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Abstract

We report on electron paramagnetic resonance (EPR) probing of magnetic fields and magnetic field gradients near the surface of

a single crystal of the nanomagnet [Mn12O12(CH3COO)16(H2O)4] � 2CH3COOH � 4H2O (Mn12-Ac). As the EPR probe, we utilized a

0.7mm� 30 lm� 30lm fiberous needle of the organic conductor N-methylphenazinium-tetracyanoquinodimethane (NMP-

TCNQ), which yields an exceptionally sharp peak, with a 0.2G (�20lT) width. In the presence of Mn12-Ac, the probe�s peak

exhibits splitting on temperature lowering, which depends on the orientation of the Zeeman field relative to the axis of easy

magnetization of the employed Mn12-Ac crystal. The shifted peaks yield the magnitude of the magnetic field from Mn12-Ac crystal

to which the various fibers of the probe are subjected. In conjunction with electron microscopy, the shifts yield the field gradient at

the crystal surface and its change with temperature. For Mn12-Ac at 10K, the surface magnetic field was measured to be in the mT

range and its gradient on the order of 50T/m.

� 2003 Elsevier Inc. All rights reserved.
1. Introduction

Single molecule magnets (SMMs) have recently been

the focus of considerable experimental and theoretical

interest [1–3], since they were found to exhibit the novel

phenomenon of quantum tunneling of the magnetiza-

tion (QTM) [4,5]. A SMM is defined to be a compound
in which essentially a single molecule can exhibit a

hysteresis loop, hence the basis of memory storage at the

molecular level [1–3], and possibly, quantum computa-

tion [6]. One of the most studied SMMs is [Mn12O12

(CH3COO)16(H2O)4] � 2CH3COOH � 4H2O, henceforth

Mn12-Ac [4–28]. Mn12-Ac exhibits a ground state

spin S ¼ 10, and an easy-axis anisotropy parameter

D ¼ 0:46T. The Mn12-Ac system can thus be described
as a double-well quantum system, with a large barrier

height of �DS2 � 46T� 65K, into which a spin 10

particle resides with energy levels labelled by the mag-
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netic quantum number ms ¼ �10;�9; . . . ; 0. Magneti-

zation measurements have established that below about

2K, the magnetization of the S ¼ 10 system undergoes

reorientational transitions at a rate that becomes es-

sentially temperature independent, implying that the

reorientation occurs primarily via quantum tunneling of

the magnetization vector across the potential barrier.
Because of the implied overlap of the wavefunctions of

the magnetization vector across the double-well, it has

been recently suggested that Mn12-Ac could form the

basis of a quantum bit [6]. Mn12-Ac has thus been well

investigated by essentially all available techniques, in-

cluding magnetization measurements of a.c. and d.c.

susceptibility [4,5,7,8], electron paramagnetic resonance

(EPR) [9–13], Raman spectroscopy [14,15], NMR [16–
21], specific heat [22], infrared and optical techniques

[23–25], neutron scattering [26,27], conductivity [28] and

micro-Hall [28]. We here report a simple EPR-based

method of measuring the surface magnetization or,

equivalently, effective magnetic fields near an Mn12-Ac

crystal. It seems that such data would be useful if Mn12-

Ac were to be utilized as a device element.
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We utilize EPR spectroscopy as a technique, using a
small (0.7mm long, 30 lm� 30 lm diameter) needle of

the organic charge transfer, conducting salt N-methyl-

phenazium-tetracyanoquinodimethane (NMP-TCNQ).

NMP-TCNQ was chosen because its EPR spectrum is

perhaps the sharpest known single peak (with a peak to

peak width, DBpp � 0:2G� 20 lT), at a g-value around

2.0030. The peak position should thus be a sensitive

probe of the presence of any magnetic field in its vicin-
ity. Electron microscopy measurements (Fig. 1) show

that the probe is fibrous, consisting of several discrete

bundles. Thus if there are strong field gradients present

near the crystal surface, the different bundles would be

subject to different fields and hence the EPR peak

should split into many components. A knowledge of the

probe�s fibrous structure would thus enable the deter-
Fig. 1. (A) NMP-TCNQ probe shown under 60� magnification. (B)

Scanning electron microscope image of the NMP-TCNQ probe at

1500� magnification.
mination of the magnetic field gradient over the probe�s
dimensions.

Similar studies have been reported earlier. Smirnov

et al. [29] used TCNQ as a paramagnetic probe at

140GHz to measure the field gradient produced by fer-

romagnetic disks used in EPR imaging. Schultz and

Gullikson [30] used DPPH to measure the d.c. magne-

tization of a sample with a conventional EPR spec-

trometer. Studies by Sueki et al. [31] monitored magnetic
susceptibility effects on EPR spectra of polypyrrole on

gold, palladium, platinum, and tungsten wire. Further

studies of paramagnetic samples as field gradients are

contained in a review edited by Eaton et al. [32].
2. Experimental procedure

2.1. Materials and EPR instrumentation

Single crystals of Mn12-Ac were grown using Lis�
procedure described earlier [33] and grew as rectangular

rods in dimensions of a few mm3, with the easy axis of

magnetization being along the longest dimension. EPR

measurements were carried out with a Bruker 580 FT/

CW X-band EPR spectrometer equipped with standard
Oxford Instruments model DTC2 temperature control-

ler. All measurements were performed with magnetic-

field modulation amplitude of 10 lT at 100 kHz. The

microwave power level used was low (about 0.1mW) in

order to minimize power saturation and broadening of

the probe�s EPR signals.

2.2. NMP-TCNQ probe

NMP-TCNQ was prepared according to the litera-

ture [34,35]. This probe yields an intense, homogeneous,

narrow EPR signal with a peak-to-peak linewidth, DBpp,

of about 20 lT over a wide temperature interval (from

295 down to 4K). The probe used here was a small

needle shaped sample �0.7mm long and �30 lm�
30 lm in diameter (Fig. 1A). Upon higher magnification
it can be seen that the needle shaped NMP-TCNQ

sample consists of a bundle of several thinner needles as

shown in Fig. 1B. When mounted on the crystal surface,

the NMP-TCNQ needle yields an EPR peak whose

position and lineshape are determined by an average of

the applied Zeeman field and the local fields over the

spatial extension of the needle. As can be noted from

Fig. 2, the peak first broadened and then split as the
temperature is lowered and the magnetic field produced

by the SMM is increased.

The probe�s signal shifted as the orientation of its

needle axis relative to the Zeeman field direction and the

Mn12-Ac crystal�s easy magnetization direction (z-axis)
was changed, as can be noted in Fig. 3. This orientation

is indicated for each measurement as an inset.



Fig. 3. Temperature dependencies of the shifted resonance fields for the

NMP-TCNQ probe deposited on surface of SMM crystal (filled cir-

cles) and for the NMP-TCNQ probe itself (open triangles). The posi-

tion of the probe on the crystal surface and orientation in magnetic

field is denoted with small sketch in the corner of the each pictures A

and B.

Fig. 2. Typical EPR spectra of the NMP-TCNQ probe deposited on

the surface the Mn12-Ac crystal at various temperatures. The easy axis

of the Mn12-Ac crystal is oriented along the magnetic Zeeman field.
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3. Results and discussion

Fig. 2 shows typical EPR spectra of the NMP-TCNQ

probe at the Mn12-Ac crystal surface at several tem-

peratures. It is noted that at room temperature the EPR
spectrum from the probe with Mn12-Ac is slightly shif-
ted (�30 lT) relative to its signal position in the absence

of Mn12-Ac. In the temperature interval of 295–100K,

the signal shows further shifts and slight broadening.

Below 100K, the signal is seen as several split lines, la-

belled A, B, C, and D, shifted from the room tempera-

ture signal. The spectra presented in Fig. 2 are for the

Zeeman field, B, oriented along the easy (c-) axis of

Mn12-Ac with the probe�s long axis also aligned along
the same direction. Fig. 3 shows the temperature de-

pendence of the lines shifts for the Zeeman field along

and perpendicular to the easy axis. It should be men-

tioned that the signal from the probe itself (without

Mn12-Ac) also shifts slightly in the same temperature

interval, but this shift is within the size of the symbol

(open triangles) as presented in Fig. 3. As discussed

below, it is significant that the shifts are to both the
high-field and the low-field side of the probe�s signal and
the amount of shift depends on orientation and tem-

perature. The observed resonance fields in Figs. 3A and

B with two opposite splitting contributions can be de-

scribed qualitatively inside the approximation of a point

dipole–dipole coupling model [36] assuming that one

dipole l1
!¼ �g1bS1

!
corresponds to the NMP-TCNQ

probe and another dipole l2
! corresponds to the Mn12-

Ac crystal. The two moments have parallel principal

axes. Taking that the shortest distance r is along the x
axis, and the z axis is parallel to the needle shaped NMP-

TCNQ crystal and the Mn12-Ac crystal, as shown in

Fig. 3, their interaction can be written in the form [36]

H12 ¼ br�3ð2g1xl2xS1x � g1yl2yS1y � g1zl2zS1zÞ: ð1Þ

The contribution of the local magnetic field due to the

magnetic moment to the Zeeman magnetic field at res-
onance can now be described as:

H ¼ bðg1xBxS1x þ g1yByS1y þ g1zBzS1zÞ þ H12; ð2Þ

¼ b½g1xðBx þ 2l2xr
�3ÞS1x þ g1yðBy � l2yr

�3ÞS1y
þ g1zðBz � l2zr

�3ÞS1z�; ð3Þ

¼ b½g1xðBx þ DBxÞS1x þ g1yðBy þ DByÞS1y
þg1zðBz þ DBzÞS1z�: ð4Þ

One can assume that by placing the needle shaped

NMP-TCNQ on top of a crystal of Mn12-Ac, the probe

will experience an additional magnetic field DB along

each component, as given in Eq. (4), due to magneti-
zation of the Mn12-Ac crystal. It is important to note

that the Hamiltonian obtained in Eqs. (3) and (4) pre-

dicts opposite contributions of local magnetic fields, DB,
to the Zeeman field along the distance r, and perpen-

dicular to r as was observed experimentally. The effect of

the angular dependence of the shifted probe�s spectra

can be discussed in terms of modified g-values of the

probe. As expected, because of the macroscopic distance
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between the probe and the Mn12-Ac crystal, DB is much
smaller than the Zeeman field B, hence the effect can be

treated as a small perturbation and can be discussed also

as an effective change in the probe�s g-tensor. The so-

lution of the spin Hamiltonian (2) without the contri-

bution of the interaction part, H12 is straightforward

and, in terms of the g-tensor value can be given as [36]:

g1 ¼ ðg21xl2 þ g21ym
2 þ g21zn

2Þ1=2; ð5Þ

where (l;m; n) represent direction cosines of the orien-

tation of the magnetic field in reference to the axis sys-

tem. Taking into account the orientation around y with

the magnetic field inside the xz plane and the corre-

sponding angle, h, between the direction of the magnetic
field and the z axis, the g1 is given in the form

g1 ¼ ðg21? sin2 hþ g21k cos
2 hÞ1=2: ð6Þ

The complete spin Hamiltonian can be solved in

terms of perturbation theory assuming a small contri-

bution of the interaction part to the Zeeman spin

Hamiltonian. In order to get the solution in the form of

a geff -tensor value, one can employ the identity for the
Zeeman energy transition hm of the form

g1xBx ¼ ðg1x � DgxÞðBx þ DBxÞ: ð7Þ
By employing relation (7), and the approximation

that the term DgxDBx is small and can be neglected, the

spin Hamiltonian in (2)–(4) can be written in the form

H ¼ bðgeff1xBxS1x þ geff1yByS1y þ geff1zBzS1zÞ: ð8Þ
For the magnetic field orientation in the (x; z) plane,

the geff value can be obtained in a similar fashion as in

Eq. (7)

geff1 ¼ ðg2eff1? sin2 hþ g2eff1k cos
2 hÞ1=2 ð9Þ

Fig. 4 shows the angular variation of the g-value of

the peak B, when the orientation of the Zeeman field is
Fig. 4. Angular dependence of the g-tensor for peak B (Fig. 2) of the

NMP-TCNQ probe deposited on the surface of SMM crystal (filled

circles) and for the NMP-TCNQ probe itself (open triangles) detected

at 30K. The solid line represents the best-fitted line to experimental

points calculated from Eq. (9). h is the angle between the applied

magnetic field and the z axis of the Mn12-Ac crystal in the xz plane.
varied in the crystal ac (easy magnetization) plane. The
data can be fitted to Eq. (9) shown as the continuous line

in Fig. 4. The agreement is seen to be satisfactory, thus

supporting our simple model.

Let us assume that the Zeeman field is parallel to the z
axis and the resonance condition is obtained in the form

hm=bBeffk ¼ geffk; ð10Þ
where Beffk ¼ ðBk þ DBkÞ includes the magnetic field shift

due to the magnetization along the easy axis. Since geffk
(2.0008) is smaller than g1z (2.0030) as seen in Fig. 4, the

Beffk is larger than Bk leading to the positive contribution

of the field shift due to magnetization along the easy axes

(l2k). A direct support for this was additionally provided

by our observation that over a wide temperature interval,

from 300 to 20K, the temperature dependence of the line

shifts varied in proportion to the sample�s magnetization

as measured independently with a superconducting
quantum interference device (SQUID) magnetometer.

Fig. 5 shows a typical set of scaled magnetization and

shift data for the external field oriented along the easy

(z) axis; the proportionality of the field shifts to the

magnetization is clearly evident. In addition, the in-

creasing local magnetic field leads to an opposite sign

of the defined magnetic moment l2
!. The same analysis

provided for the perpendicular orientation supports the
opposite magnetic field shift for Beff?, as was experi-

mentally detected. It should be reiterated that l2k and

l2? are only some effective magnetic moment compo-

nents of the sample�s dipolar field. These quantities can

be measured accurately only if the distance of the

probe from the crystal is known.

We can calculate the field gradient produced by a

single Mn12-Ac crystal. This can be obtained from the
knowledge of the measured field shift as a function of

the distance between the bundles in the probe, as mea-

sured via SEM. Thus the average gradient measured was

estimated to be about 50T/m.
Fig. 5. Comparison of SQUID and EPR data. The open circles rep-

resent the scaled magnetization measured by a SQUID for the easy

axis, while the solid circles are the shifts for peak B in Fig. 2.
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4. Conclusions

The present investigation demonstrates the feasibility

of measuring surface magnetization or equivalently, the

magnetic fields at the surface of SMM nanomagnets by

employing EPR measurements on a spin probe. While

these results are preliminary, they seem to have potential

for development into a fast, inexpensive, and easily

available methodology for characterizing the surface
magnetic properties of highly magnetic molecules. We

acknowledge that the point dipole model is only an

approximation. Further, more detailed numerical sim-

ulations are planned, and will be reported separately.
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