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Chapterr 4 
MEASURINGG TECHNIQUES 

Dilatationn experiments were carried out using a technique that is frequently men-
tionedd in literature (e.g. [1][2]). It is basically an electro-mechanical technique 
wheree a change in the length of the sample is transferred into a change in spacing 
betweenn two parallel capacitance plates. It is the change in this capacitance which 
iss measured. We adapted the design of A. de Visser ([1]) for our purposes in high 
magneticc fields. The used design is depicted below. 

Byy means of the spring system, indicated as number (4) in Fig.1, a plate of 
thee capacitor, indicated as number (2) is mechanically fixed to the sample. As the 
samplee changes its length (due to a change in magnetic field or temperature) this 
plate,, that is connected to the sample, (number (2)) moves with respect to the fixed 
platee (number (1)). The fixed plate, the plate that is connected to the sample, and 
thee sample with its screws and spring system are all electrically isolated from the 
housingg of the cell. This housing is made from the same copper as the rest of the cell. 

Thee change of capacitance as a result of the change in spacing between the 
twoo capacitance plates (d) is recorded. The capacitance, C, is given as: 

C=C=CC-j,-j, (4.1) 

wheree e = e0 x er represents the dielectric constant of the medium between 
thee plates and where A is the area of the plates. From the change in capacitance, C, 
thee change in spacing between the plates, d, can be deduced and hence the length 
changee of the sample can be determined. 

Ass the relative length changes measured are small, i.e. in the order of 10"8, 
thee capacitance has to be measured sensitively. In which case stray capacitances 
betweenn upper plate and environment and lower plate and environment start to be 
off  importance. A three-terminal method is employed.We were able to measure the 
capacitancee up to an accuracy of « 10~8 pF. Typically for our experimental arrange-
mentt is a capacitance in the order of C « 10-11 F and e A w 10-16 mF. As a result a 
sensitivityy of 5 x 10-2A can be reached. 

Too determine actual length changes of the sample itself (for changing tempera-
turess and magnetic fields) from the measured capacitance changes, the cell first has to 
bee calibrated. We have to take care of two additional facts. The thermal-expansion 
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Figuree 1 Used capacitance cell; (1) upper plate; (2) lower plate; (3) sample; (4) screw and 
springs;; (5) guard ring upper plate; (6) copper foil (not on scale); (7) guard ring. The lower 
capacitancee plate is positioned by three rods (only one is shown), that are lead through the 
bottomm of the cell. At the lower end the rods are connected to a flat disk, which is positioned 
byy a screw/spring mechanism, clamping the sample between the lower capacitance plate and 
thee bottom of the cell. 
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andd magnetostriction of the cell itself has to be accounted for. I t is the result of it 
beingg a mechanical device (e.g. tensions in the system -spring system etc.-) and the 
factt that the cell is made of a material which has a thermal expansion of its own. 
Furthermoree the proportionality constant eA has to be determined. 

Thee influence of the dielectric constant of the small amount of helium gas, 
presentt in the gap could be neglected. Therefore 6 = eo r̂ = eo- A is determined 
byy measuring the capacitances for different spacer distances at room temperature. 
Thee relevant surfaces of the plates are shaped plan parallel within 1 fim by means of 
sparkk erosion. The gap distance is provided by placing three copper foils between the 
guardd rings of the upper and lower plates. By the above method, the effective area 
off  the capacitance plates is determined to be equal to: 

eAeA = 9.52 x 10"16 mF. 

Thee uncertainty in the determination of this value puts an accuracy limi t of 
%% on the absolute value of the experimental data. In the actual measuring setup 

aa spacing of abouth 100 fxm is used. 
Thee cell is made out of OFHC (Oxygen Free High Conductivity) copper. This 

materiall  also displays an, although small, non-zero thermal expansion and magne-
tostriction.. For all intent and purposes, the magnetostriction of this copper material, 
inn the temperature field region we are interested in, can be neglected. I t is the 
thermall  expansion coefficient which is our major concern here. 

Thee coefficient of the linear thermal expansion is defined as: 

otot = ——-r-=- (4.2) 
LATLAT v ' 

I tt has been measured in a discontinuous fashion, i.e. by step-wise heating. 
Thee value of a for the sample is then calculated from: 

11 Ad 1 Aef , , „ . 
«.amplee = _ T T ^ + TT^T + O Cu ^'V 

LiLi  LSI cell+s&mple L/iSl cell+Cu sample 

Thee second term on the right is the length change as measured by the cell 
wheree the sample is replaced by an equally sized sample made from the same Cu as 
thee cell. The third term on the right, a cu , is there to compensate for the thermal 
expansionn of the copper ([3]). For this the data of Kroeger and Swenson have been 
used.. T ^ f  u + c gam ie +

 aCu compensates for the measured thermal expansion as a 
resultt of the cell itself. Copper is used as a reference material, as it is the material 
thee cell is made of and as sufficiently accurate thermal expansion data are available. 

Typically,, the cell effect ranges from ^ « - 5 (A/K ) to almost 0 (A/K ) in the 
firstfirst 20 kelvin. I t are these first 20 K which form for us the interesting temperature 
region.. In the next 80 kelvin it reaches to —10 (A/K) . 
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Promm the point of view of a small enough thermal-expansion coefficient and 
noo magnetostriction at low temperatures, another suitable material to construct ca-
pacitancee cells from is Silicon. A different cell-layout could be a design where the 
platess are arranged as a wedge with the sample in between. Such an arrangement 
couldd handle smaller samples. In our case the samples must be in the order of 5 x 
5 x 55 mm3. A disadvantage of such a design is that i t has in general a larger cell 
effect. . 

Thee dilatation experiments have been performed in the high-magnetic field 
installationn of the Nijmegen High Field Magnet Laboratory ([4][5] [6]. In our experi-
mentss we made use of a Bitter-type magnet for the "low-field"experiments (up to 17 
T) ,, while for the high-field experiments (up to 24.5 T) a hybrid magnet was used. 
Thiss hybrid magnet consists of a large superconducting magnet surrounding a water-
cooledd Bitter-type insert magnet. The insert can generate a maximum field of 17 T 
whilee the superconducting coil is operated at 8 T. A nice feature of the design as 
i tt exists in Nijmegen is the relatively large bore available for experiments (our cell 
iss relatively bulky). Above the magnet a cryostat is placed which has a long tail 
reachingg into the bore of the magnet. The dilatation insert is placed in the tail of the 
cryostat,, with the sample at the centre of the magnet. 

Thee cell can be mounted in various orientations allowing us to vary both 
thee crystal axis along which the dilatation is measured as well as the crystal axis 
alongg which the field is applied. In most of our experiments on the U(Pti_a;Pdx)3 
compoundss the field is applied along the a-axis. This is done to avoid torque effects 
onn the sample as a result of the particular magnetization of these compounds in fields 
(00 < B < 24.5 T) and temperatures (1.2 < T < 20 K) . 

Thee cell with its wiring etc. is placed in a vacuum chamber fitting into the 
longg tail of the cryostat. AU wires are thermally anchored to a cold finger at the 
bathh of the cryostat. The length of the tail of the cryostat and the use of the wiring 
materiall  ensure a negligible heat loss along the wires. 

Thee use of such fields imposes some restrictions. Noise is generated, both 
mechanicallyy and magnetically. There is a restriction both in space (the capacitance 
celll  has to fit  into the magnet) and time. 

Thee energy of the magnets is provided by two 3 MW power supplies. The 
coolingg system of the resistive magnets and the power supply consist of a primary 
system,, using an ice bunker containing 150 tons of ice and two identical secondary 
coolingg systems which are filled with de-ionized water. The cooling capacity provided 
byy the ice bunker is approximately 18 MWh, which corresponds to 3 hours continuous 
operationn at maximum power. This often was a limiting factor in particular where 
thermal-expansionn experiments were concerned (typically 1 hour for a run from 1.5-20 
K) .. Measurements had to be performed as fast and as accurate as possible. We wil l 
comee back to this point in a moment. 

Thee mechanical noise was suppressed by mounting the cryostat onto rubber 
dampers.. The cooling water system causes also vibrations in the position of the 
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cryostatt with respect to the magnet. These are irregular and with occasional shocks. 
Thesee can cause the sample to move with respect to the field, which is not perfectly 
homogeneous.. The homogeneity in 1 cm (perpendicular to the field direction) ranges 
fromfrom 1 X 10"5 to 1 X 10- 3 for the Bitter magnet, and 3 x 10~3 for the hybrid system. 

Thee stability of the magnetic field is governed by the stability of the power 
supply.. This has a current stability of 0.01 % for short intervals (1 hour) and 0.1 
%% for long intervals (10 hours). These variations are not of importance for our 
measurements. . 

Thee lowest regulated field available is 0.5 T. Switching the power supply on and 
offf  usually causes enough of a disturbance to affect our experiments. This implies 
thatt for purposes of comparisons we often had to use the data obtained at 0.5 T 
insteadd of the 0 T data. 

Alwayss either the field or the temperature was kept fixed while the other was 
varied.. In experiments where the temperature was varied, the temperature was 
measuredd by RuC>2 thermometers. Ru02 thermometers have a considerable magne-
toresistancee ([7] [8] [9]). When the magnetic field was swept a carbon glass capacitance 
thermometerr is used to regulate temperature. Such a thermometer has hardly any 
magnetoresistancee effect. On the other hand, it does not reproduce its initial value 
inn a temperature cycle. Ru02 thermometers were calibrated as function of field and 
temperature.. A grid was formed by measured resistance curves along fixed temper-
aturee and fixed field lines covering the region 1.2 < T < 25 K and 0 < B < 24 K. 
Thiss grid was fitted by a two dimensional spline. 

Too avoid too much eddy-current heating during a field sweep, a small amount 
off  Helium exchange gas had to be let into the vacuum chamber. As the helium bath in 
thee cryostat was at 4.2 K the amount of exchange gas introduced was just sufficient 
too cool the cell from 100 K to 4.2 K in over two hours. After that the bath was 
pumpedd to 1.4 K, the base temperature for all our experiments. 

Magnetostrictionn curves were obtained by continuously recording data while 
thee magnetic field was swept with a constant (slow) rate. Temperature was kept 
constantt by means of a PID regulation circuit using the capacitance thermometer. 
Thee by the field sweep introduced eddy-current could than be treated as simply an 
extraa heating current. 

Too ensure that no temperature gradients are introduced during field sweeps 
orr temperature variations, two (almost) identical RuÜ2 thermometers were mounted 
ontoo the cell. We had the luck to have two such thermometers available, otherwise we 
justt would have cut an existing Ru02 thermometer lengthwise into two parts. Care 
wass taken that both thermometers were as close as possible to the sample and the 
plates.. Only when the temperature change (as a function of time) of both sensors as 
welll  as the temperature difference between both sensors attained a prefixed value, a 
dataa point was measured. To ensure consistency and for purposes of speed this was 
controlledd by a computer program 

Thiss program also controlled the increments in temperature. Two options 
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weree available. A PID regulation could be used to reach a preset temperature or a 
fixedd increment in heater current could be given after which the program waited until 
thee desired accuracy was reached. It turned out that for the case of the pumped 
heliumm bath and the low-temperature region (below « 10 K), the second method was 
fasterr while for the higher temperature region and an un-pumped helium bath the 
firstt method was faster. They do not differ in measuring accuracy. 

Again,, to avoid temperature gradients over the cell also two heaters were used. 
AA reason to be so aware of temperature gradients is the fact that the fit of our 

systemm into the cryostat is relatively snug. Radial gradients over the cell towards the 
coldd wall of the vacuum chamber and the tail of the cryostat should be avoided. 

Basically,, the thermal expansion is the (normalized) derivative of the length 
(L)) as function of the temperature (T). To increase measuring accuracy instead of 
twoo points, three points were used to determine the derivative. 

Assume,, one knows the length of the sample at two different temperatures, 
sayy T\ and T2; how does one determine the derivative of the length, ^ P for a 
temperaturee T,T\ <T < T2? One can make two Taylor expansions: 

L{L{ TlTl)) = L(r ) + (T1-T)^|ff l  + i ( r 1 - r ) 2 ^ P + ..., (4.4) 

L(T2)) = L(T) + ( T 2 - T ) ^  + i ( r 2 - T ) 2 ^ 2 1 + ... (4.5) 

Hence: : 

L{n)-L{TL{n)-L{TXX)) = ( r a - T 1 ) 2 | £ Ö+ (4.6) 

i ( r 2
2-r 1

2-2r(r 2-T 1))^2 22 + ..., 
dL{T)dL{T) = L (T2) - L (TQ \ (T2

2 - If - 2T (T2 - 7\)) <92L (T) 
dTdT (Ta-Ti) {T2-T1) 8T2  ̂ ' 

Approximatelyy ^ p sa ^pj l f f i ^ holds. The error made will be in the order of 

(T2-TI)) ffj$ with Ti < e < T2. The temperature to which this derivative 
shouldd be assigned is determined by minimizing the error. To minimize this error 

choose,, T so that -^-2—*  _T . <- is at its minimum; that is when: 

Here,, we made use of the fact that L (T) is a smooth function, so that as its 
derivativess get of higher order, they only get smaller. The accuracy of the method 



Measuringg techniques 127 7 

iss increased by using three points instead of 2; say T\ < T2 < T3. We introduce the 
followingg notation: 

TTxx = r + fci, 
r22 = r + fta, 
T33 = T + hs 

then: : 

(4.9) ) 

(4.10) ) 

(4.11) ) 

L(7\)) = L{T) + hx 

Z,(T2)) = L(T) + /i , 

L(T2)) = L(T) + /i3 

Noww we obtain: 

dL{T) dL{T) ++  + L%?LJZ1 ,&L(T),&L(T) 1 
++ 6' ar2 2 ÖT3 3 

0L(T)) lL2a2L(T) l L 3 ^ L ( r ) 

dL{T) dL{T) 

++  ^~&F ++ j * i -#r3 3 
l . a0»L(T) ) 

&r* &r* ar3 3 

++ ..., 

++ ..., 

++ .... 

(4.12) ) 

(4.13) ) 

(4.14) ) 

dL{T)dL{T) (hZ-fty&LjT) 
L{TL{TXX)-L{T)-L{T22)) = C n - M - ^ + ^ 2 

{h\-hl)&L{T) {h\-hl)&L{T) 
&T&T 1 1 + + 

ÖT3 3 ++ ..., 
LPi)-LPi)) = to-um+Mz®*™* 

arar 2 
(ft |-«)ö>L(T) ) 

ar2 2 

66 ar3 + + 

(4.15) ) 

(4.16) ) 

Eliminatingg the second order derivative, ^ ', from this set of equations 
resultss in: 

BUT)BUT) _ \^m~m)) ~ ' ^ ' Ü ^ » ] _ 3 
&T &T 

M-̂ aa ^2-M 

22R(R(hlhl,^h,^h33)^P-)^P- + 

(4.17) ) 

with: : 

R(hR(h h ^-EËïËLJÊïBL (4.18) ) 
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( r f - r ^ - 3 r a - T 32 ) - 3 r2 ( T 1 - r 3 ) ) ( 7 f - 7 g - 2 T ( T2 - T 3 )) ) 
(Tii  - T2) (7? - 7J - 2T{T2 - T3)) - (T2 - T3) (T? - 7? - 27,(T1 - T2)) 

{Tj-Tj-{Tj-Tj-  3T (2 - 7«) - 3T2 (T2 - T3)) (J? - 7? - 2T (Tj - ra)) 
(Tjj  - T2) (If - T3

2 - 2T(T2 - T3)) - (T2 - T3) (T
2 - T2 - 2T(7\ - T2))* 

Setting: : 

(4.19) ) 

thenn its error wil l be in the order of R^p- with Tx < e < Tz. We choose T so that 
RR = 0. This is an equation which can be solved. It has three solutions, two of which 
havee a imaginary contribution and can, therefore, be omitted, whiles the third term is 
real.. It is this solution we are interested in (see footnote). The result is an expression 
whichh is for humans not straightforwardly transparent, but a computer has much less 
difficultiess with it. With the help of this expression we determine T. For the so 
foundd T always T\ < T < T2 holds. Once T is determined we determine h\, /i2 and 
ft.3.ft.3. With the help of Eq. 4.19 we can determine the derivative itself. Consider, for 
aa moment, only the situation where the temperature is increased. When the next 
temperaturee is measured, this will be L(T3) while L{T2) wil l turn intoL(Ti ) and 
LL (T3) wil l turn into L (T2). For a fixed measuring accuracy of the temperature and 
capacitancee this method is considerably more accurate as a methods based on Elq. 
4.6. . 

Onee could ask one selves, why not use a four point method? Basically two 
majorr arguments are against it. It is too clumsy a method to track sharp cusp like 
features.. Basically the more points one uses the higher the order is of the polynomial 
onee is fittin g with. The measuring inaccuracy of the data points could cause miscel-
laneouss higher order oscillation terms to be picked up which decrease the accuracy 
withh which the derivative is determined. For our situation, a three measuring-point 
methodd turned out to be the optimum. 

Thee whole procedure was automatized. The computer was told from which 
temperaturee to which temperature to scan, by which method the temperature should 
bee increased (PID regulation or increasing the heater current), the size of the tem-
peraturee or heater-current steps, the number of times an individual measurement 
hadd to be averaged to create a data point, the wanted accuracy in temperature and 
capacitancee measurements etc.. This ensured the utmost of speed and consistency in 
thee measurements. Files were generated containing the actual data and the relative 
lengthh with its derivative (thermal expansion) versus temperature. With the use of 
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th ee local network thi s could be analyzed on a different computer  whil e measurements 

weree in process (so that alterations of set t ings could be performed if necessary).* 

4 .11 R e f e r e n c es 

' temperatur ee at which the derivativ e is determined 
Wit hh the help of Eq. 4.19 and three measurements of the length for  the sample at three different 

tempeaturee T i t , T2 and T3 (denoted as L (2\), £(T2) and L (T3)) the derivative of the length can 
bee determined in a temperature, T, given as: 

T:=%lT:=%l l,3l,3 + ^-%2 + ^%3, 
OOO 0 

%11 := ^ T ( - 2 7 TS*  T, TS + 21 T, 3 Tg3 - 51 Tt
3 T3

3 - 15 T3
3 Tg3 + 18 Ts*  Tg2 

216 6 
++ 33 Ts

& Tg + 9 Tg5 T9 - 18 T3
2 Tg* - 21 Tg5 Tt - 21 T3

S Tj +126 Tj*  T3
2 

++ 36 Tt*  Tg2 - 63 7 ,5 TB - 99 T j 5 Ts + 18 7>4 T^ 2 - 15 Tg3 T3
2 Tt 

-- 87 T9*  Tg2 Tj +225 Ts
2 Tg2 T2 + 153 T*  T s

3 7 j 2 - 183 T3 Tg2 T3 

__ 327 Tj3 Ts2 Tg + 9 Tg3 TSTs + 9 Tg* Tt Ts + 243 Tt*  T3 T2 - 11 Ts« 

++ 11 Tg9 + 27 Tj8) / ( - T f + T , )3 + ^ g (-1635 T,T 7> Tj  2 4- 723 Ts
7 Tt Tg2 

-- 153 Tg9 Tt - 1968 Ts
3 T^ 3 T / - 408 T, 3 7*6 T, + 75 T«4 71 / - 765 7«2 T,8 

++ 759 Tg3 Tj7 + 281 T,9 T« - 27 Tt
 l 0 - 7>10 - 759 T3*  Tg5 T2 - Ts

10 

-- 36 T3 Tg* Ti - 516x2s T j 5 - 24 Tg6 T^ 4 + 331 Tg7 T j 3 + 3735 Ts Tg2 Tj7 

-- 742 Ts Tg6 Tt3 - 3312 T3 Tg3 T j 6 + 313 T3 Tt
9 + 1482 J* 2 7s6 T j 2 

-- 7392 TV2 T2
2 Tj6 - 21 T s

2 T* 7 T, + 4581 T3
2 Tg T,7 + 864 T s

2 T«4 r / 

++ 4767 T j 2 Tg3 Ti5- 3153 r 5
2 Tg5 7 j 3 + 33 T, Tg* Tt

s - 1755 Tj , r , 8 T2 

++ 1920 Ts Tgs Ti4 - 309 T3 Tg7 Tt
 2 - 3008 T3

3 Tg* Tt
3 + 7797 T s

3 7>2 T,5 

++ 2283TS
3 T9*  T,2-6312TS*  Tt*  Tg2-1Q6T3*  Tj3 Tg3 + 2943T9*  Tg* Tt

2 

-350T-350Tss*Tg*-*Tg*-  2013 T3
A Ti6 + 35 T s

3 7*7 + 1941 7 j 3 Tt
 7 - 1125 T s

2 T* 

-- 24 TV2 T* 8 + 160 T3 Tg9 + 6555 Ts*  Tx
s Tg - 783 T1,5 Tg3 Tt

2 

++ 5463 Ts5 Tt3 Tg2 - 5490 T3
S Tg Tt*  - 1191 T, 5 T«4 T, + 3724 Ts

6 Tg Tt3 

++ 462 T / Tj  r e
3 - 3006 Ts

6 Tg2 Tt
 2 + 242 T9*  Tg* - 146 Ts

9 Tg 

++ 153 r , 9 Tj - 285 T 5
8 T; 2 - 264 7>8 T* 2 + 217 Ts

7 Tg3 + 731 Ts
7 Tj 3 

-- 1464 I j 6 Ti*  + 1776 J>5 TjS + 267 T j 5 J i 5 + 528 T / 7*  Tj 

-- 6636 r , 3 Tg Tt
6 + 39 r« 8 T j 2) 1 /2 /(-Tg+ Ts)

2 

%22 := (5 Tg* -2TgTs
3 + 5 T3*  - 14 Tg Tt

3 - 22 Ts Tj3 + 2 T, 7«3 - 2 Tj  I s 3 

++ 7IV 2 Tg2-6TS Tg3 + 36TS Tg Tt
2 + 3Tg2 T ^  + 15 T3

2 Tt
2 

-- 12 T/ Tg2 T3-24 Tj TS
2 Tg+9 Tt*)/{{-Tg  + T3 )2%11/3) 

~__ - 3 T 5 r i - r 8
2 + 7>2 + 3 7'J

2 + 3T3 ^ - 3 ^ ^ 
763763 '- -Tg + Ts 
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