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Field-induced spin-flop transitions in single-crystalline CaCo,As;
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CaCo,As;, a ThCr,Si,-structure compound, undergoes an antiferromagnetic transition at 7y = 76 K with
the magnetic moments being aligned parallel to the ¢ axis. Electronic transport measurement reveals that the
coupling between conducting carriers and magnetic order in CaCo,As, is much weaker compared to the parent
compounds of iron pnictide. Applying magnetic field along the ¢ axis induces two successive spin-flop transitions
in its magnetic state. The magnetization saturation behaviors with H || ¢ and H || ab at 10 K indicate that the
antiferromagnetic coupling along the c direction is very weak. The interlayer antiferromagntic coupling constant

J. is estimated to be about 2 meV.
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I. INTRODUCTION

Magnetic responses of magnetic materials to external
fields have been one of the most active fields in condensed-
matter physics due to their enormous value for fundamental
researches and practical applications. Competition between
exchange energy, magnetocrystalline anisotropy energy, and
Zeeman energy could introduce many fascinating magnetic
phenomena in magnetic materials."> Especially, in an an-
tiferromagnet with low anisotropy, a magnetic field applied
parallel to the easy axis could induce a transition to a phase in
which the magnetic moments lie in a direction perpendicular
to the external magnetic field. This is the so-called spin-
flop transition. Spin-flop phenomena have been observed in
many magnetic materials,>™ including many low-dimensional
antiferromagnets.’~'%

Recently, the discovery of high-T. iron pnictide supercon-
ductors opens a playground for the community to explore the
magnetism and its interplay with superconductivity.!! Most
parent compounds of FeAs-based superconductors exhibit a
long-range antiferromagnetic (AFM) order at low temperature.
Similar to the cuprates, hole or electron doping will suppress
AFM and introduce superconductivity.'>!3 In the 1111 family,
T, reaches up to 55 K,'* which is much higher than the value
expected from the traditional electron-phonon coupling theory.
Itis widely believed that the superconductivity in iron pnictides
has an unconventional origin.

Moderate hole or electron doping will destroy the long-
range antiferromagnetic order in iron pnictide parents. How-
ever, a complete substitution of Fe by Co in ReFeAsO
(Re = La-Gd) will introduce complex magnetic phenomena.
LaCoAsO shows ferromagnetic (FM) order below 55 K with a
saturation moment of 0.3-0.4u per Co atom.'> In ReCoAsO
(Re = Ce-Gd), the existence of 4 f electrons in rare-earth
elements leads to extra complexity in magnetism.'>!® Recent
neutron-diffraction experiments reveal NdCoAsO undergoes
three magnetic transitions: (a) a ferromagnetic transition at
69 K from Co moments, (b) a transition from FM to AFM at
14 K, and (c) an antiferromagnetic order of Nd 4 f moments
below 1.4 K.'7!8 Neutron experiments indicate that all ordered
moments lie in the ab plane. The moments on Co atoms in each
CoAs layer are ferromagnetically ordered, and these layers are
aligned antiferromagnetically along the c direction. The two
Nd sites in each NdO layer are aligned antiferromagnetically
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PACS number(s): 75.30.Cr, 75.50.Ee, 74.70.Xa

and alternate in direction between layers. The interplay
between 3d and 4 f electrons may play an important role in
these successive magnetic transitions.

However, BaCo,As,, which belongs to the 122 family,
exhibits paramagnetic behavior above 1.8 K.!” The enhance-
ment of susceptibilities relative to the weak correlated electron
systems indicates that BaCo,As; is close to a magnetic
quantum critical point. In this article, we report our exploration
of single-crystalline CaCo,As;. Different from BaCo,As;,
we found that CaCo,As; undergoes an antiferromagnetic
transition at 76 K with magnetic moments being aligned
parallel to the ¢ axis. Interestingly, applying a magnetic field
parallel to the easy axis induces two successive spin-flop
transitions in its magnetic state. Our studies indicate that the
magnetic coupling between the ab plane is very weak, so that
the magnetic ground state of CaCo,As, can be disturbed easily
by a moderate external magnetic field.

II. EXPERIMENTAL DETAIL

CaCo, As; single crystals were grown by a self-flux method
similar to the procedures described in many references.!*>°
The typical crystal size was ~5 x 5 x 0.1 mm?. Resistivity
and specific-heat measurements were performed on a Quantum
Design physical property measurement system (PPMS). dc
magnetization was measured as functions of temperature
and magnetic field using a Quantum Design instrument
superconducting quantum interference device (SQUID-VSM)
and PPMS.

III. RESULTS AND DISCUSSIONS

Figure 1 shows susceptibilities in 5 kOe along the ¢ axis and
ab plane. The susceptibility for H || ¢ exhibits a sharp peak
at Ty = 76 K and drops rapidly with decreasing temperature,
indicative of an antiferromagnetic transition with the magnetic
moments being aligned parallel to the ¢ axis.* Susceptibility for
H || ab shows a peak around 76 K, too, but it does not decrease
rapidly as H || ¢ and shows nearly no temperature dependence
below Ty . Above 150 K, the susceptibilities follow the Curie-
Weiss law very well. The inset of Fig. 1 shows Curie-Weiss
fits to the high-temperature parts of the susceptibilities. These
fits give a Weiss temperature of 6,, = 98 K for H | ab and
0, = 65 K for H || c. The effective moment of Co is calculated
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FIG. 1. (Color online) Temperature-dependent magnetic suscep-
tibilities along the ab plane and the ¢ axis in 5 kOe. The inset is the
Curie-Weiss fits to the high-temperature parts of the susceptibilities.

to be 1.0up for H || ab and 1.4up for H || c. A positive
Weiss temperature generally indicates ferromagnetic coupling
between the moments. We notice that many compounds with a
crystal structure similar to CaCo, As, show FM ordering in the
basal planes, such as CaCo,P,, LaCo,P,, CeCo,P,, PrCo,P»,
and NdCo,P,.?!?> Especially, local-density approximation
calculation (LDA) reveals that BaCo,As; displays an in-plane
ferromagnetic correlation even if it does not exhibit magnetic
order above 1.8 K.!° So it is reasonable to infer that the
moments of Co atoms are ordered ferromagnetically within
the ab plane in its magnetic state. However, the magnetic
structure of CaCo,As; cannot been determined exactly by the
static susceptibilities. The simplest supposition of the magnetic
structure of CaCo,As; is an A-type antiferromagnetism as
shown in Fig. 6(a), which means the magnetic moments of
Co atoms are aligned antiferromagnetically along the ¢ axis
with the stacking sequence + — +—. Another possible type of
stacking sequence along the ¢ axis is + + ——, as shown in
Fig. 6(b). This type of stacking sequence has been observed in
PrCo,P, and NdCo,P,.2"?2 Neutron experiments are needed
to determine the exact magnetic structure of CaCo,As,.
Figure 2 shows the resistivity for I || ab as a function
of temperature. p,; decreases with decreasing temperature,
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FIG. 2. Temperature-dependent resistivity of CaCo,As; in zero
field with I || ab. The inset is the derivative dp,,dT as a function of
temperature.
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FIG. 3. (Color online) Temperature dependence of the specific
heat of CaCo,As; plotted as C/T vs T. The inset is a linear fit to the
data below 10 K.

revealing a metallic behavior. There is no clear anomaly
in the resistivity curve across the antiferromagntic transi-
tion temperature. Only a broad peak could be seen in the
derivative plot dp,;,/dT, as shown in the inset of Fig. 2.
This is very different from the electronic transport behaviors
of parent compounds of iron-based superconductors, where
clear anomalies were observed in resistivity at the transition
temperature.'>!3 The absence of a similar anomaly in p,; of
CaCo,As; indicates that the coupling between the conducting
carriers and antiferromagnetical order in CaCo,As, is much
weaker than that of iron pnictide parents.

Temperature-dependent specific heat is shown in Fig. 3.
Although the contribution of the phonon specific heat is
dominant, we can clearly observe a weak peak located at
around 76 K. It gives another evidence for a bulk long-
range antiferromagnetic transition. The fit to low-temperature
specific heat data is shown in the inset of Fig. 3. A good linear
T?-dependent behavior indicates that the low-temperature
specific heat is mainly contributed by electrons and phonons.
The fit yields the electronic coefficient y = 30 mJ/K?/mol
CaCo,As, or 15 mJ/K?/mol Co atom. The value, which is
much larger than that of iron pnictide parents,”>** suggests
a high density of states (DOS) at the Fermi level. LDA
calculation for BaCo,As, reveals that an electronic DOS at
the Fermi level is already large enough to lead to a mean-field
stoner instability toward in-plane ferromagnetism.'® The large
electronic specific-heat coefficient of CaCo,As, may give
us a clue to understand the in-plane ferromagnetism in its
antiferromagnetic state.

Magnetic susceptibilities measured in different fields are
shown in Figs. 4(a) and 4(b). x.(T) [x(T) with H || ab]
reveals a rather weak field dependence up to 60 kOe. However,
Xe(T) [x(T) with H || c] [Fig. 4(b)] shows strong field-
dependent behaviors. The peak of x.(T) shifts to low temper-
ature with increasing magnetic field. This is a characteristic
feature of an antiferromagntic transition. Below 20 kOe, x.(T')
reveals a well-defined antiferromagnetic transition. However,
at H = 30 kOe, a shoulder begins to appear at 50 K. With
increasing H, the low-temperature parts of x.(7) are elevated
and a plateau begins to form. At 50 kOe, x.(T) shows a large
plateau below 40 K, which indicates that the antiferomagnetic
ordering state is heavily disturbed by the applied field. With
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FIG. 4. (Color online) (a) and (b) Susceptibilities with H || ab and H || ¢ in different fields. (c) and (d) Magnetization as a function of field
from —7 to 7 T below and above Ty with H || ab and H || c. (e) and (f) Magnetization as a function of field from 0 to 14 T below and above

Ty with H || ab and H || c.

further increasing magnetic field, the low-temperature plateau
of x.(T) is gradually suppressed. At H = 70 kOe, the plateau
could not be seen clearly.

To understand these peculiar behaviors of x.(7T), we
collected the magnetization data measured as a function of field
above and below Ty. Figure 4(c) shows M(H) with H || ab
in the range of —7 to 7 T. M,;,(10 K) [M(H,10 K) with
H | ab] and M ,;,(150 K) exhibit a linear increase behavior
as a function of applied magnetic field. M ,(H) at 70 and
90 K deviate slightly from linear behavior. This anomaly
originates from the strong magnetic fluctuation around the
phase transition temperature. Figure 4(d) gives the results
with H || c. Different from H | ab, M .(10 K) [M(H,10 K)
with H || ¢] undergoes two steep magnetization jumps at
woH. =3.5T and uoH . = 4.7 T. The first jump exhibits
a notable hysteresis in the M-H curve, as shown in Fig. 5.
However, the second one at 4.7 T hardly shows a hysteresis.
From 5 to 7 T, no hysteresis can be observed in M (10 K). With
increasing temperature, the two magnetization jumps become
less pronounced and disappear above 70 K. M .(H) at 150 K
shows a good linear behavior as a function of magnetic field,
indicating a typical paramagnetic response in paramagnetic
states. We noticed that similar steep jump behaviors have been
observed in many antiferromagnets, such as CuCl,-2H,0,3
CHQMHSHS4,S BaCl.12SizO7,7 ﬁ-CU2V207,8 and Na0‘85C002.25
A natural explanation for the steep magnetization jump
behaviors in the antiferromagnet is a spin-flop transition.
To yield more information on the jumps, we performed
magnetization measurements up to 14 T.

Figures 4(e) and 4(f) show M ,,(H) and M .(H) up to
14 T at different temperatures. At 10 K, M,,(H) and M .(H)
display moment saturation behaviors at 10.2 and 7.6 T,
respectively. The saturation moments are 0.33p per Co for
H || ab and 0.37up per Co for H || c. These values are much
smaller than the effective moment per Co atom obtained from
Curie-Weiss fits to the susceptibilities, indicative of an itinerant
magnetism in CaCo,As,. With increasing temperature, the

saturation behaviors are weakened and finally disappear
above Ty.

It is well known that the spin-flop transition can be induced
by a moderate magnetic field in an uniaxial antiferromagnet
with low anisotropy. The first jump displays a notable
hysteresis with increasing and then decreasing H, indicating a
first-order phase transition. We infer that this jump is ascribed
to the traditional spin-flop transition which has been observed
in many uniaxial antiferromagnets. The possible magnetic
structures of CaCo,As; in this spin-flop phase are shown in
Figs. 6(c) and 6(d). At 4.7 T, another sudden jump occurs
in M .(H) at 10 K. This jump is unexpected from a simple
uniaxial antiferromagnet. The steep increase of magnetization
means that the magnetic structure of CaCo,As, undergoes
a sudden change. Different from the first jump, the second
one exhibits much weaker hysteresis behavior. We cannot
give a detailed description about this spin-flop transition
because the exact magnetic structure and magnetic interaction
in CaCo,As; cannot be obtained from static susceptibility and
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FIG. 5. (Color online) M, vs H measured up to 7 T at 10 K with
increasing and then decreasing H.
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FIG. 6. (a) and (b) Two possible magnetic structures in
CaCo,As,. (c) and (d) Two possible spin-flop phases in CaCo,As;.
(e) Arrangement of Co moments in large field with H || c. (f)
Arrangement of Co moments in large field with H || ab.

magnetization data. We think further neutron experiments are
needed to settle this issue. For H || ab, the behaviors of the
moments responding to the external field are much simpler
than those of H || c. The balance between Zeeman energy,
antiferromagnetic coupling energy, and magnetocrystalline
anisotropic energy lead to the fact that the magnetic moments
are gradually rotated to the ab plane. Above 10.2 T, all
moments lie in the ab plane and are ordered ferromagnetically
as shown in Fig. 6(f).

These interesting magnetic phenomena give us a chance
to estimate the antiferromagnetic exchange coupling energy
along the c¢ axis and the magnetocrystalline anisotropic
energy in CaCoyAsy. The behavior of M .(H) in magnetic
states is mainly determined by interlayer antiferromagnetic
exchange coupling energy E. = Zij J:Si - S; and Zeeman
energy E; = — ). m; - B and magnetocrystalline anisotropic
energy. J, is the coupling constant. S and m are the spin and
moments of Co ions, respectively. The saturation behavior
above 7.6 T in M.(10 K) manifests that the moments of
Co atoms are all aligned ferromagnetically along the ¢ axis,
as shown in Fig. 6(e). At 7.6 T, we assume that the energy
gain of the Zeeman interaction can just overcome the energy
cost induced by the antiferromagnetic exchange coupling
when the moments are flipped. In this method, we find a
simply approximate relation: E, = —2E, at uoH =7.6 T
for H | c. Taking the estimated value of m ~ 0.4up from
the magnetization saturation and assuming g = 2, we estimate
J.~2 meV. Neutron-scattering data reveal that J, in 122 parent
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compounds of iron-based superconductors varies from 1 to
10 meV.2° Our estimation about J, in CaCo,As, exhibits the
same order of magnitude with 122 parent compounds.

J. in CaCoyAs, is much lower than that of some other
antiferromagnets, such as Naj gsC0oO,, whose J. as determined
by neutron diffraction is 12.2 meV.”” In Nag gsC00», a spin-
flop transition was observed, which is very similar to the
first spin-flop transition in CaCo,As;.>> But up to 14 T, the
saturated phenomenon of M. (5 K) in NajgsCoO, had not
been observed. This means that J. in Naj gsCoO; is too high
for 14 T to induce a similar magnetization saturation which
occurs in CaCo,As,.

The magnetization saturation behaviors for H || ab and
H || ¢ provide some information on the magnetocrystalline
anisotropy. That the moments of Co atoms are aligned along
the ¢ axis at zero field indicates that it will cost more
energy when the moments lie in the ab plane. To achieve
the magnetic state as shown in Fig. 6(e), the Zeeman energy
must overcome the energy cost caused by the magnetic
exchange interaction when the moments are flipped. How-
ever, to achieve the magnetic state as shown in Fig. 6(f)
with H || ab, the Zeeman energy must overcome the extra
energy cost induced by magnetocrystalline anisotropic energy.
This magnetocrystalline anisotropic energy can be estimated
through the difference between the saturation fields of H || ab
and H | c. In this method, the magnetocrystalline anisotropic
energy is estimated to be about 3.76 x 10° erg/g.

IV. SUMMARY

In summary, we have investigated the transport and mag-
netic properties of single-crystalline CaCo,As; by means of
resistivity, heat capacity, magnetic susceptibility, and mag-
netization measurements. Qur results reveal that CaCo,As;
undergoes an antiferromagnetical transition at Ty = 76 K.
The estimated value of the ordered moment on a Co atom is
about 0.4 5. Two successive spin-flop transitions have been
observed at uoH. = 3.5Tand ugH,, = 4.7 T in M .(10 K).
Our analyses indicate that antiferromagnetic coupling between
the ab plane is rather weak. The interlayer antiferromagntic
coupling constant and the magnetocrystalline anisotropic
energy are estimated to be about 2 meV and 3.76 x 10° erg/g,
respectively.
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