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Pseudogap and transport properties in Fg_,V,Al, (x=0.5-1.05; y=0.95,1.03
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We have measured the Hall resistivity for the intermetallic compoungl SgAl, (x=0.5-1.05;y
=0.95,1.05 at room temperature. The Hall coefficient changed its sign from positive to negative around the
Heusler compositiorii.e., x=y=1) with increasingx value or decreasing value. We have measured the
temperature dependence of the Hall coefficient and the electrical resistivity fggvr@,Al and quenched
Fe, 92V1 oAl in the temperature range of 5—300 K. These two compounds showed very different behavior in
the electrical resistivity but the behavior of the Hall coefficient was quite similar. At higher temperatures, the
Hall coefficient showed a strong temperature dependence but it approached a constant value at low tempera-
tures suggesting that these compounds are semimetals with a pseudogap. The charge carrier density was found
to be less than a few tenths per unit cell. The rise of electrical resistivity at low temperatures is not owing to
an energy gap but due to magnetic scattering while the negative temperature coefficient at high temperatures is
attributable to pseudogap.
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[. INTRODUCTION carrier density of 0.003-0.012 per one formula unit and is
stable against ferromagnetic ordering. In this paper we re-
The Heusler-type R&/Al compound was reported at first port, first, the change of the sign of the charge carriers when
to be a candidate for theddheavy fermion materiiland has the values ofx andy vary. Then we report the temperature
attracted a lot of interest so far. The electrical resistivity isdependence of the electrical resistivity and the Hall coeffi-
semiconductintf® although photoemission measurementscient for Fe gV oAl and for quenched RggVy oAl In
suggest a large density of states at Fermi lévehe tem-  Fe&_V,Al, compounds, strong anomalous Hall effects are
perature coefficient of resistivity is metallic below the Curie generally observed at low temperatures, which prohibit an
temperatureT, (Refs. 1—3 suggesting a possibility that a accurate evaluation of the Hall coefficient. However,
strong magnetic scattering is the cause of the semiconductirftfr.esV1.0Al is an exception which does not exhibit the
behavior. However, the negative temperature coefficient ofnomalous Hall effect. The quenched, k&1 oAl showed
resistivity is observed up to 1300 Kwhich could not be the anomalous Hall effect but the magnitude was relatively
explained only with magnetic scattering mechanism. Theveak compared to that in Fe-rich compounds., x=1).
magnetoresistance is negative at low temperatureiicat-  The two compounds show quite different behavior in electri-
ing a strong magnetic scattering, but it becomes positive atal resistivity and we suggest the causes bringing about the
higher temperatures where the temperature coefficient of refifferences by measuring Hall coefficient and other proper-
sistivity is still negative. Thus the origin of the negative tem-ties.
perature dependence of the electrical resistivity is not clear
SO far. . IIl. EXPERIMENTAL
The specific heatC shows an enhancement at low
temperature$?*®The value ofC/T increases with decreas- ~ Polycrystalline samples of EeV,Al, with x
ing temperature but starts to decrease below about 1 K form=0.5-1.05;y=0.95,1.05 were prepared by arc melting the
ing a maximum around 1 R.However, the electrical resis- proper amounts of elements for the correct chemical compo-
tivity does not show any anomaly at the temperature whersition. In the course of arc melting a few percent of Al
the maximum ofC/T value appearsOn the other hand, the evaporates; the ratio of aluminum after arc melting is smaller
specific heat behavior under magnetic fields is well describebtly a few percent compared to the starting composition. For
with a Schottky anomaly which indicates the presence ofonvenience, we use the starting composition to refer to the
magnetic clusters having a magnetic moment ofi3.2 The ~ sample in the following. For example, the sample denoted as
NMR measurement$ and the strong heat treatment effécts Fe,VAI has a real composition close to Al g g6_g¢g The
also indicate the presence of magnetic clusters. Thus the orsamples withx=0.5, 0.8, 0.9, and 1.02 were cooled at the
gin of the magnetism is considered to be magnetic clusters irate of 0.017 K/s down to room temperature after a homog-
this compound. enization process of 127354 ks. We prepared quenched
In band calculations'® Fe,VAI is a semimental with a samples of F&/Al and Fg o2V, oAl. They were quenched
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L (a) x=1(quenched)
| Fey VAl 300K

even at room temperature. In other samples withl..0, it is
clearly seen that the magnitude of the Hall resistivity in-
creases with increasing The x dependence is not clear for
x>1.0 because we could not change thealue over a wide
range for the samples witlk>1.0. These results clearly
ceer ] show that the major charge carriers are holesxtarl.0, the
JURRTL concentration of which decreases with increasingnd fi-
. nally changes its sign from positive to negativexat 1.0.
o457 x=1(slowly-cooled) Figure 1b) shows the Hall resistivity for the samples with
i ; 2 y=0.95 and 1.05, suggesting that the sign of the major
1 charge carriers changes wt 1.0 from negative to positive
4 with increasingy value; Al contenty has an inverse contri-
o 5 bution to the sign of major charge carriers compared to the V
Magnetic Field (T) content, i.e.x. Thus the Hall resistivity at room temperature
shows that this series of compounds has an energy gap or a
' ' ' ' psudogap and that the Fermi level crosses the gap around the
(b) .t Heusler composition, i.e., Fe:V:Al2:1:1. Thesign change
with V content was theoretically predicted by Bansilal*
for the Hausler-type disordered alloyszFeV,Al; the Fermi
energyEr moves up relative to the pseudogap with the ad-
L . dition of V, rather than down as in a simple rigid-band pic-
e i ture.

x=0.9

Hall Resistivity (& Qcm)

Hall Resistivity (1« Qcm)
.\

flea, . F62VA|0'95 i B. Fel_98V1_02A| and qUenChed Fq_95V1_03°\|

T, ] In this series of intermetallic compounds anomalous Hall
effects were observed. One example is that of Vg Al
0 3 6 9 shown in Fig. 1. Another example is shown later in Fig. 3 for
Magnetic Field (T) the quenched _F@SVLOSAI. The_ details of the anomalous
Hall effects will be reported in a separate paper. These
FIG. 1. Variation of Hall resistivity at room temperature wit) anomalous Hall effects are closely related to the magnetism
vanadium content an¢b) aluminum content. and prohibit an accurate estimation of the normal Hall effect.
Unfortunately all of the samples witk=1.0 show the
into water after annealing at 1073 K for 180 ks. We alsoanomalous Hall effects at low temperatures. In this paper we
prepared a slowly cooled sample for,Mal by cooling at  report the temperature dependence of Hall coefficient for
the rate of 0.0017 K/s after the homogenization of 1273 KFe, 40V, o,Al and quenched Re.V, o5Al. The former sample
X 54 ks. No second phase was detected in the powder x-rayid not show the anomalous Hall effect down K and in
diffraction profiles for all samples. We also searched for im-the latter sample it is relatively weak compared to this effect
purity phase using a scanning electron microsc@EM)  in the samples with Fe-rich compositions. Therefore we can
equipped with an energy dispersive x-ray spectrometeihvestigate the behavior of Hall coefficient down to low tem-
(EDS), but found no impurity phase except for a small peratures for these compounds. Another reason why we
amount of Al or Al oxide inclusions. chose these two samples is that they show very different
The Hall effect was measured by using the five-terminabehavior in electrical resistivity. For these reasons we mi-
method with magnetic fields up to 9 T. Electrical resistivity nutely investigated the transport properties in these two com-
and magnetoresistance were measured with a conventiongbunds. We refer to kggV; oAl as V1.02 and the quenched

four-probe method. Fe, 92V oAl as the quenched V1.05 hereafter.
Figure 2 shows the electrical resistivity for the two com-
Ill. RESULTS AND DISCUSSION pounds. The resistivity of V1.02 is much smaller than that

for the quenched V1.05 and exhibits one maximum around
260 K and one minimum around 55 K. By contrast, the re-
Figure Xa) shows the variation of the Hall resistiviy,  sistivity of the quenched V1.05 is semiconducting through
as a function of magnetic field for the samples with variousthe whole temperature range. It should be noted that the tem-
V concentrations. It was found that the signpgf; is positive  perature dependence of the quenched V1.05 does not seem to
for x<1.0 while that forx>1.0 is negative. For the sample be that of a semiconductor with a single energy gap; it is
with x=1.0, the sign depends on the heat treatment; theharacterized by a steep rise below about 50 K but a some-
guenched sample exhibits a positive Hall resistivity while thewhat weaker temperature dependence at higher temperatures.
slowly cooled sample shows a negative one. The sample with Figure 3 shows the value of v/(eRy) as a function of
x=0.5 exhibits a ferromagnetic transition above room tem-temperature, where, e, andRy are the volume of the unit
perature and therefore, it shows strong anomalous Hall effeaell, the electron charge and the Hall coefficient, respec-

A. The sign of Hall coefficient
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FIG. 2. Electrical resistivity as a function of temperature for
Fey .95V 1.0Al and Fa g1 oAl

FIG. 4. Ry /p as a function of temperature for gV, oAl and
quenched FgyeVq oAl Ry /p approximately represents the mobil-
ity of the carrier multiplied by a constant value.
tively. In the case where the charge carriers consist of only ) )
electrons, this value represents the number of electrons in GTer density of V1.02 at the ground state is larger than that
unit cell. The lattice constant used for obtaining the unit cell®f the quenched V1.05 as discussed later.
volume is that of Feval: a=5.77 A. The inset in Fig. 3 . e plot the value of-Ry/p as a function of temperature
shows the Hall resistivity as a function of magnetic field at 5! Fig. 4. The value of-Ry,/p corresponds to the mobiligy
K. The Hall resistivity of V1.02 exhibits a linear dependencelN the case of free electrons. The magnitude-dRy /p is
on magnetic field while that of the quenched V1.05 shows afimost one order different between the two compounds, but
anomalous Hall effect. Owing to this anomalous Hall effect.the essentla_l temperatu.re dependence is basically the same; it
we could not obtain the normal Hall coefficients for the INcreases with decreasing temperature, becomes a maximum
quenched V1.05 below about 20 K. The temperature deperfnd then decreases below a certain temperaftyre
dence of—v/(eRyy) has two characteristic features: a rapid _Figures $a and 3b) show the magnetoresistance for
increase at higher temperatures but a weak temperature d$1-02 and V1.05, respectively. Both of the magnetoresis-
pendence at lower temperatures. These two features are cofg1C€S are negative at low temperatures suggesting the pres-
mon to both compounds. It should be noted that the value ofNce Of magnetic scattering. The magnitude of the negative
—vl(eRy) for V1.02 approaches a constant value at lowmagnetoresistance of V1.02 is one _order smaller than that_of
temperatures. This tendency is also observed in the quench&d-0> suggesting that the magnetic scattering of V1.02 is
V1.05 although the data for this sample is lacking below 2gNuch smaller than that of V1.05. In V1.02 the magnitude of
K owing to the anomalous Hall effect. The temperature cothe negative magnetoresistance rapidly increases below
efficient of V1.02 is smaller than that of the quenched V1.052P0ut 30 K. On the other hand, the large negative magnetore-

at low temperatures. This is probably the evidence that th&/Stance is observed below 40 K for the quenched V1.05.
Thus the temperature range in which the negative magne-

toresistance is observed agrees well with the temperature

. ; .
t T range where the value of R /p shows a positive tempera-
03r & 7 .., 2K 1 ture coefficient(Fig. 4). Both compounds show the Curie-
z2 :%:}‘%';"Ru Weiss-like behavior in magnetic susceptibility but the mag-
2 nitude of the magnetic susceptibility of V1.02 is much
a:i ook i FerasV 105! smaller than that of V1.05. Thus the magnitude of magnetic
s O £ 60 scattering is closely related to the Curie-Weiss-like behavior.
>
! MagneticsFieId(T) C. Discussion
0.1 * FeresVieshl (quenched) 1 The fact that the value of-v/(eRy) approaches a con-
© FeqgVi0Al stant value with decreasing temperat(ifégg. 3) means that
W V1.02 does not have an energy gap. Considering that the sign
of carriers changes around the Heusler compositiofVAle
0(') 100 500 300 (Fig. 1), we may conclude that V1.02 and the quenched

Temperature (K)

V1.05 are semimetals. For the case where the charge carriers
consist of holes and electrons, the Hall coefficient in the drift

FIG. 3. v/(eRy,) as a function of temperature for FgV, Al velocity approximation i
and quenched kgeV 1 gsAl. v/(eRy) approximately represents the
carrier density multiplied by a constant value. See the text for an

explanation of the fitted curve.

s 1 p—nb? L
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S X 10" 3/f.u. (and same amount of holeby making general-
T o Cpast y 42t a s (a) - ized gradient corrections to the local density band structure.
s AT They also give an effective massmy,, for holes and
I s * ¥ el ] ~0.41my,,. for electrons. With these values we obtain
5 0.998 2 T, a —v/(eRy)~0.007. These values estimated from the band
e Fe1.08V1.00Al s, o, calculations are in fairly good agreement with those in Fig.
T L o 5K ° a 1 3. Thus real carrier density is speculated to-H201 or less
& 2 10K A in Fe, VAL
0.996; + 20K ° a1 In the case of semimetals, there is no energy gap between
@ 30K ° a hole band and an electron band. Consequently holes and
I 12&? ° electrons are thermally generated even at low temperatures.
0994 . 250K o Thus the carrier density in semimetals may gradually in-
L crease with increasing temperature even at low temperatures.
0 Magnetii Field (10°0e) Howeyer, the temperature coefficient would depend on the
magnitude of the overlap between the hole band and the
. . . electron band. For example, if the overlap is large enough,
| SR .+ me . S#b) the number of thermally activated carriers is small compared
Ly MAMAAMAMMMMMAMM to that at the ground state and hence the temperature depen-
L 40K . dence is expected to be small in this case. The V1.02 shows
weaker temperature dependence than the quenched V1.05 at
g 0.98r low temperatures as shown in Fig. 3. This difference sug-
c ] gests that the carrier density in V1.02 is larger than that in
L the quenched V1.05, which is consistent with the result that
T .96} ] the magnitude of resistivity of V1.02 is almost one order
I Fey 05Vs o6l | smaller than that of the quenched V1.(0Bg. 2).
' We cannot explain the steep rise efv/(eRy) above
0.94t about 200 K in Fig. 3 if we assume a simple semi-metal
' . , situation in which only two parabolic energy bands overlap
0 5 10 each other. We must consider other energy bands which are
Magnetic Field (10*Oe) separated by a certain energy gap, i.e., pseudogap, to explain

the steep rise at high temperatures. Here we assume a simple
FIG. 5. Magnetoresistance fofa) Fe, gV, Al and (b) formula to describe the temperature dependence of carrier

guenched FgyVq oAl densityn andp:

wherep, n,_andb are the density of holes, the density of N(T)=no(T)+n, T 2exp —Ey/2ksT),
electrons and the ratio of the mobility of electrons to that of

holesu./uy,, respectively. From this expression we may say P(T)=po(T)+p, T exp — Ey/2kgT). )

that the value of-v/(eRy) overestimates the real carrier
density in the case that electrons and holes coexist. As showrhe first termang and py express the low energy excitation
in Fig. 3, the value of-v/(eRy) is less than 0.1 in the around the Fermi energy. The temperature dependence of
ground state suggesting that the carrier number per unit celhese terms are expected to be weak. The second terms ex-
is far less than unity confirming the earlier conclusion thatpress the thermal activation across the pseudogap, where we
these compounds are semimetals. The strong temperature dssume that holes and electrons have the same activation
pendence at higher temperatures suggests that there is a c@mergy. This assumption would be correct if the electronic
duction band with larger density of states above a certaistructure is symmetric with respect to the Fermi energy. At
energy separation. low temperatures, the first ternmg and py would dominate
Here we compare the values of the Hall coefficient withthe other terms while the second terms would become domi-
those estimated from the band calculations. According to theant at higher temperatures. Here we ignore the first tegnms
local spin density approximation calculation carried out byand p, to roughly estimate the value &g. With this as-
Singh and Mazirf,the density of electrons is 0.012 electrons sumption, the value of—v/(eRy) is proportlonal to
f.u., compensated by an equal number of holes in the stoF*2exp(~Ey/2ksT) from Eq. (1). We can fit the data at
ichiometric compound R&Al. The effective mass for the higher temperatures using this expression. The result of data
hole band (n,) and that for the electron bandn{) are fitting is shown in Fig. 3. The fit is not very good owing to
~0.5mMp,cand ~0.31m46, respectively, wheren,,is the  the excessively simplified model used for fitting. The de-
bare electron mass. We substitute the valuenpfm, for an  duced values foE, are 0.14 eV for the quenched V1.05 and
approximate value ob in Eq. (1) assuming that the scatter- 0.26 eV for V1.02. We need the data above room tempera-
ing probability is same between holes and electrons. Thus weire to evaluate the value &y more precisely. The magni-
obtain —v/(eRy)~0.05. On the other hand, Weht and tude of the psuedogap for fAl has been reported to be 0.1
Pickett obtained smaller density of electrons of 2.9eV from electrical resistivity and 0.27 eV from NMR
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measuremerftThe values estimated in this study are consis-V1.02 is almost one order smaller than that for the quenched
tent with these previous results. V1.05. The negative magnetoresistance is considered as the

The temperature dependence of the electrical resistivity igvidence of strong magnetic scattering which may decrease
very different for V1.02 and the quenched V1.05, althoughthe mobility of charge carriers. Thus the decrease &, /p
the behavior of-v/(eRy) is very similar. Here we seek the value shown in Fig. 4 is consistently explained that the mo-
causes Wh|Ch make the diﬁerence. The electrical reSiStiVity |$)|||ty decreases because of the magnetic Scattering_ In con-
expressed as clusion the mobility of charge carriers forms a maximum at
50-80 K due to a crossover between the phonon scattering
_ 1 3) and the magnetic scattering; the scattering mechanism is

e(Nuetpun)’ considered to be basically the same for both samples.

The resistivity is a function of both mobility and carrier
density as shown in the E¢B). It should be emphasized that
the essential features of both carrier density and mobility are
“Rylp=p E, (4)  thesame for both V1.02 and the quenched V1.05 as shown in

n+p Figs. 3 and 4 regardless of the large apparent differences in
) the resistivity behavior. The steep rise of resistivity at low
where we assumge=un=pu. From Eq.(2) and above dis-  temperatures observed in the quenched V1F§. 2) is not
cussion, at low temperatures, we obtaiiRy/p~u(No  owing to an energy gap but due to a temperature-dependent
—Po)/(No+po). The mobility u should have temperature magnetic scattering while the negative temperature coeffi-
dependence. However, as discussed before, the valuygs of ¢jent of resistivity observed above 100 K is due to a
andn, are also expected to have weak temperature depefseudogap of more than 1500 K. In this sample the shift
dence although they approach constant values in the groujghm the former temperature region to the latter one is so
state. Therefore, the variation efRy/p may reflect both  smooth that the boundary is not so clear. In V1.02 the upturn
temperature dependences. In the special case wheadd  of the resistivity at low temperatures is owing to the mag-
no have the same temperature dependence, the temperatyj&tic scattering and the negative temperature coefficient of
dependent factor would cancel out ardRy; /p would show  resistivity above the resistivity maximum is due to the
the temperature dependencewoéxcept for a constant factor pseudogap. The positive temperature coefficient between
at low temperatures. Since the termgandn, may be ex-  these two temperature regions is attributable to the phonon
pected to have almost the same temperature dependence, Weittering. A cusp of resistivity has been observed at the
may expect that the temperature dependence of the ter@urie temperature in this series of compouhdsErom our
(No—po)/(No+po) is weak. At least this term would ap- results this is probably owing to a suppression of the mag-
proach a constant value at low temperatures since bgth netic scattering. We speculate that the semiconducting be-
andp, should approach constant values. As shown in Fig. 4havior at high temperatures generally observed in
the value of— Ry /p of the quenched V1.05 exhibits strong Fe;_V,Al, could be attributed to the pseudogap.
temperature dependence even at the lowest temperatures.|n Fe,VAI the Curie-Weiss-like magnetic behavior has
Therefore, for the quenched V1.05, we conclude that théyeen considered to originate from the Fe clustefsThe Fe
temperature dependence beldy may be attributed to that clusters are imperfections in the crystal lattice, such as sub-
of the mobility u. On the other hand, the value for V1.02 stitution of Fe for V sites. There is a correlation between the
shows weaker temperature dependence bdlgwHowever, negative magnetoresistance and the Curie-Weiss-like mag-
we attribute the drop of-Ry/p value in V1.02 to the mo- netic susceptibility suggesting that the Fe clusters cause the
bility u to consistently explain the magnetoresistance andtrong magnetic scattering. It is interesting that the small
resistivity behavior as explained later. At high temperaturesimount of defects have great influences on the transport
we ignore the termp, and ng and obtain—Ry/p~u(n;  properties. Unfortunately the detailed properties of the mag-
—py/(ny+py) from Egs.(2) and (4). Thus, with this ap- netic clusters are not clear so far. Investigations on the mag-
proximation, the value of- Ry /p is equal to the value of netic clusters are necessary to fully understand the transport
multiplied by a constant value which is smaller than unity. properties.
Therefore we may consider that theR,, /p at higher tem- In summary, we have shown, first, that the sign of major
peratures in Fig. 4 reflects the temperature dependence of tlebarge carriers changes at the Heusler composition with re-
mobility. Above 100 K the mobility decreases as increasingspect to both V and Al contents. Secondly, we revealed, for
temperature. This behavior may be attributed to phonon sca¥1.02 and quenched V1.05, that the density of charge carri-
tering although the characteristic ! dependence was not ers rapidly decreases with decreasing temperature, but finally
observed. The reason for the absencd of dependence is approaches a constant value at low temperatures. The carrier
not clear at the present, but we suspect that the mobility magumber per unit cell was considered much less than unity.
be changing as the characters of the charge carriers changeese results clearly show that these compounds are semi-
from those within the pseudogap to those thermally exciteanetal with a pseudogap as expected with band calculations.
outside the pseudogap. The electrical resistivity of the quenched V1.05 shows nega-

The magnitude of the negative magnetoresistance rapidliive temperature dependence through the whole temperature
increases with decreasing temperature below 30 K for V1.02ange while that of V1.02, by contrast, shows one minimum
and below 40 K for the quenched V1.05. The magnitude inrand one maximum. However, we found that the essential

p

From Egs.(1) and(3), —Ry/p is written as
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mechanisms are the same for the two compounds; both seise temperature coefficient at high temperatures is attribut-
of results can be attributed to three factors: a pseudogapble to pseudogap. Thus these compounds raagnetic
phonon scattering and magnetic scattering. It should be notezemimetals with a pseudogap. It is necessary to investigate
that the rise of resistivity at low temperatures is not owing tothe mechanism of magnetic scattering to fully understand the
an energy gap, but due to magnetic scattering while the negéransport properties.
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