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We have studied successive magnetic transitions of HoCoGas at Tn1 = 9.6 K and T2 = 7.5 K
by using powder neutron diffraction. Apparent superlattice peaks were observed at temperatures
below Tn1. With further decreases temperature, the patterns exhibit a substantial change at tem-
peratures below Tn2. The observed magnetic peaks at 8 K (AntiFerromagnetic InCommensurate
(AFIC) phase : Tn2 < T < Tn1) can be represented by the propagation vector g;, = (1/2 0 7) with
7 = 0.35(2). In contrast, the magnetic structure becomes commensurate with g = (1/2 0 1/2) at
4 K (AntiFerromagnetic Commensurate (AFC) phase : T' < Tiz). The temperature dependence of
magnetic intensity shows an apparent temperature hysteresis at T2, indicates a first-order tran-
sition at Tie2. Analysis of the integrated intensity at 4 K reveals that the Ho moment with a size
of 8.6(2) us, oriented parallel to the c-axis in the AFC phase. While the successive transitions
of HoCoGas are different from those of ThCoGas, the magnetic structure in the AFC phase of
HoCoGas is the same as the AF{® of ThCoGas, and may indicate an additional transition at a

lower temperature in HoCoGas.
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I. INTRODUCTION

As represented by heavy-fermion superconductors
CeColngs and PuCoGag, the large family of so-called 115
compounds with the tetragonal HoCoGas-type structure
has been one of the most intensively studied systems [1-
5]. The interplay between magnetism and superconduc-
tivity is a key subject in the compounds. Note that a
wide variety of magnetic properties is another intrigu-
ing aspect of the 115 family. In particular, itinerant
members of UTGas and Np TGas were revealed to form
various types of commensurate magnetic structures de-
pending on the transition-metal element 7' [6-10]. The
presence of a quadrupolar interaction and its coupling
with magnetic one are suggested to a play vital role in
this variety [11].

The quadrupole is suggested to be important for lo-
calized members RTX5; (X = Ga and In) with heavy
rare-earth ions R as well [12,13]. So far, all magnetic
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structures of RT X5, except for Ce, reported have a char-
acteristic propagation vector ¢ = (1/2 0 1/2) that breaks
tetragonal symmetry [14,15]. Among them, unique suc-
cessive second-order magnetic transitions in ThCoGas
at Tglb 36.2 K and ngb 5.4 K are proposed as
component-separated magnetic transitions; at tempera-
tures below TP, the c-component of the Th moment
orders antiferromagnetically whereas the in-plane com-
ponent remains paramagnetic and only orders at temper-
atures below Tny [16,17]. This behavior is manifested
in the magnetic susceptibility, in which only x. shows
an anomaly at Ty} while the contrary behavior, i.e., an
anomaly only at Tiy, is found for x,. A recent comple-
mental study of neutron diffraction and Nuclear Mag-
netic Resonance (NMR) successfully unveiled the details
of magnetic transitions; magnetic moments order parallel
to the c-axis at temperatures below Ty} with the propa-
gation vector g¢; = (1/201/2) [18-20]. At temperatures
below TL>, an additional in-plane component character-
ized by g5 = (0 1/2 1/2) is superposed on g, resulting
in a canting magnetic structure. These transition phe-
nomena have similarities to those in the geometrically-
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frustrated CsNiCls [21-25]. Hence, a novel type of frus-
tration between magnetic and quadrupolar interactions
is suggested as a possible scenario for the transitions in
ThbCoGas.

Recently, other members of RCoGas (R = Dy~Tm)
have been successfully obtained as well [12,13]. Sys-
tematic study has revealed that the magnetic anisotropy
shows gradual change from Tb to Tm, where the mag-
netic easy-axis in paramagnetic states switches from the
c- to the a-axis. As a consequence, one might expect
the detailed balance between magnetic and quadrupolar
interactions to be modified concomitantly. In HoCoGas,
the magnetic easy-axis remains the c-axis with a smaller
anisotropy [12,13]. HoCoGas also shows successive mag-
netic transitions at 71 = 9.6 K and Tne = 7.5 K re-
spectively [13]. Revealing the details of these transitions
by using a powder neutron diffraction would be of great
interest.

II. EXPERIMENTAL DETAILS

Single crystals of HoCoGas were grown by using the
Ga self-flux method. The details of the sample prepa-
ration are published elsewhere [13]. The Obtained tiny
single crystals were ground into a fine powder in a mor-
tar. Powder neutron diffraction experiments were carried
out on the Wide-Angle Neutron Diffractometer (WAND)
installed at the High Flux Isotope Reactor (HFIR) at the
Oak Ridge National Laboratory (ORNL). Neutrons with
a wavelength of 1.48 A were provided by the Ge (311)
monochromator. A radial oscillating collimator after the
sample was used in order to reduce the background. The
powder sample was put in a vanadium cell and mounted
on the cold finger of a standard closed-cycle refrigera-
tor. Powder neutron diffraction patterns were collected
at temperatures between 3.5 K and 20 K.

I1I. RESULTS

Figure 1(a) shows powder neutron diffraction patterns
of HoCoGas measured at 4 K (the AntiFerromagnetic
Commensurate (AFC) phase), 8 K (the Antiferromag-
netic InCommensurate (AFIC) phase) and 20 K (the
paramagnetic state). All reflection peaks observed at
20 K could be indexed by using the reported structure
of HoCoGa; with the space group P4/mmm shown as
black vertical bars. No indication of the existence of an
impurity phase was found at 20 K.

Superlattice reflection peaks, in addition to the nu-
clear Bragg peaks, were clearly observed at 4 K and 8 K.
Observed supper-lattice peaks are pronounced at low an-
gles, suggesting their magnetic origin. The red bars in
the figure indicate the expected peak position for g =
(1/2 0 1/2). The observed magnetic peak positions at
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Fig. 1. (Color online) (a) Powder neutron diffraction pat-
terns of HoCoGas observed at 4 K (e, red), 8 K (o, blue)
and 20 K (4, black). Arrows indicates superlattice reflection
peaks at 8 K (AFIC phase). Vertical bars (red and black)
mark expected peak positions of the propagation vector q
= (1/2 0 1/2) and the nuclear reflection peaks, respectively.
(b) Difference diffraction patterns at 8 K obtained by sub-
tracting the pattern at 20 K. Vertical bars (blue) indicate
expected peak positions of the magnetic propagation vector
q;, = (1/2 0 0.35).

4 K are well reproduced by the calculation; namely, the
propagation vector for AFC is go. On the other hand,
the magnetic peak positions at 8 K are distinctly differ-
ent from those at 4 K. A splitting of the peak around
23° at temperatures from 4 K to 8 K suggests a lower-
ing of symmetry at 8 K. In order to see this variation in
detail, we subtracted the paramagnetic pattern at 20 K
from the data at 8 K, and the obtained difference pat-
tern Igk - Ixok, is plotted in Fig. 1(b). The negative
intensity with the positive slopes can be attributed to
the presence of paramagnetic scattering at 20 K. This
subtraction makes it clear that large numbers of mag-
netic peaks were clearly observed in the spectra at 8 K.
In order to explain the positions of the observed peaks,
we assumed a propagation vector of q;, = (1/2 0 7). The
observed peak positions could be reproduced by using gy,
with 7 = 0.35(2), as displayed by the vertical bars.
Figure 2 shows the temperature dependence of the in-
tegrated intensities of representative magnetic reflections
at Qr = (1/2 1 0.35(2)) and Qg = (1/2 1 1/2) for the
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Fig. 2. (Color online) Temperature dependences of the
magnetic reflection intensities for Qi = (1/2 1 0.35) (trian-
gles) and Qn = (1/2 1 1/2) (circles). The closed symbols
represent results taken on warming (red) while the open sym-
bols correspond to those measurement on cooling (blue). The
arrows indicate Tni1 and Tno.

AFIC and the AFC phases, respectively. Upon cooling,
the reflection at Qr starts to develop at temperatures be-
low 10 K, corresponding to Tni. The peak at Qp shows
a sudden drop upon further cooling to temperatures be-
low 7.3 K and disappears at temperatures below 6 K (the
residual intensity below 6 K originates from the peak tail
at Qu). The peak intensity at Qp exhibits sharp increase
below 7.3 K. One should note that clear hysteresis exists
at Tno with 67T ~ 0.25 K while the temperature depen-
dence does not accompany a visible difference at Tyj.
Furthermore, the peak at Qp coexists with the one at
Qr. This behavior evidently proves that the transition
at To is of first order. This is consistent with the sharp
jump in the specific heat at Tno [13].

Hereafter, we analyze the integrated intensity of mag-
netic reflection in the AFC phase at 3.5 K. The magnetic
scattering intensity I.,1(Q) for the unpolarized powder
neutron diffraction experiments is expressed as

Ia(Q) ox M2<Sin2 O‘)fQ(Q”FM(Q)|2L(9)mhkl(M)a

where p is the magnitude of the magnetic moment, « is
the relative angle between the scattering vector and the
magnetic moment, Q is the scattering vector, f(Q) is
the magnetic form factor, Fi(Q) is the magnetic struc-
ture factor, L() is the Lorentz factor and myu ) is
the multiplicity of the magnetic reflection. As shown in
Fig. 3, the observed intensity is successfully reproduced
by assuming the magnetic moments to be aligned paral-
lel to the c-axis (displayed in the inset). The magnitude
of the moment is determined to be 8.6(2) up/Ho3", cor-
responding to 86% that of the Ho3" free ion.
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Fig. 3. (Color online) Observed magnetic reflection inten-
sities of HoCoGas taken at 3.5 K plotted against the calcu-
lated intensities on assuming the magnetic structure shown
in the inset. The orange, blue, and green spheres in the inset
denote the Ho, Co, and Ga atoms, respectively, and the gray
arrows represent the magnetic moment of Ho.

Concerning the AFIC phase, the present data do not
allow us to obtain a conclusive solution for the long-
periodic magnetic structure. One possibility may be a
longitudinal sinusoidal structure along the c-axis [13].
Further experiments on a single-crystal sample will be
indispensable for this purpose.

IV. DISCUSSION

This experiment revealed that the successive transi-
tions in HoCoGas were intrinsically different from those
of TbCoGag. The first-order transition at T2 makes
a clear contrast to the second-order nature at Ty in
ThCoGas [16,17]. In addition, while two ordered phases
in TbCoGas can be characterized with the common prop-
agation vectors ¢ = (1/2 0 1/2) [18,19], the AFIC phase
of HoCoGaj has a long periodic magnetic structure with
qL- The long periodicity is a rare example among the 115
family, in which most of the compounds, form commen-
surate magnetic structures, with a few exceptions such
as CeRhIns [26] and the Q-phase of CeColns [5]. The
in-plane component of the propagation vector (1/2 0),
which corresponds to the nearest-neighbor coupling, is
common to the 115 compounds with heavy rare-earth
ions. One should note that this in-plane component
breaks the tetragonal symmetry while no evidence of
structural distortion has been detected by microscopic
probes so far.

Upon further cooling to temperatures below Tno, the
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long periodic modulation 7 ~ 0.35 in the c-component
changes to 1/2 while the characteristic in-plane nearest-
neighbor interaction remains unchanged. As a result,
the propagation vector of the AFC phase is described
with g = (1/2 0 1/2), common to RT X5. This study
revealed that the magnetic structure of AFC with mo-
ments aligned parallel to the c-axis was identical to that
of the AFT® phase in ThCoGas. These facts may suggest
that the in-plane magnetic component may fluctuate in
the AFC phase as well, and that it may order at an ad-
ditional lower-temperature transition in HoCoGas. Fur-
ther experiments at lower temperatures are indispensable
to deepen our understanding of this system.

V. CONCLUSIONS

In conclusion, we have studied the successive magnetic
transitions in HoCoGag by using the powder neutron
diffraction technique. In the AFIC phase, clear mag-
netic reflections with the propagation vector q;, = (1/2
0 0.35) were observed and then changed to g = (1/2
0 1/2) in the AFC phase. The temperature dependence
of the magnetic reflection intensity showed an apparent
temperature hysteresis at Ty, suggesting the first-order
nature of this transition. Our analysis revealed that in
the AFC phase, where the Ho magnetic moments with
a magnitude of 8.6(2) up oriented parallel to the c-axis.
The determined magnetic structure in the AFC phase
was the same as the AFTP phase and might indicate an
additional transition at lower temperature in HoCoGas.
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