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Strong interplay between magnetic and structural properties in the spin-1/2 chain molecular
compound D-FsPNN
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We present elastic and inelastic neutron scattering results on spin-1/2 chain antiferromagnet D-FsPNN. We
show that a structural transition occurs in zero field below 7.~710 mK from C2/c space group (uniform
chains) to Pc (bond-alternating chains). When applying a magnetic field at 50 mK, the space group gets back
to C2/c above H.;~1 T. From the dispersion curves of the magnetic excitations measured at 7=50 mK, we
determine the values of the exchange parameters at 0 and 9 T, which evidence that the magnetic field makes the
chains evolve from alternating to uniform. This change in behavior can be correlated unambiguously with the
field-induced structural transition. These results evidence “mirror” field- and temperature-induced magneto-

crystalline transitions.
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In the last decades, research on quasi-one-dimensional
quantum spin systems has been a very active field in solid-
state physics, both theoretically and experimentally. More
recently, field effects have been particularly focused on,
since the application of a magnetic field can bring new be-
haviors such as magnetization plateaus and field-induced
magnetic orderings (FIMOs).! The latter behavior concerns
quantum antiferromagnets showing a finite energy gap A in
zero field between the singlet (S=0) ground state and the
first excited triplet (S=1) state.

In absence of spin-lattice coupling, the application of a
magnetic field yields in such a system the closure of the
energy gap at critical field H.,~A/gup and a transverse
magnetic ordering.! A Bose-Einstein condensation of mag-
nons is also predicted.! These behaviors were indeed ob-
served in isotropic systems such as spin-1/2 ladder
IPA-CuCl;,? spin-1/2 dimer TICuCls,? and spin-1/2 alternat-
ing chain Cu(NO;),-2.5H,0.% But a sizable gap was later on
detected from electron spin resonance in TICuCl;, due to
some sizable Dzyaloshinski-Moriya interaction.> More gen-
erally, any kind of anisotropy is responsible for the nonclo-
sure of the gap, at H., as was evidenced in many com-
pounds, e.g., Haldane spin-1 chain NDMAP}? alternating
spin-1 chain NTENP,” and spin-3/2 dimer Cs;Cr,Bry.® Ap-
plying further a magnetic field makes the system exit from
the FIMO phase at a second critical field H,, (often too high
to be reachable on standard equipment) above which the sys-
tem is fully saturated.

Another interesting feature is the magnetoelastic effects
that can yield, upon cooling, a dimerization of uniform spin
chains. This so-called spin-Peierls (SP) transition gives also
rise at low temperature (LT) to a S=0 ground state separated
from the triplet state by an energy gap.” As an example, let us
refer to the extensively studied compound CuGeO;.'? In such
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a system, the magnetic field effect is different than in the
previous systems, since it drives the system into an incom-
mensurate magnetic phase, described in terms of solitons
with parallel magnetization, above the critical field at which
the gap closes.

The system we focus on in this Brief Report is the anti-
ferromagnetic (AF) spin-1/2 chain organic compound pen-
tafluorophenyl nitronyl nitroxide (FsPNN).!! This compound
differs from the ones mentioned above by its molecular type:
the spin 1/2 arises from a delocalized electron on the
ONCNO™ group of each molecule [see Fig. 1(a)], typical
property of the nitronyl nitroxide radicals family.'> FsPNN
also has the advantage that H, is rather low and can thus be
easily reached, allowing a study in the saturated phase. At
room temperature (RT), the chains, running along the a+c¢
direction [see Fig. 1(b)], are uniform, for symmetry reasons.
However, magnetization and susceptibility measurements'!
show that the system is well described below 7=5 K by the
Hamiltonian of an alternating antiferromagnetic Heisenberg
chain (AAHC) H=J2?i/12(52i_1-52i+ aSZi'SZi-f-l) with J the
AF exchange interaction (J>0), « the alternation ratio
(0=a=1), and the sum over the N spins of the chain.
Specific-heat measurements evidence a FIMO for
T=0.2 K, between H.,~3 T and H.,~6.5 T.!3 No reason
has been presented yet to explain the contradiction between
the model of uniform chain expected from the RT structure
analysis and the model of AAHC from the magnetic mea-
surements at 7=5 K. Moreover, the magnetization curve
measured at 7=0.5 K could not be fitted with a unique al-
ternation ratio over the entire field range,'! indicating a field-
induced structural distortion.

In this Brief Report, we report neutron-scattering experi-
ments performed on deuterated FsPNN (D-FsPNN).!4
At RT, the space group is C2/c with lattice parameters
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a=10.918 A, b=11.625 A, c=11.364 A, and B=104.06°.1°
D-FsPNN is also described by the AAHC model at LT, but
with slightly different parameters, as obtained from suscep-
tibility measurements on powder sample: exchange coupling

J=4.84 K, alternation ratio «=0.65, and energy gap
A=0.23 meV, yielding an expected first critical field
H. of about 1.5 T and a measured second critical field
H,~6.5 T.!'¢

The deuterated single crystal of volume 5X5X3 mm?,
used both for elastic and inelastic neutron scattering (INS)
experiments, was synthesized by Sakai, following the proce-
dure described in Ref. 15. It was previously oriented by Laue
x-ray diffraction at CEA-Grenoble, with the b axis vertical,
and thus the a-c plane, containing the chains, horizontal. All
neutron-scattering experiments were performed at the high-
flux reactor at ILL. The diffraction experiments were per-
formed on the CSIC/CEA-CRG D15 and CEA-CRG D23
single-crystal diffractometers. The D15 experiment was fo-
cused on the zero magnetic field study. The sample was
mounted in a standard cryostat equipped with a dilution in-
sert, and the diffractometer was operated in the normal-beam
mode at a wavelength of 1.175 A. The D23 experiment was
dedicated to the magnetic field dependence of the structure,
at a wavelength of 1.28 A. The sample was placed ina 12 T
vertical field cryomagnet (HIb) equipped with a dilution in-
sert. The INS experiment was performed on the JCNS/CEA-
CRG three-axis spectrometer IN12. The sample was placed
in a 15 T vertical field cryomagnet (HIIb) equipped with a
dilution insert. The final wave vector k; was fixed at 1.1 Al
and a Beryllium filter was mounted after the sample.

In order to look for a possible zero-field structural transi-
tion occurring below T=2 K, we have followed the intensity
of various forbidden reflections of space group C2/c as a
function of temperature. In decreasing temperature, an in-
crease in intensity was observed below T=450(50) mK on
forbidden peaks hkl with h+k=2n+1 (n integer), e.g., on
1 0 10 reflection [see Fig. 2(a)], demonstrating the loss of
the C centering of the unit cell, and thus a transition toward
a lower symmetry space group. Recording an increasing tem-
perature ramp evidenced clear temperature hysteresis, this
establishing the first-order character of the transition. To take
into account the broadening of this first-order transition, the
temperature dependence was fitted by a steplike function
convoluted with a Gaussian distribution of critical tempera-
tures, of width AT, [see solid line in Fig. 2]. This yielded a
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FIG. 1. (Color online) RT structure of
D-FsPNN. (a) Projection of a single molecule in
the plane of the ONCNO™ group (in the dashed
ellipse) on which the unpaired electron is delocal-
ized. (b) Projection along the b axis, evidencing
the magnetic chains running along a+c (dashed
lines). For sake of clarity, the deuterium atoms
are not represented.

critical temperature 7.~710 mK with AT.~ 150 mK. Note
that the intensity amounts one half of the maximum intensity
(Imax) at T, while it varies between 30% and 70% of I,,,, on
the AT, range around 7. The other extinction rule, due to the
presence of glide ¢ mirror, still holds below T,. Then, we
focused on the magnetic field effects on the crystallographic
structure at 7=50 mK. Figure 2(b) shows the field depen-
dence of the integrated intensity of the 1 0 10 reflection
obtained from rocking curves (see inset). Interestingly, this
reflection cancels at higher field and thus becomes forbidden
again. No satisfactory fit of the field dependence could be
obtained so the criteria mentioned above were used to deter-
mine H, (0.51,,,) and AH, (0.31,,,—0.71,,,): critical fields
of about 1.06 and 0.96 T were derived with widths of 0.2 and
0.3 T for increasing and decreasing field, respectively. Here
again, a sizable hysteresis is observed.

Last, we have been looking for some magnetic signal at
H=3 T, located between H,., and H_,, but no magnetic sig-
nal could be found on all possible commensurate AF Bragg
positions. As a result, either the signal was too small to be
detected or the expected FIMO is described by an incom-
mensurate wave vector, unknown so far.

The first step in the investigation was to determine the
nuclear structure in zero field at 7=2 K (above T,). First, the
cell parameters were refined at 7=6 K: a=10.807(7) A,
b=11.61(7) A, ¢=10.929(7) A, and B=103.20(3)°. Com-
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FIG. 2. (Color online) (a) Temperature and (b) field dependence
of the 1 O 10 integrated intensity, measured at H=0 for increasing
temperature and at 7=50 mK for increasing and decreasing field,
respectively. Inset: rocking curves on the 1 0 10 reflection for vari-

ous increasing field values.
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paring these parameters to those at RT shows that the com-
pression, upon cooling, occurs mostly along the chain direc-
tion. Then, 804 different nuclear reflections (among which
548 independent ones), allowed by the C2/c space group,
were collected. The refinement was done with the FULLPROF
software!” and yielded an agreement Rp-factor of 4.18%.'8
Many forbidden peaks were also collected and checked to be
null. The C2/c space group yields irrevocably uniform
chains (UN chains) since molecule B is symmetrically bor-
dered by molecules A and A’ [see Fig. 1(b)] with the follow-
ing distance between them: d,z=dp, =7.009(6) A.'°

The second step was to determine the nuclear structure in
zero field at 7=50 mK <T.. The lattice was found to remain
monoclinic with no doubling of the cell and the same lattice
parameters. Many hkl peaks with 1+k odd (forbidden by the
C lattice type) were found to be rather strong while all peaks
h0l with [ odd were found to remain null, confirming the
existence of the ¢ mirror perpendicular to the b axis. The loss
of the C centering and the dimerization of the chains imply
the loss of the twofold axis (|l) running through each mol-
ecule so that the expected LT space group is Pc. 1425 dif-
ferent reflections allowed in Pc space group (1146 indepen-
dent ones) were collected. Due to the much larger number of
parameters to refine (about four times more), the rigib-body
option of the FULLPROF software has been used to refine the
structure. Both A and B molecules [see Fig. 1(b)] were de-
scribed as rigid molecules, using as input the atomic coordi-
nates and isotropic Debye-Waller factors refined at 2 K. That
way, the structure below T, could be refined successfully in
the Pc space group with an agreement Rg-factor of 7.78%.
The symmetrical position of molecule B between molecules
Aand A’ [see Fig. 1(b)] is lost at the same time than the loss
of the C centering and the inversion. Indeed, the distance
from molecule A to B and that from molecule B to A’ are
now: d,p=7.034(8) A and dj,, =6.984(8) A, respectively,
so that the chains are now dimerized and form alternating
(ALT) chains.

Last, 367 reflections (264 independent ones) allowed by
C2/c space group (UN chains) were collected at
T=50 mK and H=9 T, in order to refine the nuclear struc-
ture in the fully saturated phase. Reflections forbidden by the
C centering and the ¢ mirror were also collected and checked
to be null. The refinement of the structure has been done with
the C2/c space group, yielding an agreement Rp-factor of
4.68% with the same crystallographic structure as the one
found at 7=2 K and zero field.

We now present the INS results obtained on IN12. We
have measured at 40 mK the dispersion of magnetic excita-
tions along the chain direction (a+¢) at H=0 T (gapped
phase) and H=9 T (fully saturated phase). Typical back-
ground subtracted constant-Q energy scans are shown in the
inset of Fig. 3 for various Q=(h0h) scattering vectors at
H=0. It is worth noting that the scan performed at the AF
point (2=1/2) is larger than the resolution. It was thus fitted
by two resolution-limited Gaussian functions, yielding
A_=0.17(1) meV and A,=0.22(1) meV, evidencing a small
splitting of the triplet state. The reason for that could come
from the nature of the spin 1/2, a delocalized electron, yield-
ing some spin-orbit coupling or Dzyaloshinski-Moriya inter-
action. The dispersion curves deduced from such scans at
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FIG. 3. (Color online) Dispersion curves of the magnetic exci-
tations at H=0 and 9 T for H|l b, measured along the chain direction
(closed symbols). The solid lines are fit to the data (see text). Inset:
background-subtracted constant-Q energy scans measured at H=0
(empty symbols) and fitted by one or two Gaussian function(s)
(solid lines).

H=0 and 9 T are depicted in Fig. 3. The positions of the
points were extracted from Gaussian fit of the energy scans.
In zero field, the obtained branch is that of the (quasi)degen-
erated triplet excitations whereas at H=9 T, it corresponds
to the lowest energy branch. Neglecting, at first order, the
interchain couplings, the dispersion curve at H=0 was fitted
using the relation derived from perturbation theory on « for
spin-1/2  AAHC (Ref. 20): E(h):]EfleAn(a)cos(4mTh)
where the A,(a) are third-order polynomial functions of the
alternation ratio a. The dispersion curve could be well fitted,
yielding /=4.99(6) K and a=0.66(2).

At H=9 T (fully saturated phase), the spin-wave
dispersion curve can be easily calculated. The two
following dispersion curves were derived: E*(h,H)
=gugH—-SJ(1+a) = SJV1+2a cos 4mh+a?, but only the
lowest branch was observed. The fit yields J=4.2(2) K and
a=1.00(8). Interestingly, D-FsPNN is described by a uni-
form AF chain system (a=1), as it was above T, in zero
field. Note also that the exchange coupling of 42 K at 9 T
corresponds precisely to the average between the zero-field
couplings, /=4.99 K and J'=aJ=3.29 K.

Let us now conclude on these complementary results on
the crystallographic structure and the magnetic excitations in
the various phases. First of all, the temperature-driven dimer-
ization of the chains evidenced in zero field explains un-
equivocally the alternating character of the magnetic cou-
plings at LT with couplings J43=J>Jp,=aJ. Moreover, the
change in behavior at 7=50 mK from alternating chain in
zero field to uniform chain in high field can unambiguously
be correlated with the crystallographic field-induced transi-
tion observed at H.;~1 T, from Pc (ALT chains) to C2/c
(UN chains) space group. We can anticipate that the mea-
surement of the dispersion curve at a magnetic field slightly
larger than H,; would already give a uniform chain behavior
since the chains are no longer dimerized.

Last, we wish to discuss on the nature of these tempera-
ture and field-induced transitions. Considering the dimeriza-
tion of the chains as the temperature decreases, the first idea
that comes to mind is that of the SP transition, sketched in
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FIG. 4. (Color online) Schematic view of the spin density (dark
spots), in the ONCNO™ group (ellipses), along the chains. (a) Uni-
form chains at 7>T,; (b) dimerized chains at T<<T, (spin-Peierls
scenario); (c) spin-density ordering in dimerized chains at 7<T...
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Figs. 4(a) and 4(b). But the latter is predicted to be of
second-order type,” contrary to our observation in D-FsPNN.
Nevertheless, such a first-order transition has been reported
in several molecular compounds, qualified as SP-like sys-
tems (see, e.g., Ref. 21). A more puzzling problem is the
nonobservation of the incommensurate soliton lattice, pre-
dicted above H,; in a SP system. As can be seen in the inset
of Fig. 2, the superlattice peak vanishes above H,, instead of
splitting into two satellites, and the crystallographic structure
was found to be the same as above 7, in zero field. Last, in
the standard SP transition theory, the following BCS-type
relation is expected:” 2A/kgT,=3.53. But for D-FsPNN, this
ratio is larger than 6, which is not consistent with the con-
ventional SP theory.

Such a large ratio reminds the case of NaV,Os, for which
2A/kgT,~6,%* and suggests that the same scenario could
occur in D-FsPNN: a spin-density ordering, in addition to a
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dimerization of the spin chains, as sketched in Fig. 4(c). The
transition and the opening of the energy gap at 7. would thus
be primarily due to some spin-density ordering, alternatively
on the left and on the right of the ONCNO™ group while the
dimerization of the chains would play a secondary role. In-
deed, such a scenario allowed explain the large 2A/kpT, ra-
tio in NaV,05.22 This second scenario seems more likely, but
is unfortunately nearly impossible to check experimentally.
Determining a spin-density map using polarized neutron dif-
fraction cannot be performed in such low magnetic field
(H,;~1 T) while measuring the Q dependence of the in-
elastic structure factor over a few Brillouin zones, as was
done in NaV,0s,2? is not feasible here since the signal is
already very small in the first Brillouin zone. Thus, some
theoretical work is now needed to test this scenario (regard-
ing the amplitude of dimerization and alternation) or propose
another one.

Applying a magnetic field at 7=50 mK makes the chains
evolve from alternating to uniform. Such a behavior is rather
puzzling and deserves theoretical support. It also raises the
question of the nature of the FIMO, expected from specific-
heat measurements'? for 7=0.25 K, between H,, and H,,.

In conclusion, our combined elastic and INS measure-
ments evidence a “mirror behavior” between decreasing tem-
perature (in zero field) and increasing field (at 7=50 mK) in
a spin-1/2 AF chain: the system evolves between uniform
chains in C2/c space group and alternating chains in Pc
space group.
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