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Semiconductive and photoconductive properties of the single-molecule magnets Mracetate
and Fe;Brg
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Resistivity measurements are reported for single crystals gslcetate and R8rg. Both materials exhibit
a semiconductor-like, thermally activated behavior over the 200-300 K range. The activation Egergy
obtained for Mp,-acetate was 0.370.05 eV, which is to be contrasted with the value of 0.55 eV deduced
from the earlier reported absorption edge measurements and the range of 0.3—1 eV from intramolecular density
of states calculations, assumindgE2=E,, the optical band gap. For Efrg, E, was measured as 0.73
+0.1 eV, and is discussed in light of the available approximate band structure calculations. Some plausible
pathways are indicated based on the crystal structures of both lattices. Feadétate, we also measured
photoconductivity in the visible range; the conductivity increased by a factor of about 8 on increasing the
photon energy from 632.8 nifred to 488 nm(blue). X-ray irradiation increased the resistivity, bt was
insensitive to exposure.
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I. INTRODUCTION conducting behavior, albeit with high resistivity. Interest-
ingly, information about the electrical conductivity is not yet
The magnetic moleculegVn;,0;,(CHzCOO),4(H,0),] available for either compognd, des_plte the fact th%m
.2CH,COOH 4H,0 abbreviated  Mpracl and @and FgBrg have been studied by dielectric relggt ar-
_ _ ’ infrared absorption under applied magnetic fididt®aman
[(CeH1sN3)6Fes( 13— O)a(a— OH)151Br;(H,0)Br-8H,0, " T Y A . 2
in short FgBrg,? have been the focus of extensive studiesscatte”ngl’ micro-Hall technique$,** micro-SQUID

C o ; e magnetometry> 22 EPR/®24-2NMR,*°-* specific heal —>°
since it was dlscovgred that they exhlblt thesizé\re phenoménd magnetization measuremetit&neutron scatterind=*3
enon of macroscopic quantum tunnelifiQT).> As has

: 15 and optical absorptioff:We note, however, that from optical
now been well established!® both of these compounds absorption measurements Oppenheine¢al** have de-
have a net total spi§=10, and can be grown as high quality duced optical excitation band gafig of 1.1 and 1.75 eV for
single crystald:>®~8The evidence for MQT consisted of the the minority (inner tetrahedronand majority (crown) spin
following observations:(a) below a certain temperature, systems in Mp,-ac, respectively. These values were consid-
known as the blocking temperatufig, (2.7 K for Mn,-ac ~ ered comparable with corresponding theoretical estimates
and 1 K for FgBrg), their magnetic hysteresis loops exhib- 0f 0.45 and 2.08 eV by Pederson and Khairend of 0.85

ited sharp steps at regular intervéadout 0.46 T for Mp,-ac ~ @and 1.10 eV by Zengt al™ In the present investigation
and 0.24 T for FgBrg), when the field was applied along the We have carried out electrical conductivity measurements
easy axes® and (b) the magnetization relaxation rate be- ON Single crystals of both Mg-ac and FgBrg over the tem-
came temperature independent at low temperafufeBur- perature range of 77 to 300 .K' Conf!rmatory measurements
thermore, this quantized hysteretic behavior was found als§f€'® Made using ac dielectric techniques. The results show

for very dilute samples, such as frozen into organic solvénts. eega\?i%trh(z%oom%%%n? v%ﬁlb(;s{ﬁ:ggll C('ﬁ;;gﬁ?l?g:guggng
This observation implies that the hysteresis loop is a property ~..“" . e y : >port
ctivation energies. It should be noted that in an intrinsic

of every single molecule, rather than that of a macroscopi : S
domain, hence they have been described as single molec'ﬁgmmonducyo.r, the activation energpr. gap megsured
magnets (SMM's).2% It can thus be expected that these V'3 conductivity is 1o be compared with 1/Z,,* and
SMM'’s hold the potential for becoming an integral part of athus for Mn-ac the agreement with the optical data are

. . isfactory.

molecular-size memory deviéeMn,,-ac has also been pro- satis . - -

posed as a potential ycandidate leOI’ a quantum Compputin We also describe photoconductivity over the visible range
elementl gnd x-ray damage investigations on jhac to further probe

dhe nature of electrical transport in these materials. The mea-

To advance our understanding of these materials for po d ohot ductivit hibit anificant lenath
sible applications, it is important to understand their electri->Ured photoconductivity exnibits -a signiicant waveleng

cal conductivity behavior. Although these materials appear téjependence.
be insulating, they are single crystalline materials with a
unique configuration of large molecular units containing
transition metal ions and polarizable subunits, nested in a Long black rectangular crystals of Mpac were synthe-
bridging network. One might thus expect some sort of semisized following the procedure of LisThe crystals typically

Il. EXPERIMENTAL
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grew to dimensions of about 0<3.5x3.0 mn?. High (a)
quality single crystals of RBrg were prepared by the
method described in the literatuf&@he FgBrg crystals grew
as dark brown orthorhombic plates of about X®0
X 0.5 mnt. The samples have been routinely monitored
for quality by NMR, x-ray diffraction, and magnetization
measurements.

dc resistance measurements were conducted under either
a constant voltage or a constant current mode using a
conventional four probe technique. A high input impedance
(2x10* Ohm) electrometer was used to measure the volt-
age drop across the sample when constant current was
applied. Currents were typically in the 0.1 to 10 nA range,
and voltages were generally 100 V or less. The current-
voltage characteristics were periodically checked to verify
Ohmic behavior. ac conductance measurements were made
with a standard ac impedance bridge technique. A capacitive
electrode configuration was made by painting two flat (b)
parallel surfaces of a sample with conductiysilver
or graphite paste. The capacitive and dissipative signals
were detected by a lock-in amplifier with an excitation
frequency of about 8 kHz. In all cases the measurements
were made under vacuum in a temperature controlled
probe.

Photoconductivity measurements were made on,MNo
(see Fig. lusing a He-Ne laser for re®32.8 nm and argon
laser for blue(488 nm and green514 nm light. The light
intensity was calibrated before each measurement. Photocur-
rent was measured using a lock-in amplifier while the sample
was under direct current bias and illuminated by chopped — ——
light. A more detailed description of the experiment is pub-
lished else.whe'réff For t'he x-ray experiments, M@AC CIYS- molecules are omitted for claritfRef. 1). (b) Structure of FgBrg
tals were irradiated V_V'th 40 kV, 40 mA, Gk, radiation at showing the 1,4,7 triazacyclononane ligand. The Br atoms are omit-
room temperature in order to observe the effects ofeq for clarity (Ref. 2.
defects.

FIG. 1. (a) Structure of MR,-ac with acetate ligand. The,©®

evaporating the coolant, and the resistance measurements
were initiated at about 150 K. The saturation of the
Il. RESULTS resistance is an artifact of the experimental setup, and
our inability to measure the resistance. With the temperature
increase above about 210 K the resistance started to drop,
The temperature dependence of the resist&(@ of a  and continued to decline up to 300 K. The cause of the
Mn;,-ac sample is shown in Fig.(@ for a four-terminal, irreversibility in the runs with opposite temperature scans
constant current configuration. The resistivity values are oiis still not understood. We ascribe it tentatively to the pres-
the order of 18 Q cm at room temperature, and increaseence of thermally induced defects and/or lattice strain.
rapidly in an activated manner upon cooling. Below aboutThe two plots are identical from 300 K down to about
200 K, Ohmic equilibrium is lost due to the high resistance240 K. This is the temperature regime where the data were
values. Thus the Arrhenius analysis was limited to temperaanalyzed in terms of an Arrhenius behavipinset of
tures above this temperature. Over the 200-300 K rangedsig. 2(a)]. These data were consistent with those obtained
InR exhibits a linear dependence as a function of 1/Twith an ac impedance bridge technique as can be noted from
as shown in the inset, characteristic of a semiconducting sys-ig. 3.
tem with a well defined band gap wherd&(T) Figure Zb) shows the temperature dependence of the cur-
~expE,/ksT), andE, is the thermal activation energy. From rent for the constant voltagé&0 V) bias condition. As the
the slopes of curves of the insé, is estimated to be 0.38 resistance of the sample increases with decreasing tempera-
+0.05 eV. ture, the current rapidly decreases, and is unmeasurable be-
It seems worthwhile explaining further the plots in Fig. low ~210 K. The corresponding Rvs 1/T curve is shown
2(a). The arrows indicate the direction of the temperaturein the inset. The linear dependence yields a valueEgf
change. The sample was first cooled to 77 K with liquid=0.36+0.05 eV.
nitrogen. At that temperature the sample became too resistive Figure 3 shows the IRvs 1/T curve of a Mn,ac sample
to measure accurately. The sample was then warmed up btained by the impedance bridge technique. The sample

A. Conductivity of Mn ;,-ac
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b) 35 40 a5 5.0 E,=0.36+0.05 eV.
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ot L L L i from 632.8 to 488 nm. Clearly this enhancement must relate
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FIG. 2. (a) Temperature dependence of resistai@) of
Mn,>-ac measured at a constant dc condition. The arrows indicat

simple thermal mechanism is not supported by the earlier
UV-visible absorption data of Oppenheimat al** on
ﬁ/lnlz-ac. The spectra show a gradual increase in absorption

cooling and warming curves. Inset: Raivs 17T curve yieldsE,
=0.38+0.05 eV.(b) Temperature dependence of measured curren
under a constant voltage biég0 V). Inset: INRvs 1/T curve where
E,=0.36:0.05 eV.

was cooled from room temperature to 200 K. The solid line
corresponds toE,=0.36-0.05 eV. The resistance again
shows activated behavior but the linear relation is not so
clear as in the dc resistance case.

A significant observation was that the Mrac crystals
lose solvent upon heating above 300 K. One sample was
heated to 350 K and then cooled down to 200 K. The plot of
INnR vs 17T yielded two separate straight lines as can be
noted from Fig. 4. The measured activation energy at the
higher temperature range was 0:38.05 eV, while it was x
0.18+0.05 eV for the lower temperatures, after heating. £
Thus, care must be taken not to heat the samples above 30
K or so.

B. Photoconductivity of Mn;,ac

Photoconductivity(PC) was measured on Mpac using
the ac component of the photocurrent for chopped laser light
illumination. This was done by biasing the sample with
different values of dc curredf Figure 5 shows the depen-
dence of the PC on the intensifgowe) of the laser radia-
tion at the three wavelengths used, 632.8 med), 514 nm

with photon energy and the absorption edge was estimated to
be about 1.1 eV. However, over the 632.8 to 488 nm range,
the absorption was nearlfwithin a factor of 2 constant,

T(K)
0 330 300 270
21, T T y T
E,=0.18 £0.05 eV

20

19

18

17

E, =0.35+0.05 eV

3.0

35
1000/T (K"

4.0

FIG. 4. Mn»-ac sample which was heated to 350 K and then
cooled down to 200 K. Straight lines show Bg=0.35+0.05 eV

(green, and 488 nniblue). PC is seen to increase with pho- for the high temperature region, and 018.05 eV for the low
ton energy. The increase is about a factor of 8 when goingemperature region.
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FIG. 5. Photoconductivity signal of Mprac as a function light
intensity induced by different wavelengths of ligihéd: 632.8 nm,
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FIG. 6. Plot of InR(T) vs 1IT for FeBrg. The solid line yields a
value of E;~0.73+0.1 eV.

green: 514 nm, and blue: 488 hnThe inset shows the ac photo- ments. Table | summarizes the conductivity results in

current as a function of applied dc current when the light intensity iscomparison  to the optical ddfa and theoretical
about 1 mW. Data for both increasing and decreasing direct currergalculation<t>46:50

bias are shown.

IV. DISCUSSION

while the PC increases by a factor of 8. These considerations The main result of this study of the electrical transport in
argue against a major role of thermal heating in the mechahese SMM-type single crystalline materials is that they ex-
nism of the observed PC enhancement. The effect is thusibit thermally activated conductivity characteristic of a
ascribed to an enhancement of charge carriers due to opticghpped semiconductor over the range of 200—300 K. Photo-

absorption.

C. Effect of x-ray irradiation on Mn ,-ac

Recently, Hernandeet al*°

observed an increase in the

conductivity measurements also support their description as
gapped semiconductors. However, the precise nature of the
carrier transport is difficult to determine, since generally

measurements over many orders of magnitude in temperature
are necessary to establish the functional dependence of

magnetization tunneling rate of Mypac caused by defects in
the lattice as a result of x-ray irradiation and heat treatments. 1agLE|. com
In order to probe the possible role of defects in the transpori 4 theoretical calculations.
properties of Mnr,-ac, we have also carried out an x-ray

parison ofEy from conductivity and optical data,

irradiation study. As the irradiation dose was increased from Conductivity Optical

Theoretical

2 to 20 h, the overall resistivity of the sample increased, but
a plot of InRvs 1/T for the different exposure times showed Mniz-ac 0.74-0.1 eV?® 1.08 eVP
the activation energies remained fairly constant. 1.75 eVv*
The radiation-induced defects thus seem to act as trapping

sites for the carriers. This effect is further discussed in

Sec. IV. FeyBrg 1.46+0.2 eV?

0.45 eV°®
2.08 eV®
0.85 eVf
1.10 eV?
0.9 evh
0.9 eV

D. Conductivity of FegBr -
y §-8 3Present work, assumirtg, = 2E, .

Preliminary temperature dependent conductivity measure®0ppenheimeet al. (Ref. 44, minority spin cluster.

ments have also been carried out on single crystals Ofedersoret al. (Ref. 45, minority spin cluster.

FesBrg. Figure 6 shows a typical IR(T) vs 1/T plot. The  9Oppenheimeet al. (Ref. 44, majority spin cluster.

slope of the line yields a value &,=0.73+0.1 eV, which  ®pedersoret al. (Ref. 45, majority spin cluster.
is seen to be significantly higher than that of {ac (0.37  Zenget al. (Ref. 46, minority spin cluster.
+0.05 eV). This is discussed later in terms of the bonding ofzenget al. (Ref. 46, majority spin cluster.
Fe;Brg and Mny,-ac. At present no optical data are available"Pedersoret al. (Ref. 50, minority spin cluster.
for Fe;Brg for comparison with the conductivity measure- 'Pedersoret al. (Ref. 50, majority spin cluster.
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a typical VRH conduction systert. Moreover, application

of the Mott formula for VHR[R(T)~exp(Ty/T)?, with
v=1/(1+d), where d is the dimensionality yielded
To~3x10° K (for d=3). The high sensitivity of the VRH
model to defects can be tested by introducing them artifi-
cially, by ion implantation, or in the present case, by x-ray
irradiation. Since theT, values obtained from the Mott
formula indicate an extremely small density of impurity
sites, i.e.,N(Eg), a small number of additional defects
should decreasg, significantly. However, our experimental
results on irradiated sampléSec. 110 indicate thatT,
andE, are insensitive to the creation of defects. Hence the
x-ray investigation supports the idea of intrinsic
semiconductor-like conduction in Mpac, and by inference,
also for FgBrsg.

While we have not been able to arrive at any detailed
picture of the conduction pathways, we offer the following
possibilities based on the structure and bonding characteris-
_ _ tics of both lattices. The pathway for Mpac is based upon

FIG. 7. Schematic of proposed conduction path between tW%imp|e Coulombic interactions between Mnions, and the
Mn,-ac molecules. polar molecules which lie between two Mrac clusters. A

water molecule bound to a MA on the outer crown lies

) 2.67 A away from an unbound acetate ligand, which is, in
R(T). In order to understand the conduction pathway, weym, 2.77 A away from a symmetrically equivalent, unbound
examined the connectivity between the neighboring Mt  acetate ligand adjacent to the closest;Mac cluster as seen
and FgBrg clusters. Figures 7 and 8 show several transporin Fig. 7. The FgBrg conduction pathway is illustrated in
scenarios are possible. First, as a result of the crystallingig. 8. The proposed pathway between twgBg clusters is
lattice, one can expect that there will be a band structure witlthrough an N-H bond in the 1,4,7-triazacyclononane. The
gaps. At present, only the electronic structure of the clustersonduction pathway thus extends from the N-H to a water
has been computéd*® For a band-gapped semiconductor, (2.4 A), to a Br (2.3 A), to a water(2.1 A), and finally to a
one expects the resistivity to vary as epligT), whereE,  hydrogen (2.4 A) directly connected to the 1,4,7-
is related to the optical gapy by E,= ZEa-47 However, due triazacyclononane on the adjacengBr. It should be noted
to the complexity of the crystal structure, it is possiblethat the proposed Mg-ac conduction pathway is much more
that impurities and/or disorder play significant roles in thedirect than that for FgBrg. This is consistent with the higher
charge transport. For example, thermally activated hopping@ctivation energy found for EBrs.
between impurity sites can also give similar temperature
dependence.

If conduction is through a distribution of impurity sites,  we have found that both Mp-ac and FgBrg exhibit a
variable range hoppingVRH) should dominate. However, gapped semiconductor-like behavior in their electrical trans-
the following considerations argue against a VRH behaviorport properties. The limited temperature range over which
Furthermore, the resistivity~(10° 0 cm) is very high for  the resistance was measurable, and over which the materials
are stable, restricts a knowledge of the precise functional
form of R(T). Nevertheless, complementary photoconduc-
tivity and x-ray irradiation studies support a model where the
transport is governed by a well-defined energy gap. Bfie
have been determined to be 023@.05 and 0.73 0.1 eV for
Mn,,-ac and FgBrg, respectively. Assuming an intrinsic
semiconducting behavior, they lead Ey values of 0.74
+0.10 eV for Mny,ac and 1.50.2 eV for FeBrg.

For Mn,-ac, the agreement is seen to be reasonably good
with the optical band gaps for minoritiinner tetrahedron
spins, and the theoretical estimates by Pederson and
Khannd® as well as Zenget al*® (see also Katsnelson
et al®?. Additional optical and theoretical data are needed
for Fe;Brg. At present, calculations exist only for the mo-
lecular band gaps, but not for the entire lattice. Hence,
we can only speculate that the intercluster ligand bridges
may play an important role in the conduction mechanism.
Further computations on the full crystal band structure are
FIG. 8. Conduction pathway between twosBe; molecules. thus desirable.

V. SUMMARY
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