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c-axis transport in highly anisotropic metals: Role of small polarons

A. F. Ho and A. J. Schofield
School of Physics and Astronomy, Birmingham University, Edgbaston, Birmingham B15 2TT, United Kingdom
(Received 2 July 2004; revised manuscript received 21 October 2004; published 4 January 2005

We show in a simple model of interlayer hopping of single electrons that transport along the weakly coupled
c-axis of quasi-two-dimensional metals does not always probe only the in-plane electron properties. In our
model where there is a strong coupling between electrons and a bosonic mode that propagatediiadtien
only, we find a broad maximum in theaxis resistivity at a temperature near the characteristic energy of the
bosonic mode, while no corresponding feature appears ialthgane transport. At temperatures far from this
bosonic energy scale, theaxis resistivity does track the in-plane electron scattering rate. We demonstrate a
reasonable fit of our theory to the apparent metallic to nonmetallic crossover miakie resistivity of the
layered ruthenate gRuO;.
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Many metallic systems of current interest have highly anproaches have generally been argued to apply to the cuprate
isotropic electronic properties with one or more directionsmetals, but our motivation comes from the layered strontium
much more weakly conducting than the others. Examplesuthenate compounds where the appeal to unusual in-plane
include the cuprate metalssome ruthenates,and many physics is less well grounded. Alternatively theaxis cou-
organics® where a measure of this anisotropy is the resistivpling may consist of more than single electron tunneling:
ity ratio, p./ pap, Which can be of order £ato 1. (Hence-  with disorder and boson-assisted hoppingr perhaps inter-
forth, c will denote the weakly coupled direction withand  plane charge fluctuatiors.

b the more conducting.Many of these materials have un-  In this paper we also go beyond single particle hopping as
usual metallic or superconducting properties which havehe only coupling between the planes and consider electrons
been attributed to strong correlation effects in #ieplane.  coupled to a bosonic mode. However, in contrast to the
Although the theoretical understanding of strongly correlatecabove work, we use a canonical transformafidn treat the
electrons is incomplete, the electron anisotropy can be useslectron-boson coupling, and thus can deal with the strong
advantageously to give insights into the in-plane physics. Byoupling regime. Our assumptions are, first, that there is a
assuming that the coupling up tteeaxis occurs only by well defined separation of energy scalgg> wy>t., where
weak single-electron tunneling, many worKefs have t,, is the in-plane kinetic energy scale is the characteris-
shown thatc-axis resistivity dependsnly on thein-plane tic energy of the bosonic mode.g., the Debye temperatyre
electron Green’s function. andt. is the single particle tunneling between layers. This

This insight makes all the more puzzling the observatiorassumption is certainly well founded for,8uQ,, as shown,
that in many of these materials the resistivity-anisotropy rafor example, in Ref. 14. With this assumption it is sufficient
tio is strongly temperature dependent with a crossover fromo compute conductivity to leading order fp Our second
metallic behavior to insulating behavior in the out-of-plane

direction only. For example, SRuO,? showsT? resistivity 6

both in the plane and out-of-plane fok 20 K but p, shows 60¢ B 5 20

a broad maximum at around 130 K and above this tempera: ED

ture the resistivity starts to decrease with increasing tempera £,

ture (see Fig. 2 beloy In marked contrast, the in-plane re- =z 302 /17\

sistivity showsdp/dT>0 for all temperatures. Evidently the = <

low temperature metal is a 3D Fermi liquid, so this begs the% ! /ﬂ

question how the out-of-plane transport is being blocked %
while the in-plane transport remains metallic. In this paper oy}
we consider how anisotropic coupling of the in-plane elec-
trons to bosonic degrees of freedom can give rise to this 19}
effect. We show that if the electron-boson coupling is stron- /’1_0_____/’__
ger in the interplane direction then, at the characteristic en-
: ; 0.5 1 1.5 2

ergy scale of the boson mode, there can be a maximum in th T,
c-axis resistivity with no corresponding transport feature for
currents in the plane. FIG. 1. The zero-fielc-axis resistivity with in-plane marginal

Other approaches to this puzzle have been offered previrermi liquid scatteringl'=w coth(w/T) for electrons coupled to
ously. One possibility is that the in-plane metal is a non-c-axis Einstein phonons for different values of electron-phonon

Fermi liquid® or otherwise reflects unusual in-plane coupling (A/wg). Inset: as above but for a dispersing mode
physic§ such as superconducting fluctuatidAsThese ap-  wg=w[1-0.4 cosq)].
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assumption is that electron-electron correlations dominate - ; t
over the in-plane coupling to the bosonic mode such that the He-b % % Mg expliancip(ag + ). @
formation of a small polaroin the planess suppressed by
the electronic interactions. We will therefore be considering @Dur analysis can be applied to any gapped neutral bosonic
limit where the quasiparticle excitations of the system aremode with long wavelength in the plane, such as a magnetic
insensitive to bosonic modes whose wavelength in the planeollective mode, but we have in mind tlistrong coupling
is short compared to the size of a quasiparti@esumed to to a phonon mode with displacement in thelirection and
be large. With these assumptions we show that anisotropidong (infinite) wavelength in the plane. Heigis along the
coupling can lead to differences between the in-plane and-axis, with c the interlayer distance. In this limit, only the
out-of-plane conductivities that are consistent with the extotal chargep,=/ dzxcﬁ(i)cn(f() of the nth plane couples to
periments. A broad maximum can appear in thaxis resis- the boson creation and annihilation operatagsaq so, by
tivity p. as a function of temperature, while no such featureconstruction these bosons do not dominate charge transport
exists in the in-plane resistivitp,, Only away from the within the plane.
broad maximum, doeg, track the intrinsic in-plane scatter- Even with this limiting electron-phonon coupling, inter-
ing rate. We shall also show that our model calculations catayer hopping can affect in-plane correlations by spreading
fit reasonably the SRuO, data of Tyleret al, using physi-  the in-plane correlation from one plane to another, especially
cally plausible parameters. since the in-plane correlations are supposed to be strong for a
Strictly our assumption that the electrons couple stronglypure single layer in the cuprates and also the ruthenates.
only to out-of-plane bosonic modes should be regarded aslowever, this requires the interlayer hopping to be coherent,
phenomenological, and in this paper we compute the consevhich means the temperature must be low comparef: to
guences of such an approach and compare with experimenitherwise, thes-axis transport is diffusive and cannot propa-
Nevertheless we can offer some justification for it. In agate correlations between the layers. In this paper, we have
quasi-2D metal, the anisotropy of the crystal structure haassumed a phenomenological form for the in-plane spectral
important consequences for both the electronic structure angeight, and so we cannot address the issue of the strongly
the bosonic modes the electrons can couple to. Usually theorrelatedthree dimensional state af<t..
anisotropy in the characteristic energies of phonon modes are The Hamiltonian for the-axis bosonsHp=2 4w, Taq, de-
much smaller than those of the electronic structure: the ruthfines a dispersiom,. In this paper we shall look closely at
enate that we will be concerned with is thought to be an ionithe Einstein phononu,=w,. This is both because optical
(not covalent-bondedcrystal. Where significant anisotropy phonons tend to have little dispersion relative to acoustic
can arise is in the strength of the electron-phonon couplingenes, and also we are able to obtain analytic results for this
for these different phonons. Krakauver al® have found in  case. We shall also discuss, somewhat more qualitatively, the
an LDA calculation that the electron-phonon coupling isopposite case of a generic dispersion where the phonon den-
much stronger when atomic displacements are perpendiculgity of states does not have any sharp features. For the data
to the Cu—O plane in LSCO, while Kirat al® and Grilli  fitting to SLRUQ,, we will use a simple form that allows us
and Castellarf found that strong in-plane electronic corre- to test if the putative mode does indeed disperse.
lation suppresses in-plane electron-phonon coupling. Usually Of course electron-phonon systems have been well stud-
strong electron-phonon coupling leads to the well-studieded, but our findings will be shown to be clearly different to
small polaron regime, where electronic motion becomes afenes found in the small polaron models studied in the classic
fected by the accompanying large cloud of phontf§(For  paperst31819 small anisotropy in electron-boson coupling
a review, see Ref. 19In this paper, our assumptions will cannot lead to the properties we shall demonstrate below. In
lead to a small polaron forming only between the layers. particular, at temperatures greater than the temperature of the

Our model Hamiltonian is then maximum inp(T), our model hag.(T) tracking the intrinsic
in-plane scattering rate while in standard small polaron
H=2 H™ + Ho+ He_p+ H, theory (even if generalized to some degree of anisotropic

n coupling, p.(T) keeps on decreasingxponentially with

increasingT. In short, in our model, the small polaron broad
maximum in p.(T) is “grafted” on top of the background
in-planescattering. We note that Kornilovitéhhas studied a
similar anisotropic model: he did not calculate the dc con-
The model system consists of a stack of 2D planes describedlctivity, and, with the effective mass approach employed,
by H™ containing arbitrary intra-planar interactions. In this he cannot access the nonmetallic regifoeyond the broad
work it will be sufficient to characterize these planes by amaximum ofp(T)]. After completion of our theory, we be-
phenomenological 2D Green’s function. Hy, electrons are came aware of the related work of Lundin and McKefzie
assumed to hop from one plane directly to a neighboringvho also studied a small polaron model for anisotropic met-
plane only, at the same in-plane coordin&té&or simplicity,  als. Their model is different to ours in an essential way: they
we have omitted the spin index on the electron operatorgake the boson mode to be uncorrelated from one layer to
c,(X). Many approachés® assume only this coupling be- another, while we have a boson mode that propagate coher-
tween the planes in a quasi-2D system. We go beyond that bgntly along thec-axis.

including a bosonic mode that also couples the layers The key physics we are considering is the effect of strong

He= f X tCLy(R)c() + Hec. (D)
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electron-phonon coupling on the charge transport in the
weakest direction, the-axis. Physically, the motion of the

PHYSICAL REVIEW B 71, 045101(2005

U(7) = (Xl (DXn(DXH0) X 2O, (8)

electron is accompanied by the emission and absorption of @fD)(I@) is the in-plangdresseg Green’s function for plane
large number of phonons due to the strong coupling, forming, at in-plane momenturk,, andgs=e¢x B with ¢ being the

the so-called small polardff.We treatH,_, exactly by the
canonical transformatiot] =exp—-S)H exp(S), a straightfor-

interplane lattice vector. The temperature dependent factor
U(7) in Eqg. (7) leads to thec-axis conductivity being no

ward generalization of the transformation well known in thelonger simply a convolution of the in-plane electron Green’s

small polaron problen31°

S=- f x> %‘éq”%l(i)cn(@(aq -aly). ®

ng —aq

Then,H=3,H™+H +H,, and

o Mqf*
HC - E qun + E dzx tCCLl()_())Cn()_())XLan +H.c. d
ng q n

(4)

where

X, = exp{z %eiq”"(aq - aiq)} . (5)
q “q

Thus strong electron-phonon coupling leads1p a renor-
malization of the in-plane chemical potentidirst term of
H.), which we shall henceforth ignore, ai@@) an effective
vertex correction for the-axis hoppingt. (second term of

functions and we explore the consequences in the following.

To make further progress we use a phenomenological
in-plane electron Green’s function in the spectral representa-
tion: GP(K;, wn)=fdAA) (K, 2)/(iwm=2)], and U(w,)
=fd4b(2)/(iv,_,)], then the Matsubara sums can be done.
We shall take the in-plane electron spectral function to have
the form: AP)/(K, w)=(1/7) T (w, T)/[(0- )2+ T(T, »)?]),
where we assume that the scattering &€, w) has no in-
plane momentum dependence. Then, integrating kyehe
zero-frequency, zero-momenturo-axis conductivity be-
comes

o(T,B) = ezﬂg Re f dwdvnF(w) ~Ne(w+ )
wCT .

y D(»,T)
[(VEGe)? = (v +iL(T,w) +il(T,0 + ))?]"2’
9
where D(w,T) = wb(w)ng(w)[1+ng(w)], N g are the Fermi

and Bose distributions ard is the electron densit(w, T)
can be calculateéd following Ref. 19. We now analyze this

H,). At temperatures lower than the characteristic energy ofduation in detail for Einstein modes and, more qualitatively,
the boson, electrons can hop coherently from one plane t9r @ general dispersing mode. _ _
another, with some suppression due to the “dragging” of the For Einstein modeswy=w,, the function D(w,T) is

boson cloud. With increasing, the hopping electron gets Mmade

up of delta functions at the harmonics

inelastically scattered by more and more bosons: interlayep=nwy, n=0,%1,%2,...1% It can be shown that for
hopping is now more diffusive. Hence a crossover to nonmeexperimental temperatures, one needs only the first few

tallic behavior occurs.

harmonics. We now discuss the three temperature regimes

We consider the dc conductivity and the orbital magneto{T <o, T=<wp, T>w,) separately, and show that the low

conductivity for fields in theab plane. For the conductivity,
since the charge in theth plane isQﬁ:edeXCE(f)cn(i), the
current in thec-direction is justj;=d,Q5=-i[Qf,H]. After
the canonical transformatiofi;=-i[QS,H.], and so

(5 =iet, f I([Ches (DGR X X = H.C]).  (6)

and high temperature regimes basically tracks the in-plane
scattering rate, just like in previous studies of interlayer
transport=® Only in the regime where the temperature is
near the boson scale, can the electron-boson scattering
dominate over the in-plane scattering contribution, and in-
stead, leads to a small polaron like broad maximum in resis-
tivity.
At low temperature$T < wg), the asymptotic form for the

The orbital effect of a magnetic field can be includedc—axis resistivity is the same as for band electrons, but with

using a Peierls substitutidi. The mathematical details of an effective hopping Pafametetgﬁ:tce_Azlz“"z’v where
our derivation follow our analysis reported in Ref. 23. UsingA’=2¢2|Mq|(1-cosq) characterizes the strength of the
the Kubo formula and expanding @(t?) gives the conduc- €lectron-phonon interaction:

tivity, i.e., the linear response to an applied electric field in eZth

the c-direction o,=j¢/E®: =~ ~(AMwg)?
rectonoe] 7e™ 2eal(T,0)

(T< wp). (10

For T>w,, then o.~T 7 Y2 using the scattering rate
['(T)ecT?. (=2 for a Fermi liquid, while for the marginal
Fermi liquid, »=1.) Thus the low temperatu®=0 conduc-
tivity directly probes the in-plane scattering, while the high
temperature conductivity still reflects the in-plane scattering
with an extraT 12 factor?4-26

2
oo(B) = lim ﬂE szlﬂJdT
a-0 n
xeiQTU(T)GEZD)(Ep T)Gﬁ?(ﬁl +0g,7), @)

where

045101-3



A. F. HO AND A. J. SCHOFIELD PHYSICAL REVIEW Br1, 045101(2005

,
i 2 sinr?(—q>
30 47 Folog?
CM=XF————, YM=2 51— —,
25 q — q 2 Sinfwy/2T)
sinh
2T
E 20}
S and Fo=|My/ wg|?2(1 - cosq).
E 150 For illustration, we considety,=wy[1-0.4 cosq)], and
I~y set the electron-phonon coupling, to be g-independent.
10l Equation(13) is then evaluated numerically and plotted in
the inset to Fig. 1A=3,F,w,/2 characterizes the strength of
5t the electron-phonon interaction in this case. The result is
qualitatively similar to that of a nondispersing mode.

700 100 200 500 1000 1200 Now we consider the magnetic field dependence of the
T (K) conductivity for the Einstein mode. At low temperatures
T<wg we find that the magnetoresistance reflects the usual
FIG. 2. Fitting the zero-fielcc-axis resistivity to the data of cross-over from quadratic to linear field dependéhe a

Tyler et al2 See the text for the explanation of the theoretical curvescale determined only by the in-plane electron scattering rate
(thin line) and the parameters used for the fitting. The data are
plotted as points: for clarity, we have plotted only 3% of the total Ape=[pc(B) = pc(0))/p(0) = V1 +[w/2I(T,0) 1%, (14)
number of available data points.

wherew.=vgecBis the cyclotron frequency. At higher tem-

peratureT= wy), the weak-field magnetoresistance is qua-
However, beyond a critical phonon couplitd) there is  dratic in field Ap, o (we/Te)2, and defines a new scattering

an intermediate temperature region where a broad maximumate I'.¢, depending on both the electronic scattering and the

appears in the-axis resistivity at temperaturByay (Fig. 1. phonon frequency. Taking into account only upntel har-

Beyond T, the resistivity dips to gbroad minimum at  monics, withl'o=T'(T,0), andI’;=I'(T, wg), we find

Tmin before finally joining onto the asymptotic> w, regime

mentioned above. We estimate, by using only the zeroth har- 1AL
monicsn=0, that if the in-plane scattering rate has the form 2 2y 4%+ ol 15
I'(T)=aT?, then the maximum appears when eff = 7 . T (42— 3d)

A> A, ~ wp\7/0.4. (11) 1605 (A% +w))®

The position of the resistivity peak far= A, is found to be ~ AS for the zero field resistivity, the magnetoresistance for the
T~ wo/3.0. ForA only slightly larger tham,, Ty and (él.sp(;:r.smg rgode ggse is %uall:atlv?ll); S|m|Iartt0 that for the
T is given b instein mode and is positive for all temperatures.
min 18 @ y We now consider in more detail how this model might
wp wo 7| [wo)\? [wo)? apply to real materials and, in particular, the ruthenate sys-
oTmax = 2T . t 02l\a ) “\VA ) || (12 tems. The 2D electronic nature of these materials reflects the
min ort ' ¢ crystal structure and so it is natural that the electron-phonon

) interaction should be anisotropic. While there are to date no
Note that bothT,, andA. depend mainly on phonon param- cajcylation for the electron-phonon interaction parameters

eters; one can show that the in-plane scattering rate entefgy the ruthenates, in the isostructural LSCO cuprate family,
only in the form of the exponeny. Hence the width of the  kyakauer et all® have calculated that there is a strong
broad maximum is governed by the scalg electron-phonon coupling only for modes corresponding to
For a more general dispersing bosonic moBéw,T)  atomic displacements perpendicular to the—CO plane,
can be calculated approximatély assuming strong (partly) because of weak screening of the resulting electric
electron-phonon interactions. Using the usual approximatiofie|ds in this direction. Moreover it has been argued that in
[ne(v) =Ne(v+w) )/ 0= —dng/ Jv=&(v) valid at low T when  the perovskite structure the coupling ¢eaxis vibrations is

I'(T, ) varies slowly, we find enhanced® There exist optical phonons with the appropriate
2 symmetry forc-axis transpof€ in Sr,RuQ,, and experimen-
o(T,B) = %e—cm f _dv tally the broad maximum in the-axis resistivity has been
mcT NAT) v linked to a structural phase transitf8rin Ca, -Sr, JRuO, at
S|nh2—_|_ around the broad maximum temperature. Thus one should
5 consider the possibility of electron-phonon interaction affect-
p(— v ) ing the c-axis transport. In particular, both the,BuQ, and
<R 492(T) 13 Ca, /SIp RUQ, systems exhibit?® qualitatively this broad

maximum structure found in our simple model, in thaxis
resistivity near to their characterisiic-axis) phonon energy.
where A full quantitative modeling of SRuQ, is beyond the

® [(0rge)? — (v + 2T (T, 1) 22"
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scope of the simplified model presented here. Despite allg|yes of the parameters: some fine tunimginly, \ andA)
these simplifying assumptions, our model does a reasonablg needed to get the positions of the maximum, minimum and
fit to the resistivity data of SRuO, as we shall show, per- final upturn correctly. Furthermore, the parameters used are
haps indicating some degree of universality of the meChabhysically plausible: A ~0.67, wy~515 K K/w0~1.4
nism for c-axis transport studied in this paper. Here for ref'A/wozo.l (mQ cm)~, andpox,o.17 m cm.’ The value (’)f
erence, we list the simplifications we have assumed in ouf, ‘s consistent with the available phonon data of Braden
modeling: (1) the in-plane scattering rate can be deducedy| 28 yhjle the size of the boson bandwidth suggests that the
directly from p,p, (2) the main interlayer coupling is single posons do disperse in the interplane direction. Note that the
particle hopping from one layer to another, ajla simple  dispersionw(q) always enter the conductivity expression un-
phonon dispersion is employgsee latey. _ der ag-integral [see Eq.(13)], and is the reason why our
For (1), this amounts to ignoring vertex corrections to simplified boson dispersion can still model the broad maxi-

in-plane transport. In Fermi liquids, the vertex correctionmym in thec-axis resistivity successfully. The size of the
leads to an extra cosine of the angle between in- and oufq .5 1o50n coupling parametgrindicate that SSRuQ,
going electrons thereby correctly penalizing back-scatterin
in conductivity. However, the qualitative trend is still correct.
As mentioned already, we have taken an in-plane spectral®
function that has no in-plane momentum dependence. Thiﬁn
ignores the complicated multiple Fermi surfaces igRSIO,.
For (2), this means we ignore interlayer Coulomb interac-
tion. Also, we ignored the multiband nature of,BuO, and
the dependence ¢f on in-plane momenta. F@B), we have
taken the limiting case of an optical phonon mode where th
atomic displacements are perpendicular to the plane, and
the atoms in the plane move together. We envisage that ju

as in LSCO, there will be strong electron-phonon COUpIIngmaximum then, within the framework presented here, it in-

i N e
only for phonons propagating mainly in tfedirection. dicates that the frequency of, or coupling to, the bosonic

Now in reality, because of the nontrivial perovskite structure s . )
of SL,RUQ,, these modes that can affexctxis transport will ”?Ode is field dep_endt_ent. At present, we have no microscopic
zoh Jpicture of how this might occur.

have relative atomic displacements both in-plane and out . . .
P P In conclusion, we have shown thetaxis transport in a

lane. But this mak lectron hopping from on nother . ;
plane. But this makes electron hopping from one to anothe uasi-2D metal does not always probe only the in-plane elec-

plane even more difficult, as the polaron has to create distuf? . :
bances both in-plane and out-of-plane tron properties. Strong coupling between electrons and a

To some extent, these simplifying assumptions may onl)Poson'C mode polarized in thedirection in a highly aniso-

lead to some quantitative changes in the fit parameters, b ropic metal can 'G.’ad to a broad maximum—an apparent me-
cause the calculation @f, [Eq. (7)] involves an integral over allic to nonmetallic crossover—in theaxis resistivity with

in-plane momenta and thus averages out such dependenc&ct?. correstﬂont(jlng fea:ure n thaeb plgnt?] prot;])ernes.fmle %O' d
We now show in Fig2 a fit to the SJRuO, data of Tyler sition I the temperature axis, an € shape of this broa

et al? The theoretical curve is the thin continuous line; themE:X'mltjr:n are d(.aj[teém'rﬁﬂ ”.‘a'”l'y by boﬁon paratme\t/srshand
data are the points. The theoretical curve is generated oCon 83 ngn(')ti net':l a el'.ré;?{.gneoﬁﬁee;ggéﬁe' Soe ave
follows: the in-plane scattering rate is approximated as bein :’]Sd qtsss relati ep Slr Rpgl Dlesn ite certain s'mﬁRI' .;‘]
proportional to the in-plang,, (also taken from the data of ' ve Ca:SioRUQ,. Despi in simplifying

) _ o features of the model, the qualitativ@nd even quantitatiye
Ref. 2: I'(T, w) = A(pap(T) + pg), WhereA and p, are fitting ; . ;

) . . . Rropertles of this crossover in these layered ruthenates are

parameters. We take a simple optical boson dlspersmca tured succinctl
w(q)=wy(1-\ cosq) with the boson bandwidthh and the P y-
characteristic energw, as fitting parameterd’(T,w) and We are pleased to acknowledge useful and stimulating
w(q) are then fed into Eq.13), where the overall scale @f  discussions with M. Braden, C. Hooley, V. Kratvsov, P.
is found by fittingp] *~ 33 m() cm to the peak of the theory Johnson, M. W. Long, Y. Maeno, A. P. Mackenzie, G. Santi,
curve. Despite the simplicity of the model and the lack ofl. Terasaki and Yu Lu. A.F.H. was supported by ICTP, Trieste
knowledge of the exact boson dispersion form, the theorywhere this work was initiated, and by EPSRGOK). A.J.S.
curve is almost indistinguishable from the data points, excepthanks the Royal Society and the Leverhulme Trust for their
at highT.3? The fitting is relatively insensitive to the precise support.

% just slightly above threshold for obtaining the maximum in

The c-axis magnetoresistance seen in,R&0, is
usuaf® becoming negative for both transve(&dab) and
longitudinal (Blic) fields above 80 K and maximally so at
around 120 K—coinciding with the peak position. In this
paper we have only considered orbital magnetoresistance
gnd, as might be expected, found it to be positv&his is

|ot inconsistent with the data since the transverse magne-
resistance is always less negative than the longitudinal one.
the change of sign is linked to the origin of the resistivity
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source of discrepancy at highis that the experimental data is
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constantvolume Nontrivial thermal expansion at high&rwill
contaminate the data.



