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Anomalous Hall Effect in YBa;CuzO7
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The temperature dependence of the normal state Hall effect and magnetoresistanceGuo; 0B s
investigated using the nearly antiferromagnetic Fermi liquid description of planar quasiparticles. We
obtain a direct (nonvariational) numerical solution of the Boltzmann equation and find that highly
anisotropic scattering at different regions of the Fermi surface gives rise to the measured anomalous
temperature dependence of the resistivity and Hall coefficient while yielding the quadratic temperature
dependence of the Hall angle observed for both clean and dirty samples.

PACS numbers: 74.25.Fy, 74.25.Ha, 74.72.Bk

Eight years of experiments on increasingly pure sameither 0.25 or 0.15. Note that for the parameters chosen
ples of YBaCu;O; (YBCO) have demonstrated that, the Fermi velocity varies very little along the FS, and
while angle-resolved photoemission spectroscopy expertherefore the presence of the van Hove singularities near
ments suggest that the planar quasiparticles possesstree Fermi surface plays only a marginal role. We assume
well-defined Fermi surface (FS), none of the spin [1] andthat the effectivenagnetidnteraction betweenonduction
charge [2] properties are those of a Landau Fermi liquidjuasiparticles is given by [9,10]

(FL). N.M.R. experiments show that there are strong

gntiferromag_netic (AF) correlati_ons .between neighbor—veff(q) = ¢’x(q,w) = e
ing Cu?* spins and that the spin-spin correlation func- wsF + wspE*(q — Q) lw
tion is strongly peaked a = (w7, 7), while transport
measurements yield a planar resistivity which is ap- . .
proximately linear in temperature. The resistivity andWhere the _Spin fluctugtlon (SF) energyvsr =
optical properties are consistent with a quasiparticle specT-O + BT, g s th_e coupllng_ constant, ang 1S the
trum for which the InE(p, o) is linear in the matw, T) magnetic correla_ltlon length in units of th¢ Iattlge con-
(Ref. [3]), for p close to the FS, while the effective mass stanta. For optimally doped YBCO the dimensionless
enhancement is believed to be about 2. One of us hd@rameter A = 1.1, g = 0.642eV, To ~ 110 K, and
suggested that the above anomalies can be traced tofa— 0-35, and the energwsr ¢~ ~ 880 K is very nearly

strong magnetic interaction between the quasiparticle@cilepBe'}dem of t(;mperature [8]|'( he disol B
[4]. The resulting system is called a nearly antiferro- " oltzmann theory one seeks the displacensbfyt =

magnetic Fermi liquid (NAFL). fx — fo = —Px dfo/de of the FS in an external field,
While the NAEL model has been shown to be con-Wherefo is the equilibrium Fermi distribution function.
sistent, both qualitatively and quantitatively, with manyThe transport coefficients are found straightforwardly from

experiments, including NMR, optical conductivity, resis- '

j = e v8fk. We introduce the dimensionless quan-
o - L ities w, = vi/i/at, b = B/By, where By = lic/ea’® =
tivity, the superconducting transition temperature, and thd k k ’ N R

role played by impurity scattering [4], a major challenge43oo T. Weassume thdl = EX andB || z. Then the

for the NAFL approach has been explaining anomalou®E can be written as

transport in an applied magnetic field, where experiments EXoM EXoM
show that the Hall resistivity is a strong function of tem- Px = eE{”x b(”y L Wﬂfo(k)/l(k, T),
perature, yet the cotangent of the Hall angle has a very * ! )

simple behavior c®y; = A + BT?. This has been ex-
plained in terms of spin-charge separation [5] and hagyhere the linearized collision term is given by
been considered as major support for that approach. 5 ,

In this Letter we report on calculations based on theI(k T) = g j de’f dk (e — ex)
NAFL model of the Hall conductivityry and resistivity ' 12 272 uy/|
p, using standard Boltzmann transport theory. Recently / Dy ;
Hlubina and Rice (HR) [6] explored this approach by X Imy(k — K e — 6“’)((}71( B 1>f°(k )
solving the Boltzmann equation (BE) using a variational 3)
method [7]. Here we study the solution of the BE in a
finite magnetic fieldB. We use the same band parameterse solve Egs. (2) and (3) numerically on a fine mesh in
as HR and Monthoux and Pines (MP) [8]= 0.25 eV  momentum space with typicall300 X 200 points in the
and ¢ = —0.45t. The hole concentration (doping) is Brillouin zone (BZ), taking into account the appropriate
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umklapp processes [11]. We have verified that our resultmain result: It shows that c8t; obeys the simple form
for the longitudinal and Hall conductivity practically do not A + BT? over the entire temperature range.
vary for mesh sizes larger thafi0 X 100. The difference We now consider the physical origin of these results.
between the calculated Hall conductivity at mesh sizesn a FL the temperature variation of the Hall angle
100 and 200 is of order 1% at all temperatures, whileds the same as that of the resistivity, if one assumes
the accuracy of our results for the longitudinal resistivitya uniform (temperature) dependence of scattering along
is considerably better. Our principal results are given irthe FS. However, this is not the case for a NAFL,
Figs. 1-3. The input parameters in the figures are awhere the effective interaction (1) depends strongly on the
specified above, unless stated otherwise. momentum transfey. As the calculations of HR and MP

As may be seen in Fig. 1 our calculated result for theshow the quasiparticle lifetimey is highly anisotropic,
resistivity as a function of temperature is very similar tobecause the scattering is very strong for poktand k’
HR for the same doping value, and gquantitatively it issuch thatk — k' = q = Q. As may be seen in Fig. 4,
even close to MP at lower temperatures. Unlike MPthere are only a small number of suckgionson the
both HR and the present calculation show a nonlinearFS, called “hot spots” by HR. Nevertheless, as HR have
ity in p(T) [see inset (a) in Fig. 1], which has not beenshown [6] forex > T, the averagequasipatrticle lifetime
observed in experiments, and which is due to normal FLis linear in the excitation energgc. In addition, thek
like scattering: For sufficiently low temperatures, in thisdependence of is found to be large only away from hot
model, the resistivity is proportional t6* with crossover spots on the Fermi surface, in regions where the scattering
to linear inT resistivity. As indicated in insets of Fig. 1, is no longer anomalous. It is the combination of these
if the lifetime effects are neglected, the crossover temfeatures which is responsible for the peculiar temperature
perature is approximately equal to 200 K in this model.dependence of both resistivity and the Hall angle.
However, a different choice of band parameters, or the For our orientation ofE, with B = 0, &, (B = 0) =
hole concentration, can shift the crossover temperature @y can be written asu,/Io(k,T), where I, is given
much lower values. by Egs. (2) and (3), while in a weak fielB one has

Our results for the Hall conductivity (Fig. 2) are in ®(B) = &y — (b/Io) [u, (0D /0k,) — u,(9DPy/ok,)].
qualitative agreement with the experiments [12], forThe conductivity oy and the Hall conductivityoy
temperatures above the aforesaid crossover temperatusge averages ofu,®x and u,®x around the FS;
The inset of Fig. 2 compares the Hall resistivigy; with  since I, possesses the sglmmetry of the crystal lat-
experiment. More thamualitative agreement cannot be tice, the contribution of®, to oy vanishes identi-
expected, since we have neglected any effects associatedlly. Thus oy is an average ofu’/I, and oy is
with CuO chains and/or planar mass anisotropy, both o&n average of u,(b/Io) [uyV.(uy/Io) — uyVy(uy/Io)]
which influence the experimental results. Figure 3 is oumround the FS. The integral over in Eq. (3) can

be done analytically fork on the FS. It equals
7T[Qwi—) ' + X, (=1)" (wg—p + n7wT)" '], where
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FIG. 1. The resistivity as a function of temperature at two T (K)

doping levels £, = 0.25 solid line, n, = 0.15 dashed line).

The dotted line shows the result of HR [6], the open circlesFIG. 2. NAFL results for the Hall conductivityry (inset
show the result of MP [8], and triangles the experimentallyshows the Hall resistivity) as a function of temperature at
obtainedp,, (Ref. [12]). Insets: (aJp — po)/T, wherepyis B = 1T. The solid (dashed) line shows the calculated result
the residual resistivity, as a function of for wspé? = 880 and  at doping level 0.25 (0.15), while the triangles show the
970 K (dash-dotted line); (y as a function off2. experimental results of Ref. [12].
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FIG. 3. Cotangent of the Hall angle as a function of tempera-
ture. The solid and dotted lines show clean and dirty samples,
respectively, at doping level, = 0.25. The dashed line shows

the clean result at, = 0.15. Inset: results at higher tempera-

ture for wgp &> = 880 and 970 K (dash-dotted line). FIG. 4. The FS of YBCO (solid line) and the magnetic BZ
(dashed line). The hot spots are the thick regions near the
intercepts of the two lines.

w, = wsr + ospé?(q — Q)?, and can be approxi-
mated by #T?/2wyk-w(wx—x + 7T). When
Ty < T < wgpé? we find, fork near the middle of a hot ture superconducting (HTSC) families is rather flat near
spot, that®y, is independent ok, @y ~ u,/\/T/wsr€2.  hot spots, and curved away from them. Singginvolves
@) becomesk dependent away from a hot spot and isa gradient ofdy, it is plausible that in the regions where
given by®) ~ u,s3/(T/wsr£2)?, wheresis the distance 1, varies rapidly withs, this gradient is dominated by the
along the FS betweek and the center of the nearest gradient ofly; moreover, the curved regions of the FS will
hot spot. Experiment shows that for YBCO~ 2 in  contribute to the Hall effect mostly through the change in
temperature region00 < 7' < 300 K (Ref. [13]). This u,. One easily finds that in the flat regioag / oy are pro-
means that the hot regions are fairly large: Under thesportional to 9®y /ds ~ (wsg&/T)?, while in the curved
circumstancesk is never too far from a hot spot (see regionsoy /oy is proportional toVu, (wsg£2/T)%. There-
Fig. 4). Sinced) must have a maximum somewhere in fore in both regions one findsy/oy ~ (T/wsp&2)?, in-
between two hot spots along the FS, thelependence dependent of the specific behaviorag(fl’). This is indeed
of @y is significantly altered: Fos ~ /T/wsg/&é we  the case, as clearly shown in the inset of Fig. 3, where we
now have®y ~ s/(T/wsp£&?)* over most of the FS. As have plotted cddy for two values of¢. The present the-
a resultoy ~ 1/T, and p ~ g*(T/wspé?). As shown ory assumes thaf < wspé?; when this is no longer the
in the inset of Fig. 1, a 10% change ingp£2 yields a  case, caby exhibits a deviation from the above behav-
change of slope in resistivity of about 10%. Note that sdor. We have verified by explicit calculation that, for both
far we have only included the fact thgt~ 1 and that hole concentrations, this occurs at approximately 700 K
the hot regions are symmetrically placed on the FS. It ifRef. [11]), and is responsible for the very slight bending
important to note that the contribution of the equidistantof the two lines at very high temperatures.
regions from two adjacent hot spots is stl(7T/wsp&?)?. An important test of the soundness of our approach
This is why one finds a nonlinearity ip(7) at lower is obtained by adding weak impurity scattering to the
temperatures, which vanishes &sbecomes larger than collision term in the BE. Impurity scattering might
Ty (see Fig. 1), and the hot spots spreadsas +/T. be expected toadd a temperature independent term
Our result is also consistent with the anisotropy of theto I, so that co®y should be proportional tA +
self-energy found earlier [8]. BT?, where the slopeB is unchanged from the clean
The actual shape of the FS is of little relevancesty  case. The results of our numerical calculations (Fig. 3)
provided it is large enough to allow for spin-fluctuation show that this is indeed the caseB is the same
scattering aQ (Ref. [8]) and the Fermi velocity is finite in clean and dirty cases to within 1%. These results
everywhere on the FS, while the Hall coefficient dependsre consistent with a number of experiments [14-16].
strongly on details of both band structure and the effectivénother challenge for the NAFL model is the existence of
interaction. In general, the FS of several high temperaa small orbital magnetoresistance (MR) in YBCO, which
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Harris et al.find [17] does not obey the usual Kohler ductivity and somewhat increases the resistivity. We ad-

rule. In calculations ofp(B) at several temperatures we dress these issues elsewhere [11].

have verified this behavior [11]. Not to our surprise, We are indebted to V. Barzykin, G. Blumberg, D. Gins-

the relative MR,Ap/p, is found to have very strong berg, R. Hlubina, A.J. Leggett, M. Lercher, A. Millis,

temperature dependence and is of oré@ér, as is usually N.P. Ong, T.M. Rice, Q. Si, C.P. Slichter, A. Sokol,

the case in FLs. The values we find are somewhat highdvl. B. Weissman, and Y. Zha for useful conversations.
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mentum dependence of the effective magnetic interactiopupported in part by NSF through Grants No. NSF-DMR

in the NAFL model gives rise to an anomalous tempera89-20538 (MRL at UIUC) and No. NSF-DMR 91-20000

ture dependence of both resistivity and the Hall conduc{STCS).

tivity, which are qualitatively in agreement with transport

measurements on fully doped YBau;O;. The anoma-

lous behavior originates in the hot spots which have a

region of influencesk ~ +/T: As long asy is sharply

peaked _aq =~ Q, with £ ~ 1, this inevitably IeadS_ to the [1] See, e.g., C.P. Slichter, i&trongly Correlated Electronic

quadratic te_mperature dep_endence O@Q’t despite the Systemsedited by K.S. Bedelket al. (Addison-Wesley,

fact that neitheroy or oy displays FL-like temperature New York, 1994).

behavior. The sensitivity of our results g provides a  [2] see, e.g., N.P. Ong, iPhysical Properties of High

natural explanation of the experimentally observed notice- ~ Temperature Superconductorsgited by D. M. Ginsberg

able differences in the slope of resistivity for rather small (World-Scientific, Singapore, 1990), Vol. 2.
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