on the magnetic properties and electronic structure g£1@l, and FgTiSn, Fe_,Ni,TiSn, and
Fe,_,Cq,TiSn cubic solid solutions. The analysis of the magnetic susceptibilifly), electrical resistivity
p(T), and lattice thermal expansiaa(T) data allowed us to find the existence of a thermodynamic phase
transition in all samples at 240 K. The observed anomalies-a40 K provide evidence of an isostructural
phase transition which could be created by a large strain due to a small size of graifiSnR&as 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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[. INTRODUCTION The calculations predicted that the stoichiometric compound
has no magnetic transition, whereas the disordered alloy in
Heusler alloy$? are ternanl2,; compounds of the form which Fe and Ti are intermixed should be magnetically
X,Y Z, whereX andY are two different transition metals and ordered'° in agreement with observatidn anomalous be-
Z is a nonmagnetic metal or a nonmetallic element. Most ohavior of the specific heat was also observed fosTi@n 8
these compounds are magnetically ordered; their magnetismhere the electronic component was reported to have a broad
is due to one or moredelements occupying théor Ysites, peak at 1 K, yielding evidence of the formation of ferromag-
or both. The origin of the ferromagnetism and the problem ofnetic correlations and heavy quasiparticles with an effective
the local magnetic moment—that is, localized behavior inmass of~40 times the free-electron mass.
some aspects of itineradtelectrons—constitute a challeng-  In order to better understand the influence of the local
ing problem for the Heusler alloys. In Heusler alloys of theenvironment on the electronic structure and magnetic prop-
X,MnZ type the magnetic moment of Mn atoms is abouterties of FgTiSn-type alloys we have investigated LQurAl.
4ug; it was reported in Refs. 3—6 to be independent of then this paper, we report electrical transport, magnetic, and
nature of theX element and th& element, and behaves like x-ray photoemission(XPS) measurements on GOrAl,
localized Mn moments in an insulatbithe magnetic behav- which heretofore has not been investigated in détailour
ior of the CgY Z or Fe Y Z alloys contrast sharply with that knowledge, as well aab initio electronic structure calcula-
of most of the Mn Heusler alloys; the itinerant character oftions using the LMTO method. These measurements yield
the 3d electrons and the strong dependence of the magnetievidence of the weak magnetic ground state and a “Kondo-
momentu of Co or Fe atoms on the partner elemeyitand  like” behavior, while the electronic structure calculations
Z are almost always observed. Most of these compounds agredict the nonmagnetic ground state of the, W\l com-
found to exhibit some degree of atomic disorder, which ispound. However, the change in the DOS at the Fermi level of

exposed in their electronic properties. the CyCrAl due to the local environment of Cr atoms leads
Recently, we have been engaged in a systematic study ¢d the magnetic ground state.
the cubic L2;-type intermetallic compound EK€&iSn, the We also discuss an abnormal change of the slope in the

magnetic and electrical transport properties of which are irexperimental lattice parametes$T) visible at~240 K for
strong correlation with the local environment of Fe atdffis. Fe,TiSn, Fe_,M,TiSn, whereM = Ni or Co, and CyCrAl.
Fe,TiSn has a number of properties that make it of currenfThe observed anomalies in all examples provide evidence of
interest. Within the LMTO(localized muffin tin orbitgl ap-  an isostructural phase transition which could be created by
proximation, electronic structure calculations indicated thain atomic disorder. This transition appears to be magnetic in
FeTiSn should be a nonmagnetic semimetal with anature, as evidenced by a small hump-~a240 K in the
pseudogap in the density of stal@0S) at the Fermi level.  x(T) curves.
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Also reported herein are the results of an investigation of
the electronic structure and crystallographic properties of
Fe,_«Ni,TiSn, Fe_,Co,TiSn, and F¢TiSn alloys. Such
studies are used to determine the density of states of th
alloys, and, more interestingly, the contribution of the con-

Fe, .75000'25Ti3n/ g
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stituent elements to the valence bands. We also discuss th Fe, [Ni . TiSn Fe, .Co, TiSn /4,
strongly hybridizedd-electron states which form a peak lo- 10 o 10 A ‘1
cated in the DOS at the Fermi level, and its influence on the—~ s W\{\
stability of the crystalline structure of the alloys. 2 0 ,/f;/\w\/ 0 MW‘LJ\
> 20 — S
Il. EXPERIMENT 2 P&, 25Nl 75 TiSN 10 F8126000 7515
. L ) o) SO
Polycrystalline samples of Ee,Ni, TiSn, Fe_,Cq,TiSn, T 10 A W
FeTiSn, and CyCrAl alloys were arc melted on a water- E 0 s vf\/w 0 - fvj&ﬁ
cooled copper hearth in a high-purity argon atmosphere with 20
a Zr getter. X-ray-diffraction analysis revealed that the alloys 20 FeNiTiSn FeCoTisn o
consisted of a single phase with a cuhi2;-type Heusler O r AR
structure. The structure of the samples was studied betwee 10 SR, 10 ,,a’,_/ﬁ Y
10. and 3(_)0 K by x-ray diff_raction, with CK « radiation, . Mj .a... 0 ﬁ-f"f W]
using a Siemens D-5000 diffractometer. The dc magnetiza: 28
tion was.measured using a commercial superconducting Fe Ni. TiSn = Fe. Co. Tisn 4
quantum interference device magnetometer from 1.8 to 40( 05715 il 10 osts T Ak
K in magnetic fields up to 5 T. Electrical resistivity measure- 10 41 Wz Mj\)t 'u L“u
ments were performed between 4.2 and 300 K, using a stan ;r.,,,-»ff_g F s e o ',M
dard four-wire ac method. The XPS spectra were obtainec 0 S = el
with monochromatized AK , radiation at room temperature -12 -8 -4 0 -2 -8 -4 0
with a total energy resolution of about 0.3 eV using a PHI E Vv
5700 ESCA spectrometer. The electronic densities of state Energy (eV) nergy (eV)

were calculated using a spin-polarized self-consistent tight-
binding linear-muffin-tin-orbital methdd within the frame- Fe, M, TiSn alloys, whereM =Ni or Co (thin curve, convoluted

. : C o —xMy , ,
work of_the Ioc_al-spln-densny ap_prOX|mat|0_n. Further InSIghtby Lorentzians of half-width 0.4 eV, taking into account the proper
was gained with a comprehensive transmission electron Mkyoss sections for bands with differdraymmetry(dashed ling are

croscopy(TEM) study. Conventional TEM in support of the ¢ompared to the measured XPS valence-band data corrected for
high resolution work was done in a JEM 2000FX microscopesackgroundpoints.

operated at 200 kV analytical data collection and selected
area electron-diffractiofSAED) patterns were recorded in a dered L2,-type structure showed that the system is

CM 200 FEG microscope operating in the nanoprobe modéyaramagneti€. The magnetic moment localized on Fe atoms
depends strongly on the local environment, and its value
Ill. RESULTS AND DISCUSSION changes from Pg to 2.7ug depending on the degree of
, N atomic disorder. In Fig. 1 we present numerical calculations
A F&,—,M,TiSn, where M=Ni, Co of the electronic DOS of Fe Ni, TiSn and Fe_,Cao,TiSn.

The resistivity and magnetic susceptibility data presented\iso shown in the figure, for comparison, are the XPS
in Ref. 9 provide further evidence of the Kondo-lattice be-valence-band spectra. The density of states was convoluted
havior of FgTiSn. The resistivityp(T) of FgTiSn and by Lorentzians with a half-width of 0.4 eV to account for the
Fe,_xNi,TiSn alloys varies as If below ~50 K, while the instrumental resolution. The partial DOS’s were multiplied
p(T) curves are quite different and typical of spin fluctua- by the corresponding cross sectidfi$s background, calcu-
tions for Fg_,Cq,TiSn? In the picture of a Kondo-lattice lated by means of a Tougaard algorithfnwas subtracted
description, the weak ferromagnetism observed foiTFen  from the XPS data. The spectra were measured at room tem-
was discussed in Ref. 9 as a result of local magnetic moperature, i.e., above the Curie temperat(oethe tempera-
ments of Fe that are not Kondo compensated. In view ofure of the formation of superparamagnetic clusherthere-
band-structure calculations and resistiyiyl) and magnetic fore, to obtain a better agreement between the experimental
susceptibility y(T) data, we have identified FESn as a and calculated bands, in Fig. 1 we compare the XPS valence-
weakly ferromagnetic Kondo system with a semiconductingoand spectra with the calculated one for the paramagnetic
gap that, however, is strongly reduced by the local environalloy. The bands extend from the Fermi energy to a binding
ment. A similar feature in the electronic structure and a semienergy of about 10 eV, and are characterized by a major peak
conductor like resistance anomaly were observed in FeSlpcated at about 2 eV due to Fe, Ti, akldmetald states. A
which has been classifi€das a uniqued-electron system weak peak is located at about 8 eV due tosSstates. The
that belongs to the family of Kondo insulators. The spin-calculations agree well with the XPS valence-band spectra.
polarized band calculation for FESn with a cubically or- The DOS values atér are strongly dependent on the Ni or

FIG. 1. The total DOS calculated for the paramagnetic
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calculations of the DOS of the cubic FeTiS&pace group-m3m).
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FIG. 2. The total energy as a function of the Wigner-Seitz radius Q
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Co concentration. The spin-polarized tight-binding LMTO
calculations indicate that the chemical disorder gives rise to

the m_agnetlc mc_)mgnt on Fe atoms. . FIG. 3. The total DOS calculated for the paramagnetic
Using theab initio LMTO method, we try to determine o - ign (thin curve and the calculated XPS valence-band spec-

whether the disordered alloy fi8Sn is a semiconductor or 5 ysing the same procedure given in description of Figlakhed

metal. The solid solution with the2; structure only forms jine), are compared to the measured XPS valence-band data cor-

in FgTiSn for x=1.6. In the band calculations we assumerected for backgroun¢points. The partial DOS curves for Fe, Ti,

that one fcc sublattice is occupied by iron atoms, and wend Sn are plotted below.

change the number of Fe only in the second fcc sublattice.

This procedure leads to the lowest energy at the minimumy, Fig. 4, thep(T) curves of FeTiSn are typical ofd-type
Spin-polarized band calculations showed that al[TFen al- metals, while thep(T) curves of FegTiSn and FegTisSn
loys are paramagnetic. The total DOS’s were obtained usingIIOyS \'/ary as I below ~10 K. The resistivity data pre-
the experimental lattice parameters, and the lattice params, iad in ,Fig. 4 provides further support for the band-
eters obtained by a minimization of the total energy withg .\ e calculations, which exhibit ditype peak in the

respect to the volume. In both cases the total DOS'’s are Ve g |ocated ak- . and also for Kondo-lattice behavior in
similar. P

Shown in Fig. 2 is a plot of the calculated total energy,
relative to its minimum value vs the lattice paramedefor
Fe TiSn. Our theoretical results indicate that upxte 1.5 the
lattice parameters at the minimum of the total energy are
very similar to that obtained experimentally by x-ray diffrac-
tion on the FgTiSn samples. However, for FgTiSn and
FeTiSn the calculations predict lattice parameters which
seem to be unreliable. Thus we conclude that the,§éSn
and FeTiSn alloys do not crystallize in the cubic struciiare 0.8
cannot be obtained as a single phass shown in Fig. 3 and e Fe Tisn
in the inset of Fig. 2, vacancies in the Fe sites reduce the J/ '8
pseudogap at the Fermi level and, gt create, a narrow + Fe, ,TiSn
d-type peak in the Fe DOS. The intensity of this peak in- 0.7
creases with decreasingi.e., with an increasing number of
vacancies and is obtained to be drastically large for the

hypothetical compound FeTiSn. _ o FIG. 4. Reduced electrical resistivip(T)/p(300 K) vsT for

Shown in Fig. 4 are plots of the electrical resistivVitWs  Fe,TiSn. The large value of the residual resistivity results from
T for FgTiSn, wherex=1.4. In particular, thep(T) curves the defected crystalline structure of,fdac),_,TiSn with the in-
show very similar behaviors 8>100 K, while atT=0 the  creasing number of the vacancies. The largest value, 6§ mea-
value of the residual resistivity, decreases with the change sured for the two-phase sample; FESn, which was not obtained
in the number of vacancies created on the Fe sites. As showas a one phase sample under 2 weeks annealing.

Energy (eV)

1.0

Fe ’ .gTiSn

p(TY/p(300 K)

o Fe ’ .BTiSn

0 100 200 300
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FIG. 5. Lattice parametea and electrical resistivityp vs tem-
perature for CuCrAl.

Fe TiSn alloys. We therefore expect that
Fe Fd!_,(Vac),_,TiSn alloys, with a fully occupied Fesub-
lattice and a disordered occupation of the' Fsites, have
magnetic moments localized on the'Fatoms, which are
compensated for by Kondo-like screening.

B. Cu,CrAl

A standard analysis of the peak positions in the powdeﬁ

x-ray-diffraction pattern for C4CrAl showed that it crystal-
lizes in anL2;-type structure with a lattice parameter of

0.58124 nm. Displayed in Fig. 5 is a plot of the lattice pa-
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FIG. 6. Magnetic susceptibility and (Kg/Na)Y?(xT)*? vs
temperature for C4CrAl. The applied magnetic field was 10 kOe.
The x(T) data are fitted by the relation(T)= xo+C/(T—0)
(solid ling. The best fit to y(T) data vyields yo,=1
x10™* emu/mol, C=2.4x10"% emu K/mol, andd=—11.2 K.
The inset shows the magnetizatibhvs the magnetic fieldH at T
=1.9 K, andy vs TandT~ %2

rains provides a clear criterion to form a single-domain con-
guration, e.g., of superparamagnetic tyglewill be dis-

cussed beloyv Superparamagnetism would also be created
in larger grains by magnetic clusters. In both cases the
atomic disorder seems to be the main reason behind the

rametera determined from x-ray-diffraction measurements atynomalous behaviors observed in the magnetic-susceptibility

various temperature$. At ~230 K there is an abnormal
change ima vs T plot which coincides with some features in
p(T), also shown in Fig. 5. The electrical resistivitydata
plotted asp vs T exhibit a slight minimum at-15 K, while
for T<15 K p varies as IfT, characteristic of a Kondo-type
interaction.

Plots of the magnetic susceptibility and (Fg/N,)*/?
X (xT)Y? vs T between 1.9 and 400 K are shown in Fig. 6.
There is a sharp increase y(T) below ~50 K; we also
note a distinct anomaly at-10 K in the x(T) data. The
magnetic susceptibilityy(T) deviates markedly from the

measurements.

The susceptibility data plotted in Fig. 6 also show tlat
is linear with T~ for Cu,CrAl at T<10 K. Andersoh
showed that, if spin compensation is the dominant macha-
nism responsible for the low-temperature magnetic behavior,
x varies asT~ 2 in the low-temperature limit; the vs T
data in Fig. 6 is in good agreement with this theoretical pre-
diction. Also, (xT)'? decreases smoothly to an estimated
value of~0.04ug at T=0. The magnetic susceptibility data
shown in Fig. 6 has features similar to thoseyirvs T plot
for Fe, TiSn® We postulated a Kondo-lattice behavior with a

Curie-Weiss law signaling the onset of a magnetic groundPartial spin compensation, which could be responsible for the
state. (&g/Na)Y2(xT)Y? expresses the temperature depen-susceptibility behavior in R&iSn.

dence of the effective magnetic moment:;. Since the

Another possible source of the magnetic ground state in

Curie-Weiss law is followed, it saturates at temperature$U,CrAl would also be a volume effect. Shown in Fig. 7 is a
higher than the temperature attributed to the crystallingdlot of the calculated total energy, relative to its minimum

electric-field splitting. However,¥T)*?, displayed in Fig. 6,
does not saturate and is about@g6at 400 K, much smaller
than the Ct" free-ion value of 3.8%g.

Since the magnetizatiod vsH up toH=5 T is nonlin-
ear atT=1.9 K (Fig. 6), one explanation for an anomalous
change iny at ~10 K in y vs theT plot would be super-
paramagnetism. The magnetic properties of, Wl are
similar to that of FgTiSn? or FgVAI and Fe,VGal® These

value for a ferromagnetic and paramagnetic ground state, and
a magnetic moment vs the Wigner-Seitz radiusyg (or
equivalently, the Wigner-Seitz voluméy s= 477/3rf,‘\,5). Ac-
cording to the calculateg values shown in Fig. 7, GCrAl
exhibits a magnetic behavioru(>0) at the valuer$&"
=10.97 which is experimentally obtained from the lattice
parameten. The calculated total energy &}/, is however,
significantly larger for the ferromagnetic ground state than

stoichiometric materials are nonmagnetic, while the locakhe value obtained for the paramagnetic one. Thus we at-
disorder creates a magnetic moment on Cr or Fe sites angibute the magnetism of GCrAl more to the atomic disor-
leads to the formation of small grains. The small size ofder than to the volume effect.
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The LMTO valence-band calculations for a paramagnetic g, 9. SAED pattern registered for the,féSn polycrystalline
Cw,CrAl are compared to the XPS spectra in Fig. 8. Thesample in one of the polycrystalline particles-e.00 nm in size.

agreement between the theory and the experimental data ifie composition of this grain, Fe:Tioo:Snss, was checked by
excellent. The spectra reveal a valence band that has a maj@kay energy dispersive spectrosca$EDS).

15 e
Cu,CrAl ,fv
10 '

(sates /eV f.u.)

25 | (b) |

( states / (eV atom spin) ) (states /eV atom)

Energy (eV)

FIG. 8. Numerical calculations of the DOS of £IrAl for both

peak due to the Cd states located 4 eV in the band, while
the Crd states are located at the Fermi level. However, the
spin-polarized band calculations performed for the ferromag-
netic CyCrAl showed Crd] states located 1 eV beloeg,

due to the Culomb interaction inside the €shell.

C. Structural investigations

From the electron-diffraction analysis we obtained a very
small crystallite size of a few nanometers to tens of nanom-
eter. Figure 9 shows an electron diffraction pattém the
selected-area electron diffraction modeegistered for
Fe, TiSn polycrystals in nanocrystalline grains about 100 nm
in size. The electron-diffraction result confirms the particle
crystallinity with different lattice parameters due to the local
atomic disorder and different orientations. However, the
SAED patterns of the different grains have never displayed
rings typical of the amorphous state.

A more detailed analysis of the x-ray-diffraction dgfeg.
10(a)], in which the crystal structure of F&Sn was refined
with the Rietveld method’ also revealed the presence of
crystallographic disorder. The lower value of tRefactor
(Rwp=4.9) corresponds to the occupation of the Ti site by
Fe in every fifth unit cell. However, the shape of the reflec-
tions are not in good agreement with the calculations, par-
ticularly in the 20 range of the tail of each line, which we
attribute to the small size of the grains. Texturing the pow-

spin directiongc). In (a), the total DOS calculated for the paramag- dered sample on the x-ray slide could also shift the relative

netic CyCrAl (thin curve, convoluted by Lorentzians of half-

intensities of the diffraction peaks in a way similar to chemi-

width 0.4 eV, taking into account proper cross sections for band§al disorder. Thus, to exclude this possibility, we have ana-
with differentl symmetry(dashed lingand measured XPS valence- lyzed the x-ray-diffraction patterns obtained for two different

band spectra corrected for the backgrogpdints. In (b), the par-
tial DOS curves for the paramagnetic LQuAl.

(perpendicular positions, one position of the powdered
sample at an angle ei=0° and another one corresponding
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_’é 610°L (a) ' ' ' ' ' | =70expEa/ksT), WhereE, is the energy barrier separating
5 the states andy is a microscopic limiting relaxation time,
2 s usually ~10°° s. Below a “blocking” temperatureTg of
£ 4107 1 order E,/25kg, fluctuations between the two states become
< \ long enough to be observabiféFor a still lower value ofl
> 210° . the system appears “blocked” in one of the states. If one
2 e A A A_ attributes the anomalous behavior ynvs T at ~10 K in
£ 0| smmgesh ‘Ir' \ Fig. 6 to the blocking at the temperatufg, then one also
L L ! N expects some anomalies at the temperaturgs28 p(T),
20 30 40 50 60 70 80 x(T), anda(T). As mentioned above, a lattice parameder
20 (deg) of Fe_,Ni,TiSn, plotted asa vs T between 10 and 300 K,
exhibits an abrupt drop relative to the calculagd) curve®
at ~240 K. In Fig. 5 exactly the same abnormal change in
_ 110t ' ' ' ' a(T) is shown for CuCrAl at ~230 K. This anomalous
£ 1q0ep () i change of the lattice parameter cannot be attributed to a
2 . structural phase transition; the x-ray-diffraction patterns in-
g 810 1 dicated any change of the crystal structure. The observed
L 510°t i anomalous change & in the a vs T plot coincides with
< , some features ip(T) and x(T), and provides evidence of
Z 4107 1 the superparamagnetic behaviors.
S o10° _ Another reason for these anomalies~a240 K could be
= o L_A N l " a local strain in the small grains created by defects. In each

40 60

grain a local strain which results, e.g., from the atomic dis-

order, becomes energetically nonfavorable, if the thermal en-
ergy exceed&«gT,, whereT, is about 240 K. The coexist-
FIG. 10. (a) The observedpointg and calculatedsolid line) ence of the lattice thermal vibration can also lead to the
x-ray-diffraction patterns of E&iSn. The bottom is the difference anomalous change observed in the lattice expansion coeffi-
between the observed and calculated intensities after Rietveld reient «(T). It is likely that both the relaxation of the mag-
finement. The x-ray powder diffraction was carried out withkee  netic domains and the strain inside the grains are significant
radiation.(b) X-ray-diffraction pattern of F£liSn (obtained with Cr  mechanisms.
Kea) subtracted by background.

20 (deg)

. . . . IV. CONCLUSIONS
to a rotation ofa=90° in the plane of the x-ray slide. It is

noteworthy that both diffraction patterns of these two geom- Within the LMTO approximation electronic structure cal-
etries were identical. Shown in Fig. ) are x-ray- culations indicated that F€&Sn and CyCrAl should be non-
diffraction data of FgTiSn obtained with background correc- magnetic materials, whereas for the disordered alloys a mag-
tion (the x-ray reference measurement of a glue wasetic ground state is obtained, in agreement with
subtracted from the x-ray diffraction pattg¢rfor 2.5°<26  observation. Both compounds and their alloys, show similar
<85° with monochromatized Cda radiation using a thermodynamical properties; the magnetic susceptibility
STOE diffractometer. The x-ray powder diffraction pattern y(T), electrical resistivityp(T), and thermal lattice expan-
does not display any amorphous background at the léw 2 sion a(T) exhibit similar anomalies at about 240 K, which
values (greater than the reference x-ray diffraction patterncan result from superparamagnetic thermal fluctuations of
which was subtractgdOn the basis of the x-ray-diffraction the magnetic nanograins. The nanosized particles are small
data we are drawn to the same conclusion as obtained frograins with an atomic disordering, which induce magnetic
the SAED. moments in Fe or Cr atoms. At 10 K the magnetic do-
The mesoscopic size of the grains provides a clear critemains are blocked, having one orientation of the magnetic
rion to form the single-domain configuration of the super-moment, which can be partially compensated for by the mag-
paramagneticlike materials. As mentioned above, the locatetic moments of the conduction electrons.
disorder can lead, in K&iSn-type alloys, to superparamag-
netic features. When the size of the magnetic grains enters
into the nanometer scale, the particle moments rotate coher- i
ently if the thermal energy exceeds the anisotropy barrier; Two of us(A.S. and A.W) thank the State Committee for
this magnetic behavior is described as superparamagnetist8cientific Research for financial supp@droject No. 5PO3B
The relaxation time of the magnetization between two state87820. One of us(A.J.) thanks the State Committee for
with oppositely directed spin§.e., two easy orientations of Scientific Research for financial supp@Rroject No. 8T11F
magnetizationis given by thermal activation formud'® -  02716.
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