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IH NMR investigation of the magnetic spin configuration in the molecule-based
ferrimagnet [MnTFPP][TCNE]
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'H NMR line-shape measurements have been performed in the linear chain molecule-based ferrimagnet
[MNnTFPA[TCNE]-xPhMe (TFPP=tetrakig4-fluorophenyjporphinato; TCNE=tetracyanoethylene as a
function of temperature. Hyperfine shifts of opposite sign were observed indicating the presence of two
oppositely hyperfine couplings, predominantly between the Mn ions antHhmiclei of the planar ring of the
[MnTFPPR™* unit. The observation of the hyperfine shifts strongly suggests the existence of two oppositely
directed MnTFPP* sites. Since there is no direct exchange coupling between adja¢eMEPP spins, then
it can be argued that an ordered spin configuration with antiparallel components may arise from antisymmetric
spin-spin exchange interactions. The field independence of the hyperfine shifts at low temperatures and for
applied magnetic fields in the range 2—5 T, indicates the presence of ferromagnetic interactions in the ground
state of the ferrimagnetic chain.

DOI: 10.1103/PhysRevB.66.064422 PACS nuntder75.50.Xx, 76.60-k, 33.25:+k

I. INTRODUCTION with one-dimensional(lD) ferrimagnetic character whereas
at low temperaturesT(<50 K) the systems exhibit unusual
Molecule-based magnets have been intensively investimagnetic properties similar to those encountered in glassy/
gated since the discoveryin the 1980s of molecule-based disordered or superparamagnetic spin systems. Particularly
materials exhibiting a spontaneous magnetization below gr [MnTFPP[TCNE]-xPhMe, the magnetic susceptibility
critical temperaturd .. Much attention is paid to the origin data y(T)T were analyzed according to the Seiden mbdel
of the magnetic ground state, the function-structural relationgor antiparallel coupled, alternating classical, and quantum
and the design of new high; molecular magnet$in addi-  gpin sites yielding an intrachain coupling constaft
tlon,the spin alternatlng,_chalnhke structure of most of thos_e:_225 K. At 2 K the 9 T magnetization approaches
materl_als, makes_them_ldeal for the stu_dy O.f the magnet'?S/Z),uB per [MnTFPA[TCNE] formula unit, which should
behavior of low-dimensional magnets with mixed quantum/be expected for the MhS=2 antiferromagnetically coupled

classical spin systenfs® : .
- A _ to[TCNE] S=1/2. The system undergoes a magnetic transi-
[MnTFPRITCNE] (TFPP=tetrakig4-fluorophenyl por tion atT,=28 K (with peaks in the real and imaginary parts

phinato; TCNE=tetracyanoethyleneés a substituted electron I ) . .
transfer salt belonging to the manganeseporphyrin fefmilyOf the ac-susceptibility® This value is the highest for the

[Mn"TPP|[TCNE]-xsolvent TPP=meso-tetraphenylporphy- family of porphyrin-based magnets synthesized o] fa}r. How-
rinato). This class of materials comprises chains of alternat€Ver, below 10 K the system freezes into a cluster spin-glass-
ing S=2 metalloporphyrin cations an8=1/2 cyanocarbon I!ke state with a sma'll remanence, relgtlvelly low coersive
anions (e.g., Fig. 1. Planar[TCNE] ~ lies between the field and paramagnetic-like magnetization field dependence
planes of MnTXPP]* and directly coordinates to two Mh below a certain threshold field. Belo5 K metamagnetic-
leading to strong antiferromagnetic exchanges(L00 K for like behavior is observed with increasing coersive fields that
H=-2JS,-S,) along the chains. The chains are separated@pproachH; =21.8 KOe at 2 K° Above this field the

by the solvent molecules. In an effort to establish structuremagnetization rises rapidly, indicating a significant rear-
function relationships, a series of substituted manganese tgangement of spins. The nature of this state remains unclear.
raphenylporphyrin TCNE electron transfer sdildnTXPP] Despite the large amount of experimental data, demon-
[TCNE] (X=F, ClI, Br, l) have been recenfly investigated. strating frequency-dependent ac-susceptibility, irreversibility
The high-temperature behavior of these systems is consisteimt the magnetization, field dependence of the bifurcation
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FIG. 1. (8 [MnTFPR™, (b)
[TCNE] ~, and (c) structure of
the [MNnTFPPA[TCNE] molecular
chain.

point in the field-cooledFC) and zero-field-cooledZFC)  ficiently strong to irradiate the whole NMR line, the spec-
magnetizations, hysteresis effects, the nature of the magnetrum was obtained by the Fourier transform of the nuclear
cally ordered ground state in these 1D systems is not yet weftee induction decay at the Larmor frequency. For low-
understood:*~**The observed metamagnetic-like behaviortemperature measurements, the spectrum was obtained by
at low temperaturesT(<5 K) in these substituted manga- the spin-echo point-by-point method while varying the fre-
nesoporphyrin electron transfer salts has been recently aguency, because of the large width of the resonance line.
cribed to a field induced state of canted antiferromagnetismMagnetic measurements were performed in a Quantum De-
In this study we report the results dfH NMR line-  sign MPMSR2 superconducting quantum interference device
shape measurements in the linear chain ferrimagnenagnetometer.
[MnTFPH[TCNE]- xPhMe as a function of temperature. Our
aim is to probe locally the magnetic properties via the inter-
nal magnetic fields present in the molecular solid and there-
fore to acquire microscopic information for this class of ma-  Thermomagnetic curve@ig. 2) have been measured at
terials. 100 G, 1 kG, and 48 kG. The samples were cooled in zero
field, then the field was applied and the data were collected

III. RESULTS AND DISCUSSION

Il. EXPERIMENTAL DETAILS

Two powder samples diMnTFPB[TCNE]-xPhMe dif- = 05 [® ., . e 100G |
fering in the amount of solvent PhMe were investigated. The g - " v 1kG 1
synthesis of the samples is described elsewhérehe stan- 2 041 " m 48kG 1
dard preparation ofMnTFPA[TCNE]- xPhMe, solutions of ,§ 03 [ ]
MnTFPRpy) (py=pyridine) and TCNE dissolved in toluene g -
are mixed and the product is collected by vacuum filtration, T 02 " -
under oxygen- and water-free conditions. In the present gp L
work, one sample was dried under vacu(nesulting in par- = 0.1 T
tial disolvation, whereas the other sample was not. 0.0 I ]

'H pulsed NMR experiments were performed at 2.35 and 0 80

4.7 T using a home-built and a Bruker MSL 200 spectrom-
eter, operating at 100.113 and 200.145 MHz, respectively.
Two Oxford 1200CF continuous flow cryostats were em- F|G. 2. Temperature dependence of the bulk magnetization for
ployed for measurements in the range 300 K. 'H line-  various magnetic fields. The field-cooled and zero-field-cooled
shapes measurements were performed at both fields. At higitanches of the magnetization are indicated(s6) and (ZFC),
temperatures, where a single pulse~0f.5—-4 us was suf-  respectively.
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FIG. 3. 'H NMR spectra at(a) Bo=4.7 T and (b) By FIG. 4. *H NMR spectra aB,=4.7 T for selected low tem-
=2.35 T for selected high temperatures. peratures. The dotted lines are Gaussian fits to the spectra.

while warming(ZFC) and subsequent coolif§C). The two  terized also by a third lin€ displaced at higher frequencies.
different samples gave identical results. The low-field datarhe low-temperature structure of the spectra is found similar
indicate the presence of a field-dependent bifurcation poinor both applied fields. The two samples investigated gave
in accordance with previous stud5 Such magnetic identical results.
history-dependent effects are characteristic for systems with NMR shifts were determined from the position of the
a frozen-in spin disordered state. The shift of the bifurcatiormaxima of each spectrum with respect to Bg/y value.
point with the applied field is a direct evidence that the num-The maxima at low temperatures were obtained from a three-
ber of multiple minima on the free-energy surface decreaseSaussian line fit to the spect(dotted lines in Figs. 4 and)5
as the external field increastsThe origin of frustration and The shift of the NMR line is determined by the total mag-
disorder, which are both necessary for a proper explanationetic local fields acting on the nuclear sites, which in general
of the low-temperature behavior, is, however, not yet knownis the sum of the hyperfine and the dipolar fitidrhe fre-
As will be shown below, the NMR spectra reveal two mag-quency shiftsA f*7) and A f (339 of the spectrum lines, B,
netically nonequivalent Mn sites with opposite sign of mag-and C for [MnTFPP[TCNE] for the whole temperature
netization, indicating the establishment of competing interacrange are shown in Fig. 6 for the two applied magnetic fields.
tions at low temperatures. The observed NMR shifts were not corrected for the ef-
'H NMR line-shape measurements were performed as fect of the demagnetization field. The demagnetization field
function of temperature. NMR provides important informa- shift arises from the finite volume magnetization of the
tion in magnetic materials through the local field at thesample, and hence the magnetic field inside the sample can
nucleus produced by the magnetic ions. The main interactiobe different from the applied fieftf. Therefore, demagneti-
in these NMR experiments is that between the proton nucletation effects are most significant for large magnetizations,
and the electrons, so the nuclei can be considered as lociaé., for samples with large bulk susceptibilities in large ap-
probes for the static and dynamical electronic spin correlaplied magnetic fields. For a spherical particle, demagnetiza-
tions. Typical 'H NMR spectra at high temperaturesBg  tion and Lorentz fields cancel, so that one need not correct
=4.7 and 2.35 T are presented in Figéa,B), respectively. the measured NMR shifts for these fields. It is difficult to say
The high-temperature spectra are characterized by two lineghether or not these fields contribute slightly to the field
which are progressively resolved as the temperature is lowshift measured in a powder of arbitrary shaped particles. In
ered. This feature is similar for both fields. The central lineour sample in the high-temperature quasi-paramagnetic
[denoted ag\ in Fig. 3] does not shift appreciably with tem- phase, the demagnetization field will certainly be negligible
perature, whereas the second IBishifts gradually on cool- due to the small value of the bulk susceptibility. At low tem-
ing towards lower frequencies. At these high temperatureperatures there is the possibility of the presence of a demag-
the shift of the lineB is in the kilohertz range and below 100 netization field due to the large value of the magnetization.
K increases to the megahertz range. The spectra at low terklowever, in view of the fact that the absolute value of the
peratures are presented in Figs. 4 and Bipr 4.7 and 2.35 NMR shift is the same foBy=4.7 and 2.35 T in this tem-
T, respectively. The spectra at low temperatures are charaperature regiméFig. 6), it may be argued that the demagne-
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FIG. 6. Temperature dependene of the frequency shift-”
and Af(339 of the three peaks in th&H NMR spectra. The solid
lines demonstrate the scaling of the NMR shift with the bulk mag-
netization as described in the text.

ascribed with the pyrrole protons of the planar ring and ex-
perience a transferred hyperfine field due to the delocalized
spin density® on the Mn" ion. This is consistent with pre-
vious NMR studies of a series of Mhporphyrin solution
complexes®? These studies have demonstrated that the
minimal magnetic anisotropy and small zero-field splitting of
98 99 100 101 102 a porphyrin coordinated Mh ion ensure that the isotropic
Frequency [MHz] shifts of the pyrrole protonglines B and C) arise almost
entirely from “through bond” Fermi contact interactions.
Since the NMR shift is related to the average magnetic
field at the proton site, it directly probes tk@veragé mac-
o i L . roscopic susceptibility according to the relatioK
tlgat|on field cor'rect'lon is smaller than the error associated_ (Alynydi?)x, whereK is the fractional shiftA is the
with the determination of the NMR shift. Also, the demag- isotropic hyperfine coupling constant, and y, are the gy-
netization field exactly cancels out when one considers thg,,agnetic ratios of the proton and electron, respectively,
differences in the shifts between the central péadnd the 54 x is the static susceptibili* This relation is nicely

peaksB andC. . . demonstrated in Fig. 7, in the so-call&d- y plot where
In an effort to assign the observed spectra lines to Prototy, o shift K47 for the lineB is plotted as a function of the

groups In the compound's fOT”;‘g'aE”'t' “;fefence. s ";?‘de Qysceptibilitf? at the applied fiel®,=4.7 T, with the tem-
the schematic structure phn A" porphyrin unitin Fig. perature as an implicit parameter. Within the errors, all the

1(a), labeling the proton sited4, H5, H9, H10, ... of the p— - - : - :

: . perimental points fit a straight line. The fits for both spec-
planar ring %nd the.proton sité$33, H34, H35, . ... ofthe 4 im linesB andC give K= 70.93y—0.028 %, wherey
phenyl ring." The first group of the eight pyrrole protons

H4, H5, H9, H10, ... are thenearest neighbors to the

FIG. 5. IH NMR spectra aB,=2.35 T for selected low tem-
peratures. The dotted lines are Gaussian fits to the spectra.

Mn" ion with a distance of~5.1 A therefore are consid- Ol =TT T T
ered as magnetically equivalent. The second group of 16 0.0
protonsH33, ... H35, ... is atrelatively larger distances 0.1 -~

than the pyrrole protons. There is also a third group of pro-

tons, those of the solvate, which intercalate between the pla- S 02
nar rings and the chains of the molecular solid which are not o 03
shown in Fig. 1. "v‘M 0.4

An order of magnitude calculation of the dipolar interac- 0.5
tion considering the distances of the protons involved, indi- 06
cates that the dipolar shifts are mainly in the kilohertz region ' PR IR Y ST NI E N
in the Mn" porphyrin compounds. The small shifts of the 0.1 00 01 02 03 04 05 06
spectrum lineA are thus consistent with the dipolar interac-
tion. Thus, the central linA originates from protons that are
coupled to Mn moments via dipolar interactions only, which  F|G. 7. Fractional NMR shifk 47 as a function of the static
yield a broadening of the line and a small shift. These prosusceptibilityy for the peakB with temperature as an implicit pa-
tons are the phenyl and the solvate protons. The large an@meter. The solid line is a linear fit to the data as described in the
equal-in-magnitude shifts of lines B and C are tentativelytext.

¥ [emu/mol]
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is in emu/mol while the constant term can be related with the T=300K T=50K T=5K

small dipolar contribution and the paramagnetic impurities in N L L L L B B B
the magnetization data. From the fit, one finllss —1.5 T -
x107% cm™ L. It is pointed out that the linear relation be- — Lor 7
tweenK and y holds for the whole temperature range inves- = 08 [ .
tigated(5—300 K). This indicates that by measuring the tem- 2 0.6 ]
perature dependence of the local fields at the proton sites, we g - .
can, in principle, study the temperature variation of the com- b 0.4 [ slope =2 ]
ponent of the magnetization in the direction of the external 02 -
field. 00 L : | | | : | : 3

The frequency shift at 4.7 T as a function of temperature ,
according to the above fit is also plotted as solid lines in Fig. 00 02 04 06 08 10 12
6. It is thus established that the frequency shift of the NMR Af %%V [MHz]
spectrum follows the temperature dependence of the static @) (2.35) v o
susceptibility over the entire temperature range investigated, ['C: 8 K™ vs K**** with temperature as an implicit param-
The shifts of the spectrum liné® and C are of almost the _ete_r. Sele(_:ted tempera_tures to w_hlch the_ po_lnts are referre_d to, are
same magnitude, but with opposite signs within the experilnldlcatedt |rr11 tze tog i’ales.t The solld Ilnes_lndlcate the two different
mental error particularly for spectrum li@where the line is SI0pes &l Ngh- and ‘oriemperatiire fegimes.
not well resolvedFigs. 4 and & Since linesB andC were
ascribed to the same grouequivalent pyrrole protonsthe R ) ) .
opposite sign means that there are 'Mions with opposite their field dependence. It is obser\ﬁag. 6) that atzh;gh
magnetic components along the direction of the externaféMpPeratures down to about 80 Kf*7is dogbIeAf( - .
field. This is what is expected for a paramagnetic state, i.e., the

The presence of two nonequivalent Mn magnetic sites ifrequency shift to be proportional to the applied field. How-

[MnTPPI[TCNE] compounds is an important information for V€T, as the system is cooled down to 5 Kf*" and _
this family of compounds. The structure consists of chains A )graduallly merge. This is quite unexpected for a shift
manganeseporphyrins linked by TCNE radicals, typicaIIyOf paramagnetic origin. Thls remarkabi% behaV|02rg|ss guanti-
with only one crystallography unique Mn site. The shortest@tively demonstrated in Fig. 8, wheﬁe‘( D andAf®*are
intrachain Mn-Mn distance is more than 10 A and the inter-Plotted with temperature as an implicit parameter. The low-
chain Mn-Mn distances are about 14.5 A, therefore, onlyand high-temperature regimes are clearly indicated by the
weak dipole-dipole interactions between Mn spibsit not different slopes of the points. The solid lines in Fig. 8 have
an antiferromagnetic onere apparent]y relevaft. slopes equal to one and two and denote the low- and hlgh-
The observation of two Mn sites with opposite spins istemperature regimes respectively. The fact that the absolute
consistent with the observed metamagnetism in this familyhift for each peal andC is the same for the two different
of materials’ It has been arguédhat the observed S-shaped applied magnetic fields for temperatures below the transition
curves of the magnetization isothertdgH) for this class of temperaturdl ., indicates clearly that this shift arises from a
materials, are characteristic of metamagnets with a criticapontaneoushyperfine field at the proton site due to the
field needed to induce the phase transition from a canteftozen-in spin state of the system. Such NMR shifts that are
antiferromagnetic state at low fields to a new state with andependent of the applied field have been also observed in
larger magnetization at high fields. This new state, that corNMR studies of magnetic materials with ferromagnetic inter-
responds to an inclination of spins towards the applied fieldactions in their ground staté%.22 Moreover, quite recently,
direction, should be realized in the NMR experiments per-extensive theoretical studies on ferrimagnetic chains, reveal
formed at high magnetic fields. Thus the antiparallel spinthe existence of such ferromagnetic interactittis.n these
configuration observed by NMR should arise from the pro-works, it has been argued that the ground state of a ferrimag-
jection of the Mn" spin along the field direction. The meta- netic chain may be recognized as a combination of ferromag-
magnetic behavior implies that there is an anisotropy axisetic and antiferromagnetic features and is well explained in
along a specific crystallographic direction, which is differentterms of the spin-wave theory.
from the applied field direction arising either from ligand In summary, the observed temperature dependence of the
field splitting or spin-orbit coupling. Since there is no direct proton NMR shifts has revealed two magnetically non-
exchange coupling between adjacent Mn spins, the resultingquivalent Mn sites through the isotropic hyperfine coupling
spin configuration can be attributed to quantum-mechanism. These Mn sites reside in the planar rings of
mechanicatantisymmetric spin-spin exchangmteractions. [MnTFPP[TCNE]. Also, it has been demonstrated that the
Antisymmetric interactions are based on a nonzero vectonyperfine shifts are independent of the applied field in the
coefficientD, arising from the deviatici Ag=g—2 of the  magnetic-field range 2—5 T, indicating the presence of ferro-
mean value of the anisotropic gyromagnetic tergsitom its ~ magnetic interactions in the ground state of the molecular
free-electron value of 2. Such a spin configuration is alsderrimagnet, in accordance with theoretical works. To the
consistent with the macroscopic ZFC thermomagnetidest of our knowledge these experimental results are the first
curves, indicating magnetic spin disorder. that provide microscopic information about the magnetic

Another important feature of the observed NMR shifts is
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