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ABSTRACT

The MOssbauer effect of Fe57 in the metalloprotein Ferrichrome A (FA)
has been investigated at temperatures between 0.98 and BOOOK;'in some cases
the absorber was placed in an external field of 18 kOe, oriented perpendicular /
to the propagation direction. The polycrystalline paramagnetic sample exhibited
temperature-, field- and concentration-dependent magnetic hyperfine structure.
At O.98OK in zero field, a ﬁell resolved six-line spectrum was observed. As the
teméerature was raised, the'pattern coalesced until at jOOOK only a single broad
non-Lorentzian line was visible. The effect of an applied field was, at all"
temperatures; to noticeably sharpen the hfs pattern; and at YYOK or below eight
lines were easily resolved. | |

Changes of the spectra with temperature and field are attributed to -
electronié relaxation; and a simple model is used to calculate relaxation spectra.

The model employs the modified Bloch equations as rate equations to describe

fluctuations of an effective hyperfine field. The iron-iron separation
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was increased by dilution of some of the samples in ethyl alecohol. As is well

known from ESR work, spin-spin interactions decrease on dilution: a sharpening

of the spectrum resulted. The importance of using solutions in studying MSssbauer

spectra of biologically interesting Fe5+ compounds is demonstrated.

Some of the consequences of paramagnetic hyperfine interactions for
Mﬁssbaugr spectroscopy are discussed. Differences between the effective hyper-
fine field and the interaction AT-§ are noted, as are certain analogies between
MOssbauer and optical spectroscopy, under the AT-§ interaction. From previous
ESR work the electronic spin Hamiltonian for FA was found to be of the form
D[Si—l/3 S(s+1)] + E{S§-8§1' Rather complex hyperfine spectra are prediétéd
for Fe5+iwith this spin Hamiltonian, and representative speétra are illustrated.
It is shown that these spectra, expected in the absence of spin-spin interaction,
would be sufficient to determine the ratio, E/D, of the spin Hamiltonian param-

eters; this illustrates the complementary nature of ESR and MUssbauer spectra

of the same system.
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I. INTRODUCTION

The application of many physical techniques to biological problems has
been increasingly fruitful in recent years. Magnetic resonance methods have
enjoyed wide épplication, while the MSssbauer effect (ME) has only recently
begun to be employed in the study of biological ‘systems.l_5 A characteristic
of magnetic resonance phenomena is their sensitivity to time-dependent pfocesses
affecting the fields responsible for the resonance conditions. Such effects |
are of course also present in ME experiments, although they have not been ob-
served frequently.u_6 In this paper we report the MUssbauer spectra of ferri-
chrome A (FA), which exhibits magnetic hyperfine structure in the paramagnetic
state. Under a number of circumstances it is possible to observe the effects
on these MOssbauer spectra of changes in the fluctuation raﬁes among the elec--
tronic levels responsible for the magnetic hyperfine interaction.

Hyperfine interactions occur in three electronic crystal—field states

+
of the Fe5

ion. These states, arising from the Fe5+ ground level 685/2,vwere
characterized in previous ESR work. They are spaced by about one degree K.7
It is convenient to lowe? the sample temperature so that only the lowest elec-
tronic doublet is appreciably populated, and is thereby mainly responsible for
"the observed hyperfine étructure discussed in Sec. IIT. This spectrum is, as
shown in Sec. IV, very sensitive to the crystal-field parameter ratio E/D; The
pafameters D and E could in priﬁciple be derived from a high resolution spectrum
if dipolar or exchange interactions were absent.

The conditions under which the "hyperfine field" approximation may be
applied to paramagnetic samples are also discussed in Sec. IV. One result is

that for paramagnetic samples with long electronic relaxation times, crystal-

field effects may often render inappropriate the interpretation of Mbssbauerv
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;spectra in terms of an effectivé magnetic field plus quadrupole interaction.
- These ideas are then applied in Sec. V. to the low-temperature FA spectré.'
Temperature-dependent features of the spectra are attributed to elec-
tronic relaxation, which is discussed in Sec. VI. A simple model, based on
the modified Bloch equations, is used to calculate theoretical épectra that

compare well with experiment and provide an estimate of the relaxation time.

II. EXPERIMENTAL PROCEDURES

The structural formula of ferrichrome A appears in Fig. 1. It was
first isolated and characﬁerized by Neilands and Emory.8 We are indebted to
Prof. J. B. Neilands of the Biochemistry Department of the Uﬁiversity ovaali—
fornia at Berkeley for bringing these compounds to our attention. Thé isola-
tion and purification of the méterials were performed in Prof. Neilands'
laboratory by the methods described in Ref. 9. Iron, enriched to 90% Fe§7,
" was incorporated into the molecules by Dr. R. A. J. Warren. The Mbésbauer
spectra were obtained with a conventional velocity-scanning spectrometer, in
conjunction with a multichannel analyzer operating in the multiscalar mode.
The room temperature source consisted of 10 millicuries of Co57 diffused into
‘metallic Pd. The width of the resonance observed with this source'égéinst an
absorber ovaauFe(CN)6 was 0.25 mm/sec.

The FA spectra were measﬁred at several temperatures from l.OOK to
BOOOK in zero field and in a transverse magnetic field Qf 18 kOe. A commercial

helium dewar was modified to permit direct immersion of the sample into the

e . \ o ; ‘
1iquid He bath for measurements in the temperature repion from 4.2°K to l.OOK.
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This was accomplished by replacing the usual cylindrical He tail section with

a rectangular pipe madevfrém §/ﬁ'x 3/8 inch wayeguide{ Holes were bored into
the broad walls of the fubing and covered with pieces éf 0.010 inch mylar which
were bonded to the brass tubing by epoxy resin. The mylar sections were leak-
tight against He(II) and provided a relatively transparent material for the
lﬂ—keV gamma rays. As the sampie was completely contained in the liguia He its

temperature was known with high accuracy from vapor pressure thermometry. We

‘have found this procedure far more satisfactory than conduction éooling.

For temperatures intermediate between h.2OK and 77OK we employéd the

technique of blbwing cold He gas over the sample: A resistance thermometer,

calibrated at several fixed temperatures, formed one arm of a Wheatstone bridge

whose output, after suitéble power amplification, was applied to a heater re- -

sistor immersed in the He storage dewar. The end of the He transfer tube
within the storage dewar permitted only the He gas to be transferred to the

sample dewar. Each desired operating temperature was éelected by sulitable -

._choice of the bridge resistance. The system operated as a simple servomech-

anism, power being supplied to the heater resistor in just the correct amount
to maintain. the sensing resistor at the selected value. At temperatures above

104120K relatively modest quantities of liquid He were consumed; for lower‘

f*températures the demand increased rapidly. The témperature accuracyfaboVe

4.2 was *2° while the teﬁperature stability was éomewhat better. .A trans_
verse magnetic field was“prdvided by a 12" eleégromagnet! |

The Mﬁssbauer‘spectfometer was of the coﬁventibhal linear %eiocity‘
type employing a Mooechénnel analyzer} A tuning-fork oscillator oﬁerating at
5.0 Ke/s provided the ”address ddvance' pulses for mpltiscaler_opération. Theée

pulses, scaled by a factor of four hundred, provided the pulses which initiated
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each‘sweep of the mﬁltiScalef ahd.éet a flip-flop to one of its two states.
Another pulée, scaled by 200 fromvthe clock, set the flip-flop to its other
1state. The flip-flop output,‘é symmetric sqnare'wave, was then integrated to
provide the reference triangﬁlar Wéve form for the velocity sweep and was ac-
curately cohereﬁf With the address numbers. A Sanborn LV-Syn linear veloéiﬁy'
fransducer, mechénically cdupled to the diaphragm of the loud-speaker drivé 
ﬁoto: provided,tﬁe input signal for the requisite'feedback to assure highly,v
iinear.vélocity sweeps. Whilé'the lattér feature is esthetically pleaéing if
was not required for reasons discussed below.' -

The velocity traﬁsducér was calibrated absolﬁtely_by:én intefferometrid
meﬁhpd as fdlloﬁsv A Miqhelsdnvinterfefometer was forméd with a fixed ﬁirror
rigidly attached td'the BeamAsplittef and the sécqnd.mirrOr rigidly attached to-
‘the‘sample ﬁolder mounted on the loudspeaker.‘ By caréful adjustment'ofAthe
angle between the two mirrors an interferenceféaﬁfern was fprmed and,illuminéted
a photquetector. It is eés& to show thét the réte at which fringes aré‘férﬁed
K and iost,vor the.fregueﬁcy at which fringes pass a fixed position,.is equal to
'5fwice.the velocity of the mirror_divided by the'waQelength of light. Fof_the ‘
“éoﬁrcé of iliumination we empldyed a ‘small He:Néfggs lééer;, With ghis ligﬁt
‘séufce (the operating Wayelength'is 6328 K), a velocity éf one.cm/géc prodﬁcés
é.Dopplef frequeﬁgy of 51.6655 Kc/s. The photo'deﬁectég QéS'a-Téxas'Ihétru-
mént$;LS—6OO phototransistorf ‘The signals emanating from;thé phototransistor
!weré.suitably shaﬁed_and*passéd to ﬁhe multiscaler. With the timingvénd velocity
sérvomechaniéﬁ.operating.norméllyi pulsesvfrqm the interferometer were'ébllectéd.
in the.multiscaler meméry fof a heasured.periodfof:timég The reSultaht_ane-

form collected in the analyzer was a rectified triangular wave; the interferometer

.
s
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‘"cannotvdistinguish'posiﬁive—and~negative—veiOCitieST*~The*number of pulses in

each channel, suitably corrected fof'analyzer dead-time, therefore corresponded
to a particular easily.calculable;velocity.

For célibrafing the eléctromagnetic velocity transducers it is conven-
ient.ﬁé“convert their output vbltage into a proportional pulse/féte with a

voltage-to-frequency converter and apply these pulses to the multichannel scaler.

' These voltage—to—frequency converters are highly linear, accurately calibrated

in output pulse rate versus input voltage, and are stable; they may be designed
to operate with either a ‘zero output frequency or a biased output frequency for
zero - input voltage. Two runs of'equal time; one of the interferometer and one

with the v-f converter provide all the data necessary for calibrating the trans-

'ducer}rit is necesséry only to determine the ratio of counts, on a channel-by-
‘channel basis and apply .the requisite conversion factors. A simple éomputer

‘program plots the interferometer data versus the v-f data and computes the

transdicer calibration in (cm/sec)/volt. We have compared calibrations arrived

at in this manner for at least six LVSyns with the more conventional method of

“employing the MOssbauer spectrum of metallic iron and find good agreement.with

. the spacinglbetween'the outermost lines in the spectrum of Fe metal_giVen by

Hanna, et.al.,lo ie., 1.061 cm/sec. Our value is 1.065'cm./sec_.ll

.. An experiment coﬁsists of the actual MOssbauer rﬁh, after which the

‘data are punched out on paper tape,. followed by a v-f run with the velocity

spectrometer operating. Finally the velocity is set to zero aﬁd the zero-

‘voltage v-f ffeQuencylié-accumulétedvfor_exactly the same lengthbdfiﬁimé as

the v-f run. This last run serves to identify accurately the channel corre-

sponding to zero velocity and as a normalizing run for the v-f run. A com-

puter program also analyzes the velocity waveform, accumulated with the v-f
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converter, fits the-resgitiﬁg'cgrvé with a polynomial éf arbitrary degree and,> 
using the calibration value for the'velocity transducer, converts tbe channel _ J .
numbers to velocities on an absolute scale. .

We are indebted to Mr. Ronald Zane,lwho'developedithe spectrometer.
Detailed'techhical descrip£i0ns of this apparatus and the interferqmétric.éali—

bration procedure will appear elsewhere.

" ITI. EXPERIMENTAL RESULTS

-, The velocity spectra obtained with ferrichrdme A in zero éxternal‘field
'aréISﬁown in Fig; 2. He;e pésitive velocity corréspondé to‘absofbermetion'
'tOWard the source; At-féom.températﬁre; a'éiﬁgle bréad,line df half-width 
r = 0.30 * Q.02 cm/éec was observed. Although this width prevgnts obserfation-
of quadrupole splitting, an isomer shift of 0.02 om/sec was &eferminéd; this
shifgvis characteristic ovaeB+ and 1is consisﬁent with chemical évidende and
electron spin resonance data. As the temperature-was lowered, a contihuéqs
:changé‘in the Spectfa occurréd;-and.at the lowest temperaﬁure ﬁhé pattern
'consisted ofréix~broad-hyperfine lines. ”

To demonstrate that the samples were not magnetically ordered ahd;did_

i

: _nét céﬂﬁainvsizable-quantities of magnetic impuriﬁies WE“performed'thfeéiinde—v’
pendent éxperimentsiwhich showed the samples to be parémagnetic dOWn at leaét.v
‘to 1oK.“Ele§tron Spiﬁ resonance‘experiments at é Gc were perfdrmed éver the .
:‘tempefapure5fange from 300°K dowmn to 1%K. Thefspectfé were at all temperatures
characteristic of‘F¢§+ and-éxhibited'neithef én unusval signal infénsity nor any L

change -of line positions which would be expected t0 occur upon magnetic ordering.
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The bulk magnetic suéceptibility of a crude sample of FA was measured -

: _ o .
as a function of temperature from 4.2°K down to 1.0°K and was found to obey a

Curie's Law over this region. - The mutual inductance bridge used for this meas-

urement forms the magnetic thérmometer for the nuclear alignment experiments

performed in this laboratory and since it was a simple matter to do- adiabatic

demagnetization such an expériment was performed on a sample of Ferrichrome A.

‘This experiment was modestly'successful; the lowest magnetic temperature‘achieVéd

was about O.lOK._ This implies that the FA is paramagnetic even well below 1%.
Low-temperature experiments were also performed with an external field ..

of 18 kOe transverse to the y-ray direction. The results of the measurements.

are shown in Fig. 3. Because the sample was polycrystalline the'actual'absorpé

tion is - an enVelQpe of many resonances. The problem here is similar to the

case of line shapes in the ESR of polycrystalline-samples.. We have,‘however;

“made the assumption that at 18 kOe the absorber is well polarized (this means

that the nuclear-spin Hamiltonian is essentially diagonalized: see Sec. Iv)

‘and have fitted the data with sets of Lorentz curves. The procedure employed

a_program-written by L. D. Wiléon. The conclusions drawn from this approxima-
tion are suggestive rather than rigorous. |

The qualitative features of the data.show‘that at T ~ loK a very well
resolved pattern is'found. As the temperature is raiSed, twﬁvéffec£s bégome |

pronounced."First,-a noticeable broadening ofvthé resolved lihés occurs.

' Second, the resonant intensity in the central part of the sPeCtrum increases

markedly. We shall show in later Sections that the former effect is charac-‘
teristic of relaxatilon process, while the latﬁer'indlcates the thermal population

of the excited Kramers' doublets of the ion.
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Finally, we show in_Fig:‘ﬁ that ﬁhe resoiution of the }bw_temperature
spectrum may be sharpened cOnéiderébly upon physical separation of the mole-
cules by dilution in alcohol, énd freezing of thé solution into a glass.  Dilu-
‘tion effects have also been dbserved in iron-doped corundum and in certain

I
13,1 The effect here of course is tc reduce

-glasses and inorganic compéunds.
sbin~spin interaction and increase electronic relaxation times.
| The line positions observed both in zero field and in the presence of

‘”an external magnetic field (where they are‘well—resolved) are given in Table I.
While one would ndrmally-interpret this spectrum in terms of "hyperfine mag-
netic_fieidﬁ and guadrupole coupling parametefs if the samplé were in an ordered

o Co _ . ! : : [ _
vstate;‘such a;procedure is often inapplicable-to.g paramagﬁetic substance. We

therefore discuss the MdssbaUer effect in paramagnets in the nextrsection before

' applying the résults to the present experiments. |

IV. HYPERFINE FIELDS AND MUSSBAUER SPECTRA

A. The Spin Hamilfoniah

The FA spectra feported above are quite similar; at the lowest témbera;:
turés, to the érdiﬁary 6-1ine spéctrum.that F¢57'exhibits'in mény ordered sjs-'
tems. In these'systems a simplifiéd nuclear spin:Hamithnianbdeséribes~the
level sequence iﬁ,the presen@e of an ”effeCtiVe:hyﬁerfine,figld”, Heff' In a
' paramagneﬁ; however, no simple analogué of Heff'peéd-exiét and we must in$t¢adf

Vemploy a more geﬁeral Hamilﬁohian which also includes electron.sﬁin oﬁéfatérs.

It is appropriate to use the well-known "spin Hamiltonian" technique of ESR,

and we discuss below its application to MSssbauer Spectroscopy.
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. iz
A common spin Hamiltonian for a high spin Fe 5 ion in low symmetry is

34'TOT = MZeeman i MCF ’ Mmhf " MQ +;EN Y
where
=
NZeeman = -Pirg-S
- 2 .2y : PN
l%F.: (s -(1/3) s(s+1)) + E(SX-Sy) | (1)
e
Mmhf = T-AS
= =
MQ - I-p-I
’ = =
Hy = -y By T

The various operators represent the electronic Zeeman, crystal field,

magnetic and electric hyperfiné and nuclear Zeeman interactions. The constants

: v : + :
involved here all have their usual meanings and S = 5/2 for Fe5 . Another term

- not usually explicitly present in spin Hamiltonians is the constant W which

denotes the shift in energy of a nuclear state and arises from its finite nuclear

16

- volume.

In a Mﬁssbauer'absofption experiment*theré is, for a given chemical en-
vironment, a separate Hamiltonian, withv(in genefal) different-W, I, gN, A, and
P, for each nuclear level. The centroid of the absorption ?attern is given by
the isomer shift SE;Twhich falls at
W) - (2)

—_, e —'
E=(" W ) (W absorber

ex. . g’'source .ex g

‘where the prime notation allows for different chemical environments in source

: ' + 6 : .
and absorber. We have written H to apply to Fej 55/2 in a particular

i
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¢rystalline field. The form of _ﬂ: is somewhat different foriqtber ions or en--
V_‘ir’oriments,17 but the appiicatioh to_Mﬁsébauer spectroScdpy will bé»adequately
illustrated by this form. |

An eigenstate wi of H may be. written in the (28+l)(21+1)—diménsional

direct-product representation ISMIm) as

= = a, (Mn) |SMIn) . | (3)
M,m : ' :

-The coefficients are of course functionally dependent on all the parameters in-

H. The éigenstates .wi can be rather strong admixtures of the basis vectors

“and it is worth notgng thét, for ajx—ray‘transition between nuclear states with -

spins. I ana I’, theré are (28+1)2(21+l)(21'+l)'possible components.  The sym-
métrylof the Hémilfonian‘and angular momentum'selection rules will usually re-
-duce this number substantially, but even for the EA case discussed below, as
maﬁy as 16 separate lines, rather than the usua1 6, are possible.
-~ The transition seleétion rules are AM. = d-and Aﬁ < k, where k is the
rank of the tensor operator-bﬁk_ describing the nuclgar transition. The transi—

tion matrix element is then Co

ity = 30wl m (1 kel )t (6)
m’jm
% (i'HSkHI) a(M,MV')_ : S (b))

 Application of this equaticn gives a complete description of the Mussbauer

spectrum, which consists of components each with intensity 1(w‘j|%§1¢i)12 at
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ener€Y_ E’j—Ei, and with the-usual polarization implied by %E. This is the
.Static hyperfine pétternsexpected-for long electronic relaxation times and in

 the absence of any fluctuating local fields.

B. Mégnetichyperfine Structure and Hyperfine Fields

The Mmhf term in }&OT often gives rise to a hfs pattern that may be

characterized by a "hyperfine magnetic field". This simply means that a new,
nucleér; spin Hamiltonian of the form Hr = gNBNELf-Ta;may be defined, where
'_ﬁhf"is a well-defined constant vector. Mmhf must; in these cases, be of the

form ‘A<SZ>IZ.1'Thistis, of course, a quite restrictive form that need not hold

in general; the problem of thé actual form of hﬁhf has been discussed in some

detail,l5’l7_?o ‘However, it is useful to work through a few representative cases

here, since.nq previous discussion hés dealt in detail with the problequf'para-
magnetic hfs in MﬁésbauefvSpéctra: | :

Since the hyperfine interaction is often much smaller than the crystal
field‘interaction, we»diagonalize first those tefms in MTOT dspgnding:on_f? :

but not fﬁ H + N neglec¢ting H The prdblem is'next restricted to

CF Zeeman hf’

a‘éOnsideration of one of these (possibly degenerate) electronic enérgy'levels
at a time. .For_a'non—degenerate electronic étate with § = 0 there is no hyper-
" fine field. TFor degenerate levels an‘effective spin S' 1s defined such that

19

It is then necessary to define a

(28'+1) is the degeneracy of .the level.
new operator within the manifold spanhed by g and I, in drder to ‘describe the

affeet of the hyperfine interaction. 'This is conventionally written as

U
p——

H(s',1) = A 8T +A!S!T + A!S'T A
_ : 7z 2% X X yyy o : ‘
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.wﬁere the Ai depeﬁd on the cf&?tai Tield parametersas well as on A in Hﬁhf'
.'(We shall assume that the acﬁual eleéﬁronic‘wave‘functions (represented by

fictitious spin S') are -spanned by a éingie jamultiplet of the free-ion ground
: term; ih this éase J = 5/2.) | | R

H may be effectively diagonalized in the"lS‘M’Im) representation by .

application of‘a poldarizing field; ﬁ;, which may také the form of an externaily
applied magnetic fiéld or, in a ferromagnetic laftice, the molecular (Weiss)
field..plf this field is ﬁaken along the z-axis, fof example,vlarge diagonal

\

elements of the form
Tt t 1 1 1 _ X .
(S_M IngzﬁHpSZyS M'Im) = i}ai(SM)] gJBMHP , . (6)

result (herg is the Landé g facfor assoclated with S . =J). In additionﬂ'

. there is the direct interaction of»the nucleus with Hé;i.e.{ gNQNHpIz":In paramag-
nets the latter term is qveréhadoﬁed by the electron-nuclear -hyperfine ihter—
.éction which in turn; howeve?, generally satiéfies the relatibn g%BHp >> AX’Ay?Ai”'
Thé resulting levél spacing leads to the definition of an internal Hyﬁerfine
fiéld. In the high field limit and in thé.absenCe of mixing of'crystal;field
..sfatéé;'there are 25'+1 groups'gf 2I+l states,éacb"(if the Zeemanvenerg&’is
lafge;cdmpared tQ the crystal—fiéid energy, thére:are 2J+i such grdupé, and
.i'the discussion that follows is applicable with dnly notational changes). 'Thev
groups are sepérgted‘by the electronié:Zeeman_enérgy “géBHp and may.be'con_
sidered separatelyf Within each.group the 2I+1 nﬁclear sUbStatés are dfdered"

and labeled by i; and are eQﬁally_spaced by

4E = A (8,0 + Byl - S B (7)



-13- u UCRL-~16669

This spacing is formally equivalent to ﬁhe interaction of the nuclear moment

with an effective magnetic field of magnitude
= + g! = + o . .
Heff Hp Az< z>/gNBN Hp th (8)

We have considered'only.the magnitude of the effectivé field and a
différent value would in general have been obtained had Hp been directéd
' along the x or y axes. In our simple case theinet field at the nucleus
is collinear with H_. However it is easily shown that for a gener;l ofiénta—
tion of H_ with respect to the crystalline axesfthé nuclear quanfizatién
direction often differs from that of HP_EO The M6ssbauer effect offers a par-
‘zfticuiarly direct method of demonstrating this effecf although no such experiments
-lhave been reported. | |

We now treat systematically the various possibilitiés for zero-field
hfs arisihg.from ﬂ(S',I). It is useful to fewrite the operator in the form
(dropping the prime notation) |

: o AX+A  . ' AX-A o o S
1) -as I S s I ]+ ST (s 1T . (9)

Thére‘are four sigﬁificantly differentvcases:
Case 1. Uniaxial Symmetry, AZ >> AX = Ay é o)

This case often occurs in the rare earthé.and the ifoﬁ group. It ap- .
vvpears_in érystal fields with “aﬁial” symmetrj (Vf =0 fdr M %.Q in tﬁe'fé}é
earths, or D £-0, E = 0 in Eq. (l)). Equation (é) leads té a set df 21+l equally
mpaCad‘doublets.with elgenfunctions |iM, im>% and the MBssbauer spectrum is

21 o7

similar to a hyperfine field spectrum. For Fe this case was observed in
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In the common case S = 1/2 and for dipole transitions the selection rule

AF =0, *1 applies. For Fe57 with 'Ié

3/2  and Ig ='1/2, a three-line spec-

trum is expected at energiesfpfy5/4 Ae 1/4 Agf’ 3/h Ag - 5/the, and -5/k

Ae + i/h Ag,vwith relative'iqtensities 5:1:2. This is a simple example éf én
asymmetric hfs spectrum arising from an isotropic effective hfs interaction.

The ”hyperfine field" in this case (defined by application of a polarizing field,
as abo&e) is independent of the direction of polarizing field and has the mag- - |
niﬁude AS/gNBN. It is interesting that the total distaﬁce_between the outside
lines for the case of Fe?7<is. 2|Ae|+]Ag|, which is larger than the splitting
expeqtéﬁ in a - large external field: B/QlAé|+l/2’AgJ' If E; and Nifdenote the

energy and intensity of the it component, we may determine the isomer shift

“from the sum rule
SE = 5 E_N. o (11)
iTi .

‘The traceless interaction terms AT-S do not shift this centfoid, as may

easily be verifie& by direct substitution for the three components considered
‘ ' ¥
 hére.
.Case 3t Axial Symmefry, A, >> Ax = Ay.
.This is a very common case for rare earths in cfysfal'fields:witﬁ trig-

ohal symmetry}v We may write

=

' X _ s
H (S;I) = AS, I, * 5= [S+IE+S_I+].. . . , (12)

For small A*, the second term may be treated as a perturbation, introducing

‘matrix elements of the form (M*1, m¥1|H|Mm) into Case 1 above. For 5 = 1/2
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'and half-integer nuclear spin, the (HI+2)—dimensiqnal'representation, diagonal -
for Case.I, may be factored into 2 diagohal elemegts (for |£1/2, *I)) plus
2T 2 X 2-blocks. The doublet |£1/2, *¥1/2) 1is split (linearly in AX) by
AX(I+1/2), while the remaining doublets |*1/2, +m) and Iil/Q, +(m-1)) orig-
inally spaced equally on eithef side of ]il/2, 11/2) are repelled (quadfat—
ically invAX) by (Ai/MAZ) [1(1+1) - m(m-l)]/(m—l/E) from their original positions.
These'pairs of_doubletsaaie spaced unsymmetrically with respect to the total hfs
multiplet and do not include the |%1/2, *I) doublet, which is unaffectéd (Fig.5).
An asymmetric spectrum refiects this asymmetric level structure as
,éh5wn in Fig. 6. in every case the. !il/Q, iIg> ‘to |*1/2, iIe> transiﬁion will
be unchanged from Cése B,'while‘its partners will be sﬁifted;'and, if either

57

nuclear spin is 1/2, unsplit. In Fe”', for example, one of the intense outer
lines is split, while the other is ﬁnaffected. The largest_splitting,‘
IAX,gI+2|Ax;e!' occurs in the Am = 0 transition coﬁnecting the outer com-
ponents of the.two |i1/2, 51/2) states. In 1bw resolution the ten-line pat-
. tern cQuld‘easily be:mistaken-for a sik—<or seven-line pattern, aﬁd the%asymmetry
miétaken for a quadrupole interaction.
: Casé hi A, >>A > A, |

This situation will often occur in the iron group. :H(S},I) is_giVen
.by Eq. (9); the las£ term introduces matrix elements of thé form |
(t1/2, miiﬁﬂlil/g; m). The doublet |¥1/2, *1/2) is most strongly affecﬁed,
being épli£ byvll/2<AX-Ay)(If}/2). B& analogy to Case 3 those pairs of doublets
lil/Q{.im), |fl/2,Li(m—l))"that'are symmetricélly disposed about. Iii/é; il/éf

are repelléd'by

x Ty’ I(141) - m(m-1)
léAZ m-1/2
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vfrom their original positions.. For FeD7 there will be 16 components. Ail the
original lines are split, and the two original infder lines are each split into .

two doublets. This case is also illustrated in Figs. 5 énd 6. In'Table II. the

shifts in.energy of the various lines are set out.

| V. ANALYSIS OF DATA -
A. Zero-Field Spectra
To analyze the data of Figs. 2-4 we'afply the above érgﬁmenté explicitiy
to the.Hamithnféh .MTOT ;defined in the previoug Sectipnm 'Truncation'of ?ﬂfOT
N

to )

y -_(15>-

M = DISS-(1/3) 8(s+1)] % B(s--s

-

" leads to‘three_Kramers' doublets.and, when Hmhf ‘is allowed'forferturb each of
them éeparately, to three sets of hyperfine'tensqrs. The.three hf tensors
depend on the raﬁio‘ N =E/D and within a doublet we have AX;Ay:AZ.é,gk;gy:gzv .
wﬂere the 85 were the spectroscopic splitting ﬁaétbrs'for'the doublet.. Thév |
laﬁter ﬁere giveﬂ as functions  of A in Ref. 7.: In Fig; 7 the variaﬁioh’bf thé_
xhyperfiné.tenSOré‘wiﬁh tﬁe pérameter A afe shown.. in Fig; 8'are'éhoWn'fﬂerhfs
spectra expected:from each of the doublets for selected values of A

it is‘clear ffomrFig. 7 that somé vélues Of A eﬁist fdr'whiCh all-foufv
1cases discqséed ig;SéchII.B.éboye are possibie; _Doublet 2_give§ Ehe isbﬁropic 

Case.é for A = 1/3 and the uniaxial Case 1 for A= 0 (for which |#) = |i5/2)).
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For 0 < A % 1/3, doublet 2 leiOWSVCase 4, but A, = Ay.énd it.approaghes Case 5..
Doﬁblet 3 is uniaxial (Case 1).a£ A = 0. With increasing X’ it goes through Case

3 to Case 4. At X =‘1/5, doublets‘B and 1 are equivalent within a éhaqge'of
axes. As x’decreaseé from.l/B to O in doublet 1, AX and AZ diverge and the
spectrum: is recogniiable as Case 4. Finally, for n = O, douﬁlet 1 shows
;avspectrum very different from that expected in the effective hyperfine field
-approximation.

From this discussion it is clear that a detailed study of thevMUQSbauer
hyperfine structure spectrum in the long relaxation time lihit and fdr cases in
which dipolar effects are negligible.(see belov)-can completely determine Ax’
A?, Az’ and the ratio E/Df This high seqsitivity to crystal—field parameﬁers‘
provides inceﬁtive to stady irdn-containingvbiologiéal coﬁpounds.at the lowest
temperatures. |

It is immediately obvious on comparisén of Figs. 2 and 8 that the eXpefi—.
mental spectra do not resemble the calculated spectra for any value of A. There

'afe nowhere in the data more than 8 resolvable lines and careful analysis shows

that a maximum of six lines may be associated wiﬁﬁ>any-oné of the three elec-
'tronic.doublets. Four distihct effects are responsible for the differences?
(1) aipolar interactions,'(E) varied thermal populations of different levels,
(3). guadrupole coupling,‘and (4) relaxation effects.

Spin-spin’interaétions can easily diagonalize the Afisainteractibﬁ in'

‘:fA to within the 1imits 6f experimental sensiti&ity, réduciﬁg'thefl6—line spec-
ﬁrumiexpeéted in the absence of spin-spin effects to a six-liné sﬁectrum. 'This"
is>particularly easy to see in the case of FA, because the grouna doublet has

'_g? >> g 8, and, thus approximates a dipole with a reasonable well-defined
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magnetic field. This situation may be contrasted with thé case of the ground
S ' + :

doublet with g, = g = Bgz occurring in Fe5 :A1205. Here there is "magnétiza-

tion in a plane”, and no simple dipole field approximation is possible.

There are several Fe atoms withinl0 A of each resonant atom,: and the ‘
e . . : . 2, 3. 4 =18
‘spin-spin interaction with any one of these is of the order of ~u_/r =2 x 10
erg} The off-diagonal elements of A5 T in the lowest doublet are of the order

, B . s
of ASI, ~2 X 10 9 ergs, and one can easily show by perturbation theory that they
affect the positions of the hfs components by a fractional shift of order
a2, 2, 3.0 -2 .' : _ L R
~(AST)“(u"/r”)" = 107°. A complete numerical analysis of the dipolar inter-
action problem would be very tedious, but it is evident that this estimate is
aﬁ uppér;limit on ‘the expected shift. The large number of statisticai spin
arréngémenfs to be associated with the neighboring Fe atoms that can provide’
significant contributions.to the spin-spin interaction, together with the ob-
served linewldth, préclude further study of this problem in undiluted samples. .

:Evidently dilution to an avefage spin—spin separation of at least EO'E is re~

gquired to allow effective observation of the more complex (and more informative)

- sixteen-line spectra. If this dilution is achieved by‘using solutions, molarities

of 0.5 M'or less are thus requifedr

The'effects‘of dilution are illustfated'in Fig..h,-where we hafé,plottéd
 the Speétrﬁm'of a 0.1 M (frozeﬁ):solﬁtion of FA in‘ethanol; .It is cleaf £hét’ |
: ailutionAofférs a simple,téchnique’for sharpening M&ssbaﬁer lines. In a sampie
consisting df_iron;organiC'complexes, dilution by solution in.an:appfopriaté”
- solvent and freezing ofxthe éolution into a glass is pafticularly édvanfééeous-
because the immédiéte envifonmenﬁ of the iron atom is ﬁnlikely to bé siénifi-

Cantly altered.

o



B = +0.0%8 cm/sec, P = 0.037 cm/sec, H ¢ (ground state) = 520 kgauss,
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In Ref. 7 it was reported that the energy spacing between adjacent Stark
doublets derived from the 85/2 manifold was of the order of magnitude of k(5°K),
from the qualitative observation that relative intensities in the spin-resonance

spectrum changed appreciably in the liquid helium temperature range l-hOK. A

more accurate estimate was not feasible from these data, but from the zero-field

~spectra shown in Fig. 2 we estimate that the two lowest doublets are éeparated

by k(1-1.5)°K."

In view of the above discussion it would appear at first sight unlikely.

that even the lowest temperature zero-field spectra (Fig. 2) could be fitted by

a'simple Hamiltonién of the form
H=gpH I +P[I°-(1/3) 1(1+1)] (1)

for the excited state and a similar expression (with P = 0) for the ground

state. We have tested this Hamiltonian by forcing a fit, by allowing th

“to vary between the ground and excited states. We find the isomer shift

H o (excited staté)‘;?5h5 kgauss. Of the 5%'diséyepancy in H . only 1% can
be attribﬁted tQ ékperimental error. Thus we coﬁélude'that thé-ébove qum of
ﬂ is inadequaté. | |

Aﬁy attempt at ﬁbre detailed analysis of . the zefo-fieidvspecfra would
be poiﬁtless in_View of the lafge expérimentél linewidths and-thebmult%plicit&
of parameters involved. We shall, however, extract three pérameters ffom'théSe

spectra. The isomer shift, 6E = +0.038 cm/sec, is relatively independent of

the finer details of the spectrum, and is probably valid. The total splitting;
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1;72§‘cm/Sec, betweén the1outer=lines is'relatively.insensitive to A = E/Dvaﬁd
almost completely insensitive to‘ P and 1 in the range of interest fof“ FA.

, In-Réf. 7 we fbund A= O;é5id.oh. The rétio (total splitting between centers
of gravi£y of outer doublets)/(total splitting arising from th in é diagonal
representation in which <SZ) = 5/2) varies from 0.925 for A = 0.2l to Q.958Ifor
-x_%,o.29. We thﬁé may derive a th for the diagonal representation of

bii = 5T1*10 kgauss from the observed splitting and this range of .

hf]

B.. ‘hfs.in an Externalifield

'- 1The abéliéation of an external magnéfié f&eld leads in genéral.to_a muqh .
- morévcombiicated picturé'fOr‘tﬁe hyperfine inﬁeréctidns; HoﬁeVér,}because
_nglg >> D,E at fields of the order of 20 kOe, the | sm) states are effectively -
.qﬁantized élong the external field direction. Tﬁué, although polydrystaiiihe‘,
‘ sampies were employed, at‘high.fields-the_eleétronic,Zeéman pattérn is expéétéd
to be independent of the orientation of a particﬁlarvcryétallité rélafiVe £o ﬁhe
vvfield,diféction. .The hfs will ;how an effective_field péftern for_egcﬁ appré-
ciabiy populatedﬂlevel,‘wiﬁh hypgrfine fieldsvpréportional.to'(S)ffér-thé.par-.
;ticulér stéﬁe. . | v . . . |
.%Thé Qvefall Zéeﬁan sPiit£ihg is ~10°K éﬂiaWith a_sépéfétion\of thé'two o
' ioWer'levgls‘éf‘;é¢Kg we expect, at LOK,.a suﬁérpOSitidn df'bnlyvﬁwdfefféctive
field pattérns;' Qné'cbrfespopdsﬁﬁq a field of (5/2)(220)vé 550fk0e,.the othef
':fo (5/2)(220)2553O‘kde;.where'wevuse thevcohversiph-factor of 220, for the
- hyperfine field.ﬁer'spin éxpectation value, tYpical'of paramagnetic higﬁ‘spiﬁ

+ 23 ' o '
Fe5 . j -For each electronic level the relative intensities of the hfs are
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5:4:1:1:&:5. This approximation assumes pure [M}m)»states and any observed de-
viations are measufes of.the validity of the approximation. \
- In Fig; % there are eight iines at the lowest temperature; the six in-
tense lines arise from the ground electronic substate IM = -5/2), and the two
least intense lines come from the next electronic substate, |M = -3/2). The
‘latter two lines correspond to the pair with relative intensity 4 noted above,
as illustrated in Fig. 9. The effective fields (uncorrected for -the applied-
field) for the two hfs patterns are 535 and 329 kOe; their fatio is 0.62 com-
pared with 0.60 ei@ected for the high field Zeeman limit. A forced fit of these
18 kG data to an effective field Hamiltonian yields very good»agréemgnt between
the field determined frém the ground state alone, 532 kG, and that determined
from the‘excited state alone, 536 kG. This is expected if the above discussion
of tﬁe origins of the hyperfine pattern is correct. If the (weighted)'efféctive
field of 535 kG is taken as negative and is corrected for the applied field of
18 kgauss (at 1.0°K the polyerystalline samble is polarized sufficiently that
@he two fields can be taken as collinéar), we find th = -555 kgauss, iﬁ excel -

23 5

for the Fe ion obtained from double

lent agfeement with the value -550 kG
reéonance.
Anaiysis of the low temperature data of Fig. 2 éhowed fhat‘an appre;
| éiable guadrupole splitting is present in FA. However, wé find that'this
| effectﬂdecreases:from P = 6.057 cm/sec to 0.009 cm/sec on addition of an
7'- external field of 18 kOe (Fig: 5).. In the pOlycfystalline absorber iﬁ.éero"

is now

.fieid, we had ﬁ;ffﬂf% however, with the polarizing field present ﬁ;ff

becomes random provided

_parallel to'ﬁ;. The relative orientation of ﬁgand ﬁ;ff

N .
‘P arises from the environment of the lon rather than from its spin. This
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effeéfé an averaging of P(5 co,'.s,‘2 6-1) over‘O < 0 < 7; this average vanisﬁes and
.the apparent qﬁadrupole coupling ffom this source will decrease, although some
»bfﬁadening.remains; This broadening is évidently offset in large measure_ﬁy

the shérpening'of the lines due to an increase of the relaxation times in the
presence oOf the field. The observed behavior thus establishes that at least the
i ﬁajor_part of the EFG does indeéd arise from the environment of fhe-Fe ion,

rather than being‘associated with the spin.

' VI. RELAXATION EFFECTS
f'Recéntly é.number of observations of éaramagnetic hypeffine structure

havejbéen reportédmu_6’2u’é5‘ In general theée(féSults are typified by a -
nuclear reépnande pattern whose shape depends rather critically on the rate
of electrOnic‘relaxation processes that are responsible for the maghetic
ﬁypérfine.fields‘at fhe nucleus.26 Hefe we deséribe a éimple’appréximation
that is sufficient -to describe.several important;features of such spectra.
_;Since our first éalculatiéns of relaxation spec'tr’a27 a nﬁmber of discus;iqns“
have appeared which treaf the problem from.variOQS VieWpOthSQeB_Bl Of course
the resglts of these ﬁheérgés agree well in limitigg caéeé with the*éimplé ép; 
' proach.skét;hed bélqw. |

' _From'the_nuclear‘standpoint; relaxatién'effects;arise'from (ranan)
fluctuafions of  the internal fields which are as$Umed to be“of.electronic_
origin. In.FA the electric fields_arise frombextraibﬁic charge diéfributidns
that are not eXpectéa to fluctuaté in a'hannervdirecfly:éffécfing'pﬁé'nuéiéué.'

For. this reason we assume that the fluctuating fields at the nucleus are solely
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of'magnetic origih. The simpleét-daée is a nucleus exfésed to a hy?erfine mag-
netic field = (O,CiH).directed along_fhe z-axis, but which at a given instant
5f time may have one of two éoSsible pblarities. As discussed in some-detail
ébove, thils requires a speéific form of hyperfine interaction. For simplicity
| _we consider ohly an isolated electronic doublet with effective séin l/é;' As a
géneral criterion for the hyperfine field ﬁi we noted that it is sufficient to
have»thevrelations among the principal values of the effective hyperfine'tensorzv
A, >> A = Ay =~ 0. For example, the |[M = #5/2) and |M = %3/2) states in axial
symmetry (Fig. 7, A~ = 0) satisfy this criterion. Of‘immediate relevance here,
howéver, is that‘the ground Kramers doublet in FA also satisfies the chitérion-
as shown in Fig. 7 for k ~ O 25

For such cases one 1dent111es the operatér A/gN N)Sz with an effécfive'
‘field as above. Tt follows that the |+5/2) state, for example), impliés a field
“with polarity opposite to that of the |-5/2) state. Thus, the forbidden tran-
'.%lthnS from the l+5/2> to |-5/2) levels would result in a reversal of the fleld
.at the nucleus. In the follow1ng, we consider a crystql fleld doublet |+) which
in general need not be an angglar momentum e;genstate, but hgs AZ >> AX)HAy; 1t

is obvious that
sl = ~Is, 1 5 )

thus thevrémarks on field polarity remain valid. However, transitions bétweenv
the electronic states are no longer forbidden, and it is within the context of
" such transitions that the resultant change in M8ssbauer resonance spectra may

be discussed.: The nuclear energy levels associated with the |+> and [-) levels
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are'given by the level séheme of ‘Fig. 10. The effect of the electronic (telax- |
ation) transition l+>‘~e]—) is tb chénge the "low enefgy” nuclear transition |
w; to thé-high energy transition @;. ‘Notice that AmI = Ovduring the electronic
-process. It is not really necessary to specify the relaxation mechanism in
detail, since we are only bonsidering the effect at the nucleus of an éléctronicv
transition. Tt is sufficient to characterize the process |+) «— [-) by a char-
acteristic Fime T which will Be the mean "spin-flip" lifetime, df the levelv|¥)
or ]-). This could occur via dipolar relaxation and the parameter:T;l would Qéry

' v o effect : '
as l<+‘S+if>] . Since the MBssbauer/yields a measurement of the energy levels -

' aséoéiated with the scalar interaction AI'S;%‘ﬁiﬁ;ff, it is clear that either of

: _ : : 5 el,2 ’
the static level schemes will produce the same resonance pattern. et It is

aléo clear that if tﬁe trahsi£ions wz e—>w; oécﬁr many times within the nuclear
}lifetime, no net internal field will be féund since the time average (SZ) then
.vanishes. These.two limifing cases correspond reSpectively tova resol&ed'six_
liﬂe_ﬁyperfiﬁe‘pattefn, and to a single unsplit‘line. The rough criterig for
reslegd hyperfine‘struc£ﬁre.are simply T Ty > wL-", where W and fﬁ aré
vrespectively the Larmor precession frequency and mean life of thevfirst excited
state. - Such criteria of éourse follow direcﬁlybfrom the uncertainty priﬁciple.
It is interéétinginow to note that the_Méssbéuer conditions-des@ribed.
.'abQQé.shafé fhe.essenﬁial feétures'of»an'alféédi-ekistingvmodei describing the

- effects of proton exchange .in nuclear magnetic resonance. The phenomeno;ogidal

52,35

model for proton exchaﬁge employs the modified Bloch equations, .whose s0l-
utions have been given.5_ In the following we show how these solutions may be"

applied to the MBssbauer case and easily interpfeted.in terms of the relaxation

process discussed above. In the simple case we have considered, pairs of the
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lEvallowed transitions shown in Fig. 10 are related and»become interchanged in
energy after a spin-flip, i.e., a_relaxation event. The related péirs aré those
‘with.equal'intensiry, and if reifocﬁS'our attention on a single nuclear transi-
tion the change in field polarity may bg viewed a; a random fréquency‘modulation
of the'reéonance transition.“ Once a palr of freguencies are availaﬁle for a
given MBssbauer transition, it is neceésary to determine the M8ssbauer spéctrum
fér this transition as a function of the relaxation rate between them. |
The response @éof fhe system is required such that the resonance absorp-
btion I(w) is given by I(w) = ReG or ImG. Since relaxaﬁion is occurring, G will
" have a time dependence aﬁd will depend on the number of frquenciés available
tova particular transitiqn. Iﬁ the simple tﬁo—fréquency problem they are’ denoted
by_mA-and wB. What isrneeded'is a set of rate equations for a system posseSsihg1

two such resonant frequencies. TFor these we take the modified Bloch equations

: L
in the rotating frame,5 with @ = 62 + @; s
aG '
A -1 -1
—_— = -1 + - . )
o OAGA rIA Ty Gp .TA. G, ;(168)
aG
B -1 -1 -
+ = . + o - TG , :
Tt Oy = il o, G, g Gy . (16b)

”‘Thése are.simple coupled differential equations with .

o = Ty - 1loy) o
. =TI - i(w:—m) | . o o :(lfb)l

B B B
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expfessing,the fixed frequenciés and natural line widths .of the resonances at

wy and wps we will assume TA and FB to be equél and denote this width by I'.

The gquantities IA and IB_in the NMR case are proportional to magnetizatidn in

*the'rotating frame times the rf magnetic field inducing NMR transitions, and to
the relative probability of ﬁhe frequencies Wy and W The analog for the

. MBssbauer casé‘would be the electromagnetic multipole operator inducing the
.V-ray.fransition, and of course the relative probability of two related fre-

quencies, say wi and a&. The intensity factor is therefore simply given by the
: +
square of the appropriate Clebsch-Gordan coefficient for_theﬂtransitions.wi. We

T - any difference in populations over the hyperfine _
- neglect/levels and in the absence of any external field, W, and Wy are equally

prdbable. This neéd not be trﬁe in general however, and<the relative pbpﬁla—
tions are-commonly.aenotéd pA and Py These corfespond to'thebrelétivevprob-
abilities of the ﬁwo possiblé field polarities. For our case Py and by are
taken equal, and IA and IB are equal to the relative in?ensity of the lines

at ah and mB, in the limit of slow relaxation. For example, if Wp and Wy cor-

+ - L : v
respond to wi and wi, then T :'IB = 3, for a polycrystalline absorber.  The

A

=1 . : -
parameter TB gives the probability per unit time of a transition from Wy to %

We could. write pBA': Tél; similarly pAB = Tgl. Wé:require thé steady state
A GB 0, and define th¢ conventlongl parameters T (TATB)/(TA TB),

—_ - _{‘ ‘ : — _ . ) ' - - " . ) . V . | J
Py (TA)/(iA TB), and pB 1. Py Taking Py Py is equlvalent, in steady

“solutions where G

state, to T, = Tp. The solutions to Eg. (16). are given by

I(0) = (@) = M(e,*Cy) = - 1+ pear)/ (o), (18)
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where - v '
P o= T[T2 --f%(@h+wé - m]g + %(mk-wB)g}-+ T o (19a)
1, .\ 1 ' . ' .
Q = tl5{wy ) - o - F(p,-pp)(w,-0y)] : (19b)
R‘=:[%(wAﬁwB) - w](1+arT) + %(pA~§B)(&A-®B) . : ‘f(19C)

These solutions may now be immediately adapted to the effective;field
problem. Notice that in fact there are six indepéndent allowed M8ssbauer tran-

" sitions, and hence six pairs of related frequencies. In our simple example,

+ o+ ' n g
W, and @7 5 behave in the same manner, so it is sufficient to consider only

I+

w , i=1, 2, 3. The uﬁpefturbed y-ray energy may be set equal to,Zero'and_the'

| =8

: * + + : .
frequencies &i’ aé, and wB are obtained from Table I. The relative intensities o
N R . v

o+ x ' . ‘ o
of uﬁ, Wy 5 qé are 3:2:1. The total intensity is written as a sum of three set;
of solutions to Eq. (16) for the three relative intensities just mentioned.

The total intensity is

M

Ij_('ff)a)_;{)‘(‘b;:(b) » . ".(20)

I .
. ioy

por = Tpop(H@) =

" Spectra based on these soiutioﬁslare given in Fig. 11, wusing a Hamiltonian

of - the form of Equation (14), with H pp = 550 kOe. The diffefential_

f
broadening of the pairs bf'related transitions is made obvious by plOﬁting
' is . f o
This/the origin of asymmetric broadening of
' 28,35 ! '

Further unusual

5

quadrupole spectra and has been discussed sepafétély}

the components iy IE,'and I

effects ariéing from different population factors, Py and pB5 will be given

elsewhere.
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COmpérison of Fié. li‘and,Fig; 2 establisﬁeS'an effeétive relaxation

’time of T = O.l usécﬁfor ﬁhe:gfound doublet. This}i zero-field estimate of the
relaxation. rate and the‘datawin Fig. 3 shows cléarly that a magnetic field
‘leads to‘a splitting qf the electronic levelé aﬁd'tO'a reduétion in'tﬁe overlap
6fathé hyperfine ievels relative to the zero field situation. For each'témpér-
ature reléxétion in a field of ~10 kOe tends to be slower than in zero fieldf
Studies in a similar'system (N benzoyl-ferrioxamine B) as a fuhétion of'externél
' field‘have shbwn_expiicitly thié decrease in relaxation rate as a-function of
eXtérnai‘field. Détails of these effecté wiil be published séparately, 

| :Retﬁrning ?é'Fig. 2, 1t is evident that\gs the‘tempepatﬁregis raised,
higher doublets are poﬁulafed and a diffuse éOntfibutiQh to thé spéctrﬁm'caﬁseé
thé hyperfine specﬁfum to "sag'". On subtracting the computed relaxation speé-
trum for the lowest doubiet frpm the observed data, we find a diffuse broad
resoﬁénge similar to theYBOO?Kvépectrum. The‘origin of this resodance is the
middle4double£, which'shSuld have a much shortef effective felaxation(time.than
the upper or lower doublet since dipélar relaxatiOn will probably dominate apd
.r(+18+1—)l is appréciablg here.” On the other haﬁd the upper doublet satisfies-
the’effecﬁive field critefia (Fig. 7), and would'contribu£e an effgctivé'fieid
‘fpattern similar to the grbund doﬁblet, but it is not poﬁulated at tempeféturesv 
- fof.Which relaxatioﬁ times are long.

v Finaglly we note that the comments avae cqncerning the'relaxétion«médel
may be slightly geﬁerélized in a simple way.  We_éssociated.with eagﬁvelecprbnié
;léV¢l a single hyperfine:field and for a doublét.there’are two absérptidn fre;
quencies. Upon'aéplicéinn.of a ﬁagﬁetic field'éﬁe crystél field‘lévels arel

split and each level can yield a different hypeffine fiéld._-If all three
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Kramers;doublets ére split then 6ne has siX'freQuencies to consider for eéch v
M8ssbauer transition, and’a moré generalzset of éoupled équations are required;
these are52
G .+ oG = -iI + i (PknGn - Pnka) }(21)

A steédy~state'form pf these‘eQuations may be written as a matrix and solutibns
-Obtained by computer techniques. | |

In conclusion, we»point out that the expiicit calculation of ﬁhe transi-
tion probability fdrﬁgenefal cases does not appear an eaéyrtask at thiéﬁtime.
. Fof FA, with the réétrigtion to the ground ddublet, the matrix.elementé'pf
<¥|S+T->_can be caiCulaﬁed, and they give a simple interpretaﬁion for the
[+) e |-) type Of'relaxation.27 This, however, is an extremely sim@le case.
" When considéring reiaxation‘invthe presence of a field, the compoéition Qf the
‘_eiéctfonic wave function may'Change énd the Pij now depend on tﬁe field.value 

HyPerfine mixing will also. occur, so that finally Pij is functionally dependent'

on a least 5 independent variables.
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Table I. Line positions for FA at 1°K.°

Line no. 1 Y 3 L 5 5 6
Field
zero -7.97 -85 oo 118 135 - hoT  9.32
-92. 4 -56.% -13.7 - 15.4 - 57.7 1Q8.5
18- -8.17 b2 -5.5u -1.07 . 1.60 2.66  5.21. 9.0k
kgauss ' ‘

-94.8 _5u!8 b1 -12.h 18.6 '30.9 66.2 105.0

aDoppler velocities in mm/sec. “Accuracy is *0.05 mm/sec; also given below are

‘the positions in Mc/sec.
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. Table Ii.» FeBY’trénSition.energies urider the Hamiltonian
=ASI +ASTI +ASTI, with S =1/2.
z 2"z X X' X VYV
Line EN, for EFnergies for Energies for
number ~ ' 1 ec.a
"N A_=A =0 A>>A =A AS>A>A T
_ Ng z  x y z Xy
1, 3,2
: 1 3 !(El B EAX —.HAX /AZ El - F
1 - FA T - FA <
v I Iz 3 12 3
: + Z - T+
LEl - TR /A B 7P
- - — ! — -
o g . (Eg A - FA E, -M-P
f2v‘ -5, - T, N
+ + A +
LEE AT P Ee tMTE
, Ey - N - P
, . lE, - A '/2+ HA /A / .
s |2 IE SN+ P
1o, 1 / 3 ,
5 SR TR T §
v » { | E5 + N - P
LEB +a tfa ﬂA /A '
E, + N+ P
. b)
o . ~ M- Q
. . -M+ Q.
B E, - M+ Q-
. : ' ' + M- Q-
| (B, *M-Q
B, * A s
- : +. M+ :
o Byt
. - o | | - (e - -4q
5 '-%L-Az' + %IA E. + 2/A- 5{' '
‘ 7 "z > ' + N+ Q
5 .
. _ .- Q
1, .3 6 - %
+ P .
6 A, TR, Eg {. '
_ _ 4
Y " ¢
a1 A., A.' above denote absolute vulubu. Primé refer to ground_stéte. For

AJIrUU’Lﬂh according to-energy, A was

(ground) state.

st}

o terms of order A.2/A,.

“To terms of order AX,Ay

W = 1(A+A),

2

N _“:‘-‘ (A -A )J

1 1 l" _1 1‘ 1
=% (A, By ).,‘ Q= E.(AX _'Ay )
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' FIGURE CéPTIONS.

1. The structufal formuia of ferrichrome A. The six oxygens nearest iron
atom actually form a distorted octahedron.

2. M8ssbauer spectra of a FA absofber, taken against a source of Co57 in.
Pd, at various temperatures between 0.98 and BOOOK. At the highésf tempera-
ture the hfs pattern collapses into a single, non-Lorentzian liﬁe. This
lineshape is explained theoretically in Sec. VI: it can be obtained from
the Bloch equations. The thick absorber produces a deviation of the inten-

sity ratios from 3:2:1:1:253 at lowest temperature.

3. MYssbauer spectra as in Fig. 2, but with an external magnetic field

~of 18 kG applied perpendicular to y-ray beam. Electronic relaxation rate is

Fig.

decreased, as expectéd, in this field. Curves represent least-squares fits
for eight Lorentzians of equal width. Theoretical explanation of these
curves 1s given in Sec. V.B, &and Fig. 9.

4. Spectrum of a magnetically dilute sample of FA, consisting of 0.1 M

frozen ethanol solution, at 4.2°K. Dipole-dipole (Tg) relaxation is

strikingly slowed by dilution, as expected (compare middle curve of Fig. 2),

but immediate environment of iron atom within FA molecule is unaffected.

Note gquadrupole effects on spacing of four outer lines, as in Fig. 2. :

Nearby.spins in solution still tend to diagonalize Hmhf’ but lower in-

tensity of line 2 (near -0.5 cm/sec) relative to line 5 may be first indi-

_cation of the emergence of sixteen-line zero-field spéctrum illustrated in

Figs. 5 and"6‘for the case Ay>>Az’Ax' Linewidths are ~0.05 ch/seé.

i fah e

%. Level structure and -y-ray transitions (relative intensities given

D5 0"

across top) for a Kramers doublet in - Fe under the Hamiltonian

"ASI +ASI +ASI
A X X X yyvy
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6. vExpected M8ssbauer speétra for levels shown in Fig. 5. The lower
spectra should be present'in very dilute paramagnets.
7. Principle wvalues of the.effectiye hyperfine tensors for the three
Kramers doublets formed from 685/2 under the Hamiltonian D 1/5 S(S+l)]
2 N =5 =3 . .
(s -S ) + AS*I, plotted against A = E/D. Note that all of the cases

discussed in Sec. IV.B are found here.

8. Exact calculated curves of M8ssbauer absorption spectra expected for

o7

6
Fe_ in the three Kramers doublets produced from 85/2 by’ H =

-(1/5 S+l )1+ E(Sx;Sy) + A5 T, ,, for various values of A = E/D

Notation of labels is (value of N), (number of ddublet). ‘See Fig. 7.‘

. Zero ve1001ty p01nt and relatlve scale are shown on each spectrum. The.

(8) = 5/2 of 355 kG, rather than the value 550 kG usually found in Fe

‘scale used for these calculated spectra corresponds to a th, for

oy

“All the limiting cases shown in Figs. 5 and 6 and discussed in Sec. V.B

' are found here.

Fig.

9. Origin of spectra'shown'in Fig. 3. ‘Fig. 9(a)+ At left is shown the

rEmoval of sixfold electronic degeneracy in 685/2 by polarizing field_Hp\

‘Simultaneous diagonalization of As-I givés,th = 220’<SZ> KG in each elec-

o7

- tronic substate. Corresponding transverée Fe spectra are'shoWn at right.

Fig. 9(b): M8ssbauer absorption spectra'expéctéd when all 8  levels are
equally populated (gBHb<<kT) and when lowest level is dominant (gRH = kT).
These two spectra were obtained from those’in'Fig. 9(a) by appropriate

weigh@ing and using Lorenﬁz,linés. Agreement is excellent‘with.topfaﬁd

. bottom éxperimental'speétra in Fig. 3, coﬁéideringbthiékfabsorber effects

in latter.
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10. Effect of electron relaxation on hyperfine component in M8ssbauer

spectra of Fe57. Consider the (I,mI = l/2,'-l/é)»to (I,mI = 3/2, -3/2)

component, to illustrate. the effect of relaxation. For electron spin up

: : +
(left), this is a low-energy transition, Wy appearing (along with -the com-

ponent wg)‘in "line 1) of the 6-line. spectrum. Spin flip increases the
traﬁsition energ as the hyperfine field is now reversed, and component
&Y, ¥y

1

line 6 of the six-line spectrum. 'Rapid relaxation. causes the hypérfinev

+ ' - ,
W, becomes w (with the same nuclear quantum.numbers), appearing now in

field to average to zero, and the six lines merge into one.

11. Relaxation spectra for the FA pattern, Héff = 550 kOe. Tranéitions
uﬁ,6_ln Flg.le are ;epresented by curves Il’ wé75 by curve-12 and aB;u by

curve I The total M8ssbauer pattern is the superposition of the three

3" A
components which were drawn separately to emphasize the differential rate
of collapse. Comparison with data gives an estimate of relaxation rate.

Note.that the_three speétra for the three shortest relaxation times exhibit

the asymmetric broadening of the doublet arising from quadrupole splitting

of the exc¢ited state.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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