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Hall effect in the two-dimensional metal S,RuO,
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We report a detailed study of the Hall effect in,BuQ,, the first layered perovskite superconductor which
does not contain coppél .=1 K). The Hall coefficient Ry) was measured at temperatures between 20 mK
and 300 K, and an unusual dependencé&gfon the applied magnetic field was observBg,. has a strong
temperature dependence below 25 K, but beloK it saturates at a value 6f1.15<1071° m*C. The Fermi
surface of SJRuG, is known from quantum oscillation measurements, and since it is nearly two dimensional,
it is possible to derive a simple expression Ry using methods developed by Ofighys. Rev. B43, 193
(1991)]. We show that if the mean free path,js assumed to be isotropic at low temperatures, it is possible to
make an accurate quantitative calculation Rf on the basis of the known Fermi surface parameters.
[S0163-18296)08131-3

[. INTRODUCTION upper critical field H,), which is only 0.04 T when the
field is applied along the direction. We confirm the very
Metallic behavior was reported in /uQ, many years strong temperature dependence between 2 and 50 K first re-
ago’ and detailed measurements of the resistiyitywere  ported by Shirakawat al, but observe that below 1 KRy,
performed on single crystals in the years following the dis-becomes almost temperature independent as we enter a re-
covery of high-temperature superconductivity in thegime in which elastic impurity scattering is the dominant
cuprates, motivated by the fact that it has essentially the Scattering mechanism. Using knowledge of the size of the
same structure as ba,(Ba,S),Cu0,, and might itself be a Fermi-surface sheets from the quantum oscillation
candidate for superconductivity. Initially, none was found, Measurementsand the assumption that the mean free path,
and interest in SRuUO, was mainly due to its potential as a |, is isotropic in the elastic-scattering limit, we can make an
highly conducting component in layered devices based ofccurate quantitative prediction of the measured low-
the cuprates. Recently, however, Maeno and coworkermperature value oRy, and account qualitatively for its
showed that it is indeed a superconductor, with a low transifi€ld dependence. We also suggest that the strong tempera-

tion temperature of approximately 1¥Subsequent investi- furé dependence dry, at higher temperatures could be a
gations have established that unlike the cupratesRigp, ~ consequence of rather small temperature dependent changes

has low-temperature properties that are consistent with thi® the k dependence df.
predictions of Fermi-liquid theory, although it is extremely
anisotropic, withp/p,,>500 at low temperaturé's; Both
band-structure calculatiohband direct Fermi-surface mea-
surements via the de Haas—van Alphen and Shubnikhov—de The sample growth is described in Refs. 3-5. For these
Haas effectsshow that the Fermi surface consists of threemeasurements we used a single cry&aproximate dimen-
essentially cylindrical sheets, two of which are electronlikesions 1 mnx0.5 mmx30 um) whose high quality is evi-
and one of which is holelike. denced by the fact that clear Shubnikhov—de Haas oscilla-
Very soon after the discovery of the superconductivity,tions were observed in its magnetoresistivity. Low-
Shirakawaet al® showed that the Hall coefficienR(;) of  temperature measurements between 20 mi @rk were
Sr,RuQ, has a complicated temperature dependence, gserformed in a dilution refrigerator/18 T magnet system by
might be expected from a material containing electronlikesweeping the magnetic field at constant temperature with a
and holelike carriers, and that the signRyf at temperatures fixed sample position, and then repeating for the opposite
below approximately 30 K is negative. In this paper we re-field polarity, as described in Ref. 9. To operate above 1.2 K,
port the results of a detailed study of the Hall effect betweermost of the®He/He mixture was removed, with the remain-
20 mK and 300 K, and show that the Hall voltag4,, is  der providing a thermal link with the 1.2 K pot, and a heater
nonlinear in field at low temperatures. The normal-statevas used to reach temperatures up to 6 K. The sample was
value ofR, can be obtained below the superconducting tranalso studied in a convention#He crysostat, at temperatures
sition temperatureT;) by working at fields larger than the between 2.5 and 300 K, by rotating in a fixed field of 2 T

Il. EXPERIMENT
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FIG. 1. The in-plane resistivity,, of the high-quality single .F_IG. 2. The temperature dependence of the weak-field Hall co-
crystal of S(RuO, used in this experiment. The resistivity ratio €fficientRy. The closed symbols show data taken by rotating the

[pap(300 K)/pap(4.2 K)] is in excess of 100, and the sample showedSample in a fixe_d fieldfo2 T in f_i“He cryostat, a_md_the open ones
Shubnikhov-de Haas oscillatioiRef. 5. show data obtained by reversing the magnetic field in a cryostat

equipped with a dilution refrigeratdsee text

(see, for example, Ref. 10 for more detailShe field depen- _ _ o o
dence ofV,, was checked at all temperatures in the 18 T2 T applied parallel to the axis. These findings are similar
system, and at 10, 45, 100, and 300 K in thie cryostat. In  to those reported in Ref. 8, although we are able to resolve a

all cases the magnetic field was applied parallel toctlais ~ return to a negative value &, at temperatures above 130
of the crystal. K. The measurements were made in the relatively low field

of 2 T because, as shown in Fig. 3, the Hall voltagg, has
an unusuasuperlinearfield dependence at low temperatures
IIl. RESULTS AND DISCUSSION (Fig. 3, which can be modeled well as a sum of linear and
cubic terms. As can be seen in Fig. 3, the correction due to
, L - the higher power term is very small at fields up to 2 T. Field
The zero-fieldab plane resistivity is shown in Fig. 1 at g\ eens performed at more than ten temperatures below 6 K,
temperatures between 10 and 300 K. Below about 25 K, botg 4t 10, 44.5, 116, and 300 K confirmed that the superlin-
Pab andpc_ vary asT” to h|gh acqurac?;above th|§ lempera-  o5¢ enhancement is reduced as the temperature increases, so
ture, p,, rises monotonically, with curvature which is much a5 taxen @2 T give a good estimate of the weak-field Hall
Ies; strong 'tharT - In this range, 2't can Pe modelleq well coefficient over the whole temperature range studied. The
using a weighted sum of and T~ contributions, with a  qyigin of the unusual field dependence will be discussed in
strongT component, reminiscent of the behavior seen in theSec. 1l D below.
overdoped cuprates such as,LaSr,Cu0, (Ref. 1) and
TI,Ba,CuQs, 5°'*? Although p, shows a pronounced maxi-

A. Resistivity

mum at about 100 KB no equivalent feature is seen in C-_ LOW-t_empercf:\ture Hall c_oeff_icient
Pap 22 The sample studied here has a residual resistivity of in the isotropic-l approximation
approximately 0.7u{)cm and a resistivity ratig,,(300 Details of the low-temperature behavior Bf, are pre-

K)/pan(4 K) in excess of 100. It has often been noted that thesented in Fig. 4. Although the temperature dependence be-
extrapolated resistivity ratio of the stoichiometric cuprate
YBa,Cu;0y; is very high, but since this involves extrapola-

tion over a wide temperature range of approximately 100 K, ' ' ' ' '
there has been some uncertainty. Some authors have argued |
that the very high ratio that is inferred is surely not plausible 2 T =0.40K
in a complex oxide material, and that it must be taken as g | 4
evidence for solitonic excitations in the copper-oxygen %*
planes which are not subject to the usual scattering E A
processed? In SrL,RUQ,, it seems clear that the ground state '—§ -
is a Fermi liquid, so the observation of such a low residual N el T
resistivity is a direct demonstration of the kind of material >m =
guality that is possible in complex oxides in which the con- i i
ductivity is not induced by the introduction of random sto- ! . . ; .
ichiometric defects. 0 2 4 6 8 10
B (Tesla)
B. Hall coefficient: Temperature and field dependence FIG. 3. Detailed measurements show that the Hall voltsge,

In Fig. 2 we show the temperature dependenceRgf s nonlinear in field. The dashed line shows the gradient of the
measured between 20 mK and 300 K with a fixed field oflinear region at low field which can be used to ded&ge.
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FIG. 4. The low-temperature behavior Rf, . Note that in spite

of the strong temperature dependence between 1.5 and 8K,  F|G. 5. The dependence &, as calculated using expression

becomes essentially temperature independent below 1 K, indicating) on the ratio of the mean free path for the holég (o that for

entry into the regime dominated by scattering from static impuritiesthe electrons I() which is assumed for simplicity to be equal for

The error bars were estimated from the error in fitting a line to theye two electron pockets.

data belav 2 T in field sweeps such as that shown in Fig. 3. The

line is a guide to the eye. . - . . . .
we obtain a prediction within the isotropicapproximation

_ ~10 .3 ; :
tween about 1.5 and 50 K is very strory, becomes essen- ©f Rn=—0.9x10"" m7/C. This compares well with the

—10 .3 i
tially temperature independent below 1 K. This gives goodneasu_red value °Hl5><10 m/C, and indicates that the
evidence that we are reaching the regime in which large!SOtOPici approximation is a reasonably good oneTasO.
To our knowledge, the combination of complete low-

angle elastic scattering from impurities dominates the trans Fermi surf d Hall effect data | | d
port properties. In this regime, it is common to assume that:€MPerature Fermi surtace and Hall eflect data in a layere

to a first approximation, the mean free patdepends only metal is unique, so this is the first time that such a direct test

on the separation between the impurities which provide th&' Eﬂ? apﬁroxmatlon habs been p?]ssmlle. ated and g
scattering centers, and is no longer sensitive to differences in | nat the agreement between the calculated and measure

the Fermi velocity either at different parts of the same Fermi’@|Ues is impressive can be better appreciated by considering
ig. 5, which gives the dependence Rf, calculated from

surface sheet or on different sheets in the case of a multibarid . . ; .
metal. This is known as the “isotropid?’ approximation. expression(1) on the assumptiofpurely for illustratior) that

The value ofl deduced from the resistivity in this approxi- | is the same for the two electron pockets b_utdifferent for the
mation is~1500 A below 1 K, a figure which is consistent much smaller hole pocket. In this very simple model, the

with estimates that can be made from the field dependence Gficulated value oR,, is extremely sensitive to the ratio

quantum oscillations in other crystals from the same btch. wle. PpintA represents the calculated valué i isotropic,
In order to understand the low-temperature valudgf and pointB represents the measured value, which could be

we use the elegant geometrical interpretation of the weal roﬂcucr:]ed,f;or exf;ﬂ?'e' by, being only 10% srgﬁller than
field Hall effect in two dimensional metals in terms of the 'e- ! the eifect of finite temperature were to redugemore

wave-vector dependence lof v 7 derived by Ong® Taking rapidly thanly,, the zero .ORH seen at about 30 K could be
Ry = 0y,/Bo Z,, whereB is the magnetic field] and assum- the result ofl /I, becoming only as large as 1.4. Although

ing that the three pockets are almost circular witk mde- tE|s S|mplg model is Qr:ly ﬁ.n?] gxamlple, I _se”rves to |IIustrat§
pendent in any individual pocket, we obtain a general ex- (hat €ven in ahmatelrla WRIC is Cl;ny partia Iy compensate
preSSion fOlRH in a multiband material: (l.e.,-ne#: nh), the value o Hy can - e extremely sensitive to
details of thek-dependent scattering, and strong temperature
27dZ;(—1)"I2 dependences are likely.
Ry=—->—, 1
H e(Zikhl))? @
. . . . . D. Low-temperature analysis of the field dependence
whered is the interplane separation, ang=1 if Fermi sur- .-
. - L - of the Hall coefficient and voltage
face sheei is electronlike and 2 if it is holeliké® If we _ _ il v :
make the extra assumption that at sufficiently low tempera- It is also possible to analyze the field dependenc¥ of

turel is the same for all the pockets, the expression simpli{Fig. 3 within the isotropict approximation. As the field is
fies to raised, and we leave the strictly weak-field regime, we have

to take into account the higher-order terms in the Zener-
2mdZ;(—1)" Jones expansion. Taking the next higher-order term into ac-
HT T oS 12 - ) count, the Hall voltage is given byV,=RyB
e(EIkF) 2 5 H H
=(0yy 1T 03)/ 05, Whereas/os, is the next term in the ex-
Using the known values d: of 0.3, 0.62, and 0.75 Al for pansion(proportional toB3), given for a single band in the
the hole pocket and the two electron pockets, respectivelyjsotropici approximation by



7428 A. P. MACKENZIE et al. 54

o3 27d(wen)2(—1)" averaged over each pocket. If there is a signifidadepen-
P elé ) 3 dence and the pockets are not perfectly circular, this is likely
XX

to affect the calculated value oR, far more in the
wherew is the cyclotron frequency anmt=1 for an electron isotropic regime than in the isotropicregime.
pocket and 2 for a hole pocket. Thus for a single band,

always has the opposite sign too,,. Writing F. Magnetic contributions to the Hall effect?

=evg7B/fike, we can extend to the multiband case: _ . .
W= EURT F It is well known that paramagnetic and ferromagnetic ma-

o3 —de(eBDz[Zi(—1)”i(1/ki':)2] terials can have a large magnetic contributi.on to the Hall
Bol 23 K2 . (4)  effect due to processes such as ske_w scattering or side jump.
XX INF Normally, these effects are strong in materials whose para-
Now, the contribution from each band is seen to be weightednagnetism results from local moments which give a strong
by the factor of(1/k})? favoring the contribution of small Curie term in the susceptibility, and the magnetic contri-
pockets. Taking our values &f- for Sr,RuQ,, we find that bution to the Hall effect has a very similar temperature de-
the contribution from the smaller hole pocket dominates thependence to that of.'*?° Experiments on heavy-fermion
B3 term and reverses the sign ef/a2,, thus explaining the materials show that if the paramagnetism is not Curie-like,
superlinear behavior seen ¥y, . A fit containing only terms  the situation is different. In many of these compounds, the
linear and cubic inB fits the field dependence well, and onset of coherence at low temperatures is accompanied by a
using1~1500 A, we calculate the higher-order term to bedramatic reduction in the magnitude of the magnetic contri-
substantial0.4 times the linear term at 11 T, instead of thebution to Ry, even though the large value af does not
observed value of approximately 0.8This agreement is change very much in this temperature raAYm SLRUQ,, x
good for a higher-order term—the factor of 2 discrepancyis approximately 10° emu/mol, but it is essentially tempera-
between the calculated and observed values could be the rigwre independent, with little or no Curie term. Also, the field
sult of only 15—20 % deviations from isotroplicso the ap- dependence that we see is superlinear all the way upto 18 T,
proximation is again seen to be a fairly good one at suffi-and can be modeled using terms derived purely on the basis

ciently low temperatures. of the orbital Hall effect in a high-purity metal. We see no
sign of the saturation that is commonly observed when there

E. Difficulties of applying a simple analysis is a large magnetic contribution to the Hall effect. For these
to high-temperature behavior reasons, we believe that the data presented in Fig. 2 are

dominated by the standard orbitB];, although we cannot

It should also be possible to interpief; at high tempera- . 1a out some magnetic contribution.

tures, where the scattering lifetimerather than the mean
free pathl is isotropic'® As can be seen from Fig. By, is
almost temperature independent above 200 K, and it is IV. CONCLUSIONS

tempting to extend the analysis to that temperature range. |n conclusion, we have studied the Hall effect ipfRu0,
However, if one naively attempts to estimate the ratio ofpver a wide temperature range. The simplicity of its Fermi
mean free paths in Eq. 1 by taking=v 7, ve=%ke/m’,  surface means that it is an ideal material in which to test the
and using the low-temperature cyclotron masses oing,2 theoretical relationship between Fermi surface topology and
6.6m, and 12, for the three pocketSpne obtains a value the weak field Hall effect, and we have shown that it is
of approximately—0.5x10""° m%C, in fairly poor agree- possible to make a good estimate of the magnitude of the
ment with the experimental value of0.1x10 ' m%C.  |ow-temperature Hall coefficient within the isotropicap-
There could be several reasons for this. First, even if th@roximation.
band structure has the same meaning at these elevated tem-
peratures, it is by no means clear that the low-temperature

mass enhancements that were used in the estimatiork of

will survive to high temperature. However, as reported in We thank J. R. Cooper and G. J. McMullan for useful
Ref. 4, the Pauli susceptibility remains essentially temperadiscussions, and N. P. Ong and E. Osquiguil critical readings
ture independent up to 700 K. A more likely explanation isof the manuscript. One of ugA.P.M) gratefully acknowl-
that the method used for deducing can only give a value edges the support of the Royal Society.
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