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Critical phenomena at the spin-Peierls transition in MEM(TCNQ),
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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@)nalysis of the superlattice reflection
intensity indicates an order parameter with an associated critical exp@+eft35+0.06 consistent with
three-dimensional behavior, as seen in the inorganic compound Gu@e@ 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 Lofewitiar
varying or with a Lorentzia Lorentziaf 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 exponemtandv, obtained from the Lorentzian component, consistent with the
results obtained for the order paramef&0163-18209)05813-(

I. INTRODUCTION with inelastic neutron scattering due to the low density of

. . itiorh . . magnetic moment,but its presence has been inferred from
The spin-Peierl4SP) transitiort occurs in antiferromag-  yecent muon spin resonance studig@nally, the character-

netic Heisenberg spin-1/2 chains in the presence of strongyic pehavior in a magnetic field has been obsefretiere
magnetoelastic coupling with three-dimensio(@D) lattice  T_ decreases with increasing field until a critical field is
vibrations. Below the SP transition temperatufg ), a lat-  reached, above which the system enters into a different, in-
tice dimerization occurs which increases progressively as theommensurate phage.

temperature is lowered, together with the concomitant ap- The critical phenomena associated with the SP transition
pearance of an energy gap in the spectrum of magnetic eXiave not l_)een well characterized. The most comprehe_:nsive
citations. This gap separates a nonmagnetic singlet grountiork has involved measurements of the expon@rissoci-

state from a triplet of excited states. Such a transition i&€d with the order parameter in the inorganic SP compound

characterized by a rapid, isotropic drop in the magnetic suscUGeQ@ where an exponeng =0.345+ 0.03 was found con-

centibility belowT-.. due to the nonmaanetic nature of the sistent with a 3D universality clas8.Measurements of the
P d Y h sp f g h o exponentsy and v associated with the buildup of fluctua-
ground state, the appearance of a gap In the excitation Spefaq \;non'nearing the transition temperature have been very

trum, and the appearance of new, superlattice Bragg pealicyit to obtain in CuGeQ. The majority of scattering
rgsultl_ng _from new periodicities introduced by the lattice ¢t,dies has had great difficulty in observing any critical
dimerization. . scattering®*2 with the only success occurring using syn-
The organic compound MEM(TCNQ)is composed of  chrotron x-ray radiation* However, in these synchrotron
planar TCNQ molecules which stack along the crystallo-studies, the observed critical scattering could not be de-
graphic (0,d,) direction producing quasi-one-dimensional scribed using a standard Ornstein-Zernike form, which yields
chains? Above 335 K, the chains are uniform and the systema Lorentzian line shape in the wave vector, but instead a
is metallic, but at this temperature, MEM(TCNQWnder-  much sharper line shape, well described by a Lorentzian
goes a metal-insulator transition, characterized as an elesquared, was observed. As is typically the case with this
tronic Peierls transitiofl,and the uniform chains become so-called “second length scale” critical scatteritighe ex-
dimerized. Between 335 K and 17.1 K, there is a singletracted critical exponents are larger in magnitude than ex-
spin-1/2 magnetic moment present on each dimer and thgected and are inconsistent with any conventional universal-
crystal structure is triclinic with lattice parameters ity class.
a=7.824(5) A, b=15.426(16) A, c=6.896(5) A, « Examination of critical properties in organic SP systems
=113.598)°, B=73.247)°, and y=112.718)° at 113 has been less comprehensive with the only existing results
K.* At 17.1 K, MEM(TCNQ), undergoes an additional indicating behavior consistent with mean field thedt§.
phase transition producing a second dimerization of thélhis motivated us to carefully measure both the order param-
chains? This second transition has been shown to exhibit alleter and the critical fluctuations associated with the SP tran-
of the characteristics of a SP phase transition. The unifornsition in the organic compound MEM(TCN@) Previous
drop in the magnetic susceptibilfty and the appearance of studies indicated the presence of substantial critical scatter-
superlattice Bragg peaks with indices, k,1/2)*° have been ing but no quantitative line shape analysis had been
observed(these Miller indices and those quoted in the re-performed* We expected that the presence of second length
mainder of this paper refer to the room temperature crystascattering which complicated the critical fluctuation mea-
structure, not the structure above the 335 K trangjtidine  surements in CuGeQ (Ref. 14 would not occur in
gap in the excitation spectrum has not been directly observeIEM(TCNQ),. These sharp fluctuations are generally at-
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tributed to defects in the near-surface regtaand are much 20x10° ' e ' ]
more prevalent in x-ray scattering measurements where low _ L0
penetration depths result in substantial surface sensitivity. 15 | e 8 |
However, the organic nature of MEM(TCNQYields large ' @ & 06
x-ray penetration depths and consequently reduced surface *E 5 02
sensitivity. Thus, we anticipated a single Lorentzian line 8 1.0 i 02 L i
shape would be adequate to describe the critical scattering, as = AN 15Te:fp::atﬁel?mzo
is typically seen in bulk neutron scattering measurements, 05 $=0.3540.06 Y ]
allowing critical exponents consistent with traditional uni- I
versality classes to be extracted. 0 C , . , — -
In addition, we performed measurements of the thermal Lox10° . : T .
expansion of MEM(TCNQ) in the vicinity of the SP tran- ’ o x=1 (First Derivative) ' '@‘i"
sition temperature. Similar measurements on CuGgtefs. 06 | ® x=R (Second Derivative) : ;’ ] J
13, 17, and 1Bindicated the presence of spontaneous strains Coa ’i
below the transition temperature which scaled with the g 02 - : ;' : % -
square of the order parameter. = e
©-02 d .
Il. EXPERIMENTAL DETAILS e T, =171402 K i 1
A single crystal of MEM(TCNQ) with approximate di- -10 . . | 1 7
mensions A 1x0.5 mnt was mounted in a Be can in the 10 12 14 16 18 . 20

presence of a He exchange gas. This sample was part of the Temperature [K]

Iarger_ crystal used in Ref. 4. This can was mounted on the FIG. 1. The upper panel shows the peak intensity as a function
cold finger of a closed-cycle He refrigerator and the temperac-)f temperature for th€0,11,3/2 superlattice reflection. The solid
ture was kept stable ta-0.01 K for all rEport_ed measure- jine represents the best fit to a simple power law, @, with a
ments. The measurements were performed in a Huber foufzye of the exponeng of about 0.35 and the inset shows the
circle diffractometer, allowing access to a large portion ofgiference between this line and the measured intensity. Such a
reciprocal space, and the incident radiation was @urd-  difference indicates the contribution due to fluctuations. The lower
diation from a Rigaku 18 kW rotating anode x-ray generatorpanel shows the first and second derivatives of the peak intensity as
This radiation was further monochromatized by a flat PGa function of temperature. The dotted line indicates the temperature
(0,0,2 monochromator crystal. above which fluctuations become substantial. The solid line and
The order parameter was measured at several wave vegearby dashed lines represent the best fit and extreme estimates of
tors to ensure reproducible results. The critical scattering wathe transition temperature, respectively.
measured at both the (1;61/2) and(0,11,3/2 superlattice B. Analysis

peaks as a check for consistency, these peaks being chosen
due to their relative intensity when compared with approxi- Determination of the transition temperature was achieved
mately 120 other superlattice peaks. For the measurements By careful examination of the peak intensity as a function of
the thermal expansion, th@,12,0 and(0,0,4 Bragg peaks temperature and its first and second derivatives as shown in
were examined and the resolution was improved significantlghe lower panel of Fig. 1. In the absence of any critical scat-
by tightening the collimation which is controlled by a seriestering, one expects the first derivative to jump abruptly to

of four slits, two before and two after the sample position. zero at the transition temperature. However, critical scatter-
ing from fluctuations provides an additional contribution to

the peak intensity which reaches its maximum valu€iat

Ill. ORDER PARAMETER the ordering wave vector and in temperature at the transition
. temperature. Consequently, this critical scattering generates
A. Experiment . X : . .
substantial curvature in the peak intensity négy, causing

The temperature dependence of the peak intensity of thhe first derivative to change in a much more gradual fashion.
(1,6-1/2), (0,11,3/2, (1,5,3/2, and (0,0,5/2 superlattice The range of temperatures over which this critical scattering
reflections was measured for temperatures ranging from 10 i substantial relative to the Bragg component must be elimi-
to 20 K and the resulting peak intensity as a function ofnated from the analysis to obtain accurate estimates of the
temperature for th€0,11,3/3 reflection is shown in the up- critical exponenj3. The observed first derivative can be seen
per panel of Fig. 1. In addition, the temperature dependenc® decrease steadily until about 16.3 K where it appears to
of the intensity integrated over a transverse scan was meg#evel out. We take this to indicate the presence of substantial
sured from 15 K to 18 K for the (1,6,1/2) reflection. The critical scattering and, consequently, the analysis was per-
results for all four peaks are consistent with one anotherformed up to a maximum temperature of about 16.1 K, cho-
leading to the conclusion that extinction effects are small asen as a conservative estimate, in order to consider data con-
the peak intensities of the various reflections differed greatlytaining solely the Bragg component. This upper temperature
[for instance, th€0,0,5/2 reflection produced a rather low is represented by the dotted, vertical line in the lower panel
peak intensity of about 150 counts/sec while (0el1,3/2  of Fig. 1.
reflection was much more intense yielding a count rate of The second derivative of the peak intensity as a function
about 4200 counts/sgc of temperature is also shown in the lower panel of Fig. 1. It
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can be seen to be strongly peaked at a temperature of about — T T

17.1 K and this point, representing the point of maximum 045 o T,=17.3K ~ b
curvature, is taken to be indicative of the transition tempera- ° %sp:%g'é% $=0.35£0.06
L sp !

ture. This maximum point could only be determined accu- ]
rately to approximately-0.2 K and thus we determine the :
transition temperature to be 17D.2 K. This best estimate 0.40 ww&{—%
and the maximum and minimum values are represented by seee
the solid line and two dashed lines, respectively, in the lower
panel of Fig. 1.

To avoid difficulties resulting from changes in peak posi-
tion, measurements of the intensity integrated over a trans-

e Heis.

verse scan were performed on g6, 1/2) superlattice re- 3 i Ising
flection from 15 K up to about 18 K and these data will be
used in the quantitative analysis which follows. In order to 0.30 Fo00 ap w® g g -
extract the proper critical behavior of the order parameter, %%@%{W
these data were fit to a power law in the reduced temperature, - ]
t=1-T/Tgp,
025 1 L L 1 L : 1 L i 1
intensity= 1 ,t%#+ background. D) 150 153 156 159

Lowest Temperature [K]

This power law behavior is expected to be valid in the _
asymptoic cical regon, e, where he lengih scale_, 152 The eX1acte voe of e soonsrebtanes o e
associated with the fluctuations in the order parameter domi y P A P

i th | t th les in th t included in the fits withT, fixed at values of 17.1 K, 17.3 K, and
nates over any other relevant ‘length scales in e System. Ag o representing the best estimate, maximum, and minimum

the temperature IS 'OWE“?‘?' below this reg'c_m’ this power IaV\(/alues, respectively. The robust nature of the fits with respect to the
behavior must be modified by successive correction-to, yest temperature is indicative of an asymptotic region which ex-

. 9 . . . . .
scaling terms? the first of which is included in Eq2), tends at least until 15 K. For reference, the theoretical predictions
) ) ) A for 3D Ising, XY, and Heisenberg universality are indicated on the
intensity=1,t?4(1+ At*) + background, 2 plot.

where the exponenk has an approximate value of 0.5 for

3D behavior. this is indeed the case, the same examinatiof a6 a func-

e;[ion of lowest temperature was performed using the power
aw with first correction to scaling included, E). The
d2f:tﬂffr;ﬁgUOJJQ?nei(ﬁ;a(ﬁttidwvfsluggmntehdeclg\rNe?Sﬁ te;rr]];j iresulting extracted values @@ agreed precisely with those

P y ?esulting from the ordinary power law, E{l), confirming

shown in Fig. 2 for fits to the 'ordmary power law, B, }hat correction terms are unnecessary for temperatures as low
from 15 K up to the predetermined maximum temperature oLs 15 K

16.1 K. The plot presents results with the transition tempera- The solid line shown in the upper panel of Fig. 1 repre-

ture fixed at the nominal value of 17.1 K and the maximumSents the best fit to Eq1) with a corresponding exponept
a_md minimum temperatures of 17'3. K and 16'9 K, F€SPECLt . 35. The difference between the data and this solid line is
tively. Fits were also performed using the ordinary power

law with @ varving transition temperature. In all cases. th shown, for temperatures near the transition temperature, in

best fit value ())/ng fell within thep previomjsly determinéd “the inset to the upper panel of Fig. 1. This difference, repre-
sp . M ) . 4

range of values, namely, between 16.9 K and 17.3 K, Valisentlng the contribution to the peak intensity resulting from

dating the previously selected transition temperature. The r_th e critical fluctuations, can be seen to peak sharply at the
gthep USTy S n temp i ransition temperature. One expects the same critical behav-
sults obtained with a fixeds, of 17.1 K indicate no system-

atic behavior with respect to the lowest temperature include%) r above and below the transition temperature, but the am-
. : : litude of the power law describing the fluctuations should
in the fits, producing a value @8 of about 0.35. The upper P g

dl bounds td i | £th i be smaller belowls, due to the universal nature of the am-
an ovyert ?ufos% Sp ger:jetrﬁ.e values IO | € e;‘_ﬁ?”@ plitude ratio. Consequently, the critical scattering should fall
approximately=v.Uo around this nominal valué. 1his error, away faster below the transition temperature, a point which
determined by the error in the transition temperature, is b

¥s qualitatively clear from the difference data presented in the
far the largest source of uncertainty in determination of th 8 y P

critical exponent and thus we arrive at an expongnt nset.

=0.35+0.06. This value ofg is consistent with conven-

tional 3D behavior, as was observed in CuGe®and is

clearly inconsistent with mean field behavior, as reported in As mentioned previously, the asymptotic region in

previous studied.For reference, the values of the exponentMEM(TCNQ), extends to at least 15 K corresponding to a

B for 3D Ising, XY, and Heisenberg universaffyare indi-  value of T/T,, of about 0.88. This is in contrast to the results

cated in Fig. 2. obtained on CuGeDwhere the first correction to scaling
The robust behavior of the fits using the ordinary powerterm was needed for temperatures within 0.4 K of the tran-

law with respect to the range of data included suggests thaition temperature, indicating an asymptotic region which

the asymptotic region extends to at least 15 K. To check thagxtends no further thai/Tg,=0.96.

C. Comparison to CuGeG;
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tion temperature whose magnitude scaled with the square of
the order parametéf:**1"%ye performed similar measure-
ments on the (0,0,4 and (0,12,0 reflections of

] MEM(TCNQ), in search of analogous effects in an organic
o CuGeO, SP system.

~ MEM(TCNQ), The (0,12,0 reflection was measured using a conven-
tional approach wherein, following a change in temperature,
all the angles were rocked and centered and a detailed lon-
gitudinal scan performed. The peak position was then ex-
tracted from line shape analysis on this longitudinal scan.
Such a conventional approach could not produce sufficient
sensitivity for the(0,0,9 reflection largely due to inferior
resolution at this reflectiofthe scattering angle fdi0,12,0

was 20=86.98° while that for(0,0,4 was 20=59.70°. To
obtain reasonable results for this peak, an alternative ap-
proach, described in detail in Ref. 10, was employed. The
new approach involves measuring changes in intensity for
some point on the sharply varying portion of the line shape

20

15 F oa

Intensity
5
T

05F  Bumrog,=0-35+0.06

Bougeo,=0-345£0.03

0 i <Fesidnoed and from this, coupled with a detailed knowledge of the line
ole o ole Yy 1'0 o 1'2 shape itself, the peak position and thus lattice constant as a
’ ’ Cor ‘ ' ’ function of temperature can be extracted. This method as-
sp

sumes a robust line shape over the temperature range of in-
FIG. 3. The peak intensity as a function of temperature normal{€rest, an assumption which is reasonable over a small range
ized to the transition temperature for the inorganic SP compoun®f temperatures. The enhancement in sensitivity is accom-
CuGeQ and the organic system MEM(TCNQ) The intensity is p|IShEd through an improvement in statistics as the time in
normalized to unity at &/Ts, of about 0.9. There is good agree- measuring a single temperature now only includes measuring
ment between the two close to the transition as indicated by théhe intensity at a single point. This results in a measurement
similar values of the exponert. The low-temperature noncritical which is less intensity limited compared to the conventional
behavior is rather different, suggesting greater ease of deformatioapproach and allows for improvement in the collimation and,
for MEM(TCNQ),. thus, resolution.
The resultant lattice constants as a function of temperature
To allow for a more systematic comparison betweenare shown in Fig. 4. The data are plotted\a¥ d normalized
MEM(TCNQ), and CuGeQ, Fig. 3 shows the peak inten- to zero at a temperature of 25 K. The lower panel shows the
sity for both plotted as a function of/Tg, normalized to  results for the(0,12,0 reflection which indicates a clear
unity at T/Ts,=0.9 (this value is chosen as it includes the change in thermal expansion®,, indicated by the dashed
range in both compounds where the order parameter hdse, demonstrating the presence of a spontaneous strain, as
been quantitatively examined in dejailWe can see agree- was observed in CuGeOThe upper panel shows the results
ment between the two from 0.9 to about 0.96, suggestingor the (0,0,4 reflection and, while not as evident, appears to
similar critical behavior as quantitatively shown by the simi- similarly show the existence of such a spontaneous strain.
lar values for the exponerng. Above T/Ts, of about 0.96, To further emphasize this point, the derivative of the data
the critical scattering present in MEM(TCNQpand much is shown in the inset for both reflections. Here, one can
less evident in CuGeQcauses the peak intensities to devi- clearly see an abrupt change in slope at the transition tem-
ate. BelowT/T, of about 0.9, the peak intensity of CuGgO perature in both reflections, implying the presence of spon-
seems to saturate much more rapidly with decreasing tentaneous strains in both directions. The presence of such
perature than does the MEM(TCNgQ)ntensity, indicating strains in MEM(TCNQ), coupled with previous observa-
very different noncritical behavior between the two com-tions of similar results in CuGeQand in the recently pro-
pounds. This implies that the MEM(TCN@Q)Jattice is able posed SP system’-NaV,Os,?? suggests that these sponta-
to deform with greater ease than that of CuGe@ fact that neous strains are indeed an inherent characteristic of a SP
may be related to a soft phonon mode present irsystem.
MEM(TCNQ), (Ref. 21 which appears to be absent in  We attempted to extract the spontaneous strains from the
CuGeQ. Such deviations may also be related to differencesneasurements afd/d to examine whether scaling with the
in the nature of the dimerization wave vector which producesquare of the order parameter occurs, as was the case with
a single dimerization along the* axis for MEM(TCNQ), @ CuGeQ. However, without some independent measure of
and a doubly dimerized state, with dimerizations alafg the background to be subtracted, representing the thermal
andc*, for CuGeQ. expansion in the absence of the SP transition, it is very dif-
ficult to properly extract this information. Such an indepen-
dent background determination was performed in CugseO
(Ref. 10 by repeating the measurements on a dilute sample
Measurements of the temperature dependence of the latvith sufficient dopant concentrations to suppress the SP tran-
tice constants in the inorganic SP compound CugGe@i-  sition below the temperature range of interest. Low-
cated the presence of spontaneous strains below the transolubility limits for dopants in MEM(TCNQ) make a simi-

IV. LATTICE CONSTANTS
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05 ! e . FIG. 5. Low-temperature 9 K) mesh scan through the
i “’%% (1,6,—1/2) superlattice reflection in the-k reciprocal lattice plane
ol ' '%a_._ at a value of slightly off the optimized peak position. This clearly
m " " 22 26 shows the presence of two crystallites in the mosaic single crystal.

Temperature [K]

FIG. 4. The relative change id spacing for the(0,0,49 and
(0,12,0 Bragg peaks as a function of temperature. There are cle
deviations in the data at the transition temperature, suggesting t

presence of spontaneous strains befy. To further emphasize istinct crystallites. o
this point, the inset in both the upper and lower panels shows the APProximately 30 mesh scans, similar to the one shown

temperature derivative afd/d. This shows a clear change in slope N Fig. 5, were measured to fully characterize the resolution

at the transition temperature, emphasizing the presence of spontinction at all points inh, k, | space in the vicinity of the
neous strains. The value of the transition temperatdFg, superlattice reflection. The two measured reflections were

=17.1 K, is indicated by the dashed line. chosen due to their relative strength when compared to other
reflections and to allow repetition of the measurements in
lar study impossible, but perhaps, in the future, thesdWo quite different scattering geometries. The relatively large
measurements could be repeated in a magnetic field whetBtensity of these superlattice peaks allowed such a detailed
the transition temperature can be sufficiently suppressed t@apping of the low temperature behavior to be carried out in

allow for an independent background determination. a reasonable amount of time.
This measured resolution function was then convoluted

with the assumed cross section numerically to generate the
intensity at the relevarit, k, andl coordinates for the critical

The critical fluctuations accompanying the SP transitionscattering measurements. To yield consistent results, the data
were carefully measured at two superlattice wave vectorgvere simultaneously fit to the set of three scans along the
(1,6~1/2) and (0,11,3/2, by performing detailed scans three principal reciprocal space directions at each tempera-
along the principal reciprocal lattice directions at a numbefture.
of temperatures between 16 K and 20 K. In order to perform
guantitative line shape analysis, the anticipated cross section

do/dQ(Q—Q’) must be convoluted with the instrumental
resolution functionR(Q’), The fluctuation-dissipation theorem relates the spin-pair
correlation function, and thus the scattering cross section, to

Space plane at a value bfust off the optimized peak posi-
jon. This contour plot clearly shows the presence of two

V. CRITICAL SCATTERING

A. Possible line shapes

do the static susceptibilit§® The Ornstein-Zernike form for the
|(Q)=f R(Q) §q (Q—QHdQ". (3 Q-dependent susceptibility is a Lorentzian@n
Determination of the instrumental resolution function was d
o Tx(T)
performed by careful measurements at low temperatures d—Q~TX(Q,T)~ m (4)

(~9 K) where the scattering is assumed to be free of any

critical scattering, and only a resolution limited Bragg peak

remains. It became evident that finding an analytical descripQ? represents the square of the distance in reciprocal space
tion to adequately describe this resolution function would beelative to the superlattice peak position and the widltlias

a formidable task due to the existence of two large crystalallowed to vary independently along k, andl. The full

lites of roughly equal size constituting the mosaic singleform for Q?/ 2 for a triclinic single crystal, as was employed
crystal. Figure 5 shows a mesh scan in th& reciprocal in the analysis, is given in the Appendix.



PRB 59 CRITICAL PHENOMENA AT THE SPIN-PEIERLS ... 9377

10* = . . . : . . . 1 do Tx(T)
—Lorentzian =~ -=--- Lorentzian® — Lorentzian® === Lorentzian+ T~ 5. ( 5)
Py & Lorentzian® dQ  (1+Q«%)
=177 K 'R T=177 X

Such a line shape has been observed in several high-
resolution synchrotron measurements including the inorganic
SP system CuGeQ**

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

Intensity
Sm

107 LS _e?s ) N ) . , . , ian cross section.
-058 —0.54 —0.50 -046 -0.42 -0.58 -0.54¢ -050 —-0.46 -0.42 As the line shape generated using Lorentzian and
Hrlul Llrlu] Lorentzian-squared cross sections produced poor descrip-

FIG. 6. The data obtained from scans aldrfgr a temperature tions of the data and there are not two distinct line shapes

of about 17.7 K chosen to be clearly above the transition temperd2€S€nt in the raw data, fits were also performed using a
ture. The solid line in the left panel indicates the best fit to a con-C'0SS Section given by a Lorentzian with a varying power,

voluted Lorentzian cross section while the dashed line represents d Tx(T)
the best fit using a Lorentziarcross section. Neither are good a9 %
descriptors of the data. The lines in the right panel are taken from dQ  (1+Q%«%)*

best fits to a convoluted Lorentzfawherex is a varying parameter . . - .
(solid line and a LorentziafLorentziart (dasht)a/d gliﬁﬁ Both wherex is a varying p.arameter of the f't.s' The Lorentzian
forms provide good descriptions of the data. For reference, the me&y 0SS Seqlon overestimated 'the scattering away from th?
sured resolution is indicated by the horizontal bar. peak position and the Lorentzian squared under_estlmated thl_s
same scattering; thus one would expect to obtain a best esti-

Fits were performed using the convoluted Lorentzian linemate of the powek lying somewhere between 1 and 2.
shape and the resulting best fit at a temperature of 17.7 K, The best fit to such a form at a temperature of 17.7 K is
well above the transition temperature of 17.1 K, is reprerepresented, for the scan along thdirection, by the solid
sented by the solid line shown in the left panel of Fig. 6. Thisline in the right panel of Fig. 6. At this particular tempera-
figure shows the data taken along theeciprocal space di- ture, the best fit value of the powgmwas found to be 1.31,
rection as this direction exhibited the sharpest resolution angonfirming the expectation of a value lying between 1 and 2.
hence, allows for easier comparison of the fit qualéiynilar  This solid line can be seen to be a much improved descrip-
scans were obtained along thendk directiong. The fitto  tion of the data yielding a goodness-of-fit parameter of 1.67
the single Lorentzian is clearly not a satisfactory descriptionat 17.7 K, a substantial improvement over the previous val-
of the data as the solid line sits inside the data near the peales for the Lorentzian or Lorentzian-squared cross sections.
and overestimates the data away from the peak position. The To examine the progression of the obtained poxas the
obtained value of the goodness-of-fit parametéat 17.7 K temperature is raised above the transition temperature, the
was 9.13 for the combined fit over the three sets of dataxtracted value ok, as a function of temperature, is shown
incorporating scans alorig k, andl. in Fig. 7 for both the (1,6; 1/2) and(0,11,3/2 reflections.

As the single Lorentzian cross section did not adequatel¥or hoth reflections, the value afcan be seen to decrease
describe the observed data, an alternative form was requiregteadily from about 1.35 near the transition to a value of
Many recent measurements of critical fluctuations usintabout 1, consistent with a single Lorentzian, at higher tem-
x-ray scattering have been shown to exhibit two lengthperatures near 19 K. This indicates behavior closer to a
Scalesl.‘r’ The first, describing the fluctuations in the bulk of Lorentzian Squared near the transition with the data ad-
the Crystal, are well described by an Ornstein-Zernikeequate|y described by a Sing|e Lorentzian well aba\ée
Lorentzian cross section with extracted critical exponentsrhis observation is consistent with that observed in other
consistent with conventional universality classes. The seGsystems which exhibit two-length-scale scattering. In such
ond, larger length scale, typically well described by asystems, the amplitude of the Lorentzian-squared component
Lorentzian-squared line shape, has been attributed to defecigminishes more rapidly with increasing temperature when
in the near-surface region and most commonly generatesompared to the corresponding Lorentzian amplitude and,

critical exponents larger than those obtained from the bulleventually, the sharper fluctuations become negligible in
fluctuations. Such observations were first made for the cubigomparison to the bulk fluctuations.

to tetragonal structural phase transition in some of the Consequenﬂy, fits were performed using a
perovskite$' ! and later observations were made in mag-| grentzian-Lorentziar cross section
netic x-ray scattering experiments on H633 Tb- 343 and '
some U-based compountfs3® do Txu(T) Tx2(T)
_The data obtained for MEM(TCNQ)did not clearly ex- a0 1+ QU +(1+Q2/K§)2’ ()
hibit two distinct line shapes and, consequently, fits were
first attempted to a convoluted Lorentzian-squared line shapehere the subscript 1 refers to the Lorentzian component and
alone, the subscript 2 refers to the Lorentzian squared. The best

(6)
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FIG. 7. The extracted powerfrom fits to a Lorentziahconvo- i
luted with the instrumental resolution as a function of temperature .S 10%}
for both the (1,6;-1/2) and(0,11,3/2 superlattice reflections. The = o
. =
power ofx has a best fit value of about 1.35 ndag, (17.1 K) and é
falls off steadily with increasing temperature to a value of about ‘ ) ) .
unity, consistent with a single Lorentzian cross section. 1072 107! 1072 107!

Reduced Temperature Reduced Temperature
description of the data using the above form is indicated by
the dashed line in the right panel of Fig. 6. As was the case FIG. 8. The resulting susceptibility and the correlation length
for the Lorentzian with a varying power, this form also de- §=1/x from the fits to the LorentzianLorentziarf cross sections
scribes the data very well with a resultant goodness-of-fi?onvc"med with the instrumental resolution as a function of reduced
parameter of 1.86 at a temperature of 17.7 K. The crostemperature on a logarithmic plot for both measured superlattice
sections represented by E@6) and(7) both generate excel- reflections. The solid lines represent best fits to a power law and the

lent descriptions of the data and it is very difficult to distin- resulting critical exponents are indicated on the plot where the sub-
guish between the two script @ refers to the Lorentzigncomponent while the subscrifit

The discussion to this point centered on the data at éiEferS o the Lorentzian.

single temperature of 17.7 K chosen to be clearly above thenly for data sufficiently above the transition temperature.
transition temperature. To examine the behavior at differingrhe Lorentzian with a varying power and the
temperatures, Table | shows the goodness-of-fit parangéter Lorentzian+Lorentziaf both generate good descriptions of
for the four cross sections discussed previously at severahe data at all temperatures and, in addition, although not
temperatures between 17.4 K and 20 K. The inferior naturgreviously mentioned, one can also obtain reasonable quality
of the fits using the Lorentzian or Lorentzian-squared cros$y fixing the varying powex to a value of about 1.35. This
sections in the vicinity off s, is clearly indicated by the large value corresponds to that obtained for temperatures close to
magnitude ofy?. In fact, the Lorentziahline shape does not the transition temperature and the resulting goodness-of-fit
appear to adequately describe the data at any temperatyserameters using such a cross section are shown in the last
while the Lorentzian can be seen to produce good fit qualityolumn of Table I. Thus, we have shown that the Lorentzian
cross section expected for Ornstein-Zernike fluctuations does
TABLE I. The goodness-of-fit parametey?=y3+xé+x?  not adequately describe the data n€gsand have provided
where x2 is taken from the scan along the direction three alternative forms which produce good descriptions of
(where x=h, k, or 1) and xZ=(ni—nNparam Zilllopi)  the data.
—leac(i) 1A (Ilpi))}? at several temperatures above the tran-
sition temperature. Results are shown for fits using a Lorentzian, B. Critical exponents

tg;gztz!gﬁf% Crg‘gesnetét'%'j{ con Lc?lretgthIahtT]Lt?‘]r:r?:]zsl{arﬁ;]’]entglngeso Of the possible cross sections which produce reasonable
rentzian - : voluted wi Insiu descriptions of the data, the only one expected to yield mean-
lution function. The values shown are for the (%8/2) superlat- . . - iaR
tice reflection. mgful expone'nts' is thgz Lorent2|&r1_qrent2|a , Eq. (7).
This expectation is derived from previous x-ray and neutron
measurements of critical scattering where two length scales
were observed® The resulting susceptibility; and the cor-

T(K) x?Lor. x? Lor? x? LorX x? Lor.+Lor? x? Lor.l?®

17.4 29.44 1586 2.45 3.12 2.58 relation lengthé,;~1/«x, versus reduced temperature, with
175 23.84  14.87 2.14 2.18 2.14 Tsp=17.1 K, is shown in Fig. 8 on a logarithmic plot. Ini-
17.7  9.13 8.93 1.67 1.86 1.69 tially, the width x; was allowed to vary independently along
18 3.87 5.99 1.87 1.77 2.12 h, k, andl, but the widths were found to be related to each
19 1.55 3.37 1.45 2.08 1.77 other by a simple multiplicative constant and, hence, the val-
20 1.50 2.53 1.50 1.66 1.71 ues alongk and| were fixed to be some ratio of the width

alongh to lower the number of varying fit parameters. The
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widths for the Lorentzian and Lorentzifanomponents were 10* — : . . .
allowed to vary independently. Scaling theory of continuous
phase transitions indicates that bath and &; should obey
power law behavior in the immediate vicinity @,

A ---- Lorentzian®
T=177 K ) Lorentzian
1 Sum

X1t E~t ®)

Intensity
8&)
T

where the critical exponentg, and v, are universal quanti-
ties which help to define the universality class for a given
phase transition.

The solid lines shown in Fig. 8 represent the best power
law description of the data and yield exponents for the
Lorentzian component of the line shapeygf=1.1+0.4 and . ,
'}/1214i 0.5 fOI‘ the (0,11,3/2 and (1,6,_ 1/2) I‘eﬂeC'[ionS 10 —0'.58 _6154 _0(50 ~0.46 _0"42
with corresponding values of; of 0.55+0.20 and 0.7 1 [rlu]
+0.3. Such values are indeed consistent with conventional
3D behavior as suggested from the detailed order parameter FIG. 9. The data obtained for a scan aldraf a temperature of
analysis presented previougtpe theoretical values of for  17.7 K. The solid line shows the best fit to a
3D Ising, XY, and Heisenberg behavior are 1.24, 1.32, and-orentziant+ Lorentziar? cross section convoluted with the instru-
1.39, respectively, with corresponding valuesiobf 0.63, mental resolution. The dashed line shows the Lorentziampo-
0.67, and 0.7ARef. 20]. The relatively large error bars on nent of this best fit and the dash-dotte_d Iir_le _sh(_)ws the Lorentzia_n
these critical exponent determinations do not allow distinccomponent. For reference, the resolution is indicated by the hori-
tion between 3D behavior and mean field behajishere ~ Zontal bar.
y=1 andv=0.5 (Ref. 39] as was possible with the expo- L ,
nent 3 extracted from the order parameter. However, all pre_nents. The best fit widtlx for the Lorentzian component of

vious measurements of two-length-scale scattering have odre I'n,e Shﬁpe is the same Siz€ or smaller than the corre-
curred in systems exhibiting non-mean-field critical SPONding width for the Lorentzidncomponent as can be

behavior's This may suggest that the potential observationS€€n from the extracted widths in the lower panel of Fig. 8

of such scattering in MEM(TCNQ)is, in itself, indicative and also from Fig. 9 Where the Lorentziaborentziaﬁ_ .
of critical behavior inconsistent with mean field theory, ascomponents of the best fit at 17'7, K are shown. Th!s |r_1d|-
confirmed by theB exponent determination. cates a length scale for the Lorentzian component which is of

Although the extracted exponents are largely meaningles'g_)ughly the same size or perhaps e?\;en '?rger than _”“? asso-
in terms of the assignment of a universality class, fits to théiated length scalg for the Lorentzfaportion. This IS In
power law represented by E¢B) were also performed for cqntrast to Fhe majority of two-Iengt'hTscaIe' observations ob-
the Lorentziah component. The exponents obtained can bd@ined previously where the Lorentzfais noticeably sharper

seen to be consistent between the two superlattice reflectioff Q indicating a larger associated length scdle.
yielding values ofy, of 3.5+ 0.6 and 3.3 0.7 and values of The second difference between these observations and

v, of 0.75+0.25 and 0.850.35 for the (0,11,3/2 and typical two-length-scale measurements is in the falloff of the

(1,6,—1/2) reflections, respectively. As had been suggesteb‘oremm1ﬁ component. Most measurements show th_e pres-
from previous second-length-scale observatiGrthese ex- €M¢€ of a s_harp Lc_)rentz|%u11ne shape which usually disap-
ponents are larger than those obtained for the bulk expd?€a'S with increasing temperature by a reduced temperature

5 .
nents, particularly for the exponemtdescribing the suscep- ©f @Pout 0.04° From Fig. 8, one can clearly see that the

tibility. One can also see from the data presented in Fig é.orentziar’f remains until a reduced temperature of about 0.1
that the Lorentzighcomponent only seems to exhibit power above which the observed scattering is well described by a

law behavior for reduced temperatures in excess of abodtngle Lorentzian. o
0.02, deviating substantially from the solid line below this 1 ne appearance of two-length-scale scattering is typically

value. The nature of such a deviation is unclear and may b bserved in the presence of substantial surface sensitivity, as
indica.tive of either problems with the IS the case for most x-ray scattering measurements resulting
Lorentzian+ Lorentziar description of the data for tempera- from relatively small penetration depths. This fact is partially

tures very close td, or a crossover to a regime where the respl)on3|bli forr thﬁ charf?ct?n:'auv\?nv C;f t';]he rsecrc])indn I(;,\nrgth ¢
two components exhibit similar exponents. scale as a near-surtace efiect. However, the organic nature o

MEM(TCNQ), should produce large penetration depths for
the 8-keV x rays employed in this study and, consequently,
surface sensitivity is weak. As a result, this measurement
The observed scattering appears to produce results consisiore closely resembles typical neutron scattering experi-
tent with the observation of two length scales in previousments where large penetration depths cause the bulk of the
X-ray scattering measurements but there are a number afystal to be sampled and, in such measurements, only one
striking differences which should be mentioned. The mosiength scale is typically observed. The potential observation
significant difference is the relative magnitude of the corre-of such scattering in MEM(TCNQ)is unexpected. It is pos-
lation lengths for the Lorentzian and LorentAacompo-  sible that it may have resulted from a sampled scattering

C. Discussion
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volume which overlapped with a large section of the nearcated that the correction-to-scaling term is not needed for
surface region, yielding substantial surface sensitivity despitéeemperatures as lows@® K below the transition temperature.
the large penetration depths. Such a possibility is more likelyThis indicates a much gentler variation of the order param-
with x rays than with neutrons as distance collimation em-eter as compared with CuGgQ@here the correction term
ployed in x-ray measurements results in a very narrow bearwas needed for temperatures within about 0.5 K of the tran-
and a resulting small scattering volume, whereas with neusition temperature.
trons, collimation is typically provided by Soller slits pro-  Lattice constant measurements on tb@,4 and(0,12,0
ducing a beam with a size on the order of a few centimetersBragg reflections indicate the presence of spontaneous
The observation of such scattering at two distinct wave vecstrains below the transition temperature as observed in pre-
tors seems inconsistent with such a possibility as the scatterious work on CuGe@. The observation of such spontane-
ing geometries differ greatly between the two. However, theous strains in an organic SP system suggests that their pres-
ratio of amplitudes for the Lorentzian to LorentzZtasompo-  ence is an intrinsic characteristic of the SP phase transition.
nents differs between the two reflections by a factor of 3. Measurements of fluctuations indicate the presence of
This indicates a much weaker LorentAasomponent at the substantial critical scattering, as had been observed previ-
(0,11,3/2 reflection, a difference which could be attributed ously. This scattering, however, cannot be adequately de-
to differences in scattering geometry. scribed by a single Lorentzian line shape as expected from

A similar scenario has been observed previously withthe scaling theory of continuous phase transitions. The data
high-energy synchrotron x-ray experiments performed on thean be adequately described by a Lorentzian with a varying
perovskite SrTiQ.%” In these experiments, high-energy power or a LorentziafLorentzia. Similar line shapes
(~100 keV) x rays were used in an attempt to increase thbave previously been observed in x-ray scattering measure-
penetration depths. As a result, only a single-component linenents of critical fluctuations where two length scales are
shape, well described by a Lorentzian, was observed with abserved, one corresponding to the bulk fluctuations well
temperature dependence consistent with neutron measurgescribed by a Lorentzian while the second, larger length
ments. However, when the experiment was configured tscale is typically well described by a LorentzZar\nalysis
sample a near-surface volume element, the second lengtising this form for the cross section allows bulk exponents
scale was observed. and v to be extracted from the Lorentzian component and

Another possible explanation of the existence of a two-such an effort yields exponents consistent with 3D behavior,
component line shape is that such a cross section is intrinsigs seen with the order parameter, but not inconsistent with
to the system and not a consequence of defects in the nearean field theory. Exponents extracted from the Lorentzian
surface region. The observation of such scattering irportion of the line shape are larger than those for the Lorent-
MEM(TCNQ), with no obvious surface sensitivity would zian component, particularly foy, in a manner similar to
seem to be consistent with such a possibility. This possibilityprevious two-length-scale studies.
was discussed by Cowléy,and if such an explanation is
correct, it indicates shortcomings in the scaling theory of
continuous phase transitions when applied to such a system
using such a probe. ACKNOWLEDGMENTS
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APPENDIX: FULL FORM OF Q2 FOR A TRICLINIC
CRYSTAL

Q?=4m?(1+ 2 cosa cosB cosy
VI. SUMMARY
—coga—cogB—cosy) !
2 k2 |2
X Slnza;-i- SIHZBF-F Slnz'y?

Measurements of the temperature dependence of the in-
tensity of the superlattice Bragg peaks indicate a transition
temperature of 17:4£0.2 K and an order parameter charac-
terized by a critical exponent of 0.35+ 0.06. This exponent
is consistent with conventional 3D universality as observed
previously in the inorganic SP compound CuGeéhd is
clearly inconsistent with previous measurements where be-
havior consistent with mean field theory was reported.
Analysis of the critical behavior of the order parameter indi-

hk
+2(cosa cosB—cosy) %+ 2(cospB cosy

ki hl
—CO0Sa) b—C+ 2(cosy cosa—cosf) acl (A1)
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The distance in reciprocal space away from some position, (cosa cosB—cosy) (h—h')(k—k")
h',k’,1", divided by a widthkx with allowance for differing +2 ab P
widths alongh, k, | will then be given by hk
Q? +2(cos,8 cosy—cosa) (k—k")(1—=1")
— =47%(1+ 2 cosa cosp cosy— coSa— coSB bc KiK|
COSy COSa— COS h—h")(1-1I'
oo [STPa ()P SR (k—K')? 1 olC0sY aZ A (h=h)A=1)} (A2)
— KphK
coO )/) X a2 Kﬁ b2 Kﬁ h#
: _17\2
+Sm§7¥ The above equation is the full expression which is substi-
c Ki tuted forQ?/ «? in Egs.(4), (5), (6), and(7).
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