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Lomarnoweh ocaobve Do daw or Sha oouperdoentsd data on th
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verment il b o Tt oa et oo seriale {ineludicg olloys and dnatve) ag

ZEOCAE0LE BO WY 30T fera sl XD 000 nofsen hes Loen published by
Aiﬁkﬁ”iﬂgv Tnodp proposed rora Jor the purrose of ooTperison with the
hoery darelosed palow b rur oo sd aelefly the rosvlits of measuremeants
on irem, ricks! end cuedeli it foagnencics above 100 mof/xen, 1ncluding

some éota nod aveilabls o Ali-nsen.

S v

Prpardrental ealuor Por lron end steal wre plotted In

. . . 9 . . 10 4 N 5.1

Fig. N, a8 deteralned uy fxcqﬁ*fa - IToag ant. Jorwe ., Potspepko and Singer” T,
N RO 14 s i5 :

Tdndnan 2, Hoag anc. Gothlics ™ WlowhaxtTT, end 1L Kewell ™. Tha curve

lobetad Hp is &xawy ehreovgd s ncinte far thoe eporinental permesbili<ies
dedvetsd from pepistive Lonsgs in e cirenldy eoleaw.t contsindny the ferro-
magnstic specinmsn, whilo the cse 1nbgled;§u is dedvced from the rangtsnce .
ef the clroult element. The relatlonshin Latwnsn M, end g 1gs diescussed in
#ha next eeotloa,

The moasuremsnts of Lindmen hove not been takon Into account
16 drrwing the i, curve, since his vslues ave far out of line with those
of Hoeg and Jonss. Hong and Gottlied, (lathart, and Fotapsnke and Sﬁngera
The spparent dircvepsnay Lisre 2oy be due to resl differonces in the di.-
wensivns of surfzce dumein: or in the alegirical corductivity of tne sux-
{age lover oF tae apecimen, MHarwell nes studied the effect of surface

figish on olorowave attenustion in wave guides and finds consldaerabls

€. PR a8, Jeuvri. Inst. Slect. Eng. gg {pt. I1X], 247 (1945);
eee alﬁo. Y. Arkndiew, Jour. of Fhys. USSR 2, 373 (1945).
9. Gesn refeorencs &,
10, J. B. Hoag and H. Jonss, Fhys, Jov. 42, 671 (3922).
11. O, Fotrpsmke and R. Sanger, Raturwiss. 21, 618 (1933); Zeit. f. Phys.
104, 779 (1937).
12, K. F. Lindman, Zett. ¥, Tech, Phys., 12, 159 (1938).
13, J. B. Hoag ond N. Gottlich, Phys, Rev. 5 ? 410L (1939).
14, J, L. Glathart, Phys. Rov. 55, £33 {1939
15, 2. Maxwell. ¢~,T. R.L, Baport 05% (1946} weclassified. The values
of the permeabilitias credited to Maxwell were calculated from hils
values for the attemntion of 1L.25 em radiation in reciangular vave
guides,
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Asl permesbil vy &2 the ravlo

cerrespend &t nipgh frequencles to the

a3

ocvantities actualliy sbsarvesd in swnweeinentz. In & dispersive replom the

velue ¢f the ratin T/ pay wvary from noiat to point 1n fae radiavion fiela

within the coecimesr 1o Hoth aap’ {tase aovl phaee,.  Detalled xnowledre of
thie ”psrma?bilﬁ*y fleidy; zanoednz 1o could be determined. woul:dl be lsss

nseful (for most purposz:s) than 3 zonvenlent suwn’cr up of tre magnetic
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of a circuil elesmert containing the Terroms
be caloulated from Baxwell's aguatilens in the weual forw, olven o and
This calcuiztion can acivally he carried out ia closed Tom for Lhe im-

poriant exoperimantal geometivies, such az a roctanrilar wave calde or coax

lirie rescoator.  Suppeoes thal the resnlt of & series of wcasurénertz an

tae cirenit slament #ives us arpariceatal velues
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I
whereas comaln dltensions are estimaved at 10 7 to 10 7 em. it ig theve-
JLre nelessary Lo reconsider the coaverticnsl apoileetior of Mawwell' s
ecoubtions to the skin effect oroblem.

In the )imivloe ~ose in #hich vhe surfane wner 3y of
darstin boundaries v preater Sorn the narnetization eneregy, the oaain
20 shifis uws & whole in ire ofrection of the aolied Tfleld even .1, o«

Lo Lhe skiln alffect, Liue mawmetic field only nenet £s & short cistanus
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{reenaney case; the average mecvoscoulc megnetizetlon ¥ for weak fle.as

te ogaven ty
¥ = ¥H (a0

by ovhe usual definition of the faitial susceptibility [ . 11 now b veries

e

zareas Lhe boundary «e suponse that the effective masnelization is dven by

Jre sascentibility times the coerare veiue of H acress the bovnddary:
ERRE IR § VAt ¥ ! iy av (7

Yrps 3sswerticon {s basea on the ohysical concept that the Your tavy e
Lsure ¢ § bhoia {rtegrated over the zgres of the bourdary o clve 5 7 7o

»~

b ehifre the boundary Yoo the Worestdioar LE txe gpuniled $rell o

N

ot owheen thys fopree i brlanve ! by the foroe exertel i
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tre Pilm org rupnosed 1o be smell in comparison with the thuisknesx of the
txm,  The domainz are considered o simplicity o have only 1807 watis

st i3, the domains are sithe magnetizea in the clirsction of brne aupaied
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Herr | pd| #CL, =0 that we can replace tarh /¢ by upity. This slven

f1=gx,thcccmwm:lmfhﬁmmnw'wﬂu&

Yy Very hish frecvency

Hare fpdi > 1, sc thet tanh §/f encroaches sers, This glves;u » 1 ix

srreement with the mecsuromspte of Haren and Hubens.

Values of p satis=fving Eq. (27]

.

) for various values of pg
are glven in Tabie 1. These viluze were caleunlated by cub-and-bry methods

re
21 " .
with esalstance from &Pnneily~s Lables “ ani the tables prepared by Lowan,
<2

Yorse, Foghtach, and Heureitz®
Theoreticel values of no andjpy, &re slzo «Iven in Table 1
L)

according to the gefinttionu, Lo, {4

F T 1 T~
exp dorn exp o
o, &R 1 G Y :
zaLle ned’ ale ekgs!

so that @, is the resl naaber whitch ssetisfies the reul part of le {a7j
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i 1. tanh ﬁd¢n4' = Im {" . - - ! : 7%
M VL ' {i ~ {1 T dtanh pd/pd) 0 T
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D . -

<A ko W Kernelly, Tables uf Jompiex Hyperbolic srg Mircular Punehicna
‘Harvara Jniver,ity Press, Jumbridge, 1914).

CLo A M. Lowan, P M. Morss, 4. Fesnrach, an’ E. Hauwrwiiz, Tabies for
;g;utl g of the Wive howstior, for lefranpuiav Soundaries Having
Finite mgegg &, Appliec Mathevatics Punel Note No, 18; Section No.

AT T er1oab - 2045 (June, 174%5%; unclassified.
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In Fig. 4}“3 3nd;uL are nlotted tovetber witn the sacothed
experimental curves for ircn taken from Fig. .. The arbitrary constent d,
wnich is the thickn-ae of the domain {ilv model, has been “aken to be
<. 48 x lﬁ“é cm; tnls value was chosen to make the half-velue oecints on the
wxperinental and theoretical curves ceinclide.

It i secr that the theory oredicts the crder of magnituie
L the enacing batween ﬁheiuh audgub curves correctly. The reneral nature
o the theoretical aemmesblility chenre 1s in sccordance with the exneripesnt.l
data, but whe aiopes of the theore.ical curvew are steoeper tnan the expsri-
menital. The thickness of the film sa within the Limits of reasursl le esti-
matex ~f domaln dlmensions, s2lthourh the Lhickness is somewhat an tne
cewl) side.

The tlacrepancy in the siopes {8 most likely to v« a:counbec

or by o lecar varfsticrs in domaln dimensicas anc oo opernestility, since

vhese variations wiii act to smear nut the olzaescive recion,  Trne al sance

s
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4

3,000 to 26,000 me/sec the porm2ebiiity g 1s chiedly meginery, according

to Table 1.

(284
S




i

veral prodiotions beyvr besn nsde Lhst resonsacs effects

A cerKS Ln the permeabiiiity veao freau2igy cunve woild be found at hign
N ) o | N 2 o

freaquencies; gee [ exavwple the sancy of Landau and Lifgchivz in

OO mes e,

wii2h magnetic rescnance is oreaxictes in pickel at -0

Such affects havz oot veen found experdmontally, and it is
posatbls to see cne of the riasene wny frow the argumeit of thz preceding
section. The wrecdictiona have all aeglected compietely the sffelt of skin
dopts and eddy currents, yet In the freguensy ranae censiceres we have shown
tnat see effects are of uredenianant importance.

It 1g sossible, however, that magnetic resonence effects may
e oustected in the wagretic oxides eard swlides of irenzég These are
fervomagnetdc bul have low elen.vizal conductivity, so that the akin depuih

.1

¥:. 11 be much sreater thar ia Lthe ferromesnetic metals. The ckin dewth in

G 4 . e n
megnetite (Fe, 0 } fs-vb 1 10 7 um at 10 me/sec, as comoered with 1.6 x 10 “wa

"3 4 : 25
iv iron at the seme freausncy. The dec. initial permeadll itj of msgneiite

{1z =17 Mezsuremeats on filxs of farromagnetic materfials should alss be

pertinent wnen tie by thickness Lg less than the caiculalea skin depth.
The resonance phogomencn may be understood az oecurring when

the frecuenzy »f the apolied {i~la is egual to the Larmor rfreouency of the

aromic sovins ir the internul arisotropy field., This {s the fieis due 1o

i,b
s
o
3]
Ll

soln~ortit interactions and distvinecu enerreticaiily different clrectiong
2 mrnetieation in the oryeiar .atuice. llipoce the anisotropy fleia te of
the order of Y000 gaursz, the cuorestvonding Larnor frecusncy Ls in the misro.
®oVE ranfé,

It is lrteresting v copaider a slassical moce. oo owiish cne
afyma are replaced by nop-gyroscopic bar magnels oivoted at trne settice

reints of the crystal. Aith zern acplied ffeld zach masnet ‘8 atirached

see alse A. Guns ana k. Ge. Loyarte, 4dnn.d.Fnys. [1V]

4 .3 L. Pae, Phys. hev. 2%, 486 (1923); J. Dorfrann,

Zeit. £, Ph 7, 98 {1927,; K. Kartschagin, Ann. o. Pnys. [TV
A7, 325 {1922}. The experiments by Kartschacin and cthers in which
”econan.e phenomena woere revorted are now discredited.

2¢. The interesiing oossibilities of the ferromagnetic semiconducrorss
were pointed out wo bhe weiter by Prof. A, v, Hlppel, who 23 niarn.
to tnvestiipate them experimentaily.

ot iviernationg! Uritfcal Tabies, vol. Vi, p. I7¢

27, heference
. ra




in & definite direstion relative o the lattica by means of individuel
colled springs representing the spin-ordit interaction, and the magnets
will oscillate in an epplied field with a component perpendicular to the
rest position of the magnets. The sine of the angle of oscillation is
proportional to the macroscopic magnetization. Resonance occurs when the
applied frequency 1s equal to the free period of a magrnet + epring unit.

The bar magnet enalogy supposes that tho relaxation time of
the spins 1s sufficiently short so that gyroscopic effects may be neglected.
It is not usually recognized that this agsumption is bveing made, If this
assumption is not true, the spine will precess about the fleld direction
without lining up, It is indeed a prersquisite for any type of magnetization
that the mesgnetic woments have time in which to line up in the instantaneous
local field to which they are sudjected. The calculation of the relevant
relaxation time is o problem in the kinetics of thermodynemic equilibrium,

The time-dependent processes can be descrided by assuming the
existence of a relaxation time, as was done by Gorter and Kronig for para-
magnetic relaxation, and by Landau and Lifechitgz for the ferromagnetic case.
The quantum mechanical calculation of the relaxation times, starting from
the detailed interactions of spins with the lattlice, is extremely difficult
and uncertain. OCalculations for the paramagnetic case have been made by
Weller®® end others. No calculations have been carried out for the farro-
nagnetic case, 8o far es the author is aware., It seems plausible to suppose
that the strong spin-dspendent coupling in ferromagnetic materials will
assure that the relaxation frequency will occur above the microwave range.
This question should be looked into more closely.

1t should be noted in passing that the collision frequency
of the lattice phonons at room temperature is ~1012 collisions per second, as
ostimated from values of the thermal conductivity of non-metallic crystels,
This figure determines an approximate upper limit to the order of magnitude
of the spin relaxation frequency. The actual spin relexation frequency may
be lower depending on the strength of the coupling between the spins and the
lattice. In metals the relaxation frequency of the lattice phonons is
estimated to be of the order of 10*% goc™* at room temperature, based on

electrical oconductivities, ~

28. See, for example, 1, Waller, Zeit, f. Phys. 72, 370 (1933). The
wri:;er is md.obt;d to Prof.'l‘. ﬂ;n.for several discussions of the

paranegnetic relaxation problem,
=18




; St . . R v 3 & .
arsndiew”’ Tirst megsetad Lhat cady surrend effects

[

o~

be dwroviant in ferronernetls dlspersion. Thic approach was deve
¢

further by Eeckerzéi wino aoloded owdb thet the local mieroscopd

sddy
curreats assccisted with the novement of demaln toundaries and the

rotation af denains eeb up & uepnesiz fisld which opposes the applied [lieid.
This back fleld sdde & term Ls the equaiions of motion which is prosortional
to the reloaity of boundary mwvemein or soln rotation; that 13, the eddy
currents beheve Lixe a viscws fores. Hecker' ¢ treatment plves & pood
cualitative account of the femping of ivroversible dionlacements charscter-

f2ing megnetization in mediun finide, at Trequencies helow the mlcrowevs

rrige, although an aposrert ALI7lealty in reeonciling tiese resulte with

the measurements of Sixtus emd Tonks on the velocity of boundary prosazabion
hue been suggested by Mi-z :a;.luauwengv; It should be polnted ouv that
the local eddy current affects crnsidered by Becker have ac direct on-
pecticn with the nse mads of ihe eddy currert eoustion in the present
paper, according to which the incouplets pemetrailon of the surface domains
by the applied fisld is the mejor cause of dispersion.

Becksr also huwe given a calculation for the dispersion of
the initlal permeabiitty, znd this calcvlation leads to results ir zome
respects sisilar to those of ithe wresent paper. The “back field 4s cal-
c.lated am in the medium fiszld strength case just mentioned. The basis
of Pecker's thsory supposes thal the skin depth is groater than the domain
dimensions, sc that the celenlation 1s not applicable to the microwuve ranpe,
where the siin depth is less than the domsin dimsnsiona. At % x Lﬁg me/8ec
the =kin depth is only ~0:.1 ¥ the <omain thicknesas.

The present theory probably could be improvec by werking with
a mors compiicaten wodel than that of a film one domain thick. Lif the fiim
is hacked on one side oy & mess of ferromarnetic material the moticn of tne
iomaln boundartes in tbhe flim will induce sady surrents 1n ~he packing

<. W. Arkadiew, C. R, Acad. Sci. URSS {Dokiady’) 2, 204 (19#b ; cne a.n
reference 3.

8. OGee referernce 4.

26, H. J. van leeuwer, Physica 41, 30 (1944}.
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Kelation of lwirinsic Surfeee Imnedsnes to Resistive Losaes

and_Inductencs o: Fillp

1 cen be shewmn Lhat che recistive losses inm ths fiim
considered in Section IV ami the conmtritutlion of the film to the
inductance of a ¢irculi eleasnt arce related directly to the intrinsic
surface impedance whicn is defined =ccording to Do. (22) by 2 = Ez/Hx’
evalunted at y = d.

The zverage rats of enargy inzs psr unit ares neormal to the
¥ directien ie piven by the averege value of the Foynting vector

S » - kele/an} B (3) Hi(a)],
wnen it is recslied that the film has two surfaces, lNow Ez = 2 Hx’
80 that

S = - (c/4s) 1 (d) HX(d) Relz],

a well-known result.

The contribution of tie film %o the inductance of the
magnetizing circult is ziven by the nuotient of the maynetic flux through
the film by the current in the megnetizing clrouit:

d
L = Refp j i av/dl
-l -

Now J = (c/4:)Hx(d) and pH, = + He/w)(SE,/&y), so thst

wl = 8x Re[3Z] = - Bx Ixn{Z].
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