PHYSICAL REVIEW B

VOLUME 33, NUMBER 10

15 MAY 1986

Emission dynamics from doped crystals of (CH;),NMnCl; (TMMC):
Exciton trapping in a one-dimensional lattice

Roy A. Auerbach and Gary L. McPherson
Department of Chemistry, Tulane University, New Orleans, Louisiana 70118
(Received 1 November 1985)

The emission decay curves from (CH;);NMnCIl; [tetramethylammonium manganese chloride
(TMMO)] crystals doped with small amounts of Cu?*+ deviate dramatically from simple exponential
form. Consistent with the linear chain structure of TMMC, the curves are adequately described by
decay expressions derived for exciton trapping in one-dimensional systems. Analysis of the data in-
dicates that exciton migration in TMMC is nearly one-dimensional with an intrachain hopping fre-
quency at room temperature of 10! to 10'2 sec=" and an interchain hopping frequency of only 10? to
10* sec™!. The presence of small concentrations of Cd?*, a scattering impurity, greatly reduces the
rate of exciton trapping. The temperature dependence of the decay curves suggests an energy bar-
rier of 800 to 1000 cm~! for migration along the chains in TMMC.

I. INTRODUCTION

Tetramethylammonium manganese chloride (TMMC),
like many AMX, salts, adopts a hexagonal lattice in
which the MX¢*~ octahedra share opposite faces to form
infinite linear [ MX;~], chains.! The bulky (CH;N*
ions which occupy positions between the chains tend to
diminish the interchain interactions. As a result TMMC
behaves as a near-perfect one-dimensional antiferromag-
net where the intrachain exchange energy of about 4 cm ™!
exceeds the interchain interaction by 4 orders of magni-
tude.2~* The three-dimensional ordering temperature for
TMMC is less than 1 K.>® Because of the strongly one-
dimensional coupling, the magnetic properties of TMMC
have been the subject of considerable theoretical as well as
experimental interest for the past fifteen years.

In 1977, Yamamoto, McClure, Marzzacco, and Wald-
man investigated the luminescence from doped and un-
doped crystals of TMMC.” Undoped crystals exhibit an
intense red emission when photoexcited which is observed
even at room temperature. The emission lifetime of ap-
proximately 0.8 msec is nearly independent of tempera-
ture. The red emission is efficiently quenched in crystals
doped with small concentrations of transition-metal im-
purities such as Cu?*. From the dependence of the
quenching on temperature and impurity concentration it
was concluded that exciton migration in TMMC is
thermally activated and confined to individual [MnCl;~],
chains (one dimensional). It was noted that the emission
decay curves from certain doped samples were not simple
exponentials; however, the time-dependent behavior was
not analyzed in detail. From theoretical considerations of
the properties of random walks it is clear that exciton mi-
gration on a one-dimensional lattice containing traps
should lead to distinctly nonexponential decays.® This pa-
per presents the results of time-resolved studies of the
emissions from doped TMMC crystals under pulsed laser
excitation. In addition to crystals doped with varying
concentrations of trapping impurity (Cu®*+), double-doped
samples containing scattering (Cd**) as well as trapping
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impurities were characterized. The choice of trapping im-
purity was based on the analysis of Yamamoto et al.,
which indicates that Cu* is an extremely effective trap
with a near unit probability of exciton capture at each
close encounter. Divalent cadmium was selected as the
scattering impurity because it is diamagnetic and has no
low-lying electronic excited states. In addition,
(CH;)4NCdCl; (TMCC) is known to be isostructural with
TMMC,’ indicating that Cd** should easily substitute for
Mn?* in doped TMMC crystals. The double-doped sam-
ples are of particular significance since the exciton migra-
tion in a system that is perfectly one dimensional is
dramatically impeded by the presence of even small con-
centrations of scattering centers. The analysis of the ob-
served decay curves leads to several important conclusions
regarding the exciton motion in TMMC.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

TMMC was crystalized by slow evaporation from aque-
ous solutions containing equimolar quantities of
(CH3)4NCl and hydrated MnCl,. Doped crystals were
grown by dissolving approximately 15-g samples of
TMMC in dilute aqueous HCI and adding small amounts
(~0.3 g) of CdCl, and/or (~0.05 g) CuCl,. The result-
ing solutions were allowed to evaporate slowly in a desic-
cator over CaCl,. The Cd?>* and Cu?* contents of the
doped crystals were determined analytically by Galbraith
Laboratories, Knoxville, Tenn. It is interesting to note
that even small concentrations of Cu?** produce a notice-
able color change in crystals of TMMC.

B. Emission decay curves

Excitation was accomplished with a PRA LN100 nitro-
gen laser or with a NRG dye laser tuned to about 520 nm
and pumped by a Lambda Physik model No. EMG
52MSC excimer laser. The latter laser combination
proved more useful because of its higher intensity and, in
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cases of Cu*? doping, its ability to selectively excite the
manganese. Emission was collected at right angles
through a McPherson model No. EU700 monochromator
with a Hamamatsu model No. R777 phototube with a
base wired for long-pulse emissions. Data were collected
using either an 8 bit, 5 MHz Biomation 805 transient digi-
tizer or a 10 bit, 60 MHz Tektronix/Sony 390AD tran-
sient digitizer. Data were transferred to a Hewlett-
Packard series 200 HP 9826 microcomputer for averag-
ing, storage, and analysis. Typical data sets consisted of
averages of 100 to 500 transients. Since data analysis re-
quired fits to both exponential and nonexponential terms,
care was taken to test and insure the fidelity of data. It
was found that satisfactory results were obtainable using
either digitizer, but the Tektronix with its superior pre-
cision gave less scatter to the analyzed results. Decays
known to be exponential can be collected with this system
to better than eight e-folds maintaining a single exponen-
tial decay.

III. RESULTS AND DISCUSSION

A. Emission decay curves

Laser excitation of TMMC at 520 nm or 337 nm pro-
duces the red luminescence associated with the *T'; —%4,
ligand-field transition of the octahedrally coordinated
Mn?* ions. The emission is broad and featureless with its
peak at approximately 650 nm. Undoped samples showed
emission lifetimes at room temperature of about 680 usec.
The decay curve shows a small but noticeable deviation
from exponential behavior which will be discussed in sub-
sequent sections. Upon doping with Cu*?, the lumines-
cence is visibly less intense in the TMMC crystals. There
also appears to be a uv absorption associated with the
Cu?*t ion, possibly a charge transfer transition, which in-
terferes with Mn*2 excitation by light at 337 nm. Time-
resolved experiments show that the Mn?>* luminescence
decays more rapidly as the concentration of Cu?* (exciton
trap) in the doped TMMC crystal increases. Consistent
with a thermally activated process, the emissions from the
doped crystals decay more slowly when the temperature is
lowered. The most striking feature of the time-resolved
emissions is the actual shapes of the decay curves which
are clearly not simple exponentials. As shown in Fig. 1,
the deviations from linearity of In (intensity) versus time
plots are quite dramatic. At the laser power levels used,
no intensity dependence is observed for the emission de-
cay.

Relatively small concentrations of Cd** (Xc4~0.02)
have a profound effect on the migration of excitons in
TMMC crystals. Even with substantial Cu?* concentra-
tions, the luminescence from the double-doped crystals
decays at a rate which approaches that of undoped
TMMC. Exciton trapping at the Cu?* impurities is
greatly reduced in these double-doped samples.

B. Theoretical expressions for emission decay

The temperature dependence of the exciton trapping in
TMMC indicates incoherent motion in which excitons
hop between neighboring lattice sites at random. The
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FIG. 1. Normalized log plot of the emission decay curves
from several TMMC crystals recorded at room temperature.
Curve A4 corresponds to undoped TMMC while curves B, C,
and D correspond to doped crystals containing Cu** mole frac-
tions of 7.0 1072, 2.7 1074, 1.0 103, respectively.

behavior of a random walker moving on a lattice contain-
ing traps has been a problem of mathematical interest for
many years. It was recognized by Montroll and Weiss
that the average number of lattice sites visited after n
hops on a one-dimensional lattice is proportional to
n'/210 Thus, the probability that the walker on the next
hop will enter a site that has not already been visited
steadily decreases with the number of hops. Therefore,
the decay of an exciton population due to trapping at im-
purity centers will not follow a simple exponential. Ap-
proximate and exact decay laws have been derived for a
number of specific cases. Unfortunately, each theoretical
model requires a number of assumptions regarding the
distribution of trap sites and the exciton capture process
which are very difficult to characterize for any real sys-
tem. The decay curves from the doped TMMC crystals
were analyzed in terms of two theoretical models. The
first, proposed by Wieting, Fayer, and Dlott (WFD) was
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derived explicitly to treat a linear chain lattice which con-
tains scattering as well as trapping centers.!! The distri-
bution of impurities in the lattice is taken to be ordered (a
superlattice). It is recognized that hops between chains
may contribute to the decay curve even though the inter-
chain hopping rate may be very small relative to the intra-
chain rate. Under these conditions the decay law is ap-
proximated by the rather simple analytical expression
given below:

I(t)=Iyexp(—k,t —k,t'/?) .

In this equation k, is the rate constant for exciton trap-
ping due to migration along the chain while k, is a cumu-
lative exponential decay constant for processes such as
spontaneous emission and three-dimensional migration.
The second theoretical model is based on an expression
derived by Balagurov and Vaks (BV) to treat a one-
dimensional lattice which contains traps distributed ac-
cording to a poisson distribution.'> The equation for
emission decay given below does not have a simple analyt-
ical form and must be solved by numerical integration.
The quantity within large parentheses represents the

— ' ® ' 2 __L
I(0)=Toexp(—k;t) |(4/7) [ ” exp(—kit /&%) sinhgdg

exciton trapping resulting from the intrachain (one-
dimensional) migration, while the effects resulting in ex-
ponential decay are incorporated into the term outside the
large parentheses.

Each model presents us with strengths and weaknesses.
Since the impurities are likely to be distributed in a ran-
dom or nearly random manner, the basic construction of
the second model is more rigorously correct. The first
model, however, has the advantage of considering the
unavoidable effects of interchain transfer and of explicitly
considering the effects of scattering centers as well as
traps. It should be noted that the deviation between the
two models is greatest at long times, when the number of
intrachain hops greatly exceeds the average trap separa-
tion.'»* Under these conditions the BV expression
asymptotically approaches the analytical form given
below:

Thus, the term in the exponential that reflects one-
dimensional trapping depends on t'/*> while the corre-
sponding term in the WFD model depends on ¢!/2. Log-
log plots of the intensity data with the simple exponential
component factored out were studied to establish the
asymptotic behavior. Unfortunately, the data taken from
the very weak tails of the decay curves (I <0.01],) are
not precise enough to give a conclusive indication of the
long-time behavior.

In our analysis the kinetic parameters and the value of
I, in the two decay expressions were adjusted by comput-
er to give the best least-squares fit to each set of experi-
mental data. Both models give calculated curves which
by visual comparison are in excellent agreement with the
observed decay curves. The standard deviations are typi-
cally less than 0.3% of the I, value. There is some indi-
cation that the expression based on the exact treatment of
BV gives better fits to some of the data sets, but the
differences are quite small. A careful consideration of the
residuals from the least-squares fits indicates a small but
noticeable systematic deviation between the observed and
calculated decay curves with some of the data sets, partic-
ularly those recorded at the high end of the temperature
range. It is not clear if this results from an inadequacy of
the theoretical expressions, a failure of the experimental
apparatus to precisely reproduce the decay curves, or a
pathological feature of some of the doped crystals. The
best-fit kinetic parameters for the room-temperature emis-
sion decay curves of several doped crystals as well as an
undoped sample of TMMC are given in Table I. Even in
undoped TMMC, exciton trapping resulting from intra-
chain migration appears to make a small but observable
contribution to the emission decay. The TMMC used in
this study may contain a small background concentration
of impurity or defect sites which behave as exciton traps.
The effect of relatively small concentrations of a scatter-
ing center (Cd?*) is clearly evident from the parameters
presented in Table I. Samples D and F contain nearly the
same trap (Cu?*) concentration, but the rate parameters
for exciton trapping in one dimension are dramatically
smgller in sample F which has a 0.04 mole fraction of
Cd**.

C. Physical interpretation of the best-fit parameters
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I()=I,— 3| e |- k.t —3 e ) The least-squares refinement of the decay curves from
™ T Cu’*-doped TMMC indicates features consistent with
TABLE I. Best-fit parameters for emission decay curves at room temperature.
Sample Xcu Xca k. (sec™!) k; (sec™'/?) k. (sec™!) ki (sec™!)
A 0 0 1.5x10° 1.5x10 1.6 10° 1.9 10?
B 7.0x 1073 0 5.0x10° 8.7Xx 10 4.5x10° 2.0x10*
C 2.7x10~* 0 8.0x10° 2.0x10? 1.0x 10* 6.9 10*
D 1.0x 1073 0 2.0x10* 6.0 10? 3.2x10* 6.7%10°
E 20x10-3 1.9x 1072 2.0x10° 44x10 22x10° 3.3x10°
F 9.8x10~* 4.6x1072 1.2x10° 1.9 10 1.3x10? 2.6x10?
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one-dimensional exciton migration. The parameters pro-
vide considerable insight into the exciton dynamics in
TMMC. The hopping frequency for migration along the
chain can be calculated from the observed rate constants
using expressions derived by BV if it is assumed that the
Cu?* impurities do not trap excitons over an extended re-
gion of the TMMC lattice but that every direct encounter
between exciton and impurity results in capture. Thus,
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In these expressions X, corresponds to the mole fraction
of Cu?* (trapping sites) to Mn?* and v, represents the in-
trachain hopping frequency. WFD have considered the
effects of scattering impurities such as Cd** as well as
traps in the following way. Each chain is cut into “cages”
whose length is defined by end scatterers. Since the exci-
ton migration through a scattering center is certain to be
much slower than the normal intrachain migration, it is
assumed that an exciton samples all the sites within a cage
long before a hop to another cage takes place. If the con-
centration of scattering centers is significantly greater
than the concentration of traps, most of the cages will not
contain a trapping impurity so that the time-dependent
behavior will be determined largely by the relatively slow
migration between cages. An approximate between-cage
hopping frequency can be calculated from the observed
rate constants by incorporating this central concept of the
WFD paper in the BV-derived theory. The expressions
are modified to reflect the fact that each hop to a new
cage allows an exciton to visit not just a single site but all
of the enclosed lattice sites. For the double-doped TMMC
crystals the average number of lattice sites per cage is
Xad —1, where X is the mole fraction of Cd** (scatter-
ing center). The modified expressions are given below:

8[Xcu(XSd — D], |2

k=

(1 —Xcq)? ’
o XelXad — 1Py,
Y 2(1—Xgy)?

In these equations v represents the intercage hopping fre-
quency along the linear chain. The calculated frequencies
for the TMMC crystals doped with Cu** and double
doped with Cu?* and Cd** are given in Table II. The
values for the intrachain hopping rate which fall between
10! and 10'2 sec™! are quite compatible with the value of
10'2 sec™! given by Yamamoto et al.” The frequency of
hopping between cages is more than 6 orders of magni-
tude smaller than that between adjacent Mn?* ions within
the same chain which indicates that a Cd** impurity
represents an extremely effective barrier to excitons mi-
grating along a [MnCl;™], chain. If an exciton rapidly
visits all the sites within a cage, the probability of occupy-
ing a given site is 1/m, where m is the number of en-
closed sites. The hopping frequency for a single Mn?*
ion caged by two Cd?* ions (vgq) is then equal to the
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TABLE II. Intrachain hopping frequencies.

v, (sec™!)
Sample Xcu Xal—1 from k, from ki
B 7.0x 103 6.1x 10" 8.2x 10"
C 2.7x10* 2.2 10" 1.9x 10"
D 1.0x 103 1.4x 10! 1.4x 10"
E 2.0x10°3 52 7.0 10*2 6.2 10%2
F 9.8 10~* 21 3.3x10°® 1.2x10°2

*These values correspond to v1.

product of the calculated intercage frequency, v}, and the
number of enclosed sites, (X&) —1). From the data in
Table II, vgy is approximately 3 10® sec™!, which indi-
cates that exciton migration across a Cd?* ion (between
next-nearest Mn>* ions) is 5 orders of magnitude slower
than migration between nearest-neighbor Mn?* jons:

D, Ve

~ —_— -t}
Mn Mn Mn Mh Cd Mn Mn ~ 10

e
D,
An additional insight provided by the WFD model
deals with the roll of hops between chains. Such inter-
chain hops contribute to the exponential component of the

exciton decay so that the observed rate constant (k, or
k.) represents the sum of two processes:

k¢=kc+k3 .

The rate constant k. corresponds to the normal radiative
and nonradiative relaxation associated with the *T’; excit-
ed state localized on a Mn?* jon in the TMMC lattice
while k3 represents exciton trapping due to cross-chain
(three-dimensional) migration. The measurements on un-
doped TMMC reported by Yamamoto et al. indicate that
the normal relaxation of the *T state is nearly indepen-
dent of temperature and has a rate constant of approxi-
mately 1.2 10° sec™! (k,=1/7). If this is taken to be a
reasonable estimate for k. in the doped crystals, the value
of k3 can be found by the difference. Theoretical expres-
sions for k; are given below from WFD:

 XalX& — Dy,
Ko
and with no Cd?* present,

k; » Viot=Vi+Vv3

X CuVtot

Ho

ky= y Viot=V1+Vv3.

Vit Tepresents the total hopping frequency while the pq
parameter is dependent on the sample topology as well as
the relative rates of interchain, v;, and intrachain hop-
ping. The intrachain hopping frequency, and the total
hopping frequency, have different meanings in the above
two expressions for k3. With scatterers present they refer
to the cage hopping frequency and without scatterers they
refer to the Mn*2 hopping frequency. In a strongly one-
dimensional system the total hopping frequency is essen-
tially equal to the intrachain frequency:

Vot~ V1 -
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TABLE III. Parameters for interchain hopping.

Sample ks (sec™!) o Viot/ V3 vy (sec™!)
B 3.5%10° 1.4x10* 1.6 10® 4.4x%10°
C 7.5%10° 7.2x10° 4.1x10’ 4.9%10°
D 2.5x 10* 5.6x10° 2.5%107 5.6x10°
E 9.0% 10? 7.6 4.7%10 1.4x10°
F 1.0x 10? 41x10 1.4x10° 1.4 10?

Although the case of a hexagonal lattice is not treated ex-
plicitly, a comparison of a number of different topologies
shows that pu( can be approximated as

172
Viot

[l,0~0.9

V3

The values for kj, g, Viet/v3, and v; for the doped
TMMC crystals are given in Table III. The really striking
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FIG. 2. Plots of Ink, (open squares) and Ink} (asterisks)
versus reciprocal temperature for sample D. The slope of the
least-squares line through the Ink, data corresponds to an ener-
gy of 398 cm~! while the slope of the line through the Ink data
corresponds to an energy of 798 cm ™.

feature of these calculated values is how close the exciton
migration in TMMC apparently comes to being perfectly
one dimensional. The intrachain hopping rate seems to be
more than 8 orders of magnitude greater than the inter-
chain hopping rate. Even in the double-doped crystals,
the hopping frequency between cages on the same chain
appears to be significantly faster than the interchain hop-
ping.

The temperature dependence of the emission decay
curves reflects the thermal activation required for exciton
migration. An estimate of the energy barrier to intrachain
hopping can be obtained from an activation plot of the
rate constants for one-dimensional trapping, k; or k.
Figure 2 shows plots of Ink; and Ink versus reciprocal
temperature for sample D (TMMC doped with Cu®%).
The data show the slope of the line based on Ink to be al-
most exactly half as large as that of the line based on k.
This is expected since the value of k; is proportional to
the square root of the hopping frequency, while the value
of kj is proportional to the hopping frequency. Both sets
of data are quite linear and are consistent with a barrier of
800 cm~! for migration along the [MnCl;~], chains.
The data from the other Cu’*-doped TMMC samples
also give linear activation plots, but there is some varia-
tion in the activation energies that are determined. Sam-
ple B, for example, indicates a barrier of 1000 cm™! for
intrachain migration. Considering the data from all of
the Cu®*-doped samples, it appears that the actual activa-
tion energy is somewhere between 800 to 1000 em~ !,
This is in disagreement with the value of 430 cm™! re-
ported by Yamamoto and co-workers for the barrier in
TMMC.

IV. CONCLUSIONS

Our analysis of the emission decay curves provides a
reasonable and self-consistent description of the exciton
dynamics of TMMC. Although some of the results, the
hopping frequencies in particular, are dependent on as-
sumptions that have no experimental verification, a num-
ber of significant features appear to be unambiguously es-
tablished. The important conclusions are listed below.

(1) The emission decay curves from Cu?*-doped
TMMC crystals deviate from exponentiality in a manner
consistent with exciton trapping in one dimension.

(2) Exciton migration in TMMC is very nearly one di-
mensional. Regardless of the theoretical model it is clear
that the intrachain hopping frequency is greater than the
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interchain frequency by many orders of magnitude.

(3) Scattering impurities such as Cd?>* dramatically
reduce the rate of exciton trapping. This is a reflection of
the one-dimensional character of TMMC.

(4) There is a significant energy barrier, 800 to 1000
cm™!, to exciton hopping between adjacent Mn?* sites in
TMMC.

The failure to establish the asymptotic behavior of the
decay curves and differentiate the two theoretical models
is the only disappointing aspect of this study. The prob-
lem of defining the asymptotic form of the one-
dimensional trapping component is experimentally diffi-
cult because the simple exponential processes (k,) tend to
dominate the observed decay curves at long times. It is

interesting to note that preliminary studies on doped crys-
tals of the analogous bromide salt, TMMB, indicate that
the material is even more one dimensional than TMMC.
It appears that it will be possible to establish the long-time
behavior of the one-dimensional trapping in this TMMB.
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