PHYSICAL REVIEW B, VOLUME 63, 054420

Pseudogap in FgVGa: NMR evidence
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We report the results of 'V and ®°Ga nuclear magnetic resonan@MR) study of FeVGa at tempera-
tures between 4 and 450 K. The presence of magnetic antisite defects is deduced from the NMR linewidth,
which displays a Curie-law temperature dependence. The absence of associated NMR shifts indicates the
material to be intrinsically nonmagnetic. At low temperatures the NMR spin-lattice relaxation rate exhibits
Korringa behavior, indicating a small carrier density at the Fermi level. At elevated temperatures, the Knight
shifts and NMR relaxation rates go over to a thermally activated response, a semiconductor-like behavior.
These results are consistent with pseudogap features identified by recent band structure calculations. The Fermi
level density of states deduced from NMR is considerably smaller than given by the specific heat coefficient,
y. The electronic properties are compared to the isostructural semimegitAlFe
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I. INTRODUCTION nique has been used in other studies of this mat&riahich
is known to form in a single-phase LZHeusler-type struc-

The physics ofd-electron intermetallics with electronic ture. The sample was powdered for NMR measurements,
gaps or pseudogaps near the Fermi level continues to attragith a grain size of 50—10Qum. Wavelength dispersive
attention. Such gaps, in materials containing localized magspectroscopy showed these grains to be uniform in composi-
netic orbitals, may be due to hybridization or to Kondo-typetjon, with an approximate 1 at. % deficit of Ga. No signs of a
singlet formation, and there is a continuous range of behavsecong phase were seen in this analysis.
ior between these two extremkRecently, the Heusler-type A Cu Ka x-ray analysis on a powdered sample from the
FeVAI compound has been of interest due to its unusual,aqled ingot was consistent with the expecteg &uc-
transport and ther.modynamic p_r()_perﬁe&‘;sembling those ture, with four strong reflections indexed t820), (400),
of the & Kondo insulator FeSi in many waysNuclear (422), and (440) planes. The determined lattice parameter,

magnetic resonante® (NMR) and optical conductivity/for a=5.77 A, is equal to that reported in the literatdfd?13

FeVAl have confrmed that this material possess awith no other phases apparent in the spectrum. X-ray powder
pseudogap in the Fermi-level density of stae®S). Simi- p bp P ) yp

larly, the isostructural compound FGa is predicted from intensities calculated by standard means were in very good
bana-structure calculations to be semimetdficwith a agreement with the observed intensities. However, calculated
small indirect band overlap at the Fermi level Transporljntensities were also found to be relatively insensitive to or-
measurement@indicate a possible metal-insulator transition 4€ing on the Fe and V sublattices, due to the nearness Fe
in this material at low temperatures. However, transport mea@d V in the Periodic Table. Thus with a single wavelength

surements are subject to extrinsic effects, due mainly to inX-ray measurement the order parameter fog beder is dif-
complete ordering of the Fe and V sublattices. ficult to obtain® a better measure is provided by the NMR

NMR is a local probe which can provide intrinsic infor- results described below, which indicate the Fe concentration
mation, despite the presence of impurities and incompleten V sites to be a few percent, which is also consistent with
ordering. In this investigation, we thus employed NMR tech-deductions based on magnetization measureni@nts.
niques to probe the electronic characteristics in\iaa. NMR experiments were performed using a 9-T home-
Measurements extending from 4.2 K to 450 K allowed us tabuilt pulse NMR spectrometePlV and ®*Ga NMR spectra
examine the nature of the pseudogap in this material. Thevere detected at approximately 101 and 91 MHz, respec-
results support the assignment of,#¥&a as a band semi- tively, in constant field. The powder mixed with granular
metal, with a finite DOS at the Fermi level within quartz was placed in a plastic vial for 4 to 300 K measure-
a pseudogap. ments, while we put the specimen in a Teflon tube for high
temperature purposes. Both sample holders showed no ob-
servable®V and %°Ga NMR signals.

Knight shifts were determined from the position of the

The sample studied here was prepared from 99.97% Fenaximum of each spectrum with respect to an aqueous;AICI
99.7% V and 99.9% Ga by mixing appropriate amounts ofsolution reference, using 11.093, 10.219, and 11.193 MHz/T
elemental metals. They were placed in a water-cooled coppers the gyromagnetic ratiog/{/27) for 27Al, %°Ga, and®lV,
crucible and then were melted several times in an Ar arcrespectively. The spin-lattice relaxation rateb;’6) were
melting furnace. The resulting ingot was annealed in ameasured using the inversion recovery method. We recorded
vacuum-sealed (IC torr) quartz tube at 600°C for two the signal strength by integrating the spin echo FFT of the
days, and then further annealed at 400 °C for more than 12 AV and ®°Ga lines. For the recovery of the -2+ 1/2
followed by furnace cooling. The same preparation techcentral transition, thé&,’s were extracted by fitting to differ-

Il. EXPERIMENTAL DETAILS
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FIG. 2. ™ FWHM linewidth of FeVGa vs temperature. Dot-

1y
FIG. 1. Room-temperature®v. NMR powder pattern  of ted curve: Curie-type behavior described in the text.

Fe,VGa.

ent multiexponential curve¥,as appropriate for=7/2 5y~ average, and hence gives no net shift. Dipole coupling can
andl =3/2 %°Ga. withT- as a parameter dominate in low-carrier-density materials, rather than the
= , 1 ]

RKKY interaction which often dominates for impurities in
metals.
ll. RESULTS Electronic structure calculations for fMGa indicate the

A > room-temperature powder pattern is shown in Fig.mate_”aI _to gbe Qonmagnehc n the ordered_ 1L2
1, measured from spin-echo integration versus frequencﬁonf'gurat'orﬁ' but with Fe atoms assuming a magnetic mo-
The ®°Ga lineshape exhibits similar behavior. The orderedM€nt when placed on the V site. A calculated valige the
L2, structure contains an equal number of V and Ga sitesnoment of such wrong-site Fe atoms is 3.2 . Further-
both with local octahedral symmetry. For this situation, MOre, & field-dependent specific heat study of isostructural
quadrupole splitting vanishes, and a single narrow line iF&VAl indicated the presence of defects with a moment of
expected for both®V and ®9Ga, as indeed was observed. 3.7 ug, which were associated with such antisite Fe
From the pu|se-|ength dependence of the Spin echo, we fingt0m§8 We attribute the broadening observed here to this
that the center of both lines responds as a<1/21/2 central ~ type of defect, and have used the value %.g to estimate
transition, while the shoulders have somewhat longer 90their concentration.
pulse lengths, characteristic of satellite transitions randomly Broadening by random paramagnetic impurities has been
broadened by defect8 Thus we treated the center of the line treated rigorously only in the dilute limif, although Monte
as a central transition. Carlo methods have been used for higher concentratons,
demonstrating a change from Lorentzian to Gaussian line-
shapes as one goes from dilute to more concentrated situa-
tions. We find the central portions of the f&a lines to be

We have found the NMR linewidths to be temperature-close to Gaussian in shape, and therefore outside of the dilute
dependent, with a Curie-type behavior consistent with thdimit, in contrast to results obtained for J¢Al, which
presence of local magnetic defects. As a measure of thshows Lorentzian lineshapes for batlv and 2’Al. #° As an
NMR line shape, we obtained the full width at half maxi- approximate measure, however, we have taken the dipole
mum (FWHM) of the *V NMR line, which is plotted broadening function as calculated in the dilute limit by Wal-
against temperature in Fig. 2. The data can be fit to a&tedt and Walket! and compared to the FWHM observed
temperature-independent width plus a term proportional tdere. The result, which is the dotted curve in Fig. 2, gives an
1/T, as plotted by the dotted curve in Fig. 2. Such be-  impurity concentratiorf =4% per formula unit. This result
havior can be produced by dilute paramagnetic impurities, asan be compared tb=0.4% found by specific heat methods
previously establishetf:'” Since the overall shift of the in Fe,VAI '® The temperature-independent portion of the
NMR line does not exhibit Curie-type T/behavior(as de- linewidth obtained in this fit is 3 kHz, corresponding to a
scribed below; dipole coupling to the paramagnetic impuri- relatively small contribution due to sample inhomogeneities
ties is indicated, since dipole broadening has zero spatialther than the magnetic defects.

A. NMR linewidths
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1.0 : However, the hyperfine coupling for Gaerbitals is approxi-
mately 70 times larger than the &/core polarization terr?
Fe,VGa . ) : e e
so the corresponding Fermi-surface weight in$Garbitals is
51(1/T1) considerably smaller than in ¥-orbitals. This is also con-
sistent with calculation? which have indicated the carriers
to be in small pockets dominated by Fe anddvorbits.

An earlier repoft showed a larger, non-Korringa-like
S%(1/T,) in Fe,VGa at low temperatures. A local moment
contribution due to defects was inferrethut such a contri-
bution to our data is apparently smaller than the Korringa
term, because of sample and/or magnetic field dependence.
Note that in a previous stufiyve found the?’Al (1/T,) in
Fe,VAI to be smaller than®(1/T,), with a non-Korringa
temperature dependence indicat#¢1/T,) to be dominated
by local moments, while(1/T;) is dominated by Korringa
relaxation.

Relaxation due to paramagnetic defects is caused by fluc-
T tuating moments, often producing a Debye peak in the
0 100 200 300 400 500 nuclearT; * due to the slowing down of fluctuatioR% This
T (K) explains the peak iR’(1/T) for Fe,VAI. # Values ofT; due
_ ) ) to this mechanism will be nearly equivalent for different nu-

FIG. 3. Tempergture-depender?tlv spln-'lattlce relaxa_ltlon clei with similar gyromagnetic raticd By contrast, in
La;ﬁz\/:g: FegVGa. Solid curve: fit to the Korringa plus activated Fe,VGa we have different rates f&V and GgGa, and both

' are linear inT at low temperatures, the hallmark of a Kor-
ringa process. The light nucled8Al has a smaller hyperfine

Although the dilute-fimit broadening function gives only coupling to conduction electrons, allowing paramagnetic re-
an approximate value in the present case, the concentrati(?ﬁ) ping ' gp 9

of these defects is clearly larger in f#Sa than FeVAI axation to be relatively more important. Becaus&,lterms

: : e : are additive, any unresolved paramagnetic contribution to
nsistent with th viation from Lorentzian sh - ' i e .
consistent with the deviation from Lorentzian shape ob 54(1/T,) and %%(1/T,) will in principle cause an overestima-

served here. Endet al® assumed a moment equal toog . . .
per antisite defect, and obtained a concentration of 2.6% p t'ron of the Korringa term, and the resulting DOS. However,

. s S or the reasons described above, it is clear that the Korringa
formula unit from magnetization measurements in similarly rocess is the most important for bothv and 5°Ga
prepared F&/Ga, quite consistent with the present result. P P :

51 i i i i
From magretzaion and speifc heal sudles of hese sye; A0V 250 JUTY face ranl. it an acvared
tems, we have further concluded that superparamagnet% P P '

clusters of these defects are also pre€&having consider- o' semiconductor$} with the increase in relaxation rate due

ably larger effective moments, but these are quite dilute an&0 an increase in the number of carriers because of thermal
do not affect the NMR results described here excitation across an energy gap. It is easy to reconcile the

metallic behavior observed at low temperatures with the
high-temperature semiconducting behavior by assuming a
two-band model, with one band overlapping the Fermi level
Figure 3 shows theV spin-lattice relaxation rates, de- while the second band is separated from the Fermi level by
noted ®(1/T,), measured as a function of temperature. Atan energy gapAe. In this case, the relaxation rate is given
low temperatures®(1/T,) is proportional to the tempera- by**
ture, a characteristic signature of the Korringa relaxation pro-
cess due to metallic electrons. From a straight-line fit to the
data below 250 K, we obtained®(1/T,;xT)=9.4 1
x10 * s 1K™, where the subscripk denotes the Kor- TT TiT
ringa process. Normally, the spin contribution ta@ 4/T is
proportional to the Fermi-level DOS. Comparison to the ex-
perimental value for V metdt 1T, T=1.27 s'K™ !,  where 1T,«T is the Korringa value obtained above, and the
shows the F&/Ga value to be small, consistent with elec- second term is due to the band edge separated from the
tronic structure calculatiofi§ indicating a small band over- Fermi level. This form assumes an effective-mass approxi-
lap at the Fermi level in this material. mation for the band edge, wit;, a constant depending
T, measurements fo?°Ga (not shown produced results upon the effective mass, as well as other factors. We fixed
similar to those forPV: 1/T, linear inT at low temperatures, the 5T, value obtained from the low-temperature fit, and
and increasing much more rapidly at higher temperatures. Aound that Eq.(1) gives good agreement with the data,
fit to the low-temperature data yieldeff(1/T;4xT)=6.5 shown as the solid curve in Fig. 3. The result of the least-
X103 s7'K "1, about 7 times larger thaf(1/T,(T).  squares fitisAe=0.11 eV.
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B. Spin-lattice relaxation rates

+C Te AkeT, 1
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0.60 K=K+ Cy\Te AekeT, 2
51
Fez\/Ga K where K, is a combination of orbital and temperature-
independent metallic shift$;, is a negative constant, and
0.59+ Ae is the excitation energy as defined before. The solid

curve in Fig. 4 represents a fit to EqR), yielding Ae

;@ =Q.095 ev, _consistent with the result obtained via spin-
; 0.58- lattice relaxation.

% IV. DISCUSSION

=

© o 0.57- Magnetic properties of Re,V,Ga and Fe ,V,Al are

quite similar, except that Fe,V,Ga maintains a larger mo-

ment in the nominally nonmagnetic compositios 1, and a

Curie temperature of 15 K was deduced from features ob-

e served in the bulk magnetization of this compositfBihe

0O 100 200 300 400 500 nature of this transition is particularly interesting in light of
T (K) the apparent metal-insulator transition and large giant mag-

. . netoresistance observed near.*f>’ However, from the ab-
FIG. 4. Temperature dependence 8% Knight shifts of  sence of additional shifts or splitting of the low-temperature

0.56

Fe,VGa. Solid curve: fit to Eq(2). NMR lines, ordered F&/Ga appears nonmagnetic. The tran-
sition must be a property of the defects, and not, for instance,
C. Knight shifts a bulk transition induced by the presence of defects. A cal-

culation for ordered F&/Ga indicated a residual moment of

Bl i i A L . 0.03 ug per Fe compensated by0.06 g on V.2 but fro-
noted °*K) is displayed in Fig. 4. The characteristics of this zen moments of this size will broaden or shift iy NMR

behavior are a temperature-independent shift observed at IOM—[)sonance by about 5.8 MHz, given the hyperfine coupling
Femperatures, and a shift to Iower.frequenues .Wlth increasy d —_86 kG. Such shifts are not observed here, indicating
ing temperature above 250 K, which can be fit to an acti-

9 : o B0 o L ordered FgVGa to be nonmagnetic.
vated curve. Thé°Ga Knight shift £9%) exhibits a similar A further question is whether B¢Ga is nonmagnetic due

trend, not showrélhere. 5 to hybridization effects, or another mechanism such as
~ Below 250 K, *K and *K are 0.59% and 0.07%, respec- kondo [attice behaviot.Indeed, the reported value ¢f the
tively. The temperature-independence of these shifts is chaf_inear specific heat coefficient, is 20 mJ/moP,Kcorre-
acteristic of nonmagnetic materials, and indicates that desponding to an electronic mass enhancement of order 100
spite the paramagnetic local-moment defects identifiegyer calculated valueg. The Korringa contribution to
through the linewidths, the bulk of the material is nonmag—51(1/'|'1) can provide a measure g(ef), as reported previ-
netic. Using the measured values ®fx, the Korringa ously for FeVAI. #° For d-spin relaxation in metals, th&v
relatiorf? can be used to estimate the expected temperatureerm <2
independent metallic contributions to these shifts, 0.005%
and 0.013% forPV and ®°Ga, respectively. While electron- (T1cT) " *=2hkg[ y,H? gv(€r)1%q, 3
electron interactions can enhance such shifts, the shifts ob-
served here can be attributed largely to an orbital mechawvheregy(e;) is the V partiald-spin contributiong is a fac-
nism. The orbital shift is a paramagnetic chemical shift dueior equal to the reciprocal of the degenerdtgndHg; is the
to orbitals away from the band edges, and is not associatezbre polarization hyperfine fieIdHﬂf: —86 kG, calculated
with conducting states. For compariséfiGa chemical shifts  for V metal?® provides a good estimate for this parameter.
in 11-V zinc-blende semiconductors range up to 0.03%, Furthermore, band-structure calculatibhdicate are, or-
while a Vv orbital shift of approximately 0.63% in A15- bital symmetry for electron pockets which would dominate
structure \{Ga is apparent from NMR in the superconduct- the *V relaxation. These pockets have degeneracy of 2, giv-
ing state, where the spin susceptibility is z&oThus ing q=1/2. Using these parameters we obtair(e;)
the large value for’K does not signify strongly metallic =0.085 states/eV atom, which can be comparedite;)
behavior. =0.023 states/eV atom measured this way isMAd. > Weht
Above 250 K, %K shifts to lower frequencies with in- and Pickeft calculatedg(e;)=0.1 total states/eV atom for
creasing temperature. A negativeV shift reflects an in- FeVAI, and have indicated that F¢Ga possesses a larger
crease in the spin susceptibility, due to the negativeband overlap a&;. The measured values are thus in reason-
V-hyperfine coupling for the core-polarization mechani$m. able agreement.
Thus, the decrease ifK can be attributed to a thermally While Eq. (3) assumes the electrons to be noninteracting,
activated increase in the density of carriers, also responsiblelectron-electron interactions can lead to an enhancement of
for the increase inm,. The Knight shift in this case can be 1/TkT. This enhancement can take a number of forms; in
writter? spin fluctuation theory the enhancement is proportional to

The temperature dependence of ¥ Knight shift (de-
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the enhancement of the magnetic susceptibility or to itsvould be most interesting. In either case, the measurements
square root, and the enhancement dof;T would be ex- do not depart significantly from expectations based on band
pected to be significant in cases where the enhancement oftheory, again indicating hybridization to be the dominant in-
is significant. For cases in which the relaxation is dominatederaction. Thus we characterize ,M&a as a hybridization-

by local moments, the Korringa relation no longer holds. Thegap semimetal.

54(1/T,«T) observed for F&/Ga is in reasonable agreement ~ There remains an inconsistency between the sg@))

with the results of band theory with no enhancement termgdeduced from NMR and the large observedThe reported
indicating hybridization to play a dominant role in this case.value, 20 mJ/mol K corresponds to an electronic mass en-

Away from ¢, a conduction-band edge having little dis- hancement of order 108,compared to the value from NMR
persion in reciprocal space between the X dhghoints is  relaxation rates. However, it is likely that a considerable por-
calculated to lie approximately 0.1 eV abowgin Fe,VGa  tion of the observed results from extrinsic effects, leading
(measured from Fig. 11 in Ref.)9The separation of this to a Schottky-type enhancement, afadse heavy Fermion
band edge frong; is in very satisfactory agreement with the behavior, as found in B¥Al. *® To provide further informa-
values,Ae=0.11 eV and 0.095 eV, obtained from the acti- tion, a magnetic study focusing on magnetic defects and
vated behavior ofT; and the Knight shift, respectively. clusters is underway.

Therefore, thermal excitation of carriers to this band at high
temperatures provides a good explanation for the behavior of
both T, and the Knight shift.

The measured values fdre are not equal, with the acti- NMR measurements have provided a local picture of the
vation energy obtained from; slightly exceeding the value electronic properties of E&¥Ga, indicating that despite the
obtained from the Knight shift. A larger difference appears inpresence of magnetic antisite defects,;\F@a is essentially
one-dimensional spin-gap systems, where Theactivation = nonmagnetic, with properties quite similar to those calcu-
energy exceeds the gap obtained from Knight shifts by dated via band-structure methods. Both the Knight shifts and
factor of approximately 1.5, compared to a ratio very close taspin lattice relaxation rates are understood in terms of semi-
1 for most material$® This may result from the separation of metallic characteristics, with a small band overlagatall-
singlet and triplet excitations in these materials, among otheing within a pseudogap formed by nearby bands. No large
possibilities® An explanation for the ratio observed here, enhancement of the Korringa relaxation process was found,
1.15, would be a tendency towards similar spin excitations irindicating the pseudogap to be due to hybridization, rather
Fe,VGa, and hence the possible influence of Kondo-typehan Kondo, effects.
interactions.(In Fe,VAI the ratio is 1.3, measured indepen-
dently both by5%V and ?’Al NMR.# Another possible ex-
planation is nonparabolicity of the band edge, modifying the
energy dependence of the DOS, giving correction terms in This work was supported in part by the Robert A. Welch
Egs. (1) and(2).2* Further experiments to address this issueFoundation(A-0514).

V. CONCLUSIONS
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