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MAGNETISM FROM ~'&SBAUER SPECTROSCOPY 

F. van der Woude and I. Vincze ' 
Solid State Physics Laboratory, Materials Science Center, University of Groningen, Groningen, 
The Netherlands. 

Rdswnd. - Ce travail  discute l r e f f e t  des atomes voisins magnltique hyperfin ci 5 7 ~ e  &ns des isolateurs 

demi-conducteurs, all iages c r i s ta l l ins  e t  morphes, qui sont ordonnzes magnltiquement. Le valeur, e t  la 

dependance de la  t emphatoe  des champs magnStiques hyperfins donnent information compldmentaire sur les  

interactions locales e t  non locales. 

Abstract. - The e f f ec t  of neighbours on the hyperfine field w i l l  be discussed i n  magnetically ordered, 

mostly i rcn based insulators, semiconductors, alloys and metallic glasses. I t  w i l l  be s h m  that the va- 

lue and che temperature dependence of the hyperfine field of fer  complementary information on the local and 

nonZocaZ magnetic inte2wctions. 

1. Introduction. - In this short review we will two reasons. The bond angle dependence of the suver- 
discuss contributions of Mijssbauer spectroscopy in transferred hyperfine field can be studied (41 and 

the field of magnetism. This title might cover al- by substituting a nearest ~ e ~ +  neighbour by a non- 
most the whole Mossbauer literature. Since this is magnetic one also the supertransfer per magnetic 
an impossible task for authors to compose this en- neighbour [s]. 
cyclopedia and for readers to digest it, we have In order to discuss the magnetic hyperfine field at 
to make a choice. Our main problem in this paper the central iron atom we write 
is the use of MES in a study of local vs. nonlocal 

effects. The best parameter for this is the magne- 

tic hyperfine field at the -(-ray emitting or ab- 

sorbing nucleus which means that mostly magnetical- 
ly ordered systems will be discussed. In the first 

part crystalline systems in the categories insula- 

tors, semiconductors and metals are treated and 

observations in these systems are then used for 

the investigation of metallic glasses. - - 

2. Iron oxides. - The magnetic hyperfine fields as 
measured with ME spectroscopy in ionic campounds 
as ferrites [ I ] ,  (R~I~O~),-~ (Fe203), 121 and ortho- 
ferrites [3,4,5] have been explained in great de- 

tail. With the LCAO method describing the valence 

electron wavefunctions , and the Schmidt procedure 
assuring orthogonality of the core wavefunctions , 
expressions for the supertransferred hyperfine 

field can be obtained. The orthoferrites RFe03 

with R going from R = La to Lu are of interest for 

Hhf = Hfree + Hcov ' H ~ ~ y  
( 1  

Hfree is the free iron contribution of axroximate- 
ly -630 me; Hcov contains two covalent contribu- 

tions: (i) a reduction of the free ion contribution 

due to electron transfer in the einpty 3d orbitals 

of the central iron, and (ii) the covalent contri- 

bution from the differences in overlap and transfer 

effects of the iron spin up ?ad dows s orbitals; 

HSmF, the supertransfer contribution is caused by 
the overlap distortion of the central s orbital by 

the oxygen p orbitals, which are spin polarized by 

transfer into the empty Sd orbitals of the neigh- 

bouring Fe ions. For the calculation of the STHF on- 

ly the central s-wavefunctions and the relevant 

wavefunctions which can mix with these are taken in- 

to account in a cluster of a central Fe3+ ion, octa- 
2- hedrally surrounded by 6 0 anions and 6 Fe3+ ca- 

tions and an antiferromagnetic order is assumed [4] . 
The result is - -. - -- 

*on leave from the Central hasearch Ins t i tu te  for 2 2  2 2 Hsm = C I (Ao - AT) cos 0 + An. ), (2) 
Physics, Budapest. 
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where c is  a constant mainly determined by the over- 
2 2 lap between s and p wavefunctions. AD and A+ are  the 

amounts of unpaired spin i n  the 0'- 2p shel l  due to  

transfer of 2p electrons to  the 3d orbi ta ls  for  the 

o and + symmetries, respectively. The existence of - 
the cosLo dependence of HSTHF has been found expe- 

rimentally in  a study of the rare  earth orthoferri- 

t e s  and is shown i n  Fig. 1 .  

- 
2 . - Measured hyperfine f i e l d s  us. cos 0 for 

of o r th o f e r r i t e s  from LaFeOg t o  LuFeOg 
[41 

A second way fo r  studying HSTHF is by means of sub- 

s t i tu t ing  impurities for the iron ion. For (6 - n) 
3+ . diamagnetic impurities as Ga Ions and n iron nea- 

r e s t  neighbours giving a supertransfer contribution 

of hst, we can rewrite eq. (2): 

From M6ssbauer data of Ga doped LaFeOg a t  4.2 K an 

average supertransfer contribution per iron ion, 

hst % 10 m e  has been found [s] . This value is i n  

reasonable agreement with the "theoretical" value 

of about 15 We deduced from the angle dependent 

study in the ser ies  of orthoferri tes [4]. 

3. Temperature dependence of the hyperfine f i e ld .  - 
The temperature dependence of the magnetic hyper- 

f ine  f i e l d  s ( T )  a t  a Fe3+-ion with n iron ions and 

6 - n diamagnetic impurities as nearest cations is 

shown i n  Fig. 2a for  the case of (FeO. 64Rh0.36)203 

[2] . As can be seen from the figure %(T) drops 

more rapidly as  n increases. This behaviour can be 

described by local molecular f i e ld  theory. For the 

molecular f i e ld  acting on the Fe3+ ion we write 

n For the Fe3+ ion S = 5/2; < Sz > is the average spin 

of an iron with n iron ions as nearest atoms; < SZ > 

is the spin of an i r o ~  ion, averaged over a l l  the 

different environments; J is the superexchange para- 

meter, which is related t o  TN. For iron ions the mag- 

ne t i c  hyperfine f i e ld  is approximately proportional 

t o  the sublatt ice magnetization. 

The same analysis has been done successfully for sub- 

s t i tu ted  f e r r i t e s  and orthoferri tes.  In general it 

can be stated that  in highly ionic compounds l ike  

oxides the temperature dependence of the sublatt ice 

magnetization can be described by only taking in to  

account the f i r s t  shel l  of cations. The same conclu- 

sion has been drawn ea r l i e r  fo r  the s i ze  of the mag- 

ne t i c  hyperfine field.  

4 O ' ' 260 ' rbo 660 ' do ' 1600 TI: 

F i g .  2. - Temperature dependence o the  i r o n  hyper- 
fzne f i e l d s  i n  an insu la tor  (a) [2f and i n  a metal 
(b' [14]  



3. Semiconductors. - The local picture of superex- 
change and supertransfer in  a cluster of a central 

ion plus i t s  nearest neighbours w i l l  break down in  

more covalently bound compounds. In sulfides, sele- 

nides and tellurides the anion-anion interactions 
become so large that a band approach becomes more 

appropriate resulting in long range exchange inter- 

actions and transferred hyperfine fields [6,7] . 
The Mossbauer study of the transferred hyperfine 

fields a t  the "'EU nuclei i n  the series 

shows this behaviour quite well [8]. These materi- 

a l s  have the NaCl structure and the  ELI^+ is a S- 

s ta te  ion with a magnetic moment of 7 vB. The mag- 
netic hyperfine f ie ld increases from 280 kOe to  330 

kOe between x 1 and x = 0. Assuming that this in- 

crease is a l l  due to a supertransfer and arises 

from the Eu ions in  the f i r s t  and second neighbour- 

ing shell, a considerable line broadening should be 

expected. In fact no additional broadening beside 

the linear increase from x = 0 to  x = 1 has been 

observed and it is shown [8] that when more than 6 

cation shells i n  EuS are transferring t o  the cen- 

t r a l  EU" ion, the linewidth a t  Eu0, 5Sr0. 5S can be 

explained. These results can rather well be descri- 

bed by a model with broad valence bands in which 

an indirect polarization mechanism gives r i se  t o  

long range magnetic interaction. 

4. Iron alloys. - The situation concerning Hhf i n  
iron is more complicated due to  the contribution of 

conduction electrons. The various contributio~ls to  

Hhf are the folluwing: 

Hhf = Hc + Hcon + Hnl + HL + Hdip, (5) 

where HC is the Fermi contact hyperfine f ie ld cau- 

sed by the spin polarized l s ,  2s  and 3s electrons: 

estimates and calculations give results between 

-220 and -400 kOe. Hcon represents the spin polari- 

zed contribution of the 4s electrons. This t e n  

contains a contribution of the local parent magne- 

t i c  moment Hcon,l Q 180kOeandone fromthenonlocal 
neighbouring moments Hcon ,nl & -200 me. is 
the nonlocal f ie ld produced by neighbouring atoms: 

( i )  dipole fields from localized moments and ( i i )  

transfer fields via overlap distortion of the core 

s orbitals. This las t  contribution is of the order 

of 19 kOe and much smaller than the supertransfer 
in oxidic compounds. The orbital contribution HL 

is estimated to  be 50 kOe and the dipolar magnetic 

f ie ld Hdip of the parent atom i s  zero in pure iron 

and small (< 10 kOe) in alloys. 

The contributions Hc and Hcon to  Hhf are of the sa- 

me magnitude which already indicates the absence of 
a simple relation between the magnetic moment and 

the magnetic hyperfine f ie ld i n  iron alloys. This 

i s  nicely demonstrated in Fig. 3 where the average 

A Johnson et al I 
Huffman 1375 

Fig. 3. - Average iron m q e t i c  moment cFe and ave- 
rage iron hyperfine field Hp, in-bcc Feq-22, al- 
Zo s. The solid l ine represents lpe taken from Refs. 
[97 the hyperfino f ield data were taken from Refs. 
~1 o j  * 
iron magnetic moment and average iron hyperfine 

f ie ld in bcc Fe-A1 alloys has been plotted. On the 

iron side the A1 is a simple diluent, the magnetic 

moment of iron is not perturbed by the substitution. 
However, RFe decreases because by removing a Fe mo- 

ment also the spin polarization of the conduction 

electrons around the spinless impurity is taken 

away. The rapid decrease i n  bFe a t  about 30 a t .  % A l  

has been explained [ll]  by the fact that a t  least 4 
neighbouring iron atoms are necessary for  the for- 

mation of a magnetic moment. A t  iron contents some- 

what more than equiatomic (x ; 0.5) only the iron 

atoms having 8 Fe nearest neighbours are magnetic. 

Their magnetic moment i s  S 2.2 ug according t o  mag- 

netization measurements [I 11 and their  hyperfine 

f ie ld i s  about 145 kUe [12] . In this  case we meas- 

ure directly the core polarization contribution to  
the hperf ine f ie ld because the rest  of the iron 

atoms has no magnetic moment and thus the conduc- 

tion electron polarization i s  absent. A core pola- 

rization constant of a = 65 kQe/ug can be deduced 

th i s  way which agrees well with the value obtained 
for dilute iron based alloys 1131. 

The itinerant character of the exchange interac- 

tions i n  iron alloys as observed via the tempera- 

ture dependence of magnetic hyperfine fields can 
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also be seen in Fig. 2.b. In FeO. 65Rh0. 35 the tem- 

perature dependence of the sublattice magnetizations 

are very similar suggesting that it is determined 

by long-range correlations. This is in great con- 

trast with similar curves in (Fe0.64Rh0.34)203 

where only direct near neighbour exchange is pre- 

sent. 

Intermetallic compounds and metallic glasses. - We 
have seen that the value of the hyperfine field and 

its temperature dependence is influenced quite dif- 

ferently in insulators and alloys. The contribution 

of nearest neighbours to the value of the hyperfine 

field is relatively small (2 10%) in insulators but 
the temperature dependence of magnetization is do- 

minated by the first neighbour exchange interac- 

tions. On the other hand, in alloys about half of 
the hyperfine field originates from nonlocal con- 

tributions and the temperature dependence of magne- 

tization is quite insensitive for the local neigh- 

bourhood. Both the value and the temperature depen- 

dence of the hyperfine fields of intermetallic com- 

pounds are insensitive for the transition metal 

neighbours. Fig. 4 shows that the value of the hy- 

Fig. 4. - Iron hyperfine field and magnetic moment 
i n  intermeta 2 Zic compounds and metallic glasses. 
Data are taken from Refs. [IS] and [16]. 

perfine field follows quite well the trends obser- 

ved for the magnetic moments which are determined 
mostly by the metalloid neighbourhood. The propor- 

tionality constant, however, is different from 

that observed for alloy systems: a- = 130 kOe/vB and 

it is near to the value characteristic for oxidic 
insulators. At the same time the temperature depen- 

dence of magnetization is similar to that of alloys 

and it is determined by long-range correlations. 

Similar trends were observed for metallic glasses 

[I 71. These data indicate a fundamental rearrangement 
of the conduction electron band in intermetallic com- 

pounds and metallic glasses. The temperature depen- 

dence of the hyperfine field in agreement with resis- 

tivity measurements shows the presence of extended 

electron states. 

The symmetry of these electron states is different, 

however, from that in the alloys. This is indicated 

by the small neighbour contribution to the hyperfine 
field ( z  10%) and by the absence of the local conduc- 
tion electron contribution, Hcon, l, which results in 

the two times larger core polarization constant. With 

considerable overshplification we may say that the 
symmetry of conduction electrons in these systems is 
dominated by p-type of electrons, while the outer 

electrons of iron are rearranged and have mostly d- 

symmetry (there is no detectable amount of 4s elec- 

tron). 

This work forms part of the research program of the 
Foundation for Fundamental Research on Matter (F(Xvl), 
with financial support from the Netherlands Organi- 
zation for the Advancement of Pure Research (ZWO). 
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