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Quantitative test of electronic structures of organic ferromagnet systems from first-principles
investigations using muon spin rotation data
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The electronic structure of the organic ferromagnéb-¢hlorobenzylideneamineTlEMPO is determined by
the first-principles unrestricted Hartree-Fock cluster procedure, with and without fuoand muonium
(Mu), and its accuracy is tested by investigatipgand Mu trapping sites and corresponding muon hyperfine
interaction tensors. The results provide good agreement with the observed muon spin rotation frequency, site
assignment, and also easy-axis direction in agreement with that from dipole-dipole interactions between the
calculated distributed magnetizations in the molecules.
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There is currently great interést in understanding of ture. Our results verify that the easy axis determined by our
the origin of ferromagnetism, with low Curie temperaturesdipole-dipole interaction study and analysis @SR data
(To), in transition-metal-free organic ferromagnets andagree very well with each other. Our investigation also ob-
their associated electron distributions. The systenfains the sites at whicjp and Mu can be trapped and which
4-(p-chlorobenzylideneamineTEMPO  [with TEMPO  Of these sites explains, quantitatively, the observed hyperfine
= (2,2,6,6-tetramethyl-piperidin -yloxyl)], abbreviated as field® at the muon, including vibrational effeltsfor the
(p-Cl-Ph-CH=N-TEMPO), is one of a number of TEMPQO Muon, at the trapped and Mu sites. These good agreements
compounds with different benzene-ring-based ligands of thetween theoretical and experimental results provide strong
TEMPO group which havd, between 0.2 and 0.4 K. The support for the accuracy of the Hartree-Fock cluster proce-

observed ferromagnetism has been ascribed to an indiregfJre for study of electronic structures of arganic ferromag-
exchang®5 between the unpaired spin on the NO group in' c1C SyStems.

the TEI\E/IJPO(Fi 1) of each goleculepand those in ngi hkl)aor- The structure of the singlep-Cl-Ph-CH=N-TEMPO

. 9- . ; 9 molecule and the arrangem&fin pleated sheets of the in-
ing molecules, through pathways involving methyl and me-

i . h molecul b ¢ hdividual molecules in the molecular solid are shown in Figs.
thylene groups in each molecule. However, because of thg 504 5 For our investigation of the electronic structure of

extreme weakness of the magnetic interactions between thgis system, we have utilized the first-principles Hartree-
adjacent molecules, symbolized by the very Gy, one  pock-Roothaan variational procedtfrémplemented by the
cannot rule out dipole-dipole interactidnsetween the un- GAUSSIAN 98 set of programs using tH6-31G basis set?
paired spins as at least a partial contributor to the origin ofound to be satisfactory for earlier Hartree-Fock cluster in-
the ferromagnetism. vestigations of electronic structures and associated properties

The present first-principles investigation is aimed at en-of a variety of condensed matter systethhe unrestricted
hancing the understanding of the nature of this ferromagnetartree-Fock(UHF) proceduré-'®was used to incorporate
especially obtaining a quantitative and accurate knowledgehe exchange polarization effétt*'%in systems involving
of the electronic structure of its component molecules. Thainpaired spin. The trapping of Mu in some other related
Hartree-Fock cluster proceddris used for determination of organic ferromagnets and associated hyperfine interactions
the electron spin distribution in this molecular solid to ex-was studied earlié? by different procedures than the method
plain quantitatively the recently obtairfeeixperimental zero- we have used.
field muon spin rotatioriuSR) frequency, make assignment  For choosing the appropriate cluster for our Hartree-Fock
of this frequency to trapped or Mu sites in this system, and

! L : CH

to determine the easy axis directidtdowever, there is no ?
independent experimental measurement available for the CIOCH CH,
easy axis with which to compare our result obtained from a N\
combination of the hyperfine interaction tensor determined
from our calculated electronic wave functions and the experi-
mentally observequSR frequency. We have therefore also
determined the easy axis independently from a study of the
magnetic  dipole-dipole  interactidh between the FIG. 1. p-CI-Ph-CH=N-TEMPO molecule. The carbons and

p-CI-PhCH=N-TEMPO molecules using magnetic dipole the accompanying CH bonds in parts of the benzene and TEMPO
moment distributions from our calculated electronic struc-ring are not shown to keep the figures clear.

N N——O

cH,
CH,
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In trying to identify the trapping site involvinge or Mu
which leads to the observedSR frequency, one might be
tempted to consider only the deepest of the five trapping sites
found. However, there are two other considerations, the first
being that the stronger trapping sites may not be easily ap-
proachable fo or Mu in the solid because those sites may
not be well exposed due to steric effects. Second, some of
these trapping sites may lead #&R frequencies larger than
the limit of 20 MHz that applies to the technique using
pulsed muon sources at KEK-MSL and RIKEN-RAL
facilities®!” We have therefore evaluated th$SR frequen-
cies expected from the hyperfine fields for all five trapping
sites.

The spin Hamiltonian describing the hyperfine interaction
between the muon magnetic moment at a trappeat Mu
site and the unpaired electrons in the central and other mol-

FIG. 2. Crystal structure op-Cl-Ph-CH=N-TEMPO (Refs. 1 ecules is given by***
and 2. O1 belongs to the NO bond in the central molecule, and
(02-035 belong to the NO bonds of the four molecules nearest to Hs=Al -S+1- B. S, (8]
the central molecule.

AandB representing the scalar isotropic Fermi contact and
cluster investigation, we have carried out two test calcula€lectron nuclear dipolar tensor contributions. The térand
tions, one involving a central moleculé<1) and another the component®;; of B can be evaluated from available
involving both the central molecule and another moleculeexpressions in the literatufe'® using the UHF electronic
(i=5) from the four nearest neighbors of the central mol-wave functions for the central molecule with the trapped
ecule (Fig. 2). The results showed that the influence of co-and Mu and the rest of the molecules, which are bare, with-
valency effects, associated with the neighboriiig%) mol-  out anyu and Mu.
ecule, on the charge and spin populations on the central In the ferromagnetic solid, the spins of the central and
molecule was almost negligible. It was therefore felt ad-other molecules all point along the easy akishose direc-
equate to take a single central molecule as the cluster. For th®n is characterized by the direction cosingsn,n with
trapping sites fop and Mu in the central molucule, the usual respect to thé, Y, andZ axes in the monoclinic system, with
energy optimization procedure in the literattfr€ was uti-  Z andY along thec andb axes, respectively, andin the ab
lized. The positively charged particje is expected to bind plane, making an angle 14.04° with theaxis. The compo-
through Coulomb attraction and polarization effects to thenentsH; (i=x,y,z) of the hyperfine field at the muon for a
electronegative atoms in the molecule: namely, the radicgbarticular site for the trapped or Mu can be expressed in
oxygen and nitrogen, the bridge nitrogen, and chlorine atomgerms of the contributiond, andB, ;; from the various mol-
in Fig. 1. For Mu, the likely trapping sites to test are intu- eculesk in the lattice”**'*For instanceH, is given by
itively less clear than foj, so we have tested the neighbor-
hoods of the various carbon atoms and nitrogen, oxygen, and 27hl
chlorine atoms in the molecule. Since both Mu and the cen- ™x=| =, = ; Sl (At Bioxd T MByxyt NByat |
tral molecule carry spin 1/2, both singlet and triplet states of )
the trapped Mu system have to be considered.

Relaxation effects involving changes in posititi’s of ~ with k=0 referring to the contributions from the central mol-
neighboring atoms due to the presence of trappest Mu  ecule and# 0 from the rest of the molecules. In E®), uy
were included in the optimization procedure, convergencés the muon magnetic momentt=1/2 its spin, S, is the
tests as a function of the number of neighbors involved in theelectronic spin, 1/2 for trappegd, and 0 and 1 for trapped
relaxation, indicating that including the second nearesMu in singlet and triplet states for the central molecule. For
neighbors of theuw or Mu was sufficient. Fou, of the four  the other molecules, leading to intermolecular contributions,
sites tested, three—namely, those near the bridge nitrogen-S;=1/2 for the hyperfine field at the muon in both trapped
radical oxygen and chlorine were found to provide trappingand Mu in the central molecule and A is negligible at the
with binding energies 13.3, 9.54, and 6.26 eV, respectivelymuon in the trappeg: or Mu sites in the central molecule.
The region near the radical nitrogen did not provide trappingThe summations ik in Eq. (2) were carried out over spheres
perhaps because of the strong trapping near the radical oxpf radii upto 40 A, centered around the muon, to test conver-
gen which pulled theu towards itself. As regards the trap- gence, with those molecules, for which the NO groups that
ping of Mu, only the site near the radical oxygen in a singletmainly carry the unpaired electrons are completely within
state for the central molecule when the Mu was trapped anthe sphere of summation being included and others dropped.
the site near bridge nitrogen in a triplet state were found tol'he convergence, tested by comparing the results for radii 35
provide trapping with binding energies of 2.19 and 1.77 eVand 40 A for the summation spheres, was found to be better
respectively. than 0.1%.
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v o ©& N e | predictionst® However, both these trapping sites lead to the
3.0 Exp 3.0 MHz 1€ (€1 C reloned) same easy-axis direction close to 840 or b axis in the

ey atbridge N (N & two € monoclinic lattice.
e As regards the two high-frequengySR signals associ-

2.0 1 7 ated with u trapped near the radical oxygen and Mu in the
/ triplet state near the bridge nitrogen, there is some evidence
// for their presence from the missing fraction in our

" experiment!” although one cannot be sure about the occur-

rence of two frequencies. Our missing fraction is rather low,
: ( \ \ , ‘ suggesting that the high-frequency signals not observed

(100) (110) (010) (®11) (PoH (101l (A1) would have rather small amplitudes and would be very dif-

(MHz)

Hyperfine Frequency

0.0

Lattice Direction ficult to observe in longitudianl field repolarization
measurements.

FIG. 3. Plot of the hyperfine frequencies of the muon for two  \ye haye tested this conclusion for the easy axis, from
trapped muon and one trapped muonium sites as a function of lat-

PR ) ) uSR data, by an independent method involving the dipole-
tice direction in the(X,Y,2 reference frame, described in the text. dipole interaction between the distributed magnetic moments
on the individual molecules in the solid. In earlier witln
Because of the lightness of the mugabout 9 times similar chemical ferromagnets as the TEMPO system under
lighter than protopy one has to carry out an average of its study here, investigations of the easy-axis direction have
properties like the hyperfine field components in E).over  peen carried out assuming that the dipole-dipole interaction
its vibrational motiont" using the equation occurs between magnetic moments localized on a single
atom in each molecule. Our results for the electronic struc-
ture of the present system, combined with the Mulliken
<o>:j ¢3(R)O(R)d3R, ©) approximatio”’ for the spin populations on the atoms,
shows that the spin distribution is in fact somewhat delocal-
ized, with the radical O and N atoms carrying Quidand
O(R) leading a muon property dependent on its position an®.31ug, respectively, the balance ef0.05ug being distrib-
¢ ,(R) the vibrational wave function corresponding to the uted over the rest of the atoms. Using the energy expression
potential experienced by the muon as given by the
R-dependent total energy of the cluster system. In principle, i Maj  3Reigj(maj- Reigj)
one needs to carry out a three-dimensional average in Eq.Edip-dip:Z1 Mci'(; 21 RS R . )
(3). However, intuitively, in a system like the present one " €17 el cl.dj )
where the Mu o is attached to an atom in the periphery of
a molecule, one expects the longitudinal vibration to havédor the dipole-dipole interaction in the ferromagnetic state
the most effect. From our investigations, the longitudinal vi-between a particulaicentra) molecule and the others in the
bration for Mu andu was found to lead to a less than 3% solid, whereu,; represents the magnetic moment on atom
effect for all five trapped sites, suggesting that vibrationalin the central molecule angy; that on atomj in the mol-
effects were not important. eculed in the solid, the values ai in the summations over
Of the five u or Mu trapped centers, two, corresponding andj being just 2, for the radical N and O in each molecule.
to u near radical O and Mu in the triplet state attached to thdn the ferromagnetic state, the magnetic momemts and
bridge N (Fig. 1), were ruled out because theSR frequen-  ug; on all the atoms point in the same direction: namely, the
cies for them, from the magnitudes AfandB;; , were found  easy axis.
to be, respectively, more than 100 and 20 times larger than To determine the direction of the easy axis we have to
the experimental valfeof 3.0 MHz. Figure 3 represents the obtain its polar and azimuthal anglésand ¢ in the coordi-
calculateduSR frequencies, using= (uy/2mI7%) (H:+ H§ nate systentX,Y,2 described earlier in connection with the
+ H?) 1/2, for the remaining three trapping centers, namﬁ|y' direction of the hyperfine fields at the muon in the trapPEd
nearCl and bridge N sites and Mu in the singlet state nea@nd Mu sites. We have therefore minimizEg_qp with re-
radical O, for different choices of the direction for the easySPect to6 and ¢. For this purpose, the summations over the
axis. moleculesd in Eg. (4) were carried out, for the O and N
From Fig. 3, the best agreement between the theoretic&@toms (=1,2) on the central moleculg over spheres of 40
and experiment&luSR frequencies is found for both the Mu A radii, centered on the two atoms, similar to the procedure
in singlet state near the radical oxygen andttached tcCl, used in the evaluation of the intermolecular contributions to
the uSR frequencies for near bridge N being about a factor the components of the hyperfine tensBrat the muons. The
of 2 smaller than experiment. It would be helpful to haveminimum in Egj, g, Was found to be in the directioi=¢
some other technique to distinguish between the two centers 90°, which is along theb axis, in agreement with the
that can explain the observesR frequency. One possibility analysis of the hyperfine fields at the muon positions. The
is to study the nuclear quadrupole interactions of tR€l accuracy ofg and¢ obtained fronE g, i, has been estimated
and 1’0 nuclei in the presence gf and Mu using avoided at better than 1% from the following considerations. The
level crossing measuremetftand compare with theoretical convergence of the summations over the 40 A spheres used

n
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in Eq. (4) was found to be better than 0.1%. The confidencdnteractions is not as significant in influencing the easy-axis
limit due to the use of point dipoles at radical N and O in Eq.direction as the dipole-dipole interaction mechanism, which
(4) was expected to be comparable to that found for theés not unexpected since there are no iron-group atoms with

similar summation in the case of the component8ait the ~ S'oNY ﬁpinhorbit in(;eractions. tound in thi b
muons, where the results using the entire calculated magnet; Finally, the good agreement found in this work between

moment distributions from our electronic structure investiga—tﬁe measuregkSR frequency and theory testifies to the ac-

tions discussed earlier agreed within 1% of that using tw curacy of the calculated electronic wave functions. It would

oint dipoles at radical O and N atoms as in E4). It would Yherefore be interesting in the future to use the electronic
P P : structure results from first-principles cluster methods to ex-

be interesting to test the nature of this agreement betweellniye g antitatively the predicted Curie temperatures for the
these two types of summation in the case of systems whelg,set of ferromagnetism from both indirect exchatfyend
the magnetic moment distribution is more diffuse than in thegipolaf mechanisms to test their relative importance in this

present TEMPO system. S class of organic ferromagnet systems involving weak inter-

The good agreement between the easy-axis directions Bylecular interactions. The results of such an investigation
the two procedures involving minimization B, g, and the  will also throw light on the mechanisms for the origin of the
comparison between the theoretical and experimen&R  ferromagnetism or antiferromagnetism in materials of great
frequencies provides confidence in the accuracies of botburrent interest involving localized clusters of transition-
procedures. This good agreement also suggests that in tineetal atoms widely separated from each other by organic
organic ferromagnets, the mechanism involving spin-orbitmolecular system%?*
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