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Effect of magnetic fields on the metal-insulator transition in BavV$
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We report measurements of the high field magnetoresistance of single crystals, and of the low field Hall
effect and high field magnetization of polycrystalline samples of Ba\B®low the temperaturg,, =70 K of
the metal-insulatofMI) transition, the magnetization is linear forxtH <45 T. The magnetoresistance varies
asa(T)H? for 0<H<18 T, anda(T) varies proportionally to the logarithmic derivative of the zero field
resistivity (1p)dp/dT. This result allows us to estimate the zero temperature critical figje-260 T
(=175 K); for this value, the spin gap is substantially smaller than the charge gap giver=H00 K. The
Hall constant increases to very large positive valuesTtarT, , and shows considerable precursive activity
for T>T,, indicative of fluctuations in the gap above the Ml transition. We use these results to discuss several
models for the MI transition,S0163-182@9)01942-4

. INTRODUCTION transition atT, is not a true 3D phase transition, but a 1D
“transition” below which only short range order occurb;
The room temperature structure of Bay8 hexagonal might then correspond to the 3D transitiofRRecent photo-
(P63/mma@ wherein the V atoms are surrounded by face-emission experimenjt% have been interpreted as indicative
sharing S octahedra, forming chains along ¢hexis® Since  Of Luttinger liquid behavior in the metallic state, consistent

the intrachain V-V spacing (2.8 A) is much shorter than thewith a high degree of one-dimensionality. Band structure

H 1
interchain spacing (6.7 A) a common belief is that the ma__calculatlon:% suggest, however, that the actual degree of an-

) L . . isotropy is rather small, essentially due to Vd)3S hybrid-
terial E.}Xh'b'ts nearly one-dlme_nsmnal _(1D) behavidthe . _.jzation across the chains. The band calculations do support
behavior at room temperature is metallic and the susceptlblléIn older model due to Masseffewvherein the distortions of
ity exhibits a Curie-Weiss law indicative of nearly local {he 5 gctahedra split the ¥, states in such a way that a
V (d')s=3 paramagnetisri.Below T=240 K the com-  proad(3 eV wide d,» band overlaps a narrov@.7 eV wide
pound transforms to an orthorhombi€iic2,) structure’ dy, band; the metallic conductivity arises from the former,
but remains a nearly local paramagnetic metal. Ry the nearly local paramagnetism from the latter. Although the

=70 K there is a metal-insulatdMI) transition[Fig. 1(a)]  band theory demonstrates that the increase in the distortion
where there is a sharp cusp in the susceptiifiig. 2@)]. ~ With decreasing temperature cannot give rise to a simple
The entropy change dt, is close toRIn25 which suggests band gap, it does show that the distortion causes a partial

that the degrees of freedom associated with thel'y(s gangfe_rrhof elecltrolnsf fron;] thd2|2 (;’?n?h to the n?_WOVt‘l:]xyt th
=1/2 spins are liberated at the MI transition. Beloly and. These cajcuiations have led to the suggestion that It the

B o : transfer is large enough to put the narrow band at half occu-
=30 K, héaerflne fields are observed in NMREf' 6 an.d pancy, then electron correlations can give rise to a Mott-
Mossbauer” and anomalously large electric-field gradients y,ppard MI transitior® The dy electrons would become

at the V site are seen in NQR, suggestive of orbitalnonmagnetic in the insulating phase, explaining the loss of
ordering’ however, no anomalies are observed in the therparamagnetism beloiy,, .

modynamic or transport behavidiAn upturn in the suscep- Magnetic fields should have a different effect on the Ml
tibility near T, [Fig. 2(@] has been attributed to this transition depending on which of these scenarios is correct.
transition®) The crystal symmetry remaifhisorthorhombic ~ For transitions involving antiferromagnetic interactiofirs-
Cme2, belowTy, andT, and no magnetic long range order cluding spin-density wave and Peierls ondex sufficiently

has been observed by neutron scattering in any of thé&rge magnetic field should cause an appreciable shift in
phases. Twi - For other models, large magnetic fields should have a
The nature of the transitions at, and T, remains a Much smaller effect. For this reason, we have measured the

mystery and there have been several proposals concernifiggh field magnetoresistance and magnetization in an effort
the metal-insulator transition. Early proposals considered® Put further constraints on possible theories. In this paper
that the MI transition could be due to the onset of W€ report these measurements as well as measurements of

antiferromagnetitor Peierl§ order. However, no such order the Hall effect.

was observed by neutron diffractiorand no static local
fields were observed in NMR,NQR,” Mossbauef:* and
spin-flip scattering experiments forT,<T<T,, . Because Polycrystalline samples were grown by direct reaction of
of the expected one dimensionality, one belief is that theBaS, V, and S in sealed quartz tubes at 90G Single crys-

II. EXPERIMENTAL DETAILS
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FIG. 1. (a) Resistivityp(T) versus temperature for a single crys- H(T)
tal of BaVS;, showing the metal insulator transition ne&y,
~70 K. Inset: details of the resistivity, showing the resistance ! : y & ;
minimum near 150 K(b) Hall coefficientR, versus temperature, BaVS; obtained using a magnetic fiektl=0.1 T (closed circles A
showing the large increase &, at T, , indicating the loss of CUSP occurs atly, , and a Curie “tail” occurs below 30 K. Inset:

carriers. InsetRy, vs temperature on an expanded scale showing thd '€ magnetization versus field for<H<ST, obtained using a
precursive increase oR,, with decreasing temperature for ~ SQUID magnetometer. The slopes of these lines are plotted as open
>To . circles in (a), which show that the Curie “tail” is saturated in a

small magnetic field(b) Magnetization versus field for a polycrys-
talline sample of BaV§, obtained in a 50 T pulsed field magnet.
The units of magnetization are arbitrary. The magnetization is es-
sentially linear up to very high fields.

FIG. 2. (a) The susceptibility of a polycrystalline sample of

tals (0.1x0.1X1—-2 mm) were grown from the resulting
powder by precipitation from both BaClRef. 1) and Te
(Ref. 14 fluxes following procedures in the literatur@he
starting masses used for the Te flux growtheverg BaVvs, (H<5T) magnetization reported here were measured in a
20 mg S, and 10 g TeSulfur-deficient samples are known SQUID magnetometer. The zero-field resistivity and the Hall
to exhibit ferromagnetism below 15 K; in order to ensureeffect were measured in the range <1300 K using a
complete sulfur uptake, samples were annealed in the pregelium-flow cryostat; an LR400 resistance bridge with oper-
ence of sulfur vapor, as discussed in earlier repofteere  ating frequency 16 Hz was utilized for both measurements.
are basically two measures of sample quality: the CurieFor the Hall measurement, small misalignment voltages were
“tail” seen below 30 K should be small, and the resistivity compensated electronically and the magnetoresistance was
above 150 K should be monotonically increasingetallic).  cancelled by reversing the polarity of the fielet { T). The
We found that as long as both conditions are satisfied, thaigh field magnetization was measured at the National High
maximum value of the susceptibility(T),) is approxi- Magnetic Field Laboratory’s Pulsed Field Facility at Los
mately equal to X 10 3 emu/mol, as stated in most past Alamos(NHMFL/LANL ). The magnetoresistance was mea-
reports; for polycrystalline samples that do not show a resissured using four-probe geometry and an ac resistance bridge
tance minimum near 150 K but which do show a small Curiein fields 0<H<18 T generated in a superconducting mag-
tail, the value ofy(Ty,) is typically much smaller. All re- net. The primary error in the magnetoresistance arises from
sults reported here are for samples which meet these twemperature drift during field sweeps, including the drift due
conditions. We found that crystals grown in either Ba@  to the small but nonzero magnetoresistance of the tempera-
Te flux gave essentially identical results for the resistivity,ture control sensor. To measure the temperature, we used a
susceptibility and magnetoresistance. Cernox 1050 thermometer for which the field sensitivity is of
The low field H=0.1T) susceptibility and low field order 1-2x10 * K/T?. We estimate the error in Fig. 3 due
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' ' T ' ' ' In the metallic state it increases with decreasing temperature
0.0 7 to a value~6x 10" m®/C atT~Ty,, then increases by at
least two orders of magnitude in the insulating state.
0.1 . In Fig. 3(a) we show the magnetoresistansg(H)/p(0)
%f T for Hilc at T=67 K for a single crystal sample; the magne-
<-0.2 —  DaaatT=675K . toresistance varies EE'{T)HZ. We plot the co.eff|C|ena(T)
: R . 1 for Hillllc andH_L1llc in Fig. 3(b). We note first of all that
03F T Fit to all Ny S the data forHIl and HL!| differ by no more than 10
L - L : L - —20%. This is also the degree to which the magnetoresis-
0 5 10 15 tance reproduces for measurements in different samples.
H () Hence, within experimental error, the magnetoresistance is
— T T T T T 1 independent of the orientation of the field fdic. Second,
0.000 the coefficienta(T) varies proportionally with the logarith-
mic derivative of the resistivity (b)dp/dT; from Fig. 3Ib)
t: it can be seen tha(T)~ a(1l/p)dp/dT where a=(1/675)
5 ] [K/T?]. This proportionality can be understood by noting
1 I O H/jec ] that the measurement dfp/p=H? implies that(to lowest
0001 L s Hlc i orded Ty (H)=Tw(0)— (a/2)H?, and that the major effect
——— (1/p)(dp/dTH/675 | on the resistivity is to shift the curve down in temperature,
I N S S — i.e., p(T;H)=p[T—Tw(H)], where the functional form of
50 60 70 80 90 p[T—Tw(H)] is independent offy, (H). If we further as-
T(X) sume an elliptic form for the phase diagram in magnetic
FIG. 3. (a) The magnetoresistandep/p of a single crystal of field, i.e.,
BaVs; versus magnetic field, at 67 K<(Ty, for this samplg The To(HVIZ [H 12
currentl and the magnetic field are both parallel to thaxis. The mi(H) + _} =1
magnetoresistance varies@&d)H?2 for 0<H<18 T. (b) A plot of Twi(0) Ho ’

the coefficienta(T), derived from data similar to that ¢&), versus
temperature in the vicinity of the metal insulator transition. Open
circles have the applied field perpendicular to ¢haxis, and solid
squares denote the field perpendicularctd runs alongc in both

then a power series expansion @fT;H) in powers ofH
leads to the conclusion that for sméll

cases. The solid line is a plot of the logarithmic derivative of resis- & _ E Twi(0) } d_P 2
tivity (1/p)dp/dT scaled by the factof1/675 [K/T?]. p 2 Hg pdT '
to temperature drif(including the drift due to the control From these equations we then obtain an estimate of the

sensor magnetoresistanc® be 10-15%. Magnetization zero-temperature critical field: (3/2;,,,(0)/H§:(1/675)
measurements were performed in a 50 T pulsed magnet; dgx/T?]. For our single-crystal sampld,,(0)=67 K, so
tails are given in an earlier publicatidnThe signal is pro- Ho=260 T. Forg=2 ands=1%, appropriate for the @&
portional to the magnetization, but is not calibrated in absostates of BaV$, this is equivalent to an effective tempera-
lute units. ture Te=gugSHo/kg=175 K. This value of critical field is
comparable to the spin gap estimated from recent NMR
Il. RESULTS AND ANALYSIS Knight shift measuremenftsvhere it was found thakspin
o TY2%exp(—As/T) where A =240 K.1®
The zero-field resistivity of a single crystal for current
along thec axis is shown in Fig. (). The results are in good
accord with earlier work, showing the steep increase in re-
sistivity at 70 K and exhibiting a resistance minimum near These results allow us to place several constraints on the
150 K[Fig. 1(a), insef that attests to the sample quality. The theory of the metal-insulator transition in Bay.SFirst, our
susceptibility[Fig. 2(a)] is also in good accord with earlier magnetization results show that the Curie tail seen in the low
results. The magnetization versus magnetic field fertH)  temperature susceptibility saturates in a rather small mag-
<5 T measured at several temperatures for a polycrystallingetic field, which impliegalong with the lack of reproduc-
sample is shown in the inset to Figa® the values of sus- ibility of the tail from sample to sampjehat it is an extrinsic
ceptibility derived from the magnetization data are shown affect. This rules out an earlier hypothdseoncerning the
open circles in Fig. @). The Curie tail seen in the low field origin of the hyperfine fields seen beldWy; this hypothesis
(0.1 T) susceptibility data is clearly suppressed by a verywas based on the assumption that the Curie tail arises from
small field, which strongly supports the contention that it is19% V ions within BaVg which remain magnetic and then
an extrinsic effect. For larger field&ig. 2(b)] the magneti- order belowT,.
zation is linear within experimental error up to fields as high  Our magnetoresistance data have allowed us to estimate
as 45 T[Fig. 2(b)]. the critical field for the MI transitionH,=260 T. This is a
The Hall effect[Fig. 1(b)], measured for a polycrystal very large critical field; it means that magnetic fields have
sample, is negative above 240 K and positive below, i.e., ibnly a very weak effect on the MI transition. The fact that
changes sign at the transition to the orthorhombic structurghe magnetization is linear up to large (45 T) magnetic fields

IV. DISCUSSION
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is consistent with this observation; if the critical field were charge gap given by the activation energy for the conductiv-
sufficiently small, then a 45 T field would drive the material ity is estimated as\.~500 K,?! consistent with the photo-
back into the metallic, paramagnetic state, at leasTfdose  emission threshold62 meV (Ref. 10 or 720 K]. For a

to Ty, . Such a large critical field gives further support to thesimple band gap the magnetic field should close the gap
evidence mentioned abovthat no static local fields are ob- whengugsH=A.; for A;=500 K, this would imply a criti-
served in NMR, Mossbauer and inelastic spin-flip scatteringeal field of 750 T. The fact that the spin gap is substantially
and that no magnetic reflections are observed in diffractiosmaller than the charge gap means that the insulating phase
experiments that models of the MI transition based on the does not arise from a simple band gap and that Coulomb
onset of dominating antiferromagnetic interactions are incorcorrelationsof the Mott-Hubbard kinfimay be important in

rect. For example, a valug=0.46 in the formula BaVvs;.
In quasi-1D systems wheré;p<Tye~A, 1D fluctua-
Te(H) guesH |2 tions into the gapped state occur above the 3D transition at
1- T.(0) - kgTc(0) Tsp. The photoemission experimetftsn BaVs; indeed

show that a gap begins to develop at temperattited,, .

has been interpreted as important evidence that the 14 Kor charge-density wave transitions, such fluctuations give
transition in CuGe@ is a spin-Peierls transitiol; for  rise to a negative temperature derivative of the resistivity
BaVS;, due to the large critical field, the value f(0.07)is  dp/dT<0 for T>T;p;?? hence they may be the origin of the
much smaller. Magnetic fields also have a very dramatic efnegative dp/dT observed forT,, <T<150 K in BaVv$
fect on spin-density wavéSDW) transitions, including field [Fig. 1(a), insef. Our Hall effect measuremenf&ig. 1(b)]
induced SDW phasé$. also show thaiR, exhibits a precursive increase with de-

Some groups® have suggested that the Ml transition at 70creasing temperature at temperatures well abdyg.
K is not a true 3D phase transition, but is a 1D antiferro-Hence, while we think it implausible that the MI transition is
magnetic “transition” below which no static long-range or- a 1D “transition,” it seems very plausible that 1D fluctua-
der occurs, but only dynamic short-range order. This wouldions occur abovdy, .
explain the absence of static hyperfine fields, and of mag- One way this situation could occur would be if the MI
netic reflections in diffraction. The 3D transition then shouldtransition were due to a CDW instability; this assumes that
occur at a lower temperatuiig;p, where the ratiol 5/ Ty, previous diffraction experimenrit§ were insufficiently sensi-
is set by the ratio of the interchain to the intrachain couplingitive to resolve the associated superlattice spots. The possibil-
and hence the transition @t=30 K might be identified with ity of a 4k CDW instability has been suggested by other
the 3D transition. This idea is roughly consistent with theauthorst®!*Magnetic field should have only a negligible ef-
transition temperature as deduced from the spin gap and tifect on a CDW transition, consistent with the large observed
weak-coupling model of Lee, Rice, and Anderd8iThese critical field. This scenario is consistent with the weak-
authors have shown that a 3D transitibg, should be re- coupling equation mentioned above, except that the appro-
duced from the weak-coupling mean-field transition tem-priate gap is the estimated charge g@igp=2A./(4X3.5)
peratureT e (given by 2A =3.5gTye) by about a factor of =70 K with A.=500 K. The value of the ratio £2./T,
4, that is, T3p=Tyg/4. For our estimate Xqp,=175 K) of =14 that we observe in Ba\,Ss comparable to the values
the spin gap in BavVg we haveT,=100 K and Tsp  observed in other quasi-1D CDW materials with MI transi-
=25 K, which is consistent with the estimates @f, tions, such as NbS NbSe, and other€? The problem with
=70 K and of T,=30 K, respectively. However, at a 1D this scenario ias mentioned aboyehat the band structure
“transition” the thermodynamic quantities should show calculationd! indicate that the cross-chain coupling is not
broad rounded featuré8,and sharp features should be ob- particularly small, due to hybridization with the sulfur atoms.
served at the 3D transition. In BaYSthe opposite occurs: Furthermore, for a CDW transition we don’t expect in gen-
the susceptibility’,* thermal expansioft; and specific hedt eral thatA <A as observed for Ba\,S more generally, for
show very sharp features &, , whose widths are much a CDW transition we do not expect the \d¥)s= 1/2 spin to
smaller thanTy, and no anomalies whatsoever are seen irbe involved in such an essential way as is suggested by the
the thermodynamic and transport measurementsT,at data.

Hence, in agreement with Nakamuegal,” we think this Another possibility is that the model proposed by
scenario is unlikely. Massenéf is correct. In this model, the sharp cusp in the
Even if the Ml transition does not coincide with the domi- susceptibility, the loss of the Vd&) s=1/2 spin entropy and

nance of antiferromagnetiCSDW, Peierl$ interactions, it the lack of static local fields fol <Ty, all reflect the de-
does involve the V @*) s=1/2 spin degrees of freedom in magnetization which occurs when the gap is established for
an essential way. The sharp cusp in the susceptibility and the<T,, . Since the band theory shows that a simple gap is
fact that the entropy change is nearly equaRtm 2 at the  not expected for th€ mc2, symmetry, electron correlations
transition gives evidence for this spin involvement. The factwould play a crucial role in causing the transition. Such cor-
that our estimate of the critical fieldHp=260 T equivalent relations can cause the spin gap to be smaller than the charge
to 175 K) is comparable in magnitude to the spin gak (  gap!®as observed. For this model the precursive behavior of
=240 K) measured in NMR gives further evidence, becaus¢he order parameter could afSebecause the transition is

it suggests that the critical field is the field at which the spinisomorphic(i.e., there is no change in symmetrfhis al-

gap is closed. We note that the charge gap in these conbews for the possibility that the transition is not second order,
pounds is substantially larger than the spin gap. Assumingut is analytic(with no singularity in the free energyas
that the gap is symmetric around the Fermi energy, theccurs in a liquid-vapor transition for pressures slightly be-
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yond the critical pressure. In this situation, the order paramwhich (together with earlier observations of precursive be-
eter can evolve continuously abovg, . We noted in an havior in the photoemission and resistiyityuggests either
earlier publicatiof! that this situation occurs near the high that the precursive behavior is due to 1D fluctuations or it
temperature metal-insulator transition ip \{Cr,O3, so itis  arises because the transition is isomorphic and analytic. Mea-
not without precedent. A large value of energy gap relativesurement of the anisotropy of the resistivity is needed to
Twi IS also not without precedent; in,®@3, the band gap is establish the degree of one dimensionality in BaVB ad-
estimated as being 0:20.6 eV (23006-7000 K), while dition, future work should include a search for CDW satel-
Twi~200 K2 lites through electron diffraction.

V. CONCLUSION
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