PHYSICAL REVIEW B 88, 184420 (2013)

Spin-Peierls distortions in TiPO,
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On the basis of single-crystal x-ray diffraction we show that TiPO, undergoes a spin-Peierls distortion below
74.5(5) K, with a dimerization of the Ti chains along the ¢ axis. Between 74.5(5) and 111.6(3) K, TiPO, develops
an incommensurate (IC) phase with temperature-dependent q vector (07,0,0). Density functional calculations
strongly suggest that the IC phase results from a frustration of the lock-in spin-Peierls transition due to the
competition of three energetically almost degenerate crystal structures and elastic coupling of the Ti chains via
the bridging PO, units. The phase transition into the IC phase is of second order, but the lock-in transition into
the spin-Peierls distortion below 74.5 K is of weak first order in nature.
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I. INTRODUCTION

The complex interplay between spin, charge, orbital,
and lattice degrees of freedom has made low-dimensional
quantum spin magnets with strong antiferromagnetic (AF)
spin-exchange coupling prime candidates for studying unusual
magnetic ground states.”> For instance, a progressive spin-
lattice dimerization in one-dimensional AF Heisenberg chains,
which occurs below a critical temperature and induces a singlet
ground state with a magnetic gap, is commonly referred to as
spin-Peierls (SP) transition.? Such a transition, first observed in
organic materials*¢ attracted renewed attention when the first
inorganic SP system, CuGeOs with Cu?* spin S = 1/2 entities
(Tsp ~ 15 K), was discovered about two decades ago.7 The
critical temperature of SP systems is essentially proportional
to the intrachain spin-exchange interaction, J.® The search
for systems with even higher SP transition temperatures
focused on systems with one electron occupying the 3d
shell, e.g., systems containing Ti** cations because the larger
extension of their magnetic orbitals provides enhanced orbital
overlap between adjacent sites. In addition, the weak spin-
orbit coupling of these cations allows their spin exchange
interactions to be well described by a Heisenberg Hamiltonian
hence enabling comparisons with standard theory.*>*

Recently, the compounds TiOX (X = Cl, Br) have been
intensively investigated due to their unconventional magnetic
and structural properties.””'® Unlike standard SP systems,
TiOCl and TiOBr showed two successive phase transitions
at remarkably high temperatures. Upon cooling a continuous
transition is observed at 90 K in TiOCl from the room-
temperature phase to an incommensurate (IC) phase, which is
followed by a first-order lock-in transition at 67 K into a com-
mensurate SP phase.!>!*"!7 X-ray diffraction studies found a
Ti-Ti dimerization along the ribbon chains, which indicates
direct exchange interactions between spins of neighboring Ti
ions.'? However, due to the two-dimensional character of the
TiOX crystal structure, questions about the strength of the
interchain spin-exchange interactions and their involvement
in causing two successive transitions remained unanswered.'”
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PACS number(s): 61.44.Fw, 61.50.Ks, 64.70.Rh, 75.30.Kz

Based on magnetic susceptibility, heat capacity and nuclear
magnetic resonance (NMR) measurements, Law et al.'®
lately reported an apparently similar SP scenario with two
transitions at T,y =74 K and T, =111 K for titanium
orthophosphate TiPO,, containing Ti** cations with a 3d'
electronic configuration. TiPO4 belongs to the rich fam-
ily of CrVOy-type oxides, which exhibit a wide range of
different magnetic properties.'®?> Compared to the TiOX
compounds, TiPO, exhibits a significantly less complex
crystal structure characterized by edge-sharing TiOg octahe-
dra forming slightly corrugated TiO, ribbon chains which
are interconnected by sharing corners with PO, tetrahedra
(see Fig. 1).2%7 The high-temperature magnetic susceptibility
of TiPOy follows very well that of a S = 1/2 Heisenberg chain
with a remarkably large nearest-neighbor AF spin-exchange
constant of 965 K, about 50% larger than those of the TiOX
compounds. DFT calculations indicated the interchain spin
exchange to be less than 2% of the intrachain interaction and
ESR measurements revealed the anisotropy of the g factor to
be of the order of 1%.?® Low-temperature susceptibility data
showed a nonmagnetic singlet ground state.'®

Based on 3!'P NMR measurements, the low-temperature
phase (T < T,) was ascribed to a commensurate phase with
a Ti-Ti bond alternation along the Ti chains, generating
two different P positions. In the intermediate phase, the
NMR experiments found a broad asymmetric continuum
characteristic for an IC phase.'8

Here we report the discovery of the low-temperature
superstructures of TiPO4 by means of temperature-dependent
x-ray diffraction experiments. Our measurements provide
structural proof for an SP distortion, i.e., a Ti—Ti dimerization
along TiO, ribbon chains parallel to ¢. In the intermediate
phase, the crystal structure is IC and is characterized by a
temperature-dependent modulation of the atom positions with
a propagation q vector along a*. The complete accurate struc-
tural analysis, supported by density functional calculations,
allowed to select the most favorable structural model for the
low-temperature phase and to uncover the origin of the IC
phase.
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FIG. 1. (Color online) (a) Room-temperature crystal structure of
TiPO4 with Cmcm space group. (b) Chain of edge-sharing TiOg
octahedra along c¢. (c) Fragment of the crystal structure showing
interchain connections through PO, tetrahedral groups.

II. EXPERIMENTAL

Temperature-dependent single-crystal x-ray diffraction ex-
periments on a high-quality single crystal of TiPO4 were
carried out using synchrotron and laboratory-based radiation
sources.?’ Systematic q scans along all principal reciprocal
lattice axes and diagonals at 10 K revealed superstructure
reflections at positions (h + %,k,l), which can be indexed by
a propagation vector q = (o, 0, 0), where o; amounts to %
Several strong superlattice satellite reflections were selected
and their positions and integrated intensities were measured
as a function of temperature. Their indices are independent
of temperature up to 74 K, i.e., o1 = % At T, =75K o
exhibits a discontinuous jump to 0.527 and increases smoothly
to 0.565 up to 110 K. Concomitantly, the satellites decrease
their intensity and finally disappear at 112 K (see Fig. 2).
These results show that below T, TiPO4 forms a superstructure
with a doubling of the room-temperature unit cell along a,
whereas the crystal structure of the intermediate phase is
incommensurately modulated. The discontinuity in o} at T,
[see Fig. 2(b)] indicates a weak first-order character of the
phase transition, as is also supported by thermal hysteresis
in the susceptibility and heat capacity measurements.'® The
smooth decrease of the satellite intensities on heating indicates
a second-order phase transition at 7;.

The change of length in dependence on temperature of
an oriented single crystal (length ~1 mm) was followed by
cooling and heating the sample with a miniature capacitance
dilatometer.”> Two phase transitions are also found in the
thermal expansion data displayed in Fig. 3, then providing
consistent transition temperatures of 74.9 and 112.5 K,
respectively. The thermal hysteresis of ¢ at T,; (see lower
inset on Fig. 3) without a sharp discontinuity again manifests
the weak first-order nature of this transition. As also seen in
temperature dependent x-ray diffraction data down to 100 K,?8
the length change with decreasing temperature of the lattice is
distinctly anisotropic and characterized by an expansion upon
cooling along a and b perpendicular to the Ti chains, whereas
a contraction of the crystal along the Ti chains (along c) is
observed.
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FIG. 2. (Color online) (a) Temperature dependence of the nor-
malized intensities of the (2 4 3 —1) satellite Bragg reflection.
The solid curve represents the fit with a critical power law with a
critical temperature of 7, = 111.6(3) K and a critical exponent of
0.32(2), consistent with standard universality classes. (b) Temperature
dependence of the oy component of q = (o7, 0, 0). Errors are smaller
than the symbol sizes.

Two complete data sets of integrated intensities of Bragg
reflections were collected at 10 and 82 K, corresponding
to the commensurate and the IC phases, respectively. All
observed Bragg reflections could be indexed with respect to
the unit cell of the average structure and a modulation wave
vector ¢, using four integers (hklm). This enables the use
of the superspace approach for structural analysis, where the
structural parameters are separated into the parameters of the
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FIG. 3. (Color online) Relative length change (with respect to
295 K) of a single crystal of TiPO, along the three crystallographic
directions as indicated. The upper inset displays the thermal expan-
sion coefficients using the same color code. The lower inset magnifies
the thermal hysteresis around the transition to the commensurate
low-temperature phase.
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average structure defined by main reflections (m = 0) and the
modulation parameters defined by satellite reflections (m #
0).3° The latter characterize relatively small displacements of
the atoms, which can be described by a first-order Fourier
series for the modulation functions:

up (%4) = A (W) sin(2mxs) + Bi(p) cos(2m i), (1)

for i = x, y, and z. p indicates the atom Ti, P, Ol
or O2 in the average-structure unit cell, and Xx; =17+
q-X, where X is the atomic position in the average
structure. The parameter ¢ represents the phase of the
modulation.

It should be noted that no high-order satellites (|m| > 1)
were observed at 10 K. The commensurate value of o) at
10 K implies that the satellites with |m| = 2 would appear
at the positions of the main reflections forbidden by the C
centering of the lattice. No such reflections were detected
during the data collection in the low-angle region up to
sin(@)/A < 0.31 A~!. Therefore second-order reflections can
be considered as absent in our experiment at 10 K, and these
positions were excluded from the full data collection. No
explicit search was performed for the second-order satellites at
82 K, mainly due to the beam-time limitations. Furthermore,
in the IC phase at 82 K, reflections with |m| =1 have
(I/o(I)) equal to 10.9 (compared to 200.8 for the main
reflections). Therefore higher-order satellites, if any, are
expected to be too weak to be observed in our experiment. The
intensities of satellite reflections of order m are approximately
proportional to the square of the amplitude of the m'"-
order harmonic.?® The absence of satellites with |m| > 1
implies that the modulation functions can be successfully
described by exclusively first-order harmonics [see Eq. (1)].
All structure refinements were performed with standard
software.?

Both low-temperature structures can be described by
the same orthorhombic superspace group Cmcm(o100)0s0
[No. 63.1.13.8 with standard setting Amam(0003)0s0].3"-%
In the description of the lock-in phase as commensurately
modulated structure, different sections ¢ = 7y, of superspace
lead to different symmetries of the fourfold, 2a x b x ¢
superstructure.>®> The best fit to the diffraction data was
obtained for 7y = %, which corresponds to space group
Pbnm for the superstructure [see Fig. 4(d)]. However,
good agreement was also found for 7y = 0, corresponding
to space group Pmnm [see Fig. 4(b)], and for #) = %,
corresponding to the noncentrosymmetric space group P2;nm
[see Fig. 4(c)].

III. DISCUSSION

The most prominent feature of the Pbnm low-temperature
superstructure is a dimerization of the Ti chains with a
Ti-Ti bond alternation of about 3% [d; = 3.134(5) and d, =
3.230(5) A] along ¢, almost four times larger than that
in CuGeO3.** Compared to the room-temperature structure,
the TiOg octahedra at 10 K are slightly more distorted, but
they remain compressed with Ti—O distances to apical oxygen
atoms (O1) clearly shorter than distances to equatorial oxygen
atoms (O2). The Ti 3d orbitals are split into e, and ,, orbitals.
With a coordinate system chosenas z || b,x || a,and y | c, the
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FIG. 4. (Color online) (a) Single TiO, chain from the crystal
structure of TiPO,. Arrows indicate the atomic displacements
corresponding to the Pbnm structure model for the spin-Peierls phase
at 10 K. (b)—(d) Projection of the crystal structures at 10 K along [010].
(b) 2a x b x ¢ supercells with Pmnm symmetry, (c) with P2,nm
symmetry, and (d) with Pbnm symmetry. (¢) Incommensurate phase
at 82 K represented by 4a x b x ¢ basic-structure unit cells. Only
Ti atoms are shown. Basic-structure coordinates are x = 0 or 1/2
and z = 0 or 1/2. For clarity all atomic displacements have been
multiplied by 30.

I, orbitals are further split into d,>_,» and almost degenerate
dy; and d,,, the latter being higher in energy due to the
compression of the TiOg octahedra.® The structure model
thus is in agreement with direct magnetic exchange between
unpaired electrons occupying the d,2_ > orbitals on Ti** atoms
neighboring along ¢. While the displacements of Ti atoms are
driven by SP coupling, the modulations of other atoms follow
those of Ti to retain favorable bonding configurations. The
latter is also implied by the negative thermal expansion along
a and b. In the structure model described by the space
group Pmnm only Ti chains in every second layer undergo a
dimerization [see Fig. 4(b)], in disagreement with the magnetic
susceptibility data showing a nonmagnetic singlet ground
state below T.;.'® The structure model P2nm [see Fig. 4(c)]
exhibits varying Ti—Ti dimerizations generating a total of four
different P atoms. However, since the positional parameters
of two pairs of P atoms are only marginally different,” this
finding is at first hand not inconsistent with the NMR data
detecting only two 3'P lines.'®

In order to find the relative energies of these three putative
low-temperature structures, density functional theory (DFT)
electronic band structure calculations were carried out by
employing the Vienna ab initio simulation package®*3® with
the projected augmented wave method and the generalized
gradient approximation (GGA) for the exchange and the
correlation functional.** To account for the electron correlation
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TABLEI. Relative energies of the three possible low-temperature
structures (7 < 75 K) obtained from DFT + U calculations.

U (eV) Pbnm (meV) P2,nm (meV) Pmnm (meV)
2 0 0.43 0.56
3 0 0.43 0.57

associated with the Ti 3d state, we performed DFT plus
on-site repulsion (DFT + U) calculations*’ with an effective
Uetr = U — J =2 and 3 eV on Ti. Details of the calculations
can be found in Ref. 29. The DFT calculations clearly identify
the Pbnm model as the structure with minimum energy (see
Table I), supporting the results of the structure refinements. The
two other structure models, however, are surprisingly close in
energy, with consequences for the IC phase (see below).

A peculiarity of TiPOy is that a dimerization of the Ti chains
along ¢ is brought about by a doubling of the unit cell along
a. This feature is explained by the loss of point symmetry
accompanying the loss of translational symmetry, and the fact
that the basic structure already contains two Ti atoms within
one period along c. The IC phase at intermediate temperatures
is characterized by an IC modulation along a as defined
by q = (01, 0,0) (see Fig. 2). In the absence of a nonzero
component along ¢*, the Ti chains along ¢ remain dimerized,
but chains centered at different x possess different degrees
of dimerization [see Fig. 4(e)]. Some chains appear similarly
dimerized as those in the low-temperature Pbnm structure,
while other chains are more like those in the P2 nm or Pmnm
low-temperature structures [compare Figs. 4(b)—4(e)]. In this
respect, the IC structure of TiPOy is essentially different from
the IC structure of TiOCI. An incommensurate component of
the q vector along the chain direction in TiOCl determines that
all chains are identically modulated in TiOCl, whereas the zero
component of the q vector along the chain direction makes all
chains differently dimerized in the IC structure of TiPOj.

Since DFT calculations have revealed that the different
models for the low-temperature crystal structure exhibit only
small differences in energy (see Table I), we propose that
the IC phase should be considered as a combination of
all possible low-temperature structures. Fluctuations between
energetically almost degenerate structures with different P
environments allow one to understand the very broad 3'P
NMR continuum in the IC phase spreading out over more
than 200 ppm. In the commensurate phase below Tt;, the NMR
spectrum contracts to two very sharp resonance lines separated
by only ~5 ppm.'® The dilatometry experiments revealed a
negative thermal expansion perpendicular to the Ti chains,
whereas a contraction of the lattice of significantly larger
magnitude is seen along ¢ (see Fig. 3). These findings indicate
that elastic interactions mediated by the PO4 units have to
be considered between neighboring chains, in addition to the
displacements of the Ti atoms driven by the SP dimerization.

The variation of a structural parameter (e.g., interatomic
distances or bond angles) within the IC structure is given by a
t-plot. The latter gives the value of this parameter as a function
of the phase ¢ of the periodic modulation wave.*® An extended
discussion of the ¢ plots is given in Ref. 29. Selected ¢ plots
are presented in Fig. 5. Expectedly, the largest variation holds
for Ti-Ti intrachain distances [see Fig. 5(a)], while the small
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FIG. 5. (Color online) Selected ¢-plots for the IC phase at 82 K.
Atom labels refer to the Fig. 1.

variations of P—O distances and O—P—O bond angles in the IC
structure [see Figs. 5(b) and 5(b)] demonstrate that the POy
tetrahedra behave to a large extent as rigid units. On the
other hand, the apical oxygen atoms of the TiO¢ octahedra
(O1 in Fig. 1) follow and adjust to the SP dimerization of
the Ti atoms, so that Ti—O1 distance variation is very small
[see Fig. 5(d)]. Consequently, the shifts of the apical oxygen
atoms will also affect the adjustment of the equatorial oxygen
atoms (O2 atoms in Fig. 1) of TiOg octahedra in neighboring
chains. The competition and frustration of the SP distortion
in neighboring Ti chains, mediated by the elastic coupling by
rigid POy units, can explain the structural fluctuations in the
IC phase indicated by the NMR experiment.

The proposed IC model also explains the behavior of the
magnetic susceptibility reported in Ref. 18. The formation of
spin-singlets starts below T, and expectedly results in the
drop of the magnetic susceptibility. Between T, and T, x
is defined by the nondimerized and slightly dimerized spin
chains. As evidenced by the gradual rise of satellite intensities
on further cooling [see Fig. 2(a)], the modulation amplitudes
increase, and, therefore, the number of weakly dimerized
chains decreases. Such chains disappear below T, resulting
in almost zero magnetic susceptibility in the lock-in phase.

IV. CONCLUSIONS

In conclusion, TiPO,4 shows a SP phase below 7,; = 74 K,
that is characterized by a dimerization of the Ti chains
along c¢. The occurrence of an IC phase extending up to
temperatures significantly above T, is unexpected within a
standard SP scenario. The IC phase is ascribed to energetically
almost degenerate phases resulting from a competition and
frustration of the SP transition due to elastic coupling between
neighboring Ti chains. The transitions between the different
phases involve sizeable lattice anomalies with a contraction of
the lattice along the spin chains whereas perpendicular to the
Ti chains an expansion of the lattice is found.
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