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The melting of the cooperative Jahn-Teller distortion (cJTd) in KCu;_Mg,F; has been studied by high-
resolution x-ray powder diffraction. A first-order phase transition relaxing the cJTd is detected at temperatures
increasing monotonically with x. From the transition temperatures, an estimate of the cJTd stabilization energy
is derived and found to be linearly increasing with x. By extrapolating to x=0, the cJTd energy in the parent
compound KCuFj; is determined. It is argued how, in the light of current theories, the cJTd rather than orbital

polarization controls the peculiar physics of KCuF;.
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I. INTRODUCTION

Strongly correlated electron systems are one of the main
focuses of current research in solid state physics and ad-
vanced material science. Such systems offer both theoretical
challenges and possibly exploitable opportunities for new ad-
vanced devices, as it is the case for colossal magnetoresistive
materials. As several degrees of freedom can be intimately
interconnected, the identification of the leading interaction
and real order parameter in a phase transition often results in
a very challenging task. In this context, a typical example is
the interplay between the orbital ordering (OO) and the co-
operative Jahn-Teller distortion (cJTd). In a seminal work,
Kugel and Khomskii! showed how, in presence of strong
electron correlation, orbitals are subject to superexchange in-
teraction. In this case a pre-existing orbital degeneracy tends
to amplify any lattice instability resulting in OO driving
cJTd. In this scenario, the pseudocubic perovskite KCuF; has
always been considered as a model system for testing the
Kugel-Khomskii model. Indeed its peculiar low-dimensional
magnetic behavior realized on a pseudocubic lattice can be
understood only if QO is taken into consideration.> However,
very recent LDA+DMFT calculations by Pavarini et al.’
showed that the superexchange mechanisms in KCuFj5 is not
strong enough to stabilize the OO experimentally observed
up to 7=800 K.* According to the calculations in Ref. 3, at
this temperature the superexchange mechanisms and the
electron-phonon coupling are of comparable magnitude,
leaving open the question on how structural (cJTd) and or-
bital (OO) degrees of freedom interact. To understand this
intriguing situation a deeper experimental investigation is re-
quired. Since the work of Binggeli and Altarelli,’ it is well
known that resonant x-ray scattering (RXS) at Cu K edge
cannot directly access the OO. Indeed the signal in KCuF; is
dominated by the distortion in the coordination polyhedron
of Cu, the Cu 3d ordering giving only a small contribution.
On the other hand, the investigation of the cJTd relaxation of
KCuF; is hard to be carried out, owing to its decomposition
at T slightly higher than ~800 K.

In a recent paper by our group, the first experimental evi-
dence of temperature induced melting of c¢JTd in a KCuF;
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related system (KCu,gMg,,F;) was reported,® and kT
=0.05 eV was obtained as a coarse estimation of the stabi-
lization energy of the cJT-distorted phase compared to the
cubic one for the above composition. In this work we present
the structural phase diagram for the KCu;_MgF; series,
allowing for an estimate of cJTd stabilization energy for the
whole series of investigated compounds, including lower Mg
concentrations. In particular, the extrapolation to x=0 of ex-
perimental results gives the unprecedented opportunity to ex-
tract the energy scale of cJTd in the prototype compound
KCuF;. Data presented below, hence, allow disentangling the
different energy scales relevant to the physics of pure
KCuF;. In particular, our results are shown to be in pretty
good agreement with calculations performed by Pavarini et
al.,} strongly supporting the conclusion that cJTd (and not
0OO0) rules the high-temperature physics of KCuF;. We be-
lieve that such an approach could be fruitfully generalized to
other strongly correlated electron systems.

II. EXPERIMENT

KCu,_Mg,F; samples with the tetragonal structure at
room temperature (RT), i.e., with 0.1 =x=0.25,7 were syn-
thesized by solid state reactions, starting from appropriate
amounts of KCuF; and KMgF;. These materials were pow-
dered and carefully mixed in a Siemens mBRAUN UNIlab
dry box able to keep p(0O,)<1 ppm and p(H,O0)<1 ppm.
The samples obtained (x=0.10,0.13,0.15,0.20,0.25) were
pelletized in a Pt crucible put in a quartz vial. The pellets
were surrounded by sheets of metallic Zr to capture the oxy-
gen in the reaction chamber. They were kept in flowing argon
(2 /h) at 1020 K for approximately 1 h and eventually
quenched to RT. KCuF; was prepared by a solution route
according to Ref. 8. KMgF; was prepared by solid state re-
action of KF (Aldrich, 99%) and MgF, (Unaxis Materials,
99.99%).

The (polycrystalline) samples were loaded and sealed in
0.8-mm-diameter Pt capillaries that were in turn sealed in
1.0-mm-diameter quartz capillaries. The loading was made
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FIG. 1. (Color online) Details of selected XRPD patterns (count
rate vs Bragg angle) as collected for different temperatures, refer-
ring to the x=0.25 composition sample. The crosses are the experi-
mental points while the full lines are the results from the Rietveld
refinement. The numbers in brackets are the Miller indexes of the
diffraction peaks.

in a glove bag with N, inert atmosphere to minimize contact
with oxygen and quartz.

Samples were investigated by x-ray powder diffraction
(XRPD) using the high-resolution powder diffractometer of
the beam-line ID31 at the ESRF, Grenoble, France. The
wavelength of the incident x-ray beam (A=0.295130 A) was
selected via a double-crystal Si(111) monochromator. Cali-
bration and refinement were performed using a NIST stan-
dard Si powder (a=5.43094 A).

During measurements the sample capillaries, which were
mounted on the diffractometer axis, were spun and heated up
to about 1173 K using a hot-air blower. Data were collected
while warming at 2 K min™' (2=26=20°), and subse-
quently cooling at the same rate down to RT. For selected
samples, isothermal data at suitable temperatures were also
collected. Structural parameters and mass fractions were ob-
tained by Rietveld refinement using the GSAS software suite'”
and its graphical user interface EXPGUL'!

III. RESULT AND DISCUSSION

Figure 1 shows the XRPD patterns at different tempera-
tures for the x=0.25 sample, in a characteristic 26 region.
Below 500 K, only the peaks of the (2 2 0) and (0 0 4)
reflections of the tetragonal structure are present. An impu-
rity peak appears also, due to K,Mg,Cu,_,F,, but in a very
small amount (approximately 2% of the total sample weight)
and thus the effect on the electronic properties of the system
is negligible (see Ref. 6 for a full discussion on this point).
Upon increasing the temperature the (2 0 0) reflection of the
cubic structure appears. As it is evident from the relative
peak intensities, the cubic phase amount increases with tem-
perature while the amount of tetragonal phase decreases cor-
respondingly. For T=673 K the phase transition is almost
complete. In addition, the full width at half maximum
(FWHM) of the peaks is larger in the tetragonal phase than
in the cubic one, meaning that the crystallite size is larger
and/or strain is smaller in the cubic phase. The other samples
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FIG. 2. (Color online) KCu,_,Mg,F; structural phase diagram in
the Cu-rich zone. The existence fields of the cubic and tetragonal
solid solution are drawn. Blue dots and red squares are experimen-
tal points derived from the analysis of the diffraction patterns for
the different compositions: blue points refer to the appearance of
the cubic phase, red squares to the vanishing of the tetragonal
phase. The lines are guides to the eye drawn according to phase
diagram topology. The extrapolation to x=0 is sketched by dashed
lines; the green diamond is drawn accordingly. 7" and C stand for
tetragonal and cubic phase, respectively.

behave in a similar manner, but the transition temperature
increases as the Mg content is decreased, as shown below.
The experimentally determined topology of the phase transi-
tion is typical of a first-order structural phase transition in a
bicomponent phase diagram without miscibility gap: by in-
creasing temperature a final monophasic state is reached
starting from a different monophasic state through a biphasic
one.

In Fig. 2 the phase diagram for KCu,_ Mg F; is shown as
obtained from the XRPD experimental data for the different
compositions: measured transition temperatures are plotted
versus Mg content, indicated as cation fraction (x). Experi-
mental points are shown as blue dots and red squares, and
the curves are guides to the eye drawn according to the to-
pology of the structural phase diagrams; the curves are ex-
trapolated to x=0 by dashed lines. The progression of the
phase transition is shown in Fig. 3, in which the fraction of
the cubic phase, playing the role of order parameter, is plot-
ted versus T for the x=0.25 sample. To assess the nature of
the phase transition, diffraction patterns have been collected
at fixed temperatures as a function of time. The existence of
an energy barrier for the transition is experimentally found in
the time variation in cubic phase mass fraction, therefore
demonstrating the phase transition to actually be of first-
order type.® As explained in detail in Ref. 6, the phase tran-
sition kinetics is diffusion limited. Double points for the
same x in the plot refer to heating and cooling treatments,
respectively. The presence of double points is due to the
hysteresis of the heating-cooling cycle. The existence of hys-
teresis is clearly shown in Fig. 3, where the cubic phase mass
faction is plotted versus 7, for the x=0.25 composition. It
should also be noted that the point dispersion in Fig. 2 is due
to the intrinsic difficulty in determining both the beginning
(appearing of the cubic phase) and the end (disappearing of
the tetragonal phase) of the phase transition by using the
x-ray diffraction data. For the sake of better clarity, an illus-
trating example is given: blue dots and red squares in Fig. 3
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FIG. 3. (Color online) Order parameter, expressed as fraction of
the cubic phase plotted vs 7 for the transition of the
KCug75Mgg25F3 sample (red dashed curve: heating; blue solid
curve: cooling). Blue dots and red squares in the inset mark the
starting and end point of the phase transition for the x=0.25 com-
position sample, respectively. The black points are the inflection
points of each sigmoid. The black vertical line marks the midpoint
temperature used in Fig. 4 for the x=0.25 composition.

mark the starting and end points of the phase transition, re-
spectively. The temperatures of these points have then been
plotted in Fig. 2 for the x=0.25 composition sample as blue
dots and red squares, accordingly.

However, the mid points of the phase transition (i.e., the
temperatures at which the amounts of tetragonal and cubic
phases are equal, or in other words, the inflection point in the
sigmoids in Fig. 3) are much better determined (the error
being around 1-2 K) and thus not affected by the above
dispersion. Also in this case the procedure for determining
these points is shown in Fig. 3. The inflection points of each
sigmoid are marked as black points. The vertical black line
marks the mean temperature of these points: this temperature
has been considered as the midpoint of the phase transition.

Starting from these values, an estimate of the stabilization
energy of the tetragonal (cJT-distorted) phase with respect to
the cubic one can be derived. Since the phase transition is
stated to be of the first order, the free energies of the two
phases are the same when their amounts are equal.® The in-
ternal energy difference between the two phases is therefore

AU=kT In «,

where « is the ratio between the degrees of freedom in te-
tragonal and cubic phase, and In « is a factor which is close
to unit. Since In « is in any case constant and =1 throughout
different compositions in the KCu;_ Mg F; system, kT gives
a direct coarse estimate of the cJTd stabilization energy.

The energy derived in the above way is plotted versus Mg
content x in Fig. 4. For each composition, the average of the
various heating and cooling measurements is reported as one
experimental point. The linearity of the cJTd energy behavior
versus x is impressive, thereby enabling the extrapolation
down to x=0 to be carried on trustworthily. For the undoped
KCuF; the value of 0.116(5) eV [T=1340(50) K] is readily
found.

In the analogous system KCu,_,Zn F;, Tanaka et al.'>'3
observed, employing the RXS technique, a rapid decrease
upon increasing Zn concentration of both the scattering am-
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FIG. 4. Stabilization energy behavior of cJTd in KCu;_ Mg F3
as a function of Mg content. The data point distribution was fitted
by a straight line (r=0.988, full line in the plot). By extrapolation to
x=0, as indicated by the dashed line, a stabilization energy of
0.116(5) eV is obtained in the parent KCuFs;.

plitude for the forbidden (3/2 3/2 3/2) reflection at the Cu K
edge energy and a rapid reduction in T (the temperature at
which the forbidden reflection vanishes) versus x: they ex-
plained their findings in terms of dilution effects in the e,
orbital systems. We can now discuss these claims in the light
of the present results. As mentioned above, the RXS signal in
KCuF; is more sensitive to the distortion of the fluoride ions
surrounding Cu rather than to the actual arrangement of the
Cu 3d orbitals.’ Looking at the T value for KCuF; as de-
duced from Ref. 12, one finds that the figure is close to 1200
K, a value not distant from what we obtained for cJTd. These
two observations lead on one hand to the conclusion that the
results presented in Refs. 12 and 13 should be (at least in the
low x region) more directly related to the disappearance (or
smearing out) of c¢JTd rather than being truthfully associated
with OO. On the other hand, we have directly probed the
structural degrees of freedom, as we used allowed reflec-
tions. Our results give therefore the correct interpretation of
the driving force of the phase transition and a reliable esti-
mate of the cJTd.

Actually, according to Pavarini et al.,> Kugel-Khomskii
superexchange mechanism in KCuF; gives rise to a phase
transition with a fully ordered orbital state at Txx =350 K, a
value that is remarkably large but not sufficient to explain the
persistence of the distorted structure at high temperatures. In
addition, the LDA+U calculations showed that the energy
gain due to the distortion cannot be accounted for by the
orbital polarization itself (Ref. 3 and references therein). The
theoretical predictions in Ref. 3 are experimentally con-
firmed by the results reported in the present study: the per-
sistence of the cJTd at T close to 1350 K is a clear indication
that the electron-phonon coupling is the dominant mecha-
nism stabilizing the KCuF; structure. In other words, our
results experimentally demonstrate that the Coulomb repul-
sion just enhances the effects of lattice distortions'* rather
than really driving the orbital polarization via
superexchange,! opposite to conclusions drawn in previous
publications on the subject.

IV. CONCLUSIONS

In conclusion, we have investigated the “melting” of the
cJTd distortion in perovskite samples of composition
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KCu,_ Mg F;, with x varying between 0.10 and 0.25. The
transition relaxing the cJTd is found to be of first order and is
detected at T increasing monotonically with x. From the tran-
sition temperature, an estimate of the cJTd stabilization en-
ergy is derived and found to increase linearly against x. The
extrapolation to x=0 allows to disentangle the relevant en-
ergy scales of the pure KCuF; compound, and leads to a
cJTd energy value of 0.116(5) eV. Our results strongly sup-
port recent LDA+DMFT calculations® and indicate that the
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electron-phonon coupling is the prevailing interaction in the
stabilization process of KCuF; peculiar structure.
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