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The anharmonicity of lattice vibration is mainly responsible for the coefficient of thermal expansion (CTE) of
materials. External stimuli, such as magnetic and electric fields, thus cannot effectively change the CTE, much
less the sign variation from positive to negative or vice versa. In this study, we report significant magnetic field
effects on the CTE of zircon- and scheelite-type DyCrO4 prepared at ambient and high pressures, respectively.
At zero field, the zircon-type DyCrO4 exhibits a negative CTE below the ferromagnetic-order temperature of
23 K. With increasing field up to >1.0 T, however, the sign of the CTE changes from negative to positive. In the
scheelite phase, magnetic field can change the initially positive CTE to be negative with a field up to 2.0 T, and
then a reentrant positive CTE is induced by enhanced fields >3.5T. Both zircon and scheelite phases exhibit
considerable magnetostrictive effects with the absolute values as high as ~800ppm at 2K and 10T. The strong
spin—lattice coupling is discussed to understand the unprecedented sign changes of the CTE caused by applying
magnetic fields. The current DyCrO4 provides the first example of field-induced sign change of thermal expansion,

opening up a way to readily control the thermal expansion beyond the conventional chemical substitution.

DOI: 10.1088,/0256-307X,/40,/6,/066501

Thermal expansion is an important physical perfor-
mance parameter for material practical applications. A
mismatch in coefficients of thermal expansion (CTEs) be-
tween different components in functional materials and de-
vices could trigger a series of serious problems, leading
to functional failure, deformation, and/or even cracks. "+
In theory, thermal expansion is dominated by the an-
harmonicity of atomic vibration. GBI Therefore, chemical
substitution is often used to tune the magnitude of the
CTE in a moderate temperature region. In particu-
lar, negative thermal expansion materials, in which the
cell volumes contract instead of expanding upon heat-
ing, are frequently used to control the CTE by forming
composites with normal positive-thermal-expansion ma-
terials. For example, effectively controlled thermal ex-
pansion from strong negative thermal expansion to near-
zero thermal expansion was realized in La-doped PbTiO3—
BiFeOs. ™ In past decades, certain types of negative ther-
mal expansion materials have been discovered, mainly

-7 the magneto-
8-10]

including phonon-related frameworks,
volume effect in antiperovskites and alloys, | metal—
insulator transition in CagRuO4,[11] charge transfer in
LaCusFe;O12,!"? BiNiOs,!"¥) and SmS,!" and ferro-
electrostriction in PbTiOs-based ferroelectrics. > 171 As

chemical modulation of the CTE is limited for most ma-

fThese authors contributed equally to this work.

terials, a more effective and readily tunable method to
modify the CTE of materials is urgently required.

Compared to chemical substitution, external fields like
magnetic and electric fields are more desirable for tun-
ing the CTE via peculiar physical effects such as mag-
netostrictive and ferroelectrostrictive effects. In fact, the
magnitudes of CTEs in some magnetic materials can be
changed by applying magnetic fields. [18:19] However, there
is no report, to date, of field-induced sign changes of the
CTE from positive to negative or vice versa. In this
Letter, we report a rare-earth chromate of DyCrQOy4, in
which the crystal structure depends on the synthesis con-
ditions: a standard solid-state annealing method at am-
bient pressure produces a zircon-type (z-type) phase with
space group [41/amd, whereas a high-pressure annealing
method drives the structure to assume a scheelite-type
(s-type) phase with space group I4:/a. Intriguingly, the
CETs of both phases experience sign changes under exter-
nal magnetic fields. Specifically, a field-induced negative-
to-positive thermal expansion is found to occur in the z-
type DyCrQOy4, whereas positive-to-negative and then reen-
trant positive thermal expansions are observed in the s-
type DyCrQOy4. Field-induced sign changes of the CTE are
thus realized for the first time in the current DyCrO4 in
its two polymorphs.
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Results and Discussion. As shown in Fig. 1, the Ri-
etveld refinement analysis for the x-ray diffraction (XRD)
patterns confirms that the ambient-pressure-synthesized
DyCrOy4 crystallizes into a tetragonal z-type crystal struc-
ture with space group I4:/amd [Figs.1l(a) and 1(c)],
whereas the high-pressure-treated one possesses another
tetragonal s-type structure in I4;/a symmetry at room
temperature [Figs. 1(b) and 1(d)], in good agreement with
the literature. 222 Details of the Rietveld refinements
and related structural parameters were provided in the
Supplementary Material (Table S1). The structural rear-
rangement causes a large volume reduction by ~ 10.9% per
chemical formula, suggesting that the zircon-to-scheelite
transition is of first order in nature.®® Correspondingly,
the Dy—O—Cr bonding changes sharply, giving rise to es-
sentially different magnetic properties for these two phases
as shown below.

(a)  z-type DyCrO, ° Obs.

—— Calc.
Space group: I4,/amd
D group: I4;/am. Difr.

Peak

(b) s-type DyCrOy e Obs.
Space group: I4,/amd — Calc.
— Diff.

' Peak

Intensity (arb. units) Intensity (arb. units)

10 20 30 40 50 60 70 80 90 100
26 (deg)

Fig. 1. Rietveld refinement of x-ray powder diffraction
patterns of (a) z-type DyCrO4 (Cu Kq) and (b) s-type
DyCrO4 at room temperature. (c) The zircon-type and
(d) scheelite-type crystal structures of DyCrO4. Direc-
tions of spin moments are indicated by arrows.

Figure 2(a) displays the temperature dependence of
magnetic susceptibility for the z-type DyCrOy.
ported previously, a paramagnetic (PM) to ferromagnetic
(FM) phase transition is found to occur with temperature
decreasing to the Curie temperature T¢ ~ 23 K. The mag-
netic hysteresis loop observed below T¢ [e.g., at 2 K shown
in the inset of Fig. 2(a)] is also in accordance with the FM
ordering. When the linear thermal expansion, defined as
AL/L = [L(T)—L(2K)]/L(2K), is measured as a function
of temperature at zero field, one finds that the thermal ex-
pansion gradually decreases with decreasing temperature
in the PM state, indicating the occurrence of normal posi-
tive thermal expansion. Unexpectedly, however, the ther-
mal expansion experiences an inflection point at T, below
which the linear thermal expansion unusually increases on
cooling. This indicates that negative thermal expansion
takes place in the FM state in the z-type DyCrO4. This
coincidence suggests a strong magnetocrystalline coupling.
A detailed description of the z-type structure is reported in
Refs. [21,22]. A tetragonal-to-orthorhombic crystal struc-
tural phase transition is determined between 40 and 27 K
due to pseudo-Jahn—Teller effects, leading to a reduction

As re-

in symmetry from I4; /amd to Imma. A more microscopic
perspective is the splitting of the accidental orbital degen-
eracy or near-degeneracy in crystal field levels, Y caus-
ing a slight shift of Cr®" along the z-axis direction, ac-
companied by an increase in the Cr—O and Dy—O bond
lengths. This structural symmetry change and orthogonal
distortion of the lattice can be considered as the mech-
anism of negative thermal expansion presented in the z-
type DyCrO4 at low temperatures. The inflection point
of thermal expansion observed near T arises from lattice
distortion via spin-lattice coupling.

~@
) ,
@ s0f ;
L 3 8
é) 15E % ! =
= 10F 9 6 -3 0 3
£ b ZFC_go H (T)
3 5.‘W z-type DyCrOy
> L Ry H=1000¢
(F |
2o0r |
El: |
o) )= '
2 !
F 1
F 1
2 aof !
3t '
_40:- E H=0
| 1 n n 1 n n
0 20 40 60 80
T (K)
Fig. 2. Magnetic and thermal-expansion properties of

the z-type DyCrOy4. (a) Temperature dependence of zero-
field-cooling (ZFC) and field-cooling (FC) magnetic sus-
ceptibility measured at 1000e. The inset shows the
isothermal magnetization measured at 2 K. (b) Tempera-
ture dependence of linear thermal expansion. The dashed
line indicates the FM phase transition and thermal expan-
sion variation at Tc.
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Fig. 3. Magnetic and thermal-expansion properties of the
s-type DyCrQOy4. (a) Temperature dependence of ZFC and
FC magnetic susceptibility measured at 100 Oe. The in-
set shows the isothermal magnetization measured at 2 K.
(b) Temperature dependence of linear thermal expansion.
The dashed line indicates the antiferromagnetic (AFM)
phase transition and thermal expansion anomaly at Ty .
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Similarly, temperature-dependent susceptibility and
linear thermal expansion were measured for the s-type
DyCrO4. In contrast to the FM phase transition ob-
served in the z-type phase, the s-type phase undergoes
an AFM transition on cooling to the Néel temperature
Tn ~ 24K, as presented in Fig.3(a). The T is de-
termined based on the onset of separation between the
zero-field-cooling (ZFC) and field-cooling (FC) suscepti-
bility curves, in agreement with the anomaly occurring in
specific heat. [25] Moreover, a field-induced metamagnetic
transition from the initial collinear AFM structure to a
canted AFM state with considerable net FM moment is
found to occur as the field increases to approximately 3T
[see the inset of Fig.3(a)], which is consistent with the
previous reports. [26] Although negative thermal expansion
is observed at the FM state of the z-type phase, the s-
type DyCrQy, at zero field, displays only positive thermal
expansion in both the PM and AFM states.
a remarkable anomaly appears near Tx, below which the
thermal expansion sharply decreases with further cooling.
This spontaneous change in dimensions at T is also in-
dicative of a strong magneto-structural correlation in the
s-type phase, similar to that in the z-type one. Note that
no structural phase transition occurs in the s-type phase
at temperatures down to 2K, so the positive thermal ex-
pansion remains across the whole temperature region mea-
sured (3-50K) at zero field.

However,
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Fig. 4. Thermal expansion measured at different mag-
netic fields. Temperature dependence of linear thermal
expansion of (a) z-type and (b) s-type DyCrOy in a series
of magnetic fields applied along the direction of sample
length. The arrows in (b) indicate the tendency of ther-
mal expansion with increasing magnetic field.

As strong magnetocrystalline coupling is present in
both the z- and s-type DyCrQOy, it is intriguing to study the
magnetic field effects on the thermal expansion of these two
phases. Figure 4(a) shows the temperature dependence of
linear thermal expansion measured at selected fields for
the z-type phase. One finds that the thermal expansion
is highly sensitive to external magnetic fields. Specifically,

the normal positive thermal expansion above T¢ is con-
siderably enhanced with increasing magnetic field. The
change in thermal expansion is as large as 300 ppm be-
tween 0 and 6 T at 50 K. More interestingly, the negative
thermal expansion below T¢ is greatly suppressed once
a magnetic field is applied. More specifically, the z-type
phase has a pronounced negative thermal expansion with
an average linear CTE of ar, = —1.59 ppm-K~! at 3-23K
without applying a magnetic field (i.e., at H = 0T). Here,
ay, is calculated using the function ar, = [AL/L]/AT. As
the magnetic field is applied to 1T, the negative thermal
expansion changes to a near-zero thermal expansion with
a value of @, = 0.59ppm-K~! at 3-23 K. Note that this
magnitude of a;, for the z-type DyCrOy is even less than
that of the commercial zero-thermal-expansion material
of invar alloys (1.2ppm-K~! at 300K)."! Above 1T, the
thermal expansion becomes completely positive across the
whole temperature range regardless of the FM state.

Compared with the z-type phase, the s-type phase of
DyCrOy4 exhibits more complex thermal expansion behav-
ior under external magnetic fields. As shown in Fig. 4(b),
as magnetic fields are gradually applied from 0 to 3T, the
magnitude of thermal expansion is reduced as a whole over
the temperature range of 3-50 K. In particular, at lower
temperatures, the initially positive thermal expansion is
induced into negative. Moreover, the amplitude of nega-
tive thermal expansion increases with increasing magnetic
field. For instance, the calculated value of &;, changes from
positive 2.69 ppm- K~ at 0T to —2.7ppm-K~! at 3T in
the temperature region of 3-24K (i.e., below Tx). How-
ever, once the magnetic field increases above 3 T, which is
the critical field for the metamagnetic transition, the whole
magnitude of thermal expansion is sharply enhanced, and
the sign of ap, is also switched from negative to positive
again. The negative thermal expansion induced at lower
magnetic fields in the s-type DyCrOy4 looks similar to the
zero-field behavior observed in the z-type phase, as both
can be tuned positive by higher fields.

Figures 5(a) and 5(b) summarize the average linear
CTE of &y, as a function of magnetic field for the z-type
DyCrO4 in 3-23K and the s-type phase in 3-24K, re-
spectively, i.e., in the spin-ordering states for these two
phases. For the z-type phase, a small field close to 1T
can tune the sign change of thermal expansion from neg-
ative to positive. Moreover, the magnitude of &;, tends to
saturation with increasing field above 4 T. Based on pre-
vious neutron diffraction data, 221 the tetragonal z-type
DyCrOy4 changes into an orthorhombic phase, where both
a and c axes slightly expand on cooling from 27 to 3.6 K,
whereas tiny contraction occurs for b axis. We therefore
infer that the negative thermal expansion is caused by
a and c axes. In comparison, the s-type phase also ex-
hibits very sensitive field dependence. A moderate field
near 2T can induce the initially positive thermal expan-
sion to be negative.
still field variable, and a higher field up to approximately
3.5 T can change the sign again. Therefore, magnetic-field-
induced sign changes of thermal expansion from positive

The negative thermal expansion is

to negative and then to reentrant positive are realized in
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the s-type DyCrQO4. According to our neutron diffraction
study of the s-type DyCrOy4 as a function of magnetic field,
the intensity of the magnetic (002) reflection peak gradu-
ally decreases with the increasing magnetic field.*®) This
indicates that the magnetic moments rotate toward the
applied magnetic field, inducing canting of the collinear
AFM structure, which yields a net FM moment. The com-
peting of the coexisting magnetic states of collinear AFM
and FM structures under magnetic field could result in an
unusual thermal expansion transformation as a function
of magnetic field. ™) Similar phenomena could also be ex-
pected in the z-type DyCrO4. Note that such a series of
field-induced sign changes in thermal expansion have never
been found in other material systems. The present study
sheds light on the potential of external magnetic field as
an effective method to control thermal expansion, includ-
ing the magnitude and sign, via strong magnetocrystalline
coupling.

3
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Fig. 5. Coefficient of average linear thermal expansion
at different magnetic fields. Average linear coefficient of
thermal expansion of (a) z-type at 3-23 K and (b) s-type
DyCrO4 at 3-24K in a series of magnetic fields applied
along the direction of sample length. PTE: positive ther-
mal expansion, NTE: negative thermal expansion.

We then studied the magnetostrictive effects by scan-
ning the field strength from 10 to —10T at selected tem-
peratures for DyCrOy4. As shown in Fig. 6(a), the absolute
magnetostriction of the z-type phase increases with de-
creasing temperature and reaches 860 ppm at 2K and 10T,
indicating a large spin-lattice coupling, which may be de-
rived from the larger magnetic moment of Dy3". Such a
significant magnetostrictive effect of DyCrOy is larger than
those of familiar rare-earth intermetallic compounds, such
as Fe-Ga alloys and DyNiy, 2529
based antiferromagnets, such as DyNisBoC. % Moreover,
the magnetostriction of the z-type DyCrO4 shows no trace

and some rare-earth-

of saturation even at field strengths up to 10 T. The value
of magnetostriction is expected to be greater in a higher ex-
ternal magnetic field. In rare-earth metals, alloys, and in-
termetallic compounds, the giant magnetostrictive effect is
mainly caused by the unfilled 4f layer electrons. **! The 4f

electron orbitals of rare-earth ions have strong anisotropy.
When spontaneously magnetized, the 4f layer electrons
achieve the lowest energy in one or more specific directions.
This causes large lattice distortion along these directions,
resulting in giant magnetostriction. According to previous
studies, both the Cr®" and Dy®** spin moments collinearly
align along the y-axis direction in the z-type DyCrOy.
Therefore, the magnetic interactions between Cr’" and
Dy®* ions should be mainly responsible for the FM transi-
tion of DyCrQy, as Buisson et al. reported for the FM ori-
gin of the isostructural TbhCrOy4 system. (32 There is large
strain-dependent anisotropy of the rare-earth ion Dy3™ sit-
uated at the centers of the dodecahedrons and Cr®" at the
centers of the tetrahedra in the lattice. With increasing
magnetic field, the spins of Dy** and Cr®* ions rotate un-
der the action of the external field. The lattice size of the
sample is then affected by the spin—lattice coupling interac-
tion, and the macroscopically manifested magnetostrictive
behavior is that the lattice shrinks with increasing mag-
netic field at fixed temperatures.

[ z-type DyCrOy4 (a)

—200f
—400f
—600

—800F

(Hc~3T (b)
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Fig. 6. Field dependence of magnetostriction for (a) z-
type and (b) s-type DyCrOy4 at selected temperatures.

In sharp contrast to the monotonic magnetostrictive
feature observed in the z-type phase, the magnetostriction
of the s-type DyCrO4 at low temperatures (i.e., 2 and 5 K)
exhibits a sign change from positive to negative at a crit-
ical field strength of approximately 3T, as presented in
Fig.6(b). This critical magnetic field is just in line with
the metamagnetic transformation from the collinear AFM
to a canted one with considerable net FM moment [see the
inset of Fig.3(a)]. Above the critical field, the absolute
magnetostriction also increases with decreasing tempera-
ture and reaches 760 ppm in 10 T at 2 K. The sign change of
the magnetostriction curve in the s-type DyCrO4 implies
that there are two competing factors affecting magneto-
lattice coupling under the influence of a magnetic field. Ac-
cording to the neutron diffraction data, at zero magnetic
field, the spin structure composed of Cr®* and Dy3" is
collinear AFM with spin moments parallel to the c-axis of
the crystal lattice. Magnetic symmetry analysis illustrates
that the collinear AFM structure of the s-type DyCrO4

066501-4
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has a magnetic point group of 2'/m, with two-fold rota-
tion along the c-axis, whereas the mirror is perpendicular
to the c-axis.?"! The magnetic anisotropies of Dyt and
Cr%T are opposite in direction. When a magnetic field is
applied to the AFM phase, the AFM interactions of the
Dy3" and Cr®" ions in the lattice are enhanced. How-
ever, this stress cannot be released by the rotation of the
spin directions. Under the spin—lattice interaction, the lat-
tice is forced to expand to release stress potential energy.
When the magnetic field exceeds 3T, the sample is in a
canted AFM state, retaining a net magnetic moment in
the easy axis direction, similar to the FM state in the z-
type phase. The strong anisotropy of 4f layer electrons,
magnetic anisotropy of Dy** and Cr®*, coupled with spin—
lattice interactions can rationally explain the characteris-
tics of notable magnetostriction and sign changes of ther-
mal expansion under different magnetic fields. In addition
to the mechanisms mentioned above, the magnetostriction
in a magnetic crystal under an applied magnetic field can
be due to the movement of twin boundaries and the align-
ment of FM or AFM domains. 334 Moreover, the magne-
tostriction of DyCrO4 polycrystal can be affected by grain
orientations and magnetic domain configurations. [35]

In summary, we have demonstrated significant mag-
netic field effects on the thermal expansion and large mag-
netostriction of polycrystalline z- and s-type DyCrO4 sam-
ples prepared under ambient and high-pressure conditions,
respectively. The z-type phase exhibits a negative CTE be-
low the FM-order temperature of 23 K at zero field. The
sign of the CTE changes from negative to positive with
increasing magnetic field up to 1T. The induced positive
CTE appears to saturate above 4T. In the s-type phase,
the magnetic field can change the initially positive CTE to
be negative with a field strength of up to 2.0 T below the
AFM-order temperature of 24 K. Furthermore, the neg-
ative CTE reenters into positive by enhancing the field
>3.5T. Both the z- and s-type phases exhibit large mag-
netostriction with the absolute values up to ~ 800 ppm at
2K and 10T. The physical origins of the tunable nega-
tive thermal expansion and the large magnetostriction are
closely related to the strong spin—lattice coupling. The
present study provides an unprecedented example of exter-
nal magnetic fields significantly changing the thermal ex-
pansion, including the magnitude and especially the sign,
which opens up a new avenue in readily controlling thermal
expansion.

Methods. The polycrystalline z-type DyCrOg4
samples were prepared using stoichiometric ratios of
Dy(NOs3)3-6H20 and Cr(NO3)3-9H2O as starting materi-
als. A similar heat-treatment process to that reported in
Ref. [36] was used at ambient pressure. The green z-type
DyCrO4 was then adopted as a precursor material. After
treating the precursor at 3.0 GPa and 850 K for 15 min on
a cubic anvil-type high-pressure apparatus, black s-type
DyCrO4 samples were obtained. To identify the sample
quality and determine the crystal structures of these two
products, powder XRD measurement was performed at
room temperature using a Huber diffractometer with Cu
K., radiation in a 20 range from 10° to 100° with steps

of 0.005°. Rietveld refinement of the XRD data was per-
formed using the GSAS program. 7]

The temperature dependence of magnetic suscepti-
bility and field-dependent isothermal magnetization were
measured on a magnetic property measurement system
(Quantum Design, MPMS XIL-7). Both ZFC and FC
modes were used for susceptibility measurements at a mag-
netic field of 100 Oe. A home-made capacitance dilatome-
ter was used to measure the thermal expansion and magne-
tostriction in a cryogen-free superconducting magnet sys-
tem (Oxford Instruments, TeslatronPT), as described in
detail elsewhere. [3%:39] Rod-shaped specimens of 3.196 mm
length and 2.4 mm diameter for the z-type DyCrO4, and
2.771 mm length and 2.1 mm diameter for the s-type phase,
The samples were
clamped between the upper parallel plate and the sup-
porting structure of the dilatometer. As the temperature

were used for these measurements.

and/or magnetic field change, the sample is deformed,
which induces movement of the upper parallel plate, so
that the capacitance of the parallel plates changes. Using
an AH2700 capacitance bridge to precisely measure the ca-
pacitance, the deformation of the sample can be deduced
at a high accuracy of 107°-107'®m by the following for-
mula:

Ci—-C, C1—-C
AL=—€07T7"2( 51022— 102 2). (1)

Here, AL is the change of sample length along the mea-
surement direction, ¢ is the vacuum dielectric constant,
r is the radius of the capacitor plate, C; and C5 are the
changing capacitance and the initial capacitance value, re-
spectively. Chax is called the short-circuit capacitance,
which is the maximum capacitance measured by carefully
decreasing the plate distance with the adjustment screw
until the capacitor is under short-circuit condition. Dur-
ing the thermal expansion measurements, the sample was
cooled from 50 K to 3 K at different applied magnetic fields,
and then the thermal expansion was measured by slowly
heating the sample with the applied magnetic field. The
heating rate was 1 K/min. The magnetostriction measure-
ments were carried out by keeping the samples at a fixed
temperature and then slowly changing the applied mag-
netic field in the range from —10T to 10T at a rate of
10 Oe/s.
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