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We have grown a single crystal of HoAl,Ge;, which crystallizes in the hexagonal
CaAl,Si; type structure with Ho ions in the trigonal coordination in the ab plane. The
data obtained from the bulk measurement techniques of magnetization, heat capacity
and transport reveal that HoAl,Ge, orders antiferromagnetically at Ty ~6.5 K. The
susceptibility below Ty and isothermal magnetization at 2 K indicate the ab plane
as the easy plane of magnetization. Heat capacity data reveal a prominent Schot-
tky anomaly with a broad peak centered around 25 K, suggesting a relatively low
crystal electric field (CEF) splitting. The electrical resistivity reveals the occurrence
of a superzone gap below T'n. The point charge model of the CEF is applied to
the magnetization and the heat capacity data. While a good fit to the paramagnetic
susceptibility is obtained, the CEF parameters do not provide a satisfactory fit to
the isothermal magnetization at 2 K and the Schottky anomaly. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5007158

INTRODUCTION

The family of rare earth compounds RAl,Ge; is known to form for R = Y, La-Nd, Sm-Lu,
including Eu and Yb' in the hexagonal CaAl,Si, prototype (Pearson symbol iP5, space group
P3ml1, No. 164; Z = 12); this prototype is also cited and reported as Ce>SO,-type.® The unit cell
shows three inequivalent Wyckoff sites, the R atoms occupy the 1a site, while Al and Ge atoms fill
the two different 2d sites, respectively. A sketch of the unit cell is shown in Fig. 1. The rare earth
ions form a net on the ab-plane with trigonal coordination.

The magnetic properties of polycrystalline RAl,X; (R = Eu and Yb; X = Si and Ge) have been
reported earlier in literature.*> Iso-structural EuAl,Si> and EuAl,Ge, order antiferromagnetically
at Ty = 35.5 and 27.5 K, respectively. The '>'Eu Mossbauer spectra are in conformity with the
divalent nature of Eu ions in these two compounds. YbAI,Si, has been reported to be a valence
fluctuating compound, while iso-structural YbAI,Ge; is a simple Pauli paramagnet characterized by
a non-magnetic, divalent state of Yb ions. Anisotropic magnetization at 2 K was reported in a single
crystal of EuAl,Sis, which was rather unexpected as Eu?* ion is an S-state ion® with negligible mag-
netocrystalline anisotropy. As noted above, the rare earth ions in RAl,Ge; are trigonally coordinated
in the ab-plane. An antiferromagnetic exchange interaction between the rare earth ions may give
rise to possible frustration effects. Therefore, it is of interest to study the magnetic behavior of these
compounds. In this work, we report the magnetic properties of a single crystal of HoAl,Ge,, using
magnetization, heat capacity and electrical transport measurements.
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FIG. 1. Sketch of the crystal structure of HoAl,Ge, where the shortest Ho-Ho interatomic distances on the ab-plane are
highlighted (Ho atoms in green, Al atoms in white and Ge atoms in blue).

EXPERIMENTAL DETAILS

The single crystals of HoAl,Ge, were prepared by the flux method, using Al-Ge eutectic compo-
sition as flux. A polycrystalline sample of HoAl,Ge, was taken together with Al-Ge flux in the ratio
of 1:19 in an alumina crucible placed within an evacuated quartz tube and heated up to 1100 °C. After
homogenization for 24 hours the solution was gradually cooled at the rate of 2 °C/hour. The contents
were centrifuged at 600 °C resulting in the formation of single crystals of HoAl,Ge, of typical planar
dimensions of ~ 4 mm X 2 mm. The crystal symmetry of a single crystal specimen was checked on a
Bruker-Nonius MACH3 diffractometer, using graphite-monochromated Mo K, radiation. Few single
crystals were crushed to powder for recording a powder diffraction pattern using CuK,, radiation.
Magnetization was recorded on MPMS SQUID and VSM magnetometers, while heat capacity and
the electrical transport were measured on a PPMS (Quantum Design, U.S.A.).

RESULTS AND DISCUSSION

The lattice parameters for HoAl,Ge, as obtained from single crystal diffraction data are
a =4.191(1) A and ¢ = 6.653(1) A. The shortest Ho-Ho distance is 4.191 A (the a-axis) while
the next larger Ho-Ho distance is 6.653 A (the c-axis). These distances are larger than the Ho-Ho
bond distance of 3.532 A, based on the sum of two metallic radii of Ho ion.” The powder diffraction
pattern could be indexed based on the symmetry type of CaAl,Si; and the lattice parameters inferred
from the single crystal data. The spectrum did not show the presence of any extra peaks due to the
parasitic impurity phases, confirming the phase purity of the grown crystals.

The inverse susceptibility ™' (7)) measured in an applied field of 3 kOe is plotted as a function
of temperature in Fig. 2(a). A fit of the Curie-Weiss formula y(T) = C/(T - 0,) to x(T') data above
150 K gives the paramagnetic Curie temperature 0, =— 7.4 and — 4.2 K, and the effective paramagnetic
moment Uegr = 10.61 and 10.92 up/Ho for field applied along the c-axis and the basal ab plane,
respectively. The negative value of 0, implies the antiferromagnetic nature of the magnetic interaction
between the localized 4f Ho moments. The experimentally obtained values of g are close to the
Hund’s rule derived free ion value of 10.6 ug/Ho for the 4f'° configuration of Ho.

The upper and lower insets of Fig. 2(a) show %(T') at selected fields below 20 K for H // ab and
H /I c, respectively. The observed higher value of x(T) for H // ab than that for H // ¢ implies that
in HoAl,Ge, the basal plane is the easy plane of magnetization. Susceptibility measured at 100 Oe
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FIG. 2. (a) Temperature variation of inverse magnetic susceptibility data of HoAl,Ge, along the two principal crystallographic
directions. The solid line is the fit based on CEF calculations. Insets show the temperature variation of dc magnetic susceptibility
of HoAl,Ge; along ab-plane and c-direction at various applied magnetic fields. (b) Magnetization vs. field at 2 K of HoAl, Ge,
and the solid line is calculated data based on CEF calculations. (c¢) Temperature dependent heat capacity of HoAl,Ge,
and LaAl,Ge;. Inset shows the temperature variation of heat capacity of HoAl,Ge, in various applied magnetic fields.
(d) Temperature variation of the 4f-derived heat capacity and the corresponding entropy of HoAl,Ge, and the solid line is the
calculated Schottky heat capacity based on CEF calculations.

field applied along the basal plane passes through a maximum at 7y ~ 6.7 K, indicating the onset
of long-range antiferromagnetic ordering of the Ho moments. As the field is increased to 3 kOe
and further to 7 kOe the Ty shifts to lower temperatures and (7)) below Ty shows significant field
dependence. On the other hand, y(7") for the field along the ¢ axis shows a mild kink at 7'y, increases
marginally below T'y, and shows no perceptible field dependence. The ratio of 6,/Ty is ~1, indicating
the absence of geometrically induced exchange frustration in the trigonally coordinated Ho ions. In
systems with appreciable frustration the ratio is typically several times larger than unity. We may note
here that in the iso-structural EuAl,Si,, it was found from neutron diffraction that the Eu magnetic
moments are ferromagnetically coupled in the ab-plane while they are antiferromagnetically coupled
along the trigonal axis.*

Figure 2(b) shows isothermal magnetization M (H) curves at 2 K for both field orientations. M (H)
data clearly reveal that the basal plane is the easy plane of magnetization, which is in agreement with
the data of the temperature variation of magnetic susceptibility [Insets of Fig. 2(a)]. Magnetization
along the basal plane increases rapidly with increasing field up to ~10 kOe. The variation of mag-
netization with field becomes gradually slower for fields above 10 kOe, but magnetization does not
saturate even at the highest applied field (here 140 kOe) to the free-ion value of 10 pg (g;J). A close
inspection of the low-field, in-plane M (H) data reveals that the magnetization displays a metamag-
netic transition at the critical field H.~4.7 kOe [determined from the peak position of the dM/dH
versus H curve (inset of Fig. 2(b))], indicating a spin reorientation. The effect of this field-induced
spin reorientation is reflected in the M (T') plots in different constant fields shown in the upper inset of
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Fig. 2(a). In the low-field regime the peak position in M (T) corresponds to the AFM phase transition
temperature TN, which shifts to low temperatures as the field is increased, and almost disappears at
field close to H.. For field above H., M(H) displays characteristics similar to that of a ferromagnet.
The overall trend of M(H) for field along the ¢ axis is qualitatively similar to that for field along the
basal plane except that in the former case no metamagnetic transition is observed and the magneti-
zation at all fields is less than the corresponding value for H // ab. The temperature dependence of
M(T) for T < Ty indicates that the magnetic configuration of Ho ions in HoAl,Ge; differs from that
of a bipartite collinear antiferromagnet for which y // decreases to zero as T approaches absolute zero
and 7, is temperature independent for 7 < T'N. A similar conclusion is also drawn from M (H) plots
at2 K.

The main panel of Fig. 2(c) shows the heat capacity, Cp, of HoAl,Ge; and non-magnetic,
reference LaAl,Ge; up to 300 K. It may be noted that the heat capacity of both compounds at
300 K attains the value of 3nR (R is the gas constant) with n = 5. The inset shows the data below 20 K
for HoAl,Ge; in zero field and in applied fields of 20 and 40 kOe. The heat capacity of HoAl,Ge,
exhibits a A-type peak at ~6.6 K, confirming the bulk magnetic transition of the Ho ions. The zero-field
data for HoAl,Ge, were measured down to ~0.4 K. The zero-field anomaly at 6.6 K is significantly
altered in applied fields of 20 and 40 kOe, qualitatively in conformity with the M(T) data shown
in the upper inset of Fig. 2(a). For LaAl,Ges, C,/T versus T? is linear below ~8 K and a fit of the
expression Cp/T =7y + BT? to the data results in an electronic specific heat coefficient y = 5 mJ/mol K?.
A value of 306 K for the Debye temperature 0p is inferred from the lattice heat capacity coefficient
[. An estimate of 4f-derived heat capacity C4; in HoAl,Ge; can be obtained by subtracting the heat
capacity of LaAl,Ge, from that of HoAl,Ge,, making the usual assumption that the phonon heat
capacities in the two compounds are same after taking account of the slightly different atomic masses
of La and Ho. The plot of C4f and the corresponding entropy Sy is shown in Fig. 2(d). C4r shows a
very prominent broad peak centered around 25 K, which is attributed to the Schottky heat capacity.
The relatively low value of the peak temperature suggests that the CEF splitting in HoAl,Ge; is
low as the Schottky anomaly arises due to the changing values of the fractional occupation of the
CEF-split levels with temperature. The 4f-derived entropy S4 attains a value of 1.53 R at Ty, which
substantially exceeds the entropy RIn2 (0.693 R) for spin-half, S = %2 level. This suggests the presence
of several low-lying crystal field levels below Ty in HoAl,Ge;.

The electrical resistivity with the current density J // ab-plane, shown in Fig. 3 displays normal
metallic behavior. The resistivity below 25 K, plotted in the inset of Fig. 3, shows an upturn below
~9 K indicating the existence of antiferromagnetic correlations in the paramagnetic regime close to
T'n and the occurrence of a super zone gap below T.

We have applied the point-charge CEF model to the magnetization and heat capacity data to
get a semi-quantitative estimate of the CEF splitting. For the sake of simplicity, we performed the
calculations assuming a hexagonal point symmetry for the rare earth Ho, though actually the /a
site possesses -3m trigonal point symmetry. The 17 degenerate levels of the free Ho** ion (J = 8)
are split into 11 levels by the hexagonal CEF potential. The CEF Hamiltonian for the hexagonal
site symmetry is given by, Hcgr =BJ0) + B0 + BJO) + BSOS, where BY" are the crystal field
parameters and O} are the Stevens operator matrices. By diagonalizing the CEF Hamiltonian, using
the eigenvalues and eigenfunctions, we have calculated the CEF susceptibility as shown in Fig. 2(a).
The crystal field parameters thus obtained for a reasonably good fitting to the magnetic susceptibility
are B)=4.5x 102 K, B)=9.9x 107* K, B)=-1.99 x 107 K and B%=8.99 x 107> K with the
molecular field constant -0.3 mol/emu for H // ¢ and 0.4 for H // ab-plane. The present set of CEF
parameters do not reproduce well the isothermal magnetization measured at 2 K Fig. 2(b). We can
exclude magnetic frustration as a possible reason as the Curie-Weiss temperature and the magnetic
transition temperature are of similar magnitude. Apparently, a more sophisticated model is required
to provide a better description. For example, in the iso-structural EuAl,Siy, in which the Eu ions are
divalent and the effects of the CEF on the S-state Eu ions are negligible to first order, the authors had
to assume three exchange interactions to explain their results.* The obtained energy levels are 0 (2),
7,13 (2), 37,42 (2), 51, 55, 59 (2), 83 (2), 95 (2) and 101 K, the two in the parenthesis indicates a
doublet state. These energy levels were used to estimate the Schottky heat capacity contribution to
C4y which is also plotted in Fig. 2(d). The mismatch between the calculated Schottky heat capacity
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FIG. 3. Temperature variation of electrical resistivity of HoAl,Ge,. Inset shows the enlarged view of the plot in the low
temperature regime.

may be due to various reasons like the over simplified point charge model, or the assumption of
identical phonon contribution in the Ho and La analogs, or assuming the infinitely sharp CEF levels,
etc. However, the CEF analysis certainly points to a relatively low CEF splitting in HoAl,Ge,.

To conclude we have explored the magnetic behavior of HoAl,Ge; in which the Ho ions form
triangular nets in the ab-plane. The compound orders at ~6.7 K with apparently no signature of
frustration. The point charge CEF model was applied to the data but the parameters obtained do not
reproduce well the isothermal magnetization at 2 K and the Schottky contribution to the heat capacity.
This necessitates a more sophisticated model to explain the observed data.
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