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Critical phenomena at the spin-Peierls transition in MEM„TCNQ…2

M. D. Lumsden and B. D. Gaulin
Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8S 4M1

~Received 21 September 1998!

We have performed a detailed x-ray scattering study of the critical phenomena associated with the spin-
Peierls phase transition in the organic compound MEM(TCNQ)2 . Analysis of the superlattice reflection
intensity indicates an order parameter with an associated critical exponentb50.3560.06 consistent with
three-dimensional behavior, as seen in the inorganic compound CuGeO3 , and clearly inconsistent with mean
field behavior, as indicated in previous studies. Measurements of lattice constants indicate the presence of
spontaneous strains below the transition temperature. The measured critical scattering is not well described by
an Ornstein-Zernike, Lorentzian line shape. An adequate description is obtained with a Lorentzianx with x
varying or with a Lorentzian1Lorentzian2 line shape. The latter descriptor is reminiscent of previous high-
resolution x-ray scattering studies where a two-component line shape has been observed. Analysis using such
a line shape indicates critical exponentsg andn, obtained from the Lorentzian component, consistent with the
results obtained for the order parameter.@S0163-1829~99!05813-0#
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I. INTRODUCTION

The spin-Peierls~SP! transition1 occurs in antiferromag-
netic Heisenberg spin-1/2 chains in the presence of str
magnetoelastic coupling with three-dimensional~3D! lattice
vibrations. Below the SP transition temperature (Tsp), a lat-
tice dimerization occurs which increases progressively as
temperature is lowered, together with the concomitant
pearance of an energy gap in the spectrum of magnetic
citations. This gap separates a nonmagnetic singlet gro
state from a triplet of excited states. Such a transition
characterized by a rapid, isotropic drop in the magnetic s
ceptibility belowTsp , due to the nonmagnetic nature of th
ground state, the appearance of a gap in the excitation s
trum, and the appearance of new, superlattice Bragg p
resulting from new periodicities introduced by the latti
dimerization.

The organic compound MEM(TCNQ)2 is composed of
planar TCNQ molecules which stack along the crysta
graphic (0,0,l ) direction producing quasi-one-dimension
chains.2 Above 335 K, the chains are uniform and the syst
is metallic, but at this temperature, MEM(TCNQ)2 under-
goes a metal-insulator transition, characterized as an e
tronic Peierls transition,3 and the uniform chains becom
dimerized. Between 335 K and 17.1 K, there is a sin
spin-1/2 magnetic moment present on each dimer and
crystal structure is triclinic with lattice paramete
a57.824(5) Å, b515.426(16) Å, c56.896(5) Å, a
5113.59(8)°, b573.27(7)°, and g5112.71(8)° at 113
K.4 At 17.1 K, MEM(TCNQ)2 undergoes an additiona
phase transition producing a second dimerization of
chains.4 This second transition has been shown to exhibit
of the characteristics of a SP phase transition. The unifo
drop in the magnetic susceptibility2,5 and the appearance o
superlattice Bragg peaks with indices (h,k,l /2)4,6 have been
observed~these Miller indices and those quoted in the
mainder of this paper refer to the room temperature cry
structure, not the structure above the 335 K transition!. The
gap in the excitation spectrum has not been directly obse
PRB 590163-1829/99/59~14!/9372~10!/$15.00
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with inelastic neutron scattering due to the low density
magnetic moment,7 but its presence has been inferred fro
recent muon spin resonance studies.8 Finally, the character-
istic behavior in a magnetic field has been observed,9 where
Tsp decreases with increasing field until a critical field
reached, above which the system enters into a different,
commensurate phase.1

The critical phenomena associated with the SP transi
have not been well characterized. The most comprehen
work has involved measurements of the exponentb associ-
ated with the order parameter in the inorganic SP compo
CuGeO3 where an exponentb50.34560.03 was found con-
sistent with a 3D universality class.10 Measurements of the
exponentsg and n associated with the buildup of fluctua
tions upon nearing the transition temperature have been
difficult to obtain in CuGeO3. The majority of scattering
studies has had great difficulty in observing any critic
scattering10–13 with the only success occurring using sy
chrotron x-ray radiation.14 However, in these synchrotro
studies, the observed critical scattering could not be
scribed using a standard Ornstein-Zernike form, which yie
a Lorentzian line shape in the wave vector, but instea
much sharper line shape, well described by a Lorentz
squared, was observed. As is typically the case with
so-called ‘‘second length scale’’ critical scattering,15 the ex-
tracted critical exponents are larger in magnitude than
pected and are inconsistent with any conventional univer
ity class.

Examination of critical properties in organic SP syste
has been less comprehensive with the only existing res
indicating behavior consistent with mean field theory.3,16

This motivated us to carefully measure both the order par
eter and the critical fluctuations associated with the SP tr
sition in the organic compound MEM(TCNQ)2 . Previous
studies indicated the presence of substantial critical sca
ing but no quantitative line shape analysis had be
performed.4 We expected that the presence of second len
scattering which complicated the critical fluctuation me
surements in CuGeO3 ~Ref. 14! would not occur in
MEM(TCNQ)2 . These sharp fluctuations are generally
9372 ©1999 The American Physical Society
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PRB 59 9373CRITICAL PHENOMENA AT THE SPIN-PEIERLS . . .
tributed to defects in the near-surface region15 and are much
more prevalent in x-ray scattering measurements where
penetration depths result in substantial surface sensitiv
However, the organic nature of MEM(TCNQ)2 yields large
x-ray penetration depths and consequently reduced sur
sensitivity. Thus, we anticipated a single Lorentzian li
shape would be adequate to describe the critical scatterin
is typically seen in bulk neutron scattering measureme
allowing critical exponents consistent with traditional un
versality classes to be extracted.

In addition, we performed measurements of the therm
expansion of MEM(TCNQ)2 in the vicinity of the SP tran-
sition temperature. Similar measurements on CuGeO3 ~Refs.
13, 17, and 18! indicated the presence of spontaneous stra
below the transition temperature which scaled with
square of the order parameter.

II. EXPERIMENTAL DETAILS

A single crystal of MEM(TCNQ)2 with approximate di-
mensions 43130.5 mm3 was mounted in a Be can in th
presence of a He exchange gas. This sample was part o
larger crystal used in Ref. 4. This can was mounted on
cold finger of a closed-cycle He refrigerator and the tempe
ture was kept stable to60.01 K for all reported measure
ments. The measurements were performed in a Huber f
circle diffractometer, allowing access to a large portion
reciprocal space, and the incident radiation was Cu Ka ra-
diation from a Rigaku 18 kW rotating anode x-ray generat
This radiation was further monochromatized by a flat P
~0,0,2! monochromator crystal.

The order parameter was measured at several wave
tors to ensure reproducible results. The critical scattering
measured at both the (1,6,21/2) and~0,11,3/2! superlattice
peaks as a check for consistency, these peaks being ch
due to their relative intensity when compared with appro
mately 120 other superlattice peaks. For the measuremen
the thermal expansion, the~0,12,0! and ~0,0,4! Bragg peaks
were examined and the resolution was improved significa
by tightening the collimation which is controlled by a seri
of four slits, two before and two after the sample position

III. ORDER PARAMETER

A. Experiment

The temperature dependence of the peak intensity of
(1,6,21/2), ~0,11,3/2!, ~1,5,3/2!, and ~0,0,5/2! superlattice
reflections was measured for temperatures ranging from 1
to 20 K and the resulting peak intensity as a function
temperature for the~0,11,3/2! reflection is shown in the up
per panel of Fig. 1. In addition, the temperature depende
of the intensity integrated over a transverse scan was m
sured from 15 K to 18 K for the (1,6,21/2) reflection. The
results for all four peaks are consistent with one anoth
leading to the conclusion that extinction effects are smal
the peak intensities of the various reflections differed gre
@for instance, the~0,0,5/2! reflection produced a rather low
peak intensity of about 150 counts/sec while the~0,11,3/2!
reflection was much more intense yielding a count rate
about 4200 counts/sec#.
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B. Analysis

Determination of the transition temperature was achie
by careful examination of the peak intensity as a function
temperature and its first and second derivatives as show
the lower panel of Fig. 1. In the absence of any critical sc
tering, one expects the first derivative to jump abruptly
zero at the transition temperature. However, critical scat
ing from fluctuations provides an additional contribution
the peak intensity which reaches its maximum value inQ at
the ordering wave vector and in temperature at the transi
temperature. Consequently, this critical scattering gener
substantial curvature in the peak intensity nearTsp , causing
the first derivative to change in a much more gradual fash
The range of temperatures over which this critical scatter
is substantial relative to the Bragg component must be eli
nated from the analysis to obtain accurate estimates of
critical exponentb. The observed first derivative can be se
to decrease steadily until about 16.3 K where it appears
level out. We take this to indicate the presence of substan
critical scattering and, consequently, the analysis was
formed up to a maximum temperature of about 16.1 K, c
sen as a conservative estimate, in order to consider data
taining solely the Bragg component. This upper temperat
is represented by the dotted, vertical line in the lower pa
of Fig. 1.

The second derivative of the peak intensity as a funct
of temperature is also shown in the lower panel of Fig. 1

FIG. 1. The upper panel shows the peak intensity as a func
of temperature for the~0,11,3/2! superlattice reflection. The solid
line represents the best fit to a simple power law, Eq.~1!, with a
value of the exponentb of about 0.35 and the inset shows th
difference between this line and the measured intensity. Suc
difference indicates the contribution due to fluctuations. The low
panel shows the first and second derivatives of the peak intensi
a function of temperature. The dotted line indicates the tempera
above which fluctuations become substantial. The solid line
nearby dashed lines represent the best fit and extreme estima
the transition temperature, respectively.
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9374 PRB 59M. D. LUMSDEN AND B. D. GAULIN
can be seen to be strongly peaked at a temperature of a
17.1 K and this point, representing the point of maximu
curvature, is taken to be indicative of the transition tempe
ture. This maximum point could only be determined acc
rately to approximately60.2 K and thus we determine th
transition temperature to be 17.160.2 K. This best estimate
and the maximum and minimum values are represented
the solid line and two dashed lines, respectively, in the low
panel of Fig. 1.

To avoid difficulties resulting from changes in peak po
tion, measurements of the intensity integrated over a tra
verse scan were performed on the~1,6,21/2! superlattice re-
flection from 15 K up to about 18 K and these data will
used in the quantitative analysis which follows. In order
extract the proper critical behavior of the order parame
these data were fit to a power law in the reduced tempera
t512T/Tsp ,

intensity5I 0t2b1background. ~1!

This power law behavior is expected to be valid in t
asymptotic critical region, nearTsp , where the length scale
associated with the fluctuations in the order parameter do
nates over any other relevant length scales in the system
the temperature is lowered below this region, this power
behavior must be modified by successive correction
scaling terms,19 the first of which is included in Eq.~2!,

intensity5I 0t2b~11AtD!1background, ~2!

where the exponentD has an approximate value of 0.5 fo
3D behavior.

To investigate the extent of the asymptotic region,
dependence of the extracted value ofb on the lowest tem-
perature included in the fits was examined carefully and
shown in Fig. 2 for fits to the ordinary power law, Eq.~1!,
from 15 K up to the predetermined maximum temperature
16.1 K. The plot presents results with the transition tempe
ture fixed at the nominal value of 17.1 K and the maximu
and minimum temperatures of 17.3 K and 16.9 K, resp
tively. Fits were also performed using the ordinary pow
law with a varying transition temperature. In all cases,
best fit value ofTsp fell within the previously determined
range of values, namely, between 16.9 K and 17.3 K, v
dating the previously selected transition temperature. The
sults obtained with a fixedTsp of 17.1 K indicate no system
atic behavior with respect to the lowest temperature inclu
in the fits, producing a value ofb of about 0.35. The uppe
and lower bounds toTsp generate values of the exponentb
approximately60.06 around this nominal value. This erro
determined by the error in the transition temperature, is
far the largest source of uncertainty in determination of
critical exponent and thus we arrive at an exponentb
50.3560.06. This value ofb is consistent with conven
tional 3D behavior, as was observed in CuGeO3,10 and is
clearly inconsistent with mean field behavior, as reported
previous studies.3 For reference, the values of the expone
b for 3D Ising, XY, and Heisenberg universality20 are indi-
cated in Fig. 2.

The robust behavior of the fits using the ordinary pow
law with respect to the range of data included suggests
the asymptotic region extends to at least 15 K. To check
out

-
-

by
r

-
s-

r,
re,

i-
As
w
-

e

is

f
-

-
r
e

i-
e-

d

y
e

n
t

r
at
at

this is indeed the case, the same examination ofb as a func-
tion of lowest temperature was performed using the pow
law with first correction to scaling included, Eq.~2!. The
resulting extracted values ofb agreed precisely with thos
resulting from the ordinary power law, Eq.~1!, confirming
that correction terms are unnecessary for temperatures as
as 15 K.

The solid line shown in the upper panel of Fig. 1 repr
sents the best fit to Eq.~1! with a corresponding exponentb
of 0.35. The difference between the data and this solid lin
shown, for temperatures near the transition temperature
the inset to the upper panel of Fig. 1. This difference, rep
senting the contribution to the peak intensity resulting fro
the critical fluctuations, can be seen to peak sharply at
transition temperature. One expects the same critical be
ior above and below the transition temperature, but the a
plitude of the power law describing the fluctuations shou
be smaller belowTsp due to the universal nature of the am
plitude ratio. Consequently, the critical scattering should
away faster below the transition temperature, a point wh
is qualitatively clear from the difference data presented in
inset.

C. Comparison to CuGeO3

As mentioned previously, the asymptotic region
MEM(TCNQ)2 extends to at least 15 K corresponding to
value ofT/Tsp of about 0.88. This is in contrast to the resu
obtained on CuGeO3 where the first correction to scalin
term was needed for temperatures within 0.4 K of the tr
sition temperature, indicating an asymptotic region wh
extends no further thanT/Tsp50.96.

FIG. 2. The extracted value of the exponentb obtained from the
ordinary power law, Eq.~1!, as a function of the lowest temperatu
included in the fits withTsp fixed at values of 17.1 K, 17.3 K, and
16.9 K representing the best estimate, maximum, and minim
values, respectively. The robust nature of the fits with respect to
lowest temperature is indicative of an asymptotic region which
tends at least until 15 K. For reference, the theoretical predicti
for 3D Ising,XY, and Heisenberg universality are indicated on t
plot.
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To allow for a more systematic comparison betwe
MEM(TCNQ)2 and CuGeO3, Fig. 3 shows the peak inten
sity for both plotted as a function ofT/Tsp normalized to
unity at T/Tsp50.9 ~this value is chosen as it includes th
range in both compounds where the order parameter
been quantitatively examined in detail!. We can see agree
ment between the two from 0.9 to about 0.96, sugges
similar critical behavior as quantitatively shown by the sim
lar values for the exponentb. Above T/Tsp of about 0.96,
the critical scattering present in MEM(TCNQ)2 and much
less evident in CuGeO3 causes the peak intensities to de
ate. BelowT/Tsp of about 0.9, the peak intensity of CuGeO3
seems to saturate much more rapidly with decreasing t
perature than does the MEM(TCNQ)2 intensity, indicating
very different noncritical behavior between the two co
pounds. This implies that the MEM(TCNQ)2 lattice is able
to deform with greater ease than that of CuGeO3, a fact that
may be related to a soft phonon mode present
MEM(TCNQ)2 ~Ref. 21! which appears to be absent
CuGeO3. Such deviations may also be related to differen
in the nature of the dimerization wave vector which produ
a single dimerization along thec* axis for MEM(TCNQ)2
and a doubly dimerized state, with dimerizations alonga*
andc* , for CuGeO3.

IV. LATTICE CONSTANTS

Measurements of the temperature dependence of the
tice constants in the inorganic SP compound CuGeO3 indi-
cated the presence of spontaneous strains below the tr

FIG. 3. The peak intensity as a function of temperature norm
ized to the transition temperature for the inorganic SP compo
CuGeO3 and the organic system MEM(TCNQ)2 . The intensity is
normalized to unity at aT/Tsp of about 0.9. There is good agree
ment between the two close to the transition as indicated by
similar values of the exponentb. The low-temperature noncritica
behavior is rather different, suggesting greater ease of deforma
for MEM(TCNQ)2 .
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tion temperature whose magnitude scaled with the squar
the order parameter.10,13,17,18We performed similar measure
ments on the ~0,0,4! and ~0,12,0! reflections of
MEM(TCNQ)2 in search of analogous effects in an organ
SP system.

The ~0,12,0! reflection was measured using a conve
tional approach wherein, following a change in temperatu
all the angles were rocked and centered and a detailed
gitudinal scan performed. The peak position was then
tracted from line shape analysis on this longitudinal sc
Such a conventional approach could not produce suffic
sensitivity for the~0,0,4! reflection largely due to inferior
resolution at this reflection@the scattering angle for~0,12,0!
was 2u586.98° while that for~0,0,4! was 2u559.70°#. To
obtain reasonable results for this peak, an alternative
proach, described in detail in Ref. 10, was employed. T
new approach involves measuring changes in intensity
some point on the sharply varying portion of the line sha
and from this, coupled with a detailed knowledge of the li
shape itself, the peak position and thus lattice constant
function of temperature can be extracted. This method
sumes a robust line shape over the temperature range o
terest, an assumption which is reasonable over a small ra
of temperatures. The enhancement in sensitivity is acc
plished through an improvement in statistics as the time
measuring a single temperature now only includes measu
the intensity at a single point. This results in a measurem
which is less intensity limited compared to the conventio
approach and allows for improvement in the collimation an
thus, resolution.

The resultant lattice constants as a function of tempera
are shown in Fig. 4. The data are plotted asDd/d normalized
to zero at a temperature of 25 K. The lower panel shows
results for the~0,12,0! reflection which indicates a clea
change in thermal expansion atTsp , indicated by the dashed
line, demonstrating the presence of a spontaneous strai
was observed in CuGeO3. The upper panel shows the resu
for the ~0,0,4! reflection and, while not as evident, appears
similarly show the existence of such a spontaneous strai

To further emphasize this point, the derivative of the d
is shown in the inset for both reflections. Here, one c
clearly see an abrupt change in slope at the transition t
perature in both reflections, implying the presence of sp
taneous strains in both directions. The presence of s
strains in MEM(TCNQ)2 , coupled with previous observa
tions of similar results in CuGeO3 and in the recently pro-
posed SP systema8-NaV2O5,22 suggests that these spont
neous strains are indeed an inherent characteristic of a
system.

We attempted to extract the spontaneous strains from
measurements ofDd/d to examine whether scaling with th
square of the order parameter occurs, as was the case
CuGeO3. However, without some independent measure
the background to be subtracted, representing the the
expansion in the absence of the SP transition, it is very
ficult to properly extract this information. Such an indepe
dent background determination was performed in CuGe3
~Ref. 10! by repeating the measurements on a dilute sam
with sufficient dopant concentrations to suppress the SP t
sition below the temperature range of interest. Lo
solubility limits for dopants in MEM(TCNQ)2 make a simi-
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9376 PRB 59M. D. LUMSDEN AND B. D. GAULIN
lar study impossible, but perhaps, in the future, the
measurements could be repeated in a magnetic field w
the transition temperature can be sufficiently suppresse
allow for an independent background determination.

V. CRITICAL SCATTERING

The critical fluctuations accompanying the SP transit
were carefully measured at two superlattice wave vect
(1,6,21/2) and ~0,11,3/2!, by performing detailed scan
along the principal reciprocal lattice directions at a num
of temperatures between 16 K and 20 K. In order to perfo
quantitative line shape analysis, the anticipated cross sec
ds/dV(Q2Q8) must be convoluted with the instrument
resolution functionR(Q8),

I ~Q!5E R~Q8!
ds

dV
~Q2Q8!dQ8. ~3!

Determination of the instrumental resolution function w
performed by careful measurements at low temperatu
(;9 K) where the scattering is assumed to be free of
critical scattering, and only a resolution limited Bragg pe
remains. It became evident that finding an analytical desc
tion to adequately describe this resolution function would
a formidable task due to the existence of two large crys
lites of roughly equal size constituting the mosaic sin
crystal. Figure 5 shows a mesh scan in theh-k reciprocal

FIG. 4. The relative change ind spacing for the~0,0,4! and
~0,12,0! Bragg peaks as a function of temperature. There are c
deviations in the data at the transition temperature, suggesting
presence of spontaneous strains belowTsp . To further emphasize
this point, the inset in both the upper and lower panels shows
temperature derivative ofDd/d. This shows a clear change in slop
at the transition temperature, emphasizing the presence of sp
neous strains. The value of the transition temperature,Tsp

517.1 K, is indicated by the dashed line.
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space plane at a value ofl just off the optimized peak posi
tion. This contour plot clearly shows the presence of t
distinct crystallites.

Approximately 30 mesh scans, similar to the one sho
in Fig. 5, were measured to fully characterize the resolut
function at all points inh, k, l space in the vicinity of the
superlattice reflection. The two measured reflections w
chosen due to their relative strength when compared to o
reflections and to allow repetition of the measurements
two quite different scattering geometries. The relatively lar
intensity of these superlattice peaks allowed such a deta
mapping of the low temperature behavior to be carried ou
a reasonable amount of time.

This measured resolution function was then convolu
with the assumed cross section numerically to generate
intensity at the relevanth, k, andl coordinates for the critica
scattering measurements. To yield consistent results, the
were simultaneously fit to the set of three scans along
three principal reciprocal space directions at each temp
ture.

A. Possible line shapes

The fluctuation-dissipation theorem relates the spin-p
correlation function, and thus the scattering cross section
the static susceptibility.23 The Ornstein-Zernike form for the
Q-dependent susceptibility is a Lorentzian inQ,

ds

dV
;Tx~Q,T!;

Tx~T!

11Q2/k2 . ~4!

Q2 represents the square of the distance in reciprocal sp
relative to the superlattice peak position and the widthk was
allowed to vary independently alongh, k, and l. The full
form for Q2/k2 for a triclinic single crystal, as was employe
in the analysis, is given in the Appendix.

ar
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ta-

FIG. 5. Low-temperature (;9 K) mesh scan through the
(1,6,21/2) superlattice reflection in theh-k reciprocal lattice plane
at a value ofl slightly off the optimized peak position. This clearl
shows the presence of two crystallites in the mosaic single cry
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Fits were performed using the convoluted Lorentzian l
shape and the resulting best fit at a temperature of 17.7
well above the transition temperature of 17.1 K, is rep
sented by the solid line shown in the left panel of Fig. 6. T
figure shows the data taken along thel reciprocal space di-
rection as this direction exhibited the sharpest resolution a
hence, allows for easier comparison of the fit quality~similar
scans were obtained along theh andk directions!. The fit to
the single Lorentzian is clearly not a satisfactory descript
of the data as the solid line sits inside the data near the p
and overestimates the data away from the peak position.
obtained value of the goodness-of-fit parameterx2 at 17.7 K
was 9.13 for the combined fit over the three sets of d
incorporating scans alongh, k, and l.

As the single Lorentzian cross section did not adequa
describe the observed data, an alternative form was requ
Many recent measurements of critical fluctuations us
x-ray scattering have been shown to exhibit two len
scales.15 The first, describing the fluctuations in the bulk
the crystal, are well described by an Ornstein-Zerni
Lorentzian cross section with extracted critical expone
consistent with conventional universality classes. The s
ond, larger length scale, typically well described by
Lorentzian-squared line shape, has been attributed to de
in the near-surface region and most commonly gener
critical exponents larger than those obtained from the b
fluctuations. Such observations were first made for the cu
to tetragonal structural phase transition in some of
perovskites24–31 and later observations were made in ma
netic x-ray scattering experiments on Ho-,32,33 Tb-,34,35 and
some U-based compounds.36–38

The data obtained for MEM(TCNQ)2 did not clearly ex-
hibit two distinct line shapes and, consequently, fits w
first attempted to a convoluted Lorentzian-squared line sh
alone,

FIG. 6. The data obtained from scans alongl for a temperature
of about 17.7 K chosen to be clearly above the transition temp
ture. The solid line in the left panel indicates the best fit to a c
voluted Lorentzian cross section while the dashed line repres
the best fit using a Lorentzian2 cross section. Neither are goo
descriptors of the data. The lines in the right panel are taken f
best fits to a convoluted Lorentzianx wherex is a varying paramete
~solid line! and a Lorentzian1Lorentzian2 ~dashed line!. Both
forms provide good descriptions of the data. For reference, the m
sured resolution is indicated by the horizontal bar.
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ds

dV
;

Tx~T!

~11Q2/k2!2 . ~5!

Such a line shape has been observed in several h
resolution synchrotron measurements including the inorga
SP system CuGeO3.14

The best fit using the above cross section at a tempera
of 17.7 K is indicated by the dashed line in the left panel
Fig. 6. One can see that this curve also does not yield
adequate description of the data, severely underestima
the data away from the peak position. The goodness-o
parameter for the fits at 17.7 K was 8.93, indicating a fit
equally poor quality as that provided by the single Loren
ian cross section.

As the line shape generated using Lorentzian a
Lorentzian-squared cross sections produced poor des
tions of the data and there are not two distinct line sha
present in the raw data, fits were also performed usin
cross section given by a Lorentzian with a varying powe

ds

dV
;

Tx~T!

~11Q2/k2!x , ~6!

wherex is a varying parameter of the fits. The Lorentzia
cross section overestimated the scattering away from
peak position and the Lorentzian squared underestimated
same scattering; thus one would expect to obtain a best
mate of the powerx lying somewhere between 1 and 2.

The best fit to such a form at a temperature of 17.7 K
represented, for the scan along thel direction, by the solid
line in the right panel of Fig. 6. At this particular temper
ture, the best fit value of the powerx was found to be 1.31
confirming the expectation of a value lying between 1 and
This solid line can be seen to be a much improved desc
tion of the data yielding a goodness-of-fit parameter of 1
at 17.7 K, a substantial improvement over the previous v
ues for the Lorentzian or Lorentzian-squared cross sectio

To examine the progression of the obtained powerx as the
temperature is raised above the transition temperature,
extracted value ofx, as a function of temperature, is show
in Fig. 7 for both the (1,6,21/2) and~0,11,3/2! reflections.
For both reflections, the value ofx can be seen to decreas
steadily from about 1.35 near the transition to a value
about 1, consistent with a single Lorentzian, at higher te
peratures near 19 K. This indicates behavior closer t
Lorentzian squared near the transition with the data
equately described by a single Lorentzian well aboveTsp .
This observation is consistent with that observed in ot
systems which exhibit two-length-scale scattering. In su
systems, the amplitude of the Lorentzian-squared compo
diminishes more rapidly with increasing temperature wh
compared to the corresponding Lorentzian amplitude a
eventually, the sharper fluctuations become negligible
comparison to the bulk fluctuations.

Consequently, fits were performed using
Lorentzian1Lorentzian2 cross section,

ds

dV
;

Tx1~T!

11Q2/k1
2 1

Tx2~T!

~11Q2/k2
2!2 , ~7!

where the subscript 1 refers to the Lorentzian component
the subscript 2 refers to the Lorentzian squared. The b
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description of the data using the above form is indicated
the dashed line in the right panel of Fig. 6. As was the c
for the Lorentzian with a varying power, this form also d
scribes the data very well with a resultant goodness-o
parameter of 1.86 at a temperature of 17.7 K. The cr
sections represented by Eqs.~6! and~7! both generate excel
lent descriptions of the data and it is very difficult to disti
guish between the two.

The discussion to this point centered on the data a
single temperature of 17.7 K chosen to be clearly above
transition temperature. To examine the behavior at differ
temperatures, Table I shows the goodness-of-fit parametex2

for the four cross sections discussed previously at sev
temperatures between 17.4 K and 20 K. The inferior nat
of the fits using the Lorentzian or Lorentzian-squared cr
sections in the vicinity ofTsp is clearly indicated by the large
magnitude ofx2. In fact, the Lorentzian2 line shape does no
appear to adequately describe the data at any temper
while the Lorentzian can be seen to produce good fit qua

FIG. 7. The extracted powerx from fits to a Lorentzianx convo-
luted with the instrumental resolution as a function of temperat
for both the (1,6,21/2) and~0,11,3/2! superlattice reflections. The
power ofx has a best fit value of about 1.35 nearTsp ~17.1 K! and
falls off steadily with increasing temperature to a value of ab
unity, consistent with a single Lorentzian cross section.

TABLE I. The goodness-of-fit parameterx25xh
21xk

21x l
2

where xx
2 is taken from the scan along thex direction

~where x5h, k, or l ) and xx
25(ni2nparam)21( i$@ I obs( i )

2I calc( i )#/D„I obs( i )…%
2 at several temperatures above the tra

sition temperature. Results are shown for fits using a Lorentz
Lorentzian2, Lorentzianx, Lorentzian1Lorentzian2, and
Lorentzian1.35 cross section convoluted with the instrumental re
lution function. The values shown are for the (1,6,21/2) superlat-
tice reflection.

T ~K! x2 Lor. x2 Lor.2 x2 Lor.x x2 Lor.1Lor.2 x2 Lor.1.35

17.4 29.44 15.86 2.45 3.12 2.58
17.5 23.84 14.87 2.14 2.18 2.14
17.7 9.13 8.93 1.67 1.86 1.69
18 3.87 5.99 1.87 1.77 2.12
19 1.55 3.37 1.45 2.08 1.77
20 1.50 2.53 1.50 1.66 1.71
y
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only for data sufficiently above the transition temperatu
The Lorentzian with a varying power and th
Lorentzian1Lorentzian2 both generate good descriptions
the data at all temperatures and, in addition, although
previously mentioned, one can also obtain reasonable qu
by fixing the varying powerx to a value of about 1.35. This
value corresponds to that obtained for temperatures clos
the transition temperature and the resulting goodness-o
parameters using such a cross section are shown in the
column of Table I. Thus, we have shown that the Lorentz
cross section expected for Ornstein-Zernike fluctuations d
not adequately describe the data nearTsp and have provided
three alternative forms which produce good descriptions
the data.

B. Critical exponents

Of the possible cross sections which produce reason
descriptions of the data, the only one expected to yield me
ingful exponents is the Lorentzian1Lorentzian2, Eq. ~7!.
This expectation is derived from previous x-ray and neut
measurements of critical scattering where two length sc
were observed.15 The resulting susceptibilityx1 and the cor-
relation lengthj1;1/k1 versus reduced temperature, wi
Tsp517.1 K, is shown in Fig. 8 on a logarithmic plot. In
tially, the widthk1 was allowed to vary independently alon
h, k, and l, but the widths were found to be related to ea
other by a simple multiplicative constant and, hence, the v
ues alongk and l were fixed to be some ratio of the widt
alongh to lower the number of varying fit parameters. Th

e

t

FIG. 8. The resulting susceptibilityx and the correlation length
j51/k from the fits to the Lorentzian1Lorentzian2 cross sections
convoluted with the instrumental resolution as a function of redu
temperature on a logarithmic plot for both measured superlat
reflections. The solid lines represent best fits to a power law and
resulting critical exponents are indicated on the plot where the s
scriptd refers to the Lorentzian2 component while the subscripts

refers to the Lorentzian.
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widths for the Lorentzian and Lorentzian2 components were
allowed to vary independently. Scaling theory of continuo
phase transitions indicates that bothx1 and j1 should obey
power law behavior in the immediate vicinity ofTsp ,

x1;t2g1, j1;t2n1, ~8!

where the critical exponentsg1 andn1 are universal quanti-
ties which help to define the universality class for a giv
phase transition.

The solid lines shown in Fig. 8 represent the best pow
law description of the data and yield exponents for
Lorentzian component of the line shape ofg151.160.4 and
g151.460.5 for the ~0,11,3/2! and (1,6,21/2) reflections
with corresponding values ofn1 of 0.5560.20 and 0.7
60.3. Such values are indeed consistent with conventio
3D behavior as suggested from the detailed order param
analysis presented previously@the theoretical values ofg for
3D Ising, XY, and Heisenberg behavior are 1.24, 1.32, a
1.39, respectively, with corresponding values ofn of 0.63,
0.67, and 0.71~Ref. 20!#. The relatively large error bars o
these critical exponent determinations do not allow disti
tion between 3D behavior and mean field behavior@where
g51 andn50.5 ~Ref. 39!# as was possible with the expo
nentb extracted from the order parameter. However, all p
vious measurements of two-length-scale scattering have
curred in systems exhibiting non-mean-field critic
behavior.15 This may suggest that the potential observat
of such scattering in MEM(TCNQ)2 is, in itself, indicative
of critical behavior inconsistent with mean field theory,
confirmed by theb exponent determination.

Although the extracted exponents are largely meaning
in terms of the assignment of a universality class, fits to
power law represented by Eq.~8! were also performed fo
the Lorentzian2 component. The exponents obtained can
seen to be consistent between the two superlattice reflec
yielding values ofg2 of 3.560.6 and 3.360.7 and values of
n2 of 0.7560.25 and 0.8560.35 for the ~0,11,3/2! and
(1,6,21/2) reflections, respectively. As had been sugges
from previous second-length-scale observations,15 these ex-
ponents are larger than those obtained for the bulk ex
nents, particularly for the exponentg describing the suscep
tibility. One can also see from the data presented in Fig
that the Lorentzian2 component only seems to exhibit pow
law behavior for reduced temperatures in excess of ab
0.02, deviating substantially from the solid line below th
value. The nature of such a deviation is unclear and may
indicative of either problems with the
Lorentzian1Lorentzian2 description of the data for tempera
tures very close toTsp or a crossover to a regime where th
two components exhibit similar exponents.

C. Discussion

The observed scattering appears to produce results co
tent with the observation of two length scales in previo
x-ray scattering measurements but there are a numbe
striking differences which should be mentioned. The m
significant difference is the relative magnitude of the cor
lation lengths for the Lorentzian and Lorentzian2 compo-
s
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nents. The best fit widthk for the Lorentzian component o
the line shape is the same size or smaller than the co
sponding width for the Lorentzian2 component as can b
seen from the extracted widths in the lower panel of Fig
and also from Fig. 9 where the Lorentzian1Lorentzian2

components of the best fit at 17.7 K are shown. This in
cates a length scale for the Lorentzian component which i
roughly the same size or perhaps even larger than the a
ciated length scale for the Lorentzian2 portion. This is in
contrast to the majority of two-length-scale observations
tained previously where the Lorentzian2 is noticeably sharper
in Q indicating a larger associated length scale.15

The second difference between these observations
typical two-length-scale measurements is in the falloff of t
Lorentzian2 component. Most measurements show the pr
ence of a sharp Lorentzian2 line shape which usually disap
pears with increasing temperature by a reduced tempera
of about 0.04.15 From Fig. 8, one can clearly see that th
Lorentzian2 remains until a reduced temperature of about
above which the observed scattering is well described b
single Lorentzian.

The appearance of two-length-scale scattering is typic
observed in the presence of substantial surface sensitivity
is the case for most x-ray scattering measurements resu
from relatively small penetration depths. This fact is partia
responsible for the characterization of the second len
scale as a near-surface effect. However, the organic natu
MEM(TCNQ)2 should produce large penetration depths
the 8-keV x rays employed in this study and, consequen
surface sensitivity is weak. As a result, this measurem
more closely resembles typical neutron scattering exp
ments where large penetration depths cause the bulk of
crystal to be sampled and, in such measurements, only
length scale is typically observed. The potential observat
of such scattering in MEM(TCNQ)2 is unexpected. It is pos
sible that it may have resulted from a sampled scatter

FIG. 9. The data obtained for a scan alongl at a temperature of
17.7 K. The solid line shows the best fit to
Lorentzian1Lorentzian2 cross section convoluted with the instru
mental resolution. The dashed line shows the Lorentzian2 compo-
nent of this best fit and the dash-dotted line shows the Lorent
component. For reference, the resolution is indicated by the h
zontal bar.
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volume which overlapped with a large section of the ne
surface region, yielding substantial surface sensitivity des
the large penetration depths. Such a possibility is more lik
with x rays than with neutrons as distance collimation e
ployed in x-ray measurements results in a very narrow be
and a resulting small scattering volume, whereas with n
trons, collimation is typically provided by Soller slits pro
ducing a beam with a size on the order of a few centimet
The observation of such scattering at two distinct wave v
tors seems inconsistent with such a possibility as the sca
ing geometries differ greatly between the two. However,
ratio of amplitudes for the Lorentzian to Lorentzian2 compo-
nents differs between the two reflections by a factor of
This indicates a much weaker Lorentzian2 component at the
~0,11,3/2! reflection, a difference which could be attribute
to differences in scattering geometry.

A similar scenario has been observed previously w
high-energy synchrotron x-ray experiments performed on
perovskite SrTiO3 .27 In these experiments, high-energ
(;100 keV) x rays were used in an attempt to increase
penetration depths. As a result, only a single-component
shape, well described by a Lorentzian, was observed wi
temperature dependence consistent with neutron mea
ments. However, when the experiment was configured
sample a near-surface volume element, the second le
scale was observed.

Another possible explanation of the existence of a tw
component line shape is that such a cross section is intri
to the system and not a consequence of defects in the
surface region. The observation of such scattering
MEM(TCNQ)2 with no obvious surface sensitivity woul
seem to be consistent with such a possibility. This possib
was discussed by Cowley,15 and if such an explanation i
correct, it indicates shortcomings in the scaling theory
continuous phase transitions when applied to such a sys
using such a probe.

Although we cannot distinguish between the three p
sible line shapes, the observed scattering bears a stri
resemblance to previous neutron measurements on a d
2D random Ising antiferromagnet in a magnetic field.40 In
these measurements, scattering was observed which wa
well described by a single Lorentzian line shape and
suggested line shapes were identical to those reported in
paper, namely, a Lorentzian with a varying power and
Lorentzian1Lorentzian2. Indeed it was such similaritie
which led to the possible description of the two-length-sc
scattering in terms of random defects distributed in the qu
two-dimensional near-surface region.

VI. SUMMARY

Measurements of the temperature dependence of the
tensity of the superlattice Bragg peaks indicate a transi
temperature of 17.160.2 K and an order parameter chara
terized by a critical exponentb of 0.3560.06. This exponen
is consistent with conventional 3D universality as observ
previously in the inorganic SP compound CuGeO3 and is
clearly inconsistent with previous measurements where
havior consistent with mean field theory was report
Analysis of the critical behavior of the order parameter in
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cated that the correction-to-scaling term is not needed
temperatures as low as 2 K below the transition temperature
This indicates a much gentler variation of the order para
eter as compared with CuGeO3 where the correction term
was needed for temperatures within about 0.5 K of the tr
sition temperature.

Lattice constant measurements on the~0,0,4! and~0,12,0!
Bragg reflections indicate the presence of spontane
strains below the transition temperature as observed in
vious work on CuGeO3. The observation of such spontan
ous strains in an organic SP system suggests that their p
ence is an intrinsic characteristic of the SP phase transit

Measurements of fluctuations indicate the presence
substantial critical scattering, as had been observed pr
ously. This scattering, however, cannot be adequately
scribed by a single Lorentzian line shape as expected f
the scaling theory of continuous phase transitions. The d
can be adequately described by a Lorentzian with a vary
power or a Lorentzian1Lorentzian2. Similar line shapes
have previously been observed in x-ray scattering meas
ments of critical fluctuations where two length scales
observed, one corresponding to the bulk fluctuations w
described by a Lorentzian while the second, larger len
scale is typically well described by a Lorentzian2. Analysis
using this form for the cross section allows bulk exponentg
and n to be extracted from the Lorentzian component a
such an effort yields exponents consistent with 3D behav
as seen with the order parameter, but not inconsistent w
mean field theory. Exponents extracted from the Lorentzi2

portion of the line shape are larger than those for the Lore
zian component, particularly forg, in a manner similar to
previous two-length-scale studies.
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APPENDIX: FULL FORM OF Q2 FOR A TRICLINIC
CRYSTAL

The square of the distance in reciprocal spaceQ2 for a
triclinic single crystal with lattice parametersa, b, c, a,b,g
in terms of the Miller indicesh, k, l, can be shown to be

Q254p2~112 cosa cosb cosg

2cos2a2cos2b2cos2g!21

3Fsin2a
h2

a2 1 sin2b
k2

b2 1 sin2g
l 2

c2

12~cosa cosb2cosg!
hk

ab
12~cosb cosg

2cosa!
kl

bc
12~cosg cosa2cosb!

hl

acG . ~A1!
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The distance in reciprocal space away from some posit
h8,k8,l 8, divided by a widthk with allowance for differing
widths alongh, k, l will then be given by

Q2

k2 54p2~112 cosa cosb cosg2cos2a2cos2b

2cos2g!213Fsin2a

a2

~h2h8!2

kh
2 1

sin2b

b2

~k2k8!2

kk
2

1
sin2g

c2

~ l 2 l 8!2

k l
2

r,

s

gr

K

B

hy

.

e

H.
s.

d

. B

, P

da
a

E
I.

M

R

dl

se
s.
n,
12

~cosa cosb2cosg!

ab

~h2h8!~k2k8!

khkk

12
~cosb cosg2cosa!

bc

~k2k8!~ l 2 l 8!

kkk l

12
~cosg cosa2cosb!

ac

~h2h8!~ l 2 l 8!

khk l
G . ~A2!

The above equation is the full expression which is sub
tuted forQ2/k2 in Eqs.~4!, ~5!, ~6!, and~7!.
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