PHYSICAL REVIEW B VOLUME 53, NUMBER 5 1 FEBRUARY 1996-I

Vortex fluctuations and interlayer coupling in cuprates
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The reversible magnetizatiorM() curves of HgBaCa,_ 1Cu,Oomi2+s (M=1, 2, and 3 at differentH
cross at a temperatur* and M=M* as suggested by various two-dimensioli2D) vortex-fluctuation
models. However, the obtainédd*/T* was found to be independent of eitinaror the sheet density 46f the
CuG; blocks, wheres is the size of the unit cell along theaxis, in contrast to the predictions of the models.
A survey of published data shows a similar situation, iM*/T* in either Bi- or Ti-based compounds is
independent ors. This observation suggests that the coupling between neighboring Glo€ks may be
non-negligible in its effects on the magnetization, and that modifications to the existing 2D fluctuation models
need to be made.

It was observetithat all magnetizatioM (T) curves in  mode). An approximate differentiation of their proposed free
cuprates at differenti>H_, cross at a temperatufE* and  energy leads to a scaling expressionMfM* =3[1—r—h
M=M*, whereM andH,, are the reversible magnetization + V(1= 7—h)%2+4h] with =(T—T*)/(T,.—T*), h=H/
with H parallel to thec axis and a crossover field, respec- Heo(T*), andM* = —kgT*/ ¢os wherekg is the Boltzman
tively. Immediately after its discovery, this field-independentconstant. Thereforéyl =M* at =0 will again be field in-
magnetization was taken as evidence for two-dimensionalependent. This scaling function agrees with the experimen-
(2D) vortex fluctuations. Experimental data further demon-ta| data reasonably well if the experimentally determiivet]
strated thatM™* and T* serve as fundamental scales ¥dr  andT* are used:” However, all of the measured M* /T*
and T in the fluctuation regime. The data in a Bi2:2:1:2 gre smaller than the predicted valuekgf ¢,s, if the s were
samplé show that an additional term of TM*/T* in the  taken as the size of an effective unit cell in thelirection,
expression dM/d INH= ¢/[327°\ 3,(T)] of the London je. being the lattice constant if the cell is primitive, or half
model is needed to account for the vortex-fluctuation effectsef that if the cell is body centered. It was assumed in previ-
where ¢, and A\, are the flux quantum and the penetrationous investigations that either the superconducting volume
depth in thea,b plane, respectively. The scaling fit M in  fraction f<1 for nearly all of the measured samples or
Bi2:2:2:3 (Ref. 3 demonstrates that the ratd/M* is the |n(7,a/e1’2)<1 in the BLK model. However, the assumed im-
proper dimensionless variable in the proposed scaling eXpurities have never been revealed by x-ray/neutron diffrac-
pression. It was also observed that the specific heat afon investigations.

Bi2:2:1:2 at various fields peaks at.* To explore theM* dependence os, we used the facts
These observations led to much theoretical activity. Thehat the unit-cell size of Hgl:th— 1:m increases by a factor
effects of vortex-configuration entropy were considered byof ~2 whenm varies from 1 to 3, and assuming that both
Bulaevskii et al. (the BLK mode).®> There, a vortex line is |n(77a/91/2) andf may not change significantly and system-
treated as a stack of 2D vortex pancakes with an averaggtically with m. In such a case, the proposed models can be
separation o, and is modeled as 2D classical particles ofmeaningfully verified by a relative measurement. We will

size amé 3y, held through Josephson coupling, whéggand  argue that the variation of in our samples is indeed only

« are the coherence length in taeb plane and a numerical  +20% or smaller based on the phase purity, Taalistribu-
parameter~1, respectively. Decoupling of the pancakes oc-tion and, especially, the measured 2,, wheren is the

curs above a crossover fiel,, and leads to an additional normal-state carrier concentration. Several cross-checks also
configuration-entropy term in the vortex free enerfy  suggest that our experimental resolutionNt¥ is ~20%.
which is proportional to the density sLbf the 2D pancake However, the observeM*/T* is nearly the same for the

sheets. As a result, the derivative three compounds, in contrast with the model predictions. A
survey on the published data reveals again that there is no
oM oM systematics dependence oM*/T* in Tl-, Bi-, and Hg-
TR =— 3F/¢9B|B>Bcr=m +KgT/(oS) based compounds.
B>Ber B<Ber The samples used are ceramic disks. Hg1:2:0:1 was syn-
thesized at ambient pressure; Hg1:2:1:2 and Hgl1:2:2:3 were

is ~0 at a temperaturd™ ~ — ¢oS(IM/d INH)[g<g <Tc.  made h a 3 kbar piston-cylinder high-pressure cell. Details
and the magnetization at* is M*=(kgT*/¢es)In(na/  on the sample synthesis and annealing have been published
Je), where 7 is a parameter related to the energy of thebefore® The normal-state carrier-concentrationwas de-
vortex cores an@=2.718...% In the critical fluctuation re- duced from the thermopowe(290 K) at room temperature
gion, the fluctuation of order-parameter amplitude will be thebased on the proposed universa290 K)-n correlation,
dominant factor instead of the configuration entropy. Thiswhich has been demonstrated beforand verified in
case has been considered by Tesanmti@l® (TXBLS Hg1:2:0:1 using iodometric titration and bond-valence
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summatio? S was measured using a homemade 15
instrument The magnetization was measured in a 5 T com- -
mercial superconducting quantum interference device mag-
netometer. The reversible magnetizati@ine, . Of our ce-
ramic samples atHgmic was converted into the
magnetizatiorM of a corresponding single crystal withiic
asM =2M ceramicand H =H orami@’>. These expressions are
the results of averaging over randomly oriented grains in
highly anisotropic layer superconductttsand have been
verified experimentally: The paramagnetic background was
subtracted by extrapolating a fit to the Curie-Weiss law well
above T.. The possible ferromagnetic impurities were
checked by theM-H curves at a few K aboveé, . 0
Both x-ray and neutron diffraction stud@show that the
impurity phases in all the samples are at a few percent level.
However, it has been shown that well-dispersed impurities
up to 10% may escape detection of x-ray/neutron FIG. 1. A(GM/3InH)T*/(TM*) for an optimally doped Hg-
diffraction3 There is also an ongoing dispute about the Hgl:2:2:3 sample W|_tth~1_33 K. Inset:M vs H at 123 K; the lines
stoichiometry in Hg-based compounds: when most diffrac 2" léast-square linear fits.
tion studies suggest a fully occupied Hg site, our chemistry
analysis consistently shows a 30% Hg deficiency for all=n[1—(T/T.)"] with both 2<k=<4 andn; being fitting pa-
Hgl:2m—1:m. Several possibilities such as Hg/Cu mixing rameters. It should be noted that the actualgg/may not
or incorporation of C@? in the Hg sité* have been pro- follow this T dependence belowT/2 and usually
posed. In the most extreme casésyill either be ~0.70 if  1/\ 2, (0)>n,. However, it seems to be reasonable to assume
all the Hg deficiency is related to some invisible impurity that both theT dependence and the value wf/n are the
phases, or~0.95 based on the x-ray/neutron diffraction. same for all optimally doped Hg-11:— 1:m. In fact, a sur-
Scanning electron microscopy, energy-dispersive x-ray imag\-,ey shows than,/n is 2.8<10 2 and 2.5¢10"*2 hole™* cm

ing, and Ramam spectrum have been used to verify the pha . ey N
purity. The data suggest a full Hg occupation, and probabl;f((jar the well studied Y1:2:3 with l/n_f 1400 A (Ref. 18

£~0.70 in all the three compounds. Nevertheleks.85 and Bi2:1:1:2 with l{/n—f~ 1700 Al®respectively, if the uni-
+0.15 was assumed here to cover both scenarios. It shoukfrsal optimum doping levei~0.16 holes/Cu@(Ref. 9 is
be noted that am-independent, such as is suggested by used. Although the data scattering is much Iar_ger for other
the similarity in the x-ray/neutron data and the cation stoichi-Bi- Tl-, and Hg-based cuprates around the optimum doping
ometry of Hgl:2m— 1:m, will not affect thes dependence level, 2x107*? hole™* cm=n;/n=<4x10"** hole"* cm holds
of M* even iff#1. for most reported dat&(290 K), and then deduced from it,
The sample homogeneity was checked by the distributiofs not sensitive td, while n¢<(¢M/dInH) is proportional to
of T., which was measured both magnetically and resisit. Therefore, a change df can be estimated based on the
tively. The onsefT . of the optimally doped samples were ratio n¢/n, although the absolute value bfhas to be deter-
134, 127, and 97 K fom=3, 2, and 1, respectively. These mined in other ways.
values ofT are consistent with the published data and sug- The f/\2, of three optimally doped Hg-1:B1—1:m
gest that there is no severe intergrowth. All samples have samples was deduced beld@®. The data can be fitted rather
sharp transitiofAT,~1—2 K) as shown by the field-cooled well into f/\ 2,=n[1— (T/T;)¥] aboveT/2 with the same
magnetization at 5 G. ThAT, is smaller than the measured k=3.5. The parameter; is 28, 38, and 5m?for m=1, 2,
T.—T*(2-4 K) and, therefore, should not affect the obtainedand 3, respectively. The correspondimgre 1.19, 1.59, and
M* significantly. All samples also have a flat plateau with a1.86<10?* holes/cmi based on the measure®(290 K).
variation less than a few percent in the field-cooled magneTherefore, the ration;/n~(2.5+0.2)x10™* hole *cm is
tization below the transition region. It is known that fhgof ~ nearly the same for differemh. A change in the fitting pa-
cuprates changes continuously with batrand defect den- rameterk will increase the uncertainty in; . However, the
sity. A significantly doping unhomogeneity cannot be accom-conclusion thatf is independent ofn will not be affected
modated with this flat plateau. within £20% if 2<k<4. Therefore, we believe that the su-
To measure the relative change fofvith m, we propose perconducting volume fraction is not a significant factor in
using the measured\ 2,(T/T.)<nmJ/n, at the same re- the measuredM*/T* vs s, even if the actual value of
duced temperatur@/T., wherem, andng are the effective deviated from 1.
mass and the concentration of the Cooper pairs, respectively. A clear crossing of varioud!(T) curves is seen in all
It is observed®® that the value ofnx 2,(0) is the same samples. It should be noted that the position of the crossing
around the optimum doping level for cuprates as different apoint changes slightly witld with a spread~0.5 K. Similar
Y1:2:3 and TI2:2:0:1, when,(0) is directly measured from behavior has been noted befdr€o estimate our experimen-
the uSR depolarization rate amdis deduced fron$(290 K).  tal resolution ofM*, the obtainedV was compared with the
We chose to deduce?2,(T) from theM above the irrevers- predictions of the BLK and TXBLS models. Th¢ vs InH
ible line by the Hao-Clem mod®lf/\ 2,=(32/8)7*(dM/  plot at 123 K for an optimally doped Hg1:2:2:3 sample with
dlnH)/¢y with B~0.77 and fit the data asf/n2, T,=133 K is shown in Fig. Linse). A change of slope can
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FIG. 2. 2D-scaling fit for the same sample abd¥g,/3, with
T.=133.6 K anddH;,/dT=2.1 T/K; symbols: data; lines: fits. In-
set: —2M %y amic VS n for B: Hg-1:2:0:1 andA: Hg-1:2:2:3.

be seen around B;~2 T. This slope change would cor-
respond to a 2D-3D crossover in the BLK model, and

|v|| (?M‘

d
A(dM/d InH)=

- =TM*/T*
P InH|B>Bcr P InH\B>Bcr
is predicted. The measured
A(OM/9 InH)T*/(TM* ) =| ——
dInH[, . .
A T*/(TM*)
d InH B~05 T.
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FIG. 3. M*/T* vss. @: This work; O: Ref. 1;J¢: Ref. 5;O:
Ref. 7;0: Ref. 10;V: Ref. 11;A: Ref. 18;®: Ref. 22;H: Ref. 23;
A: Ref. 24;V: Ref. 25;0: Ref. 26; —: calculated from the models
of Refs. 3 and 5.

Instead,—M*/T* ~(3.2+0.2)x10° G/K® appears to be in-
dependent of botm ands. This is in strong contrast with the
expectation based on the BLK/TXBLS models.

To further verify the observed independence oM™, a
survey of the published data on Bi-, Tl-, and Hg-based cu-
prates was made. Although our relative measurement of
M*/T* vsm should be valid even if<1, the absolute value
of f is important when data from different groups are com-
pared. A different approach has been proposed: that the
vortex fluctuations follow the BLK/TXBLS models exactly,
therefore,f = —M*/[kgT*/($oS)]. This reasoning led to a

is shown in Fig. 1. Over a broad temperature region fromfMuch smallerf=0.41 for a Hg1:2:0:1 sample witf~95

100 to 120 K, the ratio is~1=0.1 as required by the BLK
model. This ratio drops with further increase Tof probably
due to the fact that the lowest field usé5 T) is not low

K. The small Meissner signal of this sample was used to
support this approach. However, the N ,(T)=(dM/
aIlnH/f )~*2 or then; so obtained, will be unusually small

enough above 120 K. Similar results were observed for alfompared with both thk,, measured bySR in a Hg1:2:0:1

other samples with theA(6M/dInH)T*/(TM*) varying

sample with a similaf.~97 K (Ref. 18 and the deducen;

from 0.8 to 1.1. This ratio, which compares the directly mea-in other optimally doped cuprates with comparafle For
suredM* and theM* deduced from the slope change, is aexample, the obtainex,,(T) at 60 K is~1400 A in Ref. 11,
cross-check of our data acquisition/deduction procedure. Theut is ~1900 A(o~2.0 us™) from the uSR measuremeni.
self-consistency suggests that our experimental resolution iBimilarly, the extrapolated 1//rTf is ~1170 A in Ref. 11, too

M™* is +20% or better.

small compared with those 0f1400-1500 A in Y1:2:3°

The scaling expression in the TXBLS model was also1500-1700 A in Bi2:2:1:3;>® and 1300 A in Hg1:2:2:3’

used to fit the data aboue,(T)/3. The datasymbolg and
the scaling fit(lines are shown in Fig. 2 for the optimally

The observation suggests that the acfualay be closer to 1,
and the small Meissner signal might only be the result of

doped Hgl:2:2:3 sample. The agreement is good and theortex pinning. Therefore, raw data in the literature were

used parametef§ .=133.6 anddH.,/dT=2.1 T/K) are rea-

directly quoted based on the claimed high phase purity in the

sonable. Such a fit is rather sensitive to the background sulised samples. One exception is the TI2:2:2:3 samples in Ref.
traction, and the good agreement further demonstrates tHel, where the sample phase purity is only 65% as determined

reliability of our measurement.

The same measurement was carried out for severaxpected without a case-by-case study,

by x-ray diffraction. Despite a moderate spread, which is
the collected

Hg1:2:0:1 and Hg1:2:2:3 samples at different doping levels—M*/T* appears again to leindependen(Fig. 3. A least-

The obtained™* is shown in Fig. 2inse) as the function of
n in the units of holes/Cu® Within our experimental reso-

square fit leads to —M*/T*=(3.18£0.7)x10 3+[1
%10 %s(A)] G/K. The obtained slope of 168 G/K A and its

lution, M* is independent of doping, again in agreementstatistical uncertainty(=6x102 G/K A) are insignificant

with the fluctuation models.

The measured-M*/T* is shown in Fig. 3 as a function
of s for Hg-1:2m—1:m with 1=m=3. To our surprise, the
proposed linear dependeneeM*/T*«1/s does not exist.

(leads to a variation smaller thanl0™* G/K from Hg1:2:0:1

to Bi2:2:2:3 as compared to the-independent term of
~3%10 3 G/K. The actual trend is expected to be more clear
since some of the exceptional data poifas of which have
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a smaller—M*/T* at 1-2<10 2 G/K level) might have true  density=m/s. However, this possibility is not supported by

phase-purity problems as suggested by their unusually smathe data either. A two times variation inM™*/T* will again

1/\2, and synthesis methods. be expected among the compounds listed in Fig. 3, with the
We would argue that the data scattering is relatively in-average sheet separatishm=11.6 and 6.2 A for TI2:2:0:1

significant compared with the expectaddependence. In  and Bi2:2:2:3, respectively.

fact, all pUb“ShEd data in the well studied Bi2:2:1:2 are Another poss|b|||ty is an accidental correlation of

within a =20% band(Fig. 3. All one-CuQ-Igayer cupratgs In(pa/e’®)=s in the BLK model of —M* =kgT* In(na/
have a measuredM™/T* between 2.510 " and 4<10 e'?)/($os). This would require an unusual threefold in-

G/K except one, a IIZ:E:O:_l single crystal in Ref. 19, which rease in the parameter which characterizes the size of the
has an even lowevl*/T* (Fig. 3). The average data spread- orma core, whes decreases from-18 to 9 A. In addition,

. _ 0 . .

ing (i7><10*4 E/K ) is mu_csh smaller than the expected in- \1(H) is H independent also in the critical regiorH ,/3),
crease ofV*/T* (>2X10°" G/K) caused by thes differ-  \yhere the configuration entropy andio not play significant
ence between the one-CyHayer compounds and the gjeg53

bi-CuO;,-layer compounds. The relateti/n was also de- Our observations suggest that either the true nature of the

duced when the data were available, with no system&tic ey fluctuation in cuprates or the concept of vortex decou-
dependence being observed. Therefore, it would be difficul ling between adjacent CyMlocks aroundl™ need to be

to attribute the discrepancy to either accidental data scattefsconsidered. There is a possibility that the vortex coupling
ing or change off, which would requiref<0.5 for all  4cr0ss the charge reservoir cannot be ignored in the analysis
measured one-Cullayer cuprates butf~1 in most ot magnetization. In fact, a similar crossing with a smaller
tri-CuO,-layer compounds. —~M*/T*~1x102 G/K has been observed in Y1:2'32°

The linear relationship betweeM™ and the pancake- gyen though dath suggest the fluctuation in this compound
sheet density $/should be more or less model independentig 3p

in the 2D scenarid:>* Both the vortex entropy and tHd* In summary, a ¥ independentM*/T* have been ob-
caused by it should depend on the pancake sheet densiyened in the cuprates with different charge reservoirs and
although the choice d is strongly dependent on our under- giterent unit-cell sizes along the axis. The observation

standing of the interlayer coupling. In all of the above inves-c4is for modifications to the proposed 2D vortex-fluctuation
tigations,s was taken as the size of an effective unit cell in j,5qels.

the ¢ direction. In other words, it is assumed that the cou-
pling across the charge reservoir is negligible, but the cou- The authors thank Professor L. Vant-Hull, Dr. J. Clayhold,
pling between adjacent CyQayers is as strong as the intra- Dr. Z. D. Hao, and Dr. D. M. Frenkel for many helpful dis-
layer coupling. This assumption, although supported bycussions. This work is supported in part by NSF Grant No.
many experimental observations, seems to be in contraBMR 91-22043, USAFOSR Grant No. F49620-93-1-0310
with the observed™*/T* vss. by BMDO, EPRI RP-8066-04, the State of Texas through the
A possible alternative is to assume that the vortex decoufexas Center for Superconductivity at the University of
pling occurs between all adjacent Culayers, i.e., the sheet Houston, and the T. L. L. Temple Foundation.
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