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Abstract

The tunneling spectroscopy of s+g-wave superconductors is studied in this research project. It is
various junction orientations for two forms of the superconducting gap, one which allows for point nodes
and the other which allows for line nodes, are calculated. For a junction oriented with its normal vector
parallel to the ab plane of the tetragonal superconductor, it is found that the tunneling spectrum is strongly
dependent on orientation in the plane. The spectrum contains two peaks at energies equivalent to the
magnitudes of the gap function in the direction parallel to the interface normal and in the direction making
a 7t/4 angle with the normal. These two peaks appear in both superconductors with point nodes and line
nodes, but are more prominent in the latter. For the tunneling along the ¢ axis, it is found that a sharp peak
at th'é gap maximum in the conductance spectrum of the superconductor with line nodes, whereas with

point nodes a peak is found to occur at the value of the gap function along the ¢ axis.
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Abstract

We catenlate the novmal metal-s + g-wave supsroanduetor tnonelling spectrum
for various janstion odantations and for two focms of the superconducting gap,
one which dlows for poitt nodes md the other which allows for Hne nodes.
For a junction eriented with itz normal poratlel to the ab plane of the tetragonal
superconciotor, we find that the nnelling, speetrum is strongly dependent on
avientation in theplane. The spectmim containg two peaks dtencrgies oquivakent
to the magnitades of the gap function in the. diseotion paraliel to the interface
rermat and i the direction making a x/4 angle with the normal. These two
pesks appear it both superconductors with poitif noder wnd line nodes, but ae
more promminent in the fatter. Por the tunibetling along the ¢ axis, we find a sharp
peak 4 the gap masimam in the conductance spectrum of the superconchictor
with ine podes, whereas with point nodes we find a peak socurring ot the valne
of the gap function glong the « sxis. We discusy the relevance of our cesult to
borocarbide systems.

(Some figures in this article ate incokour only i the electronic versiony

1. Introduction

Nonmagnetic rare-eath borocarbides, such a¢ YNBBC and LaNiLE,C, are anwnyg the
materiale which exhilit unconventional superconductivity. There is sirong evidence in these
matertaly indicating that thelr superconiducting gap fusetion iz highly anizotropic {1, 2} and
thas there exist low-lying excitations in the supercondueting mate [3-81. The presenceof these
fow-stirgy excitations implies that the gap-finction has noder for deep minima) onthe Fernd
gutface. The boation of these podes and their natare, Le., whethor they are point nades or Tk
modey, by stil) unefear. The Beonral conductivity in 2 magnetic feld o Jow temperatores [1]
atid the dependencs of the specilic hest on the magnetic Bekl [3, 8] suggest the existorce of
fine nodes ke those b dbe cuprates and UPs, However, the recent measurements of the

QFF-BRHOVIEMATTHALE0.00 G 2002 [OP Tublishiing Lt Pravadin te DK 4457
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e-griy thermal conductivily i a wiational maghetic feld along the ab plane were interpreted
as evidenwe for & gap function with poiitt nodes along [100] and 0] ditections [2]. Farther
stadies which employ differct experimental techrikmes may be pecessary o deferping the
detaled vtructure of the superconducting gap function in momerinm space. Here we suggpest
that directional amnolling spectroopy may be usoful for this purpore.

Ins general, the tunneliing conductance spectouss of on anisotropic superconduetor iz
strongly dependent on the orystal arientation with reepect 1o the mteiface plane. In the cas
of a d-wave mupercondustor with vertical ling nodes. it has beent shown that featurer in the.
cateductance spectram-peonr at voltages which deperd shongly on crystal orientation, These
voltages cotrespotid to values of the gop function at particular points on the Permi susface {41,
For instance, in the case of an ab-plane tuanelling junction, if the surfece ozientation of
the superconductor is mot [100] or JUIU], the conductanes spestrum containy a peak at the
voliage comesponding to the value of the gap function i the direction paratiel o the surface
norrsal, Theobservationof this featuse would, in principle, allow the dizsectional nonual tetal-
supereonductor (NS) mnelling spectroscopy to mapout he magnitudoof the superconducting
gap fanction.

T thispaper, wecaloulate e NS tunneliing gestraci anisedsopic s-wave superconductors
with fwo forms of gapy futtions, which huve beatr supgested ar possible candidates for the
2o i Bomcarhides [10, 113, The candiffates are allowed by the syrimmetry of the borovarbides
orystal stractete and cotisintent with axperiniental recube, TUis apparent that the gap finction
fias fourfold symmedry and does not chiangs eign, but there by evidence for deep minimn alonig
£106] and [010] dizections [1-8], Thesimplest suitable candidites sreofthe s + g -wave forn. In
our calou fation, we find, similarto ad-wavecase, that festutes appear invthe spectra at voltages
catrespording o valass of the gap at paticutar points on the Fermi surface deperiding on
sueface orfontation, Some of these fantures are chaactertitic of the general s + g-wave gap
Bepction and are thus common to-the two candidates, while one patticular feature occuts only
for thecandidate with pointnodes, Thus, if these featiures corsbe-observed sxperimentally, it
my bepassible to defermine which form of the gap, if oither, cortectly describes that of the
borowmbides,

The two candidafe gap functions are botl s + g-wave md we given by equations (1a}
ared {18} respectively: B

By = By — By oosdd fla)
Ay oy By — Ifsgxinz(inesdgﬁ a5

where § and ¢ are the polar angles in sphexical coordinates, and A, and b, aethe samd g
components of the gap function respectively. For weelliptical Fermi surface, the case of fine
{point) nodes ocours whan &, = A, ineguations (Ea), (1. We study boths ab-plane und
caxis pnnelling spectza for both. formy of the gap fanction by using the so-called Blondes-
Tirkham-Klapwiik (BTK} scattering fotmalism [12] and 2 contivaous model ©o describe the
electronic structire of the nocmal matal and supercondnotn. Alhonghdetailed featnzes of the
vondustance depend on the ghape of the Fersnd surface, it is suflicient o use the contimous
model which gives zn elfiptical Feani setface to study the positions of the main featurse & the
entwhuctance spectra [9).

Inthe case of turmeliing it the ab planeof a & + g-wave supercotklactort, we show o this
papey that there are theee main festures oconring at voltager aswocisted with the diffetence of
the # and g components of the gap finction and the values of the gap funetion in two particular
directions with respeet to Gw interface pormal, ot in B directian parallel to the murface
mormal and the other in e dlisotion making 2 2/4 angle with the surface nortmal, These.
two festures are mote prowdnent for the 5 £ g-wave superooncductor with line nodes than for

14
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Figure 1 The NG jrstion {5 reprosanted by an 5060 iyt s shoswtin this pictitte. The tiathad
matal Bils e = Oraglon and the suparconductar s e x » Gregion, The rmtlator Jayer it
repressnbid by adoliy Ruxcron of beight I In unli of snsrgyrper Wagth. The gop fTuniction ietakien
1o be i i the rerusel mistal wid o be nongers 20 fivdigandet of ¥ i Sesuparcondistg.

ther stiperconductor with point nodes, Trithe case of e-anle tunnelling junctions, there is otie
prosalnent feature a1 the oz gap i the conduotance spectrm of the supercondueton
with e noddes, wheraas for the supsrconductor with puint nedes the conductance spectiam
containg two featires, one # the tuximem gap and the other at the vahie of the gap function
along the ¢ axis.

T wectiom 2, wa desoribe the caleulationmethod anedthe assumptions used throughoutthis
paper. Then, we provide the detailad results and deenssion of sl the cases of intevest at zero
temperafurs m sootion 3. To. sddition B the cases in which the nodes exist, we also congider
ey frn witioh the supsronndhicting pop liassmall but nonzero gap mirding. We show ot the
resulty in both the Andresv Thndt (low barvier) and the tunneltbing tenit (highs borrder).

2. Assumptions and wethod of eadetilation

Az in [12], we repeccent the NS junction with an infinits system, the foft half of which & a
normal metal and the right half of which is & supercondustor (see figure 1), The inselating
barrier ivrepresenfad by o delfa functiveepotertial with strength H . For e ab-plane tupnelling
junetions, the interface normial vector Hes somewhere in the ab plane, and for the c-axis
tunneding function the interface voetnal ie patallel 1o the ¢ axis,

Wa takte the normal metal to be eubie, and take the suparcanductor to be tetragonal to
desoribe. the orystal stouctine of the borccarbides. In out celoulation, we ignote both the
suppression of the gap function near the NS interface and the proximity ffect for simplicity,
P gup function &y Iz taken to be ag in either equations {laj or {15},

The Bogotibov-de Gennes squations that describe the excitations of #he system are

Gyt HELX) ~ it AcBley )
[ 880 Oy - HEx e MJ Vi = BV @

whiere i is the chiemical potential, £{x) is the Heaviside step function
g i1 9?\1131
LA mw(ﬁﬁ”‘@ﬁ) my ezt )
nr {effective s in ihe sorinal wetal), 5 =0,
¥ iap, (ab-plae effective masy in the superoonducton], x =0,
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Figure & Theploi of ten axolatiny ensrgise oy & lesinthors of ¢ < By, the component paralisl
to 9 irgerfece niovmal, o & particadar vahie of Fy, which Is by, &), The plot an the Jft s for
the excitstion erergy of the piemal ety and €0 £t on the ight s for e exciation enwgy of
the sugerenndictor, AL the sams sosrhy, thive o4 be folr gropegaiig A citstions. for eaely side.
Howeves, for sneisstron incoming framthe nurnval o, Bi wovefunetion of the narmal metulis
Tieaag comblpstion of oaly Srea SEATicne repridaritd by e open cleled, snd e wavetungion
of thy supeccenichictor i the sum of fae onigoirg wiektdtione alzo represanied by the opan aircles.

- m, x w0,
e = { m; {o-axis sdfective mass in the mperconductor), x =0,
and UF) ix a two-component function:
PR AR
Uﬁ)m{v{?)} L&]é . %

After substinsting U{F) from equation {3¥ isto (1), weobtain the bull; axcitation energivs for
the rewml metal and sapereandyctor respectively m

. # !
Eig) = &8 = &{*ﬁ-iqf gy tgr u) ay

Edky = J8t e 8l (ah)
whete for the normal metal (equation (da)y the plus and minus dgne are for electron and bole
excitations respectively, and for the saperconductor (egaation (451

nt kf*&i"*g;) "
el B - s {d .

b TN mae e b t
Figure 2 showsa plototibe excitationenstyy of fhe nonmad metai (superconductor) as a funetion
of g (&}, the component along the interface normal, at a particelar §; = &y = {hy, k) the
somporznt perpendioudar o the. inleelace nernyal.

The amplitdes of the excitations, s and 1, of the normal metal are
{ é j fr elections,
gt
L {?E for okes,

whieteas those of the mpemndxm are

[“*]m- .. [E’QT*, o
vy | ;mf&gz,&f 4

{4
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The wavefunction of each side is a linear combination of all the appropriate excitations of the.
same energy and the momentum that has the same component perpendicula to the iterface
nosmal. For ab-plane tarmelbing, e wavelunctions of both sides are thesefore

N T
Usii®s = (G[Q» Jﬂwx +d {um%« %&—4.1:'};) iRt {8b}
L e okt ;
where g% and &% {see figure 2 satisfy
hg® e Jamlu = B) - K - Wk %)
pyes ﬁ?ﬁ& 5%
s i o i )
ﬁ;‘ 2@ & JE A} - ~ b

and a. &, o and d e the Andreev reflection, ti%.- normal sofleation, the same-branched
tansmission, sd the erows-branched rasesmission smplindes wspectively, For the coaxis
smelfing, we can obtalnthe wavefunctionoleach side in 2 stmilar way.

Normally, the range of the encegy £ refevant to the NS monelling experiments is of meV
ordar whareas the Fermi energy is of eV cader. Therefore, we usethe following approximation
forg® and &%,

=g = --;;;& wicg b} o= gr sin iy con da {E0a)

Py mkp‘f s 2 st G5 co8 s {104}

whate gy i the magnitade of the Fermmi wavevector of the noviinal medal, and kp, m* are the
pacameters that satisfy h?EL/{2m*) = Ep g, e Fermi enetgy of the suparconductor. Using
e conservation of the mmemum paratiel to the sprface, we have the following relationship
Betweert the polar angles in a:tmmai coordinates:

grsinfysingy = &p‘jmg;a-smé‘gsm-ég {lia)
Tit, .
qr ooy mip\f-—-—-ow&g (ith}

We obtain all the amplitudes e, b, 6, andd by applying the flowing matching condiions
at the interface:

Uglr e O m Uz = B = Uy {1%a)
p— Yemima £ 8Us _ % 5 _
Ll = ey ( 2 Lw x xw&') {26)

where Z = ml 75k g}, Note that boly matolring conditfons are for he alrplmne tinnelling
jarmtion, Por the o-asis tarmeiling junction, thee first condition remains the same, but we have
tareplace myp with m, i the vecond comdition.

In the BTK formalism, the Andreey refloction, the normal reflection, and the two
tansmigsion probebilities are used to obtain the currert aotoss the junction. All the reflection
andd tranmmission probabilities are obtalned fiom

A= (L) U3a
a4/

17
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B b {158)
C o el e} ~ i"vwig}(ﬁ—? (13
g i
, N
D s il Pl o e ;%( --;,-) (134>
g/

axt aatisfy A + B+ O % D« L, fe., the number of paricles iz conserved.
C the notmeal metal side, we fined that the cumrent. aeross the jonction as 2 funotion of an
applied voltage &

152 . s
sty = o f T eall v AG) - B@ILFE - oV) - fEH 1)
whers 82 is volume, v, 15 the X somponait of the group velovity of the incoming electron, and

FUET i the Fermi-Dirg: dimeibution function. The conductance of the ab-plane nction at
zern temmperatiite i

) A% meGV | .
G%{V} B *a%{ W % dfn fdg)e smzﬂ.agmagég
% [L+ ALV, ¢, 8 — BV, dur, 637} {15

Simitaly, the conductanceof the conds tenneling junction is

Qv
sty = T [t [ a6 sind costlh + 4OV, £, 6 - BO.gw 001 016)
Fhies Jianite of both integrals can be found by convidering edgirations {11a) and (115},

3. Resudis and discussion

We: plot the normalized conduetancs o5 4 finction of applied veltage for both ab-phane and
iy unnetling. We define the normalived conductance oy the cotslustance of the jithiotion
rormatized by ity value at 2 bigh voltage, Lo, eV 3 Apg, the maximeny wagninide of the
gap function. Using both forms of the gap function in equations (14} and {15}, we convider
three cases: €1} A, = Ay, (D) 8, = 0.98,, and {3) &, = 1.1A,. These choices of the
paramater A, /A, spanthe range alfowed by the resultz of termal conductivity measurements
it borocssbides which indicate that the ratio of the gap maxinmm to the gap minimutes i at
least 10 {1]. Al the vesults are obiained for zero temperature,

‘3.F. absplane noweliing

Higure 3 shows the dingram of te junction that has the intesface mormial on the abrplans of
the superconducior. We speoifly the eriantation in the ob plane. with o, the angle botween the
irkerfacerormal and the 4 aisof the superconductor. The gap finction is a fanction of p:
Aut g == s o g oosdibs T o) (e
Apry o B, — By i’ Srocos gy F o). (1T
In the Arlreev Hmit (smali Z), the conductance spactrum depesde very little an the
Junction orientation. Ag shown in Agnre 4 for Ay and in figure 3 for &z 5, the conductance
sprectea it all cases have the nwerted gap dructurs, Note the i the case of Ag 4 it fgore §,
there is a slight kink 4 the voltage sssocisted with fhe valuoof the gap fanction along e o axis
feV = Ak Also note it when A, o A, tere iy a labwre sooursing st oV = | &, ~ Ayl
marked by the arows in figures4th), (&) and S), {e).
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Figure 3. The geotnetry of the ab-plane tunneiling NS jusction. The angle berween the ¥ axis and
e g axis, o, defies e erientation of the function,

{a) il £5
B e |
TG

Nomastized Comboctames

Normadized Conduciance

s

B

-

)

s gf 2 )
~~~~~ o =nid
el i

a3

3
eV

Figuew 4. sd-plode tunnsiling pencions  The plos of die moraalived condutatce spectra
whin 4w O Ror thes suslace ovientations o theee cases of the gap Ruxtion fpa | =
Do, 3 A, w 000, aud ©) &, = L1A,. The atrows
(b and () iwiloate e feature pecorrmg 2 the volage cormsponding o {4, ~ Al The et
I3 (b3 and 400 are enbargententy of the comductanee plots fear 2o voltage,

&, ~ dpoondgyw ek {8) By =

In the tunnelling limit (large 2), the shape of the condusiance spectrum changes with
the interface orientation. First, consider the case where A, = Ay there are two distinct
peaks which are more prononnced for the sspercondnetor with the gap function Ay, than
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i 3
{a) s e 1 {b} s @
: e O A e Em WA
k13 it v (4, 32 BIE i oo L KPR

RO

Fipwe 5. abplins twesling joutions The plow of e tocmalized tondeteds spwdn
when 2 = 0 for thees surlace orlecgations for fuwee cuses of the gap Minctin App =
Ap = BTGty Tod @) By = be (8 A = 084, #(0 & = 114, Tie
srows b (o) and fo) Frdicis te festure occursing +f the veltags astessponding Lo 1o, ~ &yb The
foseds B (b) anid £of roe arlirgneuntay of the conductafos plots ness Bro voilage.

for- the superconductor with the gap function Ay, (compare figures 6(a) and T()). The
two pesks occur at voltages cotresponding to A8y = #/2, = = 0,0} {madked by the
ftled amrows) and Ap il = w72 dr = x4, o) (vked by the hollowed mrows), where
§ e either ¥ or 2. Notion that when o = =78, there ix enly one pesk duc to the fact that
ApyBem a2l gy =00 = /8w A glly = 78 dg = 1 fh 00 = 2 /8]

Inthe cave of &, = 094, A, can beboth positive andnegative. Convequenty, fot the
orientations with o # 0 2 /4, B addition to e two peaks at the positions like those in the
caseaf &, = A, thete axists a peak at zevo voltage (vee Agures 6(b) md 7 (b)), The existence
of s zeza-bias conductanee pedk, which alao occurs in the d-wave cuse, Is 4 signature ol the
preserce of a sign change of the gap function [13, 14}

Whet A, = 1.14,. thers iz a finke gap minimum, The conductance i very small for
voltages less than the g4 minimura, snd the two peaks at deffy = #/2, 65 = 0, o) and
Al = 272, b5 = 2 /4, o are sl present.

{5 summary, the conduetance spectil i every case where & # O, /4 containg two
poaks at Ap (s = /2, Py o O, o) oodl Ay oy = 2/2, ¢ = 7 /4, o). These two angles,
ds w0, /4, are special beoause e mognitades of the gap function of the two framitted
superconducting excitations with the &y cotresponding to tese angles mre the same, e,
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Figure &, ab-pline fonesliing junctions  Thi Sioft of dhe rreemalized obtiductanioy ghacira
whan 2w 3 for theee dverfece arientations for dwee caaz of the gap fwredion 4ge, =
Ag— By et B wiE)s (7} doy w By (0] By o= 0Bhg il (1) by o 114, Thahotimend mroses
ireats e Tealired ooaitrity o Bt YoXage chreperslie 1o &y oDy s xS, d5 = w4, o) and
the Alkd srrovs mark thi fahizes ot the vollage sormapondingto Sy plfly e x /1 dy = B )

Ap = Hup-, 43 shown pictovially in-figare 8. The feature at Apfy = #/2, ¢ = O,

has atvo been stown to-ocour in.a & wave saperconductoritea contimions model (%), However,
the feature &t A (G = x /2, $5 = 5 /4, off runiqueto an anbstiopio s-wave supercarsluctor
in thiv model. In a d-wave superconductor the values of Aplds = #/2. ¢z = =/

and A.u-(8y = 1/ ds = /4, o) always have opposite signs ared thes excitations biaving
thess nxementa contribute to e zoro-enerzy sucfice bound viate £13} instead of giving
tise o such 2 foature. We note that the two posks & Ausify w» a2 de = 0,a) and
A p{Bs = 1 /1, s = w74, e momproment for tie supatsonductor withthe gap fatiction
Apa than for the superoonductor with the gap funetion Ary. Given only iie quantitstive
diztingtion between the ab-phane amelling results for the two forme of the gap considered,
it wionld probably be difficult to doterming from real tpelling daa which Form is present.
The ab-plne manetiing spectrum would enable & detetmination of the magiitids of the gap
faretion i an arbitray ditection in the phaoe for either of thetwo forrse of the gap,

3.2, caxis namelling

Bacayse in the continuwas model the. Permit surface of & tetmgonat crystal is ivariant wider
rotation around the ¢ axis of fhe ceystal, the c-mis tunnelling speciroscopy is independerst of
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Figurn 7. ab-plane feanelidyy jowctiane The plow of @ nomallzed sodictants spectra
when & o= % e thee ilerface orlentations for tree cmtas of B gp funtion Ape, =
Hpo &g&ia?‘ﬁ;g cosd{daFadt () byt Ay T Ay = DB, AW b = 1 14y, The toliewad
ariws invficass e feanires at the volrays corresponiding 10 Jep s = /2, dr w504, o aovitie
filled arraves agh the faturet & the vedtege eovisaponging to S 3@y = &7 % dy = o

the totation around the ¢ axis, In the Amdreev limil, when 1A, - A < oV < Ay, the
conclactance cuve of the superconductor with the gap function £ is upward and decreasing
smotthly (zee fgure 90a)). Incorteast, thecordictande curve of the superconductor with the
gap function &y 3 is dovnveard when L, ~ &l < eV = S {0y = 0 {see figure 10{x}).

Jir thie tonnelling Jimit, @ spectruns of the conductor with the gap function Ay
containg g peak at the gap mm&imnmaﬁiafwmei « A1 (see figure 9(b)). The spectrum
of the superconductor with the gap fanction A ing a feature at the gap mdxinnum, and
asharp peak at &g 9{fs = 0} {see figare IXb3). The occumence of the sharp peak at different
posilions-in the conductance spectriim makes it possible tedistinguish the timelling specttum
of the line-node gap fomthe point-node gap forn weing -t is nurmelling dara.

4. Cotclusdons

We have stucied the ccaxiy and ab-plone tmelling spectroscopy of 5+ gowave
supersonductors. Theobservation of the predicted featires b tunieliiog measrements e
for various junction edentations would, in pdnciple, provide & way to study the detailed
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Figure & Thispic lnreshows nsketh of the gap functionin themo spaeo, whene # 0, /4,
The dashed circle ia the contour of tie Fenni rarface projecied on the koky plane. The solid curve
Tepresents tike gap funetion. The bvo dashed Hues ore the Py = /4 and 374 tines. The solid
borizenal Tine above £, = 0 s she line of consiant &y at ¢ « #/4 on the Fermd wudface. This fine
cuis the Fenni surfucs at two polaty on the plane. Note that dy = oy (e magnitudes of the gap
of the two excitations when dg = Q) and dz »= di {the magnifudes of the gap the two excdiations
when g2 = /4

(@) ey A B

¥
1 e B sDGA, 3 ——— AZ084,
e Bl

Normalized Conductance

Norawiized Condoctance

H i
VAL, sV,

Figure 9, -axis tamelling junctions. The plots of the normalized conductance spectra for
{2l Z = Dad (1) 2 = 3 in cose of the gap dey = As ~ Agemdigs = o). The srrowe
indicals # featune cocurzing at iy ~ MAyi.

momeatum dependence of an 8 + g-wave superconducting gap. In borocarbides. the presence
of an s+ g-wave gap [unction having either line or poinl nodes has been saggested. Direclional
wnelling spectrascopy would help fo determine whéther either form of the superconducting
gap is comrect.

We can distinguish the c-axis tunnelling spectva of a superconductor with line nodes
from the spectra of a superconductor with point nodes.  {n the tunneiling limit, the c-axis
wrmelling conductance spectrum of & line-node supetcondustor contains a sharp peak at the
gap maximu, wherens in the spectrum of & point-node superconduclor a sharp peak oeeurs
at thie value of the gap funciion along the ¢ axis.
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Figure 18, oapcdy toomiliing jeselionz  The plodt of the nonhalized copdluctano: djecirs for
() 2 e D urd ) 2 o ® oot 0F i gap Agy wn B A 20 By 002 B e

‘The al-plane tuntadiing speciiy miay Bewsxt to mapoutths magniokle of the gapfinetion
i the plane. The conductance spectian of the ab-plane ttinelling junction i strongly
depedent on te junstion orientation. Two features in e spectium appeat st energies equal
to the magnitide of the supervondecting gap two momatum divections: one is the divection
parallel o the irterfose normal ad the other {s the divection making & 7 /4 angle with the
intesface normal. It & worh noting that these festuréy tre 1hore prominent in the spectrum
of the superconductor with line nodes than in the spectrum of the supetconductor with point
niackes, although this subtle distinetion may not be observablk especially at finite temperatures.
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