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Th,Er;_,Nis compounds: An ideal model system for competing Ising-XY anisotropy energies
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We have studied Tb,Er,_Ni5 (x=0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 0.925, and 1.0) compounds by using several
experimental techniques such as ac-susceptibility, heat-capacity, and neutron-diffraction measurements. All the
compounds are found to crystallize in the CaCus-type structure with space group P6/mmm. The a axis shows
a linear increase with Tb concentration, whereas the ¢ axis remains almost unchanged over the whole doping
range. Our neutron-diffraction studies revealed that samples for 0=x=0.8 have a commensurate magnetic
structure with k=0, whereas the two samples on the Tb-rich phase (x=0.925 and 1.0) have an incommensurate
structure. Of particular interest is that individual Tb and Er moments keep their mutually orthogonal arrange-
ment seen at the end-member compositions over the whole doping range, due to very strong magnetic aniso-
tropy of single-ion nature. We have established a complete magnetic x-7 phase diagram of Tb,Er,_ Nis to find
that two straight lines of the ordering of the Tb and Er subsystems are persistently seen, which intersect at a

tetracritical point.

DOI: 10.1103/PhysRevB.79.174412

I. INTRODUCTION

Random magnetic systems are the subject of extensive
experimental and theoretical studies over the last three
decades.'™ Of interest are compositionally disordered alloys,
especially pseudobinary rare-earth (R) 3d metal intermetallic
compounds. These disordered magnetic systems often
exhibit competing magnetic interactions of several origins:
for example, long-range Ruderman-Kittel-Kasuya-Yoshida
(RKKY) exchange coupling, a crystal-field interaction, etc.
These competing interactions would then give rise to many
interesting effects, e.g., canted and incommensurate mag-
netic structures, spin-reorientation transitions, exchange bias
phenomena, first-order magnetization process, and charge-
density or spin-density waves, to name only a few.%~!°

Systems that have competing anisotropy energies are par-
ticularly interesting.!'~!3> There has been recently renewed
interest in such systems thanks to the latest studies of pat-
terned recording medium with competing induced uniaxial
magnetic anisotropy and a magnetocrystalline anisotropy.'#
Of several examples, two particular types of the competing
systems have been mostly studied, i.e., a random mixture of
the easy axis-easy axis anisotropies (Ising-Ising type)'>!
and a mixture of the easy axis-easy plane anisotropies
(Ising-XY type).!”! These crystalline mixtures have only
composition disorder that makes the direction of an easy
magnetic axis to depend on single-ion anisotropy at that
individual site. In both cases, mean-field theories have
predicted a concentration (x)-temperature (7) phase diagram
with three ordered phases: two antiferromagnetic phases
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similar to those of the end compounds and an additional
mixed ordering phase. Renormalization-group calcula-
tions?>?! have also shown that four lines, separating these
phases, meet at a decoupled tetracritical point, and an or-
thogonal arrangement of the spin components occurs in the
mixed ordering phase. These theoretical predictions were in-
deed borne out by the experimental studies of the antiferro-
magnetic Ising-Ising system, Fe,_,Co,Cl,-2H,0.2> However,
in some competing Ising-XY systems such as Fe,_,Co,Cl,,
the magnetic phase diagram contains only two upper lines,
while the other two lower lines expected of the theories are
often quite broad and difficult to resolve experimentally.?
Besides, the neutron-diffraction studies showed that no long-
range order exists associated with the lower transition, and
only short-ranged correlations were observed experimentally.

The ferromagnetic Ising-XY system was theoretically in-
vestigated in Ref. 11 some 20 years ago, with quantitative
analysis only for concentrations in the vicinity of the ideal
easy-axis and easy-plane ferromagnets. Since then, several
ferromagnetic alloys, e.g., (Ho,_,Er, )Rh,B,, have been stud-
ied by the neutron-diffraction technique with a conclusion of
the independent orthogonal ordering of Ho- and Er-magnetic
moments.!” In comparison to our present work, however, we
should point out that to the best of our knowledge a complete
magnetic phase diagram of (Ho,_,Er,)Rh,B, alloys has not
been established yet.

Magnetic phase diagrams of ferromagnetic Ising-XY sys-
tems, including a decoupled tetracritical point, were also ex-
amined by Ermolenko er al.>**?’ By using magnetization,
susceptibility, and heat-capacity measurements, they studied
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R.R|_Nis hexagonal alloys for 0=x=1, where R (Nd and
Dy) has an XY anisotropy and R’ (Sm) shows an Ising an-
isotropy. It is noticeable that the RNis compounds possess
large magnetocrystalline anisotropy, arising from the crystal-
line electric field splitting of rare-earth ions.?® The overall
crystal-field splitting of rare-earth ions is on the order of
about 300 K. By taking into account the low value—mostly
below 30 K—of the Curie temperature (7) of RNis com-
pounds, one can infer that the magnetic anisotropy energy
exceeds the exchange energy, at least, by one order of
magnitude.? Therefore, it is quite possible that the orienta-
tion of the individual easy magnetic directions of R and R’
ions could remain unperturbed by doping. This means that
the independent orthogonal ordering of R and R’ moments
could be realized in the pseudo-binary compounds of
R.R|_Nis. Thus, R,R|_Nis is a good model system with two
noninteracting order parameters. At the same time, it has
been pointed out in Refs. 25-27 that even small fields can
easily influence the Curie temperature and the magnetic state
of such alloys. Therefore, it is essential for one to undertake
neutron-diffraction studies in order to obtain a convincing
proof of the existence of the decoupled tetracritical point in
R.R|_Nis, which is still elusive.

In this paper, we have made comprehensive studies of
hexagonal Tb,Er;_,Nis compounds by using ac-
susceptibility, magnetization heat-capacity, and neutron-
diffraction measurements. Tb,Er;_ Nis is a good experimen-
tal realization of Ising-XY anisotropies: the Tb ions exhibit a
planar XY anisotropy while the Er ions possess a c-axis Ising
anisotropy. Another interesting feature of ErNis and TbNis is
that the former is a collinear ferromagnet,’° while the latter is
known to have an incommensurate magnetic structure with a
large periodicity of 200 A. Consequently, one can expect a
commensurate-incommensurate transition to occur at a criti-
cal concentration in Tb Er;_ Nis as well.

Up to now, two competing models have been suggested of
the incommensurate magnetic structure of TbNis.3!~33 In our
model®'3? (hereinafter denoted as a FAN-like model), a mag-
netic order is described as the superposition of a ferromag-
netic moment along the a axis and a transverse spin wave
lying in the basal plane. An alternative model was proposed
in Ref. 33 (hereinafter denoted as a cycloid model), which
describes the magnetic structure of TbNis as the superposi-
tion of ferromagnetic moment along the a axis and a helix
with a rotation plane parallel to the ¢ axis. It is worth noting
that the incommensurate structure of TbNis can be easily
destroyed by a relatively weak external magnetic field,*
which makes it very difficult, if not impossible, to predict the
correct magnetic model of TbNis-related compounds solely
based on bulk magnetic measurements. Hence, it is not
surprising that there is indeed controversy in the literature
with regard to the magnetic states of Tb(Ni;_,Cu,)s
compounds.®*3 A collinear ferromagnetic structure was in-
ferred in Ref. 33 from neutron-diffraction data on the com-
pounds with x=0.3 and 0.4, while in Ref. 35 an incommen-
surate magnetic structure was proposed on the basis of
magnetic results for these alloys.

The aims of this work are severalfold: to determine the
magnetic structure, to map out an entire phase diagram of
Tb,Er,_,Nis, and to study experimentally the concentration-
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induced mixing of Ising-XY anisotropies, in addition to the
expected commensurate-incommensurate phase transition.
For comparative studies, we have also investigated
Tb,Y_,Nis and Y ,Er,_,Nis by doping nonmagnetic Y at the
rare-earth sites.

II. EXPERIMENTS

We prepared our samples: Tb,Er;_,Nis, Tb,Y_,Nis, and
Y,Er;_,Nis with 0=x=1.0 and 0.3=y=0.7, at the Institute
of Metal Physics by the induction melting method using alu-
mina crucible under an argon atmosphere. We used pure
starting materials: Tb, Er, and Y metals of 99.9% purity and
nickel of 99.99% purity. Slightly excess rare-earth metals
were added to ingots in order to achieve stoichiometric com-
positions based on our experience. The chemical composi-
tion of the ingots was then monitored by gravimetric chemi-
cal analysis. The composition of all our samples was found
to be within 2 at. % of the correct stoichiometry. All the
ingots were subsequently annealed at 1100 °C under a pure
helium atmosphere for 22 h followed by quenching into wa-
ter. According to metallographic and x-ray analysis, all the
samples formed in the single-phase CaCus-type structure. By
optimizing the quenching process, we could also produce
single-crystal samples of a spherical shape with 1.5 mm in
diameter by cutting out large grains and treating them by
means of an abrasive disk and electropolishing. The orienta-
tion of the single-crystal samples was determined by the
x-ray Laue method with an accuracy better than 2°.

We performed ac-susceptibility and dc-magnetization
measurements on several single crystals: Tb,Er;_Nis (x=0,
0.2, 0.3, 0.4, 0.6, 0.8, and 1.0) and Tb,Y,_,Nis as well as
Y,Er,_,Nis (y=0.3, 0.4, 0.5, 0.6, and 0.7). In addition, mag-
netization were carried out on Tb,Er,_,Nis polycrystals with
x=0, 0.1, and 0.925. For these measurements, we used two
commercial superconducting quantum interference device
(SQUID) magnetometers [Magnetic Property Measurement
System (MPMS-5XL), Quantum Design, USA] with fields
applied along the a and ¢ axes at the Institute of Metal Phys-
ics and SungKyunKwan University. We also measured the
specific heat of several polycrystal samples using a commer-
cial equipment [Physical Property Measurement System
(PPMS), Quantum Design, USA] at the Paul Scherrer Insti-
tut, Switzerland.

In order to study how magnetic structure changes with
doping, we have also carried out neutron-powder-diffraction
experiments on Tb,Er;_Nis (x=0.2, 0.3, 0.4, 0.6, 0.8, and
1.0) using the C2 high-resolution diffractometer of the NRC,
Chalk River Laboratories, with A=2.37 A. Additional dif-
fraction experiments have been made on powder samples
with x=0, 0.1, and 0.925 by using the high resolution pow-
der diffractometer (HRPD) diffractometer of the HANARO
reactor at the KAERI with A=1.83 A. We used the Rietveld
refinement program FULLPROF (Ref. 36) for the analysis.

III. EXPERIMENTAL RESULTS
A. Magnetic ground state

Figure 1 presents the experimental and calculated
neutron-diffraction patterns of a few representative data. The
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FIG. 1. (Color online) Observed (symbols) and calculated (line)
neutron-diffraction patterns: (a) Tbg¢Erg4Nis at 30 K, (b)
Tby ¢Ery4Nis at 1.8 K, (c) TbNis at 2.2 K, (d) ErNi5 at 3 K, (e)
Tbo_lEro‘gNiS at 3 K, and (f) Tb0‘925Er0‘075Ni5 at 3 K. (a)—(c) show
the raw data, whereas (d)—(f) show only magnetic scattering after
subtracting off the nuclear contribution from the raw data as dis-
cussed in the text. Difference curves are shown at the bottom of
each plot.

neutron patterns of all the Tb Er,_ Nis compounds taken at
30 K above T are almost identical since the coherent scat-
tering lengths of Tb(h=0.74X 1072 cm) and Er(h=0.78
X 107! cm) are very close to each other.’” Upon cooling
below the magnetic transition temperature, however, Bragg-
peak intensities increase due to the contribution from mag-
netic scattering. For example, the diffraction patterns of the
compounds with x=0.8 at 1.8 K exhibit strong magnetic
contribution to the (001) reflection, which tends to increase
with x values [see Figs. 1(a) and 1(b)]. On the other hand, it
becomes absent in the compositions with x=0.2 [see Figs.
1(d) and 1(e)]. Of further notice is that there are significant
satellite peaks observed for TbNis and Tby g,sEr, o75Nis [see
Figs. 1(c) and 1(f)], which are totally absent for all the other
compositions.

Our analysis of the neutron-diffraction data demonstrate
that all the Tb,Er,;_Nis compounds form in a single phase
with the hexagonal CaCus-type structure (space group
P6/mmm): R ions at la position and Ni atoms at 2¢ and 3g
positions. In Fig. 2, we summarize the concentration depen-
dence of the a and c lattice parameters of the unit cell. As
one can see, with increasing Tb concentrations the a param-

00 02 04 06 08 1.0

Concentration of Tb

FIG. 2. Concentration dependence of the a and c lattice param-
eters of Tb,Er;_,Nis determined at low temperature ~1.8—3 K
with the lines following Vegard’s law.
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FIG. 3. Concentration dependence of the R-ion magnetic-
moment components in Tb,Er;_ Nis with the c-axis moments ()
and basal plane moments (u,). The lines are guides for the eyes.

eter gets increased by about 0.04 A, with very little change
in the ¢ parameter (a meager change of 0.002 A).

For x=0.8 the size of the magnetic unit cell coincides
with that of the crystal unit cell, i.e., the wave vector of the
magnetic structure k=0. The aforementioned fact that the
(001) peak grows in intensity with x points to the increase in
a magnetic moment projected onto the basal plane. By the
Rietveld refinement procedure, we obtained the a-axis (u,)
and c-axis (u,) components of the R- and Ni-ion magnetic
moments In all the cases, the agreement R-factor (R,,,,) and

X° quantities were better than 5% and 8%, respectively. Our
analys1s showed that there was a significant magnetic mo-
ment only at the R ions, while the Ni atoms were found to
have much smaller moments, less than 0.2up. Therefore, in
the discussion below we ignored the Ni moment; then all the
compounds with x=0.8 have ferromagnetic structures. As
one can see from Fig. 3, the compounds with x=0.2 possess
only u., whereas concentrations x=0.8 have only u,. The
alloys with 0.3 =x=0.6 have both in-plane and c-axis mag-
netic components.

Using the u, and . values, a total magnetic moment can
be calculated as =V ,uZ+ ,uf as well as its orientation with
respect to the ¢ axis with the angle of ¥=arctan(u,/ ). The
obtained u,, and ¥ values are plotted in Fig. 4. It is notice-
able that as shown in Fig. 4(b) the experimental data points
are described reasonably well by a theoretical line based on a
simple model with two (Tb and Er) orthogonal moments,

P =1(7.3x)% + [8.42(1 = ) P}, (1)

where 7.3 is the Tb-ion moment in a ferromagnetic state of
TbNis measured under an external magnetic field woH
=3.5 kOe (Ref. 33) and 8.42 is the Er-ion moment in ErNis
taken from Fig. 3. We note that the agreement becomes less
satisfactory for x=0.8. This comparison then allows us to
conjecture that the magnetic moments of the Tb and Er ions
keep their original values over a concentration range of 0
=x=0.8.

At this point, it is necessary for us to clarify how we
determined the Tb-ion magnetic moment for the compounds
with x=0.925 and 1.0 in Fig. 3. First of all, the existence of
the satellite peaks in the neutron diagrams of TbNis and
Tby 9p5Er( ¢75Ni5 evidences a modulated magnetic structure
for these two compounds. As discussed above, two compet-
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FIG. 4. Concentration dependence of (a) the angle between the
total Th-ion moment and the ¢ axis and (b) the total magnetic mo-
ment. In (b), the open diamonds represent u,, calculated by using
the cycloid model; the open triangle symbol denotes , in a fer-
romagnetic state (Ref. 33). The dashed line in (b) was calculated by
using Eq. (1), while the line in (a) is a guide for the eyes.

ing magnetic models—one is the FAN-like structure and the
other is the so-called cycloid model—have been proposed
for the TbNis incommensurate magnetic structure.’'=3* We
note that in both models the magnetic structure is described
by two wave vectors: k;=0 and k,=27/¢(0,0,7) with 7
=0.019.

In the FAN-like model, Tb-ion magnetic moment has a
ferromagnetic component along the a axis (wy) and a modu-
lated component (u,,.q) like a transverse spin wave lying in
the basal plane.3'3? Using the basis functions of the irreduc-
ible representations of the space group P6/mmm at the la
position (please see Ref. 32 for detailed information), one
can obtain the analytical form of the Tb-spin ordering in the
nth cell for the FAN-like model,

Sean = ¢pS(100) + ¢00S(120)cos(2 ), 2)

where ¢p and c¢,,q are the mixing coefficients; S(100) and
S(120) are the basis functions.

In the cycloid model, the modulated component rotates
like magnetic moments in a simple spiral. The rotation plane
is perpendicular to a ferromagnetic component,> which is
oriented along the a axis. Then it can be easily shown that
the TbNis-magnetic structure of the cycloid model can be
described by the following formula:

Seye = €pS(100) + c1 o S(120)cos(2mm)
+¢2,,,S(001)sin(27m). (3)

Thus, in the FAN-like model, the Tb-ion moment lies in the
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basal plane, while in the cycloid model it possesses compo-
nents in both a and ¢ axes.

Using Egs. (2) and (3) and the experimental neutron pat-
terns of TbNis taken at 2.2 K in Fig. 1(c), we obtained the
following values for the Tb-ion total magnetic moment and
its components: ,;=9.5(2)up, up=4.9(1)ug, and g
=8.2(2)up for the FAN-like model; ,,=8.8(2)up, mp
=5.4(1)up, and fr0q=6.9(2) up for the cycloid model. Table
I presents the observed and calculated intensities of the mag-
netic Bragg reflections and satellites. As one can see in Table
I, both models produce similar values of wu, and its or-
thogonal components and their R-agreement factors are also
close to each other. For example, we obtained the R, fac-
tors of 4.6% and 5.8% for TbNis with the FAN-like model
and the cycloid model, respectively. In spite of the seemingly
similar values of the refined results, the two models can be
critically distinguished by examining directly how accurately
they describe the intensity of the (001)~ and (001)* satellites.
The intensities of these satellites depend solely on the modu-
lated component projected on the basal plane. As can be seen
from Table I, the FAN-like model shows better agreement for
the (001)~ and (001)* satellites than the cycloid one.

We also used both FAN-like and cycloid models to deter-
mine the magnetic structure of Tbyg,5Er)¢75Ni5 with the
wave vectors of k;=0 and k,=27/¢(0,0,0.018). The fol-
lowing values were then obtained from the analysis:
=111 ug, pp=54(1)ug, and py,0q=9.7(1)ug for the
FAN-like model; w,;=8.3(2)up, up=6.7(1)pup, and pmeq
=4.8(1)up for the cycloid model. The intensities observed
and calculated for the two models are also given in Table 1.
As in the case of TbNis, the most significant difference be-
tween the two models is found in the intensities of the (001)~
and (001)* satellites.

B. Temperature dependence

Figure 5 shows ac susceptibility (y) measured along the a
and ¢ axes for x=0.3, 0.4, and 0.6. Interestingly, for all the
concentrations both x(7) curves (a- and c-axes data) have a
maximum at different temperatures. For example, the x
=0.3 sample has the c-axis component of the Tb-ion
magnetic-moment ordering at a higher temperature than that
of the a-axis component. For x=0.4 and 0.6, an ordering of
basal plane components occurs before an ordering of spin
component along the ¢ axis. It should be noted that for x
=0.4 and 0.6, the x(7) curves of the lower-temperature tran-
sition are equally sharp, indicative of a well-defined second-
order phase transition. Similarly, in the compounds with x
=0 and 0.2 (x=0.8 and 1.0), a maximum was observed only
for one x(T) curve, demonstrating that samples at both ends
have quite different magnetic structures. We associate the
maxima observed in the x(7) curves with the transition tem-
peratures, at which a long-range magnetic ordering develops
with the moments aligned along either a axis or ¢ axis. A
passing comment, in this paper we only use the real part of
ac susceptibility, since the imaginary part of ac susceptibility
is several orders of magnitude weaker for all our samples.

For comparative studies, we also measured the suscepti-
bility and magnetization of Tb,Y;_,Nis and Y,Er,_,Nis al-
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TABLE 1. Observed and calculated intensities of the magnetic Bragg reflections and satellites for the
FAN-like and cycloid models: TbNis at 2.2 K and Tb g,5Er( 0o5Nis at 3 K. O is the scattering angle, while
Lyps> Trans and Iy are the measured and calculated intensities for the FAN-like and cycloid models, respec-
tively. Ry, Ry, and R, are Bragg, profile, and magnetic agreement factors, respectively.

TbNis Tby.925Er0.075Nis
20 20
hkl (deg) Tops Iean Teye (deg) Tops Iean Teye
(100) 32.5 1888 1897 2257 25.1 6944 7392 7782
(001)~ 34.2 300 279 173 26.3 1058 1035 850
(001) 34.9 396 402 412 26.8 1178 1256 1256
(001)* 35.6 227 256 158 27.3 1038 953 785
(101)~ 479 530 628 568 36.7 2584 2621 2379
(101) 48.4 1138 1194 892 37 3136 3262 2991
(101)* 48.9 580 606 541 37.4 2368 2514 2243
(110) 58 492 526 612 44.1 1861 1894 2288
(200) 68 345 365 435 51.4 1263 1255 1267
(111)~ 69 238 236 267 52.1 886 910 958
(111) 69.5 348 350 311 52.4 1158 1175 1134
(11 69.9 232 232 256 52.7 912 894 960
(002)~ 72.8 45 51 32 54.8 151 165 120
(002) 73.7 70 75 77 55.3 194 204 220
(002)* 74.5 30 49 30 55.8 118 157 146
(201)~ 78.4 190 172 206 58.7 631 627 536
(201) 78.8 264 256 234 58.9 811 818 726
(201)* 79.2 182 169 200 59.2 601 618 521
(102)~ 82 200 218 153 61.1 723 714 564
(102) 82.8 318 322 316 61.6 1019 882 867
(102)* 83.7 166 211 147 62.1 734 682 517
Ry, (%) 2.9 32 2 7.1
Ry (%) 1.4 2.5 1.4 3.9
Runag (%) 46 5.8 33 10.5

loys. By studying samples with nonmagnetic Y doped at ei-
ther Tb or Er sites, we expected to have better understanding
of the magnetic behavior of Tb and Er ions alone. Indeed
these new alloys show more clearly how the magnetic tran-
sition of either Tb or Er ions develops with doping. What is
surprising from this measurement is that for a given concen-
tration of Tb,Er;_,Nis, the magnetic behavior of the Y-doped
compounds with the same composition of Tb or Er show
almost the same transition temperature with the same aniso-
tropy. For example, as shown in Fig. 5(a) Tb ;Y ;Nis shows
a transition in the a-axis susceptibility at the same tempera-
ture as the a-axis susceptibility of Tbg;Er,;Nis, while
Y3ErysNis has a peak in the c-axis susceptibility at the
same temperature as the c-axis susceptibility of
Tby 3Ery 7Nis. We have confirmed similar behavior for sev-
eral other compositions. This then—we think—constitutes a
clear experimental evidence supporting our conclusion that
both Tb and Er order at their own temperatures indepen-
dently of each other.

As another way of checking the bulk transition tempera-
tures, we have also measured the heat capacity of several
compositions. Figure 6 presents specific heat C,(T) for

Tb,Er,_,Nis. For x=0, 0.2, 0.8, and 1.0, C,(T) exhibits a
maximum at temperatures where maxima were observed in
the x(7) data. The C,(7) shows two maxima for the com-
pounds with x=0.4 and 0.6, as expected from the suscepti-
bility measurements. In the case of x=0.3, the higher-
temperature transition is distinctly seen, while the lower-
temperature transition is difficult to discern because of its
close proximity to the higher-temperature transition with a
steep increase in the heat capacity due to the ordering of Er
moments. Both susceptibility and heat-capacity data taken
together confirm again that Tb and Er order independently.

In Fig. 7 we have summarized the doping dependence of
the transition temperatures as determined from the suscepti-
bility (Fig. 5) and heat-capacity (Fig. 6) measurements. One
further salient feature in Fig. 7 is that the transition tempera-
tures for both Tb and Er moments have almost linear con-
centration dependence.

The fact that Tb and Er moments order in their own easy
directions independent of each other is further corroborated
by the temperature-dependent neutron-diffraction data. Fig-
ure 8 shows the experimental and calculated magnetic con-
tributions to the Bragg reflections in the neutron patterns for
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FIG. 5. (Color online) ac susceptibility x(7) multiplied by a
demagnetization factor N for several single crystals: (a) x=0.3, (b)
x=0.4, and (c) x=0.6 of Tb,Er;_Nis with Hllc (filled circles) and
Hlla (filled diamonds); YEr,_Nis with Hllc (open circles) and
Tb,Y;_,Nis with Hlla (open diamonds) with y having the same
value as x.

x=0.6 at various temperatures. We found that the magnetic
structure of this compound can be best described by a single
wave vector k=0 at all temperatures. After ignoring the con-
tributions from the Ni magnetic moment (our upper limit of
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FIG. 6. (Color online) Specific heat of Tb,Er;_,Nis. For better
presentation, the data are vertically shifted arbitrarily.
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FIG. 7. (Color online) Magnetic x-7 phase diagram of

Tb,Er,_,Nis obtained from ac-susceptibility and heat-capacity mea-
surements. Curie temperatures are also plotted of Tb,Y_,Nis (open
circle) and Y,Er,_Nis (open diamonds). The lines are guides for
the eyes.

Ni moments is 0.2u), we determined the magnetic structure
to be ferromagnetic. The temperature dependence of w, and
M. obtained from the neutron patterns are given in Fig. 9(a).
For comparison, the temperature dependence of u, and u.
for x=0.2 and 0.8 are also given in Fig. 9(b). As one can see,
the R-ion magnetic moment has a single component (w, or
) for x=0.2 and 0.8 at all temperatures, while both com-
ponents are found for x=0.6 at temperatures below =4 K.
In this case, the single u, component is found to exist above
4 K before disappearing at =13 K. We emphasize that these
transition temperatures determined from the neutron-
diffraction data are consistent with the temperatures of the
maxima found in both x(7) and C,(T) for x=0.6.
Furthermore, we investigated the magnetic field depen-
dence of magnetization. Figure 10 shows magnetization data
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FIG. 8. (Color online) Temperature dependence of neutron data
of TbyeEr4Nis: experimental data (symbols) and calculated pat-
terns (line). The difference curves are shown at the bottom of each
plot except for the 18 K data.
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FIG. 9. Temperature dependence of total R-ion magnetic mo-
ment (u,,) and its component to the ¢ axis (u.) and basal plane
() for x=0.2, 0.6, and 0.8 of Tb,Er;_,Nis. The lines are guides for
the eyes.

for x=0.4 and 0.6, and R,Y,_,Nis single crystals with the
corresponding compositions: Tbg4YoeNis, ErgsYqeNis,
Tbg Y .4Nis, and Ery¢Y(4Nis. It can be readily seen in the
figures that the spontaneous magnetic moments of
Tby 4Er ¢Nis and Tb ¢Erg 4Nis, with field applied along and
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FIG. 10. (Color online) Experimental (symbols) and calculated
(lines) magnetization curves of several single crystals: (a)
Tby4EreNis, Tbo4YoeNis, and Yo4EreNis; (b) TbggEro4Nis,
Tbg Y 4Nis, and Y Er4Nis. The circles (diamonds) are for the
c(a)-axis data, respectively.
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perpendicular to the ¢ axis, are in good agreement with the
Y-doped samples for the corresponding compositions. We
used a model of two sublattices with mutually perpendicular
magnetic moments>*?® in our calculation of the magnetiza-
tion curves shown in Fig. 10. Contributions of Tb and Er
moments were then determined from the magnetization
curves of TbNis and ErNis single crystals measured with
field along the a and c axes.”*?° One can see that the theo-
retical curves are in good agreement with the experimental
data for the ¢ axis. On the other hand, a noticeable difference
seen for the a axis can be related to a possible variation in
the Tb-ion magnetic moment with x when an external mag-
netic field is applied. In our model, we assumed that the Tb
moment is constant and equal to that of a spontaneous mo-
ment of TbNis.

IV. DISCUSSION

Except for TbNis and TbygysErggssNis, all the
Tb,Er;_,Nis alloys possess a commensurate ferromagnetic
structure  with k=0. Therefore, the commensurate-
incommensurate phase transition occurs within a narrow
concentration interval of 0.8<<x<0.925. As shown in Ref.
33, a partial substitution of Ni by Cu causes a similarly dras-
tic change in the magnetic structure of Tb(Ni,_,Cu,)s. Thus,
the incommensurate structure of TbNis is rather unstable
against small external perturbations, such as magnetic field
or doping, and can be easily destroyed by a partial substitu-
tion of Tb or Ni atoms.

The concentration dependencies of w,(x) and wu.(x) (see
Fig. 3) have approximately linear behavior for 0.2=x=0.8.
More importantly, all our data taken together strongly sug-
gest that the concentration dependence of w,(x) and . (x) is
completely independent of one another. Thus, u,(x) depends
only on the Tb-ion content with the moment lying in the
basal plane for 0.2=x=0.8. For the Er-ion moments, the
situation is similar except that they are now parallel to the ¢
axis. Hence, in Tb,Er;_,Nis the Tb- and Er-ion moments are
oriented along their own original directions of the easy mag-
netic axis because the Tb and Er ions have relatively large
single-ion anisotropies, larger than exchange interactions.

One then wonders how individual Tb and Er ions interact
magnetically with each other without perturbing the other.
For this discussion, it is very important for us to note that the
Curie temperatures of Tb,Er;_,Nis with Hlla axis coincide
with those of Tb,Y;_;Nis (see Figs. 5 and 7). Similar behav-
ior is also seen for Y,Er;_,Nis measured with field along the
¢ axis. These rather unusual results indicate that the ex-
change interaction between Tb and Er moments does not
play a noticeable role in their orientations. This is also sup-
ported by the good agreement between the experimental and
calculated magnetization curves obtained under the assump-
tion of the independent arrangement of the Tb- and Er-ion
magnetization along their individual easy directions (see Fig.
10). Thus, Tb,Er;_Nis can be considered as a good experi-
mental example with two noninteracting order parameters.
Our findings would then appear to be surprising considering
the fact that the Tb and Er ions, having large moments them-
selves, are in close proximity in the crystal. An answer for
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this puzzle comes from the following observation. Since we
do not perturb the conduction band by doping, the RKKY
interaction—the main source of magnetic interaction—
remains intact for all the compositions. Therefore, regardless
of compositions, Tb and Er interact magnetically with the
other Tb and Er ions with diminished strength, which would
then naturally lead to lower transition temperatures as seen in
our experiment. In this regard, resistivity measurements can
be a quite useful tool probing scattering of the conduction
electrons by the rare-earth moments as demonstrated by
some early studies.’® In accordance with Ref. 20, one can
expect that the concentration dependence of T(x) should be
smooth at a tetracritical point, at which the four different
phases meet. Indeed our experimental magnetic phase dia-
gram (see Fig. 7) appears to be consistent with this theoret-
ical prediction too.

As mentioned before, previous studies with competing
Ising-XY anisotropies raised questions about the lower-
temperature phase boundaries. For example, some mixed
systems such as Tb-Tm alloys®® showed that the lower-
temperature phase boundary is as sharp as the higher-
temperature one. On the other hand, in other random mix-
tures, such as Fe,_.Co,Br,,'” the transition at the two lower-
temperature boundaries are less sharp—much more smeared
out—compared with the higher-temperature ones. According
to Ref. 40, random field, arising from nondiagonal exchange
interaction in such a mixture, makes the lower-temperature
phase boundaries to be smeared or even to disappear. Several
conclusions in Refs. 21 and 41 implied that such off-diagonal
anisotropy energy [random anisotropy model (RAM)] be-
comes more relevant for the transition at the lower-
temperature boundaries while random fields do not play a
leading role. The RAM is relevant for the XY-like compo-
nent, while the Ising-type component is not affected by
RAM. According to Ref. 41 the phase diagrams shown in
Fig. 7 of this paper is possible when random anisotropy is
large. We think that it actually describes well what takes
place in Tb,Er;_,Nis since a main contribution to the random
anisotropy originates from the single-ion anisotropies of Tb
and Er.

V. CONCLUSION

In order to study the magnetic properties and to map out
the entire magnetic phase diagram of Tb,Er,_ Nis, which is

PHYSICAL REVIEW B 79, 174412 (2009)

the ideal example of a random magnet with competing or-
thogonal Ising-XY anisotropies, we have carried out exten-
sive studies using several experimental techniques including
magnetic, heat-capacity, and neutron-diffraction measure-
ments.

According to our studies, all the compounds (except for
TbNis and Tby ¢y5Er o75Nis) possess a ferromagnetic struc-
ture with k=0. It is interesting to note that the R-ion mag-
netic moments are oriented along the ¢ axis in the composi-
tions with x = 0.2, whereas they are aligned in the basal plane
for x=0.8. For the intermediate compositions (x=0.3, 0.4,
and 0.6) we have found that the Tb-ion magnetic moments
lie in the basal plane, while the Er-ion moments are parallel
to the ¢ axis. Thus, the Tb- and Er-ion magnetic moments
order following their original magnetic easy directions. At
the same time, the magnetic structures of TbNis and
Tbg 925Er) ¢75Nis are best described by the superposition of
the ferromagnetic and modulated components of the Tb-ion
magnetic moment with two wave vectors: k;=0 and k,
=27/c(0,0,7), where 7=0.019(1) and 0.018(1) are for
TbN15 and Tb0‘925Er0A075N15, respectively.

Another interesting point is that the concentration-
temperature (x-T) magnetic phase diagram of Tb,Er,_Nis
shows two straight lines, intersecting at a tetracritical point.
The smooth manner of T(x) at the tetracritical point is in
good agreement with the theoretical predictions of the
Ising-XY systems with two decoupled order parameters.?’
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