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PROJEKTLABORATIONER

I labkursen i Fasta tillstdndets fysik ingar en projektinriktad
laboration. Varje labgrupp utfér férsék inom ett och samma
amnesomrade under tre laborationstillfidllen.

Till varje projektlaboration finns en skriven handledning, men
grupperna skall sjdlvstindigt planera och utféra sina férsok. Vid de
tre schemalagda labtillfdllena finns handledare tillganglig fér

. rddfrigning, men tink i férsta hand sjilva. Det experimentella
arbetet kan lampligen férdelas inom gruppen, men var och en skall
sedan kunna svara f6r hela gruppens resultat.
Instuderingsfragorna i respektive handledning skall ldmnas in
vid foérsta labtillfallet.
Varje grupp skall skriva en rapport och ldmna den till
handledaren inom en vecka efter sista labtillfdllet. Hogst tva returer
tas emot. Efter retur skall ny version inldmnas tillsammans med den
tidigare. Rapporten skall innehalla féljande:
Titelblad
Foérord
Innehallsférteckning (inkl. tabeller och figurer)
Sammanfattning + Summary pa engelska
Inledning

Huvuddel: Teori
Experiment
Resultat (inkl. figurer och diagram)
Diskussion

Avslutning:  Slutsatser
Referenser

Appendix (om sd behovs)

I teoriavsnittet skall de modeller och formler, som utnyttjas fér
utviarderingen, finnas kortfattat beskrivna, Forklara anvinda
beteckningar och giv lamplig referens.

I resultatavsnittet skall noggrannheten uppskattas. Jamfor
resultaten med teori och publicerade experimentella data. Diskutera
orsaken till eventuella avvikelser.

For rapportskrivningen refereras till:

T. Eriksson och A. Rosen, Méta Analysera Rapportera, CTH, 1985
Lars Forslund, Tekniska Rapporter, Esselte, 1980.
Nancy Fjallbrant, Muntlig och Skriftlig presentation, CTH Bibl. 1979



MAGNETISKA EGENSKAPER HOS FASTA AMNEN

1. MALSATTNING

De magnetiska egenskaperna hos fasta @mnen uppvisar stora varia-
tioner och studiet av snart sagt varje klass av material utgdr ett
eget forskningsomrdde. Inom ramen for en grurndkurs i fasta till-
stidndets fysik ar det inte mojligt att gora ndgon uttdmmande analys

av ett amnes magnetiska egenskaper. Ddremot dr det viktigt att ge en
gverblick over skillnaderna mellan de olika klasserna av material t ex
diamagneter, paramagneter och ferromagneter. Forsdken, som beskrivs
nedan, dr avsedda att belysa ndgra olika fasta amnens magnetiska egen-
skaper. Exempel dr hdmtade fran de omrdden som behandlas i Intro-
ductory Solid State Physics av H.P. Myers.

En laborationsgrupp (ca 8 teknologer) skall utfora mdtningarna sjdlv-
standigt under tre schemalagda laborationstillfdllen. Handledare finns
dd tillgdanglig for rddfragning.

Matresultaten skall utvdrderas och jamforas med experimentella data
och teoretiska beskrivningar i litteraturen.

Resultaten skall sammanstdllas i en (kortfattad) rapport, som ldmnas
ti11 handledaren 1 vecka efter sista laborationstillfdllet.

Flera av matningarna gors med en och samma utrustning. Darfor kan
det experimentella arbetet eventuellt fdrdelas inom gruppen. Var och
en i gruppen skall dock kunna svara for gruppens alla resultat.

Som forberedelse till forsta laborationstilifallet krdvs

att var och en ldst handledningen och lamnar in svar pd
frdgorna

att gruppen tdnker igenom en eventuell arbetsfordelning som kan
diskuteras med handledaren



2. EXPERIMENTELLA METODER

I foljande avsnitt beskrivs mer eller mindre utforligt ndgra metoder

att dstadkomma magnetiska falt, att mata magnetisk flddestdthet samt

att bestdmma magnetisk susceptibilitet och magnetisering i olika

prover. Denna beskrivning bor tillsammans med angiven referenslitteratur
vara tillrdacklig for att de experimentella uppgifterna skall kunna ut-
foras.

2.1 Metoder att dstadkomma magnetiska falt

Konstanta magnetiska falt kan erhdllas runt en ledare med likstrom eller
utanfor en permanentmagnet. Flodestdtheten kan naturligtvis varieras
inom vida grédnser bdde med avseende pd faltets riktning och styrka.

Vid magnetiska mitningar ar det i vissa fall dnskvirt att fialtet ar
homogent. I andra applikationer gors produkten av faltstyrkan och

dess gradient konstant. Nedan ges en beskrivning av fdltet i en solen-
oid och i elektromagneter.

Solenoider kan utnyttjas for att alstra magnetfdlt med flddestdtheter
fran mindre &n 10'5 T till mer dn 20 T. Fdltet inuti en 18ng solenoid
dr homogent och riktat langs spolens axel.

| Fdltets homogenitet i solenoider

e li, B ~1
—x—{ . )
______________ c P 9 L/D {H i mitten |H p& avstdndet
""""""""""" L/4 frdn mitten
-0 rf \ 50.9806 H, o |0.9598 H, .
10 10.9950 0.98972
e 05 20 | 0.9987 0.9972
50 {0.999¢ 0.9994
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Fig. 1. Solenoid med ett lager lindningar. Filtet i en punkt P pd
axeln anges 7 andelar av fidltet, Hinf’ 1 mitten qv en odndligt
lang solenotid.



Med beteckningar enligt figur 1 kan magnetiserande fdltet, H, i en
punkt pd solenoidens axel berdknas enligt relationen:

NI L+ 2x , L= 2x .

T . 5 == | X
12vD2 + (L+2x)2  2/M2 + (L - 2x)2
[

X dr en enhetsvektor i axelns riktning

H (1)

N = antalet varv i lindningarna
I = strdmmen
Flodestatheten, B, fis da:
B =wuu H (2)
My, = permeabiliteten for vakuum
M. = relativa permeabiliteten for mediet i spolen
Enheter for: H 1 Am!
B 1 VsmZ=1Wbm? =17
u. = 1 for Tuft

r

I en solenoid med ledningar av koppar begridnsas fﬁltstyrkaﬁ uppdt av
den effekt som samtidigt utvecklas i lindningarna. For hdgre flodes-
tdtheter dn omkring 0.1 T mdste magnetlindningarna kylas.

De hiogsta flodestatheterna erhdlls i magneter med supraledande lindningar.
I allmanhet hd11s magneten d& i flytande helium vid 4.2 K. Vid resistans-
16st tillstand utvecklas ingen effekt i magnetlindningarna. I detta

fall sdtter supraledarens kritiska stromtathet och magnetfdlt gridnsen

for hur hog flodestdthet magneten kan ge, se figur 2. [ magneter

for fdlt upp till 8 T utnyttjas vanligen NbTi, for hdgre falt Nb,Sn.

3
For magnetiska mdtningar ddr inte bara hdg faltstyrka utan ocksd en
fdltgradient erfordras, kan Onskad fdltbild &stadkommas genom att
kombinera flera spolar, se exempelvis figur 2.



N

:
/

Kritisk stromtithet (A/mn?)
’

8

v

>
Y

0 2 3 4 § [ 7 8 9 10
Magnetisk flodestithet (T)

) 8 51 65

b)

Fig. 2 a) Schematisk bild Sver supraledande solenoid med gradient-
spolar. Spolarna dr lindade av NbTZ, diameter 0.25 mm <
Cu, ytterdiameter 0.4 mm. Huvudspolen har 20097 varv
(= 71 lager) och ger ett hdgsta fdlt av ea ST for 30 A
mitt © spolen. Gradientspolarna har 1823 varv och ger
5 mT per cm per A.

b) Kritiska strdmtithetens fidltberoende for en supraledande
trdd med manga NbTi trddar < Cu.

2.1.2 Elektromagneter

Ett sitt att oka flodestitheten i en spole dr att fylla den med ett
medium, som har hogre permeabilitet d@n luft. En elektromagnet bestér
vdsentligen av en jdrnkdrna omkring vilken en spole lindats. Til1
flodestdtheten bidrar d& forutom H-filtet ocksd magnetiseringen M
i jarnet:

B=yu, (H+ M) =pnynH. (3)
D& strommen i Tindningarna okas, dkar iM tills mdttnad nds (se dven

avsnitt 2.3.1.2). En ytterligare ©kning av strommen ger d3 bidrag
endast frdn H .
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Fig. 3. Elektromagnetens utveckling. a) Enkel solenoid. Flodestdt-
heten i punkten C mitt i spolen beror av ampervarvtdtheten
enligt relationerna (1) och (2). b) Solenoid med stav av
jarn. Flodestdtheten © C dr nu mycket hdgre pga magnetiseringen
1 jdrnet, relation (3). Omedelbart utanfdr jarnkdrman, <
punkten P, dr flddestdtheten lika stor som i C. Ldngre bort
divergerar flddeslinjerna och filtstyrkan avtar. c¢) Diver-
gensen hos flddeslinjerna kan reduceras om staven bdjs till
en cirkel med litet avstdnd mellan dndarna. Flédeslinjerna
gar dé direkt frdn pol till pol dver luftgapet. d) Vanlig
utformning av elektromagnet. Med flata dndytor pd polskorna
kan homogent fidlt erhdllas Sver relativt stora volymer.

e) Med avfasade polskor kan flddestidtheten Skas i gapet.
Detta hégre fdlt erhdlls i en mindre volym samtidigt som
homogeniteten blir sdmre dn < fall d).



Eftersom flddeslinjerna divergerar utanfor jirnkdrnan utformas denna
lampligen med ett litet gap, se figur 3. Genom att utforma polskorna
parallella eller avfasade kan homogena fdlt eller fdlt med kraftiga
gradienter dstadkommas, se dven figur 4. Flodestdtheten i gapet till
en elektromagnet kan inte berdknas 1ika enkelt som i en solenoid
eftersom jarnkdrnans och okets magnetiska egenskaper sdllan dr till-
rdckligt vdl kanda. Flddestdtheten mdste mdtas med lamplig metod, se
till exempel avsnitt 2.2.

For praktiskt bruk utnyttjas elektromagneter vanligen for flddestdtheter
i omrddet 0.1 7T -2 T.
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Fig. 4. Elektromagnet med polgeometri fdr konstant H % Provet
placeras sd att det ligger i det omrdde dir B2 mot
x dr linjdr. Kurva (1) dr ritad foér strém 30 A 7 lind-
ningarna och (&) for 20 A. I bdda fallen d&dr gapet mellan
magnetpolerna 1 tum.



2.2 Metoder att mata magnetisk fldodestithet

De vanligaste metoderna att mdta magnetisk fldodestithet torde vara

att utnyttja strommen, som induceras i en testspole eller spinningen
som uppkommer i ett material pd grund av Halleffekt. For noggranna
bestamningar av fdltstyrkan utnyttjas ocks& kdrnmagnetisk resonans.
Denna metod krdver emellertid att det undersokta fdltet dr mycket
homogent. Eftersom de magnetiska mdtningarna gors i falt med gradienter,
beskrivs endast de tvd forstnamnda metoderna hir.

Induktionslagen ger den spdnning (emk), som induceras vid dndring av
flodet i en spole (slinga):

_ dg
e--Na-,E (3)

antalet varv i spolen
det inneslutna flodet

. e =
]

B-A ddr A spolens area

I en sluten krets med resistans R induceras strémmen:

. . e _ _NAdB
i=g=-Tq" (4)

D& flodet i spolen dndras frén ¢1 = AB1 till Qz = AB2 passeras
kretsen av laddningen: ’

= ; idt = - ?2 NA dB dt
q= - R @&
1 B1
~ ) NA
q=(B -B,) ¢ (5)

Laddningsmdngden kan mdtas med ballistisk galvanometer eller en
integrerande voltmeter. Testspolen kan ocksd anslutas direkt till

en fluxmeter. D4 en stromstot passerar vridspolen i en fluxmeter

gor spolen ett utslag och stannar i detta ldge. Avlidsning gors sedan
direkt i Wb-varv p& instrumentet.
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Fig. 5. a) Spolen omsluter arean A och dirmed flddet ¢ = BA. D&
spolen dras ur filtet induceras spdnningen e. b) Totala
dndringen av flddet i spolen motsvaras av tidsintegralen
av den inducerade spdnningen.

2.2.2 Halleffekt

----------

Halleffekten upptrdder i stromforande ledare, som béfinner sig i ett
magnetfdlt, jfr avsnitt 6.6 i Myers.

Fig. 6. Relationen mellan riktningarna hos strém, magnetisk flddes-
tdthet och Hallspdnning i en platta med tjocklek t.

Figur 6 visar en tunn Hallplatta som placerats vinkelritt mod flddes-
tatheten B. D& strommen I passerar genom plattan, upptrider Hall-
spanningen ey mellan a och b. Hallspanningen ir proportionell mot
produkten av strom och flddestithet:

RHIB
T % (6)
t = plattans tjocklek
RH = Hallkonstanten for materialet i plattan



Hallspdnningen &r egentligen ej helt Tinjdr i I och B, varje Hall-
element mdste kalibreras. Det finns fardiga kalibrerade instrument
for mdtning av magnetisk flodestdthet, som utnyttjar Halleffekten.
Dessa kallas ofta Gaussmetrar. (1 Gauss = 10'4 T).

2.3 Metoder att bestdmma magnetiska parametrar i ett prov

De metoder, som utnyttjas for att mdta magnetisk susceptibilitet
och/eller magnetisering kan hdanfdras till endera av tvd@ huvudgrupper.
Den ena innebdr matning av kraften, som pdverkar ett magnetiskt moment
i ett inhomogent magnetfidlt. Den andra utnyttjar den elektriska
spanning, som induceras i en krets, dd det omslutna magnetiska flodet
dndras.

Vid denna Taboration anvdnds en metod fbf kraftmdtning med tradtdjnings-

givare. Metoden finns beskriven i bifogade artikel av Lundqvist och
Myers.

Energin hos ett volymelement dV i ett magnetfdlt ges av:

dW = 3 H-B dv (7)
H = magnetiserande fdltet
B = magnetiska flodestdtheten

For volymelementet dVav ett magnetiserat prov blir energin, dW, relativt
Tuft

-

Kraften, F, som verkar p& ett magnetiserat prov (eller en strédmslinga)
i ett inhomogent fdlt ges av

F = grad W (9)
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Om man vdljer lamplig fdltgradient samt form och volym pd det prov,
som skall undersdkas s& kan dess susceptibilitet eller magnetisering
berdknas ur den uppmdtta kraften. Det finns mdnga olika mgjligheter
att mdta kraften, til]l exempel med en kdnslig vdg eller trddtdjnings-
givare.

2.3.1.1 Mdtning av susceptibilitet

I ett paramagnetiskt eller diamagnetiskt prov &r magnetiseringen
proportionell mot magnetiserande faltet

M=x-H (10)
x = magnetiska susceptibiliteten
M

magnetiseringen = dipolmomentet per volymenhet

Flodestdtheten B=ypH = u (H+M) = u H (1+x)
W, = relativa permeabi1itetgn for mediet

W, = permeabiliteten for vakuum

Med dessa relationer kan (8) omformas

dW

_ ‘
B HeugH (1 xppgy) - B H-uH (1 + xwft)] dv

2
dW = 3 uH (Xprov " Xquet)dY

-7

om X 1y,ft * 3.6+ 10 " K fés:

Xprov

dW 3o He

ol Xproy 4V (11)

Ett prov, som placeras i ett horisontellt fdlt, y-led,.med en gradient
i vertikalled, X-led, utsdatts for vertikala krafter. P& volymelementet
dV verkar kraften: "

8

)
_d _ dH R

dF = 3 dW = 5%Xprov o 4V (12)
_ dH

dF = UoXoproy M @y Y (13)
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Pa hela provet verkar:

dH
F, = / H X H a—dV (14)
X provets oTprov X
volym

Vv

Fig. 7. Faraday-metoden for mdtning av magnetisk susceptibilitet.
Magnetens polskor dr utformade for att ge hdga vdrden pd
som dr konstant Sver en liten volym.

i

[ den sk Faraday-metoden, se figur 7, placeras ett prov med liten
volym i fdltet frén en elektromagnet ddr polgapet utformats s& att

H%; dr konstant odver provvolymen. I detta fall ger (14):

Fy = H X prov H%; V = konstant - ¥ (15)
Metoden dr ej den bdsta for absoluta matningar, d& det dr svirt att
bestamma fdltet och gradienten noggrant i provets lige. Darfor ut-
nyttjas ofta prover med kdnd susceptibilitet som kalibreringssubstanser.
Fdrhdllandet mellan krafterna ger forhdllandet mellan provernas
susceptibiliteter. Det &r d& viktigt att proverna alltid befinner sig
i samma ldge under alla mdtningar.

For absolutmdtningar kan Gouys metod anvandas, se figur 8. Har ut-
formas provet som en 1&ng stav ddr ena dnden placeras mitt i gapet
till en elektromagnet vars poler har parallella ytor. Ddr dr faltet
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starkt och homogent. Provets andra dnde befinner sig i ett omrade
dar faltet dr forhdllandevis svagt.

X1
Magnet Xy
-/

N2

X

Fig. 8. Gouys metod for mitning av magnetisk susceptibilitet.

Kraften pd provet fds genom att integrera ekvation (12):

F.o= 3 ux dh” dv
X" provets © Prov dx
volym

For en rak provstav med tvdrsnitt A dr filtet ungefir konstant Gver
provvolymen dV = Adx. Detta ger

xl‘
¢ 2
F,=3%ux A [ dH
X o”prov Xy & dx (16)
Fox3ux.  AHZ om H, >> H
X o*prov 2 2 1

I detta fall behdver inte gradienten bestimmas, det ricker att mita
upp det homogena fdltet mitt i polgapet. Metoden kriver emellertid
en stor mdngd material, omkring 10 cm3, eftersom provstaven bdr vara

10-15 cm ld&ng.
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2.3.1.2 Magnetisering och Curie-temperatur hos ferromagnetiska
material

Magnetiseringen hos ett ferromagnetiskt material kan bestdmmas genom

att mdta kraften pd ett litet prov placerat i ett inhomogent magnetfilt,
pd liknande sdtt som beskrevs i 2.3.1.1. Kraften pd ett ferromagnetiskt
prov blir emellertid flera 10-potenser stérre dn pd motsvarande mangd
para- eller diamagnetiskt material. En vdg for mdtning pd ferromagnetiska
prover mdste ddrfor tdla stdrre krafter, dn den vdg som skall anvdndas
for para- eller diamagnetiska prover. Den behdver i gengdld inte ha

Tika stor kdnslighet.

For att bestdmma provets susceptibilitet ur magnetiseringen mdste man
kdnna provets avmagnetiseringsfaktor. Det magnetiserande fdltet, H,
inuti ett prov skiljer sig frdn det yttre pdlagda fdltet, Ha’ pd grund

av provets magnetisering.

Y,

3

. .
\\::::::::::// \\\ Fig. 9. Faltet frén en stav-
a) magnet utan yttre
pdlagt félt.
a) H-fdltet och

B m————— inuti b) B-f&iltet.‘ .
u_Hy nagneten ngtorernq 7 mitt-
qu figuren visar vidrdena
0 pd dessa storheter

1 stavens mitt-
punkt.

|
,/{\\

0 [ N
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Figur 9 visar H- och B-fdlten i en stavmagnet. B-filtet ger slutna
fdltlinjer, men H-fdltet bdrjar och slutar vid stavens dndar, som
om linjerna utgick frdn "magnetiska poler" vid ytan. H och B far
alltsd olika riktning i materialet.

B
Hy

110 (‘M - [Hd)
avmagnetiserande fdltet

[ stavmagneter dr fdlten inhomogena
med kraftig divergens i stavens
@ndar. Om dndarna "fasas" av minskar
denna divergens, falten blir mer

homogena. En omagnetiserad ellipsoid ré:;;;;;;;ﬁ
som placeras i ett homogent magnet- ¢

fdlt far en homogen magnetisering. 11ffiiiiffaJ

I detta, och endast i detta, fall
dr avmagnetiserande fdltet, Hd,

homogent och proportionellt mot e gg—
magnetiseringen: :::::::jffiggEEE::t:::;
—
Hg =DM
D = avmagnetiseringsfaktorn

D kan berdknas exakt bara for
ellipsoider. I alla andra fall
varierar Hy frén punkt till punkt

i provet. (F6r prover som mittats Fig. 10. Inverkan av att
placera ett

magnetiskt prov
[ dessa fall méste D bestdmmas med w.> 1 7 ett

. frdn bdrjan homogent
experimentellt. falt.

blir dock magnetiseringen homogen).

H-fdltet inuti ett prov med yttre palagt fadlt Hy fés
H = Ha - Hd = Ha - DM
Provets susceptibilitet, x, kan beriknas enligt:
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=M

Om den uppmdtta susceptibiliteten betecknas med Xexp dar Xexp = W fas

a
Xexp
= YXexp

S& Tange Xexp<K 1 kan avmagnetiseringseffekten forsummas. Detta gdller
for vanliga para- och diamagneter, men inte for ferromagneter.

I ett ferromagnetiskt material rdder i allmdnhet ingen linjdr relation
mellan magnetisering och magnetiserande fdlt. Susceptibiliteten beror

bdde av det pdlagda fdltet och av provets tidigare magnetiska historia.
Sambandet mellan M och H beskrivs med en magnetiseringskurva och en
hystereskurva, se figur 11. Begynnelsesusceptibiliteten, Xg ges-av
lutningen pd magnetiseringskurvan i origo. Maximala susceptibiliteten,

X dr magnetiseringskurvans storsta lutning. MS dr mattnadsmagnetiseringen,
Mr remanenta magnetiseringen och Hc intrinsiska koerciviteten.
Magnetiserings- och hystereskurvornas utseende for ett givet prov beror

av provets material, struktur, form och orientering i magnetfdltet.

N
\' 2

a) b)

Fig. 11. a) Magnetiseringskurva och b) hystereskurva fér ett typiskt
ferromagnetiskt material. M avser magnetiseringen i det
pdlagda filtets riktning.
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Hystereskurvans utseende dr avgdrande for materialets egenskaper,
exempelvis for anvandning som kdrnor i elektromagneter eller trans-
formatorer. I fasta tillstdndets fysik dr vi mera intresserade av

de egenskaper som karakteriserar materialet som sddant. Dessa, sd
kallade intrinsiska egenskaper, ar oberoende av hur provet behandlats.
Detta gdller exempelvis mdttnadsmagnetiseringen och Curie-temperaturen.
Curie-temperaturen, Tc, dr den temperatur under vilken de magnetiska
momenten ordnar sig. I materialet upptridder magnetiska domédner, som

dr magnetiserade med fdltet i ndgon bestdmd riktning. Trots denna
mikromagnetisering dr det inte sakert att provet i sin helhet uppvisar
ndgon makromagnetisering i nollfalt. Med ett pdlagt yttre falt kan
magnetiseringen i de individuella domdnerna linjeras upp. Provets
mdttnadsmagnetisering dr alltsd lika med den spontana magnetiseringen.
Ur mattnadsmagnetiseringens temperaturberoende kan TC bestammas, se
figur 12.

Fig. 12. Relativa mdttnadsmagnetiseringen f&r Fe, Co och Ni som
funktion av relativ temperatur. Kurvorna ger berdknade
vdrden, punkterna experimentella.
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3. UPPGIFTER

Som experimentella uppgifter kommer en laborationsgrupp att fé ett
antal prover vars magnetiska egenskaper skall undersdkas efter
principen: Ta reda pd s& mycket som mojligt om proverna!

Tillgdnglig utrustning dr kraftgivare och magnet enligt beskrivning
av Lundquist och Myers.

Magnetfdlt, temperatur och provets ldge i magnetens polgap kan
varieras.

Temperaturen i provutrymmet kan varieras frdn rumstemperatur och
upp till ca 400°C.

Magnetfiltets styrka begrédnsas av strémmen i lindningarna, som fér
vara hogst 14 A under kort tid.

Dessutom finns ytterligare en elektromagnet med utbytbara polskor
samt en analysvag.

Instuderingsfrégor

1. Fores1& ldmpligt tillvdgagéngssdatt for att kalibrera den beskrivna

férsoksuppstdallningen for matningar pd diamagnetiska och ferro-

magnetiska prover.

2. a. Beskriv temperatur- och fdltberoendet hos susceptibiliteten
for en Pauli paramagnet.

b. Beskriv temperatur- och fdltberoendet hos susceptibiliteten
for en diamagnet.

Cc. Beskriv temperatur- och fdltberoendet hos susceptibiliteten
for icke-vdxelverkande magnetiska moment.

d. Beskriv temperatur- och faltberoendet hos susceptibiliteten
for en ferromagnet.

e. Beskriv temperatur- och fdltberoendet hos susceptibiliteten
for en antiferromagnet.
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Antag att du har fétt ett prov, som dr paramagnetiskt vid
rumstemperatur. Din uppgift ar att bestdmma det effektiva
magnetiska momentet per atom i provet och att avgdra om det
finns vdxelverkan mellan de magnetiska momenten. Foresla
ldmplig forsoksserie, beskriv vilken teori, som &r tillamplig
och vilka berdkningar, som kan ge det Onskade resultatet.

Beskriv experiment och berdkningar for att bestdamma effektivt
magnetiskt moment samt Curie-temperatur for ett ferromagnetiskt
material.

I referenslitteratur om magnetism ar CGS-systemet fortfarande
det mest anvanda. Darfor att det ofta nodvandigt att gora
omrakningar till SI-enheter. Leta reda pd foljande data, ange

" referens och gor omrdkning mellan de bdda systemen:

a) midttnadsmagnetisering fér jdrn vid 0 K och vid 273 K

b) susceptibiliteten for silver vid rumstemperatur

c) susceptibiliteten for jirnklorid (FeC12) vid rumstemperatur
Om du har ont om tid fore forsta laborationstillfallet, ridcker
det om uppgift 5 dr klar till andra tillfdllet.
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Strain gauge balance for ferromagnetic and

paramagnetic measurements

N. LUNDQUIST and H. P. MYERS
Active Metallurgy Section, Aktiebolaget Atomenergi, Studsvik, Sweden

MS. received Tth December 1961

Two balances, one for measurement of ferromagnetic magnetization, the other for para-
magnetic susceptibility measurements, are described. Designs are based on Sucksmith’s
ring balance but the ring and optical lever system of the latter has been replaced by a
strain gauge bridge which allows the force on the magnetic specimens to be determined
via potentiometer readings. The modified balances are very robust, insensitive to vibration
and, if desired, suitable for direct recording. Relative accuracies to 0-3% and 0:5%; are
obtained respectively for the ferromagnetic and paramagnetic systems.

1. In Sucksmith’s original designs (Sucksmith 1929, 1939) of
ring balances for ferromagnetic magnetization and para-
magnetic susceptibility measurements an inhomogeneous
magnetic field is arranged so that the specimen experiences
a force vertically downwards; this force causes a slight
vertical displacement of the specimen, which is magnified
first mechanically by the large circular ring and then by an
optical lever formed by two mirrors fastened to the ring at
positions such that they experience the maximum rotation for
any given vertical force applied to the ring. Normally the
balances are used with a straight filament lamp and a suitable
lens, which after the rays have been reflected by the two
opposed mirrors on the ring forms a real image of the
filament at the focal plane of the objective lens of a travelling
microscope. This image ordinarily moves about 5 to 15 mm
as a result of the very small specimen displacement and.can
with a good traveiling microscope be readily measured to

(a)

F

N

+0-02 mm, so that very good relative accuracy is obtainable.
The sensitivity of the balance is controlled by the dimensions
of the ring and the thickness of the flat spiral springs, which
provide lateral constraint to the rod connecting the specimen
container with the base of the ring. Details may be found
in Sucksmith’s papers. We have found it convenient to
replace the optical system by a strain gauge bridge, the
measurement of magnetization or susceptibility being
obtained via potentiometer readings.

2. The modified ferromagnetic balance (figure 1(a)) uses a
strain gauge bridge A, of which the axle B is fastened via a
0-2 mm diameter copper wire to the molybdenum rod C,
which is supported by the two flat springs E and thereby
allowed to move only in the vertical direction.  The specimen
is carried in a small platinum box and attached to the end

Lo oo b

0 5

of the molybdenum rod in the usual manner. If necessary
7
c
B8
N NN
\
E
0
»
b
Be—G
10cm

Figure 1. Balance arrangements for (@) ferromagnetic measurements, (5) paramagnetic measurements.



2(2)

STRAIN GAUGE BALANCE FOR FERROMAGNETIC AND PARAMAGNETIC MEASUREMENTS

the position of the strain gauge bridge can be adjusted in
the vertical direction. :

The arrangement for paramagnetic susceptibility measure-
ments (figure 1(5) ) uses a more sensitive strain gauge bridge,
which is actuated by a short cantilever B. The vertical rod
D is a double capillary tube of alumina again supported by
two flat springs E. This alumina tube is attached to the
cantilever of the bridge by a 0-2 mm diameter stainless-steel
wire C soldered to B and supported by a third flat spring E’.
The rod D possesses a fixture F to receive the specimen
container G. 'The position of the cantilever may be adjusted
with the aid of a screw.

The design of flat spring used to provide lateral constraint
is also shown in figure 1. These springs are made in hardened
beryllium copper and have a thickness of 0-3mm and
0-1 mm for the ferromagnetic and paramagnetic balances
respectively. The pattern is obtained by a photographic
etching technique.

3. The strain gauge bridges used in these balances were
supplied by AB Svenska Mitapparater, Farsta, Sweden, and
consist of four wire elements coupled as a Wheatstone
bridge and arranged so that diagonally opposite elements of
the bridge experience strains of the same sign. For the
ferromagnetic balance a bridge with a range of +50 g corre-
sponding to a displacement of +40 um has been used.
With an input voltage to the bridge of 8 v this bridge has a
sensitivity of about 300 uv g~1.

The paramagnetic balance is fitted with a more sensitive
bridge having a range of +35 g corresponding to a displace-
ment.of +400 um and for an input voltage of 8 v provides
a sensitivity of 3000 xv g~!, which is increased by a factor
of 2 by the cantilever. The flat springs offer some restoring
force, thereby reducing these sensitivities by 2 to 3% for
the ferromagnetic balance and by about 30% for the para-
magnetic balance. Both systems have been shown to give
accurately linear relationships between force and out of

MAGNETIC FORCE

25 mm .

Figure 2. A vertical section through the centre of the pole

pieces showing profile and the variation of force on specimen

with position. Ferromagnetic measurements are made with

the specimen at position A; paramagnetic substances are
placed at position B.

balance potential for the bridge. The latter potential is
measured by a Vernier potentiometer allowing an accuracy
to £1 uv.

-4. The two balances described have been used with the
same magnet and the same pole pieces. This magnet is of
Sucksmith’s design, manufactured by J. H. Humphreys and
Sons Ltd, Oldham. To facilitate measurements at low and
high temperatures a pole gap of 25 mm is normaly used.
For ferromagnetic measurements a region of constant field
gradient has been obtained with the pole profile shown in
figure 2. We would point out that the profile and dimensions
given are not at all critical nor are they necessarily optimized
for providing a maximum field gradient at the specified pole
gap. The system has sufficient sensitivity to allow con-
siderable latitude here. The ferromagnetic measurements
are made at position A, figure 2. We have for convenience
used the same pole pieces for paramagnetic measurements
utilizing the maximum in field gradient obtained at the
position marked B. ‘ -

5. The sensitivities obtained with these balances used with
the pole piece profile shown in figure 2 and a field strength
of 16000 oersteds are given in the following table for a
magnetization o of 100 ergs gm~! oersted—! and a para-
magnetic susceptibility ¥ of 10~¢ ergs gm™! oersted~2; m is
the specimen mass in grammes and E the resulting out of
balance potential in wv.

System Ferromagnetic Paramagnetic
a,x o =100 x =106
m 0-04 0-4
E 1000 70

The lower limit of measurement lies around E~1 uv,
which implies y ~ 0-02 x 10~ for the paramagnetic balance.
The latter system gives a relative accuracy to about 0-5% or
a resolution in y of at least 0-02x 10~%, The ferromagnetic
balance has relative accuracy to about 0:3%,.

6. The above balances have been used at high and at low
temperatures in the usual manner. It was found, however,
that the strain gauge bridges were unstable in a vacuum,
there being a constant drift of zero reading with time. This
has been attributed to the thermal isolation of the bridge
under vacuum conditions and associated temperature
increase in the wire elements due to the small powers
developed there. This zero drift disappeared when the
pressure was over | mmHg. At high temperature, measure-
ments are therefore normally made in an argon atmosphere
at 10 mmHg pressure.

7. The magnetic balances modified as described have been
found to operate very satisfactorily; they are robust and give
excellent reproducibility. The strain gauge bridges have
much stiffer spring action than the original metal rings and
this is advantageous since the actual specimen movement is
thereby reduced and there is less chance that it moves out of
the region of constant field gradient. The systems are
insensitive to normal laboratory vibrations and react only
to a direct mechanical blow on the balance fixture and this
effect is of only momentary significance. We have found the
statility of these balances coupled with the ease of electrical
measurements to be particularly convenient. If desired the
signal from the bridge may be directly recorded.
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COMMENTS ON UNITS IN MAGNETISM - .

L. H. Bennett, C. H. Page, and L. J. Swartzendruber
‘National Bureau of Standards
(_;githersburg, Maryland 20234

" - ABSTRACT

. Suggestions are given on how to express xiag-
netic quantities in SI units. ‘ - .

~ Perusing the 1974 M3 Conference Proceedings

*  INTRODUCTION - 7 =~

P

indicates that, at the present time, Systeme
Internationale (SI) units are avoided by most
leading scientists and engineers-in the field of

magnetism.

Throughout the Proceedings, almost. . -~

universal preference is displayed for the cgs
electromagnetic system (or for the Gaussian system,
which gives an equivalent description of magnetic
quantities).  However, usage of SI units in the
field of magnetism will undoubtedly increase with

time.

One barrier to increased usage is the present

lack of standardized and agreed upon relationships

. between magnetic quantities within the SI.

In this

paper we will tentatively propose notation and defi--
nitions for those relationships most frequently used
- by experimentalists, with the hope that this will
help stimulate the magnetism community to make -
their views known on preferred definitionms. -

SOME CONSIDERATIONS ON THE TWO SYSTEMS -

One major property of the Gaussian (and the
cgs emu) system, considered an advantage by some
and a disadvantage by others, is that B and H have

‘the.same numerical value in empty space.

Changing

to the SI, where not only do B and H have different .

units in empty space, b

ut also different numerical
Table 1

-

Symbols and names for magnetic quantities in ST and
cgs, Gaussian (or cgs emu). S

» .of such errors -can be found.

magnitudes, puts one somewhat in the position of -
Casimir's! mythical tangenometrists who decided )
that, "The volumetric displacement of empty space -
although equal to unity - had the dimension
Archimedes per Euclid".

. The SI is a "rationalized" system, whereas the = . . .
.. Gaussian is unrationalized. Thus, when magnetic
"' susceptibilities are converted between the two .~ -
Further factors

systems -a factor of 4r is involved.
of 10 are involved depending on whether volume,

gives considerable latitude for errors and

merical values to SI units, and mmerous examples
For example, in the
Tecent treatise on magnetic materials by Heck2, who -
endeavors to use SI units as much as possible, a.
table of paramagnetic susceptibilities apparently

. gives the rationalized mass susceptibility for Pt B
in cm3/g, the unrationalized mass susceptibility - =~ -
- . for y-Fe in cm®/g, and the rationalized volume -
.. susceptibility for Li- (dimensionless).
“ differences in units are not listed in the table;

. an unsuspecting user could easily be misled. As :
:.most commonly used with SI, the relation between B, -

H, and M is defined as Bayu,(H+M), x=M/H. Some . .

"authors? .exhibit the u, associated with the SI-
- explicitly by replacing, H by B/ug, giving x=uoM/B..

This is, of course, approximately correct for the
small susceptibilities found in most diamagnetic '

\: mass, or molar susceptibility is in question. This

) ambiguities in data compilations, handbooks, and -
. treatises which attempt to.convert existing nu<

Since these.

and paramagnetic materials, but could be misapplied e

to superparamagnetic or ferromagnetic materials.

'RECOMMENDATIONS SR

. In order to ease conversion from Gaussian tand ;

- ¢gs emu) to SI units, the names, definitions, and .
symbols for magnetic quantities should-be standardized.’

. This requires agreeement within the magnetism

community, Our current recommendations are sum-

-marized in the Tables. . -

—— Table 1 lists recommended symbols and names = _
- . Namm for magnetic quantities in SI and cgs emu. When- .
Symbol cgs emu ST .using SI units to express susceptibility, we be- =
— . lieve it would be useful to label it 'rationalized'’
) : - and give it the symbol x, reserving x for the non-
B flux density flux density rationalized cgs emu system. What we have labeled
magnetic induction - (magnetic induction) the "volume susceptibility” in Table 1 is often - - -
. . ) : . : referred to simply as Msuscepti ', The
H magnetic field | magnetic field . =Py Just Suscep biliey o ‘ .
strength strength TABLE 2 .
M mgnetiutioﬁ - 'L, ' magnetization : ’ . . RN
- Corresponding equations-in ST and cgs Gaussian (ovr -
J — magnetic poelarization cgs emu). In this table, F refers to force, W refers
- to the energy of a magnetic dipole in a field, w re-
X volume susceptibility — fers to the volume energy density. Other symbols
- . : - ) are defined in Table 1. .
" : — rationalized volume -
susceptibility -
xp mass susceptibility — B
. — : ra.t:lon:lizcd mass Gaugsian (or cgs emu) SI :
t
p ' o suscep ibi;ity B =y 0+ M) oY)
Xpole | 2018T susceptibilicy -— ) B=H+4md Bey He I {25
< — rationalized molar -
mole susceptibility X = M/H x = M/H (&)8
] magnetic moment magnetic moment F = xVH ‘:% F = u,xVH 3H/3x 4)
un Bohr magneton ° Bohr magneton W = ~-mBcosé W = -mBcos8 ) ’(5) -
BH :
v w = 4BH (6



Table 3. Conversion from Gaussian to S.I. Units

Multiply :iue Number for To Obtain the Number for

by
Gaussian Quantity Unit - ) S1 Quantity Unit
flux density, B G 107" flux density, B T(3Wb/m2zVs/m2)
magnetic field 3 1 wmagnetic field
strength, H O 10 (lm strength, B Alm ;
; 3y, ) ‘ rationalized volume ‘
volume sugcep:i‘bility. X emu/cm (sziMua) 4n susceptibility, x dmuionle{s
. ' ' . 3 .10-3|| rationalized mass 3
| mass susccptipilitf.y.hxp emu/g (=c1’n /8) 4r ZF.O susceptibility, x und/kg
- ; S Zem3 . s rationalized molar 3
m)o(lu' susceptibility, m/ml (,q /mol) 4w+ 10 susceptibility, x mi/mol
mole . mole
S 103 magnetization, M i A/m:
magnetizatioan, M . Gor Oe Y
- - 4w-10 magnetic polarizatiom, J T
. o r . 1,5_3/6v ' magnetization, M A/m
magnetization, 47M : G or Oe . —y -
L . - : 10 magnetic polarization, J T
.‘ug/atom or . - g Wp/atom or Rk
magnetization, M uB/torn. unit, etc.** 1 magnetization, M ' uslfom. unit, ete. '
. magnetic murit_ of a ) -3 A magnetic moment of a a2y
- . dipole, m : ' . erg/G 10_ dipole, m J/T (2Am%) .
; demagnetizing factor, N . diuhionluo 1/4n ||. rationalized demag- dimensionless i
: netizing factor, N )

* Also called atomic susceptibility. Molar susceptibility is preferred since atomic nuscéptibili:y
has also been used to refer to the susceptibility per atom. : : -

** "Natiural" units, independent of unit system. quevir, the n@.riul value of the Bohr ugﬁaton
does depend on the unit system,

/

introduction of the symbol J (whers J = uoM) in the used for "magnetization": G, Oe, emu/g, up/atom,
SI is useful due to the controversy® over whether B.M./FORMULA UNIT, ug/impurity, G cmi/g, eml/unj,
one should define Bsyug(H+M) or BsugH+M. Further, “and emu: and for "'susceptibility" we find the foi-
the symbol J and the associated name ‘magnetic ‘ IMng vgri-ety’ of units: em/g’ m/m3, emu/mole,
polarization', are in current useS, . emu/g kQe, emu/gm-At. V, and emu/Oe mole.

Table 2 compares several of the more important : To convert an equation given in the Gaussian
equations in the field of magnetism. Eqs. (1) and system to the corresponding equations in the SI,
(2) define the recommended usage of the symbols.M Table 4 can often be useful. For example, in the
and J in-SI, as mentioned above. In both Gaussian Gaussian system the magnetization can be considered
and SI units, the volume susceptibility, defined by as the magnetic moment per unit volume, -

Eq. (3), is dimensionless and is the ratio of M to
H, (both with magnitudes which will change by a

factor of 4r upon rationalization). Eq. (4) gives TABLE 4

the force on a material placed in a magnetic field

gradient. (This equation involves certain Substitucional Symbols for Equations
assumptions and is most useful for small samples L

with small susceptibilities.) Eq. (5) gives the To convert an.equation in Gaussian units to a corre-
energy of a (point) magnetic moment in a magnetic sponding equation in SI, replace the symbols in the
field, and Eq. (6) gives the volume energy density column labled Gaussian by the combination of symbols
associated with a magnetostatic fieid. . in the column labeled SI. Symbols representing

) Table 3 gives numerical factors for converting quantities with units involving only volume, force,
between the two unit systems. The conversions for energy, and length transform directly.

flux density, B, and susceptibility, x and x, are

independent of the conventions adopted, i.e. whether

B=H+M, Bau H+M, etc. Other conversions will depend Caussian Qualit [Gaussian symbol] SI_svmbo]
on these conventions. One problem for those not

thoroughly familar with current magnetic unit usage flux density B Vorlus B

is that 'emu' is not really a unit but rather a -
flag to describe the unit system being used. Often, magnetic field H Yanug H
though not always, a dimensional anaylsis on sus-

ceptibility units may be performed if 'emu' is replaced magnetization M 'u°74w M, or
by cmd. Another problem which undoubtedly gives . TTamg J
further difficulty to the uninitiated is the

variety of units used for the same quantity gn the volume susceptibility X (1/4mx
Gaussian system. For ex le, in the 1974 M® con- [
ference proceedings we f?.:g the following units magnetic moment o Ho/4r m

-



ST @)

R I . Table's
Important Fundamental Constants
Quantity ] Gaussian ST
u_, permeability of S _;
o free space 1 (dimensionless) 4r x 10”7 H/m |3 :{—“1 z X—:l-
By, Bohf magneton . 9.274078(36) x 1072 e ~ 9.274078(36) x 107" £ (5 An? )
we» Nuclear magneten . 5.050824(20) x 1072* arg/c ©5.050824(20) x 10727 31
uv.; N - . - TABLE 6

-

where M is the magnetization in G, m is an appro-
priate magnetic moment in erg/G, and V is an appro-
priate volume in cm3. Using the substitutions of

Table 4 we have - : ST

‘Eu;iw - N
4 . v ' SO

which reduces to

Me2 (3)
. v : ‘
Thus the magnetization in our'suggested SI system

can also be considered as the magnetic moment per
_unit volume, with magnetization in A/m, dipole

moment in J/T, and volume in m3. Table 5 gives the.
numerical value of three important fundamental mag-
netic constants in the two unit systems, and Table

6 compares demagnetizing coefficients, N, for several
familar shapes, where the defining equation for N
for both systems is . s

HouH, N | 4

with H the magnetic field strength within the mag-
netized body and H, the applied magnetic field
strength.

DISCUSSION

There are currently several systems of electro-
magnetic equations that may be used with SI units:S.
In order to apply SI units in the field of mag-
netism with a minimum of confusion, agreement and.
uniformity in symbols and definitions would be ex-
tremely helpful. Here we have suggested such a set
of symbols and definitions which covers most of the
quantities of current interest to those who publish
in the M3 proceedings. We would emphasize that this
set is possibly not the one most desirable to a
majority of magneticians., It was selected as one
which appeared to us to be most in conformity with
current international usage. An example of an al-
ternative system would be the SI analog of a ra-
tionalized 'Gaussian’ system. In such a system B,
H,. and M would be given the relation B=H+M, and H
and M would also have units of 'tesla'. This would
overcome the problem, troublesome to some, of
giving B and H different numerical values in a
vacuum, Another possibility, favored by Coleman’,
is the "SI electric™ in which one defines BsH+u M
as the general relationship between B, H and M. In

Mgnctizing Coefficients, N, for homogeneous iso- - .
tropic bodies of various shapes. - oo

L

. N N
o . Gaussian, S1
|Shape (unrationalized) | (rationalized)
1 to axis
of long .
needle 0 ; o
lto axis of : B
long nesdle 2r 1/2
sphere 4n/3 1 s
| Lto plane - o
of a thin ) .
disc ) : . bw i 1

this system the upit for B and H is tesla and “the
unit for M is Am™", again giving B and H the same
numerical value in empty space. However, both of
these systems have the advantage (or disadvantage)
found-.in the Gaussian system that B and H have the
same numerical value in empty space. g
Many of the details listed in- the Tables given
here depend on the particular SI relationship .
adopted for magnetic quantities. However, which-

~ ever relationships are adopted, the conversions for

magnetic induction and susceptibility listed in
Table 3 will remain valid, and the use of the
proper unit and of the term 'rationalized' whenever
susceptibility values are given in SI units would
do much to reduce the possibility for errors and
misinterpretation,
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