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ABSTRACT

The Co-rich end of the Co-Tb binary phase diagram (Co,Tb;_,, x=0.66-0.82) has been investigated to understand the phases which form
in the bulk and how they interact to yield magnetic behavior which has been reported to be ideal for use in spintronic devices. This work
shows that the phases and phase fractions present across this composition range follow those predicted by the binary phase diagram, and all
compounds in this composition range are multiphase. Magnetic measurements show similar behavior in this composition range to related
thin film work, and we attribute the observed behavior to the respective binary phases present in each compound. Ideal magnetic behavior of
minimized magnetic saturation and maximized coercivity is observed in the range of x = 0.78 — 0.80 related to the majority phase Co;Tb,
in these two compounds. High pressure magnetic measurements show magnetic saturation and coercivity at 300 K change little with respect
to external pressure. The extension of the synthesis of these binaries into the bulk allows for specific binary phases to be targeted and ana-

lyzed for consideration in future devices.

Published by AIP Publishing. https://doi.org/10.1063/5.0049224

Since Berger and Slonczewski independently predicted that elec-
trical currents can be effectively used to change the magnetization of a
material,”” there has been an explosion of work focusing on imple-
menting these phenomena. These systems incorporate magnetization
control by electrical currents and have spawned the heavily researched
field of spintronics.” ° The main advantages in using spin currents,
compared to other alternatives such as current-generated magnetic
fields, are the higher energy efficiency and scalability of these devices.”
Traditionally, spintronic devices which leverage direct control via
charge currents were ferromagnetic and arranged into device stacks.
This was done in order to realize spin valves and magnetic tunnel
junctions utilizing the spin transfer torque (STT) effect.” '’ The STT
approach requires high current densities and increases in efficiency,
motivating an alternative mechanism of control through the use of
spin-polarized charge currents, called spin—orbit torque (SOT)."" "

Although ferromagnetic materials have dominated this field of
spintronics, antiferromagnetic materials have recently been studied for

use in these devices.”'* Antiferromagentic materials have the benefit
of zero internal magnetic moment, which limits potential magnetic
field interference within the device. This has noted benefits, such as
decreased stray magnetic field sensitivity allowing higher density on
devices as well as faster dynamics due to the higher switching frequen-
cies possible using antiferromagenetic materials. As such, recent work
has developed spin valve and magnetic tunnel junction analogues
using antiferromagentic materials in order to understand how the STT
and SOT effects can be utilized with these materials."” '’ From a fun-
damental point of view, material exploration is currently required to
find antiferromagnetic and/or ferrimagentic materials with ideal
properties at room temperature to allow for optimized device
manufacturing.

Rare-earth-containing transition metal alloys are promising can-
didates for application in antiferromagentic/ferrimagnetic spintronic
devices."*”" In these materials, the magnetic exchange between the 3d
electrons of the transition metal and 4f electrons of the rare-earth
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metal stabilizes room temperature ferrimagentic order depending on
the concentration of each constituent in the alloy.”" The majority of
work done has been focused on thin films of rare-earth transition
metal alloys” ** and have successfully shown that spin-orbit torque
switching can be achieved in this class of materials. In particular,
Co-Tb alloys (Co,Tb;_,) have been studied extensively and shown to
have ideal properties at room temperature in the cobalt-rich range
(x> 0.70) of the phase diagram.”>”**’ This range has been shown to
contain the magnetic compensation point in this phase space where
the magnetic moment saturation goes to zero, coercivity diverges, and
spin-orbit torque efficiency reaches a maximum.”**"**

This work is complementary to the aforementioned work on thin
film integrated devices which show Co,Tb;_, alloys as suitable materi-
als for ferrimagentic spin—orbit torque device materials. The thin films
are crystallographically amorphous as-synthesized”"”* and thus a fun-
damental understanding of the phases present and how they interact is
lacking. In this work, we have synthesized the range of cobalt-rich
Co,Tb; _, alloys in bulk through arc-melting and the samples synthe-
sized herein are not amorphous which affords us the ability to under-
take extensive crystallographic analysis. This allows us to better
understand the phases present at the macroscale through synchrotron
x-ray diffraction (XRD) and elemental analysis. The samples synthe-
sized herein are not amorphous which affords us the ability to under-
take extensive crystallographic analysis. We have then studied the
magnetic properties of these bulk samples under ambient conditions
and moderate pressure to track how composition changes affect the
magnetic properties. It should be noted that there may not be a clear
direct correspondence between bulk samples and thin films samples
with regard to composition and phases due to the non-equilibrium
growth conditions which can be present in thin film growth proce-
dures. However, this work highlights which phases are likely present
in the corresponding thin films and shows that the bulk samples show
similar behavior with regard to composition and magnetic properties
to the thin film analogues.

Bulk samples of Co,Tb,_, (x = 0.66-0.82) were synthesized via arc-
melting of elements in corresponding stoichiometric ratios using an
Edmund Buehler MAM-1 under ultra-high purity Ar atmosphere. The
arc-melted ingots were loaded into quartz tubes and sealed under moder-
ate vacuum (< 10~2 Torr). The samples were then annealed at 1050 °C
for 48 h before quenching in an ice bath. High-resolution synchrotron x-
ray diffraction was performed on powders of ground as-recovered ingots
at Beamline 11-BM at the Advanced Photon Source at Argonne National
Lab. Ground powders were packed in 0.4 mm Kapton capillary tubes and
sealed with clay under atmospheric conditions. Diffraction data were col-
lected between 0.5° and 46° with a step size of 0.0001° using a constant
wavelength of 0.457 921 A at 300 K. Rietveld refinements and data analy-
sis was performed using the GSAS software suite.”” The high pressure
magnetic properties of pieces of the as-synthesized bulk samples were
measured under uniaxial pressures of 0 MPa, 5.5 MPa, 11 MPa, and
16.5 MPa, applied by a BeCu pressure cell. Magnetization vs temperature
measurements were performed by applying a static field of 10mT and
cooling from 400K to 2 K. Magnetic hysteresis loops (M-H) were mea-
sured between *5T at 2K, 50K, 200K, and 300 K. Energy dispersive
x-ray spectroscopy spectra were collected on a LEO SEM/energy-disper-
sive x-ray analysis system at a beam energy of 20kV. The tabulated com-
positions were obtained as an averages of five different sites collected
from a cleaved edge surface of each specimen.

scitation.org/journal/apl

The majority of work on Co-Tb binary alloys have focused on
thin film synthesis methods for ease of coupling these systems within
devices. However, one downside to this method is that as-synthesized
Co-Tb thin films are amorphous and their crystallographic and com-
positional nature are difficult to ascertain.””** Thus, our work investi-
gates this phase diagram in the bulk to understand what binary phases
are present across this phase space and how they interact to yield the
desired magnetic properties reported in previous work.”*”** In order
to determine the phases present in each sample, arc-melted and
annealed ingots were crushed and ground into powders for high-
resolution synchrotron powder x-ray diffraction (XRD) performed at
11-BM at Argonne National Lab. These data were subsequently ana-
lyzed through Rietveld refinement in order to extract lattice parame-
ters and phase fraction of each Co-Tb and Tb-O binary present in the
sample. A representative powder XRD pattern and corresponding
Rietveld refinement fit are presented in Fig. 1; remaining powder XRD
patterns and Rietveld refinements are presented in supplementary
material.

A summary of all sample across the phase space investigated for
Co;_,Tb, (x = 0.66 — 0.82) is presented in Table I and Fig. 2 which
shows the phase fractions of each binary present in the sample as well
as elemental analysis from EDS and calculated from Rietveld refine-
ment. In general, the phase fractions of each binary correspond well
with the established Co-Tb phase diagram.’’ There are no unknown
phases present that are not well documented in the Co-Tb or Tb-O
phase space in any of the other powder XRD patterns presented in the
Supplemental Information. Although these ingots were annealed after
arc-melting, we do see multiple phases present in each sample even for
compositions which should be within single phase stoichiometry
regions of the phase diagram. As such, an additional study to optimize
post-synthesis annealing or using other synthesis methods could be
employed if single phase samples within this Co-rich end of the phase
diagram are desired.

Elemental analysis from EDS, as well as calculated composition
from phase fractions and stoichiometry of binary phases in each
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FIG. 1. High-resolution synchrotron powder XRD pattern of CoggoTbg 2o at room
temperature (about 295K), inset shows a zoomed-in figure of the low angle reflec-
tions. Tick marks representing the corresponding binary phases are shown below
the calculated, observed, and difference curves from Rietveld analysis. Nominal
composition and fit statistics are summarized in the figure.
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TABLE 1. Compositional and magnetic analysis of arc-melted Co-Tb alloys from Rietveld refinement of synchrotron powder XRD and powder magnetization measurements.
The first five columns display the phase fraction of the Co-Tb and Tb—O phases present in the samples as extracted from Rietveld analysis of powder XRD data. Elemental
analysis from EDS is compared to calculated elemental composition of the entire sample from phase fractions of each binary phase present. All errors shown in parentheses for
corresponding quantities. The final two columns show the saturation magnetization (where applicable) taken from the maximum magnetization measured at 2 T applied external
field and the necessary coercive field for sample at room temperature.

% Co,Tb % Co3Tb % Co,Tb, % CosTb % Tb,O;  EDS analysis Calc. Comp. M,y (emu/g)  H. (mT)
CooeeThoss  86.8(2) 7.25(9) 1.87(2) 4.05(2)  CoperThosy  CopeesThosse 52
CooroTbose  47.45(8)  40.21(9) 7.31(5) 502(4)  CopusTboss  Coo.eosThosos 3.5
Coo7Thoas  3627(5)  53.23(7) 7.79(4) 2692)  CopraTbosr  Cop725Tbosrs 24 2
CooraTbors  16.14(5)  66.1(1) 1225(5)  554(3)  Co0p7sTbosse  CO735Thoses 29 4
CooseTboss  5.25(3) 89.1(1) . 272(3)  2.86(33)  CopssTboas  Coor40Tboseo 17.8 45
Co¢.78Tbg 2> e 13.2(1) 82.1(7) 3.63(5) 1.00(2) Cog77Tbgss  Cog776Tbgaos 17.5 6
C00.80Tbo.20 13.1(3) 61.1(1)  2397(8)  0.77(1)  CopsoTboss  Coors5Tboais 16 7
Cops2Tbo.18 32.46(9) 66.0(1) 1.52(2) Cops1Tbo.1o  Coo.g01Tbo.193 19 5

sample, is in very close agreement with the targeted composition for
each sample. The composition of Cog70Tbg 3o from EDS has a large
discrepancy from the nominal composition and XRD refinement. One
explanation is possible Tb-O binaries in proximity to the measure-
ments on the cleaved surface of this sample as EDS is a probe of local
composition as compared to XRD as a probe of average composition.
All samples show a very small phase fraction of Tb,0j3 likely due to
oxidation of the Tb starting material. Tb,O; has a reported antiferro-
magentic transition at 2.42K which is well below the temperature
region for which this work is focused so its magnetic contribution is
not discussed at length.” Supplementary material shows the evolution
of the lattice parameters of each binary phase in the samples. For every
binary phase, the lattice parameters show very little change between
samples and thus it is clear any observable changes in magnetism
amongst them is solely due to the relative phase fractions of the bina-
ries present. The remaining paragraph of this Letter will address the
composite magnetic properties of these samples corresponding to the
different binaries present and how they interact to yield magnetic
behavior similar to previous thin film work in the bulk.”>*"**

The magnetic properties of the Co-rich end of the Co-Tb phase
diagram have been shown to be ideal for potential applications in SOT
devices through thin film work.”***” We have done extensive crystal-
lographic analysis for our samples to understand the Co-Tb alloys
present in order to understand how the binaries combine to yield these
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FIG. 2. Saturation magnetization taken from the maximum value in isothermal mag-
netization at room temperature measured up to 2 T applied external field and coer-
cive field from the same measurement as a function of composition for Co,Tb;_,
(x=0.72-0.82) samples.

desirable magnetic properties. The four Co-Tb binary alloys present
in these samples are Co,Tb, CosTb, Co;Tb,, and CosTb which have
transition temperatures of 231K, 509K, 717K, and 987K, respec-
tively.” " In particular, the magnetic properties of Co,Tb, have been
reported less extensively than others. From these transition tempera-
tures, it is clear that samples with Co;Tb, Co,;Tb,, and/or CosTb are
the most likely to house room temperature magnetic properties.

A summary of the most relevant magnetic measurement metrics
at room temperature is given in Table I. As expected, the two composi-
tions (CogesIbg 32 and Copy0Tbgs0) containing a majority phase of
Co,Tb display linear magnetization with respect to field as Co,Tb is
paramagnetic at room temperature. Both of these compositions show
a clear ferrimagentic transition around 231K which is well docu-
mented in the literature for the Co,Tb compound and has been the
focus of a large body of work.”>*”*" However, due to these phases
having no magnetic order around room temperature, they are not of
particular interest for device applications and the magnetic data for
these two compositions are shown in detail in supplementary material.

The magnetic property data on all compounds with x> 0.70 is
shown in Fig. 3 and Table I displaying the temperature dependence
of magnetization and field dependence of magnetization at room
temperature. As the Co ratio is increased, the majority phases begin
to become phases with room temperature magnetic order. For
C0y72Tbg s, C0p74Tbg 26 and Cog76Tbg,4 the majority phase is
Co;Tb which orders ferrimagnetically at a temperature of 509K
which is well above room temperature.”**' The data shown in Fig. 3
reflects this showing all three compounds display predominate ferri-
magnetic ordering at room temperature. All three of these composi-
tions have some remaining Co,Tb from Rietveld analysis which is
supported by the additional magnetic transition around the 231K
range. For compositions x> 0.76, the majority phase becomes
Co;Tb, Co,;Tb,, or CosTb which all have transition temperature
above 400K and as such, their corresponding magnetic transitions
are not observed in the data. The only transition we observe for high-
est Tb concentrations is the magnetic compensation point in CosTb
for the Cogg,Thbg 15 sample which has CosTb as a phase majority./12
For x = 0.72-0.76, we do observe that as the phase fraction of CosTb
increases, so does the magnetization at room temperature as the
amount of CosTb in each phase is negligible and the Co,Tb is non-
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FIG. 3. (a) Temperature dependence of magnetization for Co,Tby_, (x = 0.70 — 0.82) measured from 400 K to 1.8 K with an applied field of H= 100 Oe and at ambient pres-
sure. (b) Field dependence of magnetization of the same compositions measured from =2 T at room temperature (300 K).

magnetic at room temperature. Table I shows the coercive field on all
three compounds is low indicating the f-d magnetic coupling
between antiparallel ordering of Co and Tb atoms is weak.">**

Table T shows the last three compositions, Cog75Tbg2s,
C0p.80Tbo 20, and Cog g, Ty 15, which have the most optimal magnetic
properties at room temperature with regard to device usage. In this
range, the magnetic saturation reaches a minimum while the coercive
field reaches a maximum. From Rietveld analysis, Cog75Tbg,, and
Coy80Tbg 0 contain a majority Co,Tb, while Copg,Tby ;5 contains a
majority of CosTb. Both Co;Tb, and CosTb have magnetic transitions
above room temperature, 717 and 987 K, respectively.” " Figure 3
shows that once CosTb becomes the majority phase (Copg,Tbo s
sample), the magnetization around room temperature and above is
significantly higher than those with Co,Tb, as the majority phase
(Co978Tbgs and CoggoTbgag). This is due to Co,Tb, exhibiting a
magnetic compensation point around 410 K where the magnetization
reaches a minimum with respect to temperature and increases below
this point.3 ° The magnetic saturation of Cog75Tbg,, and CoggoTbyg .0
in the field range up to 2 T is the lowest of all Co-Tb alloys, and this is
paired with these two compositions exhibiting the largest coercive
field. These properties can be justified by the Co,Tb, phase having
been shown to have the highest exchange field between Co and Tb
atoms of the nearby phases using the high field free powder (HFFP)
method.”* Thus, Coy75Tbg2, and CoggoThy2o occupy the ideal com-
position range for device related properties in Table I and these results
are in very close agreement with related thin film work on these
compounds.”*”**

From this bulk analysis, it would appear that the most important
phase for desirable room temperature magnetic properties is the
Co,Tb, phase. To date, little work has been done on this phase specifi-
cally;”*>** however, the phase is very closely related to the CosTb
phase and the two phases have been reported to form as a mixture
which is supported by our Rietveld analysis.”” Single crystals of
Tb,Co; have been reported so a full analysis of the magnetic properties
of this phase could be pursued especially when integrating single crys-
tals into possible device stacks. Additionally, the magnetic compensa-
tion point at 410 K for Co,Tb, could be very beneficial for application
and this high temperature region must be explored more closely.

We have performed high pressure magnetometry measurements
of polycrystalline ingots of these Co-Tb alloys to understand its effects
on the magnetic properties of this system. Compositions that contain
significant amounts of Co,Tb (x = 0.66-0.74) where the ferrimagnetic
transition around 230 K is observable in magnetization with respect to
temperature show the most discernible change with external pressure.
These changes are shown in supplementary material for each compo-
sition and match previous reports of how external pressure changes
the ferrimagentic transition in Co,Tb by decreasing the transition tem-
perature with increasing pressure.””*” The remaining Co-Tb binaries
all have transition temperatures above the measured range and as such
do not change as drastically. However, we are focused on showing
how the magnetic properties of these phases change around room
temperature. In summary, for all the remaining compositions, the
only noticeable pressure-induced changes in magnetic properties are
small changes in magnetization saturation with respect to field and
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magnetization magnitude at different temperatures which are shown
in supplementary material for all Co;_,Tb, compositions. From these
we see that magnetic saturation scales linearly for all samples across
the range of applied pressure and for all temperatures at which isother-
mal magnetization was measured.

Most importantly, Fig. 4 shows how the magnetic properties of
the composition CopgoTbg oo change at various external pressure. As
expected, magnetization with respect to temperature shows very little
change with pressure with slightly higher magnetization at high pres-
sures. Interestingly, this increase in magnetization does become
smaller at higher temperatures as the temperature approaches the
magnetic compensation point in Co,Tb,, which is the majority phase
in this composition.” Field dependence of magnetization shows the
magnetic saturation in CoggoTbg o does increase with added pressure
by around 10% at 2T applied field. However, the coercive field at
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FIG. 4. (a) Temperature-dependent magnetization of Cog goThyg 2o at various applied
pressures with an applied field of 100 Oe and (b) field-dependent magnetization of
CoggoThg 2o at various applied pressures at 300 K. The inset shows the low field
range of field-dependent magnetization to emphasize the coercive field change with
respect to external pressure.
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room temperature shows virtually no change with added pressure.
This work shows that the magnetic properties of higher Co-ratio
Co-Tb alloys present in these systems (Co;Tb, Co,Tb,, and CosTb)
have little pressure dependence below 400 K. This is likely due to the
high ferrimagnetic transition temperatures of these compounds.”™ **
Future work could explore negative pressure applied through strain on
these compositions as well as chemical pressure through doping to
tune the magnetic properties around room temperature.

In summary, we have synthesized a full range of multiphase
Co-Tb alloys across the composition range Co, Tb; _, (x = 0.66-0.82)
in order to study the bulk properties of the compounds in this region.
Through systematic compositional analysis of high-resolution powder
XRD and elemental analysis, we have shown the phases present and
phase fraction of these phases in each compound. The phases present
and their relative phase fractions follow the known phase diagram and
give a foundation to analyze the magnetic properties of these com-
pounds on the basis of the composition. As such, we have completed a
full analysis of the magnetic properties of these compounds and show
that these compounds behave in line with the binaries present as well
as previous thin film work. With respect to previous thin film work
which showed optimal magnetic properties for SOT devices in the
region of x = 0.78, we have seen similar results in bulk samples in this
composition range. Importantly, Cog5Tbg,, and CoggoTbg o show a
minimum in magnetic saturation at 2T and maximum in coercive
field at room temperature. We attribute these properties to the major-
ity phase in each compound, Co,Tb,, which is the least studied Co-Tb
binary present in this phase space.”*"> We have then explored the
effects of high pressure on the magnetic order and behavior in these
compositions in the temperature range below 400 K. Our work shows
that high pressure only significantly changes the magnetism in com-
pounds containing Co,Tb in this temperature range.”” ** This work
bridges the gap between recent thin film work, which shows Co-Tb
alloys display ideal properties for SOT devices, and bulk synthesis to
understand which phases give rise to these properties and can be tar-
geted for future exploration. Of these binary phases, Co,Tb, is the least
studied and majority phase in the optimal composition range of these
compounds. Thus, future work on thin film or single crystal synthesis
and magnetic/transport properties of Co;Tb, would be needed to
understand the properties of this binary and how it can be best used
for spintronic devices.

See the supplementary material for the additional data.
Additional data contains high-resolution XRD data for all Co,Tb;_,
samples with accompanying Rietveld refinements with data summa-
rized in Table I of the main text. Magnetometry data for all Co, Tb;_,
samples is included as well, with temperature-dependent magnetiza-
tion at different pressures, field-dependent magnetization at 300 K and
various pressures, and field-dependent magnetization at various pres-
sure at ambient pressure.
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