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Weak ferromagnetism induced by atomic disorder in FgTiSn
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Electrical resistivity, magnetization, and specific-heat measurements on the Heusler-type gllinFe
reveal the occurrence of weak ferromagnetism below 240 K and heavy fermion behavior with a quasiparticle
effective mass of~40 times the free electron magsbh initio electronic structure calculations, which are in
good agreement with measured x-ray photoemission valence-band spectra, yield a nonmagnetic ground state
with a pseudogap located at the Fermi level. Atomic disorder inferred from Rietveld refinement of powder
x-ray-diffraction data and its effect on the calculated electronic structure suggest that the weak ferromagnetism
and the heavy fermion behavior may be induced by atomic disorder,ifi%® and other Heusler alloys as
well.

Heusler-type alloys comprise a large class of ternary inimagnetometer. A Faraday magnetometer was used to mea-
termetallic compounds with the formula,Y Z, whereX and  sure the susceptibility above room temperature. Electrical re-
Y are two different transition metals a@is a nonmagnetic  sistivity measurements were performed between 2 and 300 K
metal or a nonmetallic element, which crystallize in a struc-using a standard four lead ac method. The XPS spectra were
ture belonging to the space groupg, or Cb;.> Most of obtained with monochromatized Kl, radiation at room
these compounds have a ferromagnetic ground state and dmperature with a total energy resolution of about 0.4 eV
often found to exhibit some degree of atomic disorder. The!sing @ PHI 5600ci ESCA spectrometer. The specific @eat
origin of ferromagnetism and the effect of atomic disorder onwas measured in the temperature range 0.6-70 K witHe
the electronic properties of the Heusler alloys is not wellrelaxation calorimeter using the heat-pulse technique. The
understood and constitute a challenging problem. In this paelectronic densities of stat¢®OS) were calculated using a
per, we report electrical transport, thermal, magnetici an@pin—polarized self-consistent tight-binding linear muffin-tin
x-ray photoemissioXPS) measurements on the Heusler- orbital (LMTO) method? within the framework of the local
type alloy FeTiSn which has not heretofore been investi- Spin-density approximation.
gated in detafl as well asab initio electronic structure cal- A standard analysis of the peak positions in the powder
culations using the localized muffin-tin orbitdLMTO)  X-ray-diffraction pattern for F&iSn showed that it crystal-
method. These measurements yield evidence of the formdizes in anL2;-type cubic structure with a lattice parameter
tion of ferromagnetic correlations and heavy quasiparticle®f 0.6074 nm. However, a more detailed analysis of the
with an effective mass of 40 times the free electron mass. x-ray-diffraction data in which the crystal structure of
The comparison of the XPS valence-band spectra with thE€TiSn was refined with the Rietveld metHoavealed the
band-structure calculations, with and without atomic disor-Presence of crystallographic disorder. The value of fthe
der, suggests that the weakly ferromagnetic and heavy fefactor,R,,=4.9, corresponds to the occupation of the Ti site
mion behavior is induced by atomic disorder inFiSn and, by Fe in every fifth unit cell. Using Debye-Waller factors
possibly, other Heusler alloys as well. B;,i=Fe, Ti, or Sn, obtained from the fit, the Debye tem-

An Fe,TiSn ingot was prepared by arc melting the con-peraturesp; at T=300 K were calculated from the relation
stituent metals on a water-cooled copper hearth in a highBi(T)=(6h?T/kgm; 63,)[ (651 T)+ 65/ T1, d(0pi/T)
purity argon atmosphere. The sample was remelted several <;5(x)=(1/x)f§(ydy/ey—1),5 where m; is the atomic
times to promote homogeneity, annealed at 800°C for Inass. The value of the Debye temperature obtained for the
week, and then quenched in water. The phase purity of thEe, TiSn sample =32 6p;, is 415 K.
compound was ascertained by means of x-ray Debye- Displayed in Fig. 1 is a plot of the lattice parameters
Scherrer diffraction with CK, radiation using a Siemens determined from x-ray-diffraction measurements at various
D-5000 diffractometer. Magnetization measurements in theemperatured. Also shown in the figure, for comparison, is
temperature range 2—300 K in magnetic fieldswp T were  the expected behavior &{(T), calculated from the Debye
made using a superconducting quantum interference devidattice vibration model. The temperature dependence of
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FIG. 1. Lattice parametea and electrical resistivity) vs tem-
perature for F€TiSn. The solid curve is the experimental behavior
of the lattice parameter of F€iSn, calculated on the basis of the
Debye lattice vibration model.

was derived from the coefficient of linear thermal expansiorf
a which can be expressed ags=K v, C,/3V, whereC, is
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Curie law above 350 K, but deviates markedly from the Cu-
rie law below 350 K, signaling the onset of the weak ferro-
magnetism. A least-squares fit of t¢T) data from 250 to
350 K to a Curie-Weiss law(T)=C/(T— 6)+ xo Where
C=Npu2/(3kg), Nu is Avogadro’s numberucs is the
effective momentug is the Bohr magneton, and is the
Curie-Weiss temperature, yieldgqs;i=1.6ug,0=250 K,
and yo=1.1X10"3 emu/mol. In contrast, a least-squares fit
of the data from 350 to 450 K to a Curie lay(T)=C/T
gives uq1i~3.1ug, close to the effective moment of pure
iron. For other specimens prepared in nearly the same #vay,
and w.¢s Obtained from the Curie-Weiss fits differ by as
much as 15% from the values found from the data in Fig. 2.
We attribute the change in the * vs T plot that occurs at
~350 K to a diffusion process that results in a more highly
ordered sample above 350 K that exhibits paramagnetic
behavior (i.e., =0 K). We are aware of other examples
among Heusler-type alloys where annealing does not pro-
duce crystallographic ordering, while cycling the tempera-
ture results in a more ordered material abov850 K, re-
lected in, for example, resistivity measureméhts.
Magnetization curves, measured @pst T at 2,200, and 300

the specific heati, is the isothermal compressibility, and K, Shown in the inset of Fig. 2, reveal a small amount of

v, is the Gruneissen constant. It was assumed tKatand
yL are temperature independent afdy, /3V= a,,/C =A
at room temperature, whiley (T)=.AC, (T) below room

hysteresis at 2 and 200 K, providing additional evidence for
local moment ferromagnetism in FESn. The saturation
magnetic momenig, obtained from an extrapolation of an

temperature, wher€, (T) was calculated from the Debye M vs 1H plot to 1H—0, is 0.26ug.

model using the valuedp=415 K determined from the

In Fig. 3, we present numerical calculations of the DOS of

Rietveld refinement of the x-ray-diffraction pattern for FeTiSn for different occupations of the crystallographic po-
Fe, TiSn. At 240 K, there is an abrupt drop in the experimen-sitions in the unit cell{a) Fe atoms in 8 sites, Ti atoms in

tal a vs T plot relative to the calculated(T) curve. As
discussed in the following, this drop a(T) coincides with
some rather dramatic featuresy(T).

Shown in Fig. 2 are magnetic susceptibiljpydata, plot-
ted asy vs Tandy ! vs T, between 2 and 450 K. Thg(T)

4b sites, and Sn atoms inadsites;(b) one Fe atom in a Ti

4b site; and(c) two Fe atoms in Ti % sites. For the ordered
crystal[case(a)], the LMTO calculations yield a nonmag-
netic ground state and a pseudogap at the Fermi level
The local disorder leads to ferromagnetism and a magnetic

[and y~}(T)] data exhibit thermal hysteresis in the vicinity moment per formula unit of 1.46; in case(b) and 3.185

of 250 K. The inverse magnetic susceptibiljgy ! follows a
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FIG. 2. Magnetic susceptibility and the inverse susceptibility
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in case(c). As mentioned above, the Rietveld fit to the x-ray-
diffraction data of FgTiSn yields a supercell with a lattice
parameter X% a with one Fe atom occupying a Ti position in
every supercell. On the basis of LMTO calculations, we es-
timate the magnetic momept=0.29ug per formula unit, in

a good agreement with the observed vajug=0.26ug.
This also provides a possible explanation for @) be-
havior in Fig. 2. Every fifth disordered unit cell can be re-
garded as a “magnetic impurity”; the interaction between
these “magnetic impurities” via the long-range Ruderman-
Kittel-Kasuya-Yosida mechanism may explain the weak fer-
romagnetism observed in the Curie-Weiss behavior between
0 and 350 K.

Another possible source of the weak ferromagnetism in
Fe, TiSn is a volume effect. Shown in Fig. 4 is a plot of the
calculated total energy, relative to its minimum value, and
magnetic momentu vs the Wigner-Seitz radiusyg (or
equivalently, the Wigner-Seitz volume\/WS=47-r/3r\3NS).

x~ 1 vs temperature for K&iSn. The applied magnetic field was 5 According to the calculatedw values shown in Fig. 4,

kOe. The solid lines represent linear extrapolationsyof vs T
plots. ForT>350 K, ues=3.04ug and #=0, while for 286<T

Fe TiSn exhibits magnetic behaviou.(>0) above the criti-
cal valuer\ys=11.7. The critical value ofys is, however,

<350 K, uesr=1.67ug, and #=250 K. Inset; magnetization vs significantly larger than the value at which the onset of fer-

magnetic field at constant temperature.

romagnetism is observed. Thus we conclude that the influ-
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T data between 1.8 and 300 K that exhibit typical semime-
tallic behavior above 50 K, but semiconductorlike behavior
below 50 K. Howeverp(T) does not display activated be-
havior; i.e.,p(T) does not vary ag(*¥’*s"), The metallic
behavior observed far below the Curie temperature suggests
that the semiconducting behavior pfT) is closely related

to the paramagnetic state of H&Sn. We conjecture that the
lattice disorder complicates the metal-insulator transition,
which is expected from the calculations of the bands near the
Fermi level.

The LMTO valence-band calculations are compared to
the XPS spectra in Fig. 3. The partial densities of states were
convoluted by Lorentzians with a 0.4 eV half-width and mul-
tiplied by the corresponding cross sections taken from Ref. 7.
The XPS valence band is extracted by means of a Tougaard
algorithm® The agreement between the theory, which pre-
dicts a nonmagnetic ground state for the H&n alloy, and
the experimental data obtained for a sample at room tem-
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p M T T e perature in the paramagnetic state, is excellent. However, a
12 10 -8 6 4 =2 0 standard resolution of only 0.4 eV of the measured valence
Energy (eV) band XPS spectra makes it impossible to directly probe the

gap at the Fermi level, in spite of the fact that the measured
spectra are quantitatively similar to the convoluted DOS
purves. It is interesting to note that a similar feature in the
electronic structure and a semiconductorlike resistance
anomaly have been observed in,#al. *~** The compound

Fe,VAI has attracted a great deal of interest because the

width 0.4 eV, taking into account proper cross sections for band®€havior of.its4specific heat is reminiscent of a heavy fer-
with different| symmetry(thick curve, is compared to the mea- MION material:* The compounds B¥Al and FeTiSn are

sured XPS valence-band data corrected for backgrotomen  Similar in other respects; both appear to be in a marginally

points. The partial DOS curves for Fe, Ti, and Sn are plotted be-magnetic state and the electrical transport properties of both
low. compounds resemble that of the narrow-gap semiconductor
FeSi, which has been classified by Fiskal'® as a unique
dd-electron system that belongs to the family of Kondo insu-
lators. An example of a Kondo insulator that has been thor-
Turning now to the gap a¢- which is apparent in the oughly studied is the Compo.uf‘d CeNiShyvhich has a
calculated DOS at =0 (Fig. 3), we find that this pseudogap V'Sh"’.‘ped pseudogap and a finite number of carriers at th_e
ermi level. However, recent measurements of the magnetic

is strongly reduced by the atomic disorder. A convenient. o .
way to observe the gap is to measure the temperature depehe-Id dependence of the specific héaindicate that the

: s R anomalous increase of the specific heat at low temperature in
dence of the electrical resistivify. Shown in Fig. 1 are vs Fe,VAl may be due to a sample-dependent Schottky

anomaly originating from magnetic clusters associated with
the Fe defects, suggesting conventional, rather than heavy

FIG. 3. Numerical calculations of the DOS of HéSn (space
group: Fm3m) for both spin directions, taking into consideration
the substitution of Ti and Fe atoms for each other. The chemic
formula is (Fe_,Ti,)(Ti;_4Fg) Sn with x=0(a), x=0.25(),
andx=0.5(c). In (a)(x=0), the total DOS calculated for the para-
magnetic FgTiSn (thin curve, convoluted by Lorentzians of half-

ence of volume on the formation of the magnetic groun
state in FgTiSn can be disregarded.

0.020 ? l 3.5 fermion, behavior.
B ~@-- AE o- < 3 Shown in Fig. 5 areC/T vs T data below 30 K for
:=oo15- -0 -u o = FeTiSn. The upturn inC/T at low temperature rises to
e .-' m25 S 90mJ mol 1 K~2, a value that is five times larger than that
» ] 2 ) g
g I ., & reported for FeVAL. 1" We have fitted the data between 10
D 0 o10- i ! § and 25 K to the expressioB(T)=yT+ BT+ §T°, where
“; I’ -15 2 the three terms represents the electronic, harmonic phonon
e ! ; p - and a_mharmonlc_ phonon contributions, respectively. From
0 0,005, p G this fit we obtained the valuey=12mJmol K2, 2B
E " ! o5 =0.11mJ moltK~4, and §=0. The coefficient3 of the
= '-.b_ ° ! ’ low-temperature lattice contribution corresponds to a Debye
0.000 O——O—223—O——O0—O——1———1¢ temperaturédp = 260 K, significantly lower than the value of
1.2 11.4 11.6 1.8 12.0 415 K inferred from the Debye-Waller factors measured at
s (@ U) room temperature. A possible interpretation of the broad

maximum in the specific heat at1.1 K is that it is a
FIG. 4. Calculated magnetic moment and the total energy as &chottky anomaly due to magnetic excitations within a

function of the Wigner-Seitz radiusys for FeTiSn. The verticle  two-level system with an energy level separation of
line indicates the experimental value rqfs. ksTo.The relation C(T)=yT+ BT+ 6T+ {[(To/T)?
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12'00' B L B B A 25 K, the parameters extracted from the fit that includes the
140 I T A FeTisn o Schottky contribution are/=390mJmol*K™! and T
1000 | ] 6,TiS . . 0
2 a0l ;. =6.5 K. The constantf =nR, wheren is the molar concen-
120 1 2 oo R tration of magnetic ions anR is the universal gas constant,
— E s has a value that is close to the valfie 208 mJ mof * K1
= 400+ 1 o : P ;
% 100 - © w0l | ] expected for the concentration of Ti sites occupied by Fe
E o , , , & (n=1/40). While the low-temperature peak in the specific
g 8sor R A R ’ : T heat of FgTiSn can be attributed to a Schottky anomaly, the
= & mass enhancement evident in @£T upturn is still indica-
O 60 /" . tive of heavy-fermion-like behavior. The effective mass cor-
7 responding to the value of determined from the fit is-40
40 ” . times the free-electron mass. ,FéSn is an excellent ex-
ample of a Heusler-type alloy, in which the local environ-
20 b e e ment profoundly influences the magnetic and electrical trans-
0 5 10 15 20 25 30

Temperature (K) port properties.

FIG. 5. Specific hea€ divided by temperatur&,C/T, vs T for t'totnef of SS(A'S')d'igr?teéulL;m _thel go_spltallty (t)fJ?;eS[ljn- d
Fe, TiSn. The curve in the inset is a fit of the function described jn Stitute for Fure and Applie ysical Sciences a an
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