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We report on the first observation of a magnetic transition in multiferroic PbsCr;F;9. The system undergoes a
ferroelectric transition at 7c = 545 K and probably an antiferromagnetic transition around 7y = 11 K. Between
50 K and Ty, the system is not paramagnetic but shows the presence of correlated spin clusters, indicating
a superparamagnetic or spin glass state. The observable changes of the magnetic properties ongoing through
ferroelectric phase transition show a magnetoelectric coupling that may be important for new devices.
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I. INTRODUCTION

Multiferroic systems, and in particular magnetoelectrics,
in which magnetism and ferroelectricity coexist have many
potential applications in spintronics as electrically switchable
magnets and as new kinds of memory devices. However, the
coexistence of magnetism and ferroelectricity in oxides is
unlikely, because according to Nicola Hill-Spaldin, ferromag-
netism requires a d” electronic configuration with a nonzero n,
whereas ferroelectricity requires a d° orbital.!? In view of that,
there is an intensive search for new families of multiferroics
and ferroelectrics that are not based on oxide perovskites.?

Ravez showed that the Pbs(Cr,Ti, V,Fe);F |9 family contains
4 multiferroic isomorphs with ferroelectric Curie temperatures
Tc = 545 K (Cr), 695 K (Ti), 630 K (V), and 740 K
(Fe).* If Sr or Ba is substituted for Pb, the number of
multiferroic compounds in this family is increased to 12.
However, magnetism has not yet been found in this family
of materials.

It is the purpose of this paper to present a study of the
magnetic properties of PbsCriFj9 as obtained by electron
paramagnetic resonance (EPR) and superconducting quantum
interference device (SQUID) magnetic measurements. Pre-
liminary results of this study were presented briefly in our last
review paper.”

PbsCr;F9 is characterized at 295 K by the tetragonal /4cm
space group with a = 14.384(5) A and ¢ = 7.408(2) A.%7 The
structure consists of chains of CrFg octahedra and chains of
PbF, tetrahedra running along the ¢ axis connected through
[CrFPbFPbF] six-membered rings (Fig. 1).>¢ There are two
crystallographically nonequivalent Cr sites in the ferroelectric
phase. The two symmetry-independent Cr atoms are displaced
from the paraelectric mirror plane, in opposite directions,
by 0.22 A. This allows for relative atomic displacements
of the fluorine octahedra about each Cr atom. The effective
displacement Az of these atoms is 0.19 A for Cr(1) and 0.18 A
for Cr(2).5

The a lattice constant of tetragonal PbsCr3F ;9 expands by
0.6% on heating through the Curie temperature (7, = 545 K).
In contrast, the c lattice constant abruptly contracts by 0.6%.”
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PACS number(s): 75.85.+t, 75.30.Kz

No larger PbsCr3F 9 single crystals were available to us.
The ferroelectric phase transition has been deduced from
dielectric measurements on ceramic samples.” Dielectric
measurements on ceramic samples of PbsCr;F9 showed a T,
of 580 K on heating and 530 K on cooling, demonstrating the
first-order nature of the phase transition. The same effect is
seen in the thermal hysteresis of the optical birefringence.’
The average entropy change (AS) at the transition is
13Jmol~! K=17

In the isomorphous PbsAl;Fg, the Al shifts are parallel in
the ferroelectric phase and antiparallel in the antiferroelectric
phase, whereas the Al ions sit in the centers of the octahedra
in the ferroelastic phase.’

II. EXPERIMENTAL DETAILS

All manipulations were carried out in an inert atmosphere of
argon. Polycrystalline PbsCr3;F 9 was prepared by the reaction
between 0.513 g (4.706 mmol) CrF; (Alfa Aesar, 99.9%) and
1.924 g (7.847 mmol) PbF, (Merck, Suprapur) in 3:5 molar
ratio. The reaction mixture was put in a gold reaction vessel,
sealed, and heated for 48 h at 800 K, as described previously.7
The green product was characterized by x-ray single crystal
diffraction and Raman spectroscopy and is in accordance with
the published structure.®

Single crystal data sets were collected using a Mercury
charge-coupled device area detector coupled to a Rigaku
AFCT7 diffractometer using graphite monochromated Mo-Ko
radiation (A = 0.71069 A). Raman spectra of samples were
recorded on a Renishaw Raman Imaging Microscope System
1000 by use of the 632.8-nm exciting line of a He-Ne laser.
Geometry for all Raman experiments was 180 ° backscattering
with laser power of 25 mW. The X-band and the Q-band
EPR spectra were taken by a Bruker Elexsys E-850 spec-
trometer. Temperature dependence of magnetization M(T)
and magnetic hysteresis loops M(H) were measured using a
Quantum Design MPMS-XL-5 SQUID magnetometer. M(T)
was measured in the 100-Oe field after it was zero-field cooled
(ZFC) and field cooled (FC).

©2012 American Physical Society
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FIG. 1. (Color online) Crystal structure of PbsCr;Fjg (Ref. 5).

III. RESULTS AND DISCUSSION

A. High-temperature EPR spectra

The X-band §~ = 9.57 GHz EPR spectra of polycrystalline
PbsCr3Fi9 at 295, 532, 545, and 602 K are presented in
Fig. 2(a). The spectra consist of a narrow central component,
which can be approximately described by a Lorentzian line
shape. Because PbsCr3F 9 contains paramagnetic Cr’t ions,
the measured EPR spectra are surely produced by these ions
that have an electron spin of 3/2.

The temperature dependences of the g-factor, the line
width 8§ H—determined as the full width at half maximum
(FWHM)—are shown in Fig. 3. The g-factor, which measures
the position of the EPR line, is nearly 7' —independent up to
T. =545 K, where it shows on heating a discontinuous increase
from gferro = 1.978 10 gpara = 2.003. A similar discontinuous
increase is seen in the EPR line width that increases on heating
through 7, from 52 to 110 mT. Above T, it is practically
T -independent.

The Q-band spectra at 295 K show an increase in line width
from 51.8 mT in the X-band to 68.4 mT in the Q-band. This
seems to be the result of the two slightly nonequivalent Cr**
sites in the unit cell.

To estimate the line width due to dipolar interactions
between nearest-neighbor Cr’* ions, we used the Anderson-
Weiss approach.® The FWHM at the infinitive temperature is
given by

g'B!
h2

1/2
AB; = (5.1 S(S + 1)d—6) , (1

where d is the Cr’*—Cr3* nearest-neighbor distance, g is the
g-factor, and B and / are the Bohr magneton and the Planck
constant, respectively. By takingd =3.7 A, g =1.97,and § =
3/2, we obtain A B; ~ 3600 Oe. This is three times larger than
the measured line width at 7 > 550 K. Therefore, the Cr3*
EPR line is exchange narrowed. This is supported by its quasi-
Lorentzian shape.

In general, the temperature dependence of FWHM (A B) of
the exchange-narrowed EPR line can be written as®!”

AB = ABy(T x0)”'T(T), )
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FIG. 2. (Color online) (a) High-temperature X-band EPR spectra
of PbsCr;F9 and (b) low-temperature X-band EPR spectra. The
horizontal “zero amplitude line” in (b) helps us see the EPR line
asymmetry and the appearance of a new broad line below 20 K.

where yo is the static susceptibility and I'(T) is a kinetic
coefficient that depends on dynamic spin—spin correlations.
The line width A By is given by the well-known expression®
2a)(21
ABy = , 3)
Y Wex
where w, is the dipolar width in frequency units and wex is
the exchange frequency. Both can be obtained from moment

054419-2



MAGNETISM IN MULTIFERROIC PbsCr3F 9

120 1 *~ 1 T 1T " 1T * 1
L (a) ®eeee o -
__ 100 | -
= L |
E
o %Of ° -
< 1 = 1
60 | o® o
06 © 0000 00000 00 000
I N Y T NNNUN NN NS
201 F | T ! I T — I L |
L (b) L TP
S 2.00 | -
c s |
(1]
= 1.99 F -
> ! ° ]
1.98 | =
| 00 00000 00000 00 00000000
1 1 | " 1 L 1 i 1 L 1 i 1

300 350 400 450 500 550 600
T(K)

FIG. 3. Temperature dependence of the (a) EPR line width and
(b) g-factor in PbsCr;F g close to the ferroelectric transition.

method calculations [Eq. (1)].% It is reasonable to assume that
the I'(T') function is T-independent at T > Ty, where T is the
temperature of the magnetic phase transition. In this case, the
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FIG. 4. Temperature dependence of the (a) EPR intensity, (b) line
width, and (c) g-factor of the central line below room temperature.
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FIG. 5. Inverse EPR susceptibility versus temperature for the
central line.

Curie-Weiss behavior of the high-temperature susceptibility
should result in a line width that has the following dependence:

To
AB(T) = AB,y <1 + ?), 4)

where Ty is the Curie-Weiss temperature. At T > Ty, the
line width should be T -independent, as we indeed observed
(Fig. 3).

The exchange frequency can be obtained from Eq. (3). It
is ~5 x 10'° Hz, which corresponds to the exchange energy
of 1.6 cm™!. At temperatures below 540 K, the line width
drops to ~50 mT. This is accompanied by a change in the
g-factor (Fig. 3). The changes of the spectral parameters of
Cr** are due to the ferroelectric phase transition. This leads to
a modification of both magnetic dipole—dipole and exchange
interactions. The changes may be, to a great extent, due to
the contraction of the c¢ lattice constant and the expansion
of the a lattice constant ongoing through the ferroelectric
transition. The dielectric constant data show that this transition
is of the first order. In our opinion, most changes come from
the exchange interaction between the Cr** ions. This is very
sensitive to the coordination of all ions, not only paramagnetic
ones. From structural data, it is well known that not only the
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FIG. 6. (Color online) Cr’** EPR line broadening as a function
of temperature for the central line. The solid line is the fit of the
experimental data to Eq. (4).
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Cr position but also the Pb** and the fluorine atom positions
change at T,. By using the same dipole—dipole line width as in
the paraelectric phase, the line width in the ferroelectric phase
at T < 530 K can be described by the exchange frequency
1.5 x 10" Hz, which corresponds to the exchange energy
5cm~!or7K.

The noticeable changes in the magnetic properties at
the ferroelectric transition show strong coupling among the

FIG. 9. Temperature dependence of x-T as obtained from ZFC
SQUID magnetic susceptibility data of PbsCr;F9 at H = 100 Oe.
The inset shows Ay versus (T, — T).

electric, structural, and magnetic degrees of freedom. The
coupling between the polarization and the magnetization here
is probably quadratic. That can also be seen from the linear
dependence of the Ay versus (T, — T') graph shown as the
inset to Fig. 9. In that inset, Ay is the difference between

& 50 . : . : . : . the static magnetic susceptibility in the paraelectric phase
= s () 1 (which is practically a constant value) and the susceptibility
5 40+ . in the ferroelectric phase below 7;.'' Measurements at higher
% M - 1 temperatures are more difficult, and a larger error bar is shown
g 30 + - g in Fig. 9 and in the Fig. 9 inset.
= " T
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o« 10 i ] The X-band EPR spectra measured at 7 = 100, 20, and
% 660 L L L : 8 K are presented in Fig. 2(b). The temperature dependence
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FIG. 8. Temperature dependence of the (a) EPR line intensity,
(b) line width, and (c) g-factor for the broad line in PbsCr;F9 at low
temperatures.

FIG. 10. (Color online) Magnetization as a function of the
magnetic field at 7 = 2 and 5 K. The inset shows M versus H
at T = 500 and 580 K.
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at T < 20 K are typical for an antiferromagnetic transition.
This is further supported by the temperature dependence of the
inverse susceptibility 1/ xgpr as shown in Fig. 5. Between 300
and 25 K, the plot is linear, and it goes to zero at —50 K. This
shows that we are probably dealing with an antiferromagnetic
type of transition. (For a paraelectric system the plot should go
to zero at T' = 0, whereas for a ferromagnetic system it should
g0 to zero at a positive temperature.)

The static susceptibility times the temperature, or x-T,
versus the temperature 7 shows a large decrease below
25 K, characteristic of a magnetic phase transition (Fig. 9).

The Cr** EPR line broadening as a function of temperature
from ~200 K down to 11 K can be approximately fitted with
Eq. (4) (solid line in Fig. 6), with 75 = 11.5 K and ABy =
45 mT. This shows that the magnetic transition temperature is
~11K.

Often, the critical broadening of the EPR line in magnetic
systems can be analyzed as a function of 7 /7Ty — 1, giving
To = 9 K. This is shown for the excess line width in Fig. 7,
which shows two regions: above 20 K and below 20 K. Below
20 K, the slope is different and the excess line width seems
to be dominated by critical spin fluctuations and their freezing
~11 K with the onset of some order between Cr** spins.

Below 20 K, an additional broad line appears [Fig. 2(b)].
The temperature dependence of the EPR line intensity, line
width, and g-factor below 20 K are shown in Fig. 8. It may
well be that this is part of an antiferromagnetic resonance
line. Only part of it can be seen, because we are dealing with
polycrystalline powder.

C. SQUID data

The temperature dependence (from 10 to 630 K) of the ZFC
magnetic susceptibility times the temperature of PbsCrs;Fjg
measured by a SQUID magnetometer at H = 100 Oe is shown
in Fig. 9. The FC and ZFC susceptibilities are identical. The
results of SQUID magnetometer measurements are practically

PHYSICAL REVIEW B 85, 054419 (2012)

the same as the EPR ones, thus confirming the validity of our
approach. The magnetization as a function of the magnetic field
up to 50 kOe was measured at 7 = 2, 5, 500, and 580 K, i.e.,
below the magnetic transition in the low-temperature region
and above the ferroelectric transition in the high-temperature
region. It is shown in Fig. 10. The important point is that no
magnetic hysteresis loops exist, thus excluding ferromagnetic,
ferrimagnetic, or spin glass order.

IV. CONCLUSIONS

The Cr3* (S =3 /2) EPR spectra of PbsCr3;F ;g are exchange
narrowed, because the observed X-band and Q-band widths
of the central line (~50-100 mT) is much smaller than the
expected dipolar width (~360 mT). The exchange frequency
is on the order of 10'! Hz, which corresponds to the exchange
energy 5 cm™.

There are two large anomalies in the EPR spectra: at
the ferroelectric transition 7¢c = 545 K and at the magnetic
transition around 7y ~ 11 K. The behavior of the EPR
intensity, line width, and g-factor shows that the magnetic tran-
sition is probably an antiferromagnetic one. This is supported
by SQUID magnetization data. The SQUID magnetization
measurements below Ty show that no magnetic hysteresis
loops should be present for a ferromagnet, a weak ferrimagnet,
or a spin glass state. In addition, between 7¢ and Ty, the EPR
line width is not T-independent as expected for an ordinary
paramagnet but is continuously increasing with decreasing
temperature. The behavior seems to show the presence of
correlated spin clusters reminiscent of a superparamagnetic
or spin glass state between Ty and 50 K.
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