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Approximating the shape оС the measured in Bi2Sr2CaCu20!/ magneto-thermoelectric 
power (ТЕР) I1S(T, Н) Ьу asymmetric linear triangle оС the Corm I1S(T, Н) ~ Sp(H)± 
±В±(Н)(Те - Т) with positive В-(Н) and В+(Н) defmed below and аЬоуе Те. we observe 
that в+ (Н) ~ 2В- (Н). То account Cor this asymmetry. we explicitly introduce the field-de­
pendent chemical potential оС holes Jl(H) into the Ginzburg-Landau theory and calculate both 
an ауегаге I1Sav (T, Н) and fluctuation I1Sj/(T, Н) contributions to the total magneto-ТEP 
I1S(T, Н). As а result. we [md а rather simple relationship between the field-induced variation 
оС the chemical potential in this material and the above-mentioned magneto-ТЕР data around 
Те. viz. I1Jl(R) ос Sp(m. 

PACS: 74:25.Ру, 72.15.Gd 

As is well-known, [1,2] the variation of the chemical potential J.t of free carriers in an 
applied magnetic field Н provides а direct information about the magnetization structure inside 
а superconducting sample. Namely, the field-induced сЬаngе of the chemical potential in 
superconducting state reads [3] ilJ.t(H) == J.t(H) - J.t(0) = -М(Н)Нjn, where М(Н) is the 
field-induced magnetization, and n is the carrier number density. At the same time, due to 
the existence of the so-сaUеd compensation effect, [4] it is rather difficult to observe field-in­
duced modulations of J.t in bulk samples sinсе in equilibrium any field-induced variations of 
J.t will Ье completely canceled Ьу simi1ar variations caused Ьу the magnetostrictive changes 
of the volume. However, this compensation does not occur in thin ftlms [1,2] and oriented 
powders [5J. And thus we сап expect to see some tangible changes of J.t(H) in layered 
(anisotropic) structures as well. Оп the other hand, in. view of its carrier sensitive nature, 
thеmюpоwеr (ТЕР) measurements seem to ье the most adequate tool for probing the field-in­
duced changes of the chemical potentials. Indeed, ТЕР results have already proved to ье 
useful for providing reasonable estimates for such importantphysical parameters as the Fermi 
energy, Debye temperature, interlayer spacing etc. [6, 7J. Studying the observable magneto-ТЕР 
дВ(Т, Н) = В(Т, Н) - В(Т, О) a1s0 provides important insights into different aspects of the 
material in the mixed state [7-9] (when Не!' «: Н «: Не2), When experimental results 
are presented in the form of the above-defined дВ(Т, Н) one observes that its temperature 
dependence has а А-Шее shape asymmetric around Те where it reaches its magnetic field-de­
pendent peak value Вр(Н) == !!.В(Те , Н). Then, for smaU fields, approximating the shape of 
дВ(Т, Н) Ьу the asymmetric linear triangle of the form [8] 
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дВ(Т, Н) ~ Вр(Н) ± В±(Н)(Те - Т), 
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with positive slopes В-(Н) апд В+(Н) defined for Т < Те апд Т > Те, respectively, опе 
finш (see Fig. 1) that В+(Н) ~ 2В-(Н) in the vicinity of Те. ' 

In the present paper, using the Ginzburg-l.andau theory anд utilizing some typical 
magneto-TEP data [7,8] оп textured Bi2Sr2CaCU20y, we discuss the mixed-state behavior 
ofthe magneto-TEP (апд in particular the origin ofthe asymmetry givenby Eq. (1» via the 
сопеsропding behavior of the chemical potential in аррliед magnetic field. 

It is well-known [7-9] that for extemal fields Н such that Не! « Н « Не2 апд for 
the Ginzburg-l.andau parameter к,:;$> 1, the magneto-TEP !!.В(Т,Н) is proportional to the 
strength of the extema1 field. То describe the observed behavior of the magneto-ТЕР both 
below and аЬоуе Те, we сап roughly present it in а two-term contribution form [7] 

(2) 

where the avemge term !!.Sav(T, Н) is assumed to ье non-zero оnlу below Те (since in the 
normal statethe ТЕР ofhigh-Te superconductors (HTS) is found to Ье уесу small [8,9]) while 
the fluctuation term !!.В fl(T, Н) should contribute to the observable !!.В(Т, Н) for Т ~ Те. In 
what fol1ows, we shall discuss these two contributions sepamtely within а mean-'field theory , 
approximation. 

Меan value ofthe magneto-TEP: !!.Sav(T, Н). Assuming that the net result ofthe magnetic 
field is to modifY the chemical potential (Fermi energy) JL of quasiparticles, we сап write the 
genemlized GL free energy functional ~ of а superconducting sample in the mixed state as 

(3) 

Here 'Ф = 1'ФlеiФ is the superconducting order parameter, М(Н) stands for the field-depen­
dent in-plane chemical potential of quasiparticles; а(Т, Н) = а(Н)(Т - Те) апд the GL 
pammeters а(Н) and j3(H) are. related to the щitiсаl tempemture Те, zero-temperature BCS 
gap !!.о = 1.76kBTe, the out-of-plane chemical potential (Fermi energy) Ме(Н), апд the tota1 
particle number density n as а(Н) = fЗ(Н)n/Те = 2!!.okB / Ме(Н)' In fact, in layered 
superconducto,rs, JL = Ме/'у2 ~ т:b(Jed/2h)2, where d апд Je are the interlayer distance and 
соирling energy within the l.awrence-Doniach model, and'Y = т~ / т:ь is the mass anisotropy 
ratio. The magnetic field is applied normally to the ab-plane wherethe strongest шagпе­
to-ТЕР effects are expected [9]. In what fol1ows, we ignore the field dependence of the critical 
tempemture since for all fields under discussion Те(Н) = Те (О)(1 ~ Н/Не2) ~ Te(O)~ Те. 

As usual, the equilibrium state of such а system is determined from the шinimит energy 
condition д~ /дl'Фl = о which yields for Т < Те 

1_1. 12 = а(Н)(Те - Т) + М(Н) 
'/"0 fЗ(Н)' 

Substituting 1'Ф01 2 into Eq.(3) we obtain for the average free energy density 

а(Т Н) = ~[_I._] = _ [а(Н)(Те - Т) + м(н)]2 
, - 'I"U 2fЗ(Н) 

(4) 

(5) 

In tum, the magneto-ТЕР !!.В(Т, Н) сап Ье related to the corresponding difference oftmnsport 
entropies [7,8] !!.и ~ д!!.ЩдТ as !!.В(Т, Н) = !!.и(Т, Н)/еn, where е is the charge of the 
quasiparticles. Finally the теап value of the mixed-state magneto-ТЕР reads (below Те) 
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(6) 

with 

в" (Н) = ДМ(Н) " 
р,а" еТе ' 

(7) 

and 

в (Н) = 8дJkвдJ.i,(Н) 
а" eTe"f2J.i,2(0) . 

(8) 

Before we proceed to compare the аЬоуе theoretical findings with the av.ailable ехрептепtШ 
data, we fIrSt Ьауе to estimate the corresponding fluctuation contributions to the observable " 
magneto-ТЕР, both аЬоуе and below Те. 

Меап-fiеld Gаussiaп Ouctuations of the magneto-ТEP: ДВл(Т,Н). Thе influence of 
superconducting fluctuations оп transport properties of HTS (including ТЕР and electrical 
conductivity) has Ьееп extensively studied for the past few уеш (see, e.g., [10-14] and further 
references therein). In particular, it was fciund that the fluctuation-induced behavior тау extend 
to temperatures more than 1 О К higher than the respective Те. Let us consider now the region 
near Те and discuss the Gaussian fluсt\Щtiопs ofthe mixed-state magneto-TEP ДSjl(Т,Н). 
Recall that according to ф.е theory of"Gaussian fluctuations, [15] the fluctuations of апу 
observable, which is conjugated to the order parameter 'Ф (such as heat capacity, susceptibility, 
etc) сап Ье presented in terms ofthe statistical average ofthe square ofthe fluctuation amplitude 
( (б'Ф )2) with б'Ф = 'Ф - 'Фо. ТЬеп the ТЕР аЬоуе (+) and below (-) Те Ьауе the form of 

SNT, Н) = А(б'Ф)2)± = ~ J dl'Фl(б'Ф)2е-Ц,р], (9) 

where Z = J dl'Фlе-Ц,р] is the partition function with Е['Ф] == (~['Ф] - ~['Фо])/kвТ, and А 
is а coefficient to Ье defined below. Expanding the free energy density functional ~['Ф] 

(10) 

around the теan уаlие of the order parameter 'Фо, which is defined as а stable solution of 
equation д~ / дl'Фl = о we сап explicit1y calculate the Gaussian integrals. Due to the fact that 
l'Фоl 2 is given Ьу Eq. (4) below Те and vanishes at Т ;::: Те, we obtain fmally 

В-(Т Н) AkBTe " 
jl' = 4а:(Н)(Те - Т) + 4м(Н) , (11) 

and 

(12) 

As we shall see below, for the ехрепmепtШ rangе of parameters under discussion, 
м(Н)/а:(Н) » ITe - TI. Непсе, with а good accuracy we сan НпеаПzе Eqs. (11) and (12) 
and оЬtШп for the fluctuation contribution to the magneto-ТЕР 

дBТt(T, Н) ~ В;'л(Н) ± BТt(H)(Tc - Т), 
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where 

В;,л(Н) = -2В;,л(н), (14) 

and 

(15) 

Furthermore, it is quitereasonable to assшnе that В; = в; == Вр, where в; = Sp,av + S;'fl 
and в; = В;,Л' Тhdn the above equations Ьring about the following explicit expression 
for the constant рaraщеtеr А, namely А = 4J.L2(0)j3ekBT;. Тhisin turn leads. to the 
following expressions fot the fluctuation contribution to реаЬ and slopes through their average 
counterparts (see Eqs. (7) and (8»: В;,л(Н) = (2j3)Sp,av(H), В;'л(Н) = -(1j3)Sр,аv(Н), 
Вл(Н) = -(1j2)Ваv~Н), and Bjl(H) = Bav(H). РinаПу, the total contribution to the 
observable magneto-TEP reads (Cf. Eq. (1)) 

(16) 

where 

S (H)i = 21lJ.L(H) В+(Н) == Bf+1(H) = 2В-(Н), 
р ! 3еТе '· 

(17) 

and 

(18) 

Let us compare по'" the, obtained theoretical expressions with the typical experimental data [8] 
ontextured Bi2Sr2CaCц20y for the slopes В±(Н) and the peak Вр(Н) values for Н = 0.12Т 
(see рщ. 1): Вр = 0.[6 ± 0.01 J.LV/K, В- = 0.012 ± 0.001 J.LV/K2, and В+ = 0.027± 
±О.003 J.LV/K2. First ~ notice that the calculated slopes В+(Н) above Те are twice their 
counterparts below Те, !i.e., В+(Н) = 2В-(Н) in а good agreement with the observations. 
Using "1 ~ 55 and d i = 1.2 пт for the anisotropy ratio and interlayer distance in this 
material, [9, 13, 16] we i obtain reasonable estirnates of the field-induced changes of the in­
рlanе chemical potenti~ (Реrшi energy) 1lJ.L(H) (along with its zero-field value м(О» and the 
interlayercoupling епе$ Je. Namely, м(О) ~ 1.6 meV, 1lJ.L(H) ~ 0.02 meV, and Je·~ 4 meV. 
Furthermore, relating tb.e field-induced variation of the in-plane chemical potential to the 
change ofthe correspoJi.ding magnetization М(Н), viz. 

(Н) - М(Н)Н 
1lJ.L - - , 

nh 
(19) 

where М(Н) for H el 4: Н « Не2 has а form [3] (recall that the 10wer critical field for this 
material isBe1 = (Фоj4j7rл~ь)lпк ~ 40а with л~ь ~ 250 пт, ~aЬ ~ 1 nm, and к ~ 250) 

I 

: 2фо {[ 3Фо ]}-2 
J.LoM(ifI) = .. r;; 2 lп 4 л2 (Н _ Н ) - Н, 

v 3ЛаЬ 1г аЬ еl 
(20) 
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Fig.l. А typica1 pattem ofthe observed [8] magneto-TEP !J..S(T, Н) ofВi2Sr2CaCU20y at Н = 0.12 Т. 
Тhe best fit to the data points according to Eq. (l) yields Sp(H) = 0.16 ± 0.01 р.У/К for the рец, 

and В-(Н) = 0.012 ± 0.001 р.у/к2 and В+(Н) = 0.027 ± 0.003 р.у/к2 for the в10рев 

Fig. 2. Тhe change of the chemica1 potentia1 !J..p.(H) in applied magnetic field ca1culated according to 
Eq. (19). Тhe experimenta1 points are deduced from the magneto-TEP data [7] оп Bi2Sr2CaCU20y 

and related to !J..p.(H) , via Eq. (17) 

we obtain nh·~ 2.5 . 1027 m-З for the hole number density in this material, in reasonable 
agreement with the other estimates of this parameter [17]. Figure 2 shows /lJL(H) calculated 
according to Eq. (19) with the experimental data points deduced (via Eq. (17» from the 
magneto-ТЕР measurements оп the saше sample [7]. As is seen, the data are in а good 
agreement with the model predictions. And fmally, using the above para.meters (along with 
the critical temperature), we fmd that JL(H)/a(H) ~ 100 К which justifies the l!Se of the 
linearized Eq. (13) since, as is seen in рщ. 1, the observed magneto-TEP practically vanishes 
for 'Те ~ ТI ~ 15 К. 

In conclusion, to probe the variation of chemical potential /lJL(H) of quasiparticles in 
anisotropic materials under an applied magnetic field, we calculated the mixed-state magne­
to-thermopower /lS(T, Н) in the.presence offield-modulated charge effects near Те. Using the 
avai1able magneto-TEP experimental data оп textured Bi2Sr:iCaCU20y, field-induced behavior 
ofin-plane /lJL(H) was obtained along with reasonable estimates for its zero-field value (Fermi 
energy) JL(O), interlayer coupling energy Je , and the hole number density nh in this material. 
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