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*Mn NMR in Mn ,, acetate: Hyperfine interaction and magnetic relaxation of the cluster
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The 5®Mn NMR in oriented powder crystal of MgAc has been investigated at 1.4—2.0 K in zero field and
with external fields along theaxis. Three kinds of°Mn NMR composed of fivefold quadrupole-split lines for
I =5/2 nuclei have been interpreted to arise from &'Mion and two crystallographically inequivalent ®ih
ions. The isotropic hyperfine field in the Kih ion indicates a large amount of reductit®6%) as compared
with the theoretical evaluation. In the analysis of the hyperfine field irf'Mions, the anisotropic dipolar
contribution has been taken into account in addition to the Fermi-contact term. Adopting the reduction factor
8% of the dipolar term, which is estimated from the magnetic moment determined by a polarized-neutron-
diffraction experiment, we obtained a reduction of 15% for the Fermi-contact term. We suppose that such an
appreciable amount of the reduction factor is due to the covalence and strong exchange interaction among
manganese ions via the oxygen ions. By using the hyperfine coupling constants of 12 manganese ions in the
Mn,, cluster, the total hyperfine interaction of the ferrimagnetic ground sta®e=df0 has been determined to
amount to 0.3 cm® in magnitude at most, the magnitude of which corresponds to the nuclear hyperfine field
0.32 kG seen by the cluster spin. The relaxation of the cluster magnetization after reversal of the external field
was investigated by observing the recovery of #dn spin-echo intensity in the fields of 0.20—-1.90 T along
the ¢ axis at 2.0 K. The magnetization of the cluster exhibited the squaretn@aiovery in the short-time
regime. With increasing external field, the relaxation time decreased following significant dips at every 0.45 T,
which is due to the effects of phonon-assisted quantum tunneling between the spin states at magnetic level
crossings.
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I. INTRODUCTION Mn(3)] which are located alternately in the outer rihgig-
ures 1a) and Xb) show, respectively, the molecular structure
Recently, there has been great interest in compounds ofewed from the crystallographical axis and the two in-
nanoscale magnets with a high value of spin involving aequivalent Mi* sites surrounded octahedrally by neighbor-
large number of magnetic ioris® This is based on the view ing oxygens together with their local tetragonal axes
of studying the quantum physics of the mesoscopic system, The magnetic ground state of NWAc clusters is deter-
which lies in the intermediate scale between the classicahined by combined effect of four paths of intramolecular
macroscopic and quantum microscopic scales. Among variexchange interactions, whose values are estimated as follows
ous molecular clusters, MyO;,(CH;COO),4(H,0), (ab- in Ref. 18: the dominant interaction between (¥nand
breviated as MpAc) (Ref. 7 has been most extensively Mn(2) is antiferromagneti¢—150 cm 1) and the interactions
studied theoreticalf7°and also experimentally so far using between the neighboring two Nib) ions and between M)
magnetizatiort/ ~?® ac susceptibility”?® heat capacity?>® and Mr(3) are both also antiferromagnetie 60 cm 1). The
neutron scatterindt=34 electron spin resonand&SR),*>%¢  interaction between M@) and Mr(3) is ferromagnetic or
and proton NMR and muon spin resonarigeSR).3"*8 The  antiferromagneti¢less than 40 cit). Because of the single-
most prominent feature is the characteristic magnetizatiofon anisotropy originating in M#" ions due to the Jahn-
relaxation and the stepwise hysteresis curve associated wiffeller effect, the cluster totally possesses Ising-like aniso-
the phonon-assisted resonant quantum tunnéffgy3%4° tropy along the crystallographizaxis. The following model
In Mny,Ac, each of the magnetic clusters, which consti-is established experimentally: four K spins in the inner
tute a tetragonal symmetryS{), is constructed from four tetrahedron are parallel to each oth&=3/2x4=6) and
Mn** (S=3/2) ions[the site denoted as Mb)] in a central ~ eight Mr?* spins in the outer ring are also parall&=2
tetrahedron and surrounding eight #n(S=2) ions with  X8=16). Then the total spins of the two groups couple
two crystallographically inequivalent sitefMn(2) and antiparallelly to formS=10 for the clustet/ Most of the
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Mn1: Mn*t H=Ho—g,usS,H+H'

Mn2:M$: =-DS-g,ugSH-ES+B(ST+S%), (1)
Mn3: M

(a) Mn, , Ac molecule

where g,=1.93% E=(1.1-1.3x10 3 K,323%% and B
=+(2.1-7.2)x10 ° K.32%

On the other hand, there has been proposed another spin
model® which describes the Mg molecular spin $=10)
as being composed of four dimers witks 1/2 [an antiferro-
magnetically coupled pair of Mtt)-Mn(2)] and four S=2
[Mn®* of Mn(3)]. This model has been used for the theoret-
ical interpretatiofi*? of magnetic properties due to a simple
description of the exchange interactions.

Considering that the spin structure of the high spin is
basically constituted of four Mt ions and of eight MA"
~F\S ions, it seems also important to investigate, from the micro-
6 5 = scopic point of view, the ground state of each manganese ion,

in order to understand the nature of the ground state of the

cluster. The most prominent experimental procedure for this
purpose is to examiné®Mn NMR in Mn;,Ac. The NMR
information on the behavior of manganese ions will be also
important to interpret the magnetic relaxation with quantum
tunneling at low temperature. From such a viewpoint, we
have been studying the®Mn NMR in Mnj,Ac. We have
already succeeded in observing three kinds®in NMR
for powder crystals of MppAc below 2.4 K in zero external
field. In the preliminary papéf we have assigned the lowest
5Mn NMR spectra as due to M# ions, while the higher
two ones to crystallographically inequivalent Rfnions, and
reported the result for the nuclear relaxation tifng Sub-
sequently, we investigated the relaxation of magnetization of
Mn;,, cluster by monitoring the spin-echo intensity of fin
ions in the external field applied along thexis**

FIG. 1. (@ Schematic molecular structure of MAc clusters In the present work we have perform&tn NMR mea-
viewed from thec axis, where Mil) sites are occupied by MA  surements in more detail on an oriented-powder sample of
ions and both M(P) and Mr(3) sites by MA™ ions using Lis'  Mny.Ac in zero field and with the applied field along toe
notation(Ref. 7). For clarity in simplifying other ions, manganese axjs. By considering anisotropic terms of the hyperfine fields
ions are represented by large spheres and oxygen ions by sm@flie to the dipolar interaction in addition to the Fermi-
ones. Arrows on manganese sites indicate the directions of thefgntract term we have analyzed the hyperfine fields both of
spins that are parallel or antiparallel to thexis. (b) Two kinds of Mn** ions and of two inequivalent Mri ions. We have
.C’Ctahedral environments for crystallographically inequivalenfT\_/ln explained the results in an accurate assignment of three kinds
lons, where the symmetry around Ky (0:157") LS approxi= o 55\in NMR spectra to the relevant manganese ions located
mately tetragonal, while the one around (@n(#=36.2°) is rhom- at Mn(1), Mn(2), or Mn(3) sites, respectively. In order to
bic in addition. The longest axes are denotedddfpr both cases. . N ! . o :

Dotted squares correspond to the planes where the principal parts g}vestlgate_the_behawor of magnetization recovery and quan-

the wave functioX?— Y?) expand. tum tu_nnelmg in MR,Ac we have_ als_o measured the relax-
ation time of the cluster magnetization as a function of the

magnetic properties have been well understood in terms dxternal field, using the spin-echo signal of MPNMR in a

the doubly degenerated discrete energy levels of the clusté€ld of 0.20~1.90 T along the axis at 2.0 K.

with a high spin ofS= 10, which are specified by the wave

1‘13 *

function |S,m in terms of the Hamiltoniarﬂ-{0=—DS§, Il. EXPERIMENTAL RESULTS
where the constard is the effective Ising-like anisotropy of A 5N NMR
the order of 0.52—0.60 KRefs. 33 and 3balong thec axis. ) n

In addition to this term, it has been recognized that there are The experiment has been performed by the conventional
the quartic anisotropy energies denoted Hy, the off- spin-echo method using a pulsed NMR apparatus. The
diagonal term of which plays an important role for the tun-oriented-powder sample of MgAc contained in a capsul®
neling, though the magnitude is much smaller as comparethm diameter and 20 mm in lengtfs inserted in a resonant
with Hy. Then, in the presence of an external fieldpplied  cavity of cylindrical shape.

along thec axis, the spin Hamiltonian describing the cluster ~ Figure 2 shows the experimental results %8#in NMR
molecule is given as spectra obtained at 1.4 K in the frequency range between 150
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FIG. 2. Three kinds of*Mn NMR spectra observed in MgAc formation of the crystal field from cubic symmetry for an
in zero external field at 1.4 K. The inset shows the enlarged spectr@'Pital singlet ion. The resonance frequency corresponds to

for the Mrf* ions. In every spectra the arrow indicates the centralthe hyperfine fieldHy|=218.4-0.1 kG. On the other hand,
frequencyv_,.,1,, Of fivefold quadrupole-split lines f0F5Mn(| in the case of an orbital doublet ion, the NMR spectra show

=5/2) nuclei. in general relatively large quadrupole splitting coming from
the aspherical distribution of the outer electrons. So the two
and 450 MHz in zero external field. Each of the three kindsbroad spectra are referred to the orbital doublet ion: i.e.,
of ®*Mn NMR is composed of fivefold quadrupole-split lines the Mr* ion. As described later in Sec. 1, the magnitude of
for the | =5/2 nucleus. The width of the spectra around 230the hyperfine field for the M ion increases, owing to the
MHz is nearly 4 times narrower than those of the others. Asanisotropic dipolar contribution, in accordance with an in-
we explain in detail in the next section, we assign these threerease in the anglé between the electron-spin axis and the
kinds of NMR spectra to manganese nuclei associated witlocal tetragonal axis. On the other hand, the quadrupole split-
the Mrf™ ion and two inequavalent Mf ions by taking ting decreases as the angléncreases. Since the angles
into account individual resonance profiles such as the centrdérger in the Mit3) site than the one for the M) site, the
frequency, quadrupole splitting, and field dependence and biyyperfine field and henc&Mn NMR frequency are larger
considering the anisotropy of the hyperfine field. In this secfor the Mr** ion at the Mr(3) site while the quadrupole
tion, we mention briefly the results for the assignment of thesplitting is smaller. Then we may assign the broad spectra
three NMR spectra. centered at 279:40.1 MHz (Hy|=264.8-0.1kG) with
The spectra around 230 MHz in Fig. 2 correspond toAvg=4.3+0.1 MHz to the MA* ion at the Mif2) site and
Mn NMR in Mn** ions at the Mil) site. The central the spectra 364#0.1 MHz (Hy|=345.4-0.1kG) with
frequency is 230.20.1 MHz with a quadrupole spliting Avy=2.9=0.1 MHz to the MA* ion at the Mi3) site,
Avg=0.72+0.05 MHz, which can be noticed in the inset. respectively.
This quite small quadrupole splitting is attributed to the de- Figure 3 shows the external magnetic field dependence of
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each central line of the above-ascertaifédn NMR, which  (a) Mnj,Ac Molecular Magnet
has been measured at 1.4 K in the fieldapplied along the

c axis. We obtained values which coincide with that of the
free 5°Mn nucleus °y/27=1.055 MHz/kG) within the ex-
perimental error. When the specimen is cooled down without
an external field zero-field cooledZFC)], we observe two
components for every central frequency, i.e., increasing anc
decreasing branches verdds The typical NMR spectra of
5Mn NMR in Mn** ions are shown in the inset to Fig. 3,
where the narrow linddashed lingin the zero field splits
into two components; andv, atH=1.0 T after ZFC. How-
ever, when the specimen is cooled down below the blocking
temperatureTg=3 K with H parallel to thec axis [field
cooled(FC)] we observe only one branch expressed by the
solid line.

We interpret the preserffMn NMR frequency-field dia-
gram by considering the magnetic structure of the cluster.
Due to the uniaxial anisotropy along thexis, the magnetic
moment ofS=10 stays along the axis even if there is no
external field. Because of weak dipolar interactien0.05
K) among neighboring clusters, each molecular cluster, how: it
ever, remains superparamagnetic. Therefore, when it is n’ - ‘ Mn*
cooled down with ZpFCpthe mogljecular magnets have two pos- s mM,,
sibilities in direction, parallel or antiparallel to theeaxis in \ THN

Molecular
Spin : §=10,

(c) Hyperfine Fields Hyon Manganese lons

RN
each crystal. That is the reason why we observed two quis N c-axis
branches shown by the solid and dotted lines in Fig. 3 in the 5 ﬂs:z T
field dependence oMn NMR in the case of ZFC. On the \ ﬁ
other hand, when the whole molecular crystals are coolec \ s=an
Myg e+

Parallel to c-axis

down in FC, they have a magnetic moment orienting to the P A
unique direction alondd, shown in Fig. 4a). Considering H

that the ®®Mn NMR frequency is proportional to the total Slightly declined from c-axis
field acting on the®®™Mn nucleus, the three solid lines in Fig.
3 mean that effective fields acting oiMn nuclei in two
different M ions decrease with the external field, while

. 5 .. + . . . _
those acting orf*Mn nuclei in Mrf'* ions increase. Consid . Schematic illustration of the octahedral coordination of sixfold oxy-

rin h h rfine fiel itely dir heir . L
T et oers o h 1 ot 1) or ) st i

showing the relationship between the two reference fra¥égand

obsgrved o.nly the S,O"d lines as shown in Fig. 3 in the case %z The axesKYZare along the principal axes of the crystal field of
FC is consistent with the fact that the magnetic moments Ofigands, while thez axis is chosen along the magnetizatiorof the

the Mr?" ions are parallel to the total moment of the clusterpnd+ ion [at the Mr(2) or Mn(3) site]. (c) When the molecular
while those of the Mfi" ions are antiparallef} as shown in  magnetizatiorM is directed as shown in Fig(@, the mutual rela-
Figs. 4a) and 4c). The situation is explained in detail in tionship of the directions of the magnetic momemtelectron spin
Sec. Il S, and hyperfine fieldH,, is schematically shown for M ions[at
Mn(2) or Mn(3) sited and for Mrf* ions[at Mn(1) siteg. Concern-
ing the Mrf" ion, Hy is parallel to the external field along ttoe
axis, while that for the MAi" ion is declined byr-6 from thec axis.
The magnetic relaxation of the cluster was measured after
cooling the oriented-powder sample down to 2.0 K from 4.2the growth of the spin-echo amplitude 8Mn NMR in
K under an applied field of 1.2 T along tleeaxis. After this ~ Mn** ions aty=243.0 MHz**
FC process, we can observMn NMR in Mn** ions atv Figure 5 shows the recovery of the spin-echo intensity of
=230.4+ (ymnw/2m)H=243.0MHz in a field of H  », branch of*®Mn NMR in the Mrf" ion after reversal of
=1.2T, while we cannot observe any signal iat 230.4  the external field, where the time-dependent growth of the
—(Ymn@/2m)H=217.8 MHz. The situation is upset in the intensity of thev, line corresponds to the magnetic relax-
case of reversing the field, i.e., we obsef?Mn NMR in  ation of the cluster moment along the applied field. A typical
Mn** ions only atv=217.8 MHz, while we cannot observe example of the relaxation curve is depicted in Fig. 5, in
any signal atv=243.0 MHz. The reversal of the external which the growth of the spin-echo intensity is shown for two
field can be reached within a few seconds. Accordingly, byalues ofH=1.2 and 1.4 T at 2.0 K. From the recovery of
reversing the external field after FC, we can measure ththe signal intensity we can recognize the time dependence of
relaxation of the cluster magnetization in the field by probingsquare-root until about 20 min for 1.2 T and 13 min for 1.4

FIG. 4. (a) Stable situation of MpAc molecular magnetization
M and net spirS in the external field applied along tleaxis. (b)

B. Magnetic relaxation of the Mnj,Ac cluster
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netic hyperfine Hamiltonian is obtained by averagihg
with respect to the electronic ground-state wave functign
and can be expressed in terms of the hyperfine figld
acting on the nucleus with a nuclear magnetic momghit

as follows*>*7

P — N R (gl Hol hg)=—yh1 -Hy=— ¥l -(He+Hg+H), (2)

in which Hg, Hy, andH, are Fermi-contact, dipolar, and
orbital hyperfine fields resulting from the corresponding
components of the magnetic hyperfine interaction.

On the other hand, the effective nuclear-quadrupole

= : | 1 ‘ Hamiltonian is obtained by the expectation valugtf with
= 5 : res 46
I 3 ! : A pect toysg, as follows®
2
e“Qq
108 (ol Holtro)= zr7 1) 131210+ D+ (1519},
wn)
& S ()
o £ty : : :
| E10* whereeQ is a quadrupole momengq,, is the maximum
-1.5 Z )%F principal value of the electric field gradient tendty, along
-,% %% the Z axis®® and 7 is an asymmetry parameter defined by
8100 b (Vxx—Vyy)/Vzz.
2 © The Fermi-contact field, which is due to core polarization
0 1 7 of inners electrons caused byd3electron spins, is dominant
Magnetic Field :H (T) in magnitude 107 kG) and opposite in direction to the
s s e I ‘ PRI I A atomic magnetic momefif. The dipolar hyperfine field does
0 8 16 24 40 48 56 64 not exist in a singlet ioA>*¢ Concerning the orbital hyper-

32

776" fine field, though it is normally zero for the case of an orbital

FIG. 5. Semilogarithmic plot oP°Mn spin-echo amplitude of singl_et stat_e or of a doublet state due tQ orbital q_uenchirjg, it
Mn** ions concerning the; branch in Fig. 3 vs the square root SL_”VNeS_S“ghtIy when the ground_ Orb't'?" _State IS admixed
that is obtained after reversing the external field for the orienteo\’"Ith excited states thrqugh the spin-orbit interaction gnd/or
crystal prepared in FC along tloeaxis. It is seen that the spin-echo 10W-Symmetry crystal field. Since the extent of the mixing
amplitudeh follows the functionh=h[1—exp{—(t/’¥3] in short ~ COrreésponds to thg shift, the orbital hyperfine field can be
times, which corresponds to the magnetization relaxation of th&lescribed &8
Mn,, cluster in the external field. The inset shows the relaxation

time 7 vs the external field. The solid lines are a guide for the eyes Hi=—2ug(r 3Ag=—-125r"3),,Ag kG. (4
in both figures.

The ground state of the M# ion (3d®, “F) is orbital
T. From the slope of the square-rdatcovery curve we can singlet in a cubic crystal fiel?/,.*® Then the dipolar hyper-
get the characteristic time measured in the early stage of fine field of the Mi* ion vanishes. It also follows that quad-
relaxation(short times as a function of. In order to see the rupole splitting vanishe¥:
effect of the quantum tunneling, we performed measure- In general, the factor for Mrf'* has been observed to be
ments by changing fields in steps of 0.025 T between 0.206-1.99 and|Ag| appears normally less than 0.1so the
and 1.900 T. The inset demonstrates thabt only shows a  orbital hyperfine field is evaluated to be less than 10 kG from
gradual decrease with increasing the fields, but also showsd. (4), using the valudr 3), ,=5.36 expressed in atomic
significant dips of more than one order of magnitude at everynits for free Mt ions® Then the orbital hyperfine field
0.45 T-step. Such a feature is obvious above 2.0 K, whileean be reasonably neglected compared Wwith. Therefore
below about 1.8 K it is not so clear. the hyperfine field of the MH™ ion is mainly composed of
the Fermi-contact term, which is isotropic and oppositely
directed to the magnetic moment of the ion and parallel to
. HYPERFINE FIELD AND 5%Mn NMR the electron spirs. Since the hyperfine interaction is rather
effectively denoted asAl-S for the orbital singlet iorf?
which corresponds to the Zeeman interaction of nuclear
The hyperfine interaction is composed of both a magnetignagnetic momeny7| subject to the Fermi-contact fiekdl ,
hyperfine interaction’{,, with its own electrons and an the hyperfine field is simply expressed to be
electrostatic quadrupole interacticH, with surrounding
ligands: namely;Hy = Ho+ Ho . *>*® The effective mag- Hy=Hg=—(A/y%)S, (5)

A. Hyperfine field
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whereA is an isotropic hyperfine coupling constant. So the<¢g|thp| hg)=—yhil-(He+Hg)

*Mn NMR frequency of the Mf' ions given by v ) 5

= yH/27h is proportional tgS| and its*®Mn NMR spectra +{e“0zzQ/A1 (21 = D}[3I;=1(1+1)]
are expected to be a single line with narrow width. The re- __ o _ '
lation betweerH,, and S together with magnetic moment YAlHE-1;~ (1/2)(3 cos 6—1)Hy -1,

is shown in Fig. 4c). — (3/4)sin 20H - 1, ]+ €%q,,Q/{41 (21 — 1)}
As for the hyperfine field for the M1 ion (3d*, °D) ,
with a hole plus a half-filled shell, the situation is somewhat X[(1/2)(3 cog 6—1){3I5—-1(1+1)}

complicated owing to the orbital degeneracy\ig.*® The :
degeneracy of an orbital doublgg is removed to two orbital T(3/2)sin 26(1 1+ 1)

states denoted a&,, and B,y by the deformation of the +(3/2)sir? 0(If—l§)], 9)
crystal field to the tetragonal one caused mainly by the JahnWhere the off-diagonal terms of Zeeman and quadrupole
Teller effect. The ground stat®,, is specified by the wave ; . . ;
function|X2— Y2) v?/hen the tetrggona?distortior?is of a pro- terms are perturbations to their respective main té¥ms.

S L Taking into account the main term in E(®), the NMR
late type. In case an orthorhombic distortion is SuDerposeﬂequencyym corresponding to the transitiom—1—m is

the doublefoIdE_g states are not (_)nly split, but also admixed, given by
so that the orbital ground state is of the f§fm
Ym= | Emfl_ Em|/hH
— 2__ 2 H 2,2
Yrg=COSP| X"~ Y*) +sin$|3Z°~r7), ©) = v~ (1/2)(3 cof 0~ 1){vg— (M—1/2) v}
where cosp and sing are normalization factors. + higher-order terms, (10

As given in Appendix A, the dipolar hyperfine field for \here v andv4 are obtained from the isotropic part of the
the M ion is calculated by using the ground-state wavenyperfine fieldH and the anisotropic onld}, respectively,
function (6), and the result i$14=Dg&,, where&, is a unit  py the relationv=y|H|/2wh between frequency and field,
vector of magnetizationn of the Mr®* ion andD is the and v, is the quadrupole frequency e3,,Q/{21(2I
dipolar hyperfine field coupling tensor. Therefore when the_ 1)h}. The higher-order terms, which are related to the off-
singlet ground state of the Mf ion is specified by the wave diagonal term in Eq(9), are less than a few percent com-
function47(6) the total hyperfine field is expressed as pared with the main terms and can be neglected.
follows: In the case of the M ion the dipolar hyperfine field is

zero; then,y,, is simply to be

vm= e+ (1/2)(3 cog —1)(m—1/2)vg. (12

It is noted that the orbital hyperfine field for the Rfnion When the external fieldi(H<Hy) is applied along the

can be neglected here compared with the main terms, sin(féaXis’ then the NMR frequency can he approximated to
H, is evaluated, usingr 3),,=4.79 a.u.(Ref. 46 and vary asvy,+ yH cosp/2wh, whereg is the angle betweeHr
Ag~0.01(Ref. 48 or 0.05(Ref. 35, to be—6 or —30 kG, andHn. . . .
respectively. Then the total hyperfine fiektl, is approxi- Using Eq.(lO),_we can obtain the following expression of
mately in opposite direction tm and is directed against the the resonance fielH,e; for the central NMR frequency

Hy=Hg+Hg=—[Hg|&,+ D8&,. (7

local tetragonal axig with the following anglea (Ref. 49:  V-12-1277 Hred2rh:
Hes=He+(1/2)(3 cog —1)H =H\(0); (12
He—3H) therefore, we can analyze the resonance fi¢ld by means
tana= HerH, TH, tané. (8 of separating the dipolar contribution in accordance with

from the resonance frequency obtained.

The relation betweer and 6 together withm, S, andH,, is IV. INTERPRETATION OF Mn NMR AND DISCUSSION
shown in Fig. 4c). A Mn“* ion

The hyperfine field of the MiY ion deduced from the
resonance frequency in Fig. 2 is 218.@.1 kG, which is

In the analysis of thé®Mn NMR frequency, it is conve- appreciably smaller as compared with both the theoretically
nient to use another reference framg where thez axis is  calculated and the experimentally observed values as we see
parallel to the direction of the magnetic moment of the ion inbelow in other oxides. Theoretically the Fermi-contact hy-
the Mny, cluster, i.e., thec axis, andx axis is in the plane perfine field per unpaired electron, which is defined by,
containing thez andZ axes as shown in Fig.(d), wherefis  was calculated by Freeman and Watson by summing up to-
an angle between the magnetic moment andzfaxis. We  tally the polarized contribution of inners] 2s, and 3 elec-
assumey=0; then, the hyperfine Hamiltonian is trans- trons for various valence states of free manganese*fons.
formed as follows: The value ofy for Mn** is —2.34 a.u. Hence we find

B. 5®Min NMR frequency
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He(calc)=3yuns+ = — 293 kG using the conversion factor ~ We mention here the small quadrupole splittidgq
1a.u=4.17X10 kG for y in atomic units®® The observed =0.72+0.05 MHz. From the local symmetry of the N
hyperfine field for MA* ions in Mny,Ac is smaller by 26%  site in Mn,Ac molecules, each M ion is subject to an
than the calculated value. Moreover, there is similar evidencectahedral crystal field with an axial-symmetry axis which is
for the reduction of the hyperfine fields in Kh ions in  parallel to thec axis. The electric-field gradie;, at >®Mn
an isomorphous My cluster, the preliminary measurements nuclei in Mrf* ions originates solely from octahedrally sur-
on the *Mn NMR in the Mrf" ion in  rounding G ions with symmetry lower than the cubic ohe.
[Mn150,5(O,CPh),5(H;0)4]- 2PhCQH (Ref. 50 yield al-  There may be a second-order contribution to the quadrupole
most same resonance frequencies as the present case. On&B@pling that is due to the distortion of the spherical electron
contrary, in lithium manganese ferrite lsMno sF€,0,4, the  shells of M * ions induced by the external charges, and the
hyperfine fields for*®Mn nuclei in Mrf* ions are observed induced gradient is given to be ..V, in which y.. is an
to be —293.8-0.1kG>" The hyperfine field concering antishielding factor. Then the total electric-field gradient is to
Mn** ions in the paramagnetic state is reported to dikg  pe 0e=(1—y.)Vy7.*® From the value of Avg
=—301.86 kG(for Mn** ions diluted in MgQ (Ref. 49 —3e2q.Q/{2I(21 —1)h}=0.720.05 MHz, we find
and—290.90 kG(for Mn** ions diluted in AbO;) (Ref. 45.  e2q Q/h=4.80+0.33 MHz.
These experimental values for the hyperfine fields irf Mn
ions are nearly the same as the above theoretical one. So we
can imply that®®Mn NMR associated with the Mri ion in
the Mny, cluster is usually observed around 230 MHz\( Since an orbital doublet ion such as the ¥rion is sta-
= —218 kG), which corresponds to about 74% of the calcu-bilized in energy by lowering the symmetry of ligands to
lated value. The following fact should be noted: recentremove the degeneracy in the cubic symmetry, the ground-
polarized-neutron-diffraction measurements on;pAc also  state wave function becomes asymmetric, which gives rise to
indicate that the local magnetic moments for (#nsites are  a considerable amount of the dipolar hyperfine field on a
reduced to 78 4% of the full value of 3.z for Mn** ions  nuclear site. In fact, as for the Mh ions both at Mi2) and
and those for M(2) [Mn(3)] sites to be 924% [94  at Mn(3) sites, the octahedral ligands composed of oxygens
+3%] of the full value of 4.Qug for Mn®" ions3* The the-  are of tetragonal symmetry in the first approximation and in
oretical calculation of the electronic structure for the,Mkc  addition have lower symmetry than the tetragonal one. As
cluster based on the density functional formalism has preshown in Fig. 1b), the Mr** ion at the Mri2) site has
sented a considerable amount of reduction for the local magnainly tetragonal symmetryelongated with the axially
netic moments of manganese ions: 2:6(86% of the full ~Symmetric axiss, which lies in the direction of 11.7° from
value 3.Qug) for Mn** ions and 3.fg (90% of the full  thec axis. On the other hand, the Mhion at the Mr3) site
value 4.Qug) for Mn®" ions, respectively The reduction has a considerable rhombic compodeint addition to the
factor of 26% for Mrt* ions observed in the present NMR tetragonal one, in which thé axis makes an angle of 36.2°
measurement is consistent with that of the polarized-neutrorfrom thec axis.
diffraction result. We believe a large amount of reduction of ~As already noted, the hyperfine field of the #nion has
the Mrf* hyperfine field obtained for MgAc by the present an anisotropic dipolar terriy besides an isotropic Fermi-
NMR measurement is related to the covalence and strongontact termHg. As is clear from Eq(10), the 55Mn NMR
exchange coupling between K and Mr(2) via oxygen frequency for the MA* ion varies appreciably depending on
ions as mentioned in Ref. 14. the two frequenciesr and vy and an angle& shown in both
Next, we interpret th@®Mn NMR spectra of the inset of Figs. 1b) and 4c). We next evaluate the two parametets
Fig. 3. As was previously noted, the spectraarise from the andH/, of the hyperfine field. The value gf calculated for
55Mn nuclei in Mrf* ions belonging to clusters whose mo- the free Mi™ ion is given to be—2.91 a.u®® which corre-
ments are parallel to the external field while those prise  sponds to 4,3+ = —485 kG=Hg(calc) for the calculated
from ones belonging to clusters whose moments are antipavalue of Fermi-contact term in the Mn ion. On the other
allel to the external field. We find that the intensity of the hand, the dipolar hyperfine field parameter in E43) is
spectrav; is always larger than that of, . This is due to the given to behy=(4/7)ug(r —3)=(2/7)x125r3),,. (Ref.
fact that the spin-echo decay tiriig is longer for thev, line  45) =+ 171 kG=hy(calc), using(r 3)=4.79 a.u. for the
than that forv, . As time passes, the spin-echo intensity offree Mre™ ion.4
the v, line has a trend to increase, while thatof line to However, it turns out that the use of these theoretical val-
decrease. This fact reflects the relaxation of cluster magnetises fails to explain our NMR results. Then in order to obtain
zation in the presence of an external field after ZFC; theeasonable agreement between the experiment and calcula-
increase of the intensity of the, line accompanying the tion it is necessary to take into account the reduction factor
decrease of that of the| line corresponds to the gradual for the Fermi-contact and dipolar hyperfine fields. Here, as
change of the magnetization direction of the cluster fromfor the dipolar hyperfine field, we apply the reduction factor
down to up with respect to the field direction during the timefor 3d-electron spins obtained by neutron-diffraction mea-
elapsed. The fact that the slope of théH relation coincides surements because the dipolar hyperfine field is directly re-
with the value of*®y/27 means that the hyperfine field of lated to the local moment of the ion. Using the experimental
the Mrf"" ion is just parallel to the external field and its own value of the MA™ magnetic moment, 3.690.04ug (8
local moment. +1% reduced from 4,0g) at Mn(2), which was obtained by

B. Mn3* jon
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TABLE I. Hyperfine field of the MA™ ion in Mn;,Ac is inter- TABLE II. Summary of>®Mn NMR results for MR,Ac:  °Mn
preted to follow the expressidd () =Hg+(1/2)(3 cod 6—1)H; NMR frequencies, quadrupole-coupling constants, hyperfine fields,
by adopting relevant values ¢fr andH/ and by putting a fixed hyperfine coupling constants, and tetragonal ratio of octahedral en-
value into the angl®, suitable for the M(®2) (6=11.7°) or Mr(3) vironments around the M# ion.

(#=36.2°) site. The effective dipolar hyperfine field parameter

Hj=hg cos 2p can be obtained by using the ground-state waveSite Mn(1) Mn(2) Mn(3)
function ;= cos$|X*—Y?)+sin ¢[32°—r?) with admixing coeffi-  valence Mn** Mns* Mn3*
cients cosp and sing. Here we adopted the value of the Fermi-

contact hyperfine fieltHg=—412.4 kG and that of dipolar hyper- 7 (MHz) 230.2:0.1 279.4-0.1 364.4:0.1
fine field parameteny= 2 ug(r ~3)= +157.3 kG, which is reduced 270 (MHz) 0.72£0.05 4301 2.9:0.1

by 8% from the calculated valug(calc)= + 171 kG for free MA*  €°aQ/h (MH2) 4.80+0.33 30.6:0.7 40.6:1.5

ions taking into account the value of the hmoment determined Hy (kOg) —218.2£0.1 —264.8:0.1 —3454:0.1
by neutron diffraction measurements in Ref. 34. The calculated valHg (kOe) —218.2£0.1 —412.4 —412.4
ues for the hyperfine fields are from Ref. 46. Hy (kOe) +157.3 +140.5
6= o6lc 11.7° 36.2°
Fermi-contact a=60Hy 21.7° 52.4°
term (kG) Dipolar term(kG) cos@—6) 0.98 0.96
Free Mr?* ion (calg Hg(calc)=—485  hy(calc)=+171 A; (MHz) 153.5 139.7 182.2
8% reduced hy=0.92x hy(calc) Tetragonal ratio 1.16 111
for hy =+157.3
Mn3* ion in Mn*?Ac He=—412.4 H,=hgcos 2p
Mn(2) (6=11.7°) —412.4 +157.3 (¢=0.0°) defined under the influence of a considerable rhombic com-
Mn(3) (6=36.2°) —412.4 +140.5 (p=13.4°) ponent of the crystal field, which results in a smaller dipolar
Hy=He+ 2(3 cog g—1)H hyperfine field than that for M®) in terms of the admixing

coefficient cos@. The quadruple coupling constant
e2q,Q/h can be deduced fromvo=4.3=0.1 for **Mn at
Mn(2) and 2.9-0.1 MHz for ®*Mn at Mn(3) to be 30.6
+0.7 MHz and 40.6: 1.5 MHz, respectively.

We have analyzed the hyperfine fields of Mrand Mr#*
ions in Mn,Ac and quantitatively clarified that the former
only has an isotropic teril ¢, while the latter has an aniso-

the polarized-neutron-diffraction measurem&hiye can es-
timate the dipolar hyperfine field parameter to bg
=hy(calc)x 0.92= + 157.3 kG for the MA™ ion at Mn(2).
Next, we takeHj=hy by assuming the tetragonal symmetry

of sixfold O”~ ligands around the Mt ion at Mn(2) with- . tropic termH 4 in addition toH . Using these parameters we

out any other lower symmetry. In order to obtain the experi- . .
mental valueH = — 264.8 kG from Eq.(12) by using the can deduce total angular dependence of the hyperfine fields

. _ o for Mn®* ions as expressed in Ef). The obtained results
values Hyg=+157.3kG and¢=11.7°, it is necessary to from the present NMR studies are summarized in Table II.

choose the Fermi-contact hyperfine field to H&:  por the case of MA ions[both Mn(2) and Mr(3)] the total

= —412.4kG for the MA" ion at Mn(2). This value corre- hyperfine fieldsHy, are not parallel to their own spins except
sponds to 85% of the abovg-calt;ulated value-@i85 kOe. 5 p=0 and 712, as noted in Eq(8), but make an angle
These values of the hyperfine fielddg=—412.4kG and  _ 4 f1om thec axis, which causes tH&Mn NMR frequency
Hj=+157.3 kG, are comparable tdr=—414.8 kG and V-1 10="5Y|Hy+H|/27 in the external field approxi-

Mn3* ion in TiO,.*® of H<Hy. Therefore the effective value off2m, yeu/21,

~ Since itis clear in general thét is roughly constant for  obtained from the frequency-field diagrams for ¥rions in
ions of common valence in common environmefitsye Fig. 3 is expected to be’{y/2m)cos— 6). The fact that the
here reasonably apply the same valugi@fto the M** ion  yalue cosg—6) evaluated from the values of and @ in

at the Mr(3) site. Then by substituting the observed value oftaple || deviates less than 0.04 from 1 implies that the value
Hny=—345.4KkG, Hp=—412.4kG, and§=36.2° in EQ. of y /27 for 5N NMR in Mn3* ions would be quite
(12) we findH = +140.5 kG for the MA™ ion at the Mi{3)  similar to that of®>y/27r of the free®Mn nucleus. This is the
site. As shown in Eq(A3), the effective dipolar hyperfine case just observed in Fig. 3 f6?Mn NMR in both Mre*

field parameteH j=hg cos 2 in dipolar hyperfine coupling ions.

tensorD varies depending on the ratio of admixing of the  Quite recently, Furukawat al> presented a report on the
|32%—r2?) wave function tdX?— Y?) as specified by Eq6).  zero-field®®Mn NMR and field dependence of the NMR fre-
The obtained result ;= +140.5 kG for Mr{3) can be rea- quencies for the oriented powder MAc, together with the
sonably interpreted taking into account admixing coefficientsuclear relaxation rate IT{. They discussed nuclear relax-
for the ground-state wave function, césand sing, to sat-  ation by thermal fluctuations in th8=10 spin states, and
isfy the relation cos 2=0.893 (¢»=13.4°). The quantitative from the frequency-field diagram they denoted the standard
interpretation of hyperfine fields for the Mh ions in  picture of magnetic structure in the cluster. They assumed
Mn,,Ac is arranged in Table I. For the case of the¥rion  that the dominant part of the hyperfine field of tRRMn

at the Mr(3) site the ground-state wave function has to benuclei in the MA* ion was the core-polarization term, ne-
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glecting dipolar terms. Accordingly, the identification of the Mn;,Ac molecule at the ferrimagnetic ground state, we ob-
two spectra concerned with N) and Mn(3) remains un-  tain the following equation in MHz:

solved. Here we have reasonably identified these two spectra

around 280 and 364 MHz by taking into account the contri- (1| 3 4 " 4 2
bution from the dipolar hyperfine field to be due to ¥n (H)(Hn Veerri= + 5(153-5__21 IZi —2(139-7)21 7]
ions at Mr(2) and the ones at M@8), respectively. = =

4
C. Hyperfine interaction in the Mn ;,Ac cluster - 2(182-321 1% - (19

We discuss here the total hyperfine interaction between ) —
manganese nuclei and the molecular spin10 in Mny,Ac Every sum takes integer values fronilO to 10 considering

by taking into account three kinds of hyperfine coupling con-! (°*Mn) = %-3 The number of allowed values of the energy is
stants obtained for M), Mn(2), and Mr(3), respectively. (2X10+1) = 9261. ) o ]
The roles of the hyperfine interaction in the magnetic relax- 1he maximum value of the effective hyperfine interaction
ation of Mn,Ac clusters have been discussed by severafor ferrimagnetic coupling in the MpAc molecule can be
author$10-1316The hyperfine interactions concerned with ©btained from the next relation

eight Mre* and four Mi#* ions in the Mn,Ac cluster have
been studied quantitatively by Hartmann-Boutetral? as-
suming two kinds of hyperfine coupling constants for man-
ganese ions. Since the preséin NMR results in Mn,Ac —0.29 cnil (16)
show us three kinds of ground states for manganese ions in ' '

the cluster, we express the total magnetic hyperfine interadcrom the definition(\ = 9,18S,-he We can estimate
tion in the Mny, cluster in terms of three kinds of hyperfine the maximum nuclear hyperfine fiel,=324 G, usingg,

3
7 X 153.3+139. 4+ 18.2] MHz

H) <H;Ot>ferri: 2x10

tensoré® A,y , for single ions as =1.93%% which is seen by the total spi=10. This value
12 4 amounts to 2.5 times as large as the nuclear hyperfine field

(HY = D (H,) -3 SVAGD for a single MA™ ion (137 G in Mnj,Ac. Therefore every

A L A ] b electronic energy level for the stal®,m determined by Eq.

. (1) is inhomogegseously broadenedfthrough a hyperfine inter-
action with 12 >*Mn nuclei into 2% sublevels with total
+].§1 qz)A}2)|}2)+gl ig)Aﬁs)”f)’ (13 spread of about 0.3 crt (0.42 K). The broadened energy
levels which approximately appear like a continuum are
where the superscriptd), (2), and (3) are concerned with symbolically depicted in Ref. 2. This amount of hyperfine
Mn(1), Mn(2), and Mn(3) sites, respectively. Each sum is interaction was also confirmed by measurements of the mag-
limited over manganese ions within one of the (0  netic specific heat at low temperatures where an appreciable
Mn(2), and Mr(3) sites. Next, we take into account the fer- nyclear contribution appeared below 0.5 K in Jc. 250
rimagnetic structure in the Ma cluster where the quantiza-  Next, we refer to the other components of the hyperfine
tion axis is taken to be as theaxis along thec axis and — coupling tensoA{)/h in MHz which play an important role
assuming in the ground state that thandy components of i the magnetization relaxation and also in f##In nuclear
the electron spin are replaced by 0. Then EtB) can be  ygjaxation in Mn,Ac. For Mn(1) the hyperfine interaction is

4

simplified to be isotropic; thenA%,)Z/h is 153X 1 MHz wherel is a unit ten-
4 4 sor. The hyperfine coupling tensoﬁéj)zlh for Mn(2) and
(Hﬁ,"')ferri:S(Zl)A(ZlZ)i:El I(Z})JrS(ZZ)A(ZZZ);l 1% A/ for Mn(3) are given in Appendix B. By applying

these values to Eq13) we can represent the total hyperfine
4 interaction in the cluster. This type of total hyperfine inter-
+S§3)A§§)E 12 action in the Mn, cluster is understood to be strictly aniso-
k=1 tropic in character.
4 4 The above transverse component of the hyperfine interac-
- EA(”Z D272 |2 tion would contribute in the magnetic relaxatfdit? of the
2" Zi= cluster to promoting both the transition betwd&m) levels
and quantum tunneling as well as the molecular-dipole inter-
action and higher-order crystal anisotropy. Luis, Baltolome,
and Fernandé? calculated the relaxation rate as a function
) of the longitudinal magnetic field, taking into account dipolar
By use of the relation=A,,- S'h from the observed central fie|ds among clusters together with hyperfine fields and the
frequencies »M=230 MHz, »¥=280MHz, and »*  guartic magnetic anisotropy, and explained the nonlinear spin
=365 MHz, we can deduce the hyperfine coupling constantge|axation rate in terms of spin-phonon-induced tunneling
divided byh, referring toAl)/h, AD/h, andA/h asAlY,  depending on the longitudinal external field. On the other
AP andA® to be 153.5, 139.7, and 182.2 MHz, respec-hand, Leuenberger and LoSsneglecting the hyperfine and
tively. Accordingly for the total hyperfine interaction in the dipolar fields forT>1 K, calculated the relaxation rate as a

4
- 2A§'°;>k21 13 (14)
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function of the longitudinal magnetic field based on phonon-dotted line for comparison. Such a deviation may be prob-
assisted spin tunneling induced by the quartic magnetic arably due to the relaxation times obtained in short times, the
isotropy and weak transverse magnetic fields. Their resulteason for which has been studied now.

was also in good agreement with experimental relaxation The above two facts—the square-roolaxation in short
rates including all resonance peaks. It has been assured frofifnes and the deviation of the relaxation time from the
these theoretical calculations that any extent of a transversgrrhenius law—are probably relevant to the present experi-
component is essential to explain the magnetic relaxation ithental situation—measurements at 2.0 K in a field of about

Mn,, clusters, no matter what the phonon-assisted quantuml T__hich is effectively compared to the phonon-assisted
transition may be induced by an external or internal origin. tunneling regimé*

D. Relaxation of Mn;,Ac cluster magnetization

. . . . V. CONCLUSION
It is noted that in the present relaxation experiment at 2.0

K the square-root decay of magnetization, typically shown in By an analysis of the hyperfine fields &Mn nuclei as-
Fig. 5 for external magnetic fields of 1.2 and 1.4 T, has beeRociated with MA™ and Mrf* ions, we have interpreted
observed in nearly the whole range between 0.200 and 1.9Gfree kinds of®Mn NMR composed of fivefold quadrupole-
T in short times. In the inset of Fig. 5 the gradual decrease of)it lines and identified them to the corresponding sites in

7 versusH can be interpreted as the relaxation governed b3f\/|n12Ac clusters. Namely, the central frequencies 230.2
the spin-phonon interactiéfi due to the decrease of the Po- ] MHz. 279 40 1 MHz. and 364.4 0.1 MHz were as-

tential barrier. The occurrence of regular minimarcit ev- . 5 S T
L _ . signed to be®®Mn NMR originating in Mrf* ions at Mr(1)
ery 0.45 T, vyhmh Is nearly equal ©/gug (=H,) using sites, Mi* ions at Mr(2) sites, and MA" ions at Mr(3)
D~0.58 K, implies that resonant quantum tunnet Lo .
aites in MnoAc molecules, respectively.

arises between the levels of the two wells having the sam In M L the h fine field d with th
energy. This feature is found obviously above 2.0 K, while N MniAc crystal the hyperfine field concerned with the

such a marked behavior below 1.8 K cannot be clearly o Mn®* ion has been found to be largely reduced to 74% com-
served. Taking into account such a thermal effect—that th@ared with the calculated value and the ones in other com-
relaxation times depend strongly on temperatures—we unPounds. The hyperfine field of the Nih ion, which is
derstood that the appearance of dips corresponds to phonofainly due to the Fermi-contact term, is isotropic, while that
assisted resonant quantum tunneling which has beedf Mn*®" is anisotropic. The hyperfine field of the ¥hion
suggestet?*® and discusséd?’ by several authors. demonstrates the contribution of the appreciable dipolar

It is well known that the recovery curve of the cluster term, which is deduced from the admixed wave function rel-
magnetizationM is expressed by a stretched-exponentialevant to the low symmetry of the crystal field, to the total
function M = M o[ 1—exp{—(t/7)P}] after reversal of the field hyperfine field. The magnitude of the total hyperfine interac-
or M=Mgexp{—(t/7)#} in zero field>® It has been found in tion in the Mn, cluster at the ferromagnetic ground state is
zero-field relaxation for MpAc that the exponeni is  estimated to be 0.3 cnl at most using 12 hyperfine con-
strongly temperature dependent: below 2.0&is close to  stants of the single manganese ion obtained from present
0.5 and increases linearly with temperature up to 2.4 K totNMR results. Therefore the exact energy levels which are
reachB=1.1, then slightly decreasing at higher temperaturespecified by|]Sm) and determined by the spin Hamiltonian
and long times to b@=1.2? Theoretically, it was shown that (1) are broadened like a continuum with a half width of 0.3
in zero field at very low temperature, where pure quantumecm ! owing to the hyperfine interaction. The amount of the
tunneling between the ground states=f =10) occurs,8  above hyperfine interaction corresponds to the nuclear hyper-
=1/2 holds in short times whilg8=1 in long times'®! fine fieldh,=0.32 kG acting on Mg, cluster spin. The total
Evidence of a square-robtelaxation in short times has been hyperfine coupling tensor for the Mpcluster has been ob-
observed for Fgbelow 0.4 K in low fields(0-20 mT) (Ref.  tained by summing up 12 hyperfine coupling tensors of
53) and also for Mp,Ac at 0.9 K in 4.02 T2° single ions that are composed of both isotropic ¢NMnand

The relaxation time of the magnetization in MAc, in-  anisotropic (MA™) components.
vestigated in long times by the use of proton NMR by Jang As for magnetic relaxation in MpAc in a longitudinal
et al>® has been measured as a function of longitudinal magfield, the cluster magnetization relaxes nonexponentially in
netic field at 2.4 K. Their result was interpreted as the backshort times; i.e., it shows a square-rdatcovery curve at
ground relaxation of the Arrhenius law due to thermal exci-2.0 K. The fact that the longitudinal-field dependence of the
tations accompanying relaxation minima at level crossingsrelaxation time in short times shows significant dips of more
However, in our case the result of the relaxation time showrthan one order of magnitude at every 0.45 T-step at 2.0 K
in the inset to Fig. 5 indicates that the background relaxatiomlemonstrates that the thermally assisted resonant quantum
does not follow strictly the Arrhenius law, showing a more tunneling is active in the early stage of the magnetic relax-
abrupt decrease with external field. The background relaxation at 2.0 K. By using®Mn NMR the magnetization re-
ation based on the thermal excitation over the barrier is extaxation in the fields can be measured in a few seconds after
pected to be represented by an exponential law the reversal of the applied field. Measurements of the relax-
= 7 exp{(A—gusSH)/KTH with g,=1.93%° S=10, andr,  ation rates which increase significantly with application of
=8x 10’ 5, which is shown in the inset to Fig. 5 by the measurable transverse applied fields are now in progress.
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H =S-Ayyz |, Bl
APPENDIX A: DIPOLAR HYPERFINE FIELD (Wl Holtrg) xYz (B1)
In order to calculate the dipolar hyperfine field for the with
Mn3* ijon, we adopt the expression of the nuclear dipole
interaction with 3 electrons given in Ref. 45 for a dipolar
: b Axyz=3¥h|He|1- 9AD. (82)

hyperfine Hamiltonian and average it with respect to the
ground-state wave functiai®) as follows with only diagonal

terms in notation of th&YZ frame remaining: This relation is analogous to EG). o
However, since in the MpAc cluster the quantization

_ 2vhug 5 1 axis of spins should be defined along the crystakis, we
Ha=— r3 EAL(L+1)=3LZ}| Slz— ESX'X express the above hyperfine coupling tensor indyiframe
where thez axis is taken as the axis. The result of the
1 3. notation of the hyperfine coupling tensor transformed from
- ESYlY - E'LZ(SXIY_SYlX]' (Al the XYZframe to thexyzframe in Fig. 4b) is the following:
Then the effective dipolar hyperfine interaction can be ob-
tained, usingt= —1/42 forS=2 andL=2* (thg| Hal 0g) =S Axy 1, (B3)
2yhpg, _ i
<‘//g|Hd|'/’g>:C052¢7<r 3> with
1 1 L 1
X 5z|z—§5x|x—§SY|Y . (A2) Axyz=§'yﬁ|HF|1—§yﬁD’, (B4)

By equating Eq(A2) to the expression- y#l-Hy, we get
the dipolar hyperfine field for the present case, in terms of avhere
unit vectord,, of the magnetizatiom of the Mr* ion:

Hy=Déy, (A3) 2780080 =30 o
2 4
where L
1 D'=H} 0 -3 0 . (B5)
2 20
-3 o 0 3cog -1
D=Hil o, =1 4| g " 2
2
0 0 1 Accordingly, we get
2—3co§ak 0 -3 . 09k
5 4 Sin26-
1 1
Axyz:§7h|HF| 0 1_§k 0 ’ (B6)
-3 9.k 0 . 3co§0—1k
g S 2
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with k=H//|Hg|. and
Then, using suitable values 6f Hg, andH/ in Table I,

the hyperfine coupling tensor;), for Mn(2) and AfY), for 2210 0 —53.0
Mn(3) are obtained in MHz as follows:
A®—| o0 1805 © (B8)

Xyz )

253.9 0 —24.7 —53.0 0 182.

A§(2y>Z: 0 176.1 0 (B7)
—24.7 0 139.7) respectively.
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