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Semimetallic behavior in FeVAI: NMR evidence
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We report the results of &’Al and 5V nuclear magnetic resonance study of,¥%al at temperatures
between 4 and 550 K. This material has been a subject of current interest due to indications of possible heavy
fermion behavior. The low-temperature NMR relaxation rate follows a Korringa law, indicating a small density
of carriers at the Fermi level. At elevated temperatures, the shifts and relaxation rates go over to a thermally
activated response, a semiconductorlike behavior, consistent with separate low-lying bands removed from the
Fermi-level. These results are consistent with recent electronic structure calculations, and can explain both the
reported activated resistivity as well as the Fermi cutoff exhibited in photoemission studies. While we observe
nonstoichiometric samples of (FgV,)3Al to be magnetic, thex=0.33 composition is nonmagnetic, with
narrow NMR linewidths[S0163-18208)07739-X]

. INTRODUCTION annealed in a vacuum-sealed (®0torr) quartz tube at
1000 °C for 48 h, and then annealed for POrdering at

The recently discovered nonmagnetic Heusler-type400 °C for 12 h followed by furnace cooling. An x-ray
FeVAI alloy has attracted lots of interest because of theanalysis was taken with ClK « radiation on the powder
anomalous temperature dependence of its various physicgl,VAI. Two strong reflections could be indexed (800
properties. The electrical resistivity exhibits semiconductingand (220 planes according to the expected P&tructure
behavior in spite of the metallic character as evidenced bwith a single weak reflection unidentified. The determined
photoemissiort. In addition, low-temperature specific heat |attice parametea=5.76 A is equal to that reported in the
measurements revealed an unusual uptur@/m with de-  |iteraturel
creasing temperature, commonly observed in most heavy- The experiments were performed using a 9-T home-built
fermion systemg. From the band-structure calculations, pu|se NMR spectrometer, described elsewHeFae powder
however, FgVAI is a semimetal with a pseudogap at the mixed with granular quartz was placed in a plastic vial for 4
Fermi level’™> to 300 K measurements, while we put the specimen in a

In this regard, it is interesting to observe whethes\Isl Teflon tube for high temperature purposé€Al and 5V
follows semiconducting or semimetal physics. Moreover, theNMR spectra were thus detected around 99 and 101 MHz,
reported resistivity and nonmagnetism for, 74l are very  respectively. The reference frequenay, for 2’Al Knight
close to those for Smi3 which has been classified as a shifts was the?’Al resonance frequency of one molar aque-
Kondo insulatof According to this classification, a conven- ous AICL while the reference foP'V shifts was determined
tional semiconductor picture is not appropriate. Hence drom vgX (%y,/?"y,) with known values of %’y,=2m
question which naturally arises is whether an examination of 1.1093 and®y, =2 x 1.1193 kHz/G.

Fe,VAI will yield results similar to those in ordinary heavy
fermion systems.

Nuclear magnetic resonand®MR) is a local probe
yielding information about Fermi-surface features. The NMR  Observed room-temperature powder patterns fgiVRé
temperature dependence allows us to characterize the fundare shown in Fig. 1, measured from spin-echo integration vs.
mental properties of E®Al. In this paper, we will present frequency. We found little line shape change with tempera-
NMR measurements includingfAl and >V Knight shifts as  ture. The ordered structure for this material contains an equal
well as spin-lattice relaxation rates in S#Al at tempera- number of Al and V sites, both with local octahedral sym-
tures between 4 and 550 K. The results reveal an energy gdpetry. For this situation, quadrupole splitting vanishes, and a
of 0.27 eV but with residual density of statd30S) at Fermi ~ single narrow line is expected for botifAl and °V, as
level in this alloy. Thus, we provide the first experimental indeed was observed. From the pulse-length dependence of
confirmation that the gap in R¢Al is actually a pseudogap, the spin echo, we find that the center of both lines responds
with finite carriers in the Fermi-level DOS. as a —1/2—+1/2 central transition, while the shoulders
have somewhat longer 90° pulse lengths, characteristic of
satellite line€ Thus there is a small residual quadrupole
splitting, presumably due to strains in the sample.

The sample studied here was prepared from 99.97% Fe, It has been suggested that magnetic Fe atoms located on
99.7% V, and 99.9% Al by mixing appropriate amounts of V sites may have an important role in the transport properties
elemental metals, and was melted in an Ar arc furnace. Thef Fe,VAI, * but the relatively narrow NMR line shapes place
loss of weight upon melting was about 0.1% which had littlea limit on the concentration of such defects. Dipolar broad-
effect on the NMR measurements. The resulting ingot wagning by dilute magnetic impurities on cubic lattices can give

A. Line shapes

Il. EXPERIMENT
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% FIG. 2. Temperature dependence of obser?éll and 5V
Knight shifts. Solid curves: fits to the semiconducting behavior
from Eq. (2).
whereV is an occupied state, and the sum is over excited
states¥V'. As we can see, the tinkE in the denominator

100.85  100.95 101.05  101.15 : \ ; = ih
will cause a considerable orbital shift which can be used to

frequency (MHz) explain the largeK, . For K4, it can generally be inter-
preted by the presence dfelectrons, since the Al orbital
susceptibility will be enhanced to the extent thatpAbrbit-
als participate in the relatively narro@ bands. Thus the
large lowT Knight shifts are consistent with a small or zero
POS at the Fermi level.

Above 250 KK, andKy, are shifted to lower frequencies
27A] and 51V, respectively. From the theoﬂfl;he 51/ line- yvith rising tempgrature. The tem'perature. dependence 'is.eas—
width corresponds to a maximum impurity concentration ily understood in terms of semlconc_iuctlng_characte_rlstlcs.

Bloembergelt has calculated the Knight shift in semicon-

— —4 St ; _
=6x10 ! for substltqnonal defects having a ﬂL? mo- ductors due to conduction elections, which can be written as
ment. This concentration represents an upper limit, since

some or all of the observed width could be due to quadrupole
effect$ or pseudoscalar splitting. Ko T~ Ingoc | Te Eg/2eT, 2
The NMR response was quite different for the case of
nonstoichiometric (Fe ,V,)sAl, prepared in the same way Here, E, is the gap energy of the semiconductor. The DOS
as other samples. The sample with0.30 exhibited a broad in this case is assumed to be proportional to the square root
>V spectrum of roughly 200 kHz FWHM at room tempera- of the energy near the band edge, and the Fermi energy at
ture, and that withx=0.25 showed even broader spectra. Themidgap. The carrier density, of the conduction electrons
NMR broadening in the nonstoichiometric compounds can,gries with temperature according to ne
be attributed to strong local magnetism. Thus, our results ar§T3’2exp(—Eg/2kBT). The solid curves in Fig. 2 present the
in agreement with other repoftindicating that magnetism theoretical fits to Eq(2) which yield energy gap&, of 0.21
occurs for compositions other than the stoichiometric mateang 0.22 eV fromK ,, and Ky, measurements, respectively.
rial, Fe,VAI. These are summarized in Table I.
For both 2’Al and 5V, the spin shifts as fit to Eq2) are
B. Knight shifts negative. The®V spin shift is clearly due to core polariza-
The Knight shifts for the stoichiometric sample were de_go;;?éjsuc_?ﬁ ebg g:)erepgzlr ;\:iezast?g:] Stgrsr(;ipg:)é“ge(ﬁtgr? ;Va\}gutj(;n

termined from the position of the maximum 501f eac.h SPECYhe nega'tivél.2 The smaller negativé’Al spin shift can be
trum. The temperature dependences_z@ﬂ and V Knight . attributed to coupling to 8 moments via indirect interac-
Sh'ﬁs' denoted aK ) andKy, respectively, are displayed in tions, which will cause a negative cross polarization ofghe
Fig. 2. Below 250 K, bottK,, andKy, are almost tempera- states
ture independent. These constant terms originate from the '
orbital (paramagneticshifts and thus are consistent with a
small contact Knight shift contribution implied by the ob-
served longT,’s. For the orbital shift, there is the general

FIG. 1. 27Al and 5V NMR powder patterns in R&Al mea-
sured at room temperature.

Lorentzian line shapesThe central portions of the transition
lines (Fig. 1) do appear to have Lorentzian shapes, and a fi
yielded widths(FWHM) of roughly 15 kHz and 16 kHz, for

TABLE |. Energy gap in eV deduced from th&Al and 5V
Knight shifts and 1IT;’s.

10
form Data 27p| 51/
o 2e2 (‘I}|LZ|‘I}’><\P’|LZ/r3 |\If> Knight shift 0.21 0.22
oP=— 22 AE +cc., (@ 1T, 0.27 0.28
m=C



PRB 58 SEMIMETALLIC BEHAVIOR IN Fe,VAI: NMR EVIDENCE 9765

0.1 behavior was associated with localized electronic states
which may spread over several atomic distances. If these
(a) 7Al localized states are destroyed with increasing temperature,
the increase of T/; at low temperatures can possibly be
interpreted by this picture.

Above 250 K, 2/(1/T,) rises rapidly which cannot be
characterized by a normal Korringa processT{#T). In-
stead,?’(1/T;) can be fit to the relaxation behavior in semi-
0.001 . . conductors due to conduction electrons as follois:

0.01

Tl-l (S-l)

1
—oc\[TngxT2e B2, 3)
T1

An E4 value of 0.27 eV can be deduced and is also tabulated
in Table I.
On the other hand?}(1/T,) does not have a loW-upturn
as in 2/(1/T,) but shows a Korringa relaxation process be-
low 200 K. The resulting Korringa term is 6.6
x10°% s1K™1, from a least-squares linear fit, shown as a
0 200 400 600 dotted line in the inset of Fig.(B). No such Korringa pro-
T (K) cess was found iR’(1/T;). These results are consistent with
i . the band structure calculations which predicted the Fermi
FIG. 3. Temperature dependence of relaxation rateé’fdrand level DOS in FeVAI to be dominated by Fe and i elec-
51 ; L . . .
. V.fol;)d c#rves. fl'.ts to tTet bfethhav:O\rWdesl,crlbtgd n tthe te>c(]|t'th-rhetrons. Presumably, the spin dynamics causing the unusual
inset in(b) shows a linear plot of the loW-relaxation rates and the ipcrease in lowF 27(1/T,) also affect the’’V nuclei, but are
dotted line represents the Korringa relaxation process correspond- - .
) e rendered unobservable by the stronger Korringa mechanism.
ing to 6.6<x10°> sT°K™ . . . .
(Note the approximately 10 times larger relaxation rates for
C. Spin-lattice relaxation rates 5/ in Fig. 3, although the Ak hyperfine coupling is ap-
oroximately 20 times larger than the &/-core-polarization
yperfine coupling. The Fermi-surface weight in f\brbit-

0.1

(b) SV

The temperature dependences of the spin-lattice rela

ation rates T,’s) were measured using the inversion recov- s is clearl iderabl ler than th iaht i
ery method in theT range of 4—-550 K. We recorded the als I1s clearly considerably smafler than the weight in
transition-metald orbitals)

signal strength by integrating the spin echo FFT of the _ .

2Al (1=5/2) and5V (I=7/2) lines. For the recovery of , “\00Ve 250 K,%{(1/T,) deviates from the lineaT depen-

the — 1/2 +1/2 central transition. th&.’s were extracted dence, exhibiting semiconductorlike behavior, as described
N qabove for?’Al. Note that again the rates are nearly an order

by fitting to different multi-exponential curves. As describe f magnitude larger foPv. We fit SX(1/T,) to Eq.(3) added

above, pulse-length investigations showed the peak of botﬁ Korti ‘ tracted f the loTrrelaxali :
NMR lines to be—1/2—+1/2 transitions. In this case, a '© & lorringa term extracted from the lowyelaxation rates

magnetic relaxation mechanism is well known to give muIti—ﬁ:US at_contstant. Itt's remarkab_ll_i thf‘zt tlh's fits very well over
exponential recovery for inversion recovery in NMRAc- € entiré temperature range. The it aiso gives a gap energy

cordingly, we have fit to the recovery curves appropriate forEg 0f 0.28 eV, listed in Tal_JIe . It.ShOUId be noted that the
|=5/2 2/Al and | =7/2 5%, with (1/T,) as a parameter gaps deduced from the Knight shift measurements are about

20% smaller than that found in the relaxation rate data. It is

Figure 3 demonstrates a semilogarithmic plot of the spin- ible that the di is due t fect of th
lattice relaxation rate as a function of temperature. For botifOSSIIe that the discrepancy IS due 1o an €fiect of theé non-

27(1/T,) and {(1/T,), there exists a larg@-independent parabolic band e_dges, sin(_:e an effective-mass approximation
background term over the entire temperature range. A Iikel;baS been made in the derivation of E¢®. and(3).
explanation for the nearly constant relaxation rate is the mu-
tual interaction of local moments. This mechanism can give 1. DISCUSSION
a T-independent contribution, as proposed by Moriyas
evidenced by the NMR line shapes, described above, the
moments must be either quite small or distributed as defecgS
with low density.

Below 250 K the temperature dependence ?4f1/T,)

The observed gap here is not actually a gap but rather a
eudogap with residual DOS in the Fermi level. This result

consistent with the band-structure calculations which indi-

cate FgVAI to be a semimetai;® with small electron and

hole pockets caused by an indirect band overlap. In order to

_t?_(relcolmes_rsmall and %7ml|pl|_mum was %bservgl;j atj‘b"l!t iOO Kiddress this quantitatively, we estimate the Fermi-level DOS
e low-T upturn in “(1/T,) cannot be attributed to inde- ¢ the Korringa relaxation term. Fatspin relaxation in

pendent local moments, but could be due to an incipienf,qo1a15 the Korringa process can be represent¥d as
low-temperature phase transition, or possibly spins slowing

down due to glassy behavibt.It should be noted that the -1_ 2

mixed valance materials such as SmBnd YbB,,1° (TaT)™"=2hkel yaHua(en T, @
which exhibit characteristics of Kondo insulators, displaywhere vy, is the nuclear gyromagnetic ratig(e;) is the d-
very similar relaxation behavior accompanied by an upturrDOS at the Fermi levelH; is the core-polarization hyper-
asT goes to zero. The explanation for the low-temperaturdine field, taken to be 11.7 T for vanadiudrhand q is a
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reduction factor equal to the reciprocal of the degenetécy. gap with the Fermi level in the center. The proposed 4
For electron pockets located At as calculated for simple- bandwidth is very narrow owing to the characteristicsf of
cubic FgVAlI, 3° the vanadiund-electron manifold has de- electrons. For comparison, we fit our high-1/T; results in
generacy 2 fogg orbitals.(Thet,y orbitals atl” which make  Fe,VAI using this model DOS, but with a wider bandwidth
up the hole pocket have degeneracy 3, but are dominated byore reasonable fod states. The best fit yields a, of
Fe d states. These parameters givg(e;)=1.7x10"2  0.298 and 0.242 eV from'(1/T,;) and ?’(1/T,) data, almost
states/eV atom, fol-basedd states. LMTO calculations the same as those obtained from E8). Hence, the NMR
have yielded 0.08 states/@vand 0.3 states/e¥,for the  probe is not very sensitive to the shape of the DOS band
Fermi-level density of states in F&Al, while a calculation edge in FgVAI. However, in the case of R¥Al this band
including gradient corrections yielded 0.1 states’éRaking  edge is the boundary of a pseudogap containing finite carri-
calculated band overlaps and hole and electron effectivers in the Fermi-level DOS.
masses quoted by Weht and PicKein, the effective-mass There exists another class of heavy-fermion compounds
approximation one calculates that 42% of the Fermi-levellso characterized as semimetals. CeNiSn is the most studied
electronic states are based\indominated electron pockets, material of this typé®?°The DOS for CeNiSn is associated
with the others based in a Fe-dominated hole pocket. Thugith a V-shaped pseudogap bounded by two sharp narrow
our observations correspond to a tovatontribution some- peaks with a finite number of carriers at the Fermi level. For
what lower, but in good general agreement, with the valueg material with such a DOS, theTf is proportional toT* at
calculated using band-structure methods. low temperatures, but shovisdependence characteristic of

Comparing to other experimental results, the observe@n ordinary gap at high temperatures. As we can see from the
Fermi cutoff in the photoemission studtds consistent with  inset in Fig. 3b), Fe,VAI does not indicate such behavior.
the semimetallic behavior indicated on our study. The re-
ported negative temperature coefficient of resistivity may
also be attributed to a semimetal, provided the carriers that
dominate the transport measurements are those in the bandsin summary, the microscopic electrical properties of
removed from the Fermi level, rather than those contained ifre,VAI have been studied in detail iA’Al and >V NMR.
the small electron and hole pockets. Fitting the data offhe results of Knight shifts as well as spin lattice relaxation
Nishinoet all to an activated electrical conductivity yields a rates appear to be easily understood in terms of semimetallic
gap of approximately 0.1 eV, somewhat smaller than the gapharacteristics for E&Al. From the relaxation behavior we
we observe, of about 0.27 eV. It is not clear why these valuededuce the Fermi-level DOS to be a relatively small value, in
differ, but it is possible for these to be reconciled in terms ofagreement with band-structure calculations. The unusual up-
an ordinary band gap, if the band edges are asymmetric, artdrn in 2/(1/T,) at low temperatures still remains to be ex-
nuclei interact most strongly with electrons at the conductiorplained, and we plan further investigation of the behavior in
band edge, while at the same time the mobility of the holes ishis region.
much greater, or vice versa.

As mentioned abovd; results for FgVAI are very simi-
lar to those of SmB and YbB,, which are typical Kondo
lattices with an energy gdp:'®The highT 1/T,’s in SmB; We are grateful to D. G. Naugle and V. lyer for help with
and YbB,, have been fit to a model DOS for thd dand sample preparation. This work was supported by Texas
which consists of two rectangular peaks, separated by a small&M University.
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