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NEGATIVE MUON SPIN ROTATION AT OXYGEN SITE IN PARAMAGNETIC MnO
S. Nagamiya, K. Nagamine, O. Hashimotot and T. Yamazaki

Department of Physics, Faculty of Science, University of Tokyo,
Hongo, Bunkyo-ku, Tokyo, Japan;
and |
Lawrence Berkeley Laboratory,

‘University of California, Berkeley, California 94720

ABSTRACT

Negative muon spih_rotation (u~SR) at the oxygen site in.paramagnetic
MnO has been observed at room.temperature. A paramagnetic shift of 1.16 +
0.21 % was observed,approximately one-third the shift observed for the 179
NMR in MnO. The muon spin relaxation time extrapolated to zero external

field was determined to be 1.5 * 8:3 usec. Possible mechanisms for explain-

ing these observations are presented.



The negative muon (u-) is a new probe in the study of solid state
physics.1 If u~ is bound to a spinless nucleus, the muon-nucleus system (the
ground-étate muonic atom) is a pure magnetic probé,because its spin is one-
half. Thé'bound-muon spin is polarized up to about:17 %, which causes an
asymmetric angular distribution of electrons decaying from the muons, and
fhus the mﬁon spin rotation (uSR) in the presencé of.magnetic field can be
detected from a time di§tribution of decay electrqns. In this Letter we
report observafion of the negative muon spin rotation (u~SR) at the oxygen
site in paramagnetic MnO. The oxygen atom in this magnetic o*ide plays an
important role in the superexchange interaction which gives‘rise to antiferrb-
\‘magnetic ordering of Mn?* d-electrons below Ty = 116 K.2 To study localv
_Yfieldshat oxygen sites in such an oxidé, however, ¢onventidna1 NMR methos is
hardly appiicable, not only because of the quite loﬁ-natural abundance of
179 (0.04 %) but‘also'because of a large quadrﬁpdle broadening at non-cubic
'site, while the u~SR method is promising and powerful. Since u~0 has a life-
time of 1.8 usec, which is much longer than the lifetimes (100-200 nsecj of
o trapped‘by'heavier elements, tﬁe muon signal from oxygen can be.selectively
separated.  Furthermore, the u~SR ﬁethod may reveal new phenomena, since the
u~0 probe behaves as a nitrogen-like impﬁrity'butiﬁith rather broader magneti-
vzation distributioﬁ as compared with the nitrogen nucleus.

Thus far; no u SR experiments have been reported on magnetic oxides.

We started our measurements with paramagnetic MnO, since it is the exceptional
case where the 170 NMR has been observed.3 Goals of our work are a) to deter-
'mine the paramagnetic shift (A) of muons at oxygen sites and the muon relaxa-
tion time (Tz), and,b)‘to compare these with the 170 NMR data.

The experimental set-up and the procedure of measurements were the same



as those reported before.ls* Negative muons frOm’fﬁé 184" Cycldfron atvLBL
were stopped at rate of 103 sec™! in a target of single crystal MnO (3‘¢m x
4 cmx 5 gr/émz; made by Nakaiumi Crystal Co.). An‘extérnal magnetic field
~ (6.830 and 1.1061 kOe) was applied on the target_perpendiculérly‘to the beam
direction. An (100) axis of MnO was parallel to thé field. Temperature was
~ 300 K at which the MnO was in paramagnetic phasg.A

The time spectrum éf decay electrons from muons, as shown in Fig.’l(a),
involves two decay components with lifetimes of 232 + 3 nsec and 1.84 + 0.02
usec, which are in good agréement with the known'lifetiﬁessvof u'Mn'and u-0,
respéctively. Since the muon spin associated with the Mn nucleus is.éxpected
to be depolarized rapidly enough, wé have subtracted the short-lived component
and analyzed the loﬁg—lived component only, which gives information on muons
at oiygen sites in MnO. | |

The time spectrum of the long-lived component will be expressed by

-t/t.

N(t) = Ng e [1+A e t/T2 cos(2nf+¢)], tl)

where 1 = 1.84 + 0.02 ysec, A is the asymmetry, Té is the relaxétion time;‘

and f is theALarmor frequéncy. Fig. i(b] shows xz-fifs for this long—lived
compoﬁent ét'H = 6.830 kOe as a function of f. The.xz's have a sharp mihimumv N
at f =»93.S7 + 0.19 MHz._ The xz—fits for a carbdn targef under the same con-
dition, as shown also in Fig. i(b), gave é miﬁimum at fo(carbon) = 92.52 +
0.04 MHz. After a small correction for the différénce of the muon g-factors

between oxygen and carbon,® we have a paramagnetic shift A of u=0 in MnO,
a=z-88__ 1,16 +0.21 2)

The value of A determined at H = 1,1061 kOe [0.9 * 0;8.%]_involves‘larger
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‘error but in agreement with the above value (2).
The rélaxation‘time T, has also been determined by x?-fits. Results

are 0.7 8:§:usec at H = 6.830 kOe and 1.3 g;g usec at H = 1.1061 kOe.

By extrapoiating these two values to zero externélzfield, like the case of

/
the 170 NMR, 3 we obtain

T, = 1.5 + §:8 usec (at.H = d). ._ - (3)

The asymmet?y A obtained from the best fits is.around'S %.

We have éarefully examined possible effects of long—iived background
from muons stopped in the surrounding counters, éinCe its lifetime is around
1;8;usec. From measurements on variOué other targets we have estimated that
the long—livéd background in the present case is iess'than one-third the p 0
signal and it has the frequency fo(carﬁon) with amplitudé'less than 1.5 %.
After various éareful énalyses we have fiﬁally found that the experimental
value (2) is free from the effect of this background. |

The present rgsults are summarized and compared with thevNMR.data in
Table 1. The paramagneti§ shift for p~0 is approximately one-third tﬁe shift
observed for the !70 NMR. It is interesting to compare g2T, for 4-0 and 170,
sihpe the relaxation rate is prqportional to gé. As shown in column 5 of
" Table 1, g2T, for u~0 turns out to be one order of magnitude lérger than 82T2
for 170. | | |

The paramagnetic shift is expressed as3
b = -(6<5,>/H) (Hyg/8) » 3XH, /S, - @

where <§,> is the thermal average of the six ehighbdring MnZ2* spins (S = 5/2)

in the presence of an external field H, x is the atomic susceptibility, and



th is the local hyperfine field at the oxygen site exerted.from one neigh--

boring Mn2* spin,

H = £ 8w (5)

—_— 2
ne = £ 3 g [V (017

Here fS is the effective fractional occupancy by unpaired spins of 2s
orbitals at the oxygen site.?»3 The relaxation rate at high-temperature

limit which is subject to the exchange narrowing is written as

4/" S+1 (“Nﬂhf/'ﬁ)2

s O (6)

where Wes the exchange frequency, is related to the exchange integral J as

follows’

wg = /2s(s+1)/3 /M. | _ ' '-(7)

Assuming y and W be constant, we would expect a '"Korringa-type"

relation,

A2g2T, = const., . ' (8)

which is consistent with the experimental ‘observations (see column 6 of
Table 1). Thus, this simple-minded coﬁsideration wéuld indicate fhat
th(u-o) is one-third of uhf(170).

For further interpretation of the experimenfal results, however, a
more detailed ahalysis has to be done. First of ail Qe shouldnrecoéhize
that the u~0 probe behaves like a dilute N3“vimpurity at the-Qxygen site in

MnO. The only difference between u~0 and N3~ lies in the spatial distribution

of the probe: the N nucleus has a sharp cut-off radius with R = 2 fm whilé

p~0 has a broad exponential-type distribution with a Bohr'radius of v 30 fm,
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However, since the,lafter is still 200 times smailer than the electron Bohr
radius, we ignore possible hyperfine anomaly® in the following discussions,
1; IwZS(O)JZ: Using recent Hartree-Fock éaléﬁlationg for Na‘*, Ne, F~, 07,
0, 07, N*, N and N™, we estimated'lwzs(O)léz_ = 44 x 102% cm3 and
[¢23(0)|§3_.=' 26 x 102* cm~3, and thus, lwzé(ojlﬁg_/lsz(O)lgz'_ = 0.6, which
is certainly a part of the origin of the observed reduction in th.

2. fg: The excess negative charge of u~0 compared to 170 will push out 2p
aﬁd 2s electrons farther from the oxygen site, which will increase the local
" metal-oxygen cbvalency (2p-3d and 2s-3d mixtures). Sincé fS is related to
the covalency’parameter As and the overlap SS between 25 and Sd thfough the
expression of f_ = (Ss+ A)?,3 it is expected that fstp’O)‘> fs(170).-'This
sets a lower limit 0.6 on th(u‘O)/th(17O), which cannot account for the: '
observed reduction in A. This conclusion might be altered, if the Is eléc—
tron polarization plays a significant role in th, but the follbwing point
seems to be more important.

3. <Sz>land we* So far we have neglected possible difference in <§,> and
w, between u70 and 170. However, since the presence of u=0 incrgase,s\ the
local covalency and thus enhances the local superexchange interaction, QSZ>
apd me'in.Eqs. (4) and (6)’shou1d now be read as the'lobal éverage <Sz$
(which can be named local susceptibility) and lgggl'exchange'frequency. if
the enhanced superexchange interaction causes an increase of the local Weiss

temperaturé © (0 « J/k), and 0 is still related to x .by
X = 1/(T+0), » : : 9

the local x would be smaller than the bulk susceptibility. Considering that

- > 2000 K in order -to account

P ; 17 .
th(u 0) > 0.6 th( 0), we would obtain elocal



for A(u-0), while ebulk = 610 K. Obviously the observed relaxatioh time:
would require that the local exchange frequency'should increase. in accordance

with the relation
w_ o« 0. . - (10)

If such a situation is real, the tempefature dependence of A(u™0) will be
different‘froﬁ that of Xpulk’ but thie-point is open to further experihental.
studies.
| At this stage it is already,clear that fhe h'O probe-offers a'uniqUe_
opportunlty for investigating various phenomena that are not acce351b1e by
any conventional means, even in cases where 179 NMR data are avallable The
u SR method will be applied to other magnetic oxides particularly where the.

170 NMR becomes exceedingly difficult because of‘quadrupole interactions.

Stimulating discussion ahd many sUggestione_hy Prdfessor A. M. Portis,
the pleasant collaberation‘and hpspitality at LBL by PrdfeSsorva. M. Crowe -
and 0. Chamberlain, and the collaboration at en-early stege in the uSR experi—
ment with Professor K. Sugimoto are gratefully ackhowledged.. One‘of us- (S.N.)
expresses his sincere thanks to the Nishina Memorial Foundation,- as his stay

at LBL was supported by its Fellowship.
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TABLE 1

Summary of the paramagnetic shift A and relaxation time T, observed at
room temperature by different methods for paramagnetlc MnO. The relaxa-
tion times have been obtained from extrapolatlon of exper1menta1 data

to zero external magnetlc field.

- 2 A2,52
Probe g-Factor A T, : g<T, A<g<T, Ref.
(uy) | (%) B - (usec) (102psec) (10~ 2psec)
170 17.76%) 1.16 + 0.21 1.5 + 0-8- 4.7 + 2.3 6.4 + 3.7
. . x A » . T 0.8 _ . T 31:3 . . 1.8 present
179 -0.7575 '3.21 + 0,02 74 t 26 0.42 £ 0.15 4.4 + 1.6 3

“a) g(u"0) measured in nonmagnetic substance (Ref. 6).
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- FIGURE CAPTIONS

FIG. 1 (a) Tiﬁe spectrum of decay eléctron; from ihevmuons stopped in a MnO
| target. The long-1lived component comes from p~0 and.the short-lived
one from'p'Mn. | o | |
(b)‘Thé:xé versus the‘Lérmor frequenéy for fhe-u_o component in para-
magnetic MnO ét‘room témperature and at H = 6.830 kOe (hpper) and
for a carbon target under the same ekperimeﬁtal conditions (lower),
.showing a paramagnetic‘shift of 1.16.i 0.21 %vafter the correction

~ for the g-factor difference between u~0 and u°C.



ls | |
T X | . _Electron time spectrum
i from pu- in MnO
]
1.0 ?"I. —
<r9 | s
x L
e | =
S
O
U .
0.5 —

SN ' - Constont background,
o o5 1.0 1.5 2.0 2.5 30 3.5
R Time (usec)

XBL752-2377

- v ’ ) . ) ; (a
‘ ’ : . . FIGQ 1x-‘a)




e

T — SN E— T T l
rlooM
1080 |- - S
$ 10601 130,21 % 300°K |
S ! QR V- ]
o o | 1 ‘ =
» 1400 | e =
5 L \\f |
, | | . o |
S | : 5 ,
1200} o u | ) 4
1000 _- | | | ] l. - ‘IYI 1 |
86 88 90 92 94 96 98 100 102
Frequency (MHz) | |
_ ' ’ XBL752- 2376

FIG. 1(b)



Uu 433 o3 3 i

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.




L Y

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





