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ABSTRACT: Single crystals of Yb;, .,RE.MnSby; (0 < x < 0.6,
RE = Pr, Nd, Sm, and Gd) were synthesized by Sn flux. The
compounds are iso-structural with Ca,4AlSb,; (I4,/acd), and
their compositions were determined by wavelength-dispersive
spectroscopy. Yb;MnSb,, is described as a partially screened
d-metal Kondo system with the isolated [MnSb,]°~ tetrahedral
cluster having a d® + hole configuration that results in four
unpaired electrons measured in the ferromagnetically ordered
phase. All of the Yb atoms in Yb,,MnSb,, are present as Yb**,
and the additional RE in Yb;, REMnSb;, is trivalent,
contributing one additional electron to the structure and
altering the magnetic properties. All compounds show
ferromagnetic ordering in the range of 39—52 K attributed to the [MnSb,]°” magnetic moment. Temperature-dependent
DC magnetization measurements of Yb,, ,Pr,MnSb,; (0.44 < x < 0.56) show a sharp downturn right below the ferromagnetic
transition temperature. Single-crystal neutron diffraction shows that this downturn is caused by a spin reorientation of the
[MnSb,]’~ magnetic moments from the ab-plane to c-axis. The spin reorientation behavior, caused by large anisotropy, is also
observed for similar x values of RE = Nd but not for RE = Sm or Gd at any value of x. In Pr-, Nd-, and Sm-substituted crystals,
the saturation moments are consistent with ~4 unpaired electrons attributed to [MnSb,]°", indicating that local moments of Pr,
Nd, and Sm do not contribute to the ferromagnetic order. In the case of RE = Pr, this is confirmed by neutron diffraction. In
contrast, the magnetic measurements of RE = Gd show that the moments of Gd ferromagnetically order with the moments of
[MnSb,]’", and reduced screening of moments on Mn*" is evident. The sensitive variation of magnetic behavior is attributed to
the various RE substitutions resulting in different interactions of the 4f-orbitals with the 3d-orbitals of Mn in the [MnSb,]*~
cluster conducted through Sp-orbitals of Sb.
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B INTRODUCTION

The study of magnetism and magnetic materials such as 3d—4f

magnetoresistance, and magnetocaloric effects, were also
discovered and studied in 3d—4f intermetallic compounds.'®~"*

Named after Eduard Zintl, Zintl phases are salt-like
intermetallic compounds in which electrons can be considered

. .13 .
as completely transferred from cations to anions.”” The anions

interaction and single-molecule magnets has been motivating
. . . . . 1,2
research in chemistry, physics, and materials science.

Recer?tl.y, v:thh the fh.scovery IOf h;terometalllic 1c0mp lex?s or anionic networks in these compounds usually follow valence
containing both transition metals and rare earth elements in rules to have stable electronic configurations. When Zintl

single-molecule magnets, 3d—4f interaction has attracted phases were first systematically studied, the component

. . . 3,4 . .
intensive research interest. 3d—4f interactions were first elements were alkali or alkaline earth elements and group

studied in intermetallic compounds, and these compounds have IA—VA elements."* These compounds are diamagnetic or

complex physical properties such as itinerant magnetism, heavy exhibit weak paramagnetism due to the lack of magnetic ions

fermion behavior, and superconductivity. For example,
EuCo,As, shows itinerant magnetism, and CeColng is a
heavy fermion superconductor with itinerant magnetism.’””

Material applications, such as permanent strong magnets,
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and precise valence. Later the component elements were
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expanded to include transition metals and rare earth elements,
and compounds such as Yb;,MnSb;, Pr,MnSb,, Ca,Mn,Sb,s,
Eu (MngSbys, YbgZn,, Biy, and Cs;3Nb,IngAs;, have been
synthesized and studied.">~*° The Mn-containing compounds
usually show magnetic order, which opens the study of
magnetism in Zintl phases and provides avenues to 3d—4f
interactions.

Among the compounds mentioned above, Yb;,MnSb,;
(Figure 1) has unique magnetic properties. It crystallizes in

Figure 1. (a) Unit cell of Yb;,MnSb,, projected along the ¢ direction.
Blue spheres represent Yb atoms, green tetrahedral represent
[MnSb,]°" cluster, and red spheres represent Sb atoms. (b) Diagram
of the (d® + h) scenario for the MnSb, tetrahedron in Yb,,MnSb,,.

the Caj AlSb); structure type with the space group of I4,/
acd.">*" Each formula unit contains 14 Yb** cations, one
[MnSb,]°" tetrahedral cluster, one linear Sby’~ anion, and four
isolated Sb*~ anions. Yb;,MnSb,, has a ferromagnetic transition
at 53 K, a saturation magnetic moment of 4.2 yp at 5 K, and an
effective magnetic moment of 4.9 yg. In Yb;,MnSb,;, Yb*" is
nonmagnetic, and therefore the ferromagnetic transition is due
to the order of moments on Mn. The large Mn—Mn distance
(~10 A) indicates that the magnetic ordering is via Ruderman—
Kittel—Kasuya—Yosida (RKKY) coupling, which is conducted
through carriers.'””” X-ray magnetic circular dichroism
(XMCD) shows that the [MnSb,]°~ cluster has an electronic
state of d° + h (hole), schematically shown in Figure 1. A hole
on Sb, aligned with the d spins on Mn**, polarizes a spin on the
Sb in the [MnSb,]°” cluster which screens one d electron
leading to the description of d° + h.*> Calculations of the band
structures of iso-structural analogues support this result and
indicate that the ma§netic unit of Yb;,MnSb, is the tetrahedral
cluster [MnSb,]°~.*" Previous studies have shown that chemical
substitutions and the structure of the tetrahedral cluster, such as
bond lengths and bond anzgles, affect physical properties such as
thermoelectric properties.””>* When Yb sites are substituted by
other rare earth elements, different magnetic behavior is
observed. Below the ferromagnetic ordering temperature, the
saturation moment for Yb,, ,RE,MnSb,, (RE = La and Ce, 0 <
x < 0.7) is the same as Yb;,MnSb,; while in Yb,, ,RE,MnSb,,
(RE = Tb, Dy, Ho, and Er, 0 < x < 0.5) it increases with RE

amounts.”>*’~*° This indicates that Ce is not ordered while Tb,
Ho, and Er are ferromagnetically ordered with Mn moments.
Similar alteration of the magnetic properties by RE
substitutions has also been observed in La,_,RE,Co,P, (RE =
Ce, Pr, Nd, and Sm).*”*" In the case of Yb,, ,RE,MnSb,,, there
is additional complexity associated with site specific substitution
for the 4 Yb crystallographic sites related to the size of RE>*
ions and the volumes of Yb sites.*”

In this paper, we systematically study the magnetism of
Yb,, ,RE,MnSb,; (0 < x < 0.6, RE = Pr, Nd, Sm, and Gd) to
better clarify the 3d—4f interactions in Yb,, ,RE MnSb,; and to
contrast the different effects on magnetic properties between
trivalent light and heavy rare earth substitutions. A distinct
difference in the magnetic order of RE substitutions was found
between trivalent light and heavy rare earth elements, and a
spin reorientation was also discovered. The various magnetic
behavior caused by different rare earth substitutions indicates
that the Yb/RE sublattice and their f-orbitals affect the magnetic
properties, although Yb has no magnetic moment in
Yb,,MnSb,;.

B EXPERIMENTAL SECTION

Reagents. Elemental Yb (Metall Rare Earth Limited, 99.99%), Pr
(Ames Lab, 99.99%), Nd (Ames Lab, 99.99%), Sm (Ames Lab,
99.99%), Gd (Ames Lab, 99.99%), Mn (Alfa Aesar, 99.95%), Sb (Alfa
Aesar, 99.999%), and Sn (Alfa Aesar, 99.3%) were used for the
synthesis of the crystals. Yb, Pr, Nd, Sm, and Gd were cut into small
pieces while Mn, Sb, and Sn were used as received. All elements were
handled using inert atmosphere techniques, including an argon-filled
glovebox with water levels <0.5 ppm.

Synthesis of Single Crystals. Crystals were synthesized by a Sn-
flux method.**** The elements were loaded into an alumina crucible
by layers, and the ratio of these elements is Yb:Pr/Nd/Sm/
Gd:Mn:Sb:Sn = 14 — p:p:6:11:86, with p = 0.1, 0.3, 0.5, 0.7, 0.9,
and 1.2 (p is the preparative amount of rare earth elements used in the
synthesis). Details of flux synthesis has been described in previous
papers.”>** The high-quality crystals were harvested in an argon-filled
glovebox equipped with a microscope. The stoichiometry of resulting
crystals was determined from electron microprobe.

Electron Microprobe Analysis. Crystals from magnetization
measurement were analyzed using a Cameca SX-100 electron probe
microanalyzer equipped with a wavelength-dispersive spectrometer
with 20 keV accelerating potential and 20 nA beam current. The
samples were mounted in epoxy and polished to a smooth surface. The
epoxy and sample were coated with carbon for better conduction. X-
ray elemental maps were taken at a representative area for each sample.
Net elemental intensities for Yb, Mn, and Sb were determined using
wavelength-dispersive spectrum with respect to crystals of
Yb,,MnSb,;, and PrPO,, NdPO,, SmPO,, and GdPO, were
respectively used as standards for net elemental intensities of Pr,
Nd, Sm, and Gd. The composition of each sample was determined by
calculating averages and standard deviations from at least 10 randomly
selected data points of the main phase. Backscattered images and
analysis are provided in the Supporting Information (SI).

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) data
were collected on a few crystals of each sample, crushed into powder
to verify phase purity. Samples were examined using a Bruker zero
background holder on a Bruker D8 Advance Diffractometer operated
at 40 kV and 40 mA utilizing Cu Ko radiation. K radiation is removed
by a Ni filter. The powder diffraction patterns are provided in the SL
WinPLOTR (version Jan 2012) software was used for background
subtraction and pattern analysis, and EDPCR 2.00 software was used
to perform refinement.***’

Magnetization Measurements. Direct current (DC) magnet-
ization data were measured in a Quantum Design Magnetic Property
Measurement System (MPMS) with a superconducting quantum
interference device (SQUID) detector. Crystals of ~10 mg were
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individually mounted on a Mylar strip, adhered to Kapton tape, and
then inserted into a commercial drinking straw. A negligible
background signal from the sample holder can be achieved using
this mounting method. Therefore, the data were not corrected for
magnetic contributions of the sample holder. Temperature-dependent
magnetization was first measured as zero-field-cooled (ZFC) magnet-
ization from T = S to 300 K, then back to T = 5 K to get field-cooled
(FC) magnetization with an applied field of 100 Oe (FC). Field-
dependent magnetization data were measured from H = 0 T up to at
least H =5 T at T = S K with the same alignment of crystals.
Saturation moments are determined using the values at H = S T
instead of extracting back to H = 0 because some samples were not
fully saturated at the highest field for these measurements.

Alternating current (AC) magnetization data were measured in a
Quantum Design Physical Property Measurement System (PPMS).
Crystals were measured under an oscillating ac field (H = 0.001 T)
and AC frequencies ranging from 10 to 10000 Hz. The data were
collected between 10 and 150 K. Both DC and AC magnetization data
were calculated and presented per formula unit.

Neutron Diffraction. Large single crystals of Yb,,MnSb,
Yb,;5,Prs,5MnSby;, and Yb;,,Pry;MnSby; (S mm X 3 mm X 3
mm) were studied by neutron diffraction at HB-3A four-circle single-
crystal diffractometer at High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory (ORNL). Data were collected with neutron
wavelength 1.5424 A generated from a bent perfect Si-220
monochromator.®® Data were collected on all samples at 5 K with
another data collection on Yb;4,Pry;MnSb,; at 35 K. The intensities
of several selected diffractions were monitored as the temperature
increased from 4 to 60 K to observe the magnetic ordering
temperature. The nuclear and ma%netic structure refinements were
carried out using FullProf software.*®

B RESULTS AND DISCUSSION

1. Synthesis, Composition and Structure. Well-formed
single crystals were prepared from Sn flux. Backscattered
electron images show that these crystals were homogeneous
with negligible amount of Sn. (Supporting Information, SI).
The amounts of RE (Pr, Nd, Sm, and Gd) substitution in the
products are determined by wavelength dispersive spectrum
(SI). Generally, higher RE (Pr, Nd, Sm, and Gd) amounts used
in the flux results in higher RE (Pr, Nd, Sm, and Gd) content;
however, the maximum amount of RE (Pr, Nd, Sm, and Gd)
substitution in Yb, ,RE.MnSb,; is limited to x = 0.6,
consistent with previous studies of other rare earth elements-
substituted samples.””””~*? In the text below, the single-crystal
samples will be referred to according to the experimentally
determined content, x.

PXRD patterns indicated that all samples are of the
Ca,,AlSb,, structure type (I4,/acd) and were refined to obtain
lattice parameters.'® Figure 2 shows a plot of unit cell volumes
and c/a ratio as a function of composition, ¥ and RE. The unit
cell parameters increase with the amount of RE substitutions, x,
and for the same value of x, decrease with decreasing RE radii,
consistent with previous studies.””*” ¢/a values are consistent
across the series, but Sm and Gd containing compounds are
slightly larger at the highest amount of substitution. This may
be attributed to different Yb-site preferences of these elements
in the structure.”

2. Ybq,4,Pr,MnSb,,. DC Magnetization Measurements.
Temperature-dependent DC magnetic susceptibility of
Yb,, ,Pr,MnSb;; (x = 0.08, 0.19, 0.28, 0.32, 0.44, 0.53) crystals
show ferromagnetic transitions at ~39—50 K. Figure 3 shows
the temperature-dependent magnetic susceptibility of the
lowest and highest studied composition (x = 0.08 and 0.53).
The temperature-dependent magnetic susceptibility values of
the other compositions are provided in the SI Similar to
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Figure 2. Unit cell volumes and ¢/a values of Yb,, ,RE,MnSb,, (RE =
Pr, Nd, Sm, and Gd, 0 < x < 0.6). Filled symbols are for unit cell
volumes, and hollow symbols are for c/a.
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Figure 3. Temperature-dependent susceptibility, FC and ZFC curves
of (a) Yby30,ProosMnSby; and (b) Yb,;,,Prys;MnSb,;; with magnetic
field of 100 Oe. Inverse susceptibility vs temperature is plotted in the
top right. (c) Transition temperature (K) and effective moment (i)
vs Pr amount, x. (d) A picture of a typical crystal on 1 mm grid.

Yb;,MnSb,,, which orders ferromagnetically at 53 K, these
compositions also show ferromagnetic ordering, but at lower
temperatures compared to Yb;,MnSb,;. The Curie temper-
atures T, which are determined from the derivatives of
temperature-dependent magnetic susceptibility (dy/dT), de-
crease systematically with Pr amount. In the paramagnetic
phase, the magnetic susceptibility can be fitted by a Curie—
Weiss law (eq 1) using data between 100 and 300 K:

A=HhT Ty (1)
where C is the Curie constant, 0 is the paramagnetic Weiss
temperature, and jy, is the temperature-independent para-
magnetic term. The results are listed in Table 1. The values of
%o for all the samples are small, on the level of 10~ emu/mol,
matching with previous results.”””” The Curie constants, C,
increase with Pr amounts. Effective magnetic moments can be
described using eqs 2 and 3:

He = N799C (2)
ih = (1 = x)ur(Mn™™ + h) + auf(Mn®")
2
+ g (RE™) 3)
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Table 1. Magnetism Results of Yb,, ,Pr,MnSb,; (x = 0.08, 0.19, 0.28, 0.32, 0.44, 0.53)

x T (K) C (emu-K/mol)“ Yo (emu/mol)”
0.08 50 3.25(4) 0.0055(2)
0.19 47 3.48(3) 0.0038(1)
0.28 43 3.83(7) 0.0091(4)
0.32 2 3.95(5) 0.0127(3)
0.44 40 4.12(2) 0.0043(3)
0.53 39 449(5) 0.0061(2)

0 (K)* Her (up)” Mol S K] (uip) PN
46.6(5) s5.10 4.1(2) 0.08
43.1(5) 527 41(2) 0.16
44.9(7) 5.53 42(2) 0.28
43.6(5) 5.62 42(2) 0.32
40.5(7) 5.74 42(2) 0.38
42.0(4) 5.99 4.5(2) 0.50

“From eq 1. From eq 2. “From eq 3, employing the ground-state effective moment of Pr** and the experimental effective moment.

The substitution of RE = Pr** for Yb** provides a fraction x
of an electron to the formula, filling the hole residing on the
orbitals associated with [MnSb,]°~. Thus, Pr** substitution
decreases the carrier concentration, weakens the RKKY
interactions, and leads to reduction of the Curie temperature.”'
Filling the hole with x electron also weakens the coupling
between spins on Mn and the hole on Sb, and changes the
electronic state of Mn from d° + h to [xd® + (1 — x)(d° + h)].
The composition of RE, x, determined by microprobe, can be
verified by employing the ground-state effective moment of
Pr** estimated from Hund’s rule (3.58 ;) and the effective
moments of Mn d° + h (L =0, S = 2, yg Mn** + h) = 4.9 py)
and d° (L =0, S = 5/2, ptog (Mn?*) = 5.9 up).** The Pr amount
calculated using eq 3 is provided in Table 1 as x .. The good
agreement between calculated and experimental Pr amounts
validates eq 3 and supports the idea that the electron provided
by Pr’* results in reducing shielding of Mn d° spins in the
paramagnetic state.

Below the Curie temperatures, Yb, ,Pr.MnSb;; show a
bifurcation between zero-field-cooling (ZFC) and field-cooling
(FC) curves. This bifurcation is caused by the domain
structures and large anisotropy of crystals, havin§ moments of
[MnSb,]° align along the easy axis (c-axis). ®> Under the
condition of ZFC, magnetic moments which are initially
antiparallel aligned in adjacent domains at low temperature
gradually change from antiparallel to parallel as temperature
increases and domains combine. Under the condition of FC,
domains are restrained, and magnetic moments tend to be
parallel aligned. When temperature is decreased, the suscept-
ibility increases as thermal disruption of moments is
depressed.”’ Spin-glass or superparamagnetic behavior can
also lead to bifurcations between ZFC and FC curves;
therefore, AC susceptibility was also measured for a few
samples (SI). No frequency dependence was observed in the
curves of y'. In the curves of y”, some frequency dependence
was observed in the high substitution samples. This has been
observed in some typical ordered magnets and attributed to the
domain effects related to the large anisotropy.””*’ Both
previous papers and the fact that these samples are
homogeneous bulk crystals can also rule out the super-
paramagnetic scenario.”*** The anomaly in ZFC curves for low
Pr content x = 0.08 and 0.19 crystals just below T has been
observed in Yb,,MnSb,,.***® For the high Pr content, x = 0.44
and 0.53 crystals, a sharp drop in magnetic susceptibility is
observed at ~30 K in both FC and ZFC curves. This dramatic
drop does not resemble an antiferromagnetic transition. Also
the positive @ values do not support the identification of this
transition as an antiferromagnetic transition. In order to study
this magnetic transition, single crystal neutron diffraction was
performed, and the results are presented below.

Field-dependent magnetization (Figure 4) shows that
samples of x = 0.08—0.44 have similar saturation magnetic
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Figure 4. Field-dependent magnetization curves of Yb,, ,Pr,MnSb,, (x
= 0.08, 0.19, 0.28, 0.32, 0.4, 0.53) at SK.

moments, ~ 4.1—4.2 uy. The values closely match pristine
Yb,,MnSb,,, indicating that moments on Pr are not ordered in
the ferromagnetic phase since the saturation moment is
unaffected by the amount of Pr.*” This is consistent with
neutron diffraction described below. The sample of x = 0.53 has
a larger saturation moment, ~ 4.5 pp, but the increase is too
small to be considered as the possible order of Pr moments.
This change may be caused by the crystal field splitting effect of
Pr or the unscreening of moments on [MnSb,]’” when the
amount of Pr** exceeds a critical value. Yb,,MnSb,, is
considered a Kondo lattice compound, and the additional
electrons provided to the [MnSb,]’” cluster may inhibit the
screening of Mn moments.””*’

Neutron Diffraction. Large crystals of Yb,, ,Pr,MnSb,, (x =
0, 0.28, 0.53) were measured by single crystal neutron
diffraction. Peak intensities of the (004) and (400) diffractions
were scanned with decreasing temperature (Figure S). When
the magnetic moment is parallel to the scattering vector, no
magnetic contribution can be seen in the diffraction intensity of
corresponding diffractions.”® For x = 0 and 0.28, the (004)
diffraction intensities show no change over temperature while
the (400) diffraction intensities start to increase at 52 and 44 K,
which are caused by the ferromagnetic transition and consistent
with the DC magnetization measurement. For x = 0.53, the
(400) diffraction intensity has a similar behavior and the
transition temperature, 39 K, matches with magnetization
measurement. However, an abnormal peak between 40 and 30
K shows up in the (004) diffraction intensity. This peak is
caused by a spontaneous reorientation of magnetic moment
driven by temperature. Combined with the refinement on
neutron diffraction data, magnetic moments in the samples of x
= 0 and 0.28 are parallel to c-direction, consistent with previous
conclusions.** The magnetic moment in the sample of x =
0.53 first aligns in the diagonal of ab-plane and then reorients to
the ¢ direction. These results provide a rationale for the
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Figure S. Neutron diffraction intensities of the (004) and (400) of (a)
Yb;MnSb,;, (b) Yby3,,Pro,sMnSby;, and (c) Yby;4;Pros;MnSb,,

scanned over temperature.

unexpected peak in the ZFC and FC curves of
Yb,;34/Pros3MnSb;;. During the DC magnetization measure-
ment, the crystal of Yb,;,,Prys;MnSb,, is aligned as ab-plane is
almost parallel to magnetic field. The sharp drop of
susceptibility is due to the reorientation of spins from the ab-
plane to ¢ direction.

At S K, refinements on the neutron diffraction data show that
Mn in Yb,4MnSb,;, Yb,3,,Pry,sMnSb,;, and
Yb,347Pry53MnSby; has a magnetic moment of 4.3(2) ug,
4.2(2) pg, and 4.3(2) pg along the c-axis, respectively. There is
no observable ordered moment on Pr according to the
refinement. The small differences between magnetic moments
of Mn given by neutron diffraction and field-dependent
magnetization measurement are negligible considering the
fact that the complex structure, large unit cell, and only 8 Mn
atoms out of 208 atoms in one unit cell lead to small
contributions (<10%) of magnetic moments to diffraction
intensities. At 35 K, refinement shows that magnetic moments
of Mn in Yb,34,ProssMnSby; is 3.0 (2) g, parallel to the [110]
direction. Since 35 K is only 4 K lower than the transition
temperature of Yb,;,,Pros;MnSb;; (39 K), thermal disruption
affects the order of magnetic moments and decreases the
measured moments. Field-dependent susceptibility measure-
ment also supports the hypothesis that magnetic moments are
not fully ordered at this temperature (SI). The refinement of
the structure shows that the unit cell parameters increase with
Pr amounts, consistent with the results at room temperature.
Among the four Yb sites, Pr prefers Yb(2) sites which form
layers between [MnSb,]° layers, and this agrees with previous
results on Yb,, ,Ce, MnSb,, (SI).**

Based on the results of neutron diffraction, the temperature-
dependent magnetic susceptibility and field-dependent magnet-
ization of an oriented crystal of Yb,;4,Prys;MnSb;; were
measured (Figure 6). When the magnetic field is parallel to the
[001] direction, the ZFC and FC curves resemble the curves of
crystals without spin orientation and show a typical
ferromagnetic behavior. Meanwhile, when the magnetic field
is parallel to the [100] direction, ZFC and FC curves overlap
with each other and have sharp peaks between 30 and 40 K due
to the spin reorientation. The overlap of ZFC and FC curves in
this case supports previous discussions on the domain structure
and anisotropy. When the magnetic field is parallel to the [101]
direction, a combination of the [100] and [001] directions can
be observed. In the field-dependent measurement at S K, the
magnetization saturates rapidly when measured along the [001]
direction, also indicating that at S K the [001] direction is the
easy axis. When the magnetic field is parallel to the [100]
direction, the magnetic moment linearly increase and almost
saturates at approximately 1.5 T. This behavior implies that the
spin reorientation is spontaneous and not induced by the
magnetic field. The anisotropy of Yb;,MnSb,, has been studied
before, and no spin reorientation was observed.'>**
Yb,;37,Pry,sMnSb;; was measured along several directions to
check for anisotropy, and it was found to have a similar
behavior to Yb,;,MnSb,, with no spin reorientation.

In summary, the substitution of Pr’* for Yb*" reduces the
screening of the Mn moment by filling the hole (by x amount)
associated with [MnSb,]°", and thereby decreases the carrier
concentration and lowers T-. When the amount of Pr reaches a
critical value (x &~ 0.44), a spin reorientation of [MnSb,]°~
moments from ab-plane to c-axis appears below the Curie
temperature along with an increase of saturation moment of
Yb,3 47Pros3MnSby; at S K. Previous studies in cyano-bridged
salts, MnBi, RE,Fe,B, and REMO;, show that the crystalline
electric field (CEF) and the resulting lar§e anisotropy are
essential causes of the spin reorientation.”"” ™% In RE,Fe,B
compounds, two kinds of spin reorientation were discovered:
one is a sharp shift of spins and first-order phase transition,
while the other is a slow tilt of spins within a temperature
region and a second-order phase transition.”” > The spin
reorientation in RE,Fe,B is due to the anisotropy of Fe
sublattice and RE sublattice caused by the combinations of CEF
and the exchange field>*>> This is similar to rare earth
containing oxides, REMO; (M = Cr, Mn, Fe), although RE
sublattice has no ordered moments.”*>* In Yb,, Pr,MnSb,,
(044 < x < 0.53), the spin reorientation is a second-order
phase transition which is consistent with its measured heat
capacity data (SI). The ferromagnetic magnetic interactions in
Yb,,,Pr,MnSb,, are dominated by 3d-3d interactions of Mn,
however, the 3d—4f interactions between RE sublattice and Mn
sublattice affect the spin reorientation. Pr prefers Yb(2) sites
which form layers between [MnSb,]°” layers (Figure 6);
therefore, the substitution of Pr changes the interactions
between [MnSb,]°” layers. The substitution and the change in
structure affect the RE sublattice, and this change in RE
sublattice further alters the CEF and the 3d—4f interactions
between RE sublattice and Mn sublattice, finally leading to a
change of the anisotropy energy.'’ When the RE amount
reaches a critical value, a qualitative change appears in the
magnetic property and anisotropy, causing the spin reorienta-
tion behavior. A further thought about the f-levels in Yb atoms
may provide another perspective to understand the magnetic
behavior. The huge difference in properties between
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Figure 6. (a) Temperature-dependent magnetic susceptibility of Yb,; 4, PrysMnSb;;. FC and ZFC curves along the direction [101], [001], and
[100]. (b) Field-dependent magnetization along three directions at S K. (c) Picture describing the orientations of the crystal. (d) Plot showing the
spin reorientation. The unit cell is projected along b-direction. The blue arrows represent spins, green tetrahedral are [MnSb,]°" cluster, red spheres
represent Sb in the [MnSb,]°~ cluster, and light blue spheres represent Yb(2) sites.

Yb,,MnSb,, and Ca;;,MnSb,; indicates that the flevels of Yb
plays an important role in the physical properties of
Yb,,MnSb,,.">*? The heavy fermion behavior shows that f-
levels of Yb make a significant contribution to the band
structures near the Fermi-level. When Yb is substituted by Pr,
the different f-levels of Pr change the electronic band structure
near the Fermi level and lead to a change in magnetic
properties, which is similar to previous discussions on carrier
concentration and thermoelectric properties.”'

3. Yby4,REMnSb;; (RE = Nd, Sm, and Gd). The
magnetic properties of Nd, Sm, and Gd substitutions are
discussed in comparison with the Pr-substituted samples.
Results of DC temperature-dependent magnetic susceptibility
and field-dependent magnetization of Yb,, ,RE.MnSb,, (RE =
Nd, Sm, and Gd) are listed in Figure 7 and Table 2. The
substitutions of both Nd and Sm cause reductions in the Curie
temperatures. The bifurcation between ZFC and FC curves is
also observed in Nd and Sm substitutions, showing a large
anisotropy of magnetism. The spin reorientation is observed in
Yb,; 44,NdyxMnSb;;. At the Curie temperature (39 K), Mn
moments in Yb;,,NdycMnSb,; first order along [110]
direction and then reorient to [001] direction at 25 K. The
spin reorientation causes FC and ZFC curves to have peaks
between 25 and 39 K when the field is parallel to ab-plane and
an anomaly when the field is parallel to c-axis. The anomaly
differs from the curves of Yb,;,,Pry;MnSb,;, and it may be
caused by the wider spin reorientation temperature region of
Yby;44NdgssMnSby; (39—25 K). Field-dependent magnet-
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ization measurements show that these crystals have saturation
moments of ~4 yug, indicating that Nd** and Sm*" are not
magnetically ordered at S K. Yb;;,,NdyssMnSb;; has a
saturation moment of 3.8 up, smaller than Yb,,MnSb;,. On
the contrary, no spin reorientation or change of saturation
moment in Sm-substituted samples is noticed. In the
paramagnetic phase, eq 3 is a good description of magnetic
behavior using the effective moments of Nd** (3.62 y3) and
Sm>* (0.84 uy) derived from Hund’s rules, consistent with RE =
Pr compounds.*” Calculations based on eq 3 give substitution
amounts matching the experimentally determined values.

Magnetic properties of Gd-substituted samples,
Yb,370Gd30MnSb;; and Yb,;5,Gdj4sMnSb,;, are different
from those of Pr-, Nd-, and Sm-substituted samples in many
aspects. ZFC and FC curves of Gd-substituted samples do not
show large bifurcations in the ferromagnetic phase, indicating a
small anisotropy of magnetism. Yb,3,0Gdy3,MnSb;; (46 K) and
Yb,5,GdgsMnSb;; (45 K) have almost the same Curie
temperatures, which are lower than that of Yb,,MnSb,;, but
higher than those of Pr, Nd, and Sm substitutions with the
similar amounts. Field-dependent DC magnetization of Gd-
substituted samples also show a much larger saturation
moments than those of Pr-, Nd-, and Sm-substituted samples
at 5 K. The significantly larger values mean the moments on
Gd*" order ferromagnetically with the moments on [MnSb,]"".
The effective and saturation moments on Gd** and [MnSb,]°~
can be calculated by eq 3 provided previously and eq 4:
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Figure 7. Temperature-dependent magnetic susceptibility of Yb,, . RE,MnSb,, with field of 100 Oe: (a) RE = Nd and x = 0.08, (b) RE = Nd and x =
0.56, (d) RE = Sm and x = 0.11, (e) RE = Sm and x = 0.60, (g) RE = Gd and «x = 0.30, and (h) RE = Gd and x = 0.48. Also shown are their field-
dependent magnetization curves at 5 K: (c) RE = Nd, (f) RE = Sm, and (i) RE = Gd.

Table 2. Magnetism Results of Yb,, ,RE MnSb,; (RE = Nd, Sm, and Gd)

X

0.08
0.56

0.11
0.60

0.30
0.48

T¢ (K)

49
40

49
42

46
45

C (emu-K/mol)*

3.23(3)
4.68(7)

3.16(1)
3.86(3)

6.37(3)
7.53(3)

o (emu/mol)”

RE =

0.0069(2)
0.0044(3)

RE =

0.0070(1)
0.0015(1)

RE =

0.0041(3)
0.0025(2)

“From eq 1. "From eq 2. “From eq 3, employing the corresponding ground-state effective moments and the experimental effective moment.

0 (K)*
Nd

50.0(3)

39.8(6)
Sm

49.3(1)

45.7(2)
Gd

48.7(1)

49.6(1)

Har (5)"

5.08
6.11

5.02
5.55

7.13
7.76

el S K] ()

40(2)
38(2)

42(2)
42(2)

6.9(2)
8.1(2)

@
Xeale

0.07
0.56

0.11
0.58

0.36
0.48

H, = (1 - x)usat(Mn2+ + h) + xpéat(MnH)

+ xu

sat

(Gd™)

(4)

Using the Gd** moments from Hund’s rules (7.94 py for

effective moment and 7 up for saturation moment), the
calculated amounts of Gd (x.,.) are consistent with the results
of experimental values for both effective and saturation

moments.”’ Therefore, similar to Pr, Nd, and Sm, in the
paramagnetic phase the electron donated by Gd fills the hole in

the [MnSb,]°”

tetrahedral cluster and unscreens the 3d

electrons so that the total effective moment is described by
eq 3. Different from Pr, Nd, and Sm, in the ferromagnetic phase
the local saturation moment is best described by eq 4, where

Gd** moments ferromagnetically couple with the moments of

[MnSb,]°" cluster. Similar phenomenon has been observed in
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Eu;,MnSb;;. The ferromagnetic ordering temperature is
increased to ~100 K, and the spin-only Eu*" moments order
ferromagnetically with those of [MnSb,]° cluster.*’
Comparing all the substitutions, similar maximum of
substitutions (~0.5—0.6) show that the structure of
Yb ,MnSb,;, has intrinsic electronic consistency. This con-
sistency limits the maximum of substitution and cannot be
easily altered by substitutions. However, a clear change in
magnetism appears when f-orbitals of substitutions change from
less than half-filled to half-filled or more than half-filled. Curie
temperatures as a function to RE in Yb,, ,RE.MnSb,, with x
reaching the maximum for each rare earth substitution is shown
in Figure 8. The Curie temperature (T) first increases from La

46 W Transition Temperature 120
de Gennes Factor
e
444 " L15 S
- = &
X ]
= 424 [ o L10 @
o c
= om 3
40+ = e ]
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Figure 8. (a) Curie temperature and de Gennes factors (dG = (g —
1)’)J(J + 1)) vs RE in Yb,, ,RE,MnSb,, (x ~ 0.5, is the maximum for
each RE). (b) Diagram of the 3d—4f interactions scenario for

Yb,4 REMnSb, .

(39 K) to Gd (45 K) and then decreases until T, (39 K), with
Gd substitution having the highest Tc. The Curie temperatures
are theoretically expected to be the same with the same amount
of trivalent RE substitutions based on RKKY theory, since in
principle all RE contribute ~0.5 e to the compound, reducing
the carrier concentration in an identical fashion. However, the
correspondence of Curie temperatures to the de Gennes factors
((g = 1)¥(J + 1)) of trivalent RE substitutions indicates that f-
levels of RE substitutions interact with the bands near Fermi
level, have an effect on the Mn sublattice, and change the 3d—4f
interactions, which is important in magnetic exchange
interactions in addition to carrier concentration.

When Yb is substituted by light rare earth elements (RE =
La, Ce, Pr, Nd, and Sm), the largest difference is the appearance
of spin reorientation in Pr- and Nd-substituted samples.
Moments on light RE elements are not ordered since the
saturation moments (~4 y5) of crystals are not linearly related
to the RE content, x. However, small changes of saturation
moments are observed in Pr- and Nd-substituted samples at the
highest x. The similarities in light rare earth substitutions

exclude simple explanations for spin reorientation such as
carrier concentration and site preference. Another fact
supporting this explanation is that Yb,,MnBi,; has spin
reorientation behavior.'”> Compared with Yb,,MnSb,,,
Yb,,MnBi,, is more metallic with higher carrier concentration.
Therefore, this spin reorientation is caused by the complex
electronic interactions and change of anisotropy caused by
different RE substitutions.

Mn are unscreened by the corresponding fraction of electron
(x) in Yb,,,Gd MnSb,,, and the local moment of Gd*" orders
ferromagnetically with the Mn moments. Another difference is
that Gd-substituted samples have a much smaller anisotropy, a
result of the half-filled f-orbitals with no orbital contributions to
magnetic moments. Since magnetic moments on Mn** (5 ug)
also have no orbital contributions, Gd substitutions reveals the
spin-only interactions in the system.

Previous magnetic studies on Yb,, RE.MnSb,; (RE = Tb,
Dy, Ho, and Tm) show similar behavior in the paramagnetic
phase but different results in the ferromagnetic phase.”””"
Above the Curie temperature, the effective moments are
contributed by local moments and can be described using eq 3.
Below the Curie temperature, the moments on RE (RE = Tb,
Dy, Ho, and Tm) substitutions are ferromagnetically ordered
with [MnSb,]°~ but only a fraction of the theoretical moments
were observed, which cannot be described using simple
mathematical equations.

In summary, all RE substitutions can be classified into three
categories based on the interactions between their moments
and the moments of [MnSb,]°” in the ferromagnetic phase.
Generally speaking, when the 4f-orbital of RE*" is less than half-
filled, their moments are not ordered, while half-filled or more
than half-filled 4f-orbitals lead to ferromagnetic order of
moments on RE** with spin-only Gd** as a special case.

To further understand and clarify the 3d—4f interactions in
Yb,,.REMnSb,;, an explanation is proposed based on the
previous spin polarization calculations on Ca/Ba;,MnBij,
employing a local orbital-based method within the local spin-
density approximation, site preferences of RE atoms in
Yb,,MnSb,; and previous theories of Fe-RE com-
pounds.”***°"%* The hole on Sb in the [MnSb,]°” cluster
polarizes a spin (considered as downward) which is antiparallel
to the spins on Mn (considered as upward). Meanwhile, this
spin mainly interacts with and polarizes adjacent Yb/RE atoms,
which are the Yb(1) and Yb(3) sites in the structure.”*
Considering the fact that light REs prefer Yb(2) and Yb(4)
sites, the magnetic results are consistent with the non-order of
moments on light RE substitutions.”” For the heavy RE
substitutions, which prefer Yb(1) and Yb(3) sites, Sd-orbitals
on RE may hybridize with Sp-orbitals on Sb. Previous studies
on Fe-RE have shown that this hybridization leads to
antiparallel spins on related atoms.”'** As the spin on Sb is
downward, spins on the RE should be upward, parallel to spins
on Mn. Since spins and orbitals have the same direction in
heavy RE, moments on RE are ferromagnetically coupled with
moments on Mn. Gd substitution shows the spin-only
condition. For other heavy RE substitutions, the scenario is
more complex, involving orbital contributions and crystal field
splitting effects.’ The 3d—4f interactions in Yb,, ,RE,MnSb,,
are different from the 3d—4f interactions of Fe-RE compounds
in that the spins in 3d-orbitals of Fe and 4f-orbitals of RE are
antiparallel.*>** The difference may be explained using the fact
that the interaction between Mn and RE is conducted through
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the hole and the polarized spin on Sb, which has an antiparallel
direction to the spins on Mn.

B SUMMARY

Crystals of Yb, .RE MnSb,; (RE = Pr, Nd, Sm, and Gd, 0 < «
< 0.6), iso-structural with Ca,,AlSb,;, were synthesized by Sn-
flux method. They were characterized by powder X-ray
diffraction and electron microprobe to verify compositions.
The paramagnetic behavior of Pr-, Nd-, and Sm-substituted
samples can be described as the addition of electrons reducing
the screening of [MnSb,]’” cluster moments along with the
moments of the corresponding amounts of RE. The magnetic
behavior below the Curie temperature is different depending on
the identity of the RE®" substituents. Spin reorientation
behavior, which was attributed to the large anisotropy caused
by Pr and Nd substitutions, was demonstrated to be from the
ab-plane to c-axis by single crystal neutron diffraction when Pr
and Nd substitution amounts reached a critical value (~0.44).
Saturation moments were slightly changed by high contents of
substitution. The lack of Pr** contribution to the ferromagnetic
order was confirmed by neutron diffraction. The spin
reorientation and change of saturation moments are absent in
Sm-substituted samples. Gd differs from the lighter RE
substitutions in that Gd is ferromagnetically ordered with the
moments on [MnSb,]°” and that reduced screening of
[MnSb,]°~ can be observed in the saturation moment. Our
investigations have revealed that f-levels of RE substitutions are
crucial to the magnetic properties, and the 3d—4f magnetic
interactions in Yb,, RE MnSb,; are proposed to be inter-
mediated by the hole on Sb and adjacent Yb sites. Further
theoretical and experimental studies are necessary to better
clarify and understand the magnetic interactions in this system
and analogues.
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