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Abstract: The local NI' and Mr' magnetization was measured in the two paramagnetic high-spin molecules
[CH{ (CN)Ni(tetren} ](ClOg4)g (intramolecular ferromagnetic coupling) and {CCN)Mn(TrispicMeen)](ClO4)o-

3THF (intramolecular antiferromagnetic coupling) by X-ray magnetic circular dichroism (XMCD). The
absorption and dichroic spectra were calculated in the ligand field multiplet model to determine the crystal
field parameters and the local orientation of the magnetic moments. Local magnetization curves were obtained
at the NI' and Mr' L, 3 edges for the two molecules. The behavior of the XMCD signals were followed either

by varying the magnetic field & = 20 K or by varying the temperature Bt= 6 T. The magnetization vs

H or T was compared to spin Hamiltonian calculations including sgjpin exchange and Zeeman effect. The

local magnetizations for both Niand Mr' ions are not proportional to the macroscopic magnetization. The
unigue potentiality of XMCD applied to the characterization of exchange-coupled elemental spins in

paramagnetic compounds is discussed.

Introduction

X-ray magnetic circular dichroism (XMCD) is a recent
technique that joins the local selectivity of X-ray absorption

spectroscopy to magnetic measurements. XMCD measures thg(

difference in absorption between right and left circularly
polarized X-rays. It is expected to give information in complex
magnetic systems about the magnetic moment carried by som
orbital level of the absorber atom involved in the transitions
and the relative orientation of the magnetic moments for the
selected elements and orbital levEtd. C. T. Chen and
co-workers were the first to use XMCD to deduce local magnetic
moments in polymetallic systerdsThe technique has mostly
been used by physicists on metallic compouhBsw applica-
tions exist in chemicaf® and biochemical systenfdvioreover,
until recently, XMCD experiments have been only performed
on ferromagnetic or ferrimagnetic systems for which a three-
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dimensional magnetic order exists below a critical temperature
Tc. The first experiments on transition metals in paramagnetic
compounds were recently performed by Cramer and co-workers
in metalloprotein$:® The work presented here is one of the first
MCD experiments performed on paramagnetic compolnds
and the first in bimetallic polynuclear complexes where the
molecular spin states are complex combinations of exchange-

ecoupled local elemental spins.

We chose two examples of high-spin molecules recently
synthesized in a bottom-up approach of nanosysfehido-
lecular complexes with spin ground states ug3ghave been
obtainec®10 A bimetallic W/Mn system with &%, ground state
has been recently claimééf These systems present uniform
spin and size and can behave as single-molecule magnets. They
can display magnetic anisotropy, long relaxation time, and
magnetic quantum tunneling below a blocking temperattité.
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XMCD in Paramagnetic Systems

For the present experiments, one complex is{ {CN)Ni-
(tetren}g](ClO4)g (tetren = tetraethylenepentamine), noted
Cr'"'Ni''s, with a spin ground-stat®= 1%, built through a short-
range ferromagnetic interaction between the centréll (@)°)
ion and the six Ni ((e)? ions® The second complex is
[Cr{(CN)Mn(TrispicMeen)](ClO4)g:3THF (TrispicMeen=
N,N,N'-(tris(2-pyridylmethyl)N'-methylethan)1,2-diamine), noted
Cr'"Mn's, with a spin ground-stat& = 27/, built through an
antiferromagnetic interaction between the central' Qftzg)°%)
ion and the six Mh ((t9)°) ions? Both molecules possess a
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of the photons. The XMCD signal is the differenee, - o) between
the two spectra.

Il. Ligand Field Multiplet Calculations. The L, 3 edges spectra
are calculated by using the ligand field multiplet code developed by
Tholé' in the framework established by Cowé&mand Butlert® This
approach takes into account all of the electronic Coulombic repulsions,
the spir-orbit coupling on every shell, and treats the geometrical
environment of the absorbing atom by a crystal field potedtiahe
spectrum is calculated as the sum of all possible transitions for an
electron jumping from the 2p to the 3d level in the electric dipole
approximation. No attention is paid to the electric dipole allowed 2p

large spin ground state. Their magnetization at saturation can— 4s transitions that are experimentally and theoretically found to be

be reached in reasonable magnetic fields7 (T) at low

negligible compared to the 2p> 3d main channel® As a first

temperature which ensures detectable XMCD signa|s_ Anotherapproximation, we describe the ground state of the 3d transition metals

reason for our choice is that the two molecular fragments
Cr'""(CN—Ni"—N)g and CH'(CN—Mn"—N)s can be considered
as building blocks of the three-dimensional Prussian blue
analogues, CNi"'Cr'' (CN)g]-2H,0 and C§Mn"Cr" (CN)g], the
XMCD of which was already measuréd.13

as a pure 3dconfiguration and we calculate the transitions between
the 23d" ground-state electronic configuration and thé3ep™ excited
states. The interelectronic repulsions are introduced through Slater
integrals, Byg and Py for the ground state and?d, Faa, Fpa, Glpa,

and Gy for the excited state. The Slater integrals are calculated by an
atomic Hartree-Fock model and are scaled down by a reduction factor

The edges chosen for XMCD experiments are the transition « to reflect the electronic delocalization. The atomic sgnbit coupling

metal Ly 3 edges (NI, Mn", and CI') corresponding to Z8d"
— 2p°3d* transitions. The ks edges provide local information
about the 3d magnetic orbitals involved in the exchange

interaction. The purpose of this paper is to explore the conditions

under which XMCD spectroscopy can be used to follow the

magnetic properties of each element in paramagnetic polynucleal

complexes.

Experimental Section and Theoretical Background

|. Sample Preparation. The preparation and the macroscopic
magnetic properties of @Ni'"s and Ct'Mn''s were already reportetf:1°
The coupling constantsbetween the chromium(lil) ion and the nearest
neighbors are-16.8 cnt? for Cr'"Ni'g and—8 cn1t for Cr'"Mn'!.8-10
The Ni'=Ni" and Md'—Mn" (next nearest neighbor interactions) are
less than—0.5 cnr .10

II. XMCD Data Collection and Analysis. The experiments were
performed on the soft X-ray storage ring Super-ACO at LURE (Orsay,
France). The Ni k3 edges were recorded on the SU22 beamline, where
the white beam is monochromatized by a two beryl crystal monochro-
mator, described elsewhefeThe Mn' and CH L,3; edges were

parameters;sq andgyyp, are calculated from the monoelectronic potential
around the free iof They are slightly adjusted to take into account
the modification of the electronic potential by molecular and solid-
state effects. The octahedral surrounding of the metal ion is represented
by an octahedral crystal field potential whose strength is parametrized

rby the radial integral 1Dq.

Results and Discussion

The presentation of the results and the discussion are
organized as follows. From the application of sum rules, we
determine the ratio of the orbital to the spin magnetic moment
contributionsM_/Ms of the Ni' 3d levels in the ferromagnetic
Cr'"Ni"s complex (Part I). Then in Part Il, the antiferromagnetic
interaction between &rand Mr' in Cr'"Mn''s is demonstrated.
Part Ill is devoted to the study of the variation of thée' ind
Mn" magnetic moments with the applied magnetic field, whereas
Part IV presents the thermal variation of the' 8id magnetic
moment.

I. Ni2t XMCD Measured in Cr'"Ni's. The o and oy
absorption spectra and the dichroic signal dt N 3 edges of

recorded on the SU23 beamline where the monochromator is a planeCr''Ni'¢ are presented in Figure 1. The spectra were recorded

grating®® The circular polarization rater) is 37% at Ni Ls edge (853
eV)* and 70% at Mn and Cr4edges® The spectra were recorded by

at 20 K in an applied magnetic field = +6 T. In the recording
conditions the magnetization of the compound represents 60%

measuring the photocurrent emitted by the sample. The sample isof the saturation value. The full dichroic signal is the experi-

submitted to a magnetic field from @ 7 T delivered by a supercon-
ducting magnét and cooled to 20+ 3 K. During the XMCD
experiment, right (or left) circularly polarized X-ray photons are
selected. A first spectrum, labelexd, is registered with the magnetic
field parallel to the propagation vector of the photons. In the electric
dipole approximation, reversing the magnetic field is equivalent to
changing the helicity of the beath A second spectrum, labelex, is
registered with the magnetic field antiparallel to the propagation vector
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mental signal normalized to 100% circular polarized light:

— o4+ = 1lht(on — on), where the polarization rateis determined

at each energy of the spectrdnihese results can be compared
to XMCD measurements at the same edges in the mole-
cule-based magnet, GE"[Cr'"'(CN)g]-2H,0413 The CH-
(CN—Ni"—N)e core of the molecular complex can be seen as
an isolated motif of the magnet. There are, nevertheless,
important differences in the Nienvironments of the two
compounds. In the ferromagnet, each' N8 bonded to six
nitrogens of six cyanide ions, and its local environment is
octahedral. In the ¢Ni"s high-spin molecule, Niis bonded

to the nitrogen of one cyanide and to five nitrogens of the tetren
ligand. Its local environment is less symmetric than in the
associated ferromagnet, since the six nitrogens give a distorted
octahedral crystal field. The absorption spectra (see Figure 1)

(17) Thole, B. T.; van der Laan, G.; Fuggle, J. C.; Sawatzky, G. A.;
Karnatak, R. C.; Esteva, J.-NPhys. Re. B 1985 32, 5107-5118.
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Figure 1. Experimental (dots) and theoretical (line) X-ray absorption
at nickel Ly 3 edges of CINi's: (a) aw, (b) o, and (c) XMCD signal
normalized to 100% circular polarized light. The vertical lines
correspond to the individual transition intensities before convolution.
The calculation parameters aré;, = 11.4 eV,i3y= 0.1 eV, 10Dq =

1.5 eV.

present two major peaks at the&nd the L, edge, characteristic
of a high-spin N&" ion in octahedral symmet’} The small

Arrio et al.

absorption spectrum was obtained foDtp= 1.5 eV (vs 1.4
eV in CSNi"[CI"(CN)g]-2H,0), and the Slater integrals reduced
to 70% of their atomic value (vs 80% for B8"[Cr''(CN)g]-
2H,0). The result confirms that the covalency of thé'Ni
N(tetren) bond is slightly stronger than the covalency of the
Ni"—N(C) bond.

The CH'Ni'g dichroic signal at the nickel 13 edges is very
similar to the CNi"[Cr'"'(CN)g]-2H,0 one? The calculations
show that the crystal field strength and the covalency mostly
act on the intensity of the signal. Thus, even if the calculation
parameters are different in the two componds, the dichroic signal
is the same.

It is possible to extract the magnetic moment carried by Ni
from the experimental spectra by using the simple relations
between the intensities of the dichroic signals of thehd the
L, edges, provided by the so-called sum rd#eS&um rules
obtain the spin magnetic momemi¢ = — 2[8Z4g, up is the
Bohr magneton), the orbital magnetic momevit & — [Lzl4kg)
and the total magnetic momeri¥l(= Ms + M_) where [$Z]
(OLzD) stands for theész(Lz) operator value in the ground state.
The sum rules are

1
fL3+L2 (o_— 0+)% d(hw)
Lzl [§;|Lzj¢p,[= —2(10— n)

1
fL3+L2 Oiso by d(fw)
and
S BIStg0=— o x
Joto- =035 dh0) = 2[ olo- — 0. )5 d(ho)
1
f L3+12 Jisop ) d(fiw)
7
—SBIT80

hw is the incident photon energy angl, the isotropic cross
section.Tzis the magnetic dipole operator which value is usually
considered to be zero in an octahedral environment. We checked
this assumption in the present case by a close examination of
the ground state determined by the ligand field multiplet
calculations!23

The two sum rules yield /Ms

M,

satellite (at 859 eV) between the two edges is the fingerprint of 'S

the ligand-metal charge transfért322The energy positions and
intensities of the b peaks of CH'Ni"s and C&Ni"[Cr''(CN)g]
2H,0 spectra are almost the same sincé Nas close local
symmetries and crystal field strengths Q) in the two
compounds. The satellite is 1.5 eV closer to theetge in the
Cr'"Ni"g spectrum than in the @i"'[Cr'"'(CN)g]-2H,0 spec-

trum, which demonstrates that the ligand-to-metal charge transfer

is larger with the nitrogen of tetren than with the nitrogen of
the cyanidé?

We performed ligand field multiplet calculations, assuming
an octahedral symmetry around'Nind using a Boltzmann law

1 IL3+L2 (0-— U+)% d(hw)

2 1 1
Siso- = o) 7= dio) — 2 (0 — 0. d(fw)
1)
Applying eq 1 to the nickel k3 edges in CINi''s we obtained
M_./Ms= 0.07, lower than the ratio found in B&"[Cr'' (CN)g]

2H,0 (0.12)* The difference is due to crystal field and charge-
transfer effects which appear larger in'@Qii'"s than in

(23) (a) Carra, P.; Koig, H.; Thole, B. T.; Altarelli, M.Physica B1993

to take into account the temperature (20 K). The best fit of the 192 182-190. (b) Thole, T.; Carra, P.; Sette, F.; van der LaanPBys.

(21) van der Laan, G.; Thole, B. T.; Sawatzky, G. A.; Verdaguer, M.
Phys. Re. B 1988 37, 65876589.

Rev. Lett. 1992 68, 1943-1946.(c) Altarelli, M.Phys. Re. B 1993 47,
597-598. (d) Carra, P.; Thole, B. T.; Altarelli, M.; Wang, Rhys. Re.
Lett 1993 70, 694-697. (e) Altarelli, M.; Sainctavit, PiMagnetism and

(22) van der Laan, G.; Zaanen, J.; Sawatzky, G. A.; Karnatak, R.; Esteva, Synchrotron RadiatignBeaurepaire, E., Carre, B., Kappler, J.-P., Eds.;

J.-M. Phys. Re. B 1986 33, 4253-4263.

Les Editions de Physique, 1997; pp-6B4.
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[ e S B calculated with the same parameters used fotM@Y%-
12| (a) L Crin, . [CM(CN)g]-2H,0 (O symmetry and 1Dq = 0.8 eV). The

’ Manganese L, , edges ] theoretical and the experimental XMCD spectra are compared
] in Figure 2a. The dichroism calculation was performed with an

08 i external magnetic field parallel to the Mmagnetic moment.

The main features are well reproduced, which confirms that the

Normalized absorption
and XMCD signal

04 | ] Mn" magnetic moment and the magnetic field directions are
I the same.
ol ] The CH' L, 3 absorption spectra are also similar to those
i measured on A&IN"[Cr!"' (CN)g]:2H,0.13 The CH' ion is exactly
i ] in the same environment in both compounds, and the same
04 L1, bl e parameters were taken to calculate the edges and the XMCD
635 640 645 650 655 660 signal?3 The calculation is more intricate than that at the'™Mn
14 Energy/eV edges because of a strong crystal field effecDd6&- 3.5 eV),
R ‘ 1 a high covalency (the Slater integrals are reduced to 50% of
12 (b) CrMn, ] - i i
r L, Chromium L. . edges ] their atomic value), and the largebonding between the ¢
5 1 b e ] ion and the cyanide ligand. Taking into account all of these
28 } L, ] chemical characteristics, the dichroic spectrum 8t Gi; edges
89 08[ ] . . g . |
2% r ] was calculated with a magnetic field antiparallel to the' Cr
=0 06 L ] magnetic moment, according to the antiferromagnetic coupling
o= r . .
X o4t ] between the Mhand CH' ions. The computed and experimental
ES ‘ ] XMCD spectra are compared in Figure 2b. The calculation fits
z o2p ] well the experimental spectra for the shape as well as for the
of ] sign, which shows that the ftrmagnetic moment is indeed in
02 : . . ‘ \ ] the direction opposite that of the external magnetic field. The
%570 575 580 585 500 595 600 XMCD experiments and calculation at the Mand at the Cf
Energy/eV L, sedges confirm the antiferromagnetic coupling betweed Mn

| - o
Figure 2. (a) Top, experimental X-ray absorption manganegsedges and CH at the local level. The elemgnt SDeCIfI(.: XMCD
of Cri'Mnls; oy (thick line) anday (thin line). Bottom, experimental ~ Measurements compared to the calculations permit the deter-

(dots) and theoretical (line) XMCD signal normalized to 100% circular Mination a priori of the absolute orientation of the magnetic
polarized light. Calculation parametergs, = 7.0 eV, &z = 0.04 eV, moment of different metallic absorbers in the magnetic field
10Dg = 0.8 eV. (b) Top, experimental chromium,t edges of without the need of preliminary knowledge of the nature of the
Cr'"Mn"g: o (thick line) andoy (thin line). Bottom, experimental (dots)  coupling between therh.

and theoretical (line) XMCD signal normalized to 100% circular The application of the sum rules to determine the rimid
polarized light. Calculation parametery, = 5.67 eV,l.a = 0.035 Mg (eq 1) is unfortunately impossible for €and M because
eV, 1Mg=3.5eV. the strong overlap between the hnd L, edges completely

I i prevents the application of tids sum rule (see the denominator
CSNI"[Cr'/(CN)g]-2H,0. Ms is not affected by these parameters j, eq 1): wherty, is not large compared to the Slater integrals

and is the same for the two compounds. Thus the quenching of 55 in the early 3d transition elements), theaind L, edges do

My appears more important in CHi'le. _ not adequately separate theJ2p,,3d""* from the (29)j=123d""*
II. Antiferromagnetic Interaction in Cr '""Mn"s. Figure 2 stated* (Czp = 5.67 eV for CH' vs 11.45 eV for Ni).

presents the XMCD spectra measured ifi'fn's at Cr and lll. Variations of the Ni" and Mn" Local Magnetic

Mn L3 edges. The experiments were performediat 4 T Moments with the Magnetic Field in Cr'"Ni's and

andT = 20 K. In these conditions the compound reaches about ¢l Mn!'g. To follow the variation of the local magnetic
65% of the saturation magnetization. For pure metallic elements jmoments of the metallic ions, we performed XMCD measure-
such as iron, cobalt, or nickel, a negative XMCD signal at the ments in variable applied magnetic fields. The technique was
Ls edge and a positive one at the edge indicates a local  jready used to measure element-specific hysteresis in multilayer
magnetic moment parallel to the exchange magnetic field. In compound2® Our goal is to compare (i) experimental and

these simple cases, the nature of the exchange interaction:omputed magnetization for Nand Mr' and (i) the elemental
between two ions can be deduced from the sign of the XMCD moments with the molecular ones. In complex systems, when

signal*-* When many multiplet states for the final-state con- the different molecular spin states are mixtures of local spins,
figurations are present (as in 2 and 25d°), one observes  he elemental local magnetic moments given by XMCD experi-
numerous features in the absorption and in the XMCD spectra. ments do not follow a priori the same behavior as that of the
Moreover, for the cyanide C-bond chromium ions, the strong mojlecular one. We explored up to which point the phenomenon
charge transfer yields many structures between the two edgescan he measured in the present experimental conditions.

In such cases, it is not possible to determine by a simple The experiments were performed at the' Nis edge for
examination of the spectrum the direction of the local magnetic ¢ Ni's and at the MH L3 edge for C¥Mn''g at T = 20 K by
moment respective to the exchange or external magnetic fie|d-varying the magnetic field from 1 to 7 T. The Miand the N

To obtain this ir)formation, ligand field multiplet calculations | , xmcD signals are both made of two main peaks, one
are then essential. negative, the other positive (Figures 1 and 2a). In the data

The Mrl' L zabsorption spectrum is the fingerprint of a high- - analysis we checked that the ratio of the area of these two
spin Mr' ion in octahedral symmetry engaged in weakly

covalent bonds. They are very similar to those measured on 10%4) Teramura, Y.; Tanaka, A.; Jo, I.Phys. Soc. Jpri996 65, 1053
the three-dimensional molecule-based magnet M@% (25) Chen, C. T.; Idzerda, Y. U. Lin, H.-J.; Meigs, G.; Chaban, E. E.,
[Cr'"(CN)g]-2H20.12 The absorption and dichroic spectra were Park, J.-H.; Ho, G. HPhys. Re. B 1993 48, 642-645.
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Figure 3. (a) Experimental XMCD area at the NL; edge vs H®)
compared to the theoretical 'Nspecific magnetization curve of
Cr"Ni"g calculated forT = 20 K andg = 2 (line). (b) Experimental
XMCD area at the Mh L3 edge vs H @) compared to the theoretical
Mn'-specific magnetization curve of tvn''s calculated fofT = 20
K andg = 2 (line).

peaks stays the same when varying the magnetic field intensity
as it is predicted by the calculations. For the two compounds,
Cr'"Ni'"s and CH'Mn'g, the areay s |oy — on| d(hw) are re-
ported in Figure 3 as a function of the magnetic field (dots in
arbitrary units). Since the areas are proportional to the local

magnetic moment, the experimental dots have been scaled to
be compared to the theoretical magnetization curve, expressed

in Bohr magneton per divalent ion (Nor Mn'").

At the experimental temperature (20 K), the magnetization
vs H curves cannot be fitted by a Brillouin function using a
single-spin ground stat& & 19, for Crl'Ni''s and S = 27/, for
Cr"Mn''g). The first excited states above the ground state are
populated because the recording temperafire 0 K) is not
negligible compared to the coupling constants in the two
compounds:J = +16.8 cnt! (~24 K) for C/'"'Ni's andJ =
—8 cnr! (~12 K) for Cr'"Mn'. To obtain the magnetization
vs H for the CH'Ni's complex, we calculate the spin states
[(Scrn'Seni)S Ml The functions are issued from the coupling of
the CH ion to the six NI ions. S¢, is the CH' spin operator
(S is the associated value &fcy, Sor = 3/2) and Sgni the six
Ni' spin operator defined bfsni = 8 ,Suin (Seni is the
associated value d¥ni, 0 < Sni < 6). S is the total spin
operator defined b = Sc; + Seni- Thus,Sis associated with
$? and ms is the eigenvalue ofS,. Assuming an external
magnetic fieldH along thez axis H = H,), the spin Hamiltonian
of the system can be written as

H = —JSc S + QusSH, @)

Arrio et al.

Table 1. Energy and Degeneracy of the Spin Sta{&s,, Ssni)Smsl

of the CH'Ni''s Molecule in Zero Field: Si, S (Sor = %/ for all of
the States)

i Soni S degeneracy Eild
1 6 15, 1x16 -9
2 5 13/2 5x 14 —15/2
3 4 1, 15x 12 —6
4 3 9, 29x 10 —9/2
5 2 I, 40x 8 -3
6 6 13, 1x 14 =3/,
7 1 5/2 36 X 6 —3/2
8 5 13, 5x 12 -1
9 4 9, 15x 10 =1,

10 3 I, 29x 8 0

11 0 3/, 15x 4 0

12 2 5, 40x 6 1,

13 1 3/, 36 x 4 1

14 1 1/2 36 x 2 5/2

15 2 3/, 40x 4 3

16 3 5, 29x 6 I,

17 4 I, 15x 8 4

18 5 9, 5x 10 9,

19 2 1, 40 x 2 9,

20 6 1, 1x12 5

21 3 3/, 29x 4 6

22 4 5, 15x 6 15/,

23 5 I, 5x8 9

24 6 9, 1x10 21,

2The degeneracy is the number of states with the
multiplied by the spin degeneracy§2- 1).
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Figure 4. Total magnetization vii of Cr''Ni"s calculated aff = 20

K taking into account: thé& = %, ground state only (thick line); all

of the spin states (thin line). Insert: difference between the normalized
theoretical magnetization \14 of the Ni' element and of the €Ni's
molecule, calculated &t = 20 K.

cm™1).20 The|Smyfunctions are eigenfunctions 6, S, Sc
and Seni?® and thus of the Hamiltonian. The energy of a
|(ScrSeni)Smelstate is

E(1(Sor Sn)SMD = —5[S(S+ 1) — SelSer + 1) -
Sni(Ssni + D]+ gugH, mg (3)

Table 1 gives the energy and the degeneracy of states
(SnSni)S in zero field. The total magnetic momenit) is
calculated using a Boltzmann distribution. Figure 4 compares
the theoretical total magnetization curves calculatedl &t 20
K taking into account either th8 = 1%, ground state only or
all of the spin states: one cannot neglect the contribution of
the excited spin states.

In eq 2 we assume thgt= gni = gcr = 2 and that the direct
Ni"—Ni" interaction is negligible (it was measured a8.5

(26) Weissbluth, MAtoms and MoleculesAcademic Press INC: San
Diego, 1978.
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The XMCD experiments measure the local moment carried 15—
by the absorber atom. To compare the computed XMCD curve ;
to the experimental results, we have to calculate the elemental £ [ °
moment by decoupling the function&cr, Ssni) SmsCwhich are £ b g
not eigenfunction ofS,,,. The Ni' magnetic moment\y;) at E Tr 1%
a given temperature is given by the Boltzmann distribution of & g
—28zi0ug over the spin states, where *§ . . z s
(=)} 15 [
g os5f[ _/ 1 2
8, 0= 08 Sn)SMYIS, (S Sn) SM= 5 <~/ @
1 E 05 i E
8 ms:r’%Ni)S’rnS|SZGN‘l(%r’%Ni)S’rnSD: E o5 evos‘l 01 015 02 025 E
0 S S S Y S S I SO Lt
1 312 0 0.01 002 003 004 005 0.6
- 1T K
GésﬁNigle (SmSGNim’SSNi 6”‘scrmSCr Z

Msc=—3/2 . . .
Figure 5. Experimental NI L; edge maximum vs T/(®) compared

S > to the theoretical Nispecific magnetization curve (line) of €Ni's
Z C(SiMscrSsniMseni SMY)” Mgy (4) calculated forH = 6 T, g = 2, taking into account all of the spin
Mg~ SoNi states. Insert: theoretical Ninagnetization from high to low temper-
ature.

C(Scr msenSeni Mseni S M) is the Clebsh-Gordan coefficient
corresponding to the coupling (fcr,Mscwith |Seni,Ms,, L The different because thgs = 27/,, ms = —27/,00ground state arise
Ni"-specific magnetization curve ¥, was calculated at 20 K.~ from the combination of four wave functions
The difference between the weighted'Mnagnetization curve

(divided by the Nt saturation moment 2g) and the weighted 1Sun = 2%, Moy = 20,08, = ¥, Mg, = =,
molecular magnetization curve (divided by the total saturation 30 28 3 1
moment 1%ug) is reported in the insert of Figure 4. For a given 1Sun = "o Moy = “1,0, = o, Mg, = =150

temperature, the difference increases with the magnetic field, _ 30 __ 26 _3 _1
reaches a maximum and then decreases when the Zeeman 1 Mn = 72 Mswn = "1, = "5, M, = /51 and
splitting becomes large compared to the temperature. The higher g =30 =208 =%, =30

the temperature, the larger will be the difference at the Sn 2 Mstn % 2 Mear™ 72
maximum. The difference is less than 1.4% in the magnetic

field and in the temperature ranges of our XMCD experiments

but shows that the theoretical'Ninagnetic moment is close to
the molecular one, but not rigorously proportional.
The calculated Nilocal magnetization is compared with the

It means that aT' = 0 K the magnetic moment of &ror
Mn" can never be exactly proportional to the total magnetic
moment of the molecule. The difference between thé& Cr
magnetic moment (divided by 8g) and the total magnetic

experimental XMCD magnetization in Figure 3a. We performed moment (divided by 27%g) can reach 7%. The origin of this
calculations with different values of the temperature between behavior for C¥Mn's is to be found in the antiferromagnetic
10 and 25 K. The best agreement between experiment andcoupling between the ions contrary to the situation in the

calculation is obtained fof = 20 K, the sample temperature.
The result shows that the variations of the NiXMCD signal
follow the Ni'-specific magnetization which is for this com-
pound very close to the macroscopic magnetization.

ferromagnetic C¥Ni's. This apparent drawback become an
useful tool for the distribution of local spins in the ground state
of exchange-coupled magnetic systems.

IV. Variations of the Ni"" Magnetic Moment with Tem-

The local magnetization curve was then measured by XMCD perature in Cr'" Ni''s. We performed XMCD measurements

at the M L3 edge in C¥Mn's. The magnetization curve

at the NI' L3 edge in a constant magnetic field (6 T) and at

obtained by calculating the area of the absolute dichroic signal variable temperatures. In that configuration the spin states are
is shown in Figure 3b. A spin Hamiltonian similar to the one split by the magnetic field and the population of the Zeeman

of C'""Ni''s was used to calculate the specific Mmagnetization
curve. We neglected the small zero-field splitth4ll of the

states varies with the temperature. The experiment is expected
to be sensitive to the differen§msstates populations. To

Cr'"Mn's spin states are included in the calculation. Figure 3b simplify the measurements, we only recordeddhebsorption
compares the calculation with the experimental magnetization spectra with an applied magnetic field parallel to the incident
curve. The best fit was again obtained for the sample temper-photon direction. We report in Figure 5 the variation of the L

ature T = 20 K. In the CHMn"s molecule, the calculation
shows, even with an antiferromagnetic coupling, that thé Mn
L3 XMCD signal follows the M#H-specific magnetization curve.
The difference between the Mmagnetic moment (divided by

5 ug, the Mr' saturation moment) and the total magnetic

moment (divided by 2%, the molecular saturation moment)
have been calculated and is less than 0.6%.
One should notice that for @®Ni's the magnetic moment

carried by one nickel ion would be proportional to the total

magnetic moment a = 0 K, that is when the states with<
1%, are not populated, because tBe= 1%,, ms = —1%/,[ground
state is uniquely built from coupling of th&yi = 6, meni =
—60wave function of Nf and the|S = 3/, mger = —3/20
wave function of Ct. In the case of CtMn'lg, the picture is

edge with the reciprocal temperature.

The temperature-dependent magnetization curve was calcu-
lated using the spin Hamiltonian (2). The computed and
experimental curves are compared in Figure 5. There is a good
agreement between them. The insert in Figure 5 shows the
computed magnetization down to very low temperature: 98%
of the saturation magnetization is reachedt &K and 65% at
20 K. The curve presents an inflection pointTat= 33 K due
to the contribution of the excited spin states. The behavior of
the curve depends on the coupling strength: the curve becomes
different from a Brillouin curve when the temperature is large
compared to thé value. In the experimental temperature range,
the Ni' magnetic moment measured by XMCD follows the
ascending part of the magnetization curve.
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Conclusion negligible. In our case (sample temperatare20 K), the

The current work presents one of the first XMCD measure- contnb_utlons of_the_excned spin states impede the observation
of a simple Brillouin behavior. Very low temperatures are

ments performed on molecular paramagnetic systems and allows L .
the exploration of both the long-term interest and the present hecessary to study the ground-state only. Dilution re_fngerators
limitations of the technique such as the one developed by Cramer and co-watkarshe

The combination of ligand field multiplet calculations and temperature range from 100 mi 4 K will be very useful in

of XMCD experiments performed at high magnetic field at the the deyelopment of XMCD spectroscopy. In the fut.ure,. the
L2 3 edges of each of the metallic components of multimetallic normallllzed difference between total and local magnetization at
paramagnetic clusters makes possible to extend the conclusionéhe CH' Lz edges, which is theoretically large for an antifer-

1 i 0, =
already reached for magnetically ordered three-dimensional re?(m:ﬁ]rzfae'f:]iaﬁOUp|'n9 (7% af = 0 K), could be measured
materials to paramagnetic species. It is now possible to compute P : y... . .
The availability of such cryostats combined with strong

the electronic structure of the different metallic ions in

paramagnetic polymetallic systems, even in the case of a Strongapplied magnetic fields_v_vill render f(_easible in the near future
covalent bonding such as in €EN where ther bonding is the local (element-specific) observation of Zeeman effects and

important, thanks to a proper use of the crystal fiel®g0of zero-field splitting in the ground state of paramagnetic poly-

the Slater integrals, and of the electron charge transfer in theMetallic systems. This will be a unique way to extract the
fit of the experimental data. detailed information necessary to describe and to understand

The orientation of the local magnetic moments in the applied the origin of the ground-state anisotropy in polynuclear high-
magnetic field and therefore the direct evidence of the local SPin molecules, which is one of the promising developments in
exchange coupling (ferro- or antiferromagnetic) between the the bottom-up approach of the rapidly expanding field of
paramagnetic ions can be locally probed. For powders and badly"anosystems.

crystallized compounds, XMCD is the unique technique able )
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