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EVIDENCE FOR A LOCALIZED MAGNETIC MOMENT IN PARAMAGNETIC a-Mn 

* FROM MULTIPLET SPLITTING 

t F.R. McFeely, S. P. Kowalczyk, L. Ley , and D. A. Shirley 

Abstract: 

Department of Chemistry and 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

January 1974 

High resolution x-ray photoemission spectra of 

paramagnetic a-Mn are reported. The 3s and "2s levels show 

considerable multiplet splitting. Analysis of the 3s 

splitting yield a spin S 'V 1. 25," implying a magnetic 

moment of 2. S llB' in excellent agreement with a recent 

susceptibility value, but larger than the neutron 

scattering result. 

Alpha manganese is unusual among metals of the 3d transition series. 

It has a complex bcc lattice with 29 atoms per unit cell. Its magnetic 

structure is also unusual. Shull and Wilkinson foundl that a-Mn is anti-

ferromagnetic below 'V 100 K, and they reported an average magnetic moment of 

O.S l..lBin the paramagnetic phase up to SOO K, using neutron diffraction. Recent 

NMR2 and neutron diffraction3 stUdies have indicated at least four different mag-

netic moments below TN with a weighted average of 0.63 )JB' 

but dc susceptibility measurements4 on the paramagnetic phase have been analyzed 

to yield an average moment of 2.37(7) l..lB/atom, in contrast to the neutron 
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diffraction value. To elucidate the nature and magnitude of the atomic moment 

in the paramagnetic phase we have carried out x-ray photoemission experiments. 

-15 
Multiplet splitting of the 3s and 2s lines reveal the presence, on ,the 10 

time scale, of a localized 3d spin, corresponding to a localized magnetic 

moment of ~ 2.5 ~B' 

The spectra reported below were obtained in a Hewlett-Packard 5950A 

electron spectrometer using monochromatized A1Ka radiation (1486.6 eV). The 

instrument was modified for ultrahigh vacuum operation and operated with a 

-11 pressure of 6 x 10 Torr in the analyzer chamber. 

Samples were prepared by in situ evaporation of 99.99% pure Mn onto a 

stainless steel substrate at room temperature. The evaporations were carried 

-9 
out at a base pressure of 5 x 10 Torr, which enabled us 

sec 

to prepare samples which appeared to be completely free of contamination. Scans 

of 0-1280 eV in binding energy revealed no core peaks which could be attributed 

to impurities., In particular, the carbon and oxygen ls signals were so small 

as to be essentially undetectable. After an overnight scan of the valence bands, 

a very small amount of adsorbed surface oxygen could be detected, the amount 

being too small to affect the valence band spectra. The core-level spectra of 

Mn were obtained in four hours or less, from an atomically clean 

sample. 

Spectra of the valence bands, the 3s region and the 2s region are 

shown in Fig. 1. These are raw data that have not been subjected to any 

background correction or smoothing procedure. 
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As can be seen in Fig. la, the Mn valence bands are somewhat free-electron-

like in appearance. Of course, the numerical problems in calculating 

a band structure for a system containing 29 atoms per primitive cell precludes 

comparing our spectrum with any quantitatively reliable theory. We note only 

that the 6.6 eV bandwidth determined here agrees reasonably well with the 

~ 6 eV width determined by Lx-ray emission. 5 

The 3s and 2s spectra both show doublet structures due to multiplet 

coupling of the final 3s (2s) hole state with the incomplete valence shell of 

Mn. The 3s peaks were fitted to Lorentzian lineshapes by a non-linear least 

squares procedure. The analysis of spectra obtained from two different 

samples yielded values of 4.12(10) eV and 4.05(10) eV for the separation of 

the two peaks. The intensity ratio of the peaks was approximately 1.3 in each 

case. .Due to the high degree of inelastic scattering associated with the 2s 

photoemission lines, we were not able to fit these spectral features to analytic 

peak shapes; however, the two components of this feature appear to be separated 

by ~ 3.5 .eV. 

Since the discovery of antiferromagnetism in a-Mn by Shull and 

Wilkinson, the exact nature of the magnetic moments, both in the ordered and 

paramagnetic states, has been a subject of considerable controversy. The 

problem is complicated by the fact that the a-Mn structure has four 

crysta~lographically inequivalent sites, with I, 4, 12 and 12 atoms 

respectively. These sites may of course carry different moments. On the 

basis of neutron diffraction data, several models for their magnitude in 

3 6 
the antiferromagnetic state have been proposed.' However, the NMR work of 

2 Yamagata and Asayama indicates that atoms even on crystallographically 

equivalent sites may carry different moments. This result, along with the 
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7 
suggestion by Sato and Arrot that the wavevector characterizing the magnetic 

ordering might deviate from [1,0,0], would necessita.te a spin-density wave 

treatment of the anti ferromagnetic state. However, the single-crystal neutron 

3 diffraction work of Yamada et al. revealed no such deviation, and these 

workers suggested a localized-moment model, with a weighted average moment of 0.63 ~B· 

In the paramagnetic state, ·the first determination of the average 

moment was made by Shull and Wilkinson on the basis of the paramagnetic 

diffuse neutron scattering intensity. They deduced an average moment of 

~0.5 ~B and suggested that this was due to a mixture of atoms with moments 

o and 1 ~B. Recently, however Nagasawa and uchinami
4 

measured the magnetic 

susceptibility of a-Mn in the paramagnetic state below 300 K and determined 

a value of 2.37(7) ~B for the average magnetic moment. These two observations 

are not necessarily contradictory. Neutron scattering would detect moments 

. h .. f 1 -12 I . w1tcorrelat10n t1mes 0 ~ 0 sec or onger. The dc susceptibility--a 

macroscopic quantity--is independent of correlation time. 

Multiplet splitting in the core-level spectra of manganese salts is well 

8-13 
known. The simplest interpretation of the 3s multiplet splitting ~E would 

14 
neglect electron correlation and employ van Vleck's theorem, which has the form 

~E (3s) 
G2 (3s 3d) 

= (2S + 1) 5 (1) 

for exchange splitting of a 3s
1 

3d
n 

final state in which the d electrons couple 

to spin S. 
2 . 

Given the essential constancy of the exchange integral G (3s 3d)--an 

atomic parameter--Eq. (1) can be used to deduce S from ~E(3s), if G
2 

is known. 

. 13,15 
In fact ·the situation is substantially complicated by electron correlat10n, 

and the relation 

V ! 

, ! 
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~E(3s) = (const.) (2S + 1) (2) 

is expected to be only approximately correct even in salts. In a metal such 

as Mn, further complications are introduced by the partially itinerant nature 

of the 3d electrons and by the presence of the s-p conduction bands. Electrons 

in these bands can screen the 3s ~ 3d and 3d - 3q interactions, reducing both 

the correlation effects responsible for additional satellite peaks15 and thus the 

intensity ratio of the two observed peaks in Mn relative to Mn 2+,13 as observed. 

It is difficult to assess the importance of these complications. We 

note that the 3s-4s exchange integral GO(3s 4s) is small relative to G2 (3s 3d). 

Also, the sp band is probably itinerant and largely unpolarized. Thus we 

shall neglect the effect of sp bands on ~(3s). Since the 3s orbital lies 

well within the atom (as evidenced by the value of < r ) 3s = 0.464 A 16). The 

dominant contributions to the exchange integrals should corne from within the 

atomic core and thus be relatively insensitive to changes in bonding. To the 

extent that this is true, ~E(3s) should be proportional to (25 + 1). On this 

basis we have plotted ~(3s) of MnF2 , MnF3 , and Mn02 against the nominal value of 

(2S + 1) in Fig. 2, and plotted a line through these three points, 

obtaining ~(3s) = 1.0 (25 + 1) + 0.6. The non-zero intercept necessitated 

by this fit must be regarded as an empirical parameter, and reflects the insuf-

ficiency of the Van Vleck's Theorem treatment. From this equation the 6E(3s) = 4.08 

of a-Mn corresponds to a 25 + 1 value of 3.50, hence to a "spin only" magnetic 

moment of 'U 2.5 )..lB. This is in excellent agreement with the susceptibility value 

of 2.37 l-I
B

. The multiplet splitting spectrum provides a spectroscopic measurement 

of this localized. moment, albeit with low resolution: we can infer from the 

spectrum that most or all of the sites in a-Mn have a moment near the nominal 

value of 2.5 l-IB., 
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Both the excellent agreement of this derived moment with the 

susceptibility data and the agreement between L'l.E(2s)/L'l.E(3s) in Mn and MnF2 

(~ 0.9 in each case) support our interpretation. We believe, however, that 

this agreement may be in part fortuitous, and we do not wish to emphasize 

its quantitative aspects. These observations appear to establish the 

following attributes of paramagnetic a-Mn: (1) localized spins exist on the 

Mn atoms on the time scale of 10-
15 

sec, (2) they have an average spin 

S ~ 1.25, and presumably a moment)J ~ 2.5 )JB' and (3) most or all of the Mn 

sites have values of S not too far from this average value. Any viable theoretical 

model for a-Mn should be consistent with these three features. 
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Figure Captions 

Fig. 1. Uncorrected photoemission spectra of Mn 3s (top), 2s (middle), and 

valence bands (bottom). 

Fig. 2. ~E(3s) plotted against 25. + 1, where 5. is the initial-state spin 
l. l. 

for MnF
2 

(Ref. 13), MnF
3 

(Ref. 11), and Mn02 (Ref. 9). 
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