Piezoresistive cantilever designed for torque magnetometry
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New piezoresistive silicon cantilevers designed specifically for torque magnetometry on
microscopic samples have been microfabricated and tested. These levers have been optimized to
detect the torque in two directions corresponding to flexion and torsion. Torque resolution of
~10"% N m can be achieved depending on the operating mode. In one version an integrated loop
allows an absolute calibration of the device with an accuracy d%0. This loop can also be used

to excite the lever mechanically. One application is the determination of the mass of nanogram
samples by measuring the resonance frequency (slaiftobalance © 1998 American Institute of
Physics[S0021-89788)09203-3

I. INTRODUCTION magnetic materialge.g., ferro- or ferrimagnets, supercon-
ductorg are intrinsically anisotropic owing to their crystallo-
The fabrication of micromechanical cantilevers hasgraphic symmetry. From the angular-dependent torque data,
given rise to numerous powerful applications. The new gen—(6), the anisotropy energy, and the axes of easy magneti-
eration of microlevers is generally made of silicon, siliconzation can be determined.
oxide, silicon nitride, or gallium arsenideand the precise Earlier versions of torquemeters such as the torsion
measurement of their displacement is done by opticat  pendulum* and the conventional capacitance torque-
integrated piezoresistie? piezoelectri®é or capacitive metet?~*were rather large in size and thus suited only for
technique<. Aside from their general use in scanning force millimeter-sized samples or films. Moreover, their large di-
microscopieSFM), microlevers can be applied as different mensions and mass made them sensitive to external pertur-
types of physical or chemical sensors. Of the many exbations(e.g., vibrations, air flow, and temperature gradignts
amples, one can cite their use for the mechanical detection @nd consequently more delicate to manipulate with a mini-
magnetic torque, of magnetic resonance, or their applicatiomum of background noise. Our purpose here is to continue
as temperature sensors, gas sensors, calorimeters, tbe development of cantilevers not only to improve their sen-
spectrometer® The small size and mass of these devices irsitivity but also to make them more practical and versatile,
addition to their ultrahigh sensitivity allow very short re- for example, by rendering them almost equally sensitive to
sponse times. We have shown that piezoresistive Si cantildlexion and torsion and by integrating in them a current loop
vers are nicely suited for torque magnetometry onfor calibration and activation purposes.
micrometer-sized superconducting or magnetic sanipi®s.
The torque magnetometer is complementary to a supercon-
ducting quantum interference devi(@QUID) for measuring 1. DESIGN AND CALCULATION
the magnetizatiorM or susceptibility y as a function of ) )
magnetic field and temperature. Besides its improved sensi- 1he torquemeters presented hefegs. 1 and 2are mi-
tivity compared to that of commercial SQUID magnetome-CroScopic silicon piezoresistive c?antllevers. These sensors
ters, it allows us to measure in a simple way the anisotropya'® designed to detect a torque with respect to two eigs
constants of magnetic materials plunged into a homogeneoJ%- In other words, the levers can work either in flexion or

applied fieldB. The torque generated lﬁ/on the sample of torsion mod_e. In the_ past, callbr_anon of a torquemeter using
. O - B, The induced standard microcantilevers required the use of a supercon-

magnetic moment is given by7=mxB. The induced ro- g, ,¢ting sample in the Meissner state and with well-known

tation of the sample fixed on the free end of the Cam'levergeometry‘? Therefore it is useful to find a simple and conve-

generates a deflection, which can be measured with high prejjent absolute calibration method that is sample-independent.
cision. The above expression naturally requires the sample to 1,4 design is based on standard two-leg flexion
be anisotropic, otherwise would be zero. Fortunately most ¢4 niijeverst The advantages of initiating a design with this
geometry are simplicity, robustness, and high sensitivity.
dElectronic mail: rsl@zurich.ibm.com Mounting a sample on the platform of such a cantilever is
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z piezoresistive path A. Two-leg lever

X
sample
Zlit B slitA \ Al We propose here a simple design with two legs, each
y I E [ holding a piezoresistive eleme(iig. 1). A torque applied to

l = the cantilever will produce a mechanical stress in each leg,
R; which can be detected by a change of the two piezoresis-
b ‘ tancesR; andR,. The torquer, for torsion orr, for flexion
wip R, can be extracted by measurilgR;—R,) or A(R;+R)),
; uﬁg respectively. The relative change in piezoresistance due to a
. | ¢ mechanical stress is given by

FIG. 1. Schematic view of the silicon piezoresistive two-leg cantilever for —_—= ,BWLO'_p, D
ultrasensitive torque magnetometry. The slits in both legs are to optimize R

sensitivity and to define the piezoresistive path. The lever dimensions are

summarized in Table I. wheresr_ is the longitudinal piezoresistive coefficient, which

is significantly dependent on doping!’ The parametetr,

is the average elastic stress at the surface of the mechanical
particularly convenient. Moreover, the present geometry al€lement where the piezoresistor is located. The tgris a
lows the lever to be used as an atomic force microscop@€eometrical correction of the finite thickness of the piezore-
(AFM) sensor. sistive path. For a first calculation, we used the following

As mentioned above, the geometry of a very sensitiveP@rametersg~0.8 andm ~4.5x107*° m* N™*.4*° These

torque sensor must be chosen such that it keeps the effect geantities are subject to some fluctuations related to the mi-
undesirable external accelerations below the resolution limitcrofabrication process.
One solution to this inertial problem is to reduce the masses The use of two piezoresistors allows torque detection
involved as much as possible. Another apprdaihto for- ~ about the two axes andy; it would be ideal to have exactly
sake the standard flexible beam concept and design devic8¥ same torque sensitivity for both directions. This condi-
in favor of a more complicated geometry, for example ation is not easy to fulfill in the actual lever geometry and for
geometry based only on torsion arms. For the two torqueme€alistic dimensions because the flexion mode is always
ters presented her@igs. 1 and 2 the first solution was More sensitive. In our case, for a torgrg the lever works
considered by minimizing the mass of the device. In thisin the flexion mode and both legs are submitted to a pure
case, only accelerations greater than 0.T f@eldom ex- flexion stress. On the other hand, for a torgyeg in the

ceeded in a laboratory situatipwould disturb a measure- So-called torsion mode, torsion and flexion are generated in
ment. each leg. As shown in Fig. 1, the legs of the cantilever have

been designed with two slitéA and B). The role of the
A-slits is to insulate electrically the in and out-going piezore-
sistive paths. The role of the B-slits is to provide a symmetri-

calibration loop act é’iezoreSiSﬁ"e path cal deformation of the leg in the torsion mode, while increas-
Sf‘arﬂg'rfn cor acha A \ Al ing its sensitivity and reducing the inertial moment. With this
P ~ \ . . | J— design, the current through the piezoresistive paths does not

— R : — significantly perturb the torque detection by inducing Lor-
entz forces. This effect is negligible for two reasons: the

b — — g piezoresistive paths along tlyedirection are very short and

wp R all paths along the-direction form pairs with opposite cur-
. i — rents for optimal compensation. A peculiarity of the flexion

— due to a torquer, is that the ratioAR/R is independent of

L ot (a) the length of th)(; piezoresistive path, becausgeremains

constant along the entire leg. However, if the flexion is due

" ,!_,Ill!W not to a torque but to a force, as in AFM techniques for
\ | ‘ ‘ example,o, varies linearly along the leg and reaches its
| | | maximum value at the basis of the lever. In this case, the

average elastic stress, depends on the length of the pi-
ezoresistor. Because the lever is primarily designed for
torque magnetometry, we prefer to optimize the length of the
piezoresistive paths by considering the torsion due to a
eild torquer, . In torsion modeAR/R decreases over the length
60 um of the path and vanishes when the path covers the entire leg
FIG. 2. (& Schematic view of the three-] " i intearated | becauser,=0 in this limit, Eq.(1). The value ofo, would
for c.ali.bratioﬁ. Eg:/ae;cd;:;eg\rlls?onsearerESmergacrir;éieix?I’ramb)IISr]E(KEIJri%ggeoop be maximized for mfmltely small paths. ObVIOUSIy’ this is

of the cantilever with single crystal of a high-temperature superconductind10t POSsible because would vanish. A good compromise is
cuprate. to choose the path length to be half that of the legs, so that
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TABLE |. Typical dimensions of the two versions of microfabricated pi- .
ezoresistive cantilevers. SIOZ p'd\loped Al
\ S
Lever two legs three legs §|
L (lever length (um) 200 240
| (leg length (um) 100 100 Si
w (leg width) (xm) 10 10 '
b (lever width (um) 117 143
p (slit width) (xm) 4 4 RIE 5um .
t (thickness (um) 4 4 2 photoresist
Si
o,=0,12. For the given geomgtr@ig. .1) _in flexion mode, Sj back etch
the averaged stress over the piezoresistive path becomes
—_ 37 piezoresistor
of=——, )
(w—p)t
. —\— E—
wheret is the lever thickness. In torsion mode, the corre- Si ‘
sponding stress is oxide etch
— 3 [b(w—p)t? GI[(W—p3+(w—p)t?]| ! Si
t_ — ——
UP_ETX( oL . | 5 um RIE
(3) FIG. 3. Sequences of the microfabrication process.

whereE is the Young’s modulus an@ the shear modulus of
(110 Si*®°The lever dimensions are defined in Fig. 1. In o B .
order to reach the same sensitivity in torsion and flexion, thd® allow absolute calibration. An additional central leg is

following condition must be satisfied: attached to hold the metallic paths leading to the calibration
T loop. To reduce the influence of this central leg on the lever
O'L 0':3 properties, we also designed it with two slits. After perform-
T_y_ T_x (4) ing the same optimization as for the two-leg cantilever, a

sensitivity ratio of about 3.8 is reachéske appendix This

According to Eq(2), the dimensions and w—p) should be 5,6 is slightly better than that for the two-leg lever because
chosen as small as possible to optimize the sensitivity in thg,e aqdition of a third leg reduces the sensitivity to flexion

flexion mode. The choice of these dimensions is also goVigre than to torsion. The dimensions of the three-leg canti-
erned by the optimization in torsion mode. With the values;o,or are summarized in Table I.
of t, w, andp given in Table I, the levers are sufficiently The calibration loop has an area 8f1.2x10°8 m2.

robust and their dimensions compatible with the technolog)We chose a metallic path thickness of 300 nm of Al to mini-
used fo_r microfabrigation. In principle_, the optimization of mize the bilayer effectowing to the different thermal expan-
the torsion mode with Eq4) should yield the ratio of the ;o1 of Al and Sj yet still keep the resistance below 100

two other lever dimension$/I. In fact this is not easily A cyrrent of 1 mA produces a measurable magnetic moment
obtained and, for realistic values ofand (w—p), only a ¢ 11— 1 2% 1071 A m?2, while retaining a reasonable power
complex solution can be found. The solution always leads tQjissination of 0.1 mw. Two additional contact pads are de-
a smaller sensitivity in torsion than in flexion: posited on the lever platforrfFig. 2@]. By breaking the

calibration coil between the pads, two electrical contacts can
(5) be used for resistance measurements on the sample.

For both cantilevers, the platform end has been designed

With a global choice of the lever dimensiohsw, p, b, and  with a triangular shape and a tip suitable for AFM applica-
I, the optimized sensitivity ratio closest to 1 that can betions.

?
P~
Tx

SN

obtained is
PN Ill. MICROFABRICATION
Ze)(Ze) —46 () o et :
Ty )\ 7x The microfabricatioff of the piezoresistive sensors is

. . . . . . sketched in Fig. 3 and can be summarized as follows. The
The dimensions of this two-leg cantilever are summarized in

Table |. Note that the values ¢, , , and the lever length process sequence starts by defining alignment marks on a 10-

. . o pm-thick, slightly n-doped, polished100) silicon mem-
L are irrelevant for this optimization. brane that is separated from the substrate byl SiO,

layer. Local ion implantation and an annealing step define

the p*-doped piezoresistive sensing paths that are oriented
A second version of the cantilever discussed above wam the (110 direction. A SiG layer is deposited and pat-

designed with a small coil integrated on the platfdiffiig. 2) terned to separate the subsequent metallization from the

B. Three-leg lever
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the torsion modery, is measured via\(R; —R,), using the

ﬁ ﬁ% F‘:I second circuit shown in Fig.(B).
1L | | L For each of these two modes, moreover, we distinguish

1 between two different regimes. In the so-called static regime,
AR/R (corresponding to a quasistatic torgjie measured by
a lock-in technique using the modulated bias voltsgg, as
reference. In the second case, the lock-in detection is in
phase with the oscillating torque signal, which sets the lever
in a vibration or dynamic regime. According to the relation

7=mX B, this torque signal can be generated either by an
oscillating magnetic field(t) or by a modulated magnetic
momentm(t) (e.g., a calibration loogp The great advantage
of the dynamic regime, for flexion or torsion, is that it pre-
cludes resistance drifts, unlike the static regime. Temperature
dependence and magnetoresistance of the piezoresistors are
- unavoidablée. These undesirable effects are minimized in a
differential mode using a second reference cantild¥ag.
- 5(@] involving the compensation resistancB$ and RS .
— However drifts can never be fully compensated owing to
- irregularities in microfabrication, but a reduction by a factor
of at least 10 can usually be achieved. In the dynamic regime
we found a resolution in torque that is 100 times better than
in the corresponding static reginigee Sec. IV R
To avoid heating effects, the bias voltage for all configu-
rations is limited to 1 V.

—

L

— [

n

. |
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FIG. 4. Schematic view of the entire chip with the four identical three-leg
levers. The contact padding allows the levers to be connected in variou
configurations.

B. Calibration and resolution

membrane. Only small contact holes in this gi@yer allow In general, the absolute calibration of a microtorqueme-
the connection between the piezoresistive path and the meer can be difficult. Thanks to the high sensitivity of our
tallic wires. The lever is then structured by using etchingdesign, only a well-known, small magnetic moment is nec-
techniques from both wafer sides, which simultaneously deessary to perform a good calibration. A loop with one turn is
fines the chip geometry. The lever thickness is very homosufficient(see Sec. )Ito achieve calibrations with an accu-
geneous owing to the buried oxide layer, which serves as aracy of about 1% in flexion and in torsion modes. Both static
etch stop from the back side. After removing the githe  and dynamic regimes are well suited for a calibration. This
levers are reduced to the desired thickness in a final drynethod has the advantage of being independent of the
etching step from the back side. Figure 4 shows the layout ofample mounted on the lever. We present a calibration per-
the entire chip containing four identical three-leg levers.  formed in the dynamic torsion modEig. 6(a)] at room tem-
perature as an example. We chose a magneticBel@.5 T

and a current in the 100p,o,=0.707 MA, at 4 kHz. The

. o corresponding magnetic moment isn=l 5, S=0.849

A. Measuring circuit x10"1 A, sm?, whereS is the area of the loop. In this

In order to detect very small changes in the piezoresis¢ase, the torque is well fitted with s#)( where 6 is the
tancesR; andR,, we use a conventional Wheatstone bridge.angle betweerm and B. The maximum torque signal ex-
To detectry, corresponding to the flexion mode, the con- pressed in terms of the voltage measured on the Wheatstone
figuration measuring\(R;+R,) is required[Fig. 5@]. In  bridge[Fig. 5b)] is Uma=1.50 uVmns. The corresponding
torque (@=—90°) is given byr,=mB=4.25x 10 2 Nm
ms- The resulting calibration factor for the torsion mode is
Lever with (D) 2.83 pNm{ V. The linearity in magnetic fielfiFig. 6(b)] and
in current[Fig. 6(c)] are evident. Exactly the same type of
calibration in dynamic flexion mode vyields a factor of 1.36
pNm/wV. The 2.1 ratio of these two factors is different from

IV. EXPERIMENTAL DETAILS

A

Vpias the calculated sensitivity ratio of 3.8 obtained for this spe-
N cific design. Small mismatches between effective and calcu-
lated dimensions of the lever explain this discrepancy. In-

eare lover deed, we found from scanning electron microsc¢BEM)

images that the effective lever thickness is closer tarb

FIG. 5. Wheatstone bridge configurations fay flexion mode andb) tor- than to the 4um U_SGd in our calc_:ulations._'_l’aking t_he value
sion mode measurements. of 5 um, we obtained a theoretical sensitivity ratio of 3.1.
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= FIG. 7. Calibration of the displacement by use of an AFM scanner.
Ar sine fit for calibration 7 -11.30
1o 3 b b o o g 2 8 5 21 4 o 1
-180-135 -90 -45 0 45 90 135 180
Angle 8 (°) entific Instrument lever$ for which we assumed a measur-
T T T T T able lever deflection of about 0.01 nm as reported by Tor-
ok L —— (b)] tonese et al* for the dynamic regime. The resolution-
~ oL ] ] limiting factor in the static regime is the time fluctuation of
§ I the piezoresistancdmtrinsic noise.
g AT ] The productBs can be estimated with the calibration
g 6k - loop. From the Wheatstone bridge configuratigfsy. 5
@ hoop (MAgys) one can write
T B & o0s “]
SR S ] AV= - AR= By 7
o 047 = — = — i
s o o ] aRAR=Z AL {0
[l PR T TNUUN FUUY W N S | PR S S SRV S |
00 02 04 06 08 10 12 14 For the flexion mode and substituting the expressiorﬁ{pr
B(T) adapted for the three-leg cantileusee appendjxwe obtain
T T T T T T T T T T 2
i ! AV 2(w—p)t
0 3 B=15T (C)-. 'BWL:_T. (8)
—~ -2F - Ty
§ 4F ] In the case of a 2em-thick lever, takingv=1 V,,s and
S 6 B - the calibration factorr,/AV=1.36 pNmiV, we obtain a
T 5L ] value of 87| ~2.2x 10 1 m?/N at room temperature, which
g 1ol ] is consistent with values of the piezoresistive coefficignt
g i 1 and of the geometrical factog found in the literaturé.
- 12 - = . .
3 : Henceforth we will use this value.
14 Vg As mentioned above, these devices can also be used for
0.0 0.2 0.4 0.6 0.8 AFM. For this application, the link between the displacement
Loop (MAGe) of the lever's tip and the relative change of the piezoresis-

tance is the parameter of interest. Use of a calibrated AFM
. 2 whered is th e betwoen ; . scanner(Nanoscopgis appropriate to obtain the calibration
orque(6), where 6 is the angle between the magnetic momenpro- ¢ 1 iy the AFM mode(Fig. 7), which can also be calcu-
duced by the loop and the magnetic fi@d The calibration parameter is

extracted from these curves and applied to the next two diagiinslag- lated from the elastic and plezore3|stlve. propertles. qu the
netic field-dependent torque(B) at fixed angle9=90°. (c) Current-  €xample of a two-leg lever, the AFM calibration factor is
dependent torque(l ) at fixed magnetic fields.

FIG. 6. Measurements with the calibration lod@) Angular-dependent

AR 3(4L—1)Et
Raz PMgras )

Furthermore, small deviations of the legs’ geometry as a rewe have assumed here that, when considering the displace-
sult of etching are inevitable and can modify the sensitivitymentAz of a lever under flexion, the platform remains rigid
ratio significantly, which underscores the importance of amand only the legs are flexgdo torsion modg® A summary
absolute calibration. The inevitable temperature dependengst the calculated and measured calibration factors is given in
of the piezoresistive coefficient, and of the resistance it- Table II. For the theoretical results we assumed
self also affect the sensitivit}. _ Bm ~2.2x10"**m?/N, a Young's modulus oE =170 GPa
From the voltage noise level observed during the cali-and a Poisson’s ratio of 0.28. Measured values are in paren-
bration process, the typical resolution of the device can bgheses. The observed mismatches are normal for this kind of

estimated. In the dynamic regime, the resolution is abouficrofabrication and are due primarily to geometrical disper-
10" Nm, whereas for the static regime it reaches 0 sjon.

Nm. The dynamic resolution is nearly time-independent, but
in the static regime the time scale must be indicated. We
consider here a typical measurement time of about 120 s an
a lock-in integration constant less than 100 ms. The above Another application of the integrated loop is to excite the
resolutions are comparable to those obtained with Park Sclever. By working in a constant magnetic field, the oscilla-

€)

. Resonance
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TABLE Il. Calibration factor and piezosensitivity to flexigtorquer,) and 1ooF 't " T T, Fr T T T 11,
torsion (torque 7,) calculated and measurdih parenthesesfor the two < it (a) (b)
versions of piezoresistive cantilevers. In addition, the calculated piezosensi- £ 1
tivity to a displacemeni z of the free end of the levers is compared to that g 0.75 - 43
measured with a calibrated AFM scanner. g,

h o~
Lever sensitivity two legs three legs 2 0.50 i 12 E

C ~—
Flexion 0.59 0.87 i 0.95 i 1
A, (pN (1.3 o U ::
Ag w) g | 1 .
AV uV e 3 Torr He A
in other units 6.%10°¢ 4.6x10°° 0.00 [—— 760 Torr Air et 0

.94x10°8 * ! : ! : * ! *
AR (pNm)~* (2.941075) 585 590 5.95 51.351.451.551.651.7
RA7, Frequency (kHz)
Torsion 2.73 3.3
A7, [pNm (2.83 FIG. 8. Resonance curves of three-leg lever at room temperédureith
av (M_V sample(b) without sample. The mechanical excitation is produced by an ac
in other units 1.5 10°6 1.2x10°© current in the calibration loop at fixed fiell. The mass of the sample is
AR (1.41X 10°6) derived from the frequency shift. Under reduced gas pressure the resonance
W(me)’l shifts to higher frequency and its amplitude increases.
X
Sensitivity ratio 4.6 3.8
AFM 5 6x 10-6 (ié)x 10-5 This same sample will also be used in another measurement
R . (4.6%10°°) (3.9¢10°) to be discussed in Sec. IV D. From the resonance curves

RrAz (M) measured at room temperature and in reduced He gas pres-

sure (3 Torr, see Fig. 8, we obtained the resonance fre-

quencyr~5.913 kHz with sample andy~51.5 kHz with-

. , out sample. The latter experimental value is in very good

tions are controlled by the frequency of an ac current in the,greement with the calculated one. The sample was fixed on

loop. Thus it is possible to measure very precisely the resoge piatform with a small quantity of grease. The mass of the

nance frequency of the lever. For this measurement the b'assample and grease determined from the frequency shift is

voltage of the Wheatstone bridge is maintained constant, 14 9 ug. The mass determination would be more accu-
. - X ) A . .

(1 Vg and a lock-in detection of the output signal in phasey e it the resonance frequeney were measured first with

with the loop current is performed. the amount of grease used present on the bare lever. The

The cantilever can also be used as a microbalance. Thg,certainty concerning the spring constanuill be a limi-
sample mas®, is simply given by the resonance frequency yation at these micrometer scales. For accurate and absolute

shift compared to the bare lever: measurements of submicrogramm samples a calibration with
K ( 1 1 a known reference mass is recommended, especially to de-

me (100  terminek precisely. The mass of this test sample is rather

- 2\ 27 2]
(2m)"\v" v large if one observes the frequency shift. In principle, shifts
The spring constant of the levércan be determined from Smaller than 50 Hz can easily be detected. They correspond
the expression of the AFM calibration factEq. (9), to a very low limit for the mass detection of about 0.3 ng.
F (w—p)Et (11 D. Example of measurement

=—=q—
Az 2[L3=(L=1)7] For demonstration purposes, an angular-dependent mea-
wherea=1 and 3/2 for the two-leg and three-leg lever, re-surement was performed on the same Hg-1201 single crystal
spectively. This expression is correct only if the externalas described above. As for most high-cuprates, this
force F is applied at the lever extremity and will be wrong sample shows a large anisotropy due to its layered structure.
for determination of the resonance of the bare leverUsually, theab-plane of the sample is defined by the GuO
Vo= (]_/277)(k/m)*1/2_ It is necessary to consider a Spring Iayers and the-axis is perpendicular to this plane. The mag-
constant for a force applied approximatively at the platformnetic field B is rotated about the-axis in order to measure
center. Thud must be substituted byL(+1)/2 in the above theac-anisotropy. A typical torque curve is presented in Fig.
expression ok. Taking the density of Si to bp=2.34x10° 9. At #=90°, the magnetic field crosses thb-plane of the
kg/m?, a lever thickness of=5 um and a platform area of sample and the torque curves show irreversibility owing to
about 1.5<10 8 m? [note that the platform area is slightly vortex pinning around this angle. By increasing the magnetic
larger than the loogFig. 2)], the platform mass and the field and/or temperature, the torque signal becomes fully re-
spring constant can be calculated to fne=1.8x10 1% kg  versible. In this case, it is possible to analyze such a curve
and k=~20.9 N/m, respectively. These values yield a leverusing a model for three-dimensional anisotropic supercon-
eigenfrequency of,~54 kHz. In order to determine a mass ductors and a fitting equation derived by KodarSuch a
with this method, we used as test sample a small single crygprocedure allows the three superconducting parameters of
tal of the high-temperature superconductor HgBa0O,,; interest, y, \,p, and HS,, to be determined, where
(Hg-1203, which has a critical temperature @f,=91 K.  y=(m¥/m%,)2 is the effective mass anisotropy,, the
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zation factor is well known, the use of both Meissner slope
and calibrating loop allows one to extract the sample’s
Meissner fraction.

The main advantage of using a torquemeter is the ability
to obtain angular-dependent measurements of anisotropic
samples in a very simple way. For specific samples, it may
be interesting to measure the torque anisotropy with respect
to different axes. With standard systems, it has been neces-
sary to change the sample orientation relative to the
torquemeter itself. This means warming up and opening the
system to reposition the sample. By mounting our new lever
on a small rotator or goniometein situ angular-dependent
measurements of an anisotropic sample with respect to dif-

0 45 90 135 180 ferent axes become possible. This procedure does not reori
Angle 6 (°) P : P

ent the sample alone, which is rather difficult for micro-
FIG. 9. Example of angular-dependent torque measured on aThiglg- ~ SCOPIC samples, but the entire cantilever with the sample on
1201 single crystald=90° for B parallel to theab-plane of the sample. it

V. CONCLUSIONS
in-plane penetration depth, ahtf, the upper critical field in

c-direction. In Fig. 9 the output signal of the Wheatstone The cantilevers presented here are powerful tools for

bridge is directly calibrated in torque units. We see that be:[c_)rque magnetometry. They can work In the flexion and_tor—
sion modes and consequently are suitable for measuring a

low and above the&b-plane crossing, the torque signal cant th t ot Without taki al
become rather significant. In large signal limits the deforma-0"que With respect o two axes. Without taking specia’ pre-

tion of the lever itself is no longer negligible but yields a catutlc_)nsl, one Ica,:.n usef tllwglgolilque_m?’;]er ti rtgach fpr bothdaxes
small sample orientation change. In our example the refer? }/Bllca resoiution of - M 1N the static regime an
ence direction is the-axis (§=0°) of the crystal, which 10" " Nm in the dynamic regime. In one version of the le-

follows the cantilever deflection. Thus the orientation of theVs">: & smal_l current IOOP has peen_ integrated. It allows an
P . ) . absolute, quick, and precise calibration of the torquemeter in
magnetic fieldB must be measured relative to this moving

f d not t fixed ref in the laborat flexion as well as in torsion mode. This calibration is essen-
reference and not 1o a fixed reterence in the 1aboralory, as i3, for 5 direct comparison between data obtained in flexion

usqally done. This rgquires a small angul_a4r correction faCtorand torsion mode, because the torque sensitivity for each

\évggqof?rll b,\? iSt'Tﬁtetd t? be j;o h /pll\lm an?l mode is usually not the same. We also fabricated a second
) tp rln (?I'rh € two- e}gtﬁn € t_ree-cejzg ca:l|e- version without a calibration loop but with a slightly higher

ver, respectively. The sign of the correction depends Orforque sensitivity. The calculations of the levers’ properties

whether the sample is diamagnetic or paramagnetic. In. th?re in excellent agreement with their experimental behavior.
case of_our .Hg-1201 crystal, the two peaks of the typica The range of applications of such sensors is appreciable
Kogan-like signal are shifted closer together after angle Oy the domain of magnetometry. Their very high sensitivity
rection. Consequently the three superconducting parametels | stability, particularly in the dynamic regime, allow in-
deduced from a fit will be modified. In particular the correc- ’ '

i id lead to sianificantly high : T id vestigations of very small samples. In the future, it will be
lon would ead to significantly highéy values. 10 avol possible to implant submicrostructures in ordered or disor-

obtaining mislegdin_g results it is thus impo_rtant J_[O take thiSdered arrays directly on the lever platform itself. Another use
a'.‘gu'ar correction _|nto account when dealing with sample%f the calibration loop is to drive the lever with a feedback
with large torque signals. circuit in order to make it artificially more rigid. Such a

device without a sample can also be applied to measure di-
E. Further applications rectly an external fieldgaussmeter The resonance frequen-

cies of these devices are rather large50 kHz). Conse-

We have shown that, for superconducting samples, @uently, their fast response allows the detection of short
torquemeter can be calibrated by using the Meissner Slopereaxation effects or magnetization measurements in pulsed
The magnetizatioM in the Meissner state is linearly related m4gnetic fields

; i fi — -1 ’ . .
to the applied magnetic field by M=—H(1—N)~*, where Although we demonstrated the potential of these canti-
N is the demagnetization factéf.The calibration is not al- levers for torque magnetometry, the design does not exclude

ways straightforward because, for a sample with a compleyeneral uses such as for force or displacement detection.
shape, the demagnetization factor can be difficult to deter-

mine. This m_ethod is not optimal fqr the calibration of very ACKNOWLEDGMENTS
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