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LOW TEMPERATURE STUDIES: 1TI. NEW ANTIFERROMAGNETIC
RESONANCE EFFECTS IN THE IRON-GROUP FLUORIDES

II. IMPEDANCE MATCHING A JOSEPHSON-EFFECT GALVANOMETER
BY MEANS OF A SUPERCONDUCTING TRANSFORMER

William Emerson Tennant
Lawrence Berkeley Laboratory

University of California
Berkeley, California

ABSTRACT

Fer—infrered spectroscopy has revealed several new antiferromagnetic

resonance effects in the iron group fluorides. In MnF2 powdere_two pre-
]

viously unobserved magnetic absorptions have been seen at 7.7 cm ~ and
-1, : ; ' , ' -1 :

8.3 cm ~ just below the antiferromagnetic resonance at 8.7 cm ~. The
-1 ) . ; '

8.3 cm '~ mode intensity increases as surface area increases, and may be

tentatively identified as a surface magnon. The resonance intensity of

this mode is 200 times stronger than a simple theoretical calculation

for a surface magnon predicts.

_ Alloy systems of (Co,Mn)Fz,(Fe,Mn)Fz, and (Zn,Mp)F2 ﬂave been etudied'
throeghout the concentration range. The magnetic—magnetic systems show
_tﬁo antiferromegnetic resonances,bone associated with each magnetic ion.
 Inm Con with a émalliamount of Mn these modes are found at 28.5 cm—l.and
37 cmflﬁ and in FeFZ: Mn at 50 c:m“l and 53 cm_l. Tﬁo additional resonances
have beeﬁ observed in Con doped with 0.% -~ 10% Ma. _These ?eeonehces>

(at 32 cm-} and 35.5 cm“l) are attributed to interactions between

neighboring pairs and tripiets of Mn ions in' the Con host lattice.



Both the (Co,Mn)Fé and (Zn,Mn)F2 AFMR results show good agreement with
the coherent potential approximation theory of these systems.

A superconducting transformer has been devéioped.whichvincreased
the Johnson-noise limited range of a superconducting galvanometer by
five orders of magnitude in resistance; A theory has been developed to
" evaluate the performance of superconducting galvanometer-transformer
combinations. The working model transformer was found to péfform

according to the theory.

e A i+ i s ae o draon
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CHAPTER I. BACKGROUND FOR ANTIFERROMAGNETIC RESONANCE STUDIES

"A. Characterization of Materials

The ifon—group fluorides are one of the most extensively studied
groups of antiferromagnets. The earliest antiferromagnetic resonance
(AFMR) studies were by Johnson and Nethercott (using microwave tech-
niques in Man, 1959)_,1 Ohlman and Tinkham (using far-IR spectroscopy in

FeF 1961),2 and Richards (using far-IR spectroscopy in CoF2 and NiFZ,

2,

1963).3’4 Since these initial investigations, much more research has

been done by means of microwave, far-IR, Raman, and neutron diffraction

. . 5222 . ;
techniques. Nevertheless, because the antiferromagnetic resonances

of these materials occur in a region of the spectrum which is not easily
accessible by spectroscopic -techniques, optical experiments are -somewhat
difficult and still reveal new effects even after fifteen years of research
in this area. Before considering the present resul;s, we shall summarize
the propérties of the materials being examined.

1. The :Iron Group Fluorides MnF COFZ’ Fer, ZnF

2’ 2

The crystal structure of the i;on group fluorides is the tetragonal
rutilé structure shown in Fig. 1. This is a "sduashed"vBCC éfructure,
and thé eigh; corner sites are occupied by the next nearést neighbors
(NNN) of the body center site. In the magnetic members of this group of
materialé;.these corner sites are strongly coupled to the center sites

22,23 The nearest

by an antiferromagnetic superexchange interaction.
neighbor ions are separated by a lattice constant in the vertical (2z)
direction. In the magnetic materials the nearest neighbor -exchange inter-

. . » 22 P ,
action is usually ferromagnetic. Below the Neél temperature the spins are

aligned parallel to the z (or c axis). The molten forms of these materials



are miscible, and solutions crystallize as substitutionary alloys with
the same rutile structure as the pure materials.zz‘ Table I lists some

of the important properties of each compound.
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Property

Neél Temperature

AFMR (cm_l)

Linewidth (cm_l)

g-Factor

Exchange Integrals (ém_l)

Anisotropy Energy (EAin cm_l)22

Effective Spin (S)22

" Susceptibility (Xl)

Sublattice Magnetization (MS)

Dielectric Const.

Coler 27

Specific Gravity 28

28

Molecular Weight °

Lattice Parameters

a,b

c

22

Man

10

67K

§.71£0.05 1

4.8x107% 10

2.00 1

0.440%£0.003

2.48+0.003

0.06+0.0003

0.74%0.003

2.5

2.55%10 *emu/gm 2

600 Oe °

Pink
3.98

92.93

4.8734 A 22

3.3103 & .29

TABLE 1

Con

37.7K 4

36.3 4213

1.35 em L %

2.8,% 2.4 12

-2.0£0.03 31

12.3%0.03 31

12.5%0.03

0.5 31

6.00X10—4emu/gm 23

Dark red

4,46

96.93

FeF2

78.35K 2

52.740.2 2

~ 1 cm-l 2

2.25%0.05

~0.05%0.003
3.64%0.003
0.19%0.003
20,li0.03

2.0

26

Q
~

Brown
4.09

93.84

4.6966 A 2

3.3091 A 2

ZnF

2

N/A

N/A

N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A

‘Clear
4,95

£ 103.37

[

et



Property

28

Solubility in H,0

2
Melting Point 28

Cleavage Planes 30

TABLE I (Cont.)

MnF

8100

856 C

0.4

(110),(011)

g/100 cc

CoF

Hot water

1200 C

FeF

Slightly soluble

> 1000 C

ZnF

~ Hot water

872 C
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Fig. 1. Rutile crystal structure of the iron group fluorides. Dark spheres are metallic ions; lighter
Corner site spins are antiferromagnetically aligned with the center site spins,

spheres are fluorine.

as shown by arrows.



B. Theoretical Introduction

1. Heisenberg,Modei - AFMR Deriva;ion

The‘uniaxial éntiferromagnets may be described'by either a quantum
mechanical or a clasgical approach, and soﬁetimes even a mixture of the
two is useful. We shall derive the antiferromagnhetic resonance frequency

by means of an esséntially quantum approach and then show the tramsition
to the linear chain approximation and to the claSSical molecular field

approximation;

The Hamiltonian for the pure crystal of 'an iron group fluoride 152

\

. 1
_Sz(l)Pi + 2 E

3
=-)E I
i Al

(13) S(1) + $(i). (1)
J ' ' .

A represents the aniéotropy energy of the ith ion,
i -

Pi = +1 for spin up sites and -1 for spin down sites, and I(i,j) repre-

In this expression E

.sents.tﬁe diagonal superexéhange energy tenspr. Our only concession

to simplicity is the uéual one made by replacing the true anisotropy

expression by the above expression thch is valid in the small spin

deflection limit. We shall consider spin waves in the ladder operators
+ +

S(i) and S(j). Re-writing the Hamiltonian in terms of these operators

and Sz we have

K== E, S, (1)P, +% Y I(ij) sz(i') 5,(3) +
i i ij . »
¥ % JIap sT@ TG +sT@w sTay, . @
13 - B

where I(ij) now refers to the zz tensor component and J(1i) to the xx

: + +
and yy components. Using the commutation relations for S (4) and S (¥)




where 4 and ¥ refer to a spin up and a spin down sites respectively,

we have (with h = 1)

N o , _
-1 “'—‘wit’+ = [, ST = - E, sty + NRACED) 5,(3) stery-
h|
-TaGh s, st | 3)
] : :
-3 48 2,: o E, sT) + § 1(ah) s, (1) st () - ZJ(u)sZ(ns*(i).
L i : i .

For T z.0, the sPins are approximately aligned along the z axes so
Isz(f)l = ISZ(+)| = 8. If we assume each spin interacts only with its
N next nearest neighbors, if I(ij) = I = J (trug‘for all except Con),
and if‘the:spins havé a sinusoidél timeidepepdencé ein and move in phase_

on each sublattice (true for k = 0), then the above equatiohs reduce to:

w st) —_-‘(EA + n1s) str) -nis st

and

4)

w st (E, + NIS) sty +x18 stry.

If we set NIS = uHE where HE is the exchange '"field" and u = AT is the

A, - HHy
1 1

the anisotropy field, we obtain the familiar result for the AFMR ¢

number of Bohr magnetoﬁs per spin, and if we set E where HA is

2

2 2 .
W=y (ZHEHA-HA). (5)

A
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Equation (5) holds for k = 0, the region accessible to optical measurements.

2., Linear Chain Model

If we relax the assumption that all the spins move in phase but.retain

our other assumptions and our "field" notation, Eq. (4) may be modified

to
+ - . H +,
WS (1) =u (H, +H) ST - u y 55N
- next
and .o ' nearest i
neighbors
o (6)
w s+(¢) = U(H, + H) ST(¥) + l'xﬁ—-HE ) st
-3 A HE- i next i.' :
nearest
neighbors

In this notation it is‘rélétively simpie to treat spin waves'with k#0
propagating in a particular direction.A We shall choose the direction 1

to the (011) (or equivalently thé (llq)).érfstal pléne to illuétrate

this method; Figure 2 shows thét an (011) piane has two antiferromagneti—
cally aligned sublattices a‘and b. Since the spin wévé propagates in

the (011) direction the‘spips bn'each sﬁblattice of each plane pérpendi-
cular to thé direétion of the spin wave wiil'be in'phase. Therefore

we need only.to determine the equation of motion for oﬁe spin on each
sublattice.inreach.plane. We have reduced ouf problem to a.one;dimenéibnal
chain'éf’spins which are assumed to interact with eécﬁ other invthe samé
way as the‘5ctua1 subiattice spins interact. If there are N(0ll) planes
in the.érystal we need 2N spins in tﬁe chain--one for each éublatfiée,

Figure 3 illustrates this chain.




XBL 738-1616

The

The plane is composed

atonms

:lafl

™y

-]11-

a2l plane in the rutile structure (crcs:z hatched).

wave 1s shown L to plane.

g spin

gned sublattices, one consisting of

spins on each sublattice in each plane move in

The

Tepad

agatin
atoms.

The (011) cryst
phase but the spins on adjacent (011) planes will be out of phase.

of two antiferromagnetically ali
and the other of "b*”

k vector of the nrop

Fig. 2.
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Fig. 3. The linear chain of ion'pairs which represents spin waves travelling in the 011 direction. Each
ion szes an anisotropy field Hp, an exchange field contribution HE/2 from ions in the opposite sublattice
of the same plane, and an exchange field HE/4 from ions in the opposite sublattice of neighboring planes.




The équations of motion from Eq. (6) are

. - + :
wsT(a,1) = -u (i + 1) ST, D) -y sT(h,1)

H, o
uu7? stw,i-1) + sT(b,i+1))

and
4 + He +
QS‘(b,i) = U (HA + HE) S (b,i) +u?r S (a,i)

H ) .
+u7§ st(a,i-1) + sT@ali+1)). N

By substituting a spatial variation of the'form-eikaAl where k is a wave

number and o is the separation between planes, we obtain
s ) HEZ | - _,
w” = u"[(He + HA) TS (6.+ 8 cos ka + 2 cos 2 ka)], (8)

which reduces to Eq. (5) for k = 0.

3, Moleculér Field Approximation Demagnetization Effects . and Resonance

Intensity
There is an intuitive reason for defining HE and HA as we have done.
: ' > -> > . o §y . ‘
If we return to Eq. (4) and define 'y, = us(4),H = -H , and
; T E+< E | S¥
ﬁA+ = PTHAE’ we find that the result is just the equation. of motion of
the x and y components of a dipole E in a magnetic field ﬁ + ﬁ = H,.
» B v _ , E+ A¢ 4
Thus we may write for 4 and ¥ ;
W, L,
[UTN N L odu -
! ' i (9)
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Or, if we sum over a unit volume:
. > o . v .
o, xH,. 0y

In this formalism, we can easily include the effects of demagneti-

zation fields and applied fields. Let

-5
e > o > > >
Hy = Hpy FHy N 0+ MO, o
> - -_: > >
= -M\M; +H =N Qo+ M)t Hos - an -

>

where Ho répresents the applied field and ﬁl is the demagnetization
tensor in thé‘ﬁ.and g directions.. We note that HET is proportional to
M@ and in the opposite direction. Moreover the demagnetizing field has
no component in. the z direction because of the cancelling effects of the
oppositely orientéd subiattices. The sublatticevmagnetizations, however,
do not cancel in the'pefpendiculat'directions. We shall assume that Ni
is isotropic in the x and y directions.

'For'Ho I to the z axis and assuming e I tine deoendencé, the

equations of motion yield at T = 0:24’32

— |
w=u<‘E(HE+NlM)HA+HA tuo). - (12)

For Ho L to the z axis the following result is obtained

w = UJZ'(HE-INLM)HA-H{AZ E Hoz. | (13)
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A fufther value of the moiecular field approximatioh_is seen in
the determination of AFMR intensities. The Kramers—KrBeig relation33
imply that the integrated resonance infensity of a narrow resonance is
proportional to the dc magnefic sueceptibility times the resonant

frequency W That is if

__2y/m S
§ (5 7)Y < W,

X, (W) =
Y +(wo—w) .

then
where S is the resonance intensity Xy is the imaginary portion of the
magnetic susceptibility, Yy is the linewidth, and XL(O) is the dc
sugceptibility. Thus, we can compute the intensity of the AFMR by.
considering the dc susceptibility in a perpendicular field.

A field applied perpendicular to the spins will cause them to cant
towards the applied field until the torques are bélanéed; Neglecting

anisotropy fields and assuming that the canting angle 6 is small, we

_ . 'HE : MfHo .
bave 2 HE 6 = Ho or 6 =’Eﬁ£. This AM$'= MT6 = ~§ﬁ; ’ énd Fhe total for
both sublattices gives ’
.o, Mt M : - _ :
. XJ. = 2 0 _H. - . -‘ . ) (15)

o E
From Table I, we have H = 2.5'% 8 x I(2) x %— ~ 500 kG aﬁd_Mq ~ 600 G
- ' a _ " T ,
which says that X = 10 3, or about 2.5 X% 10 4 emu/gm, which is the value

given in the table. The intensity of the AFMR is thus = 10‘2‘¢m'l.
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4. _ Usefulness of Different Theoretical Methéds

Thus far we have pfesented three approaches to éntiferromagnetic
resonance each of which is useful for solving a.particular type‘of
problem. The basic Heisenberg approach is helpful when'considering
defects since it is readily adaptable to Green's fuﬁction ﬁeéhniqués.
The molecular.fieldvapproximation, as we have seén, permits a naturéi

treatment of macroscopic magnetic fieldléffects, and the linear chain

model is the most convenient approach when considering surface antiferro-

magnetic resonance modes (SAFMR modes) which are uniform along planes

parallel to the surface but attenuate as they penetrate into the bulk.
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C. Lxperimental AﬁparatUs and Techniques

Both Fourier-transform spectroscopy and high frequency microwave
techniques,héve been emplbyed to study the transmission of the iron-group

fluorides-in the far-infrared. We shall describe the Fourier transform

apparatus first.

1. Fourier Transform_Spectrbscopy

To facilitate our descfiptioﬁ, we_shall tracé the bath of energy
from i;s blackbody source through the interferometer and sample to the
deteqtof, énd we éhall trace the detected éignal thréugh thé elect;onics

to the output spectrum. Both the interferometer and the cryostat used

have been described elsewhere.34 A schematic of the Michelson interferometer

is given in Fig. 4.

a. The far;infrared source. 'Thé_Hé arc temperature Was nominally SOOOK.
The source output was:collimated By a parabolic mirror (I 1.5). The
total signal.power per unit frequency is given by the expressioﬁ

P(v) = 2kBAch2AQ, where'Q is in cm_l and AT =((soprce temperature)—(roém
températﬁre)).\ For this system ZkBATcAQ was 5 % 10 11 Q—émB. |

b. The beamsplitter. ‘Mylar sheets stretched on aluminum frames-and

annealéd to improvéfflatness were used as beamspligtérs. The sheets used
varied in thickness from 1/2 mil to 5 mils, depending on the ffequency
range,éf interest. The efficiency (é(v)) of these beamsplittefs typically
varied asléin zv (from'Fabry—Perot.interferencé effects) réaching a

maximum of -about 70%..
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/Stepping motor drive

' ‘/Micrometer screw
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|
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beamsplitter housing -
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pump

| = ’
L Hg arc lamp

i Polyethylene zero-order
| transmission grating
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!
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——

To VL- : '
sample and \

detector

Chopper motor

XBL682-2036-A

Fig. 4. A schematic of the michelson interferometer.-
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c. The mirrors. Each of the two beams from the beamsplittér was

- reflected by a mirror. The fixed mirror could be tilted slightly by

two orthogonal adjustments to align the optics of the interferometer.

Thé movablebmirror was mounted on a shaft attached to_a'miérometér screw.
This screw was turned througﬁ a 6:1 reduction gear by a‘stepping motor.
The combination of reduction gear and micrometer Screw permitted the
steppiﬁg motor to advance ;he movable mirror by an incremenﬁ of 1/24,000
cm. The maximum distance of mirror travel was 4 cm from zefo_path giving
a maximum péth difference between the beams of 8 cm.

d. The polyethylene zero order transmission grating. ‘This grating

consisted of two ruled sheets of polyethylene crossed at right angles
to each other and placed in the beam. When used, this grating diffracted

light above 25 cm“l out of the beam emerging from the beamsplitter.

e. The chopper and motor. After the emerging beam had been refocused

into lightpipe by a second parabolic mirror, it was chopped by a two

bladed chopper (turned by a synchronous motor at = 40 Hz)to permit lock-in

detection,

f. Yoshinaga filters. A filter wheel containing filters with a variety

.of high frequency cutoffs was used to help select the frequency range

for épéctfal examination. These filters were made from powdered alkali-

halidés suspended in polyetheline.3

g. The emergent beam. The average chopped intensity. of the emergent

beam is given by

1) = 172 s(v) (ALY, e
. o o
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where S(v) = P(V)E(v)F(v),F(v) is ‘the transmission characteristic of

the ﬁigh:ffequency cutoff filter and A is the path difference between

the two. halves of the split beam. Note that for iatge A the cosine term

averages to zero and I(A) is a éonstant. |
The emergent beam from the Michelson entered a cryostat_which held

the sample and folometer at LHe temperatures. Figure 5 shows the more

elaboraté of the two cryostats used. .Light was transmitted from the

Michelséﬁ through a thin layer of black polyethylene through the iight—

pipe and a focusing‘cone, and finally through the sample and a de-focusing

cone ontb.the bolometer.

h. Cold filters. A piece of black polyethylene (500 cm—‘l cutoff)

or a piece of fluorogold (50.cm_1 cutoff) usually was placed in the liquid
helium abpve thelbolometer-to screen out unwantgd room temﬁerature back-
ground radiation.. Flﬁorogold consists of teflon impregnated with small
glass beadé\and is obtained from the Fluorocarbon Company,.Mountain View,
Caliquﬁia.

i. Samgies.» All samples were mounted in small brass cyliﬁders 7/16"

o.d. X 3/16“ i.d. x.0.465" ldngf' For large aﬁd irregularly sﬁaped single
crystals, the sides of ghe cylinders were cut awaf‘to insért the crystal. -
If necessary, aluminum.foil was plaéed around the cfystal to reflect

light scattered through the side of the crystal back into the_Beam.-

j. The magnet. The supercondﬁcting NbZr magnet had a noﬁinal field-to-
current;tatio of 3.48 kG/A and a maximum field strength offovéf 50 kG.-
The field-to-current ratio was verified by observing the microwave
‘absorption of DPPH (g = 2.00) at 74.74 GHz. The observed field-to—current

ratio was 3.49 * 0.25 kG/A. On several occasions during the,microwave
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experiments, a magnetoresistance probe, consisting of seve;al feet of

#41 insulafed Cu wire wound on a wooden stick and measured by a four-term-—
inal circuit was inserted in tﬁe magnetic fie;d and monitored as the

field was increased to 45 kG. No sudden changes in slope or discontinuities
indicatiﬁg defects in the magnet were observed. These tests were made

ﬁo insure that ;he magnet operated properly in a continuoqs field sweep
mode. This same magnet had been used extensively for fixed-field appli-
cations and was known to perform well. _

When the field ef the magnet was turned up, the bolometer gave an
extremely noisy response for currents up te about 4 A. These fluctuations
were typically on the order of 10 puvV (but occasionally as large as 100 pV)
and of duration equal to theilock—in response time of 0.1 sec. The product
of a typical observed Voltage spike with the response time yields a -
flux of lO2 G cmz, which corresponds to a field change of 102 G in a
bolometer circuit of 1 cm2 area. It appears then, that flux jumping in
the magnet is a probable source of this noise.

k. The bolometer. A germanium bolometer 35,36

. ! .
emergent far infrared radiation from the sample. A fundamental measure-

was used to detect the

ment of bolometer sensitivity in any given electrical circuit is its

noise equivalent power (NEP). The NEP is defined as the amount of signal
power incident on the detector required to produce a response at the
output of the amplifying circuit equal to.the rms noise at the amplifying
circuit output. NEP is usually given in Wv/Hz. The NEP for this bolometer -
| ~ 10712 w37 '

was nominally = 10 WvHz. The bolometer could detect Johnson noise in
a 9 M2 room temperature bias resistor. The signal-to-noise ratio at

A = 0 for radiation from the Michelson with a 25 cm_l cutoff was = 1500
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with a one-second lock—in time constant.. Using Eq. (16) and the measured

signal-to-noise ratio, and allowing a factor of = 10 for attenuation due

to optical filters, lightpipe and eleﬁtronic filtering in the lock-in

(due to cﬁopping and rounding off the input square wave), we compute a
-12

minimum detectable signal of =~ 10 W for a one-second time constant,

which agrees with the nominal value.

. Alternate cryostat. For runs in which it was not necessary to have

the highest signal-to-noise ratio,and in which no applied magnetic field
was needed, a glass cryostat Qas used. The insert for this.apparatus
had a rotating cylinder which held six samples, any one of which could
be rotated into the far infrared beam without récypling the apparatus

to room temperature. The operating temperature was ~ 1K. No speéifié
study was made of the NEP of the bolometer in this apparatus. It was
found; héwever,lthat the bolometer responsivity tended to drift (poséibly
due to the falling LHe level in the cryostat). These drifts were not

a serious proBlem since'd;ta could be taﬁén rapidiy enough to avoid
significant variation over the space of a single:interferogram. The
coadding céﬁacity'of the computer permitted several interferograms to

be averaged together to increase the signal-to-noise when necessary.

M. Signal_detection and digitizing., The bolometer signal was detected

by a low-noise, high-impedance lock-in detector. The 0ufput of the iock—in
entered a voltage-to-frequency converter (VFC) whose output was counted

and fed into the PDP-11 digital computer. The counﬁiﬁg gbise id the

VFC was = 17 counts. (out of_~ 104 counts), and thus it.ﬁaé neéessary to

adjust the gains in the system to insure that the magnitude of the
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signal was much higher than the counting noise.

n. The PDP-11 computer. The PDP-11 on line digital computer could store
interferograms up to 1024 poiﬁts iong. The capabilities.of this machine
were: real-time c0mputationband display of spectra, apoaization of
spectra, phase correction of spectra, co-adding of spectra or inter-
ferograﬁs,.ratioing of spectra, and computation of absorption coefficient
from ratios of spectra. Display options included an x-y plotter and a
storage oscilloscope. Data were also punched out.on paper. tape.

o. Method of operation. Our interferograms were measured by a step,

-

pause, aﬁdrcount technique. After the computer had recorded a data point,
it issued a.éignal to the steéper motor in the Michelsbn to advaﬁce the
movable mirror by a fixed amount A. After each advénce theré was a

pause to allow electrical transients to die.away before the next data point
from‘ﬁhe Vidar was counted. This pause was equal to five lock-in time
constants. The Vidar output was counted for a fixed integration time

(usually 1-4 seconds).

p. Resolution limits on the spectrum. The peculiar.propertiés of

33,38

Fourier transform spectroscopy have been discussed elsewhere and only

a brief discussion will be given here. - The power absorbed by the bolometer
I'(A) is given by an expression identical to Eq. (16), except S'(V) now

includes the sample spectrum multiplied by the instrumental spectrum S(v):

[0}

I'(8) = 1/4f S'(v)(1+cos(2muh ))dv. an
(o]

.

i4

To retrieve S'(V), one performs an inverse cosine transform on I'(2):
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S'(V) = 4f (I'(A) - 1/2 1(0)) cos (2mvhA)da. (18)

(o}

If I'(A) is not known to infinite A but only to some maximum path dif-
ference L, the above integration can only be taken out to L. This is

equivalent to multiplying the integrand of Eq. (18) by the function

1 for A< L -
W(A) = { . _ » (19)

0 for A> L

The resultant spectrum will be the convolution of S'(v) with the Fourier

sin 21&2)

transform of W(A) which is the sinc function (4 e

This ;onvolution
has the effect of broadening sharp iines'to a width of 6vmin =.l/2L, the
Qidth_of the centfal maximum of sinc x. Svmin is called the '"resolution"
of thevspeétrum. One disadvantage of the sinc function is that_iﬁ
has large positive and negative side lobes neighboring the central maximum
which tend to introduce spurious shafp fluctuations into the spectrum.
- These fluctuations may make it difficult to identify'a small sha;p.
spectral feature.

To reduce the effgct of the side lobes in tﬁe sinc function the

technique of apodization'may be used. This consists of replacing W(A)

by a smoothing function, in our case by

1 - A/L for AS L
A(A) = s (20)
: 0 for A >L
whose transform, sinc , has small, positive side lobes. This is done

at the cost of some resolution since dvmin ~ 3/4L for the sinc

function.
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q. Sampling cqnsiderations.v Our interferdgram3~were'sampled periodically

as described above. Elementary sampling theory stétes that no‘spectral

information is loét by this periodic sampling provided that the highest

non-zero frequency in the spectrum, Vma#’ is leés than or equal to 1/2A

where A is ;he incremental change in path length. In an N point inter-

. ferogram, L is equal to NA, so the relation'betweeﬁ §v . -and v for an
: - min max

unapodized spectrum is
Vnax
Sv = — - (21)y
The spectral transform may be approximated by a summation

. N , : '

sty =26 A2t ) 1) cos(2mund)). (22)
n=1

There will be noise 8(nA) associated with each point on the inter-

ferogram so that the actual computed spectrum is

| 10) , |
5, (V) = 2055 + Y [I(nd)+6(nhd)] cos2mvnd). ~(23)
' n=1 :

'

Squaring the above equation gives

2 N2 2 N o
5. (M7 =585 WM+ ()" 5 6, . (24)

where er is the ms noise on one point of the interfefogram. Thus the

ms noise on a point of the spectrum is
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_N _XN ‘ '
6, =56 (20) =3 . (25)

Our bestvsignal—to—noise,value for a ratio of spectra computed from a
400 point interferogram was about 50:1, which is consistent (within a
factor of 2) with the measured value of bolometer signal-to-noise at-
zero path,
It is interesting to note that Gr is proportional to-ﬁi wﬁere T is
T

the counting time per'point. The total counting time T = NT is a measure

of the time required to take an interferogram. .63 can be rewritten as

1 |
6 = o —X - (26)

8 Y2NT Vmax Vmin/ZT

where o is a constant depending on the instrumental sensitivity. Thus,
for a fixed amount of spectral noise, spectral resolution can be

increased (vm 0 decreased) only at the cost of a quadratic increase in

i

the total time for data collectionm.



28~

2. Microwave Apparatus

The microwave apparatus was used only.iﬁ the”éurféce magnon investi-
gation; Figure 6 gives a schematic ofvfhe experimenﬁal setup.
a. Source. A V-band kiystron operating at 75 GHz Qas used to geﬁerate
~ 20 mW of monochromatic radiation. The klystron was modulated at
~ 200 Hz by thé square wave modulator in the power supply. The radiation
leaving'thg klystron was attenuatéd to adjust>the powér to desired levels.
b. E—ﬁ tuner. Following the attenuator was an E-H tuner which consisted

of a magic tee with each branch arm of the tee (thpse perpendicular to

the input waveguide) terminating in a reflector whose pOsitidn was adjust-

able. By adjusting these reflectors it was possible to nuli the output
signal (emerging from the fourtﬁ arm of the tee). By measuring the
distance between‘nulls it was possible to detefmine the guide wavélength
(and hence the frequency) of the incident radiation (to Better than 17
accuracy).

c. Magic tee. Following the E-H tuner a magic tee was used to make the

right angle bend downward toward the cryostat. The upward branch of the

tee provided a monitoring port for the klystron output. -

d. Harmonic generator. A semiconductor point contact diode served as

the required non-linear element to generate the second harmonic of the :
klystron frequency. Approximately 1 uW of lSO'GHz.microwaves'left the
generator fhrough F-band wa&eéuiae which éffectiveiy:écreenéd éut the
klysfron fundamental. The generator also doubled as a_aetector of the‘

fundamental klystron power.

e. The cryostat insert. The output of the harmonic generator was coupled -

into a length of V-band guide which had been soldered into a brass flange

to form an insert for the magnet cryostat described above. The lower end
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of this insert extended down to a level even with the top of the magnet,
a layer of black polyethylene was clamped between microwave flanges
at the top of the insert to prevent cryopumping of air down the guide.

f. Different shapes of waveguide used to hold the oriented crystal samples

were attached to the lower end of the flange. For large single cfystals

it.was necessary that the surface of interest bevpafallel to the side of
the waveguide and that the c-axis be parallel with the applied magnetic
field. For the crystals wiLh (110) faces and‘for powders (which require no
special orientation) a straight‘length of guide was used. For the (111)
féce crystals, however, it was‘necessary to build‘the curved guide shown

in the“ihset of Fig. 6. |

g. Microwave detection, The microwaves emerging from the sample were

matched to lightpipe by a horn and detected by the germanium bolbmetef
described above.

h. Mode of operation. The superconducting magnet power supply was swept

~

continuously by a geared synchronous motor from = 0 A to = 14 A (correspond-

ing to = 49 KG) at a rate of i.4'A/min. This rate was set for experimen-
tal convenience. The bolometer respohse was plotted vs current from the
power supply on an x-y plotter. Absorption was seen as a decrease in

the bolometer response as a function of magnetic field (or cufrent); We
notevthat dﬁe to the long time constant\formed by the magnet inductanée

and the shunt‘resistor, the change in cﬁ¥rent in the ﬁégnet‘itsélf generally“

laggedvﬁehind the change in magnet supply{current. Thié\caused an ~ 1-27%

) \‘ ’

shift 1n'ploﬁged absofptioﬁ>£eatures. The dlrection of the shift depended
on whethqr th;\current &Qs being increased or decreased.

AN

N \ ' \

\
\
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CHAPTER II. POSSIBLE SURFACE ANTIFERROMAGNETIC RESONANCE
(SAFMR OR SURFACE MAGNONS)

Su:faéé magnetic resonance effects in antiferrbmagnets have been
predictéd by Mills'and‘Sasiow39, and by Wolfram and.De Wames.z"O The
predicted mode'frequehcies lie below the antiferromagnétic resonance By
varying amounts depehdingnon the crystal structure, the Miller indices
of the surface, and the exchangé and anisotropy parameters of the crystal.
Until now, there.has been no»direét observation of these surface anti-
ferromagnetic magnon modes, although surface phonon‘and plasmon modes
are well kn‘own.al—43 We have observed two modes in addition to the AFMR,
both of which lie between the two published theoretical results for sur-
face magnons. Each mode shows some of the characteristics of a surface
magnon mode,

Both microwave techniques and Fourier transform sﬁectroscopy have
been uséd to study these extra magnon modes in Man. The Fourier trans-
form techniques have been uéed primarily on powderlsamples whereas the
microwaves have been used mainiy in single crystal studies.

A, Far-Infrared Experiments

1. Sample Preparation

Three single crystals of Man were obtained from two different sources;_
The two crystals supplied by Dr. E. Catalano at the Lawrence Livermore
Laboratory were the source of all but two of the samples made. Both of
these qrysfals are knbwn to contain impurities of a‘non}magnetic natufe.
‘Ihe larger-single crystal was brown rather than‘pink d&é to the presence
of o#ygen, which was'accidentally admitted into fhe meltrbefore‘the

crystal was formed. The smaller crystal from Catalano, although it had

the normal pink color, showed three strong, broad absorptions in the
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far IR at-23;5, 31, and 49.5 cm-l. ‘These absorptions did not'change
measurably in an applied magnetic field of ~ 16.5 KG. Moreover, emission
spectroscopic énalysis of thesé samples showed no'magnetic impurities

in tﬁe pink‘éaﬁple and only .01%Z Fe and .05% Ni in the brown sample.

Both samples showed fhe strong AFMR at 8.7 cm_l, aﬁa it was assumed that
the impﬁrities played no significant role.in the antiferromagnetic
propertiesvof these samples.

To ﬁake absolutely sure of our experimentél results, however, a
third single crystal of nominally high purity was oBtained from
Dr. R. Macfarlane at'IBM, San Jose. This crystal héd-both the proper
color and no extra infrared absorptions. Both emission spectroscopy
and exciton fluorescence analysis of this sample done by Macfarlane
showed no cation impurities greater than one part in 104,

The single crystal samples used for infrared e#periments were
oriented by X-ray back reflection after first being roughly oriented by
eye using polarized light, Samples were cut to sizé.By-a diamond saw
and then re-oriented by X-rays and ground smooth ﬁith #600 grit silicon
carbide paper. All samples were ground with at least one surface within .
3° of the 001 plane for orientation in a magnetic fieid. .This orientation
was not considered cfitical, howeVér,'sincé we were not attemptiné‘tq
measure magnetic field effects but only to observe the presence of
extra magnetic absorptions in zero field. The s;mblés were secured by
parawax into the cylindrical brass holders described above. “Total
alignment of the c-axis with the axis of the cylinder and lighﬁ plpe was

estimated to be within 10°, and thusbadequate for our purposes.
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Powder samples were ground from the single crystal with an agate
mortar and pestle. The powders were sieved to give some segregation ’
according to grain size. The coarsest grind sample passed through a
sieve whose square holes were 233 u on a side, but not through a 159 u
Sieve; the.medium grind through 159 u, but not 85 u; and the finest érind
through 47 u. Each sa@ple was then tamped into one of the cylindrical brass
holders which'had first beén cleaned with acetone. The tamped samples were
tﬁen saturated with melted paraﬁas (index of ;efraction Nvl.S) to hold them

together and provide some index matching for incident radiation. 273 mg samples

were made from all three grinds and 68mg samples 6nly from the coarse and

fine grinds. Three samples were prepared somewhat differently from
the above.manner. One sample of the finest powder grind was diluted
with ten times as much ZnF2 powder of an equaily fine grind. The two
powders were sifted together through the 47u sieﬁe used to determine
the powder grind originally. This had the effect of reducing the frac-
fional volume occupied by the magnétic powder to 1/11 of the original.
To hold this sample, a longer brass éylinder with the same diameters
was used. |

The second special sample was of the coarse powder grind and was
tamped into a brass cylinder blocked at the bottom by a parawax plug.
A second plug was pressed into the top of the cylinder to hold the
sample together. This sample, however, was not immersed in parawax.

The last speciélly prepargd sample was a coarse grind samﬁle,
warmed to 500°C froﬁ room temperature over about 5 ho;rs, annealed at

~ 500°C for about 1 day, and then cooled slowly to room temperature over

about a one-day period. Maximum pressure during anhééling was ¥ 3 X 10_6Torr,
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This sample was made from the starting material which contained oxygen
and weighed > 300 mg before annealing. After annealing the powder was
greyish white rather than brownish white, and wéighed 166 mg. The only
way we could think of to account for the apparent loss of weight is

to assume that some of the powder was spilled or that the weight

before annealing was not measured correctly. The change in color may
possibly have been caused by'the oxygen in the sampie or by the residual
gas pressure in the annealing furnace. The absorption strength of the
~ AFMR in this sample, however, showed thaﬁ the amount of MnF2 present
was in the same proportion to the sample weight as an unannealed s;mple
of the same grind and so the resuits in the far—¥R”are assumed to be
valid. |

2. Powder Surface-to-Volume Ratio

The resonance intensity of a surface magnon should be propdrtional
to the surface érea 6f the crystal face on which fhat resonance appears.
In a powder sample we would expect the surface érea associated with any
particular crystal face formed in the grinding proéess to be proportional
to the ;otal.surfaCe area of the powder. This assumption should be
closer to the actual §ituation‘for the finer grinds because proportionately
less of the original surface associated with the uniquely shaped stérting
crystal is left. Furthermore, on a microscopic level we would expect
that most of the powder particle surface area will be.composed of
cleavage planes since the crystallites break preferentiallyralong these
planes. Even surfaces which appear to be significantly different from
the cleavage plane; may have avcleavage plane "'step" structure on the

scale of several lattice spacings.44
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Because the surface area is proportional .to surface magnon intensity,
it is important to be able to measure both tﬁe absolute and the relative
surface area of the different powder sample grinds. The powder samples
all have the same volume so the surface-to-volume ratio of the powders
is proportional to the surface area. The surface-to-volume ratio (SVR)

is a function of both particle shape and size. If the particle is an

ellipsoid, or rectangular solid, the SVR is given by

2ab + 2bc + 2ca
abc

SVR = y 27)
where a, b; and ¢ are the major, intermediate, and minor axes of
the particles. Prisms and other similar convex shapés with the same
length axes may have higher values of SVR by as much as a factor of 2.
Assuming that the distribution of shapes is the same for different
powder grinds, the variation in shape should not affect.our estimate
of the relati&e SVR's. Similarly, we can ignore possible surface
pitting effects on the relative SVR's since these, too, should be the
same on all surfaces regardless of particle size. 1In fact, surface pits
| or bumps cannot give a very great error even_in our absolute estimate of
surface area. Therefore, if we treat the particles as if they were all
rectangular solids, we shall introduce an error of %.2 of less in our
estimate of the surface area. This error will be on the low side of
the actual value.. |
Assumiﬁg that the minor axis of each crystallite 1is perpendicular
to the microscope slide on which the powders are placed, it is possible

to measure a random sample of major and intermediate axes with a microscope.



-36-

With the larger crystallites, it is even possible to measure a random
sample of minor axes by focusing on the bottom and top of each crystallite
and measuring the height difference from the calibrated microscopé dial.
From Eq. (27), it is a simple matter to see that ;he average SVR
for a particle in the powder is just<§)+<§>+(g>_ HoWever? this is not
the SVR which is relevant to our problem. The relevant SVR is that of
the powder as a whole (or of a statistical sample thereof) which is a
measure of the surface area. In general, this SVR depends on correlétions
between axes and will not.necessarily be equal to the mean particle SVR
just as the averagé of reciprocals does mot in general equal the recipro-
cal of the average.
The surface-to-volume ratio of the powder depends on the probability
distribution of axes. There are two extreme cases: (1) the particles

all have the same shape--that is, if a, b, and ¢ are major, intermediate

and minor axes of any crystallite then a:b:c = a:l:y: where o and Yy are

positiwve real numbers and o = 1 2 y. (2) There is no correlation between

crystal axes--that is, the probability P(rl) that the first axis measured
has a length (rl) is independent of the lengths of the other two axes.

(Note in: (2) that r, may be any of the principal axes, not necessarily

1
the major axis.) In a real powder we expect thaﬁ thére will be some
correlation between lengths of axes. The grindiﬁg process in a nearly
cubic material will tend to preferentiaily break véfy long thin crystals
and very broad, flat ones. Therefore, we would not expect to find many
crystallites with axes of greatly different lengths. On the other hand,

the sifting process separates out only those particles which have at

least two axes which can pass through the coarser screen and two which
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cannot pass through the finer. Thus, sifting tends to segregate
ﬁarticles according to their intermediate'length axes. We shall analyze
these two extreme cases and assume that our-powdefs lie somewheré in
between,

Webfirsf consider the correlated case. Let P(abc) be the probability
of finding a crystallite with major axis a, intermediate axis b, and
minor axis c.

In order to normalize P let f: P(abc) dadbdc = 1, then

f: P(abc) (ab+betac)dadbde
SVR = 2 —— . - (28)
[, B(abc) abc dadbdc

/

Let P(abc) = P(b) S(ob - a) 8(yb - c) where P(b) is a peaked distribution

with average T0 and width Ab which we shall approximate by the function

go b<b-Ab/2,b >Db + Ab/2

1
BB = ¢y _ (29)
= b -Ab/2<b<Db+ Ab/2
Ab -
Substituting into Eq. (28), we find
1 1. [ P'(b) bZdb
SVR = 2 (- + 1+ 3 ( 3
[ P'(b) b db
1,1, 1, 12+(b/B)>
=2 @EZt+tz+D —
a b ¢ 1243(Ab/b)° .
~2E+32+D for mb<b. _ - (30)
a b C ,

The uncorrelated case is simpler. Let P(rl) be the probability of

finding the first axis measured to have length rl.  P(rlr2r3) = P&@i)?(rz) P(r3)

-
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and [ P(ryr,r,) drldrzdr3 = 1. We have .

QQ
fo P(rlr2;3)(rlr2+r2r3+r3rl)drldr2dr3

SVR = 2 —
Io P(r1r2r3) T T,T, drldrzdr3_

6 6 _ 18 (31)

since r = Ei%i& . In the case of powders for which a < 2b and c > %-—

{as is the‘case with our powders), the difference between Eq. (30) and
Eq. (31) is less than 407Z. For convenience, we shall use the result of
Eq. (31) to compute the SVR for our coarser grind powders, and expect
the result to be somewhat low because the powderé are somewhat correiated.
The finest grind powder grains are too smallvto_measure c. More-
over, thié powder was sifted differently from the other two, having not
been passed through a fine screen to eliminate the smallest particles.
Using the uncorrelated axis approximation on the two smaller axes of this
sample, W¢ may obtain an estimate of the average value of the minor axis
from the observed distribution of the intermediate axes.
Let P(r) be the probability that the first measured smaller axis
(assumingvboth could be measured) has the value f. Thé observed distri-

bution of smaller axes will have the value

’

Po(r) = P(r) f; P(r') dr'. _ | (32)

~

This says'simply that, of the two smaller axes of a crystallite, the

larger oneéis observed. Letting fz P(r")dr' = 1(r), we have from Eq. (32)
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&L () = B (1)
I
dr v 2 T oM
12 =2(%p (0
, o o
mr) = 2 j; P (r)
P (r)
P(r) =—= (33)

2]; Po(r)dr

When applied to a histogram of the fine particle grain size distribution,
this formula shifts the actual small axis average down by about 10% from

the observed small axis average. That is

=] rP(r)dr = .9 frPo(r)dr. (34)

T is the average value of both small axes so T = E%E. The measured
value ofiz,'g, and ¢ for the three particle grindé is given in Table 3
along with the surface to volume ratio computed from Eq. (31).

We conclude that we are able to measure the relative surface-to-
volume ratio of the different powders to within about 50% (30% from the
standard deviation of the measurement and 20% for possible axis correla-
tions 1n the coarser grind powders which are not present in the finer
grind because the latter was not sifted by a secondbscreen)f The abso-

Jute measure of surface-to-volume ratio is estimated to be within a

factor of 2.
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Table‘3
Sample ;kU) b(u) o) | | 'SVR(cm—l)
coarse 387 At91« 227 *47 118 +37 246 + 37
medium . 327 + 83 165 * 25 83 * 27 313 + 49
fine 52 + 17 25 +' 10 25 %10 1765 * 454

Errors shown are computed using the standard deviations of the measured

averages; ‘The total area of the finest grind powder A = V X SVR is about

100 cmz.
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3. Results

Far infrared transmission spectra of the coarse.and intermediate
grind powder -samples described above showed two‘absorptions, one at
8.3 cmn1 and the other at 7.7 cm—l,in addition to ‘the AFMR at 8.7 cm_l.
The lowest frequency mode was considerably reduced in intensity in the
intermediate grind of powder. In the finest grind of powder, only the
8.3 cm_l mode appeared. Neither mode appeared in single crystals of the
same maFerial. Both modes were quite sharp, in every case being narrower
than 0.1 cm-—1 and thus unresolved by our spectrometer. 'Figure 7 shows
transmission spectra taken of 273.mg samples of thrée different powder
gfinds. These spectra have been ratioed either to a spectrum of a Zan
powder sample, or to a spectrum of a blank sample_hblder to remove
instrumental background effects. In this frequehcy rangé, no significant
difference was observed between ratios to.ZnF2 énd'ratios to the empty
sample holder. Because of tﬁe high index of refraction of MnF2 (n=2.5),
the coarsest powder had particles with dimensions on the order of thé
wavelength of the incident light. As a result, powder scattering reduced
phe transmission through this sample causing a larger fractional noise to
-appear on the ratio. Note also that, because of the smaller signal at the
highest and lowest spectral frequencies, the noise on each ratio increases
as one moves away from the center of the frequency range.

To determine whether the observed modes wefe saturated, thin (68 mg)
samples>(5‘l/4 of the optical thickness of the larger samples) were
meagured. . In the coarse ygrind thin sample, the 7.7 cm_l mode Qés too
weak to observe. The integrated line strength of tﬁé 8.3 cm__l mode was

0.3 + 0.1 times as intense as in the thicker sample. In the fine grind

thin sample the integrated iinevstrength of the 8.3 Cm—l mode was
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Fig. 7. Transmission spectra of MnF, powders. (a) fine grind (0.06 cm
resolution); (b) intermediate grind T0.08 em~1 resolution); (c) coarse
grind (0.08 cm™ resolution). SM indicates possible surface magnon mode.
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0.50 * 0.05 times its intensity in the thicker fine grind sample. The
integrated ébsorption stréngth of a mode varies linearly with optical
thicknesé for a non-saturated mode with a Lorentzian linéshape and as

the square roét of the optical thickness for a sétufated mode; Saturated
and non-saturated modes with Gaussian lineshapes yary as /ng and log of
the optical thickness. The results from the thin samples indicate,
therefdre,:tﬁat the 8.3 cmfl‘mode is saturated in both thick and

thin fine grind samples. 1In the coarse grind samples, however, the

mode 'is saturated only in the thicker sample. Because the mode is
just barely saturated in the thicker coarse grind sample, we can estimate

from the integrated absorption strength a linewidth of order 0.05 cm—l.

Figure 8 shows a logarithmic plot of integrated absorption Stre;gth
vs sﬁrface;fo—volume ratio (SVR). A reasonable fit for the 8.3 cm 1
modé is obtained to a /§Vﬁ.dependence as is expected for a saturated
surface magnon mode. If we assume that the coarser grind samples had a
higher correlation among their axes than the finest grind (due to screening
both above and below), the data for the coarser samples are brough closer
to the V/SVR line.

The strength of the 7.7 cmul mode has a more comblicated dependence
on sﬁrface area than the 8.3 cm—1 mode. :If this is a surface magnon, it may
possibly be associated with a noﬂ—cleavage plane while the 8.3 cm_l mode
is associatedbwith a cleavage plane. However, there is no good explana-

tion as yet for the behavior of this mode.

The magnet cfyostat described eariier has been used to measure the
magnéfic field dependence of the finest grind powdér spectrum} When a
ﬁagnetiC‘field is applied .to Man, as‘discussed earlier, the AFMR splits

linearly if the field is parallel to the c axes and quadratically if the
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Fig. 8. Logarithmic plot of integrated absprption‘stfengtﬁ vs surfaée—
to~volume ratio. Shaded rectanglgs refer to 8.3 ém_l mode, unshaded
to the 7.7 cm_l mode. The rectangle "a" represents a single
crystal of approximately the same volume as the_pdwder samples.

(The surface area of this crystal was measurea directly to withiﬁ 10%.)
The width of each rectangle indicates the uncertainty in our measure-
ment éf the SVR given in Table C. The heighﬁ of the rectangle
indicaﬁes error in intensity measurement due-to Solometer noise. The
8.3 cm_1 mode intensity shows less error since it was.measured from

a ratio of a zero field spectrum to a 45 KG field spectrum of the
same sample. This method of measuring mode intensity gave consider-
abiy lower error due to noise.

Neither of the two modes appeérs in the singlé crystal, and the

7.7 cm_1 mode does not appear in the finest grind sample. . The
heights of the rectangles in thege cases merely reflect the noise

level on the spectrum. The straight line shows the VYSVR dependence

expected for a saturated Lorentzian surface mode. -
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field ié.perpendicular to the ¢ axis. When the fiel& is applied to
powdered MnF,, the splitting should vary from lineaf to quadratic,
depending“onbthe orientation of each crystallite. The result is a
broadened absorption with a sharp edge on the low and high frequency
sides. The crystallites which absorb at this edgé are those whose c axis
is parallel to the applied field and whose AFMR splits linearly. By
measuring the position of this edge, we may determiﬁe the g factor of
the splitting. According to the theory of surface_magnons, the ﬁagnetic
field dependence of the surface mode should be the.same as that for the
AFMR, assuming that the surface spins in equilibriﬁm lie along the

¢ axis, Consequently, we should see a smaller absorption edge from the
surfacermode lying below the AFMR absorption edge by an amount equal to
'the separation between the éurface mode and the AFMR.

Figure 9 shows the ratio of fine grind powdef spectra taken at
various magnetic field strengths to sp;ctra taken in zero field.

Figure 10 shows a plot of frequency vs field obtained from these
data. The observed g factors are‘2.06 t 0.08 for the AFMR and 2.00 * 0.15
for the 8.3 cm—l mode. It is interesting to note in Fig. 9 that the
edge of the 8.3 cm—1 mode is sémewhat broadef th;n that of the AFMR. This
suggests that there might be a range of g factors associated with this
mode.

We see from Fig. 9 that by applying a magnetic field, we may spread
out both resonances to the point where, near the absorption.edgés, the
modes are no longer saturated. Computing the absorption coefficient

from the ratio spectrum at 10.44 KG, we obtain Figf 11. Under the

assumption that the 8.3 cm_l mode splits in the same manner as the bulk
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Fig. 9. Ratio of spectra of fine grind sample (field on/field off) for
various field strengths. a = 8.3 cm~l mode absorption edge due to linear
splitting; b = AFMR linear &plitting edge; ¢ = AFMR quadratic splitting edge.
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Fig. 10. .‘Magnetic field dependence of AFMR and 8.3 ém’_l mode absorption
edges. Only the H" absorption edges (a and b of Fig. 9) are shown.
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Fig. 11. Absorption coefficient from MnFo fine grind powder ratio
(10.44 KG/0 KG). hg = height of 8.3 em™ L mode absorption edge.

hA = height of AFMR absorption edge.
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resonance in all crystallites, we can obtain the rgiative intensities

of the'twq modes from a ratio of the.heights of the absorption edges
in.Fig{ 11.. The 8.3 cm—l mode intensity is observed to be ébout’ZS% of
the AFMR intensity. This implies that the satﬁrafed zero field intensity
ratio would be 50%Z which is about what is measured ffom Fig. 7a.

Having considered the positive evidence forAidéntifying the 8.3 cm
mode as a surface magnon, we should consider whether there are other
possible ways to explain the observed data. Thefé'arg several possibilities
» which suggeét themselves, but all for one reason or another may be.

discounted.

We may be sure that the mode is not an edge.bf vertex resonanée
since the absorption strength of these would vary a§_SVR and SVR:}/2
respectively‘for a saturated mode. The dependence on SVR also eliminates
impurities as a source of the mode since the strengtﬁ of an impprity mode
should be independent of particle size. Contamination of the samples
in preparation may+be eliminated since similarly prepared samples of
Man doped with a few percent of Co, Fe, and 2N do nbt show ‘-this mode.
(We shali discuss impurity doping in Section III.of fhis thesis.)

The possibility of demagnetization effects ;ausing the observed
resonanceé is-eliminated for two reasons. First, from Table 1 ahd
Eq. (12) demagnetiéation modes all lie above the AFMR within 0.13 cm_l,
which is too ﬁear’the AFMR and in the wrong directién to account for the
observéd modes. Second, demagnetization modes depend strongly on
sample shape, and we would expect any mode split off from the AFMR by
shape effecfs to be broadened on the order of the'éplitting by the

randomness of the particle shapes. This disagrees with the observed
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sharpness of the powder modes.

A reigted possibility is that the interaction bf demagnetizing
fields in a closely packed powder might cause resonance changes.similaf
to those which occur in dielectric powders.45 Thié possibility_could.
be eliminéted by the same arguments which apply to‘xhe magnetostatic
hypothesis. However, to be sure that we were not*qveflooking something,
we took a'spéctrum of the dilute sample previously.deécribed. This
spectrum showed the 8.3 c:m—1 mode as strongly as_the:non—dilute case.

We did not sée, nor did we expéct to see, the 7.7 cm_l mode in this
fine grihd sample. |

Interaction of the powders with the parawax may be eliminated as
a source for the 8.3 ém_l mode because the spectrum of the coarse grind
powder sample which was not saturated with paraffin ghowed the 8.3 crn_l
" mode as strongly as that of the saturated sample. No 7.7 cm_l mode was
observed in tﬁis sample, however. It is unlikely that the 7.7 cm—l
mode was missing because of the absence of a surrounding dielectric since
interaction between the dielectric and the powder should occur much closer
to a resonénce‘than the 7.7 o:m"l mode is found. it is possible that the
absence of paraffin from the surface of the particiés meant that the
surface magnetic parameters were different; although, if this were the
case, the 8.3 cm_1~mode should have been strongly affected as well.

One other possible explanation for ;he modes was strains introduced
by‘grinding. The likelihood of this explanation does not seem great
because of the annealed sample results which showed both the 7.7 cm

and the 8.3 cm'_l modes. The 8.3 c:m—1 mode intensity relative to the

AFMR was equal to the value expected assuming anﬁeéling had no effect.
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Howeﬁer, the above mentioned peculiarities of color and weight observed
in the annealed sample suggest that, for some reason, the sample may not
have veen satisfactory for testing the strain hypothesis.

B. Microwave Experiment

To ascertain whether the observed powder modés'are'actually surface
mAgNOoNSs, an'attempt was made to observe these absdfptions in single
crystal samples with 150 GHz microwaves using the sécond harmonic generator,
the klystron, and the magnet cryostat describéd above. There is some
evidence that the 8.3 cm_l mode was seen by Johnsqﬁ and Nethercott in
their original microwave work on the Man AFMR. _Ihéy observed a resonance
3000-4000 gauss below the AFMR.l This corresponas rougﬁly to a mode at
8.4 - 8.3vcm_l. They also observed a number of other modes below the
AFMR frequency, but none so far below as this one. None of these modes
were identified as to origin and some may have been demagnetizing modes.

Three different types of samples were used for éur microwave experi-
ments. The first sample was 273 mg of the fine grind powder which was
tamped.into a short section of waveguide'immersedvid parawax, and hﬁng
in the magnet core at the end of the flanged waveguide cryos#at insert
describea'previously. Figure 12 shows the measured transmission as ;
function of field. The g value obtained for the AFMR is 2.06 * 0.0l. The
exact’shouldér on the possible SAFMR is hard to detérmine becaﬁsé it is
so.broad. However, if we assume that.the small kink in this shoulder
représenﬁs the typical g factor of this mode, the resu1t obtained for
the ﬁode is g = 2:01 * 0.02., Both g values are in'good agreement with
those obtainéd from the far infrared data.

It is interesting to note that it was necessary to immerse the
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Fig. 12, Fine grind powder microwave experiment.. The AFMR and possible
surface mode absorption edges are shown. The surface mode edge is quite
broad and its exact position is uncertain so the small "kink" in the curve
is taken to be the characteristic value.
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powder in pafawax in order to get reproducible results. Presumably, this
is because the anisotropic magnetic susceptibility caused the powders to
rotate in a strong applied magnetic field. |

Many microwave runs showed spontaneous jumps of 5-10% in absorption.
These did‘not occur reproducibly, and, although thgy remained unidentified,
were assumed to be ingrumental in nature perhaps'due to some change in
the harmbnié generator's characteyistics, |

The remaining two microwave samples were singlé ;rystals. The
first cohsisted of ‘an approximately rectangular slab é few mils thick
from the pink Catalaﬁo material. This slab was about .6 cm long and

.15 cm wide. The sample was oriented with the long axis parallel to

the ¢ axis and the largest surfaces in the (110)‘c1éavage plane. The

sample waé shaped first by cleaving, then by sanding down to the desired
thickness wifh #600 grit paper. For ease of orientation in the waveguide,
the sample was also cleaved 6r sanded along a plane perpendicular to the
110 -face and.parallel to the ¢ axes. The samﬁle was held in a straight
section of waveguide with its c axis parallel tovthe guide, by a bent
sliver of polyethylene. The waveguide section was attached to the
waveguide cryostat insert, as in the case of the powder.

It was necessary to grind the sample quite thin to reduce the

large number of Fabry-Perot interference resonances observed in thicker

samples. These resonances occur when the increasing index of refraction
of a material near a resonance causes the wavelength of microwaves in .the
gsample to be shorter than the sample dimensions. Resonances occur when

some length of the sample corresponds to a half-integral number of

wavelengths. This effect seems to be much reduced, although still present,



-55-—

when'fae sample is ground to = 5'mils.

Figure 13 shows the results of the 110 facelcrystal run.

Assuming the AFMR and Fabry-Perot fringe ide?tificati?n is correct,
no surface resonance was seen in this sample. 1If fhe 8.3 cm—l mode were
ass;ciated with this surface, it would apéeaf'abput'lA below the AFMR.
Itsiintensity, taken from the infrared data andjscalgd according to
surface—tpfvolume ratio, should be > 1/40 of thetAFMR'intensity. There-
fore, 1f tbe 8.3 cm_1 modé were as broad as the AFMR appears to be, it
might not bé seen above the noise level. It could also be that this mode
is not associated with the 110 surface, and that modes associated with the
110 surface lie too close to the AFMR to be distinguished from it.

Some éuéport is given to this last suppositibn By our third sample.
This sample was a similarly sized crystal (thickness = 5 mils) whose
largest surface was ground in the 111 direction. The crystal was oriented
by X-rays,bcut with a diamond saw, and ground like the others to the
desired Shape; It was necessary to use a speéiall& shaped piece of
waveguide to hold this’sample with its ¢ axis properly aligned in
the applied magnetic field. This Qaveguide has been described earlier.
Because of the 46° tilt of this piece of waveguide, it was possible to
place the samble in the guide either with the c axes about parallelvto
the applied field, or with it about perpendicular to the applied field.
Figure 14 shows the results of this run.

Unfdttunately, these experiments were done rather hurriedly and
the gsample used was not marked as to c¢ axis orientéﬁion. Therefére, it
‘is not known.which orientation corresponds to whiph'results. Another

problem with the run is that the AFMR did not'éppear‘in elther orientation,
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Fig. 13. Microwave transmission experiment- (110) surface. The AFMR
is displaced upward in field strength from the powder value, presumably
because the sample was not well aligned with the field. The multiple
peaks at the resonance are most likely Fabry-Perot interferences.
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Fig. 1l4. Microwave transmission experiment-(111) surface. One of the two
possible orientations showed the two resonances observed above. Neither
showed the antiferromagnetic resconance. Using a g-factor of 2 and assuming
the resonance at zero field lies above the microwave frequency, the higher
field resonance has a zero field value of 7.7 cm"l, and may correspond to
the lower observed infrared resonance.
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possibl&-because the crystal was éanted ﬁhen plaéed into the waﬁeguide,
and the magnetic field could not split the mode_enoqgh to be observed.
If we assume a g factor of 2, that the c axis is aligned with the field,
and that;tﬁé zero field modes lie above the michﬁave_frequency, the
zero fieia'frequencies are 6:4 cm“l and 7.7 cmﬁl.iiBécause the AFMR does
not appear, we can not be completely sure of oui_éiiénment and thus also
of our fteqhéncy(assignments.

Thesé results for the 111 face suggest that the 8.3 cm_1 mode might
be found on fhe 011 cleavage plane. This cleavagefplane is mbre like |
the 111 face magnetically than like the 110 face because on the 011 face
thé c éxis is not parallel to the face but rathe? f6fms a 34° angle to

-

the plane. An investigation of this surface is definitely needed.
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C.  Analysis

1. Theory of SAFMR

A surface antiferromagnetic resonance (SAFMR or surface magnon) is
a spin wavevgode similar to the bulk AFMR mode but having only a finite
éenetration aepth from the'surface ihto the crystél. ‘This mode arises
from the difference between the magnetic environﬁent-gf the surface ions
and that of the Bulk ions. Thus the SAFMR is to be distinguished from
demagnetizépion modes discussed earlier which ariéé'éfom grosé sample
shape effects. In the surface layer (or layers, for some crystal planes),
the ions see‘only a fraction of the exchange energy seen b& bulk ions
because one or more of the antiferromagnetic neighbors has béen removed.
The direction of the exchange fieid may also be sﬁifted from the c axis
by the asymmetry introduped by the surface. Similafly the anisotropy
field may be shifted in.direction and chénged in magnitude by this
absence of neigﬁboring ions. If the cleavage plane of a crystal hés a
surface mode; we might expect this mode to appear as a sharp absorption
in powder.épectra because of the predominance of.cieavage planes on the
particle'sﬁrfaces.

As mentioned earlier, the easiest way to treat surface modes theoret-
ically is Ualuse the linear chain model. For a surféce mode we need a
semi—infinite linear chain with different exchange and anisotropy fields
in the surface layer.

Wé may use the infinite set of Eqs. (7), excepf that we must add

equations for the surface layer:
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ws*(a,o0) = - uy +%I—Lé) st(a,0) - u < 5700
- M E}' S+(b,l),
w S (by0) = (HA'+%HE') S+(b,o) + u';?-'S_+(a,6)
+ U%E-'s“’(a,l). | | -  _ | 39

Here we have explicitly taken into account the reduégd number of neigh-

and H, due to asymmetry and

bors of the surface ions. Changes in HE A

possible»surface distortion of the position of suffaée ions are indicated
by the prime notation. To reduce the system of équafiéns to a finite
number, a decaying exponential form of the spin wave is assumed. The
decay lengths may be found as a function of the SAFMR frequency from
the bulk equation (8). Solving this equation yields two decay lengths,
the full solution being a sum of two decaying exponentials.

The SAFMR frequency is found by solving the séculaf equation derived
from Eqs. (35) and (7) in the decaying exponential approximation. This

secular equation for the 011 or 110 surface is
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where A is either of the two decay lengths.

Dr. T. Wolfram bf the Rockwell International Science Center hés solved

this équation using standard matrix inversion techniques on a computer.

Hié solution takes as Inputs the crystal surface, the bulk crystal
exchange aﬁd anisotropy parameters, and the obéerve&fresonance frequency
'jattributéd to the possible surface mode. It predicts mode deéay lengths,
Ay, and a range of surface exchange and anisotropy pgrameters, HE' and HA'.
Figure 15 shows th% range of exchange and anisotrdpy for the (110) and
(011) crystal planes, as well as anisotropy ratios fof the (111) plane.

It is clear that some fai;ly drastic changes in aﬁisotropy and
exchange en;rgy must take place at the surface to account for the‘oBserved
modes. Changes in surface magnetic environment are not easily meaéured
directly, and thus this part of the theory has not been verified by
experiment.v |

Thgvdecay'length 6f the mode, however, is subject to more direct
iﬁvestigﬁtion. .If tﬁe spin wave amplitude in the'SAFMR is similar in
magnitude to that in the AFMR, theﬁ we would expect thé'ratio of the

I

intensities of the two modes E§' to be proportional to the volume of
. . : I,

-sample 6ccupied by the moving spins in each mode. Thus

IS
—= = (SVR) A - : (37)

A

where A is the decay length of the mode. Wolfraﬁ's results for the 110 or

011 face show that one decay length 1s considerably longer than the other.

This longer decay length is 12 lattice spacings in the 011 or 110 direction.

This is a distance of about 70 A in MnF,. Thus, for the finest gfind

i
i
i
.
1
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Eq. (37) gives IS/IA = 1785 x 7 x 10

1.2 x 10_3, or about 200 times
smaller than the observed ratio of 0.25. A computation of A from the
observed mode intenéity ratio and Eq. (37) gives a value of 1.5u for the

experimental decay length.

2. Enhancement of the Surface Mode and Surface Ferromagnetism

This anomalously large surface mode intensitybis not. without
precedent. Heat capécity measurements in polycrystailine YIG samples
by Henderson;'gg_él,'46 havejshoﬁn a linear term &hich was tentafively
attribﬁted to ferromagnetic surface sﬁin waves, but which was 30 times
too large.

Enhancement effects of several thousand times have’been observed -

in other mégnetic resonance phenomena. Gossard and Portis have observed

enhancement of nuclear magnetic resonance in Co powders due to the motion
of ferroﬁagnetic domain walls.47 The Gossard-Portis effect occurs when |
an RF field is appliéd to a ferromagnetic particle which is so small
that it can have only a few antiparallel domains. If the &irection of.
the appiied fie1d is parallel to the ddmain magnetiéation, the size of
the ﬁaralleldémainsWill increase at the expense of the antiparallel
domains. If the domain structure is weakly bound, the motion of the
domain.walls will be large. The nuclei in the region of the particle
through which the domain wall moves will see an §SCillating field eqﬁal
in amplitude to the magnetization of the sample. This magnetization field
is on the 6rder of hundreds of gauss and thus'many.orders_of magnitude
greater than the applied RF field. The strength oflthe nuclear resonance
is.corresbbndingly increased. | |

It seems péssible that ferromagnetic effects induced by the ésymmetry

of the crystal at the surface might cause the apparent enhancement of
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‘Fig. 15. Variations in surface exchange and anisotropy required to

match the frequencies of the two extra modes observed in the far IR.

refers to 8.3 cm'_l mode, ——- refers to 7.7 cm“1 mode. The
 value of the bulk anisotropy used in these caiculations was 0.01625HE
in agreement with the numbers given by Kotthéus and Jaccarino.9 A
more accurate value is 0.015HE taken from the,éeutfon data in Table 1;
however, the difference is insignificant for:oﬁr.purposes.

The use of these graphs may be illustrated as follows: From

the graph for the (011) face we see that if the exchange field at

the surface per next nearest neighbor ion (l/SvHE') is the same as

the bulk exchange per next nearest neighbor ién (l/S‘HE), the sur-
face anisotropy will be oniy 0.0025 HE or 2/15 of .the bulk anisotropy
for the 8.3 cm_1 mode. For the 7.7 cm—l mode the surface anisotropy
will bevnégative unless the per ion surface exchange energy is less

than 1/2 of the bulk éxchange.
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the surface magnon resonance. Professor W. Wolf atIYale several years
ago noticed a small anomalous  ferromagnetic compdnent ih the magnetic
"susceptibility of an antiferromagnetic powder. ‘Thisfferromagnetism »
appeared at the Neél temperature and was about 10_4-times thé bﬁlk
susceptibiiity.48

Wolfram's theory shows that é considerable'change in the ﬁagnitude
of the exchange and AnisotrOpy parameteré must occur in ﬁhe surface
layers tb account for the oBserved mode frequencies. lIt seems possible
that the anisotropy and exchange fields change direction in the sﬁrfacé
layers dde to distortions in atomic position and-laék of'symmetfy.

~ Dr. T. Holden of the Chalk River Nuclear Laboratory.hés described an

which showed that
47

experiment with polarized neutrons on Zn-doped MnF2
the Mn spins cant away from the c axis in the presence of Zn ioms.
Magnetically Zn atoms act like vacéncies, and it seems iikely that the
entire half-space of vacancies seen by surface Mn ioﬁs would cause the
surface ions  to canf as well.

" To have true ferromagnetism it is neceséafy to ﬁave more than
just a net.surface magnetic dipole moment. Neighboring spins on bbposite
sublattices must prefer to tilt in the same direction, and the ﬁet
mégnetic moment formed must not be rigidly fixed in direﬁtidn with
respect to tﬁe surface. If these conditions are supposed to exist,
however, only a very small canting is required to obfain a factdr qf-200
enhanéeﬁent of the local applied fields to account for the observed
surface magnon strength.

Mr. D. WoodyS0 suggested an experiment which could test in part

whether the large surface mode strength was due to a long penetration -
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dep;h, or to some enhancement effect. .If the mode were dﬁebto a long
peneﬁration'depth, thén-in a.very fine grind powder (grains =~ 2 U dia.)
ﬁhe mode would rob essentially all of the bulk AFMR strength because
the penetration depth would be on the order of theAparticle size?» Such

a sample should certainly be tested.
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CHAPTER ITI. ALLOY STUDIES -

“A. Background

1.  Introduction

Using the expefiﬁental techniques already desqribed, we have
meagured far infrargd powder transmission spectra of the alloy systems
(Co,Mn)Fz, (Fe,Mn)FZ, and (Zn,Mn)FZ. Ou? fesultg complemént the experi-
mental work using neutrons, Ramaﬁ,‘and far-IR (t&é-ﬁagnon) spectr&scopy

by groups at Oxford, Chalk River, and elsewhere.lvs_22

The far-IR
' techniques are ideally suited for studying the effects of alléYing on
those resonant modes which show the greatest effects of long range order,
namely the zone center modes. The results we have obtained show éoﬁe
previously unexpected effects whichvmay be given avéimple.theoretical
motivation. Our reéults also provide a basis for paftiélly checking
the extensive théoretical work done on tHese systéms, in parﬁicular the
applications of the Coherent Potential Approximation.'Sl_54 Our work
divides naturally into two.parts: the magnétic—magnetic alloys (Co,Mn)F2
and (Fe,Mn)Fz, and the.non—magnetié—magnetic allqys (Zg,Mn)Fz; lAfter a
brief theoretical introduction and review of experimental techniques used,
we shall discuss the results for each type of system separétely.~
2. vTheogx

The Heisenberg Hamiltonian of Egq. (i), where the spin, anisotropy,

and exchange vary from site to site, is the starting point for alloy

theories. The most powerful method for determining resonance frequencies

and iinewidths of magnetic modes is an adaption of the Coherent Potential

Approximation (CPA) by Buyers, Elliott, and Peppef‘:’l.’52

systems. The CPA is a self-consistent Green's function method which

to antiferromagnetic

Ve
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starts with the Heisenberg Hamiltonian of the alloy and develops an
‘effective pure material Hamiltonian with the same eigenvalues as the
alloy Hamiltbnian. One of the most important properties of the CPA is
that it treats the concentrated impurity region where more straightforward
theories becomebtoo complex to use. |

Green's functions have also been used in the diluﬁe’caée apart from
the CPA.ZZ' Héwever, a simpler approach can also be'uSea for dilute
materials. in the case of a single impurity (say Mn++‘in a host lattice
such as Fer), one may sometimes obtain good agreement with‘data by
considering the motion of ohly a cluster of host ions around the defect
and treating the remaining host ioné as rigidly fixed with antiparallel
spins . For a cluster of ions which includes only ﬁhé'next nearest

neighbors of ‘the defect, we have the following hamiltonian:

’ 1 ] 8 8
H o= -5, (0)(H, - 2I S 121 I anSz (1)) - ilez(i)-(}lA—ZIHw S+7I0mS)
8 " + o
+ 1/2 Jegey Y [87T(0) sT(i) + 8 T(0) ST(1)], (38)
i=1 o

] . .
where S' and H, refer to the defect parameters, le is the geometric mean

A
between host-~host exchange (IH) and defect-defect exchange (ID) and NN
and NNN refer to nearest neighbor and next nearest neighbor respectively.

A further step towards simplicity is the Ising or spin-flip model.

This is essentially a cluster model with'only.one ion in the cluster.

" In this model the defect spins considered may occupy only certain quantum

states each separated by the frequency:
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|

wy = HA - ZIeNNS + 8 IeNNN S. .: (39)

A pair of next nearest neighbor defects in this model would have the
frequenéy:'

] 1

Wy =H 21 S+HT LSt S, | (40)

and so on for higher order defect groupings.
The brincipal éhortcoming with the cluster and Ising approacheé.is
" that they should apply primarily to short wavelength resonances on the
order of the cluster size and hence be of little value in the long
wavelength'AFMR region of our experiments. Indeed, Buchannan, et al.20
have found ﬁhat-the Ising model works quite well (about as well as the
“CPA) in explaining Raman data for the twb magnon resonance,‘evep at
high impurity concenfrations.
One of the interesting results of our'éxperimenfﬁl work is that.
the Ising model also gives a.good estimaté of the res&nance‘frequency
of deféct~modes split off of the host materiai’AFMR.

3. Experimental Notes.

Polycrystalline samples were grown from the melt using nominally
pure ZnF25 C0F2, Man, and Fer. The éamples werév£hén gréund to powder
with average grain size < 100 y. Samples weighing either 28 or 276 mg
were then formed into the brass sample holder‘described eaflier and

saturated with paraffin.

Far-infrared spectra of these samples were measured at LHe temperatures

over the frequency range 5-100 c:m—l by Fourier transform gpectroscopy
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using the techniques and instrumentation also descfibed previously. The
spectrai resolution varied from 0.2 to 0.7 cm-l and was selected to
resolve all features seen. The spectra were ratioed against similarly
prepared samples of ZriF2 S0 as to remove the effgcts'of phonpn absorption

‘and powder séattering.

B.  Results for Magnetic-Magnetic Syétems

The»frequencies of the observed'modes in (Co,Mn)F2 are shown as
a funétion of concentration in Fig. 16. (Points in the figure indicate
aBsorptioh peaks, while flags indicate the approximate widths 6f_the
resonances.) Figure 17 shows typical spectra of thié system. In nearly
pgre CoF2 the 37 cm—l mode is‘idéntified as the CoFé»AFMR. As the
impurity level is increased this mode shifts rapidly upwards in frequency
in the direction of the 124 cm—l'mode of isolated Co ions in MnFZ;18 It
also broadens asymmetfically towards higher frequeﬁcieS. Scattering at
frequenciés above 100 <:m_1 in the powder samples used prevented measure-
ments‘of the behavior of this mode at high Mn céncentrations. |

The 28.5 cm“l mode is relatively narrow and weak in the nearly pure
CoF samples; The mode intensity increases lineafly with concentration

2

up- to about 1% impurity and after thét increases much more slowly. This

mode may be identified with the 30 cm-l defect modexpredicted by Cowley-

and Buyer322 from their Green's function calculations. The defect mode

drops in frequency with increasing Mn concentration to become the 8.7 cm’
3 , .

9 .

The third mode at 32 cm © (0.96 THz) which appears in CoF,, doped

(AFMR) mode in pure MnF

with 0.3%-10% MnF, is most reasonably ascribed to pairé of Mﬁ impurities
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SPECTRA OF THE (Co, Mn) F, SYSTEM .
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on opposite sublattices. Its position may be roughly calculated from an
Ising approximation. Assuming that the 28.5 cm—l mode is a defect modé;
each‘néxt’nearest neighbor contributes = 1/8 of the energy. Therefore,

if we add 7/8 of the lower mode energy (24.9 cm—l) to the 6.2 cm_;an—Mn

'éxchangé‘energy, we obtain 31.3 cm-l, which is vefy,élose to tge observgd
value. Fufthér evideﬁcesvfor this assignment are: (1) there is no
. change of frequency or linewidth with cohcentration; (2) the resonance
apbears at.relatively high impurity concentrations compared with the
defecfimode, and then disappears as the concentratipn increases'further;
Sﬁch.a'mode would necessarily be localized. |
Another mode at 35.5 cm—l appears in the 0.38% to IOZ.samples-and
is probably due to a Mn defect site with two Mn next nearest neighbérs.
This triplet mode is twice as far from the defect mode as is_the pair
mode and has about one-fourth the pair mode intensity.
Cowley and Buyers also predict five loéalized ﬁodés between 71 cm—l
and 76 cmfl. These modes are aésociated with the host peighbors'of
the defect ion. Weak absorptiohs have been dbserved‘at 67.0:i .5,
70.5 + .5, 72.5 % .5, and 75.0 .5 cm © in single crystal specimens of
CoF2 with < 0.03vpercent Mn. These neighbor_modes can barely be seen
in the powder samples; being most intense in CoF2;.3% Mn. The relgtiﬁe
weaknesé of the neighbor modes may result from theif.being'spiit_off:v -
from the upper edge of the band and coupling poorly.ﬁitﬁ q = O excitation.
The frequencies of the observed modes.in (Fe,Mn)F2 are_shdﬁn as a
function of concentration in Fig. 18. These modes are similar in most -
respects to those séen in (Co,Mn)Fz. Figure119 shows. typical spectra of

this system. The AFMR of pure FeF2 is at 53 cm—l, as observed by
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Ohlman and Tinkham.z' Its behavior with added Mn is similar to that of

the ARR in (Co,Mn)F,. ‘The 50 cm ' mode fits the Aéscri’ptioh of a defect
mode lying below the AFMR as predicted by Tonegawa.'55 An Ising calcula-
tion using the values in fable I gives a defect mode frequency of 48.8 cm_l
(neglecting nearest neighbor interactions), very close’ to thé observed
value. This lower mode differs from the correspo;ding 28.5 cm_1 mode

in (Co;Mn)F2 in that it is considerabiy narrower and stronger throughout
the impurify’éoncentration range..va there existsba-pair mode in (Fe,Mn)F2
which corresponds to the 32 cm—lvmode in»(Co,Mn)FZ, it shoﬁld leave an
Ising frequency of about 49 cm-l which is so closé'to the defeét mode

that it could not be'resolvéd clearly. This mode and the triplet mode
(Ising frequency ~ 49,2 cm-l) may account for the_bulée on the high
frequéncy side of the defect absorption in the 3% Mn'éample in Fig. 19.
There'is a broad absorption bet&een 78 and 80 cm—l in the 0.1% to 3% Mn
conéentration range which closely correqunds to the 79 cm.-l Ising calcula-
tion of thg neighbor mode frequency of Mn in Fer._

We find good qualitative agfeement between the measured far—infréred
modes in (Co,Mn)F2 and the q = 0 mode posi;ions calculated by Ecoriomou;53
except at small Mn concentrations where he has neglected multiple defect
modes and the splitting betweeﬁ thebAFMR and thé defect mode. o

Tablé IIT lists g comparison qf.peakvfrgquencies of.the (Co,Mn)F2
system at §arious concentrétioﬁs,of Mn taken from Fié. 16 compared with
CPA neutron data supplied:us.by W. J. L. Buyers. bIhe CPA data have been
multiplied by w té compensate for the difference beéween neﬁtron and
electfomagnetic absorption coefficients. The reséiutibnvof.the CPA cal-

culation is only’i 1.7 cm-l.
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TABLE III

Mole % Mn invCo'F2 | ’ CPA Peaks Far-iﬁ :.
3 | 28t 27t

42 cm_l » . f'; 40 cm—l

68 cm s 67 cu

5 25 cm—l | é6 cm-_-l

42 cm-l ' v N ; 41 em™ !

30 3 | 18 cmt | 17 emt
~50* . ' 18 cm-l v _ ‘:' 14 cm_l

95 S 8.7 ecm L 0t

The CPA shows excellent agreement with our experimental results, the CPA
values tending to be.slightly high. The only datum not within the CPA
resolution is a point in the heaviest alloying regioh;

* The far-IR sample'used contéined 55% Mn.
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Figure.20 shows plots of CPA data compared with the measured far-IR
absorﬁtion'goefficient for two different Mn concentrations in the (Co,Mn)F2
system. The agreement is-éeep to be quite good botﬁ.in reéonance position
and relétive strength for fhe lower Mn concentration. The 55% sample ab-

sorption, however, appears significantly lower in frequency and sharper

than the CPA predicts.
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Fig. 20. Co'mpa'riso'n of far-IR abso‘rpt:ion coefficients with CPA neutron absorption coefficients. ‘The
neutron data have been multiplied by w to compare to the far-IR data.
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C. Results for Non-Magnetic-Magnetic System

The frequency of the AFMR of MnF, as a function of Zn impurity

2
concentration is shown in Fig. 21. It is seen in these data that the
AFMR decreases linearly with increasing Zn concentration to zero at

~ 74% Zan. It is interesting to compare this result with the nuclear

: 56
. magnetic resonance results of Baker, et al.,”  who measured the tempera-

‘ture at which the Flo

NMR lines disappeared for different Zn concentrations
and found that this temperature went linearly to zero at = 757 Zn
concentration.

The CPA gives a reasonable fit to AFMR frequency iower Zn_éoncentraQ
tions, but seems to be too high for very impure samplés. The linewidths
of both CPA and neutron resulﬁs are several times larger than the far-IR

linewidths. This disagreement in linewidth may be attributed to the coarse

_(i 1.7 cm_l) resolution used in the CPA-calculation. .
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Fig. 21. vFrequency of AFMR in MnF2 as a function of Zn concentration.

Data have been ratioed to pure material frequencies for comparison.

Flags.indicate linewidths of our far-IR results. Of the dilute.'
samples,-the only peak shown is that of_the 4OZ.sémplej all other
peaksvweré.satgrated and their positions betwéeﬁ"the'flags afé
therefofe.ﬁot known. The peak of the singlé k = Q“neutron experi-
‘ment and two CPA calculated k = 0 peaks are indicated by ‘A and DN,
respectively; The neutron and CPA data were>oBtainéd from the work

of Buyeré.gg_gl.sz
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CHAPTER IV. IMPEDANCE MATCHING A SUPERCONDUCTING GALVANOMETER

A. introductibn and EXperimentaIVDetail

‘We ha?e developed a superconducting trénsforﬁér thch performed
exactly as'a simple theory predicted it'should and>which increased fhe.
noisé—limitedbrange of a standard supercondﬁcting éalvanqmefer (a SLﬁG
in this cése) by seven orders of magnitude. Thié_se?ies of.ekperiments
was carried out sb@e time ago and sdme of the devices aﬁd feéhniqueﬁ
used have been superceded by higher performance ﬁétho&s of oﬁération.57
Hdefer,.thevmain results of this work have not'bebﬁ reduced in importance
because they concern the bésicbproblem of imﬁedahte mat¢hing an electrical
circuit to a device with zero input resisténée;

The SLUG and its principies of operation have been thoroﬁghly
discussed elsewhere,57 so we shall discuss its operation only briefly.
The SLUG consists of a bead of solder frozen ontp a.?ieée of Nb wire.
whose insulation has been scraped away to form a bére, okidiied niobium
surface. The solder makes several mechanical éon£acts with~this_su;face.

At low temperatures these contacts form Josephson-type weak links or

-junctions, and a cuqrént passed through the junctiohs'will be a supercurrent

up to some critical value, at which boint a Qoltége_dévelops-across'the

junctions. Passing a second.curfent through the:niogium wire causeéﬂflux

to be applied to. the region between the junctions‘and'changes theiéritical

current.'-The change in critical current is periodic with a‘periOd of

one quantum of appiied flux. This appiied flux change corresponds to a

change in the niobium wire current of typically between 0.1 and a few'uA.
If the solder-Nb junctions are biased atvavCOnétént current'just

above the critical value, the voltage across the jﬁﬁctions will also be
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periodic in the Nb wire current.. With a sensitive voltmeter, changes of a

very small‘fraction of a period may be seen. We dbserved.thesebvoltagé

éLanges by means of a Kiethley dc milli-microvoltmeter. Current

resoluﬁion values of 5 X 10_8 A were-oBtained with a 0.2 seé time constant.
To fit the SLUGS to our transforﬁer design,:aﬁd to .reduce their

inductance,.we made some SLUGS in a hairpin configuration, shown in

Fig. 22, The inductance of a héirpin SLUG was estimated to be abouf

8

8 x 100" H from a time constant measurement of the SLUG in pafallel with

-9 {2 Cu resistor.

~ 10 _

Qur SLUGS were made in a bakelite jig which had an oblong, round-
bottomed depress#on aboutrl cm long, 0.5 cm wide, and 0.25 cm deep;v Four
terminal screﬁs were mounted around the depréssibn to make electrical
contact with each end of a Nb wire (75 u or 125 u:dia) and a manganin
wire.59 These wires were stretched across the depression at right angles
to each other and crossed above the depression (sge Fig. 23).

The Nb wire was‘inéulated_with a tough enamgl'of unknown compésition.
(Formvar did not have adequate resiétaﬁce to heat.) After:béth wires
were fastened in the jig, this insulation was scfaped;away with a razor
Blade for about 0.2 mm at some point between the'ménganin wire and the
énd of the depression. The manganin wire was tinned before being stretched
across the depression. Tin-lead rosin core solder was melted into the
depressioq until the bead surrounded both wires and covered the écraped.
area on the Nb Wife.. |

At this éoiﬁt,vif a ﬁaifpin SLUG was being made, the solder bead was

allowed to freeze. The end of the Nb wire which did not have the scrape,

and which had been made long for the purpose, Was»f¢1ded back across the

58
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Manganin or constantan
resistance wire

Solder bead -

-~ Insulated niobium wire

Scraped section

Niobium lead folded back
inside solder bead

- XBL7010-4049

Fig. 22. (a) Conventional SLUG, consisting of a bead ‘'of tin-lead solder on
a piece of niobium wire from which the insulation has been scraped over a
small section. (b) ""Hairpin' SLUG in which the niobium wire is folded back
on itself. This configuration has lower inductance than that of (a).




> Nb Wire
Monganin Wire
/ / — ——Scraped Area

Terminal Screw

Oblong
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j=— Bokelite

XBL73lI-663l

 Fig. 23. SLUG-making apparatus. Note: wires (not shown) were attached to other end of the terminal
screws so that four-terminal resistance measurements of the junctions formed con the scraped section

could be made.
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solder bead and covered with more solder. Care was taken to insure that
the Nb wire was not kinked in this folding process and thereby weakened
due to work-hardening of the Nb. After folding'aﬁd'covering-were coﬁ—
pletéd, both Nb 1eads emerged from the same end of the bead ;eparated
by about 1 or 2 mm.

"An oscillating current was applied across ﬁhe junctions using one

Nb lead and one manganin lead. The voltage was read across the other

leads and both were displayed on an oscilloscope. The solder was partially

- melted near where the Nb leads emerged, and the Nb leads were gently
tugged until a junction resistance of 0.4 Q to 2.0 (! was observed on the
scope. It Qés important that this resistance be maintained after the
solder cooled in order for the SLUG to have a good chance of working at
low temperatures.

SLUGS were usually tested in batches of 9 of which typically two'or
thrge_showed modulation and one or two worked well.-‘The only two batches
which did significantly better than this had 4 out of 9 and 5 out of 5
usable = SLUGS, the second batch being the only batch made from avépool

of 75 u Nb wire.

B. Noise Analysis Qf Simple Circuits Containing Superconducting Devices

It is possible to obtain a simple criterion for comparing superconduct-
ing signal detectors with more conventional detectors by considering the NEP of
the detecting circuitry. The NEP (noise equivalent power) is defined as the
. . } » .
input signal frequency .power required to produce an output signal equal in
magnitude to the amplifier noise at the output. The NEP is a function of
circuit design and operating conditions, and is often expressed as a function of.

signal frequency, source resistance, and source temperature. The simplest
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way of comparing twé devices is to compare theif NEP's under given operating
conditions‘in a circuit appropriate to each device. VWe shall call a deyite
"ideal" o;'”Johnson noise limited" if its amplifier NEP is less than the
Johnson noise in the source resistance.

Figure 24 shows a typical voltage measuring'éifcuit ﬁsing a SLUG. The
galvanometer (SLUG + room temperature ampiifier)‘has-an efféctive input
current. noise sbectrum.lé(f) which is a function of frequency. The galva-

nometer also has a response time g The gain of the galvanometer, G(f),
would typically be a function of the form A/1+12ﬂ(f—fo)TG. Here, A is
some amplification factor and fo is the signal frequency. RS is the source

resistance and L, is the inductance of the detecting circuit. A pfactical

S

~lower limit on LS for a SLUG is = 10“8H because of fhg neceésarily finite
length of the niobium leads. 71 '= LS/RS is just the méasuring circuit

response time.

In this discussion, we assume that our amplifier is a dc amplifier
measuring a dc signal. This is the situation corresponding to our
experimental setﬁp. However, a similar analysis copld be made. for
finite signal frequencies, resonant circuit téchniqueé;-and lock-in
-detection. We shall further aésume that Ié(f) is a conmstant, 412,
that is, we assume that the amplifier noise is white noise. Since the

signal power is dissipated in the source resiétance the dc NEP of the

above circuit is just

2 -2

[ee)
NEP = Rg Ié G(£ > df = R | 4L s df
> o lc(0) | 1+(2mf) "1
1.2 lez
I (41)

5 Tg. Re
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\/ T=Lg/R (I':ol(\;;mometer

0000009

Ls

XBL7010-4023A
Fig. 24, Voltage measuring circuit for a SLUG. The SLUG and accompanving
amplifying electronics are lumped together in the rectangle marked
"Galvanometer'. Rg is the source resistance, Lg is the inductance in the
measuring c1rcuit (taken to be as small as possible, and usually limited to
> 107 -8y by the length of the Nb SLUG leads), T = LS/RS is .the measuring

circuit response time, and IGZ(f) is the output noise power sp sectrum referred
to the current input of the SLUG (f is freqguency.)
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- . The Johnson noise power must similarly be referred to the input:

“f 4 1 KT
N, = 4kT [ =
T 0 \1+(27rf)2T2 l+(2Trf)2TG2 . g

\

(42)

where T is thesource temperature. In any experimental circumstance it
is desilrable to minimize the total noise (NJ + NEP) for a given system

response time T+T This condition requires that T = T.. Under this

G. G

condition we find that the SLUG is ideal when

2
R.I _ _ .
—§——-< LA 2R 12 < kT. _ (43)

T 2T S

Figure 25 shows the 'ideal" region for a SLUG.

| It‘is én interesting consequence of our assump;idn of white amplifier
noise that there is no temperature below which a SLUC cannot see Johnson -
noise in some small resistor. However, in feai ampiifiers the 1/f
component of iGZ(f) will effeétively limit Tg to soﬁevfinite value

TG(max) and ;héreby place an effective lower bound té the temperatures

for which the SLUG can be "ideal." This lower bound 1is called the noise

temperature and is given by

2
LSI

kTG(max)

T, =

G (44)

Since we had no time constant adjustment on our room temperature voltmeter,

~ 0.2 sec. The minimum detectable current
i : S —_

or galvanometer sensitivity under these conditions was IG = /iZ/TG =

we had a practical limit of Ta

"5 ><.10‘_8 A as mentioned before.
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fig. 25. TIdeal operating region for a SLﬁG. For sources with
temperatures and reSietances in the shaded::egion, the SLUG‘can
see Johnson noise.in the souree resistance. The dotted vertical
line represehts a measuring time constant f ef.l sec (a total
time constant of 2 sec), which is arbitrarilyitaken to be é

practical limit on signal measurements. TFor all sources to the

left of this line, it would take longer thah i»sec to seevJthson

noise.
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For a SLUG with our instrumentation TG was about 1.8K. The critical
resistaﬁce below which the bolometer is ideal at_4.2K is about 10—8‘9,
as seen frém Fig. 25;

fhere are applications in which one would,liké"to-use an ideal'yolt—
meter &itﬁ low-temperature fesistanceé appreciébly above 10—8 {2, but
below the vélues where a conventional (nonsuper;ondﬁcting) voltmeter is
applicable. One possible way of achieving this end is to increase the

' ' . 57
galvanometer sensitivity I There are certainly Josephson devices

G
with resolutions df lOT_8 A or better which arevmore-sensitive than the

SLUG. However, a method of improving the current sensitivity of any

given superconducting galvanometer'is to use an impedance-matching
superconducting transformgr, which may be used at zero frequency. .The
vgalvanometer is mounted in a superconducting 1oo§ so tha; a magnetic
field applied to the loop éenerates'a‘circulating‘currént which is
measured by the'galvanometer. This loop forms the ;econdary of the
transformer. .If the field is generated by an ideally coupled primafy
coil of N turns, the current gain of the transformer Qill be N. 1In
practice, the coupling will be iess than perfect an& the current gain
less than N. A further effect of the coﬁpling is to reduce the effective
primary inductance. Elementary transformer fheory:shdws that coupling;;
a resistanceless secondary to a primary inductancé:L lowers the effective
inductance of the primary to Lp(l —kz); where k is_the coupling éonstant.
This decrease in inductance ariées from the flux céncéilation of the
secondary screening:cdfreﬁxs; A coil has self-indpéfance because it is
linked by magnetic flgx propor;ional»to the current”fiowing through it.
A superconducting secdndary loop placed-in tﬁis fluxﬂgenerates'a sﬁper—

current which excludes flux from its interiof. The field of this screehing




current cancels a fraction k2 of the flux linking the primary and thereby

reduces its self-inductance by an amount ka .
In the case of an ideal transformer (k = 1), the current sensitivity

referred to the primary will be Ip = IG/N and there will be no contributions

to the inductance of the primary circuit from thg primary coil. If we

: g ’ _ 2 .
assume the galvanometer inductance to be Ls’ gn 1ndgctance L =N LS will

be reflected into the primafy. However, the noise temperature
k_lLlﬁ = k_lLSIé is the same as for the galvanometer alone. If we
repiace IG by IG/N in Eq. (5), we see ﬁhat the crifical résistance
in.the primary circuit of ﬁhe transformer-galvanometer combination
increases as N2. In principle‘then, the resiétance.range of a sﬁper—'
conducting.gaivanometer may be increased indefinitel&Iby means of an
ideally coupled transformer. in practice, of course, the éoupling is
not ideal and the range may be extended only by a finite amount. The

following sections deal with the theory, design, and construction of a

superconducting transformer.
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M, AL

XBL?OIO 4022

Fig. 26. Scaematic of superconductlng transformer.. The primary contains

N turns of inductance L The secondary has an 1ndgctance L. partly coupled
to the Drimary and an 1nductance Ly completely uncoupled from the primary.

M is the mutual inductance between L, and L. and the. permeability of the core.

The critical current of the SLUG is measured by means of the leads (i) and (v).

A current Iy biases the SLUG on the steepest part of an oscillation,

i
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C. Theory of the Transformer

The main objective qf our transformer design is to make the coupliﬁg
between pfimary and secondary as high as possible_in order to maximize
fﬁe current géin and at the same time minimize the primary inductance.

We now expio?e this problem in some detail. | '

In practice, the greatest problem in obtaining ideal coupling is

the presence of the irregularly shaped SLUG in the secoﬁdary. We assume

that the stray inductance L associated with the SLUG is completely

U
uncoupled from the primary. The remaining inductanf:.e,LC in the secondary'
loop may be at least partially coupled to the primary. We assume that
the transformer contains a p-metal core to increase this coupling. We
introduce the folloWing parameters for thé primary.and secondary

(see Fig. 26): N = number of primary furns; Ip T primary current;

Lp é primary inductance; @p = LpIp/N'= flux linkipg\primary in the ideal
situation where all the flux generated by Ip passesﬂtbrough all N turns;
I :E secopdary current; LC = portion of'secondaryiinduétance Vhich may

S

be partially coupled to primary; L = uncoupled portion of secondary

U

inductance. (described above); and ¢C = LcIs'
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The following parameters depend on the géometty of the primary and
and secondary taken together: M = mutual inductance of Lp and LC'

b
I MI =k = ortion of linking L in the absence of screenin
L p - Kpe¥p =P -9, gL, , , g
s < . = = = {
currents in the secondary (kpc < 1) ¢Cp z (M/N)IS = kcp¢c port;on_ofv
¢C linking LP in the absence of screening currents'in.the primary

cp

(k. < 1); u = factor.by_which flux.linking LC ié amplifieq b§ the
u-metal cére. | |

We note fhgt kpC and kcp needvqot be.equal if»ﬁhe geometfies of
the primary and secondary are different. For‘example;-if a single-turn
sécbndary of fixed radius were coaxial at the midpoint of a long solenoid
of N turns:énd the same radius, virtually all of the flux‘generated'by
a current in the solenoid would pass through the secondary (kpC = 1).
On the other hand, most of the flux generated by'é current in the
secéndary woﬁld link only a few ﬁurnsAof the solénéidéo (k< 1). Also,

cp

note that a relationship'eKists'between kpc and kcb,_namely,

kchp/N =M= kcpNLc" . ) | (45)

The basic qpantities of interest in,transformer,design are the amﬁlificatiOnu
as iAo )

and the effective primary inductance LE. The effective primary inductance

is proportional to the total flux ¢T which links the primary. There are

e
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two contributions to ¢T. The first is the flux"‘d)p generated by Ip and
the second is the flux generated by the response of the superconducting
Secondary and_the core. Let us consider first the situation in which

LU = 0. In this case, screening currents in LC prohibit flux from linking

the secondary or core. The effect of this screening is to contribute
. B ,
to ¢T an amount —kcp¢pc = —kcpkpc¢p'

The -effective inductance is therefore Lp(l -kcpkpc)' On the other

ﬁand, if LU.is non-zero, some flux is able to link LC and the core.

However, the total flux in the secondary remains zero because the flux
linking Lc is exactly cancelled by that linking LU.' 
.'The quantity of flux ¢ which now links Lé and thefefore partially

links the primary may be found by solving

.¢ = u(q)pc + LcIs) _ . (47).
and
0=1L,I_+ 0 S (48)
to obtain
¢ = ud)chU/(uLc + LU). N (49)

The effective inductance L_ is given by

E
: LE = (N/Ip)[¢p(l _'kpckép) + kcp¢]

- - | ' . 50
Lp[(] kpckcp) + kpckcpuLU/(uLC_+ LU)] (50)
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We determine the amplification A from Eqs{'(45)—(48){?

I uk L HL k N .
S pc p_ _ c cp - 51)

A= |==|= . = .
+
I NQUL +Ly)) WL+l

’

LE may be written in terms of the independent paramters A, Lc’ LU’ U, k

cp
and k in the form
‘ pc U
L. 2 o L.
_ 2 U 1 2. . U
LE = LCA (1+ L ) ( ) + A LU(1+ ai—ﬁ. (52)
¢ ¢p pc c
Equation (52) expresses the result that for a giveﬁ value of A, the
lowest value of LE is achieved byvmaking_LU as small as possible and
the coupling coefficients as near to unity as possible.
In the limit LU < uLC, the current amplification becomes
A= Nkcpf - _ s o (53?
In this limit, the effective inductance may be written from Eqs. (45),
(50), and (53)
L =L (1-k k )+AL. = ey
E P pc cp U

If L > L
c

U;'this result follows even for u =1 and there is little to be

gained by using ahigh-permeability core. However,. i‘_fALC and L, are .
comparable, there is a distinct advantage to using a core.
We may summarize our conclusions by saying that for a given value

of gain, the transformer should be designedvto havé“the lowest value of
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primary inductance Lp’ the lowest value of stray inductance LU from
the galvanometer, and the best possible coupling between primary and

secondary. If the inductances L and LC are comparéble, there is a

u
considerable advantage to using a high-permeability core; if LC > LU’

there is little advantage.

D. Practical Transformers

1. Transformer Design and Construction

Our basic deéign philosophy was to wind the pfiméry as a long
siﬂgle—léyer solenoid which, for given radius and.number of turns, has
a much ldWef'inductance Lp thap a short multilayer coil. In order té
achieve good coupling to the primary, the secondary must be correspondingly
long. A typical transformer design is illustrated in Fig. 27. The pri-
mary coil was typically several hundred turns ova;OOS cm-diameter insulated
niobium wire. It was‘wouna on a Teflon rod 1 cm diameter and 11 cm long,
protected with a layer of varnish, and covered with a layer of masking
tape. The secondary consisted of a rectangular shéet of lead of 0.016 cm
thickness Qrapped around the primary with about 1 cm pverlap. A strip
of masking tape bet&een the overlapping edges of the leéd cylinder
prevented their shorting together. Two tabs 6 mm wide were raised from
the lead sheet, separated from each other by a thin layer of tape. The two
‘niobium leads of a hairpin SLUG were Sgldéred one to each tab with a low-
melting—-point solder which made mechanical joints to the niobium rather than
alloying with it. Thus the solder and niobium were separated by a super-
conductiﬁg weak link. In practice, these joints were capable of carrying

supercurrents of at least several tens of mA. The niobium wires of the SLUG
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Fig. 27. Sketch of practical superconducting transformer and SLUG. 1 is the p-metal core, 2 is the
Teflon former, 3 is the masking tape insulation between primary and s

econdary, 4 is the lead tape
- secondary, 5 is the masking tape insulation between cverlapped portions of secondary,

6 is the primary
windings, 7 is the masking tape insulation bet:

Jeen tabs, 8 is the lead tab cutout of secondary, 9 is
the solder joining lead and indium tabs, 10 is the indium tab, 11 is the solder joining SLUG lead to
tab, 12 is the superconducting S

LUG leads (niobium), 13 is the SLUG galvanometer, and 14 is the constan-
tan leads to SLUG. =~ : . ’ ' '
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were made as short as possible to minimize the stray inductance LU' The
uncovered length of the niobium wires between the tabs and the SLUG was

1-2 mm and their sepération on the same order.

‘In a slightly different design, the primary wés wound over the
secondar&.‘ The performance of the two typés was similar. In a further
configuration, the primary was wound as a multilayef goil about 4 mm
long. LaQtly; a transformer was constructed in which the edges of the
lead cylindér were noﬁ overlapped but separated by a gap of about 1 mm.

A permeéble core consisting of 0.l-mm - y-metal rolled into a rod
could be inserted into a 7.5-mm diameter hole inlthe.Teflon former. The
effective pérﬁéability of this core, that is, the féétor by which the
inductance of the primary (in th? absence of the secondary) was increased,
was about 15.

2. Measurement of Transformer Characteristics

The two important parametérs of the transformer are its current gain
and the effective inductance of the primary.

In principle, the measurement of the current gain is straightfofward.
A small current Ip is introduced into the primary and a corresponding cur-
rent IS fed into the niobium wire of the SLUG so aS,tO exactly cancel the
the effect of Ip' The ratio IS/Ip represents the émplification; In
practice, the current IS must be introduced at the tabs of the secondary
so that the applied.current divides, a fraction uLC/(uLC + LU)‘actually
flowing thro@gh.the SLUG. Thévmeasured current amplification is there- |
fore.bigher than the true amplification. This difficulty was overcome
by replacing the lead tabs on the lead cylinder with indium tabs.61 The

true period of the SLUG was determined with the tabs in the normal state.
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The temperature was lowered so that the tabs became éuperconductiﬁg and
the apparent period determined. This technique enabled the true gain
of the fransfbrmer'to be determined. In addition, the uncoupled induc-

tance KU could be estimated from the relation
P./P, = (1 +L_/uL )’1 : f‘/ (55)
N S U c ’ h v .

where PN and PS are the measured periods of the SLUG with the indium tabs
in the normal and superconducting states, respectively.
- The effective inductancé of the primary was measured by éonnecting

/

it in parallel with a known resistance R, chosen éo that'thé.primary time’
constant T = LE/R was several sec. A'currént was switched'into the |
resistance. As this current flowed into the primary, the critical éurrent
of the SLUG.Oscillated with a frequency which decayed exponentially with
. time. This exponential.decay enabled us to estimate T and hence LE.
Finally, we measured kpckcp by winding a SOO-turh‘superconductingv
coil on a hollow lead éyiinder whose oVerlapping edges were soldered
together. From the measufed effective inductance'bfjthe primary, we

deduced a value for k k of 0.94.
pc cp

3. Performance of Transformers

v

The specification andfperformance of four transformers are summarized
in Table IV... The values of the primary inductance Lp were calculated
rather than measured. The noise temperature for the transformer-SLUG

combination is k—lLE(IG/A)z, where L_ is the effective primary inductance.

E

and IG/A is the current resolution in the primary circuit.

It is clear that transformer 1 had the highest perfdrmance. Removal
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TABLE IV. Specification and performance of superconducting trans-

formers. The values of the noise temperature T

-1 2 |
=k LE(IG/A) are based

G
on a value of IG =5 X 10—8 A:
Type Number of Gain LE Lp TG'
‘ turns () (wH) (mH) (K)
1. Monolayer primary, about 10 cm 1000 565 4 0.8 2.3
long, and 1 cm diameﬁer, secon-
dary 0n top of primary. Core.
with effective U = 15.
2. As 1, but with no core. : 1000 100 0.5 0.8 9.1
3. Monolayer primary, about 5 cm | 500 55 0.6 0.6 36
long, 1.4 cm diameter, primary
on top of secondary. Edges of
lead cylinder not overlapped.
No core.
4., Short multilayer coil, about 1000 385 11 30 13.4

4 mm long, wound on top of
secondary ‘on 2-cm diameter

former. No core.
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i

of the p-metal core, as in transformer 2, multiplied . .the noise temperature
by abéut 4. Failure to overlap the edges of thg iead qylinder, as ip_
transformer 3, increased the noise temperature by a further.factor;of 4o
Transformer 4, with a short'multilayer.primary and ﬁo core, had a noise
.temperature about 507% higher than transformer 2;

It is'apparent that only transformer 1 had -an ideal_performance in

.

the.He4 range. However, it is important ﬁo realizé that the ﬁse'of a
more sensitive.Josephson device would imprové.the.noise ﬁemperatures'
appreciably. For ekample, if we substitﬁted a SLUG with a current
resolution oflO“8 A, the noisevtemperatures would bé reduced by a faCtor
of 25 and they would all be comfortably in the Hé4vrapge.b |
4. DiscuSsion

We now examine ghe parameters of traﬁsformer i.in relation to the
theory developed earlier. We first estimate.thevstray inductance L

U

aésociated with the SLUG and its wiring to the transformer. We assume

the following values for the various parameters: N = 1000, LC = 8 X 10_10 H

E
0.94 (measdred), and A = 565 (measured). We further

(calculated), ¢ = 15 (measured), Lp = 0.8 mH'(caldula;ed), L. = 4 mH

(measured), kpckcp

assume kpc = kcp'» From Eq. (51), we find LU z_S'pH; from Eq. (52), 8 nH;

and from Eq. (55), 9 nH. These values are consisteﬁt_with each other'.

and with the inductance of a SLUG and its wiring measured independently.

We conclude that there ig little fluk leakage from the split cylindef'

forming the secondary. Flux leakage along the slit would have lowered

1

|- . ’
the values of__kpc and kcp and led to' a high apparent value of LU as

estimated using k_ k = 0.94, '
v pc ¢cp ; y
It 3ppears that “Lc‘: 1.5 LU for transformer 1. Consequently, a



core of highér permeability céuld have been used with advantage.
Equation (54) is not a very good approximation for the effective primary
inductance. With a higher permeabilify core, the sécond term on the
right-hand_side of Eq. (54)_wbuld have dominated the first and the
equation reduced to LE‘= AZLU. Under these circumétanées, the noise
temperature:of the tr;nsformer—SLUG combination would have begn the
Same as that of the SLUG along; in fact it was about 25% higher.

The effect of the transformer on the ideality bf-the SLUG is

easily seen by modifying Eq. (53) to include the transformer

I2

2 R, —§-<_kT. . (56)
N
Figure 28 shows the increased ideal range of our practical transformer

device. . The device is compared with a top-of-the-line FET preamp.
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" transformer (indicated by cross hatching).
the ideal region for a Princeton Applied Research Corp. Model 185 FET pre—w
‘amp operating at its optimal frequency. .
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Fig. 28. Increase in ideal range of SLUG due to practibal superconducting

The parabolic shaded region is
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APPENDIX -

Two experimenfs héve been carried out since this work was completed
which have important bearing on the identification of the 8.3 cm_l mode
as a surface magnoﬂ. Both experiments have been done bbeob Bailey using the-
equipment deécribed in Chapter I, >The first experimént
was the measurement of the spectrum of a very fine grind powdef with mean
particle diameter of = 1u and SVR about ﬁwenty timeé.greatér than the
finest grind herein reported. The results showed that‘the éero field

mode strengths fits a dependence of (SVR)O'22

rather than (SV‘R)O'5 as
expected for a surface mode. Even more imqutant,»the absérption coef-
ficient plot of the field on/field off ratios show that the unsaturated
mode intenéity is essentially the same as that giveﬁ in the finest
grind powder reported above. Thus ;he mode strength éppeafs to have
increased little if at all in the extra fine grind.
The second experimeng'is a microwave run taken on a ~'5 mil (01ll1) -
surface single crystal. In some runs two modes we;é seen in close to the
same position as those seen on the 111 face. In theéé runs the AFMR was seen.
The 011 modes were broader and not as deep as the lil mbde. Subsequently,
thesg modes were seen in some runs méde with‘no MnF2 saﬁple in the wave-

guide. It is assumed therefore that these two resonances are due to para-

magnetic contaminants which were inadvertantly admitted into the waveguide.
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61. 1% Bi was added to the In to increase the normal-state tesistance

of the tabs. The time constant of the secondary circuit was then

vt

anveniently short.
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