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I.I. INTRODUCTIONINTRODUCTION 

KnownKnown antiferronlagneticantiferronlagnetic nlaterialsnlaterials farfar outout nwnbernwnber 
knownknown ferronlagneticferronlagnetic andand ferrinlagneticferrinlagnetic nlaterials.nlaterials. More­More­
over,over, thethe antifeantife rronlagnetsrronlagnets displaydisplay aa widewide varietyvariety ofof phasephase 
transitionstransitions inin additionaddition toto thethe paranlagneticparanlagnetic toto antiferro­antiferro­
nlagneticnlagnetic transitiontransition atat thethe NeelNeel point,point, thatthat nlakenlake thenlthenl aa 
richrich sourcesource ofof infornlationinfornlation aboutabout thethe relationsrelations hiphip betweenbetween 
exchangeexchange interactions,interactions, structure,structure, andand phasephase transitiontransition 
phenonlena.phenonlena. MossbauerMossbauer spectroscopyspectroscopy hashas beenbeen usedused ex­ex­
tensivelytensively overover thethe lastlast decadedecade toto studystudy antiferrornagnets,antiferrornagnets, 
capitalizingcapitalizing onon thethe factfact thatthat thethe nlagnetinlagneti cc hyperfinehyperfine fieldfield 
isis proportionalproportional toto thethe sublatticesublattice nlagnetization.nlagnetization. InIn general,general, 
thesethese studiesstudies havehave concentratedconcentrated onon deternliningdeternlining thethe nlagneticnlagnetic 
structurestructure belowbelow TNTN andand thethe sublatticesublattice nlagnetizationnlagnetization asas aa 
functionfunction ofof TT belowbelow TN'TN' inin SOnleSOnle casescases inin thethe criticalcritical 
region.region. LessLess wellwell stuCiiedstuCiied areare thosethose transitionstransitions inin anti­anti­
ferronlagnetsferronlagnets whichwhich areare inducedinduced byby externalexternal nlagneticnlagnetic 
fields,fields, althoughalthough inin thesethese casescases too,too, Mo'ssbauerMo'ssbauer spectro­spectro­
scopyscopy cancan provideprovide inlportantinlportant andand oftenoften uniqueunique infornlation.infornlation. 

InIn thisthis paperpaper wewe willwill reviewreview SOnleSOnle applicationsapplications ofof 
M'cissbauerM'cissbauer spectroscopyspectroscopy toto thethe studystudy ofof phasephase transitionstransitions 
inin antiferrOnlagneLsantiferrOnlagneLs inducedinduced byby externalexternal nlagneticnlagnetic fields.fields. 
InIn Sec,Sec, IIII belowbelow wewe willwill brieflybriefly recapitulaterecapitulate thethe nlolecularnlolecular 
fieldfield approxinlationapproxinlation (MFA)(MFA) andand reviewreview thethe phasephase transitionstransitions 
inin antiferronlagnets;antiferronlagnets; inin Sec.Sec. IIIIII wewe willwill nlakenlake SOnleSOnle generalgeneral 
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I. INTRODUCTION

Known antiferronlagnetic nlaterials far out nwnber
known ferronlagnetic and ferrinlagnetic nlaterials. More­
over, the antife rronlagnets display a wide variety of phase
transitions in addition to the paranlagnetic to antiferro­
nlagnetic transition at the Neel point, that nlake thenl a
rich source of infornlation about the relations hip between
exchange interactions, structure, and phase transition
phenonlena. Mossbauer spectroscopy has been used ex­
tensively over the last decade to study antiferrornagnets,
capitalizing on the fact that the nlagneti c hyperfine field
is proportional to the sublattice nlagnetization. In general,
these studies have concentrated on deternlining the nlagnetic
structure below TN and the sublattice nlagnetization as a
function of T below TN' in SOnle cases in the critical
region. Less well stuCiied are those transitions in anti­
ferronlagnets which are induced by external nlagnetic
fields, although in these cases too, Mo'ssbauer spectro­
scopy can provide inlportant and often unique infornlation.

In this paper we will review SOnle applications of
M'cissbauer spectroscopy to the study of phase transitions
in antiferrOnlagneLs induced by external nlagnetic fields.
In Sec, II below we will briefly recapitulate the nlolecular
field approxinlation (MFA) and review the phase transitions
in antiferronlagnets; in Sec. III we will nlake SOnle general



remarksremarks aboutabout MossbauerMossbauer spectroscopyspectroscopy ofof thesethese transitions;transitions; 
inin Sec.Sec. IVIV wewe willwill brieflybriefly revtewrevtew SOll.1.eSOll.1.e applicationsapplications toto 
ss pepe cificifi cc lTIatelTIate rials.rials. 

II.II. PHASEPHASE TRANSITIONSTRANSITIONS ININ SIMPLESIMPLE UNIAXIALUNIAXIAL 

ANTIFERROMAGNETSANTIFERROMAGNETS 

1-1- 55
A.A. PhasesPhases andand PhasePhase BoundariesBoundaries 

TheThe silTIplestsilTIplest kindkind ofof antiferromagnetantiferromagnet consistsconsists ofof twotwo 
interpenetratinginterpenetrating sublattices,sublattices, 11 andand 2,2, wherewhere thethe spinspin 
momentmoment ofof aa magneticmagnetic ionion atat anyany givengiven sitesite isis antiferro­antiferro­
magneticallymagnetically coupledcoupled toto thethe spinspin lTIOmentslTIOments ofof itsits neighboringneighboring 
ions.ions. ThusThus atat temperaturestemperatures belowbelow TNTN andand externalexternal magneticmagnetic 
fieldfield HH oo == 0,0, thethe sublatticesublattice m.oments,m.oments, 0-10-1 andand 0-20-2 areare anti­anti­
parallelparallel toto eacheach other.other. TheThe orientationorientation ofof 0-10-1 andand 0-20-2 
relativerelative toto thethe crystalcrystal structurestructure ofof thethe materialmaterial isis deter­deter­
minedmined byby thethe so-calledso-called anisotropyanisotropy energy.energy. IfIf thethe anisotropyanisotropy 
energyenergy hashas uniaxialuniaxial symmetrysymmetry andand isis ofof suchsuch magnitud.emagnitud.e 
andand signsign suchsuch thatthat thethe axisaxis ofof symmetrysymmetry (say(say thethe a-axis)a-axis) isis 
thethe preferredpreferred directiondirection ofof 0-10-1 andand 0-2,0-2, thenthen thethe antiferro­antiferro­
magnetmagnet isis calledcalled uniaxialuniaxial andand ofof thethe easeas y-axisy-axis type.type. 

BelowBelow TN,TN, aa criticalcritical valuevalue ofof anan externalexternal magneticmagnetic 
fieldfield HH oo == HSFHSF appliedapplied parallelparallel toto thethe a-axisa-axis willwill induceinduce aa 
first-order-phasefirst-order-phase transitiontransition toto aa phasephase inin whichwhich ('1('1 andand o-Zo-Z 
areare roughlyroughly perpendicularperpendicular toto eacheach otherother andand pepe rpendicularrpendicular 
toto thethe a-axisa-axis (in(in thethe basalbasal plane).plane). ThisThis phasephase isis knownknown asas 
thethe spin-flopspin-flop phasephase (SF).(SF). 1£1£ HH isis increasedincreased beyondbeyond HHSFSFoo 
thenthen 0-10-1 andand 0-20-2 tiptip towardtoward eacheach otherother andand thethe a-axisa-axis untiluntil aa 
secondsecond criticalcritical valuevalue ofof thethe externalexternal fieldfield HH == HH inducesinducesoo pp 
aa second-order-phasesecond-order-phase transitiontransition toto thethe paramagneticparamagnetic phasephase 
(P)(P) inin whichwhich 0-10-1 andand 0-20-2 areare parallelparallel toto eacheach otheothe rr andand parallelparallel 
toto thethe a-a- axis.axis. 

BothBoth HHSFSF andand HH pp areare determineddetermined byby thethe exchangeexchange 
energyenergy andand thethe anisotropyanisotropy energyenergy (see(see below),below), andand asas bothboth 
areare temperaturetemperature dependent,dependent, thethe criticalcritical magneticmagnetic fieldsfields 
HHSFSF andand HHpp areare alsoalso temperaturetemperature dependent,dependent, andand aa repre­repre­
sentativesentative phasephase diagramdiagram ofof aa uniaxial,uniaxial, easy-axiseasy-axis antiferro­antiferro­
magnetmagnet isis shownshown inin Fig.Fig. laolao ThereThere isis aa tripletriple pointpoint (H(H33 ,, TT 3)3) 
wherewhere allall threethree phasesphases coexist;coexist; forfor TT >> TT 33 ,, onlyonly thethe AFAF andand 
pp phasesphases exist.exist. 

remarks about Mossbauer spectroscopy of these transitions;
in Sec. IV we will briefly revtew SOll.1.e applications to
s pe cifi c lTIate rials.

II. PHASE TRANSITIONS IN SIMPLE UNIAXIAL

ANTIFERROMAGNETS

1- 5
A. Phases and Phase Boundaries

The silTIplest kind of antiferromagnet consists of two
interpenetrating sublattices, 1 and 2, where the spin
moment of a magnetic ion at any given site is antiferro­
magnetically coupled to the spin lTIOments of its neighboring
ions. Thus at temperatures below TN and external magnetic
field H o = 0, the sublattice m.oments, 0-1 and 0-2 are anti­
parallel to each other. The orientation of 0-1 and 0-2
relative to the crystal structure of the material is deter­
mined by the so-called anisotropy energy. If the anisotropy
energy has uniaxial symmetry and is of such magnitud.e
and sign such that the axis of symmetry (say the a-axis) is
the preferred direction of 0-1 and 0-2, then the antiferro­
magnet is called uniaxial and of the eas y-axis type.

Below TN, a critical value of an external magnetic
field H o = HSF applied parallel to the a-axis will induce a
first-order-phase transition to a phase in which ('1 and o-Z
are roughly perpendicular to each other and pe rpendicular
to the a-axis (in the basal plane). This phase is known as
the spin-flop phase (SF). 1£ H o is increased beyond HSF
then 0-1 and 0-2 tip toward each other and the a-axis until a
second critical value of the external field H o = H p induces
a second-order-phase transition to the paramagnetic phase
(P) in which 0-1 and 0-2 are parallel to each othe r and parallel
to the a- axis.

Both HSF and H p are determined by the exchange
energy and the anisotropy energy (see below), and as both
are temperature dependent, the critical magnetic fields
HSF and Hp are also temperature dependent, and a repre­
sentative phase diagram of a uniaxial, easy-axis antiferro­
magnet is shown in Fig. lao There is a triple point (H3 , T 3)
where all three phases coexist; for T > T 3 , only the AF and
p phases exist.
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Fig.Fig. 1.1. ScheITlaticScheITlatic phasephase diagraITldiagraITl forfor uniaxial,uniaxial, easy-axiseasy-axis 
antiferroITlagnet:antiferroITlagnet: a)a) HH oo parallelparallel toto thethe easyeasy axis;axis; b)b) HH oo 
perpendicularperpendicular toto thethe easyeasy axisaxis (after(after Ref.Ref. 2).2). 
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Fig. 1. ScheITlatic phase diagraITl for uniaxial, easy-axis
antiferroITlagnet: a) H o parallel to the easy axis; b) H o
perpendicular to the easy axis (after Ref. 2).



AA magneticmagnetic fieldfield appliedapplied perpendicularperpendicular toto thethe easeas yy 
axisaxis forfor TT << TNTN willwill induceinduce a,a, phasephase transitiontransition fromfrom thethe AFAF 
phasephase toto thethe PP phase,phase, asas shownshown inin Fig.Fig. lb.lb. InIn thisthis case,case, 
thethe fieldfield causescauses thethe spinsspins toto tiptip towardtoward eacheach otherother andand awayaway 
fromfrom thethe a-axisa-axis untiluntil thethe criticalcritical fieldfield HHAFPAFP causescauses thethe 
transitiontransition toto thethe PP phase,phase, wherewhere theythey areare parallelparallel toto eacheach 
otherother andand perpendicularperpendicular toto thethe a-axis.a-axis. ThereThere isis nono SFSF phasephase 
forfor thethe orientationorientation ofof HH relativerelative toto thethe a-axis.a-axis.oo 

B.B. ThernlOdynamicsThernlOdynamics ofof thethe SpinSpin FlopFlop 

TheThe spin-flopspin-flop transitiontransition isis ofof first-orderfirst-order therrno­therrno­
dynamicallydynamically andand cancan bebe understoodunderstood asas follows.follows. 55 AsAs thethe 
analoganalog ofof thethe GibbsGibbs potentialpotential forfor nonn'lagneticnonn'lagnetic systems,systems, wewe 
definedefine ip(T,ip(T, P,P, H),H), thethe thermodynamicthermodynamic potentialpotential forfor thethe anti­anti­
ferromagnet.ferromagnet. TheThe equilibriumequilibrium configurationconfiguration ofof spinsspins isis 
thatthat configurationconfiguration forfor whichwhich WIT,WIT, P,P, H)H) isis aa minimum.minimum. AtAt 
constantconstant TT andand P,P, 

11 22ww(H)(H) :=::=: WW((0)0) -- XHXH (1(1 ))2"2" 00 

wherewhere XX isis thethe magneticmagnetic susceptibility.susceptibility. AtAt HH :=::=: 0,0, 
<P<P AF(O)AF(O) << WSF(O)WSF(O) andand 

(2)(2) 

wherewhere KK isis thethe anisotropyanisotropy energy.energy. TheThe criticalcritical fieldfield HHSFSF
isis byby definitiondefinition thatthat fieldfield forfor whichwhich thethe AFAF andand SFSF phasesphases 
coexist,coexist, oror 

(3)(3) 

UsingUsing Eqs.Eqs. (1)(1) andand (2),(2), Eq.Eq. (3)(3) leadsleads toto 

(4)(4) 

SinceSince X.X. == XII'XII' thethe lowlow fieldfield sussus ceptibilityceptibility withwith HH orientedorientedAFAF oo 
alongalong tiletile a-axis,a-axis, andand XSFXSF -.::::-.:::: XL'XL' thethe lowlow fieldfield susceptibilitysusceptibility 
withwith HH oo orientedoriented perpendicularperpendicular toto thethe a-axis,a-axis, Eq.Eq. (4)(4) cancan 
bebe rewrittenrewritten asas 

A magnetic field applied perpendicular to the eas y
axis for T < TN will induce a, phase transition from the AF
phase to the P phase, as shown in Fig. lb. In this case,
the field causes the spins to tip toward each other and away
from the a-axis until the critical field HAFP causes the
transition to the P phase, where they are parallel to each
other and perpendicular to the a-axis. There is no SF phase
for the orientation of H o relative to the a-axis.

B. ThernlOdynamics of the Spin Flop

The spin-flop transition is of first-order therrno­
dynamically and can be understood as follows. 5 As the
analog of the Gibbs potential for nonn'lagnetic systems, we
define ip(T, P, H), the thermodynamic potential for the anti­
ferromagnet. The equilibrium configuration of spins is
that configuration for which WIT, P, H) is a minimum. At
constant T and P,

w(H) :=: W(0) -
1 2

XH2" 0
(1 )

where X is the magnetic susceptibility. At H :=: 0,
<P AF(O) < WSF(O) and

(2)

where K is the anisotropy energy. The critical field HSF
is by definition that field for which the AF and SF phases
coexist, or

(3)

Using Eqs. (1) and (2), Eq. (3) leads to

(4)

Since X.AF = XII' the low field sus ceptibility with H o oriented
along tile a-axis, and XSF -.:::: XL' the low field susceptibility
with H o oriented perpendicular to the a-axis, Eq. (4) can
be rewritten as



 

 

  

 

1/21/2 
(5(5 ))X,X, 2~,j2~,j

XX IIII approachesapproaches zerozero atat TT goesgoes toto zerozero whilewhile XLXL isis roughlyroughly 
constantconstant belowbelow TNTN forfor anan ideal,ideal, uniaxialuniaxial antiferrOlTIagnetantiferrOlTIagnet 
(see(see Fig.2).Fig.2). AboveAbove TNTN XIIXII ::::;::::; Xl.'Xl.' Moreover,Moreover, X,.I.X,.I. -- XIIXII usuallyusually 
decreasesdecreases fasterfaster thanthan KK soso thatthat HH SFSF increasesincreases withwith increasingincreasing 
T.T. 
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Fig.Fig. 2.2. X,I functionfunction ofof temperaturetemperature forforXii andand XJ,.XJ,. plottedplotted asas aa 
thethe idealideal uniaxialuniaxial antiferromagnetantiferromagnet MnFMnF (after(after Ref.Ref. 1).1).
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C.C. MoleMole cularcular FieldField Approxim_ationApproxim_ation 

1£1£ wewe aSSUHleaSSUHle thatthat thethe ionsions onon oneone sublatticesublattice interactinteract 
onlyonly withwith thethe neighboringneighboring ionsions onon thethe otherother sublattice,sublattice, thenthen 
thethe rnolecularrnolecular fieldfield approxirnationapproxirnation (l\!lFA)(l\!lFA) consistsconsists inin re­re­
placingplacing thethe excl1angeexcl1ange interactioninteraction byby anan effectiveeffective exchangeexchange 
fieldfield whichwhich isis proportionalproportional toto thethe lTIagnetizationlTIagnetization ofof thethe otherother 
sublattice.sublattice. IfIf thethe spinspin ofof thethe transitiontransition ITletalITletal ionion isis S,S, thenthen 
thethe n,agnetizationn,agnetization 0-0- == <S>/S<S>/S isis givengiven byby aa BrillouinBrillouin functionfunction 

(5 )
1/2X, 2~,j

X II approaches zero at T goes to zero while XL is roughly
constant below TN for an ideal, uniaxial antiferrOlTIagnet
(see Fig.2). Above TN XII ::::; Xl.' Moreover, X,.I. - XII usually
decreases faster than K so that H SF increases with increasing
T.
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Fig. 2. Xii and XJ,. plotted as a function of temperature for
the ideal uniaxial antiferromagnet MnF

2
(after Ref. 1).

C. Mole cular Field Approxim_ation

1£ we aSSUHle that the ions on one sublattice interact
only with the neighboring ions on the other sublattice, then
the rnolecular field approxirnation (l\!lFA) consists in re­
placing the excl1ange interaction by an effective exchange
field which is proportional to the lTIagnetization of the other
sublattice. If the spin of the transition ITletal ion is S, then
the n,agnetization 0- = <S>/S is given by a Brillouin function



 

 

 

 

(6)(6)
"1"1 "B,"B, ~BS~BS :H:H 

wherewhere HIHI ISIS thethe totaltotal fieldfield givengiven byby 

HH =::=:: HH ++ HH ==== HH -- l\.l\. 0-0- -- (7(7 ))
II 00 exex 00 22 

TheThe expressionsexpressions forfor 0-20-2 areare sinlliar.sinlliar. TheThe constantconstant l\.l\. includesincludes 
thethe nun"lbernun"lber ofof neighborsneighbors andand thethe exchangeexchange integral.integral. 2,2, 3,43,4 

InIn thethe MFA,MFA, thethe AFAF toto PP phasephase bO'JndarybO'Jndary isis givengiven by2by2 

(8(8 )) 

wherewhere o-(T)o-(T) isis calculatedcalculated withwith HH oo =::=:: O.O. CloseClose toto TN'TN' thisthis 
leadsleads toto anan expresexpres sionsion ofof thethe forrnforrn 22 ,, 44 

22 
TNTN -- TT =::=:: DD (9)(9)HHAFPAFP '' 

wherewhere DD isis aa constant,constant, i.i. e.,e., thatthat thethe depressiondepression ofof thethe N~elN~el

pointpoint isis quadraticquadratic inin magneticmagnetic field.field. ForFor Ho.lHo.l u,u, thethe phasephase 
boundaryboundary hashas thethe sam.esam.e form,form, withwith D(HD(H 11 u)u) zz 1/31/3 (D(H(D(H ~I~I u).2u).2oo 00 

TheThe MFAMFA predictspredicts aa similarsimilar formform forfor thethe SFSF toto PP 
phasephase boundary,boundary, exceptexcept thatthat smallsmall correctionscorrections forfor thethe 
anisotropyanisotropy energyenergy J11ustJ11ust bebe included,included, whichwhich changechange thethe 
extrapolatedextrapolated zerozero fieldfield transitiontransition tel11peraturetel11perature fromfrom TN­TN­
MoreMore sophisticatedsophisticated calculationscalculations predictpredict 

aTaT 3/3,3/3,Hp(T)Hp(T) =::=:: Hp(O)Hp(O) [[ -- (10)(10) 

forfor TT ~~ 0,0, wherewhere aa isis aa constant.constant. 

TheThe IviFAIviFA cancan alsoalso bebe usedused toto calculatecalculate thethe individualindividual 
sublatticesublattice magnetizationsmagnetizations forfor HH 1/1/ uu andand TT 33 << TT .::..::. TNTN andandoo 
TT >> TT 22 ,4,4 AlthoughAlthough 0-1::0-1:: -- 0-20-2 forfor allall TT whenwhen HH =::=:: 0,0, inin 
finitefinite 

NN
.. 
HH thisthis isis nono longerlonger thethe case.case. MoreoveMoreove rr

oo 
0-0- ]] :::: ('21=('21= 00oo 

forfor TT >> TNTN ifif HH oo t-t- 0,0, butbut 0-0- 11 tt -- 0-20-2 forfor TT <<TN-TN- TheThe 
expeexpe ctedcted sublatticesublattice ulagnetizationsulagnetizations asas aa functionfunction ofof HHoo areare 
indicatedindicated schematicallyschematically inin Fig.Fig. 3.3. TheThe sublatticesublattice niagneti­niagneti­
zationszations asas functionfunction ofof TT atat constantconstant EoEo havehave aa sirnilarsirnilar forni.forni. 

"1 "B, ~BS :H
where HI IS the total field given by

H =:: H + H == H - l\. 0- 2 -I 0 ex 0

(6)

(7 )

The expressions for 0-2 are sinlliar. The constant l\. includes
the nun"lber of neighbors and the exchange integral. 2, 3,4

In the MFA, the AF to P phase bO'Jndary is given by2

where o-(T) is calculated with H o =:: O. Close to TN' this
leads to an expres sion of the forrn 2 , 4

2
TN - T =:: D HAFP '

(8 )

(9)

where D is a constant, i. e., that the depression of the N~el

point is quadratic in magnetic field. For Ho.l u, the phase
boundary has the sam.e form, with D(H 1 u) z 1/3 (D(H ~I u).2o 0

The MFA predicts a similar form for the SF to P
phase boundary, except that small corrections for the
anisotropy energy J11ust be included, which change the
extrapolated zero field transition tel11perature from TN­
More sophisticated calculations predict

Hp(T) =:: Hp(O) [ - aT 3/3, (10)

for T~ 0, where a is a constant.

The IviFA can also be used to calculate the individual
sublattice magnetizations for H o 1/ u and T 3 < T .::. TN and
T > T

N
. 2 ,4 Although 0-1:: - 0-2 for all T when Ho =:: 0, in

finite H o this is no longer the case. Moreove r 0- ] :: ('21= 0
for T > TN if H o t- 0, but 0- 1 t - 0-2 for T <TN- The
expe cted sublattice ulagnetizations as a function of Ho are
indicated schematically in Fig. 3. The sublattice niagneti­
zations as function of T at constant Eo have a sirnilar forni.
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Fig.Fig. 3.3. MagneticMagnetic fieldfield dependencedependence ofof n.n. r;r; 11 andand ?1?1 .. r?Zr?Z atat con­con­
staB,tstaB,t T,T, TT 33 << T<T< TN'TN' 'Ii.'Ii. isis aa unitunit vectorvector pointingpointing parallelparallel 
toto HH andand alongalong thethe easyeasy axis.axis. TheThe solidsolid andand dasheddashed arrowsarrowsoo 
representrepresent cTcT ll andand rTZ'rTZ' respectivelyrespectively (after(after Ref.Ref. Z).Z). 

ItIt isis wellwell knownknown thatthat thethe MFAMFA breaksbreaks downdown inin thethe
criticalcritical region,region, i.i. e.,e., closeclose toto TN'TN' appro­HereHere itit isis rrlOrerrlOre appro­
priatepriate toto useuse thisthis expressionexpression 

(( 11)11) 

wherewhere AA isis aa constantconstant andand f3f3 isis aa constant,constant, usuallyusually 0.330.33 forfor 
aa three-dilnensionalthree-dilnensional antiferronlagnet.antiferronlagnet. ThisThis expressionexpression isis 
alsoalso suitablesuitable forfor rneasurelnentsrneasurelnents inin externallnagneticexternallnagnetic fields,fields, 
asas isis shownshown belowbelow inin Sec.Sec. IVIV -A.-A. InIn externalexternal fieldsfields however,however, 
oneone usesuses 

LL :::: 

toto cOlnparecOlnpare withwith thethe secondsecond membermember ofof Eq.Eq. (11).(11). 

A _

n·(T1
Clild

n·CTz
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Fig. 3. Magnetic field dependence of n. r; 1 and ?1 . r?Z at con­
staB,t T, T 3 < T< TN' 'Ii. is a unit vector pointing parallel
to H o and along the easy axis. The solid and dashed arrows
represent cT l and rTZ' respectively (after Ref. Z).

It is well known that the MFA
critical region, i. e., close to TN'
priate to use this expression

breaks down in the
Here it is rrlOre appro-

( 11)

where A is a constant and f3 is a constant, usually 0.33 for
a three-dilnensional antiferronlagnet. This expression is
also suitable for rneasurelnents in externallnagnetic fields,
as is shown below in Sec. IV -A. In external fields however,
one uses

L ::

to cOlnpare with the second member of Eq. (11).



 

 

 

SinceSince thethe magnitudemagnitude ofof HH dependsdepends onon thethe anisotropyanisotropy
SFSF 

energyenergy (Eq.(Eq. (5)),(5)), thethe 'spin-flop'spin-flop transitiontransition willwill bebe observableobservable 
withwith availableavailable fieldsfields onlyonly forfor thosethose materialsmaterials forfor whichwhich thisthis 
energyenergy isis relativelyrelatively small.small. ItIt cancan bebe shownshown thatthat XlXl ~~ 11'11' 
andand takingtaking XII/XLXII/XL -::0-::0 6,6, Eq.Eq. (5)(5) cancan bebe writtenwritten ll 

__ [[ 22 I\KjI\Kj 1/21/2HH -- .. (12)(12)
SFSF 11 __ 66 

1£1£ wewe writewrite thethe anisotropyanisotropy energyenergy KK inin termsterms ofof anan aniso­aniso­
tropytropy fieldfield HH AA :::: K/K/gS,gS, andand rememberingremembering thatthat thethe exchangeexchange 
fieldfield HH :::: AOSAOS inin thethe MFAMFAEE ,,bb 

HH ==12HEIIA12HEIIA 1/21/2 
(13(13 ))tt 11

JJ
SFSF -- 66 

SinceSince (;(; .~.~ 00 atat TT :::: 0,0, itit cancan bebe seenseen thatthat forfor exchangeexchange fieldsfields 
ofof 1010 66 Ge,Ge, thethe anisotropyanisotropy fieldfield mustmust bebe lessless thanthan 1010 44 OeOe inin 
orderorder thatthat t~et~e spinspin flopflop bebe observableobservable inin thethe laboratorylaboratory 
(H(H -.>:-.>: 22 xx 10=>10=> Ge)Ge),, 00 •• 

D.D. MoreMore ComplexComplex SystemsSystems 

IdealIdeal situationssituations areare encountedencounted infrequentlyinfrequently inin anyany 
areaarea ofof experience,experience, andand soso tootoo withwith antiferromagnets.antiferromagnets. ItIt 
wouldwould notnot bebe possiblepossible toto recapitualterecapitualte allall thethe possiblepossible com­com­
plications,plications, howe'.'er,howe'.'er, oneone generalgeneral typetype ofof transitiontransition shouldshould 
bebe mentioned.mentioned. InIn thethe simplesimple MFAMFA above,above, wewe assumedassumed thatthat 
thethe entireentire exchangeexchange fieldfield actingacting onon aa givengiven sitesite waswas duedue toto 
thethe neighboringneighboring ionsions onon thethe otherother sublattice.sublattice. AnAn obviousobvious 
extensionextension ofof thethe modelmodel wouldwould bebe toto includeinclude interactionsinteractions ofof 
thethe ionion withwith otherother ionsions onon thethe samesame sublattice.sublattice. InIn somesome 
casescases thethe structurestructure isis suchsuch thatthat thethe intra-sublatticeintra-sublattice inter­inter­
actionaction isis strongerstronger thanthan thethe inter-sublatticeinter-sublattice interaction,interaction, i.i. e.,e., 
thethe anisotropyanisotropy fieldfield isis effectivelyeffectively greatergreater thanthan thethe anti­anti­
ferromagneticferromagnetic exchangeexchange field.field. IfIf aa fieldfield isis appliedapplied alongalong 
thethe easyeasy axis,axis, itit maymay bebe possiblepossible toto observeobserve aa first-orderfirst-order 
AFAF toto PP transition,transition, calledcalled aa metamagneticmetamagnetic transition.transition. InIn 
certaincertain cases,cases, withwith rnorernore cOlnplexcOlnplex structures,structures, intennediateintennediate 
ferrimagneticferrimagnetic phasesphases cancan bebe observedobserved withwith increasingincreasing HH 
alongalong u,u, allall first-orderfirst-order thern10dynarnically.thern10dynarnically. 00 

(12)

(13 )

Since the magnitude of H
SF

depends on the anisotropy
energy (Eq. (5)), the 'spin-flop transition will be observable
with available fields only for those materials for which this
energy is relatively small. It can be shown that Xl ~ 11'
and taking XII/XL -::0 6, Eq. (5) can be written l

_ [ 2 I\Kj 1/2H - .
SF 1 _ 6

1£ we write the anisotropy energy K in terms of an aniso­
tropy field H A :: K/gS, and remembering that the exchange
field H :: AOS in the MFAE b ,

H =12HEIIA J1/2

SF t 1 - 6

Since (; .~ 0 at T :: 0, it can be seen that for exchange fields
of 106 Ge, the anisotropy field must be less than 10 4 Oe in
order that t~e spin flop be observable in the laboratory
(H -.>: 2 x 10=> Ge), 0 •

D. More Complex Systems

Ideal situations are encounted infrequently in any
area of experience, and so too with antiferromagnets. It
would not be possible to recapitualte all the possible com­
plications, howe'.'er, one general type of transition should
be mentioned. In the simple MFA above, we assumed that
the entire exchange field acting on a given site was due to
the neighboring ions on the other sublattice. An obvious
extension of the model would be to include interactions of
the ion with other ions on the same sublattice. In some
cases the structure is such that the intra-sublattice inter­
action is stronger than the inter-sublattice interaction, i. e.,
the anisotropy field is effectively greater than the anti­
ferromagnetic exchange field. If a field is applied along
the easy axis, it may be possible to observe a first-order
AF to P transition, called a metamagnetic transition. In
certain cases, with rnore cOlnplex structures, intennediate
ferrimagnetic phases can be observed with increasing H
along u, all first-order thern10dynarnically. 0



 

 

 

 

III.� HYPERHYPER FINEFINE INTERACTIONSINTERACTIONS Af\TDAf\TD MOSSBAUERMOSSBAUERIII. 
SPECTROSCOPYSPECTROSCOPY 

AssociatedAssociated withwith thethe phasephase boundariesboundaries outlinedoutlined inin thethe 
previousprevious sections,sections, therethere willwill bebe changeschanges inin thethe hyperfinehyperfine 
spectrumspectrum whichwhich cancan bebe observedobserved byby MossbauerMossbauer spectroscopy.spectroscopy. 
TheThe generalgeneral changeschanges whichwhich oneone mightmight observeobserve are:are: a)a) thethe 
magnitudemagnitude ofof thethe hyperfinehyperfine interactioninteraction changeschanges inin goinggoing 
acrossacross thethe phasephase boundaryboundary withwith consequentconsequent shiftsshifts inin thethe 
spectralspectral lines;lines; b)b) thethe polarizationpolarization directiondirection changes,changes, withwith 
consequentconsequent changeschanges inin thethe relativerelative intensitiesintensities ofof thethe lines;lines; 
c)c) thethe angleangle betweenbetween thethe principleprinciple componentcomponent ofof thethe electricelectric 
fieldfield gradientgradient andand thethe magneticmagnetic hyperfinehyperfine fieldfield changeschanges withwith 
consequentconsequent shiftsshifts inin thethe spectralspectral lines.lines. 

LetLet usus considerconsider thethe expectedexpected changeschanges withwith referencereference 
toto aa uniaxialuniaxial antiferromagnetantiferromagnet withwith HH alo!l.galo!l.g thethe easeas yy (a)(a) axisaxis 
(see(see Fig.Fig. dlrectlOnlaJlaJ andand parallelparallel toto thethe y-r~yy-r~y propagatIonpropagatIon dlrectlOl1 
LetLet usus furtherfurther assumeassume thatthat VV zz isis alongalong uu andand TlTl ==== O.O. ThenThen 
alongalong thethe HH =:=: 00 line,line, aboveabove ff NN oneone obtainsobtains aa quadrupolequadrupoleoo 
spectrumspectrum only,only, whilewhile belowbelow TNTN oJ2.S.oJ2.S. obtainsobtains aa singlesingle sp~tru:msp~tru:m

withwith thethe angleangle ~~ betweenbetween VVzzzz andand HHhfhf == O.O. OfOf course,course, HH hihi 
isis temperaturetemperature dependent,dependent, goinggoing toto zerozero atat TN'TN' ForFor aa 
singlesingle crystalcrystal absorber,absorber, !'lm!'lm == 00 lineslines havehave intensityintensity zero.zero. 

A.A. AFAF RegionRegion 

SinceSince thethe totaltotal fieldfield atat thethe nucleusnucleus isis thethe SUlTISUlTI ofof thethe 
hyperhyper finefine fieldfield andand thethe appliedapplied field,field, 

(( 14)14) 

applicationapplication ofof HHoo alongalong uu resultsresults inin twotwo spectra,spectra, oneone inin 
whichwhich HH =:=: HhfHhf ++ HH ,, thethe otherother inin whichwhich HH ==== -- HH ..nn HH hfhf 
UnlessUnless 81e81e signsign ofof 81e81e hyperfinehyperfine interactioninteraction isis knownknown ffrornffrorn 
measurementsmeasurements inin thethe PP phase,phase, forfor example)example) itit isis notnot possiblepossible 
toto saysay whichwhich spectrumspectrum correspondscorresponds toto thethe spinspin upup sublattice,sublattice, 
andand whichwhich correspondscorresponds toto spinspin down.down. ForFor bothboth spectra,spectra, !3!3 
relnainsrelnains zerozero andand thethe intensityintensity ofof thethe !'lm!'lm =:=: 00 lineslines equalsequals O.O. 
InIn crossingcrossing thethe AF-PAF-P phasephase boundary,boundary, HHhfhf willwill bebe propor­propor­
tionaltional toto vv andand cancan bebe comparedcompared withwith thethe MFAMFA calculationscalculations 
outlinedoutlined above.above. SinceSince bothboth sublatticessublattices will,will, inin general,general, 
havehave differentdifferent magnetizationsmagnetizations 0',0', soso willwill thethe hyperfinehyperfine fieldsfields 
forfor thethe ionsions onon thethe twotwo sublatticessublattices bebe different.different. InIn thethe 
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A. AF Region

Let us consider the expected changes with reference
to a uniaxial antiferromagnet with H alo!l.g the eas y (a) axis
(see Fig. laJ and parallel to the y-r~y propagatIon dlrectlOl1
Let us further assume that V z is along u and Tl == O. Then
along the Ho =: 0 line, above f N one obtains a quadrupole
spectrum only, while below TN oJ2.S. obtains a single sp~tru:m

with the angle ~ between Vzz and Hhf = O. Of course, H hi
is temperature dependent, going to zero at TN' For a
single crystal absorber, !'lm = 0 lines have intensity zero.

Associated with the phase boundaries outlined in the
previous sections, there will be changes in the hyperfine
spectrum which can be observed by Mossbauer spectroscopy.
The general changes which one might observe are: a) the
magnitude of the hyperfine interaction changes in going
across the phase boundary with consequent shifts in the
spectral lines; b) the polarization direction changes, with
consequent changes in the relative intensities of the lines;
c) the angle between the principle component of the electric
field gradient and the magnetic hyperfine field changes with
consequent shifts in the spectral lines.

III. HYPER FINE INTERACTIONS Af\TD MOSSBAUER
SPECTROSCOPY

Since the total field at the nucleus is the SUlTI of the
hyper fine field and the applied field,

( 14)

application of Ho along u results in two spectra, one in
which H =: Hhf + H , the other in which Hn == H hf - H .
Unless 81e sign of 81e hyperfine interaction is known ffrorn
measurements in the P phase, for example) it is not possible
to say which spectrum corresponds to the spin up sublattice,
and which corresponds to spin down. For both spectra, !3
relnains zero and the intensity of the !'lm =: 0 lines equals O.
In crossing the AF-P phase boundary, Hhf will be propor­
tional to v and can be compared with the MFA calculations
outlined above. Since both sublattices will, in general,
have different magnetizations 0', so will the hyperfine fields
for the ions on the two sublattices be different. In the
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criticalcritical regionregion itit isis appropriaseappropriase toto taketake thethe vectorvector differencedifference 
ofof thethe tw~hyperfinetw~hyperfine f\eldsf\elds Hb!Hb! -- Hh1)(notHh1)(not HJLHJL H~P)H~P) propor­propor­
tionaltional toto LL toto comparecompare withEq.withEq. (11).(11). 

B.B. SFSF RegionRegion 

AtAt HH '' thethe twotwo spectraspectra collapsecollapse intointo aa singlesingleoo == HHSFSF 
spectrun'lspectrun'l withwith thethe ,,In,,In == 00 lineslines nownow thethe mostmost intense.intense. TheThe 
angleangle f3f3 isis nownow Tr/2,Tr/2, andand HHnn '''''''''' VHVH LL ++ H~f'H~f' InIn addition,addition, thethe 
lnagnitudelnagnitude (and!OSSibl(and!OSSibl yy eveneven theOsign)theOsign) ofof HHhfhf inin thethe SFSF 
region!>;,saregion!>;,sa yy HI?HI? :3:3 n'layn'lay bebe differentdifferent thanthan inin thethe AFAF region,region, 
saysay Hll.Hll.11 '' InIn FeFe +,+, thethe changechange inin HhfHhf isis notnot expectedexpected toto bebe 
largelarge becausebecause FeFe 33 ++ isis anan S-stateS-state ion,ion, butbut thethe changechange cancan bebe 
considerableconsiderable inin FeFe 2+2+ wherewhere thethe singlesingle ionion anistropyanistropy cancan bebe 
large.large. IfIf thethe spin-flopspin-flop boundaryboundary isis atat largelarge valuesvalues ofof HH '' oo 
thenthen thethe spinsspins inin thethe SFSF phasephase willwill bebe cantedcanted outout ofof thethe basalbasal 
planeplane towatowa rdrd a.a. ThiThi ss meme ansans ttiJ.tttiJ.t ~~ will."bewill."be IeIe ss ss thanthan 'IT'IT /2/2 andand 
thethe ap,propriateap,propriate veve etoretor SUInSUIn ofof HHhfhf andand HH mustmust bebe takentaken totooo 
givegive HH .. nn 

C.C. PP RegionRegion 

InIn thethe PP region,region, afterafter crossingcrossing eithereither thethe SF-PSF-P phasephase 
boundaryboundary oror thethe AFAF -P-P phasephase boundary,boundary, thethe spectrumspectrum isis againagain 
aa singlesingle spectrumspectrum withwith HH nn == HHhfhf .±.± HH '' dependingdepending onon thethe signsignoo 
ofof Hhf.Hhf. Again,Again, asas inin thethe AFAF region,region, ~~ == 00 andand thethe 611"1611"1 == 00 
lineslines havehave zerozero intensity.intensity. TheThe magnitudemagnitude ofof HHhfhf isis HH andand TToo 
dependent,dependent, andand thethe dependencedependence cancan usuallyusually bebe approximatedapproximated 
byby aa BrillouinBrillouin function,function, 

(( 15)15) 

wherewhere Hr&Hr& isis thethe saturationsaturation valuevalue ofof thethe hyperfinehyperfine inter­inter­
action,action, i.i. e.,e., thethe valuevalue ofof HhfHhf forfor BB ss == 1,1, andand I-~I-~ isis thethe 
magneticmagnetic fieldfield actingacting onon thethe ionicionic moment,moment, includingincluding HHoo andand 
thethe exchangeexchange fieldsfields duedue toto thethe otherother spinsspins (Eq.(Eq. (7)(7) above).above). 

D.D. HH AppliedApplied PerpendicularPerpendicular toto thethe a-axisa-axisoo 

InIn thisthis casecase wewe referrefer toto thethe phasephase diagramdiagram inin Fig.Fig. lb.lb. 
InIn thethe AFAF region,region, oneone nownow obtainsobtains aa singlesingle spectrw11spectrw11 forfor allall 

critical region it is appropriase to take the vector difference
of the tw~hyperfine f\elds Hb! - Hh1)(not HJL H~P) propor­
tional to L to compare withEq. (11).

B. SF Region

At H o = HSF ' the two spectra collapse into a single
spectrun'l with the ,,In = 0 lines now the most intense. The
angle f3 is now Tr/2, and Hn ''''' VH L + H~f' In addition, the
lnagnitude (and!OSSibl y even theOsign) of Hhf in the SF
region!>;,sa y HI? :3 n'lay be different than in the AF region,
say Hll.1 ' In Fe +, the change in Hhf is not expected to be
large because Fe 3 + is an S-state ion, but the change can be
considerable in Fe 2+ where the single ion anistropy can be
large. If the spin-flop boundary is at large values of Ho'
then the spins in the SF phase will be canted out of the basal
plane towa rd a. Thi s me ans ttiJ.t ~ will."be Ie s s than 'IT /2 and
the ap,propriate ve etor SUIn of Hhf and Ho must be taken to
give H n .

C. P Region

In the P region, after crossing either the SF-P phase
boundary or the AF -P phase boundary, the spectrum is again
a single spectrum with H n = Hhf .± Ho ' depending on the sign
of Hhf. Again, as in the AF region, ~ = 0 and the 611"1 = 0
lines have zero intensity. The magnitude of Hhf is Ho and T
dependent, and the dependence can usually be approximated
by a Brillouin function,

( 15)

where Hr& is the saturation value of the hyperfine inter­
action, i. e., the value of Hhf for B s = 1, and I-~ is the
magnetic field acting on the ionic moment, including Ho and
the exchange fields due to the other spins (Eq. (7) above).

D. H o Applied Perpendicular to the a-axis

In this case we refer to the phase diagram in Fig. lb.
In the AF region, one now obtains a single spectrw11 for all



   

 

HH withwith HHnn ~VH2~VH2 ++ HI~fHI~f andand ~~ == O.O. IfIf thethe y-rayy-ray propagationpropagationoo 
directiondirection isis parSlelparSlel toto a,a, thenthen thethe limlim == 00 lineslines willwill bebe 
absent.absent. AsAs HHoo increasesincreases andand thethe spinsspins tiptip awayaway fromfrom a,a, 1313 
willwill decreasedecrease andand thethe limlim == 00 lineslines willwill increaseincrease inin intensity.intensity. 
AtAt thethe AF-PAF-P phasephase boundaryboundary HhfHhf andand HH oo areare parallel,parallel, 1313 == rr/Zrr/Z 
andand thethe 1I1TI1I1TI == 00 lineslines havehave maXimummaXimum intensity.intensity. TheThe valuevalue ofof 
HhfHhf inin thethe PP phasephase m.aym.ay bebe differentdifferent thanthan thatthat observedobserved inin thethe 
PP phasephase withwith HHoo IIII a,a, reflectingreflecting anisotropyanisotropy inin thethe singlesingle ionion 
properties.properties. 

IV.IV. EXPERIMENTALEXPERIMENTAL RESULTSRESULTS 

A.A. MnFMnF 22 

MnFMnF22 crystalizescrystalizes inin aa rutilerutile structurestructure withwith aa tetragonaltetragonal 
latticelattice andand twotwo magnetiCmagnetiC ionsions perper unitunit cell.cell. BelowBelow thethe NeelNeel 
temperaturetemperature TNTN == 67.467.4 K,K, thethe magneticmagnetic propertiesproperties ofof MnFMnF ZZ 
areare understoodunderstood inin termsterms ofof anan ideal,ideal, twotwo sublattice,sublattice, easy­easy­
axisaxis antiferromagnetantiferromagnet withwith thethe spinsspins alignedaligned alongalong thethe c-axis.c-axis. 
TheThe phasephase diagramdiagram ofof MnF2MnF2 hashas beenbeen studiedstudied byby magneticmagnetic 
momentmoment andand ultrasonicultrasonic techniguestechnigues 22 andand isis shownshown inin Fig.Fig. 4.4. 
HS~HS~ isis 9393 kOekOe atat 4.24.2 K;K; thisthis lowlow fieldfield isis duedue toto thethe factfact thatthat 
MnMn ++ isis anan S-stateS-state ionion andand hashas lowlow anisotropy.anisotropy. 

22
FeFe ++ maymay bebe isomorphouslyisomorphously incorporatedincorporated intointo thethe MnFMnF 22 

lattice,lattice, andand zerozero fieldfield MossbauerMossbauer spectroscopyspectroscopy hashas beenbeen 
reportedreported byby WertheimWertheim etet aLaL 66 TheThe additionaddition ofof ironiron resultsresults inin 
anan increaseincrease ofof thethe NeelNeel temperaturetemperature andand anan increaseincrease inin thethe 
valuevalue ofof HHSFSF '' duedue toto thethe factfact thatthat FeFe ZZ++ hashas aa largelarge singlesingle 
ionion anistropyanistropy comparedcompared withwith MnMn22 +.+. ForFor 11%% FeFe inin MnF2'MnF2' ,"," ..
HSFHSF isis 105105 kOe.kOe. 77 ,:;,:; "" 

-- ~~....
.. --,,,,,,SpinSpin Flop.Flop. TheThe SFSF phasephase waswas observedobserved byby AbeledoAbeledo 
:~:~etet aLaL 88 usingusing MossbauerMossbauer spectroscopy.spectroscopy. AA largelarge singlesingle .~.~....

crystalcrystal ofof '-1%'-1% FeFe22 ++ dopeddoped MnF2MnF2 waswas growngrown fronlfronl thethe n,eltn,elt 
byby Optovac,Optovac, Inc.Inc. TheThe crystalcrystal waswas orientedoriented andand aa 66 milmil sliceslice 
waswas takentaken perpendicularperpendicular toto thethe c-axis.c-axis. HH oo waswas appliedapplied 
parallelparallel toto thethe c-axis.c-axis. 

SpectraSpectra atat 4.24.2 KK andand HHoo == 0,0, 7575 andand IIIIII kOekOe areare shownshown 
inin Figs.Figs. Sa,Sa, SbSb andand 66 respectively.respectively. ForFor HH == 00 anan apparentapparentoo 
threethree lineline spectrunlspectrunl isis observed,observed, duedue toto aa fortuitousfortuitous super­�super­
positionposition ofof thethe innerinner limlim == ++ 11 lines.lines. pcase,�InIn thethe AFAF pcase, 
H*rH*r == 227227 kOe,kOe, liEliE == 2.82.8 mm/secmm/sec andand 1313 == rr/2.rr/2. For�For 
H_H_ << Hc;""Hc;"" thethe spectrumspectrum (Fig.(Fig. super­5b)5b) consistsconsists ofof thethe super­

IV. EXPERIMENTAL RESULTS

A. MnF 2

," .,:; "
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.-,,,
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Spectra at 4.2 K and Ho = 0, 75 and III kOe are shown
in Figs. Sa, Sb and 6 respectively. For H o = 0 an apparent
three line spectrunl is observed, due to a fortuitous super­
position of the inner lim = + 1 lines. In the AF pcase,
H*r = 227 kOe, liE = 2.8 mm/sec and 13 = rr/2. For
H_ < Hc;"" the spectrum (Fig. 5b) consists of the super-

Spin Flop. The SF phase was observed by Abeledo
et aL 8 using Mossbauer spectroscopy. A large single
crystal of '-1% Fe2 + doped MnF2 was grown fronl the n,elt
by Optovac, Inc. The crystal was oriented and a 6 mil slice
was taken perpendicular to the c-axis. H o was applied
parallel to the c-axis.

Ho with Hn ~VH2 + HI~f and ~ = O. If the y-ray propagation
direction is parSlel to a, then the lim = 0 lines will be
absent. As Ho increases and the spins tip away from a, 13
will decrease and the lim = 0 lines will increase in intensity.
At the AF-P phase boundary Hhf and H o are parallel, 13 = rr/Z
and the 1I1TI = 0 lines have maXimum intensity. The value of
Hhf in the P phase m.ay be different than that observed in the
P phase with Ho II a, reflecting anisotropy in the single ion
properties.

MnF2 crystalizes in a rutile structure with a tetragonal
lattice and two magnetiC ions per unit cell. Below the Neel
temperature TN = 67.4 K, the magnetic properties of MnF Z
are understood in terms of an ideal, two sublattice, easy­
axis antiferromagnet with the spins aligned along the c-axis.
The phase diagram of MnF2 has been studied by magnetic
moment and ultrasonic technigues 2 and is shown in Fig. 4.
HS~ is 93 kOe at 4.2 K; this low field is due to the fact that
Mn + is an S-state ion and has low anisotropy.

Fe
2+ may be isomorphously incorporated into the MnF 2

lattice, and zero field Mossbauer spectroscopy has been
reported by Wertheim et aL 6 The addition of iron results in
an increase of the Neel temperature and an increase in the
value of HSF ' due to the fact that Fe Z+ has a large single
ion anistropy compared with Mn2 +. For 1% Fe in MnF2'
HSF is 105 kOe. 7



 
  

 
Fig.Fig. 4.4. 
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AF -SF MnFZ.AF-SF phasephase boundaryboundary inin MnFZ' withwith HHoo parallelparallel 
(after(after Ref.Ref. 2).2). 
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Fig.Fig. 6.6. MossbauerMossbauer spectrumspectrum ofof singlesingle crystalcrystal MnFMnF22 atat 
4.24.2 K,K, HHoo == IIIIII kOe,kOe, inin thethe SFSF phase.phase. TheThe barbar diagramsdiagrams 
belowbelow thethe figurefigure representrepresent thethe expectedexpected spectraspectra forfor variousvarious 
orientationsorientations ofof thethe momentmoment inin thethe basalbasal planeplane (after(after Ref.Ref. 8).8). 
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Fig. 6. Mossbauer spectrum of single crystal MnF2 at
4.2 K, Ho = III kOe, in the SF phase. The bar diagrams
below the figure represent the expected spectra for various
orientations of the moment in the basal plane (after Ref. 8).



 

 

 
 

 

   
 

 

 

positionposition ofof thethe twotwo suolatticesUDlattice spectraspectra asas discusseddiscussed inin Sec.Ill.A.Sec.Ill.A. 
ForFor HHoo >> HSF'HSF' thethe spectrurnspectrurn (Fig.(Fig. 6)6) changeschanges drarnaticallydrarnatically 
duedue toto thethe aEl2ear~nceaEl2ear~nce-S.f-S.f thethe tmtm :::::: 00 ~f'es,~f'es, andand thethe fieldfield atat 
thethe nucleusnucleus HH :::::: HH ++ I~f,I~f, wherewhere HH hfhf isis perpendperpend lcularlcular toto c.c. nn oo 
TheThe spectrurrlspectrurrl isis consirierablyconsirierably corr1plicatedcorr1plicated byby thethe factfact thatthat 
therethere areare twotwo crystallographiccrystallographic sitessites forfor thethe transitiontransition rnetalrnetal 
ionsions withwith COHUTlOnCOHUTlOn c-axisc-axis butbut orientedoriented atat 9090 00 withwith respectrespect toto 
eacheach otherother inin thethe basalbasal plane,plane, andand eacheach sitesite hashas equivalentequivalent 
orthor!:!:ornbicorthor!:!:ornbic ss ymrnetry.ymrnetry. VV zzzz isis alongalong [110][110] forfor oneone sitesite 
andand [110][110] forfor thethe otLler.otLler. IfIf thethe spinsspins flopflop toto aa [100][100] direction,direction, 
~~ isis thethe samesame forfor bothboth sites.sites. IfIf spinsspins flopflop toto aa [llOJ[llOJ direction,direction, 
~~ :::::: 00 00 forfor oneone sitesite andand 9090 00 forfor thethe other,other, givinggiving twotwo super­super­
posedposed spectra.spectra. Moreover,Moreover, sincesince thethe sitesite synlnletrysynlnletry isis ortho­ortho­
rholl'lbic,rholl'lbic, H~rH~r isis notnot t':let':le samesame forfor bothboth sites,sites, asas thethe orbitalorbital 
contributioncontribution toto thethe hyperfinehyperfine interactioninteraction isis anisotropicanisotropic inin thethe 
basalbasal plane.plane. Corn.p3..risonCorn.p3..rison ofof thethe observedobserved spectrurnspectrurn withwith 
co:rnputerco:rnputer calculatedcalculated spectraspectra leadsleads toto aa twotwo donlaindonlain nlodel,nlodel, 
inin whichwhich oneone donlaindonlain hashas spinsspins orientedoriented alongalong [100}[100} ,, andand 
thethe otherother hashas spinsspins orientedoriented (probably)(probably) alongalong [110].[110]. HenceHence 
therethere areare threethree spectraspectra w1thw1th thethe follow1nffollow1nf paranleters:paranleters: 1)1) 
~f~f ([100])([100]) =S-~20=S-~20 kOe,kOe, f3:::f3::: 45°,45°, n)n) ~f~f ([110J):::([110J)::: -340kOe-340kOe 
1313 =:=: 9090 00 

,, iil)iil) Hh±Hhi ([110])([110]) =:=: 260260 kOe,kOe, f3f3 =:=: 00 00 •• TheseThese res~ltsres~lts
havehave beenbeen analyzedanalyzed toto yieldyield valuesvalues ofof thethe g-factorg-factor ofof FeFe tt 
inin thethe basalbasal plane.plane. ForFor detailsdetails seesee Ref.Ref. 8.8. 

AFAF toto P:P: TheThe phasephase diagramdiagram closeclose toto TNTN isis shownshown inin 
Fig.Fig. 7.7. InIn Fig.Fig. 88 wewe showshow spectraspectra forfor HH oo =:=: 8080 kOekOe alongalong thethe 
c-axisc-axis bothboth aboveabove andand belowbelow TN'TN' BelowBelow TNTN thethe spectrwllspectrwll 
consistsconsists ofof eighteight lines,lines, duedue toto -the-the superpositionsuperposition ofof twotwo four­four­
lineline spectra;spectra; aboveabove TNTN thethe spectrumspectrum hashas collapsedcollapsed toto aa singlesingle 
four-linefour-line sRecLrunl.sRecLrunl. SinceSince thethe fieldfield atat thethe nucleusnucleus HH isis lesslessnn 
thanthan HH '' H~H~ isis negative.negative. TheThe fieldfield depe:1dencedepe:1dence ofof thethe phasephaseoo 
boundaryboundary waswas deterIllineddeterIllined byby sweepingsweeping thethe telnperaturetelnperature atat 
constantconstant fieldfield andand thethe fieldfield atat constantconstant telnperature,telnperature, andand isis 
shownshown inin Fig,Fig, 9,9, wherewhere HH 22 atat TNTN isis plottedplotted asas aa functionfunction ofof .. aa DD
T.T. T."eT."e straightstraight lineline correspondscorresponds toto Eq.Eq. (9);(9); alsoalso shownshown isis 
correspondingcorresponding phasephase boundaryboundary forfor purepure MnF2'MnF2' 22 

InIn Fig.Fig. 10,10, thethe hyperfinehyperfine fielcfielc forfor eacheach sublatticesublattice isis 
shownshown plottedplotted asas aa functionfunction ofof TT forfor HH oo :::::: 8080 kOe.kOe. TheThe dasdas hedhed 
lineline isis thethe bestbest fitfit withwith thethe MFAMFA aboveabove andand belowbelow TN'TN' andand thethe 
solidsolid lineline isis thethe bestbest fitfit withwith thethe MFAMFA toto thethe NeelNeel pointpoint itself.itself. 
InIn th:ith:i ss casecase thethe MFAMFA isis rnorernore complicatedcomplicated thanthan outlinedoutlined inin 
Sec.Sec. II.II. C,C, becausebecause itit isis necessarynecessary toto accountaccount forfor thethe Mn-:lvlnMn-:lvln 
interaction,interaction, thethe Fe-FeFe-Fe interaction,interaction, asas wellwell asas thethe Mn-FeMn-Fe inter­inter­
action.action. Moreover,Moreover, itit isis necessarynecessary toto taketake thethe FeFe2t2t finefine structurestructure 

position of the two suolattice spectra as discussed in Sec.Ill.A.
For Ho > HSF' the spectrurn (Fig. 6) changes drarnatically
due to the aEl2ear~nce-S.f the tm ::: 0 ~f'es, and the field at
the nucleus H n ::: H o + I~f, where H hf is perpend lcular to c.
The spectrurrl is consirierably corr1plicated by the fact that
there are two crystallographic sites for the transition rnetal
ions with COHUTlOn c-axis but oriented at 90 0 with respect to
each other in the basal plane, and each site has equivalent
orthor!:!:ornbic s ymrnetry. V zz is along [110] for one site
and [110] for the otLler. If the spins flop to a [100] direction,
~ is the same for both sites. If spins flop to a [llOJ direction,
~ ::: 0 0 for one site and 90 0 for the other, giving two super­
posed spectra. Moreover, since the site synlnletry is ortho­
rholl'lbic, H~r is not t':le same for both sites, as the orbital
contribution to the hyperfine interaction is anisotropic in the
basal plane. Corn.p3..rison of the observed spectrurn with
co:rnputer calculated spectra leads to a two donlain nlodel,
in which one donlain has spins oriented along [100} , and
the other has spins oriented (probably) along [110]. Hence
there are three spectra w1th the follow1nf paranleters: 1)
~f ([100]) =S-~20 kOe, f3::: 45°, n) ~f ([110J)::: -340kOe
13 =: 90 0

, iil) Hhi ([110]) =: 260 kOe, f3 =: 0 0 • These res~lts
have been analyzed to yield values of the g-factor of Fe t
in the basal plane. For details see Ref. 8.

AF to P: The phase diagram close to TN is shown in
Fig. 7. In Fig. 8 we show spectra for H o =: 80 kOe along the
c-axis both above and below TN' Below TN the spectrwll
consists of eight lines, due to -the superposition of two four­
line spectra; above TN the spectrum has collapsed to a single
four-line sRecLrunl. Since the field at the nucleus H n is less
than H o ' H~ is negative. The field depe:1dence of the phase
boundary was deterIllined by sweeping the telnperature at
constant field and the field at constant telnperature, and is
shown in Fig, 9, where H 2 at TN is plotted as a function of. a D
T. T."e straight line corresponds to Eq. (9); also shown is
corresponding phase boundary for pure MnF2' 2

In Fig. 10, the hyperfine fielc for each sublattice is
shown plotted as a function of T for H o ::: 80 kOe. The das hed
line is the best fit with the MFA above and below TN' and the
solid line is the best fit with the MFA to the Neel point itself.
In th:i s case the MFA is rnore complicated than outlined in
Sec. II. C, because it is necessary to account for the Mn-:lvln
interaction, the Fe-Fe interaction, as well as the Mn-Fe inter­
action. Moreover, it is necessary to take the Fe2t fine structure
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splittingsplitting intointo account.account. InIn thethe calculationscalculations shownshown inin Fig.Fig. 10,10, 
Keel temperaturesJ(Mn-Mn)J(Mn-Mn) andand J(Fe-Fe)J(Fe-Fe) werewere takentaken fromfrom thethe Neel teIT1peratures 

ofof purepure MnFZMnFZ andand FeFe FZFZ respectively,respectively, usingusing thethe relationrelation 

JJ ==� 
ZzSZzS (S(S ++ 1)1)� 

wherewhere zz isis thethe numbernumber ofof nearestnearest neighbors.neighbors. ThisThis reduces�reduces 
numbe 2 i.i. e.,e., -Fe)�thethe numbe~ ofof parametersparameters inin thethe MFAMFA toto two,two, J(MnJ(Mn -Fe) 

andand thethe FeFe ++ finefine structurestructure splitting.splitting. TheThe latterlatter cancan bebe ob­ob­� 
tainedtained fromfrom thethe shiftshift ofof HHSFSF withwith concentrationconcentration inin MnxFe l_xF2l_xF2 
crystals'? TheThe valuevalue ofof thethe Mn-FeMn-Fe exchangeexchange obtained,obtained, 99 

MnxFe 
crystals.? 

-- 11
J(Mn-Fe)J(Mn-Fe) = -- 1.71.7 CIT1 ,,= ern 

isis inin fairfair agreementagreement withwith determinationsdeterminations byby otherother Hlethods.nlethods. 
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splitting into account. In the calculations shown in Fig. 10,
J(Mn-Mn) and J(Fe-Fe) were taken from the Neel teIT1peratures
of pure MnFZ and Fe FZ respectively, using the relation

J =
ZzS (S + 1)

where z is the number of nearest neighbors. This reduces
the numbe~ of parameters in the MFA to two, i. e., J(Mn -Fe)
and the Fe + fine structure splitting. The latter can be ob­
tained from the shift of HSF with concentration in MnxFe l_xF2
crystals.? The value of the Mn-Fe exchange obtained, 9

- 1
J(Mn-Fe) = - 1.7 CIT1 ,

is in fair agreement with determinations by other Hlethods.
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CriticalCritical Region.Region. AsAs explainedexplained inin Sec.Sec. II,II, thethe bestbest fitfit 
withwith thethe MFAMFA breaksbreaks downdown nearnear TT .. InIn Fig.Fig. 1111 wewe showshow 
loglog LL plottedplotted asas aa functionfunction ofof loglog (~-(~- TT /T/T NN ).). DataData forfor 
HH == 00 andand 8080 kOekOe areare shownshown plottedplotted togethertogether withwith datadata ob­ob­
ta~nedta~ned atat HH == 00 byby WertheImWertheIm etet al.al. 66 AsAs cancan bebe seen,seen, thethe 
samesame criticalcritical exponentexponent ~~ == 0.3340.334 fitsfits thethe datadata overover thethe widewide 
rangerange ofof magneticmagnetic field,field, fromfrom 00 toto 8080 kOe.kOe. 
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Critical Region. As explained in Sec. II, the best fit
with the MFA breaks down near T . In Fig. 11 we show
log L plotted as a function of log (~- T /T N ). Data for
H = 0 and 80 kOe are shown plotted together with data ob­
ta~ned at H = 0 by WertheIm et al. 6 As can be seen, the
same critical exponent ~ = 0.334 fits the data over the wide
range of magnetic field, from 0 to 80 kOe.
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Hem.atiteHem.atite (a-Fe203)(a-Fe203) isis essentiallyessentially antiferromagneticantiferromagnetic 
belowbelow thethe NeelNeel temperaturetemperature TT -=960-=960 K.K. 10,1110,11 TheThe nlagneticnlagnetic 
structurestructure isis moremore complicatefthancomplicatefthan thethe simplesimple uniaxialuniaxial anti­anti­
ferrmnagnetferrmnagnet bebe causecause thethe anisotropy,anisotropy, whilewhile srnall,srnall, isis tempera­tempera­
tureture dependentdependent andand inin factfact changeschanges sign,sign, leadingleading toto aa spontan­spontan­
eouseous spinspin flipflip inin zerozero magneticmagnetic fieldfield knownknown asas thethe MorinMorin 
transition,transition, withwith TT nlnl """""" 260260 K.K. ForFor TT << TIn'TIn' thethe spinsspins areare 
alignedaligned antiparallelantiparallel alongalong thethe trigonaltrigonal axis.axis. ForFor TT << TT << TN'TN' 
thethe spinsspins lielie inin thethe basalbasal plane,plane, andand areare slightlyslightly carWedcarWed towardtoward 
eacheach other.other. ThisThis cantingcanting isis thethe sourcesource ofof thethe "weak"weak ferro­ferro­
Inagnetism"Inagnetism" inin hematitehematite aboveabove TN'TN' TheThe ~orin~orin transitiontransition isis 
easilyeasily observedobserved inin singlesingle crystalcrystal spectraspectra 11 byby thethe suddensudden 
changechange inin thethe intensityintensity ofof thethe ""nl""nl == 00 lineslines atat TIn'TIn' asas shownshown 
inin Fig.Fig. 12.12. ItIt cancan alsoalso bebe obser'l'3dobser'l'3d inin powderpowder spectraspectra becausebecause 
~~ changeschanges fromfrom 00 00 toto 9090 00 atat TT .. mm 
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Fig.Fig. 12.12. MossbauerMossbauer spectraspectra ofof singlesingle crystalcrystal a-Fe203a-Fe203 withwith 
yy 1/1/ c-axis,c-axis, aboveabove andand belowbelow TT mm (after(after Ref.Ref. 12).12). 

Hem.atite (a-Fe203) is essentially antiferromagnetic
below the Neel temperature T -=960 K. 10,11 The nlagnetic
structure is more complicatefthan the simple uniaxial anti­
ferrmnagnet be cause the anisotropy, while srnall, is tempera­
ture dependent and in fact changes sign, leading to a spontan­
eous spin flip in zero magnetic field known as the Morin
transition, with T nl """ 260 K. For T < TIn' the spins are
aligned antiparallel along the trigonal axis. For T < T < TN'
the spins lie in the basal plane, and are slightly carWed toward
each other. This canting is the source of the "weak ferro­
Inagnetism" in hematite above TN' The ~orin transition is
easily observed in single crystal spectra 1 by the sudden
change in the intensity of the ""nl = 0 lines at TIn' as shown
in Fig. 12. It can also be obser'l'3d in powder spectra because
~ changes from 0 0 to 90 0 at T m .
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Fig. 12. Mossbauer spectra of single crystal a-Fe203 with
y 1/ c-axis, above and below T m (after Ref. 12).
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HH IIII TrigonalTrigonal Axis.Axis. 'For'For TT <:<: TT ...'.' aa rn.agneticrn.agnetic fieldfieldoo mm
applieo.applieo. parallelparallel toto thethe trigonaltrigonal axisaxis inducesinduces aa first-orderfirst-order 
spinspin flopflop intointo thethe basalbasal plane.plane. 1212 ThisThis isis beautiLullybeautiLully illus­illus­
tratedtrated byby thethe singlesingle crystalcrystal l\fossbauerl\fossbauer spectraspectra inin Fig.Fig. 13.13. 
AtAt thethe spinspin flop,flop, thethe intensityintensity oLoL thethe 6m6m == 00 lineslines changeschanges 
asas doesdoes 13.13. CloseClose exarrlinationexarrlination oLoL thethe spectraspectra showshow thatthat portionsportions 
havehave floppedflopped whilewhile otherother portionsportions havehave notnot yetyet flopped;flopped; thisthis isis 
D10stD10st easilyeasily seenseen inin thethe structurestructure oLoL thethe outerouter lines.lines. TheseThese 
"don1ains""don1ains" couldcould resultresult Lron,Lron, locallocal variationsvariations inin thethe anisotropyanisotropy 
duedue toto ilnpuritiesilnpurities oror toto locallocal strains,strains, perhapsperhaps introducedintroduced inin 
producingproducing aa thinthin singlesingle crystalcrystal slice.slice. TheThe AF-SFAF-SF phasephase 
boundary,boundary, deterniineddeterniined byby 11'\fgnetic11'\fgnetic n,Olnentn,Olnent andand ultrasoniultrasoni cc 
attenuationattenuation m.easurelnentsm.easurelnents isis shownshown inin Fig.Fig. 14.14. TheThe tran­tran­
sitionsition fieldsfields atat threethree teniperaturesteniperatures detern,ineddetern,ined byby thethe l'vfdssbauel'vfdssbaue 
eLfecteLfect 1212 ,15,15 areare indicatedindicated inin thethe figure,figure, andand areare inin goodgood agree­agree­
InentInent withwith thethe determinationsdeterminations byby thethe otherother nietiiods.nietiiods. 
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Fig.Fig. 14.14. PnasePnase boundaryboundary oLoL a-FeZ03a-FeZ03 (aLter(aLter Ref.Ref. 14).14). TheThe 
datadata pointspoints areare spin-flopspin-flop fieldsfields delerniineddelerniined byby thethe MossbauerMossbauer 
spectra.spectra. 

H o II Trigonal Axis. 'For T <: T m ..' a rn.agnetic field
applieo. parallel to the trigonal axis induces a first-order
spin flop into the basal plane. 12 This is beautiLully illus­
trated by the single crystal l\fossbauer spectra in Fig. 13.
At the spin flop, the intensity oL the 6m = 0 lines changes
as does 13. Close exarrlination oL the spectra show that portions
have flopped while other portions have not yet flopped; this is
D10st easily seen in the structure oL the outer lines. These
"don1ains" could result Lron, local variations in the anisotropy
due to ilnpurities or to local strains, perhaps introduced in
producing a thin single crystal slice. The AF-SF phase
boundary, deterniined by 11'\fgnetic n,Olnent and ultrasoni c
attenuation m.easurelnents is shown in Fig. 14. The tran-
sition fields at three teniperatures detern,ined by the l'vfdssbaue
eLfect 12 ,15 are indicated in the figure, and are in good agree­
Inent with the determinations by the other nietiiods.
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Fig. 14. Pnase boundary oL a-FeZ03 (aLter Ref. 14). The
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HH ..L..L TrigonalTrigonal Axis.Axis. BecauseBecause ofof thethe com.plicatedcom.plicated aniso­aniso­
tropy:-tropy:- ftft appliedapplied perpendicularperpendicular toto thethe trigonaltrigonal axisaxis willwill alsoalsooo 
induceinduce aa first-orderfirst-order spinspin flo~.flo~. 1414 ThisThis waswas studiedstudied closeclose toto 
TT byby SimkinSimkin andand BernheimBernheim 66 usingusing thethe M'ossbauerM'ossbauer effect,effect, 
aAlJaAlJ atat lowerlower tempetempe raturerature byby BlumBlum andand Frankel.Frankel. 1515 TheThe 
cOH1pletecOH1plete phasephase boundaryboundary waswas determineddetermined byby ultrasonicultrasonic apdapd 
magneticmagnetic momentmoment measurements.measurements. 1414 Blum.Blum. andand FrankelFrankel ll :>:> 

foundfound fromfrom m.easurementsm.easurements ofof thethe intensityintensity ofof thethe l;ml;m :=:= 00 lineslines 
asas aa functionfunction ofof HH oo '' thatthat exceptexcept closeclose toto TT mm ,, thethe spinsspins rotaterotate 
awayaway fromfrom thethe trigonaltrigonal axisaxis towardtoward thethe basalbasal planeplane beforebefore 
flopping.flopping. TheThe rotationrotation isis largelarge enoughenough thatthat thethe first-orderfirst-order 
transitiontransition couldcould notnot belgbservedbelgbserved withwith thethe M6ssbauerM6ssbauer effect,effect, 
exceptexcept justjust belowbelow TN'TN' 

C.C. Metan"lagneticMetan"lagnetic TransitionsTransitions andand ComplexComplex StructuresStructures 

FeCIZ'FeCIZ' ZHZQ:.ZHZQ:. FeCIZ ZHZOZHZO ordersorders anti­anti­MonoclinicMonoclinic FeClZ .. 
ferron"lagneticallyferron"lagnetically atat TNTN :::::Z3:::::Z3 KK andand thethe magneticmagnetic structurestructure 
consistsconsists ofof twotwo sublatticessublattices ofof -FeCIZ-chains-FeCIZ-chains lyinglying alongalong thethe 
c-axis.c-axis. 1717 TheThe couplingcoupling alongalong thethe chainschains isis ferromagneticferromagnetic 
withwith weakweak antiferromagneticantiferromagnetic couplingcoupling betweenbetween chains.chains. Appli­Appli­
cationcation ofof anan externalexternal magneticmagnetic fieldfield alongalong thethe easyeasy axisaxis aa in­in­
ducesduces phasephase transitionstransitions atat HIHI :=:= 3939 kOekOe andand HZHZ :=:= 4646 kOe.kOe. 1717 ,, 1818 

MossbauerMossbauer studiesstudies ofof FeCIZ·FeCIZ· ZHZOZHZO includeinclude aa powderpowder studystudy 
byby ChandraChandra andand Hoy19Hoy19 andand aa singlesingle crystalcrystal studystudy byby Johnson.Johnson. ZOZO 
TheyThey foundfound aa magneticmagnetic hyperfinehyperfine fieldfield ofof Z50Z50 kOekOe andand anan electricelectric 
quadrupolequadrupole interactioninteraction ofof Z.30Z.30 mn"l/secmn"l/sec withwith asymmetryasymmetry para­para­
metermeter T]T] :=:= 0.3.0.3. TheThe principleprinciple con"lp:::mentcon"lp:::ment ofof thethe efgefg isis atat rightright 
anglesangles toto thethe n"lagneticn"lagnetic hyperfinehyperfine field,field, JohnsonJohnsonZOZO alsoalso deter­deter­
minedmined thatthat thethe spinsspins laylay inin thethe acac planeplane atat anan angleangle ofof 66.Z66.Z oo fromfrom 
aa axis,axis, inin agreen"lentagreen"lent withwith resultsresults obtainedobtained byby NarathNarath1717 fromfrom 
susceptibilitysusceptibility andand protonproton n"lagneticn"lagnetic measuren"lents.resonanceresonance measuren1ents. 

KandelKandel etet al.al. ZlZl havehave studiedstudied thethe magneticmagnetic phasesphases atat 
4.Z4.Z inin externalexternal fields.fields. AA singlesingle crystal,crystal, growngrown fromfrom solution,solution, 
waswas orientedoriented andand cutcut soso thatthat thethe '(-ray'(-ray propagationpropagation directiondirection 
andand HHoo werewere parallelparallel toto thethe easyeasy axisaxis a.a. TheThe spectraspectra inin variousvarious 
fieldsfields areare shownshown inin Fig.Fig. lSa,lSa, ISb,ISb, 15c15c andand lSd.lSd. AtAt HHoo :=:= 00 
aa fourfour lineline spectrumspectrum isis obtained,obtained, withwith aa snlallsDlall absorptionabsorption duedue
toto non-nlagneticnon-Dlagnetic FeCIZ'FeCIZ' 4HZO.4HZO. ForFor HH oo ~~ HIHI thethe spectrUlTIspectrUlTI
(Fig.(Fig. I5b)I5b) consistsconsists ofof twotwo superposedsuperposed spectraspectra ofof equalequal in­in­
tensitytensity correspondingcorresponding toto thethe externalexternal fieldfield HH oo addingadding andand sub­sub­
tractingtracting respectivelyrespectively £rOlTI£rOlTI thethe hyperfinehyperfine fieldsfields forfor thethe ionsions
inin thethe spinspin downdown andand spinspin upup sublattice,sublattice, respectively.respectively. ForFor
HIHI (.(. HH <-<- HZ'HZ' thethe spectrun"lspectrun"l (Fig.(Fig. super­oo 15c)15c) consistsconsists ofof twotwo super­

H ..L Trigonal Axis. Because of the com.plicated aniso­
tropy:- fto applied perpendicular to the trigonal axis will also
induce a first-order spin flo~. 14 This was studied close to
T by Simkin and Bernheim 6 using the M'ossbauer effect,
aAlJ at lower tempe rature by Blum and Frankel. 15 The
cOH1plete phase boundary was determined by ultrasonic apd
magnetic moment measurements. 14 Blum. and Frankel l

:>

found from m.easurements of the intensity of the l;m := 0 lines
as a function of H o ' that except close to T m , the spins rotate
away from the trigonal axis toward the basal plane before
flopping. The rotation is large enough that the first-order
transition could not belgbserved with the M6ssbauer effect,
except just below TN'

C. Metan"lagnetic Transitions and Complex Structures

FeCIZ' ZHZQ:. Monoclinic FeClZ . ZHZO orders anti­
ferron"lagnetically at TN :::::Z3 K and the magnetic structure
consists of two sublattices of -FeCIZ-chains lying along the
c-axis. 17 The coupling along the chains is ferromagnetic
with weak antiferromagnetic coupling between chains. Appli­
cation of an external magnetic field along the easy axis a in­
duces phase transitions at HI := 39 kOe and HZ := 46 kOe. 17 , 18

Mossbauer studies of FeCIZ· ZHZO include a powder study
by Chandra and Hoy19 and a single crystal study by Johnson. ZO
They found a magnetic hyperfine field of Z50 kOe and an electric
quadrupole interaction of Z.30 mn"l/sec with asymmetry para­
meter T] := 0.3. The principle con"lp:::ment of the efg is at right
angles to the n"lagnetic hyperfine field, JohnsonZO also deter­
mined that the spins lay in the ac plane at an angle of 66.Z o from
a axis, in agreen"lent with results obtained by Narath17 from
susceptibility and proton n"lagnetic resonance measuren1ents.

Kandel et al. Zl have studied the magnetic phases at
4.Z in external fields. A single crystal, grown from solution,
was oriented and cut so that the '(-ray propagation direction
and Ho were parallel to the easy axis a. The spectra in various
fields are shown in Fig. lSa, ISb, 15c and lSd. At Ho := 0
a four line spectrum is obtained, with a sDlall absorption due
to non-Dlagnetic FeCIZ' 4HZO. For H o ~ HI the spectrUlTI
(Fig. I5b) consists of two superposed spectra of equal in­
tensity corresponding to the external field H o adding and sub­
tracting respectively £rOlTI the hyperfine fields for the ions
in the spin down and spin up sublattice, respectively. For
HI (. Ho <- HZ' the spectrun"l (Fig. 15c) consists of two super-



)(0(0 ) 

zz 
oo 
r-­r-­
0...0... 
a::a:: 
oo 
(j)(j) 
OJOJ «« 

---J L ~i_·_.. ~:_0 I~__L_i_·_..~:_" I 
-6-6 -4-4 -2-2 00 22 44 66 

u- rnm! secu- rnm Isec 

Fig.Fig. 15.15. M'ossbauer spectraspectraofofFeCI2'FeCI2'2H2H2 0 atat4.24.2 K:K: a) H := 0,Mossbauer 2 0 a) H := 0,oob)b) HH :=:= 3535kOe;kOe; c)c) HH :=:= 4242 kOe;kOe; d)d) HH :=:= 5050kOe.kOe. InInallall casescaseso 0 oo o
'{ /I H o II easy axis (after Ref. 21).'{ /I H II e a s y axi s (ihe r R e £. 2 1 ),o 

z
o
r-­
0...
a::
o
(j)

OJ
«

(0 )

~__L_i_·_..~:_" I
-6 -4 -2 0 2

u- rnm Isec
4 6

Fig. 15. M'ossbauer spectra of FeCI2' 2H2 0 at 4.2 K: a) H o := 0,
b) H o := 35 kOe; c) H := 42 kOe; d) Ho := 50 kOe. In all cases
'{ /I H o II e a s y axi s (ihe r R e £. 2 1),



 
 

 

posedposed spectraspectra correspondingcorresponding toto thethe spinspin upup andand spinspin downdown 
sublattices,sublattices, butbut nownow withwith relativerelative intensitiesintensities approximatelyapproximately 
Z:Z: 1.1. SinceSince thethe majoritymajority spinsspins havehave aa smallersmaller splittingsplitting thanthan 
thethe minorityminority spins,spins, thethe signsign ofof thethe hyperfinehyperfine fieldfield isis negative.negative. 
ForFor HZHZ << HH oo '' aa singlesingle spectrumspectrum isis obtainedobtained (Fig.(Fig. 15d).15d). 
ForFor allall threethree phases,phases, thethe signsign magnitudemagnitude andand orientationorientation 
ofof thethe efgefg isis thethe samesame asas inin zerozero magneticmagnetic field,field, showingshowing 
thatthat thethe spinsspins remainremain collinearcollinear inin allall threethree phasesphases andand 
thatthat therethere isis nono spinspin canting.canting. Moreover,Moreover, thethe magneticmagnetic 
hyperfinehyperfine interactioninteraction (exclusive(exclusive ofof thethe appliedapplied field)field) isis thethe 
samesame forfor allall threethree phasesphases (Fig.(Fig. 16)16) indicatingindicating thatthat thethe 
lnomentlnoment perper ionion isis unchangedunchanged byby increasingincreasing magneticmagnetic fieldfield 
oror phasephase transitions.transitions. 

TheThe transitiontransition atat 3939 kOekOe isis thusthus anan AFAF toto ferrilnagneticferrilnagnetic 
transitiontransition inin whichwhich twotwo spinsspins areare upup andand oneone spinspin down.down. TheThe 
transitiontransition atat HZHZ == 4646 kOekOe isis aa ferrimagneticferrimagnetic toto PP transitiontransition 
withwith allall spinsspins parallel.parallel. TheseThese resultsresults thusthus confirmconfirm thethe 
lUodellUodel proposedproposed byby Narath.Narath. 1717 

300300 --

II 
II 
II 

II 

II 

II 
II 
II 
II 

II II 
~~ II 

~~ II 
Q)Q)oo 
-""-"" 

200200 l-l- II 
II 
II 

II 
II 

~~ --
ZZ 

II 

II 
II 

II 
II 

II II 

100100 r-r- ANTIANTI FERROFERRO :FERRI::FERRI: PARAPARA 

:: II 
II II 
II II 

II ,, II II IIII .. II II 

1010 2020 3030 4040 5050 
HH (kOe)(kOe)oo 

0,0, Fig.Fig. 16.16. HH plottedplotted asas aa functionfunction ofof HH forfor thethe threethree phasesphases 
ofof FeCIFeCI '' z}lrZoz}lrZo asas determineddetermined fromfrom thOethOe spectraspectra inin Fig.Fig. 15.15.

ZZ 

posed spectra corresponding to the spin up and spin down
sublattices, but now with relative intensities approximately
Z: 1. Since the majority spins have a smaller splitting than
the minority spins, the sign of the hyperfine field is negative.
For HZ < H o ' a single spectrum is obtained (Fig. 15d).
For all three phases, the sign magnitude and orientation
of the efg is the same as in zero magnetic field, showing
that the spins remain collinear in all three phases and
that there is no spin canting. Moreover, the magnetic
hyperfine interaction (exclusive of the applied field) is the
same for all three phases (Fig. 16) indicating that the
lnoment per ion is unchanged by increasing magnetic field
or phase transitions.

The transition at 39 kOe is thus an AF to ferrilnagnetic
transition in which two spins are up and one spin down. The
transition at HZ = 46 kOe is a ferrimagnetic to P transition
with all spins parallel. These results thus confirm the
lUodel proposed by Narath. 17
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FeCIZFeCIZ andand FeBrZ'FeBrZ' Sil';1kinSil';1kin hashas reportedreported thethe MossbauerMossbauer 

spectroscopyspectroscopy ofof thethe m.eta111agneticm.eta111agnetic transitiontransition inin FeCIZFeCIZ andand 
FeBrZ-FeBrZ- InIn bothboth cases,cases, thethe spinsspins areare alignedaligned antiferrornagneti_antiferrornagneti_ 
callycally alongalong aa threefoldthreefold axisaxis belowbelow thethe respectiverespective NeelNeel tempera_tempera_ 
turestures (Z4(Z4 KK forfor FeCIFeCI ZZ andand IIII KK forfor FeBrz).FeBrz). AA rnetanngneticrnetanngnetic 
transitiontransition isis inducedinduced byby anan externalexternal 111agnetic111agnetic fieldfield appliedapplied 
parallelparallel toto thethe threefoldthreefold axis,axis, atat 10.510.5 kOekOe forfor FeClZFeClZ andand 
31.531.5 kOekOe forfor FeBrZ'FeBrZ' InIn FeClZ'FeClZ' thethe luagnitudeluagnitude ofof thethe hyperfinehyperfine 
fieldfield andand thethe transitiontransition fieldfield areare soso lowlow thatthat thethe twotwo sublatticessublattices 
cannotcannot bebe resolved.resolved. InIn FeBrZFeBrZ 111arked111arked changeschanges inin thethe FeBrZFeBrZ 
spectrumspectrum werewere observedobserved onon passagepassage throughthrough thethe 111etaluagnetic111etaluagnetic 
transition:transition: TheThe hyp.erfinehyp.erfine fieldfield inin FeBrZFeBrZ waSwaS foundfound toto bebe ofof 
posrtlveposrtlve srgnsrgn (see(see Frg.Frg. 17)17) andand aa smallsmall changechange waswas observedobserved 
inin HH hfhf inin goinggoing acrossacross thethe phasephase boundary.boundary. ThisThis changechange waswas 
shownshown byby SimkinSimkin toto bebe aa changechange inin thethe interionicinterionic dipoledipole fieldfield 
inin goinggoing fromfrom thethe AFAF toto thethe PP phase.phase. 
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Fig.Fig. 17.17. LineLine positionposition asas aa functionfunction ofof HH oo forfor singlesingle crystalcrystal 
FeBrZ'FeBrZ' withwith HH oo IIII easyeasy axis.axis. AtAt thethe transitiontransition fieldfield thethe twotwo 
sublatticessublattices becomebecome co-parallelco-parallel (after(after Ref.Ref. ZZ).ZZ). 

Z3Z3
FeC0FeC033 .. ForesterForester andand KoonKoon havehave 111ade111ade 111eaSUrernents111eaSUrernents 

inin singlesingle crystalscrystals ofof FeC0FeC033 .. InIn thisthis materialmaterial thethe spinsspins inin thethe 
AFAF phasephase alignalign antiparallelantiparallel alongalong thethe trigonaltrigonal axis,axis, belowbelow 
TNTN == 3838 K.K. AnAn appliedapplied fieldfield HH oo ~~ ZOOZOO kOekOe isis necessarynecessary toto 
induceinduce thethe metamagneticmetamagnetic transition.transition. AsAs ForesterForester andand KoonKoon 
appliedapplied fieldsfields upup toto lZOlZO kOekOe theirtheir measurementsmeasurements concernedconcerned 

FeCIZ and FeBrZ' Sil';1kin
zz

has reported the Mossbauer
spectroscopy of the m.eta111agnetic transition in FeCIZ and
FeBrZ- In both cases, the spins are aligned antiferrornagneti_
cally along a threefold axis below the respective Neel tempera_
tures (Z4 K for FeCI Z and II K for FeBrz). A rnetanngnetic
transition is induced by an external 111agnetic field applied
parallel to the threefold axis, at 10.5 kOe for FeClZ and
31.5 kOe for FeBrZ' In FeClZ' the luagnitude of the hyperfine
field and the transition field are so low that the two sublattices
cannot be resolved. In FeBrZ 111arked changes in the FeBrZ
spectrum were observed on passage through the 111etaluagnetic
transition: The hyp.erfine field in FeBrZ waS found to be of
posrtlve srgn (see Frg. 17) and a small change was observed
in H hf in going across the phase boundary. This change was
shown by Simkin to be a change in the interionic dipole field
in going from the AF to the P phase.
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Fig. 17. Line position as a function of H o for single crystal
FeBrZ' with H o II easy axis. At the transition field the two
sublattices become co-parallel (after Ref. ZZ).

Z3
FeC03 . Forester and Koon have 111ade 111eaSUrernents

in single crystals of FeC03 . In this material the spins in the
AF phase align antiparallel along the trigonal axis, below
TN = 38 K. An applied field H o ~ ZOO kOe is necessary to
induce the metamagnetic transition. As Forester and Koon
applied fields up to lZO kOe their measurements concerned



 

 

 

thethe AFAF phase.phase. TheyThey observedobserved thatthat thethe spectralspectral lineslines forfor oneone 
sublatticesublattice broadenedbroadened withwith increasingincreasing TT inin aa fieldfield HH oo == 100100 kOe,kOe, 
whilewhile thethe otherother diddid not.not. TheyThey arguedargued thatthat thethe sublatticesublattice withwith 
spinsspins antiparallelantiparallel toto HH willwill havehave aa higherhigher relaxationrelaxation frequencyfrequencyoo 
becausebecause thosethose spinsspins areare moremore easilyeasily flippedflipped inin anan externalexternal 
field.field. AA higherhigher relaxationrelaxation frequencyfrequency meansmeans aa greatergreater lineline 
widthwidth atat aa givengiven ten1.perature.temperature. TheyThey werewere thusthus ableable toto deter­deter­
mine hyper fine positive .Inine thatthat thethe signsign ofof thethe hyperfine fieldfield inin FeC0FeC033 isis positive. 

FeC1FeC1 33 .. AnhydrousAnhydrous FeC1FeC1 33 hashas beenbeen thoroughlythoroughly studiedstudied byby 
Starnpfel a1. TheThe FeFe 33 ++ areare locatedlocated inin thethe intersticesinterstices ofof aaStamp£el etet al. 2424
hexagonalhexagonal close-packedclose-packed latticelattice ofof ClCl ions,ions, andand belowbelow TT =8.7=8.7 K,K,NN
thethe spinsspins orderorder withwith aa complexcomplex spiral-spinspiral-spin structure.structure. JustJust 
belowbelow TN'TN' thethe lineslines areare broad,broad, indicatingindicating spinspin relaxationrelaxation effects.effects. 
MeasurementsMeasurements ofof HH hfhf versusversus TT fittedfitted toto Eq.Eq. (11)(11) suggestsuggest thatthat 
thethe dimensionalitydimensionality ofof orderingordering isis twotwo (13(13 == 0.156),0.156), butbut neutronneutron 
measurementsmeasurements showshow threethree dimensionaldimensional order.order. MagneticMagnetic fieldsfields 
parallelparallel toto thethe c-axisc-axis induceinduce phasephase transitions.transitions. InIn fieldsfields 
HH oo << 1515 kOe,kOe, aa distributiondistribution ofof magneticmagnetic fieldsfields atat thethe nucleinuclei isis 
observedobserved asas expectedexpected fromfrom thethe spiralspiral magneticmagnetic structurestructure atat 
HH oo == 00 determineddetermined byby neutronneutron diffraction.diffraction. ForFor 1515 << HH << 4040 kOe,kOe, 
aa twotwo sublatticesublattice modelmodel satisfactorilysatisfactorily accountesaccountes forfor theOspectra.theOspectra. 
AtAt HH == 4040 kOe,kOe, thethe spinsspins changedchanged orientationorientation andand thethe intensityintensity 

.6.m == transitiontransitionofof thgthg .6m 00 lineslines increasedincreased suddenlysuddenly indicatingindicating aa 
toto anan SF-likeSF-like phase.phase. TheThe entireentire AF-SFAF-SF phasephase boundaryboundary waswas 
determineddetermined andand HeHsFF waswas foundfound toto increaseincrease slightlyslightly withwith in­in­
creasingcreasing temperature,temperature, upup toto thethe intersectionintersection withwith thethe AF-PAF-P 
phasephase boundary.boundary. TheThe possibilitypossibility ofof aa tri- criticaltri-critical pointpoint inin thethe 
FeC1FeC1 33 phasephase diagramdiagram isis alsoalso discusseddiscussed asas anan explanationexplanation forfor 
thethe anomalouslyanomalously smallsmall valuevalue ofof 13.13. 

2525 
6H~ havehave observedobserved thetheFeC13'FeC13' 6Hz.2....:.- CarrollCarroll andand KaplanKaplan 

AFAF toto PP transitiontransition inin magneticmagnetic fi~ldsfi~lds inin FeC13FeC13 .. 6H6H220,0, whichwhich 
isis antiferrornagneticantiferromagnetic belowbelow thethe NeelNeel temperatureternperature TT T == 1.461.46 K.K. 

experiluent temperature consf'intInIn theirtheir experilnent theythey heldheld thethe tempe rature cons~ant atat 1.161.16 KK 
andand increasedincreased thethe magneticmagnetic field,field, andand obtainedobtained thethe spectraspectra 
shownshown inin Fig.Fig. 18,18, whichwhich beautifullybeautifully illustratesillustrates thethe AFAF toto PP 
transitiontransition inin thisthis materialmaterial atat HHAFPAFP ~~ 1010 kOe.kOe. TheThe resultsresults 

understood tenus ForForcancan bebe unde rs tood inin tenns ofof thethe MFAMFA andand Fig.Fig. 3.3. 
oo << HH therethere areare twotwo superposedsuperposed spectraspectra corres­corres­oo << HHAFPAFP '' 
pondingponding toto spinspin upup andand spinspin down,down, withwith differentdifferent fieldfield depen­depen­

hyper finedencesdences ofof thethe hyperfine fieldfield HH hfhf apartapart fromfrom thethe simplesimple sub­sub­
tractiontraction andand additionaddition ofof HH toto HH hfhf onon thethe respectiverespective spinspin upupoo 
andand spinspin downdown sublattices.sublattices. ForFor HH oo >> HAFP'HAFP' therethere isis aa singlesingle 
spectrumspectrum inin whichwhich HhfHhf variesvaries roughlyroughly asas Eq.Eq. (15).(15). ForFor fieldsfields 

ob­upup toto 2020 kOekOe appliedapplied perpendicularperpendicular toto thethe spinspin axisaxis theythey ob­

the AF phase. They observed that the spectral lines for one
sublattice broadened with increasing T in a field H o = 100 kOe,
while the other did not. They argued that the sublattice with
spins antiparallel to H o will have a higher relaxation frequency
because those spins are more easily flipped in an external
field. A higher relaxation frequency means a greater line
width at a given ten1.perature. They were thus able to deter­
Inine that the sign of the hyperfine field in FeC03 is positive.

FeC1 3 . Anhydrous FeC1 3 has been thoroughly studied by
Stamp£el et al. 24 The Fe 3 + are located in the interstices of a
hexagonal close-packed lattice of Cl ions, and below T N =8.7 K,
the spins order with a complex spiral-spin structure. Just
below TN' the lines are broad, indicating spin relaxation effects.
Measurements of H hf versus T fitted to Eq. (11) suggest that
the dimensionality of ordering is two (13 = 0.156), but neutron
measurements show three dimensional order. Magnetic fields
parallel to the c-axis induce phase transitions. In fields
H o < 15 kOe, a distribution of magnetic fields at the nuclei is
observed as expected from the spiral magnetic structure at
H o = 0 determined by neutron diffraction. For 15 < H < 40 kOe,
a two sublattice model satisfactorily accountes for theOspectra.
At H = 40 kOe, the spins changed orientation and the intensity
of thg .6m = 0 lines increased suddenly indicating a transition
to an SF-like phase. The entire AF-SF phase boundary was
determined and He F was found to increase slightly with in­
creasing temperature, up to the intersection with the AF-P
phase boundary. The possibility of a tri-critical point in the
FeC1 3 phase diagram is also discussed as an explanation for
the anomalously small value of 13.

25
FeC13' 6Hz.2....:.- Carroll and Kaplan have observed the

AF to P transition in magnetic fi~lds in FeC13 . 6H20, which
is antiferromagnetic below the Neel temperature T T = 1.46 K.
In their experilnent they held the tempe rature cons~ant at 1.16 K
and increased the magnetic field, and obtained the spectra
shown in Fig. 18, which beautifully illustrates the AF to P
transition in this material at HAFP ~ 10 kOe. The results
can be unde rs tood in tenns of the MFA and Fig. 3. For
o < H o < HAFP ' there are two superposed spectra corres­
ponding to spin up and spin down, with different field depen­
dences of the hyperfine field H hf apart from the simple sub­
traction and addition of H o to H hf on the respective spin up
and spin down sublattices. For H o > HAFP' there is a single
spectrum in which Hhf varies roughly as Eq. (15). For fields
up to 20 kOe applied perpendicular to the spin axis they ob-
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Fig.Fig. 18.18. MossbauerMossbauer spectraspectra ofof singlesingle crystalcrystal FeC1FeC1 '' 6H6H OO
33 ZZatat 1.161.16 K,K, y.l.y.l. HH oo .. ForFor thethe particularparticular fieldfield direction,direction, thethe 

AFAF toto PP transitiontransition occursoccurs 88 << HH << ]] 00 kOe.kOe.oo 
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Fig. 18. Mossbauer spectra of single crystal FeC1
3

' 6H
Z

O
at 1.16 K, y.l. H o . For the particular field direction, the
AF to P transition occurs 8 < H o < ] 0 kOe.



 

servedserved nono transition.transition. ThisThis isis explicableexplicable inin tennstenns ofof thethe MFAMFA 
becausebecause thethe AFAF toto PP transitiontransition withwith HH oo .1..1. QQ takestakes placeplace atat higherhigher 
fieldsfields thanthan forfor HH IiIi QQ (Eq.(Eq. (9)).(9)). ThisThis isis wellwell illustratedillustrated experi­experi­
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