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Nernst effect in anisotropic metals
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A formulation is given for the Nernst effect of metals with nonspherical Fermi surfaces. The Nernst coef-
ficient Q measures the correlation of the thermopower and Hall angle at different points on the Fermi surface.
As an example, some data from the highsuperconductor YBgCu;0-_ s are discussed. Further possible
applications of the Nernst effect as a probe of the cuprate superconductors are suggested.
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The Nernst effect, which is the transverse thermopowem general, nonzero, but the combination cancels. For a non-
induced by a magnetic field, is a basic electrical transportzero result, it has been customary to expand the energy de-
probe of conducting materials. Perhaps too often the Nerngiendence of the relaxation time;= 715+ (e—Eg)d7/de,
effect is neglected as a poor cousin of its more familiaryielding the familiar result for the Nernst effect in terms of
counterparts—the resistivity, Hall effect, and thermopowerthe energy derivative of at the Fermi energy:

Aside from the experimental difficulty involved in the mea-

surement, the Nernst effect is often overlooked because the 72 K3T dr(e)
standard formulation of the Nernst effect of a metal requires Sy= 3 de |- 3)
model-dependent interpretations of experimental results. The Ep

standard formulationof the Nernst effect is, however, valid ) ) ) )
only for spherical Fermi surfaces, having preceded by a deEquation(3) is the most-commonly cited equation for the
cade the modern methods of Fermi surface determination. Nernst effect for comparison with experimental results de-
Accounting for anisotropy of the Fermi surface gives anspite the difficulty of theoretically modeling the energy de-
additional contribution to the Nernst effect, which may bePendence of the relaxation time for real systems.
the dominant term in many materials. This contribution can Equation(3) gives the first nonzero contribution to the
be written in the simple form of the correlation of the ther- Nernst effect for an isotropic, spherical Fermi surface. If,
mopower and Hall angle around the Fermi surface. The nahstead, an anisotropic Fermi surface is considered, then a
ture of the Nernst coefficient as a correlation function shoulcPotentially larger contribution is obtained, without appealing
allow model-independent interpretations in many cases. A higher-order terms such as asymmetries (). Adding
described below, in the high; cuprate superconductors, together the currents, E¢l), from different portions of the
Nernst effect studies may be useful probes of tranport differFermi surface is accomplished by rewriting EB) in terms
ences between the (8) and (w,w) directions ink space.  of ¢ and L' and summing the conductivities ard?s:
The Nernst effect results from a balance of electric andri=fd{o({) and thgtzfdg“le(g“), where d{ represents
thermal forces acting on the charge carriers. The electric cuan infinitesimal patch of the Fermi surface. The integrands
rent arising in the presence of an electric fi€idind a ther- ~ are converted to combinations of experimentally obtainable

mal gradientV T is transport quantities using the low-field simplifications

o |:12_> Pxy= Oripxx (4
Je=0E— —VT, (1)
T 12
~ SX _ LXX (5)

wherea is the electrical conductivity and'%/T is the elec- X Toyy
trothermal conductivity. The total current is equal to zero
during the experimental measurement, which means that the 12_ 12

= Liy= Oulix- (6)

thermopower tenso®, relating the electric field to the ther-
mal gradienE=SVT, is S=(L/T)L'?%c~*. The off-diagonal ~ Equation(4) is the definition of the Hall angl®y at low
element ofS describing the Nernst effect, in terms of the magnetic field, where tai~ 6, . Equation(5) is the usual,

resistivity tensorp, is low-field expression for the thermopower. Equati(@) is
true to leading order in(€), 7= 79, producing the cancella-
1 1 1 tion in Eq. (2).
Soy=7F (Padxy ™ Pyl xid (2 The integrandL(¢) is replaced by the product of the
local thermopower and the local conductivity
which is zero using the standard Boltzmann expressions foT' S,,({) o({). Similarly, JdZoyy(0) becomes
the conductivity tensoo- andL'? if the relaxation timer is —[dZ04(0) oy (L). The resulting version of E¢2), aver-

independent of energy. Each of the four terms in &).is, aged over the Fermi surface, is
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s, :fdgoH(g)Sxx(é’)O'xx(g)_[fdgeH(g)Uxx(g)} 300
Y Jdlow(d) Jdlow(d)
[J‘dgsxx(g)a'xx(é/)}’ (7) 'g‘ 200 | g
fdga'xx(g) C:i. E
with 6,<1. The right-hand side of Eq(7) is just the = q00f @
conductivity-weighted correlation of the Hall angle and the
thermopower around the Fermi surface:
0
Sxy:<‘9HSxx>o_<0H>o<Sxx>a1 (8) 2 T T T

where the brackets represent an average around the Fermi
surface and the subscripts indicate that the average is Q

weighted by the electrical conductivity. E *.
Equation (8) is reminiscent of a recently published ex- %
&

pression for the classical, low-field magnetoresistance in “"o....
terms of the conductivity-weighted variance of the Hall S
angle around the Fermi surfate: b)
Ap(H) ) ) 00 100 200 300
:<0H>0'_<0H>0" (9) TIK]

p

Both measurements, the Nernst effect and the magnetoresis- rig. 1. (a) Temperature dependence of the normal-state resis-

tance, give a zero result for spherical Fermi surfaces or neagjity, ,(T), and the thermopoweiS(T), of the YBa,CusO,_ 5
any single point on an anisotropic Fermi surface. The comsample. (b) Temperature dependence of the Hall coefficient,
bined currents of an anisotropic Fermi surface produce nong,(T).

zero results, and in the case of the Nernst effect, it is not

necessary to appeal to higher-order terms sucthitéde.  same order of magnitude as the Nernst signal to be studied,
An illustrative application of Eq(8) is a comparison with  pyt also shares the same dependence on the magnetic field.
a measurement of the Nernst effect in the normal state of th?he use of thin-film Samp|es guarantees the isothermal con-
high-T; superconductor YBgCu307_ 5. dition V,T=0, because the insulating substrate is the domi-
Measuring the Nernst effect in the normal state of thenant thermal mass controlling the temperature gradient.
cuprates is a delicate affair. The signal is typically only afew  The apparatus which was used to measure the Nernst ef-
n_anovolts per kelvin per tesla of applied f|e_Id. The longitu-fect in YBa,Cuz0,_ 5 has been described previouslyor
dinal thermopower, or Seebeck voltage, is roughly 100GQnhe measurement of YB&u;0;_ 5, data were taken at 10
times larger than the Nernst signal. Unavoidable small conk intervals betwee, andT = 330 K. For each point, the
tact misalignment means that the Nernst signal is often domiemperature was stabilized, and then the transverse, Nernst,
nated by the unwanted Seebeck background signal. Separggitage was sampled at 37 different magnetic field values
ing the Nernst signal from the background signal requires nofetween—12 T and+12 T. The magnetic field was along
only nanovolt-scale resolution, but also high stability andine ¢ axis of the material and the temperature gradient and
reproducibility of the applied temperature gradient and volt-g|actric field were in the-b plane.
age detection. Many of the detailed experimental consider- The magnetic-field dependence of the Nernst sighakt
ations involved in measuring the small normal-state Nerms{_o5g k is shown in Fig. 2. The base-line Seebeck back-
signal have been discussed previouly. idblenitaxi ground signal has been subtracted. The raw data accurately
The sample was a commercially availdblepitaxial  gisp|ay the expected linear dependence on the magnetic field.
YBa,Cuz0;_; film with a resistive midpointT; of 88 K 6 Nermst coefficien@=S,,/H at T = 250 K is obtained
and a transition width of 3 K. The temperature dependencegom 5 Jinear least-squares fit to the data of Fig. 2. The full
of the normal-state resistivity and thermopower are shown Remperature dependence of the Nernst coefficient of the
Fig. 1(a). The negative curvature of the resistivity and theYBaZCu3O7 sample is shown in Fig. 3.
magnitude of the thermopower signal indicate that the rpe measyred Nernst coefficie@ increases with de-
sample is slightly underdoped. The temperature dependenggeasing temperature below room temperature, reaching a
of the Hall coefficient displayed the usualTlbehavior for .- 4 maximum neaF = 210 K. The value of) then drops
YBa,Cu305, as shown in Fig. (). rapidly to zero at a temperature just above Hheof the
The importance of using thin-film sampler? for the mea-gampie At still lower temperatures, the large contribution
surement of the Nernst effect in brittle materfat&nnot be dfrom superconducting fluctuatichbegins to dominate.

emphasized enough. In bulk samples, the magnetic-field- o yqre useful way to show the Nernst data is in terms of
induced transverse thermal conductivity, or Righi-Leduc ef- he dimensionlessorrelationgS* betweenS, and 6y,
fect, generates a transverse component of the thermal graél— X H-

ent, V,T~tand,V, T, where thex direction is the direction B
of the applied gradient. The Seebeck signal associated with gSth= (015000 (On)o{Seds _ Qp ’
the small, transverse temperature difference not only has the (01) o{ S SexRu

(10



54 BRIEF REPORTS 6105

50 T o0 7 T T T T T
K] . Dimensionless Correlation of the
g’ —_— 40 T e® 6 I 1
» X 30 P Thermopower and the Hall Angle
‘g 2z . o ®
£ = 20 Lo 5F o ]
Z 101 ee o
[ ¢ L — g:_": 41 SGH [ ] ]
-12 -8 4 o° 4 8 12 @ g o
. e o101 HIT] 8— 3t . . 1
(X ] - 4
. 20 5 L ]
. -30 - o .
.
o* 401 1k . ¢ ]
ve 504 .
0 il ’ 5 hd 1 1 1 1 =
FIG. 2. Magnetic-field dependence of the raw Nernst signal at 100 150 200 250 300 350
T=250 K showing the linear variation with the applied field TIK]

strength.

FIG. 4. Temperature dependence of the dimensionless correla-
which is experimentally obtainable as the ratio of four trans4ion g’ between the Hall angle and the thermopower around the
port quantities—the Nernst coefficie@, the resistivityp,  Fermi surface. The correlation goes to zero just abbyén this
the thermopowes,,, and the Hall coefficienR,, . Note that ~ sample of YBaCuzO7_;.

gso_H i§ the same as the ratio of' the thermal Hall angle t'o theYBaZCu307,5 is apparently related to a temperature-
resistive hall angle, discussed in Ref. 7. Data for the dimeng,jependent feature of the electronic structure of this com-

sionless correlatiog>’+ are shown in Fig. 4. Below = pound.
280 K, the correlation drops linearly, reaching zerdlat The quantitygS?H, in contrast, is highly temperature de-
110 K. pendent. The thermopower and the Hall angle lose all corre-

The variation around the Fermi surface of the Hall anglejation in this sample just abov@.. A determination of
alone is available from a recent measurement of the norma{yhether or not this is a general feature in Yf8ai;05_ 5 or
state magnetoresistance in YB2u30,_ .2 The dimension-  is merely coincidental at this, nearly optimal, carrier concen-
less Hall-angle variancé p/[(6,)°p] was observed to be tration would require a systematic study at several different
independent of temperature in the oxygen-deficient 60-Kdoping levels.
phase of YBaCu;0,_s, with a constant value of 1.7 be- The orthorhombic crystal structure of YB&8u;O; per-
tween T, and T = 375 K. In the fully oxygenated 90-K mits two-dimensional Fermi surface variations of the trans-
phase, the dimensionless variance changed slightly with tenport quantities possessing both twofold and fourfold symme-
perature from 1.5 to 1.7 over the same range. The variatiolfy axes. The twofold variations can be measured directly as
of the Hall angle around the Fermi surface inthe a-b anisotropy of single crystal samples. The fourfold

variations cannot be measured directly. In principle, how-
ever, once thea-b anisotropy has been characterized, the

10 T T T T T Nernst effect could be used to probe the fourfold variations
. of the thermopower. This approach would be most useful in
sl i tetragonal compounds such as,Bh,Cay_;CunOayon,
for which the magnetoresistarideas been used to determine
- the fourfold anisotropy of the carrier relaxation time.
< St . In summary, a simple formulation of the Nernst effect for
S ®one anisotropic metals was introduced. Comparison was made
£, o’ ®e, with data from the normal state of the high-superconduc-
e ] M * . °e | tor YBa,Cu305_ s and possible applications to the system-
o® e atic study of the cuprates were discussed. In particular, the
ol ® - Nernst effect may be a useful probe of fourfold thermopower
®e variations, distinguishing the (8) and the r, ) directions
e ® in k space.
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