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ABSTRACT

We present pressure-dependent magnetization measurements carried out in the domain of the spin reorientation transitions (SRTs) of a
NdCos single crystal. The application of a hydrostatic pressure leads to a shift in the SRT's to higher temperatures. This shift is found to be
very sensitive to pressure, with the SRT temperatures increasing at a rate of ~17 K/GPa. To explain the experimental results, we have also
performed first-principles calculations of the SRT temperatures for different applied strains, which corroborate the experimental findings.
The calculations attribute the pressure dependence of the SRTs to a faster weakening of the Co contribution to the magnetocrystalline anisot-

ropy with pressure compared to the Nd contribution.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135640

The class of intermetallic compounds with the formula RCos
(R = rare earth) are archetypal rare-earth transition-metal permanent
magnets, displaying high Curie temperatures, large saturation magnet-
izations, and strong magnetic anisotropy,' and have been the subject
of intensive investigations both experimentally and theoretically for
several decades.” * RCos crystallizes in the hexagonal P6/mmm struc-
ture with RCo, planes interspersed with Co planes.” Magnetically,
RCos is a ferrimagnet whose properties derive from two magnetic sub-
lattices associated with rare earth and cobalt atoms. Competition
between these sublattices can lead to unusual magnetic behavior, espe-
cially as a function of temperature. For example, in GdCos, the Gd
sublattice, whose moments are aligned antiparallel to the Co moments
through an antiferromagnetic exchange interaction, disorders more
quickly with temperature than the Co sublattice, and so the magnetiza-
tion increases with temperature, reaching a peak around 800 K.”'* This
faster disordering of the R sublattice is observed across the RCos series
because of the weaker exchange interactions for R-Co than Co-Co."’
The antiferromagnetic exchange originates from a strong hybridization
of the minority Co-3d and the R-5d bands. The majority Co-3d band,
with lower energy, is unable to undergo this hybridization."

The competition between the R and Co sublattices also causes the
magnetocrystalline anisotropy (MCA) to behave unusually. The MCA
associated with the itinerant electrons forming the Co sublattice favors
magnetization parallel to the crystallographic c-axis for all members of

the RCos family."” However, the MCA of the R moments originates
from the R-4f electrons interacting with the crystal field, and whether
this interaction favors the c-axis or ab-plane magnetization depends
on R."* Among the lighter rare earth elements, R does not contribute
to the MCA for Y and La and reinforces the c-axis anisotropy for Ce
and Sm. Only in PrCos and NdCos does the R contribution to the
MCA favor ab plane magnetization, competing with the uniaxial
anisotropy of the Co moments." For PrCos, the Pr contribution to the
MCA is relatively weak, and so at cryogenic temperatures, the magne-
tization points 23° from the c-axis and aligns along c at temperatures
above 105 K. However, in NdCos, the MCA associated with Nd is
strong enough to overcome the Co anisotropy, and so the resultant
magnetization lies in the ab plane at low temperature.”'”

As the temperature of NdCos is raised, a faster disordering of the R
sublattice weakens the Nd planar MCA compared to the uniaxial Co
contribution. At a critical temperature Tsg;, the magnetization starts to
rotate toward the c-axis (cone anisotropy). This rotation completes at
Tsr2, when the magnetization points along the c-axis. The transitions
from planar —cone and cone — c-axis alignment are referred to as spin
reorientation transitions (SRTs).'® The SRTs of NdCos have been the
subject of a number of studies™” '’ and are considered particularly
interesting because Tsg; and Tsg, are not far from room temperature, at
approximately 240 and 290 K, respectively. This work includes our study
of NdCos using torque magnetometry, investigating the underlying

Appl. Phys. Lett. 116, 102408 (2020); doi: 10.1063/1.5135640
Published under license by AIP Publishing

116, 102408-1


https://doi.org/10.1063/1.5135640
https://doi.org/10.1063/1.5135640
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5135640
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5135640&domain=pdf&date_stamp=2020-03-13
https://orcid.org/0000-0002-3174-3144
https://orcid.org/0000-0002-1843-1269
https://orcid.org/0000-0003-2550-3627
https://orcid.org/0000-0002-5890-1149
https://orcid.org/0000-0002-2270-2295
https://orcid.org/0000-0002-3578-8753
mailto:santosh.kumar595@gmail.com
mailto:m.r.lees@warwick.ac.uk
https://doi.org/10.1063/1.5135640
https://scitation.org/journal/apl

Applied Physics Letters

physics and location of the SRTs."” Interest in NdCos was increased fur-
ther by the discovery of a giant rotating magnetocaloric effect in NdCos
with a maximum adiabatic temperature change observed at 280K, close
to Tsra, suggesting that this material could be used in magnetic refrigera-
tion.”” This observation inspired attempts to bring the operating temper-
ature of the magnetocaloric cycle closer to room temperature, by
manipulating Tsg> 2

Any changes in the R or Co MCA will affect the SRT tempera-
tures. Crucially, however, since the SRT temperatures are determined
by the balance between sublattices, it is the relative MCA enhancement
that determines how the SRT temperatures change. Strengthening the
R contribution relative to Co will favor planar alignment over a wider
temperature range increasing Tsg; and Tsgo. Conversely, strengthening
the Co uniaxial anisotropy relative to R will decrease Tsg; and Tsgs.

To date, attempts to change Tsg, of NdCos have focused on intro-
ducing dopant atoms.”'** For instance, substituting Co with B to form
NdCo,B increases the relative strength of the planar contribution to the
extent that planar anisotropy dominates all the way to the Curie temper-
ature so that no SRT is observed.”” Substitution with Al or Si to form
NdCo,Al”" or NdCo,Si*” also shifts the balance in favor of planar anisot-
ropy, but to a lesser extent than in NdCo,B. Accordingly, these com-
pounds still exhibit SRTs and at elevated temperatures compared to
NdCos. However, the precise mechanism by which dopant atoms affect
the SRTs is not easy to identify. Apart from modifying the electronic
band structure, which will alter the Co anisotropy, the introduction of
dopants will possibly change the crystal field at the R site through both
local interactions and also a global modification of the lattice parameters.

In this Letter, we demonstrate an alternative method to manipu-
late the SRT's by placing NdCos under hydrostatic pressure. Pressure is
a “clean” variable that can bring about large changes in the structure
and properties without altering the chemical composition. This makes
high-pressure states amenable to the computational study. We show
that applying pressure shifts the SRT temperatures upward, at a rate of
~17K/GPa. We complement the experimental measurements with
finite temperature density-functional theory (DFT) calculations, which
also find that the SRT temperatures increase with pressure, at a rate of
12 K/GPa. The calculations show how both the Nd and Co sublattice
anisotropies are reduced as a result of applying pressure, but that rela-
tively the decrease is stronger for Co, increasing the SRT temperatures.

The measurements were performed on a single crystal of NdCos
grown using the optical floating zone technique.” This compound has
previously been prepared in different forms using other techni-
ques.””*" A crystal of NdCos with a volume of ~0.05 mm® was taken
from the same batch used for our recent torque magnetometry
study.'” The crystal was loaded into a cylindrical polytetrafluoroethy-
lene sample holder filled with a pressure transmitting medium
(Daphne oil) and placed in an easyLab Mcell 10 beryllium-copper pis-
ton clamp pressure cell. Care was taken to ensure that the sample
would not move in a magnetic field. Hydrostatic pressure was applied
at room temperature. The pressure in the cell was determined in situ
from the superconducting transition temperature in a magnetic field
of 1 mT of a small piece of high purity (99.9999%) tin placed alongside
the sample.”” Measurements were carried out between 5 and 320K.
The pressure set at room temperature varies by less than 10% over this
temperature range.”’ Magnetization measurements as a function of
temperature were carried out using a Quantum Design Magnetic
Property Measurement System magnetometer.

ARTICLE scitation.org/journal/apl

The strain- and temperature-dependent MCA of NdCos was cal-
culated using the theory introduced in Ref. 31. The R-4f electrons were
treated within single-ion crystal field (CF) theory, where the CF coeffi-
cients were calculated from first principles using DFT.”” The Co
moments were treated within the disordered local moment formula-
tion of DFT (DFT-DLM),” which takes into account the reduction of
magnetic order as the temperature is increased. DFT-DLM calcula-
tions were also used to parameterize the exchange field entering the
CF Hamiltonian, using the scheme introduced in Ref. 8. The same
computational setup was used as in previous works,”" using the
GPAW and Hutsepot codes.”*”” The easy direction of magnetization
was calculated as a function of temperature and lattice parameters,
where the experimental values of ay = 5.0055 Aand ¢y =3.9775 A as
reported in Ref. 36 were used to define the zero-strain structure.
Uniform compressive strains of 0.5, 1.0, and 2.0% were applied, where,
for instance, a 1% compressive strain corresponds to lattice parameters
a = 0.99ay, c = 0.99¢.

Figure 1(a) displays the temperature dependence of the magneti-
zation, M(T), for a NdCos crystal at various pressures. These data
were collected while warming the sample at a rate of 1 K/min in an
applied field, toH = 0.05 T. The SRT appears as a broad hump identi-
fiable in all the M(T) curves. The SRTs clearly shift to progressively
higher temperatures as the applied pressure is increased up to 0.8 GPa,
which is the maximum attainable with the current setup. In principle,
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FIG. 1. (a) DC magnetization vs temperature, M(T), for various applied pressures
around the SRT region at a field, poH = 0.05 T. (b) Temperature variation of first
and second derivatives of M(T) at ambient pressure. Tsry, Tpeak, and Tsrp have
been identified. The asterisks mark the corresponding Tsrs (left) and Tsry (right)
obtained at yiyH = 0.5 T from previous studies.'"®
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torque magnetometry provides the clearest identification of tempera-
tures of the SRTs, but unlike DC magnetization measurements, torque
magnetometry cannot be performed inside a pressure cell. Instead, to
obtain a precise location for Tsg; and Tsr,, we show in Fig. 1(b) the
first and second derivatives of the M(T) curve recorded at ambient
pressure. At Tsr; (identified by the intersection of the dashed lines),
there is a marked increase in dM/dT. This temperature nearly agrees
with the Tsg; (left asterisk) obtained from our torque measurements'”
as well as from the reported magnetization data.'® The zero-crossing
in dM/dT corresponds to the temperature (Tpea) where M(T) is maxi-
mum, but there is no clear feature in dM/dT to identify Tsg,.
However, plotting the second derivative reveals a dip in d*M /dT? that
lies just above the Tgsgr, (right asterisk) obtained from our torque
study'” and the reported data.'® We use these two features—the rise in
dM/dT and the minimum in d>M /dT?—as signatures of the SRTs.
The two characteristic temperatures (Tsg; and Tsr,) identified at
ambient pressure agree fairly well with our torque study'’ that
involved a different protocol of measurements.

DFT-DLM calculations corroborate the experimental measure-
ments. Figure 2 shows the easy direction of magnetization, o, calculated
as a function of temperature for different compressive strains, where o
is the polar angle with the c-axis. The SRT temperatures bound the
region where 0° < o < 90°. At zero strain, we calculate Tgg; = 213 K
and Ty = 285 K; the former is 23 K lower than the experimentally
measured value at ambient pressure. Applying 0.5% compressive strain
shifts the transition upwards by 35K. A further increase in the com-
pressive strain increases the SRT temperatures, with Tsp, reaching
438 K at 2% strain. We note that the calculated dependence is not lin-
ear, which could be a real effect or more likely numerical noise.

Figure 3(a) displays the experimentally measured variation with
pressure of Tsr1, Tpeak> and Tsgo. For reference, Ts; and Tsr, identi-
fied from previous studies' ' at ambient pressure are also shown in
Fig. 3(a). Both Tsgr; and Tsg, exhibit the same pressure dependence of
(17 £ 3) K/GPa. In Fig. 3(b), we show the calculated Tsg, values as a
function of pressure. Rather than relying on DFT-calculated elastic
properties, we use the experimentally measured volume vs pressure
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FIG. 2. Temperature variation of the easy angle of magnetization « calculated at dif-
ferent compressive strains.
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FIG. 3. (a) Pressure dependence of Tsry (@), Tpeak (1), and Tsro(O) obtained
from experiments over the pressure range of 0 < P < 0.83 GPa. Tgry and Tsgo
from our torque magnetometry study'® at ambient pressure are marked by aster-
isks. Tsro could not be identified at 0.83 GPa as it has shifted above the upper limit
(305K) of the measured temperature range. (b) Calculated Tsgr, Vs the estimated
pressure up to @ maximum of 12 GPa.

curve of YCos reported in Ref. 37 to perform an approximate conver-
sion of applied strain into a pressure of 6.3 GPa per 1% strain. Clearly,
the strains investigated computationally correspond to significantly
larger pressures than those used experimentally, but smaller strains are
more prone to numerical noise. A linear fit of the calculated Tsg, val-
ues gives 12 K/GPa, in reasonable agreement with the experimental
value of (17+3) K/GPa.

To explain the increase in the SRT temperatures with pressure, in
Fig. 4, we plot the calculated strain dependence of the leading CF
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FIG. 4. Pressure dependence of (a) crystal field coefficients, Az (r?), calculated for
the Nd sublattice and (b) the zero temperature anisotropy constants, K; of Co.
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coefficient Ay (rz) and the zero temperature anisotropy constant asso-
ciated with the itinerant electrons, K;.”" These quantities provide the
main contribution to the MCA associated with the Nd and Co sublatti-
ces, respectively. Both quantities decrease in magnitude as a compres-
sive strain is applied, showing that the MCAs of both sublattices
decrease with pressure. Indeed, we verified experimentally that K;
decreases with pressure by performing magnetization measurements
on YCos, which, as Y is nonmagnetic, allows K; to be isolated.
However, the aspect that is crucial to the SRTs is that the relative
decrease with pressure is faster for K; than Ay (r?). This behavior is
shown in the inset of Fig. 4 where the quantities have been normalized
to their zero pressure values. For instance, at 2% strain, K; has reduced
by 42% compared to Ay (r*), which has only reduced by 17%. The
increase in relative strength of the Nd MCA with pressure favors planar
anisotropy over a wider temperature range, increasing Tsg; and Tsg,.

In conclusion, both DC magnetization experiments and DFT-
DLM-based calculations have found that the SRT temperatures of
NdCos increase with pressure. Furthermore, both methods find the
rate of increase to be large, at (17+3) K/GPa and 12 K/GPa, respec-
tively. We note that an applied pressure of 1 GPa is sufficient to raise
the cone — c-axis SRT—which coincides with the optimum tempera-
ture for a magnetocaloric cycle”’—to room temperature. The calcula-
tions explain the pressure dependence of the SRTs, with a faster
decrease in the uniaxial magnetocrystalline anisotropy associated with
the Co magnetic sublattice compared to the planar Nd contribution
with increasing pressure. Our work demonstrates that the application
of pressure may be used to modify the temperatures of the SRTs in
both NdCos and other members of the RCos series in a controlled
way. The observation that the magnetic phase is extremely sensitive to
pressure should also motivate further study of NdCos as a potential
barocaloric material.”

See the supplementary material for the details of magnetization
measurements performed under pressure on a single crystal of YCos,
which show that K; in YCos decreases with pressure.

This work is a part of the PRETAMAG project funded by the
Engineering and Physical Sciences Research Council, Grant Nos.
EP/M028941/1 and EP/M028771/1. M. Ciomaga Hatnean is
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