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Effective mass anisotropy of HgBgCa;Cu 4,0 ;o measured on a microcrystal
by means of miniaturized torque magnetometry
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Torque magnetization measurements on a H@BsCu,O,, microcrystal of massn=380 ng were per-
formed using a miniaturized torque sensor (¥2DX 4 wm) with a very high sensitivity ofA 7=10"1* N m.
In an applied field of 1 T this allows the measurement of magnetic moments as srma# 4614 Am?,
which is far beyond the sensitivity of the best commercial superconducting quantum interference device
magnetometers. From the angle-dependent torque measurements an effective mass anisotropy of
y=+m;/m},=52(1) and an estimate of the in-plane coherence length,gf 1.8(5) nm are extracted for
HgB&CaCu,0,9. The large value ofy reflects the quasi-two-dimensional nature of the mercury based
cuprates and demonstrates the importance of vortex fluctuations in these materials.

The class of mercury based cooper oxide superconyBa,Cu,O,_; compound. On the other hand, magnetic re-
ductors* HgBa,Cayn_1CunOsn4, [H-12(0—1)n, 1<n  |axation and high-field magnetization studies reveal a pro-
<5] has attracted considerable interest in their supercomounced two-dimensiondPD) character of the vortex sys-
ducting properties. The critical temperatufg varies with  tem, suggesting a considerably larger anisotropy of the
the numbern of CuO, layers reaching a maximum Hg-12(n—1)n compounds:® This is also supported by the
T.=133 K for the three layer compouhédnd this material is  position of the irreversibility lind® which is found to fall
considered as a particularly interesting candidate in view obetween that of the YB&u;0,_ 5 (y=5—19) and that of the
technical applications. Here we present magnetization mearery anisotropic BjSr,CaCu,Og compound y> 150 (Ref.
surements on very smalif<1u0) high-quality single crys- 12)]. From the shape of this line, analyzed in terms of a
tals of Hg-1234 which have recently become availdoiée  3D-2D crossover criterion, an estimate @f=35—70 for
application of a miniaturized torque magnetometer especiallgrain-aligned Hg-1223 was obtain&d.
designed for magnetization measurements on microcrystals The above discrepancy between the measured values of
has allowed alirect determination of the effective mass an- y and the estimates obtained from the analysis of vortex
isotropy y not previously possible in granular materials. Thefluctuations call for a detailed and more direct measurement
anisotropyy=ymg/mj,, wherem? is the perpendicular and of the anisotropy parametey in the Hg-126—1)n com-
m3, the in-plane effective mass of the superconducting carpounds. In this work, we presedirect measurements of the
riers, is a measure of the effective Josephson coupling beffective-mass anisotropy on a Hgfs;Cu, 0O, microcrys-
tween adjacent blocks of CuQayers. It plays an important tal by means of angle-dependent torque magnetometry. For
role in the understanding of the phenomenology of the suthe Hg-126—1)n compound only very tiny single crystals
perconducting state in the layered cuprate materials. Thermalith dimensions ofi<1 mm are currently availabland the
fluctuations of the vortex positions are greatly enhanced irsample used in this study had a mass of an¥380 ng. The
highly anisotropic systems, which severely limits the techni-sensitivity of standard superconducting quantum interference
cal applications of cuprate superconductors. A precise detedevice(SQUID) and torque magnetometers is far to low for
mination of this parameter is, therefore, particularly impor-magnetization measurements on such small samples. For this
tant. For the Hg-12{—1)n compounds, estimates of the reason we have developed an integrated torque magnetome-
anisotropy parametey are controversial. In grain-aligned ter with a very high sensitivity oA 7=10"'* Nm. In an
Hg-12(n—1)n compounds values ofy=2 (Ref. 4 and applied field of 1 T this corresponds to a magnetic moment
y=8 (Ref. 5 were obtained from the ratio of physical quan- of Am=10"* Am?, which is three orders of magnitude
tities related to the effective mass, as measured parallel argaller than the currently achieved sensitivity of the best
perpendicular to the Cuf layers. Other estimates of commercial SQUID magnetometers. The “nanotorque” mag-
vy=~16 (Ref. § and y=~2—6 (Ref. 7) were derived from netometer is particularly useful for magnetization measure-
magnetization measurements in randomly oriented polyments on small samples with a mass<l g, such as a
crystalline Hg-126—1)n samples, yet still comparable microcrystal taken from a granular sample. The torque sen-
to the anisotropy parametey=5—9 (Ref. 8 of the sor used in this work is based on a commercial piezoresistive
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B The Hg-1234 microcrystal used in this study as prepared by
ab i a high gas pressure synthesis technitjlitae best samples
/ were obtained with a PbO flux, which leads to a partial sub-
stitution of Pb for Hg. The high quality of the crystals was
/ confirmed by transmission electron microscogVEM),
[~ / showing the characteristic four CyQayer structure. The
— - lattice parameters were determined by x-ray diffraction
cantilever sam | which also gives additional information on the phase purity
of the sample investigated. Low-field magnetization mea-
surements on a bunch of single crystallites of Hg-1234 from
the same batcltotal massn=0.05 mg showed a supercon-
ductivity onset atT=113 K with a transition width(10—
90 % of AT.~5 K. For the magnetic torque measurements
one microcrystal was chosen from the above sample. The
crystallite had dimensions of 680X 10 um? and a mass
of only m=380 ng. The sample was fixed on the torque
sensor with an approximate angle of 60° between the sample
ab-plane and the cantilever surfateee Fig. 1L The torque
sensor was horizontally installed in a cryostat between the
poles of an electromagneB& 1.5 T) and the temperature
o o _was stabilized better than 0.01 K. Angle-dependent torque
FIG. 1. Schematic figure of the miniaturized torque sensor withy,aasurements with an angular resolution of 0.01° were car-
piezoresistive readout. The bottom is an electron micrograph of th?ied out by rotating the electromagri@5°/se¢ with respect
cantilever with the sampléwvhite). to the sampleab ol hil ti | l th
pleab plane while continuously sampling the
torque signal. In the vicinity of thab plane(*=5°) the rota-
Cantileve’lls which we used for the detection of a magnetiC tion was slowed down by a factor of 10. In F|g(62 the
torque?=n3>< B arising from a transverse component of theangular dependence of the torque signal is shown for

magnetizationm. A micrograph of the sensor is shown in T=109.77 K and for an applied field &=0.5 T. From the
Fig. 1. The microfabricated silicon cantilever has a length ofsymmetry of the torque signai(6) = — 7(— ¢) the orienta-
120 um, a width of 90um, and a thickness of 4m. The top  tion of the sampleab plane with respect to the applied field
surface isp doped and forms a piezoresistive path with awas determined with an accuracy better than 0.05°. As the
resistance ofR~2000() at 300 K. A deflectiond of the field rotates towards theb direction the torque is increasing,
cantilever results in a change of the resistance of the piezoréhowing a sharp maximum #,=2.4° and then drops rap-
sistive path, which can be detected using a conventiondflly to zero forB parallel to theab plane(6=0°). The torque
Wheatstone-bridge technique as schematically shown in Figvas monitored for both directions of rotation, and was found
1. The resolution obtained by this technique is typicallyto be almost perfectly reversible. Only for the field very
Ad=0.1 A and is similar to that reached by optical readoutclose to theab plane(6<0.4°) a small hysteresis curve with
systems. However, the ease of use and the absence of ext@rpronounced peak #=0.1° was observed, as clearly seen
nal deflection sensing elements of the piezoresistive cantildn the enlarged scale in Fig(i2. The symmetry of the torque
ver makes this device very advantageous when compared §gnal and the geometry of the experimental setup, with the
optical detection systems. For the detection of the magnetiab plane not lying parallel to the cantilever, proves that the
torque the sample is carefully fixed with vacuum grease ombserved hysteresis curve is indeed due to the sample mag-
the cantilever. In enhomogeneouspplied field a transverse netization.

component of the sample magnetization will cause a deflec- For further analysis we make use of the simplest model
tion of the cantilever which is proportional to the magneticfor the angular dependence of the magnetic torque. Based on
torque. Using an approximate force constant of 20 Nfn, the anisotropic London mod@éi*’ the angular dependence of
the above cantilever yields a torque sensitivity ofthe reversible magnetic torqueof an anisotropic supercon-
A7=10"* Nm. In an applied field of 1 T this makes it ductor with volumeV is given by

possible to measure tiny magnetic moments\ofi=10"14

A m?2. The magnetic torque detection method presented here ) ) BC
differs from the earlier proposed detection of a magnetic 0= ®oVB  y -1 sm26|n Y7Bec, ®
force produced by amhomogeneouapplied field(see, e.g., 1677,u0)\§b v €(0) Be(6)/’

Ref. 19. In a homogeneous field, as used in our setup, the
absence of a magnetic force allows us to discriminate the ~— ) i
anisotropic magnetization component of the sample from thi/nere 6(022_‘/7 S|n2(0)+cos_2(_0) is the angular scaling
isotropic diamagnetic signal of the cantilever, which is par-lunction, B¢ is the upper critical field measured along the
ticularly important for the measurement of very small mag-c-axis direction, andug is the vacuum permeability. The
netic moments. As discussed elsewhetle sensitivity of numerical parametey is of the order of unity and depends
the nanotorque magnetometer can further be increased wittn the structure of the flux-line lattice. The anglés mea-
more sophisticated detection and operating techniques.  sured with reference to trab plane. For a fixed applied field
We turn now to the anisotropy measurement of Hg-1234B the normalized torque,,.m= 7(6)/ 7(6,) depends only on




R6028 D. ZECHet al. 53

9F T T T T T
100
< lso
£ 6t ]
© < 160
Xy >
1] ]
sl J40
—420
1.0 ' . —
. 1 (1)00 ‘ 1(I)5 I 1110 I 11{5)
05| o T > T(K)
£ : 8, ] )
£ 00 ] FIG. 3. Temperature dependence of the anisotropy parameter
r v and the upper critical field along the axis nt2 of a
05 ; i HgB&CaCu,0,¢ microcrystal as determined by torque magne-
10 I ] tometry. From the sloped B§2/dT: —0.80 T/K an estimate of the
_11 : '2 0 : ,‘; : "‘ in-plane coherence length,=1.8(5) nm is obtained.
LOF o ( shown in the enlarged scales of Fig&h)2and Zc). However,
! the position of the maximum torque &f, which is a mea-
£ R/ > % sure of the anisotropy, falls fully within the reversible regime
& osk & ) ] and is perfectly described by the fit. The quality of the fit was
,/’ further tested for various strengths of the applied fi€db
_;’ ] T<B<1.5 T) and for various temperatur¢s03 K<T<110
/’ K). In this field and temperature regime the torque was found
0.0¢ : . : L to be reversible at all anglés|=|6,|, a necessary condition

for a reliable determination of the anisotropy. The results of
this analysis are summarized in Fig. 3. The anisotropy
almost temperature independent with a mean value of

HgBa,CasCu;Oy0 (=380 ng measured af =109.77 K in a field v=52(1), while the upper critical field increases linearly with
. c o . ;
of B=0.5 T. The solid line is a fit of Eq(1) to the data with an & SlOPe of7dBg /dT=—0.806)T with decreasing tempera-

anisotropy parametey=>51.4(5) and an upper critical field of ture. Using the formuIaBC2(0)20.7TC|dBCzldT|TC and
7B¢,=2.43(6) T.(b) Enlarged scale close to theb plane. For  ,=0.7(3) one obtains an estimate of the in-plane coherence
6<0.4° the torque becomes irreversible showing a sharp peak 3ength of £,p(0)=/®o/27BE (0)=1.8(5) nm for Hg-1234

2

0=0.1°. (c) Reversible torque in the vicinity of thab plane. De- hich is i d t with val ind bet 15
viations from the 3D London modééolid line) are clearly visible which 1S in goo agr.eemen with values ranging between _.
for #<1°. The dashed line is thealculatedreversible torque as and 2.1 nm as prg\élously reported for the Hg-1201 and Hg-
obtained in the framework of the Lawrence-Doniach model. 1223 compound%. ’
The large anisotropy=52(1) of the Hg-1234 compound

raises the question of whether the continuum London ap-
y and 7B . Equation(1) shows at a characteristic orienta- proach is appropriate for the above analysis. Even for
tion angled, a sharp maximum, which moves closer to the YBa,Cu;O;_ with y=5-9 systematic deviations from the
ab plane with increasing anisotropy For highly anisotropic ~ continuum London approach were repoffeahd the discrete
superconductors its positiof,=1/y is very sensitive to the nature of a stack of pancake vortices' has to be consid'ered
degree of anisotropy while its dependenceB@g is negli- when & becomes smaller than the interlayer separation.

gible. This further implies that for a reliable measurement OiHowever, these _dev!atlons are due fo ,trlle scallgng functmn
¥, a well defined orientation of the crystallograpkiexis is ~ €(?) Only becoming important fofl,=tan *(1/y).™ Using
required, which is only achieved by using high-quality single":52 for tohe H-g-_1234 compound th'.s is the case only fo_r
crystals. For the analysis of the angle-dependent torque mef=fo=1.1% as itis clearly obsgrved in the present experi-
sured on the Hg-1234 microcrystal only the reversible torquénent' In the gnlarged scale of Figcpthe reversible part of
data at anglef|>0.4° were considered. The data were nor-the torque signa(mean value of the torque data taken for
malized with the torque signa(6,) at the peak position. both directions of rotationis cqmpared with the f:t obtained
The fitting parameters are the anisotropy paramegit@nd the frqm the_ L_ondon approac{solid I|_ne). For §<1.0 system-
upper critical field7BC . The best fit to the data was ob- atic deviations are observed, which we now evaluate within
_ 2 . the framework of the Lawrence-Doniach model where the
tained fory=51.45) and 7B¢,=2.436) T. Equation(1) de-  discrete nature of vortices is considef8dror orientation
scribes almost perfectly the full angular dependence of thangles(in our casef<0.4°) where the measured torque is
experimental datsolid line in Fig. Za)]. Only for |§|<1°  about two times larger than that given by the London ap-
clear deviations from the theoretical curve are observed agroach the above model predictsom="7 sing+1/

0 (deg)

FIG. 2. (8 Angle-dependent torque of a microcrystal of
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2 In(7BS /B). At even lower anglegin our casef<0.1° the the present value of is consistent with estimates obtained
2

torque sharply drops to zero when the flux lines becomd©M analysis on the basis of vortex fluctuatibnand as
locked between thab plane. Putting the values of=52 such supports the quasi-2D character of the mercury based

and 7B =2.43 T at 109.77 K in the above model thal- ~ CUPrates. o ,
2 o . In summary, magnetization measurements on a microcrys-
culated torque is in excellent agreement with our data

R : tal of HgBgCaCu,0,, were performed using a miniatur-
[dashed line in Fig. @)]. This further corroborates the large . : . L
anisotropy parametey=52 deduced from Eq(1). In Eq. (1) ized torque magnetometer having a very high sensitivity of

~10 14 i ity Qi
thermal fluctuations of vortices are not considered. They befA 7=10""" N m. The high-quality single crystal had a mass

i of only m=380 ng. Angle-dependent torque measurements
come important for temperatures closefpand/or for mag- were used to extract a precise value of the anisotropy ratio
netic fields much larger than the 3D-2D crossover field b Py

B.,=®,/(dy)? whered is the distance between neighbor- vy=52(1) and an estimate of the in-plane coherence length

ing CuO, blocks?'??Vortex fluctuations cause a change of £ap=1.8(5) nm for HgBaCaCu,0y0. The value ofy is

the shape of the angular torque curve, whereas the positioS'gmflcamly larger than those previously reported for grain-

: o . aligned samples. We further found that B,<0.5 T and
of the torque maximun, , which is a measure of, is not T<110 K the simple anisotropic London approach is appro-
affected™® Thus, in the presence of strong vortex fluctua- riate to describe?he an ularpde endenceF())Ff) the tor ueppOnI
tions, Eq.(1) will no longer describe the angular dependencep ' ; 9 p que. y
B . for the field applied close to thab plane does the discrete

of 7, but still gives a good estimate of. In the present . ; : g

, . S nature of the vortex lines result in a magnetic torque which is
experiment the excellent fit of Eql) to the data indicates . .

. well described by the 2D Lawrence-Doniach model. The
that vortex fluctuations are not yet relevant 8<0.5 T. | . f th based d th
Usingd=15 A andB=0.5 T for the 3D-2D crossover field arge anisotropy of the mercury-based cuprates and the cor-
2 lower limit of >4°é is .obtained which is in qood aqree- responding enhanced vortex fluctuations result directly from

. Y . 9 9 the weak interlayer coupling present in these quasi-2D lay-
ment with the above London analysis.

Our value ofy=52(1) for Hg-1234 is much larger than ered superconductors.
those measured in grain-aligned samples of related mercury This work was partly supported by a special grant
based cuprateés® This discrepancy is easily understood in of the Swiss National Science Foundation NFP30. One of
terms of the large angular spreés2.5° of the c-axis ori- us (P.B) acknowledges financial support by the Bay-
entation present in grain-aligned samples, which prevents arische Forschungsstiftung “Hochtemperaturesupraleitung”
reliable determination of the anisotropy. On the other hand(FORSUPRA.
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