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ABSTRACT: The solid solutions of Yb;,_,RE,ZnSb,; (RE = Sc, Y, La, Ly, and Gd; Yb. ZnSb
0.2 < x < 0.7) were prepared to probe the intermediate valency of Yb in Yb,,ZnSb;;. 14 1
The substitution of Yb with RE** elements should reduce or remove the intermediate
valency of the remaining Yb ions. Large crystals are grown from Sn-flux, and the
structure and magnetic susceptibility are presented. All compounds crystallize in the
Ca,,AlSby; structure type and the RE** ions show Yb site substitution preferences that |’—\
correlate with size. Two compositions of Yby, .Y,ZnSb,, were investigated [x = =
0.38(3), 0.45(3)] by temperature-dependent magnetic susceptibility and the broad
feature in magnetic susceptibility measurements at 85 K in pristine Yb,,ZnSb,;
attributed to valence fluctuation decreases and is absent for x = 0.45(3). In
compounds with nonmagnetic RE** substitutions (Sc, Y, La, and Lu), temperature-
dependent magnetic susceptibility shows a transition from intermediate valency T (K)

fluctuation toward temperature-independent (Y, La, and Lu) or Curie—Weiss behavior

and possibly low temperature heavy Fermion behavior (Sc). In the example of the magnetic rare earth substitution, RE = Gd, the
Curie—Weiss-dependent magnetic moment of Gd*" is consistent with x. Hall resistivity of Yb,,_,Y,ZnSb,, showed that the carrier
concentration decreases with x and the signature of the low-T intermediate valence state seen for x = 0 is suppressed for x = 0.38 and
gone for x = 0.45.

B INTRODUCTION Sb,”" linear anion (22 electron species with formal charges
derived from a dsp’ hybridized linear structure),'”'® 4 isolated
Sb®~ anions, and a combination of 13 Yb?" and 1 Yb®* cations.
In the 14-1-11 structure type, there are four unique six

Compounds adopting the Ca,,AlSb,, structure type' with rare-
earth (RE) substitution on the Ca site and transition metals
replacing the Al site have been a subject of much exploration

due to their unique magnetic and thermoelectric proper- coordinated Yb sites where the minimum multiplicity site is for
ties.””"" Zintl phases are characterized by well-defined electron Yb3 (16e, Z = 8), corresponding to two Yb/formula unit.
counting rules. Using this electron-counting scheme, isoelec- Therefore, the existence of a single Yb** atom per formula unit
tronic substitutions can be made to prepare new compounds, as might be expected from the Zintl concept is fundamentally
and in some cases, compounds can deviate from the Zintl not allowed by site symmetry. Instead, Yb,,ZnSb,, displays
precise regime and allow for aliovalent substitution.'”'* In intermediate valency, a schema that is allowed under the Yb
particular, transition metal containing Zintl phases hg\;% 1sl)‘lolvévn site symmetry and satisfies charge balance requirements.

to have complex magnetic and transport properties. Within the various Yb-containing 14-1-11 compounds,
Yb14anblll is an ideal system within the Ca,AlSb,, Yb,;;MSby;, (M = Mn, Zn, Mg), temperature-dependent
structure type (shorthand notation of 14-1-11) to investigate intermediate valency was identified in Yb,,ZnSb,; and

because it can be prepared as high-quality single crystals.” The temperature-independent intermediate valency is present in
Yb,,ZnSb,; phase exhibits intermediate Yb valence fluctuations

where a broad maximum is observed in the magnetic
susceptibility that is concurrent with a slope change in the
electrical resistivity at 85 K.> The presence of intermediate
valence in Yb;,ZnSb,; is proposed to result from a need for
charge balance following the Zintl concept. The formula unit,
based on the structure shown in Figure 1, can be described
according to the Zintl concept as consisting of a ZnSb,'"”
tetrahedral cluster (where Zn is formally 2+ and Sb is 3—), a

M = Mn, Mg.11 Intermediate valency may occur because
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Figure 1. (a) View down the a-axis of the structure of Yb,,ZnSb;
(I4,/acd) and a (b) view showing the connectivity of the various Yb
polyhedral surrounding one ZnSb, cluster centered within the unit
cell. Yb atoms are color coded for the four sites as indicated in the
legend, Sb are in red, and the ZnSb, tetrahedra are light gray.

Yb,,ZnSb,; is the smallest unit cell of the various 14-1-11
antimony-containing compounds synthesized to date,'’ has a
high carrier concentration (>1 X 10*' cm™),'” and shows
structural disorder in the form of Zn deficiencies.”” An average
valency of ~2.07 would be required of Yb to provide valence-
precise accounting of electrons for Yb,,ZnSb,,. Recently, a
combined XANES, magnetism, and heat capacity study of
Yb;,MSb;; (M = Mn, Zn, Mg) was performed and
demonstrated that all three compounds show intermediate
valency at low temperatures.'’ Consistent with the prior
interpretation of the magnetic and heat capacity data, the
XANES study unambiguously showed that Yb,,ZnSb,; is an
intermediate valent phase.'’ The Ca containing phase,
nominally Ca,;,ZnSb,;, crystallizes in the 14-1-11 structure
with interstitials to compensate for charge.”"”” In the early
paper,”’ a Sb> interstitial was proposed based on the
composition from the electron microprobe and consistent
with the single-crystal analysis, whereas in the more recent
paper,”> Zn interstitials were proposed as a better model.
Ca4_,RE,ZnSb,; with x ~ 1 (RE = La—Nd, Sm, Gd) phases
have been synthesized and their structures determined by
single-crystal diffraction with no additional interstitial sites.””
Ca;4_,RE,ZnSb,; show electrical resistivity consistent with a
degenerate semiconductor and Curie—Weiss temperature-
dependent magnetic susceptibility. The experimental magnetic
moments are slightly lower than the theoretical values
calculated from Hund’s rule, but consistent with 3+ oxidation
state. In the examples of Ca,;,ZnSb,, and Ca,, ,RE,ZnSb,, the

2695

interstitial and the RE provide additional electrons for charge
compensation consistent with Zintl electron-counting.

The magnetic and thermoelectric properties of Yb;,MnSb,,
an isostructural compound, were previously investigated.”**~**
Yb 4, MnSb,, is a p-type Zintl phase material with a thermo-
electric figure of merit, zT above 1 at high temperature.zg’30 In
this compound, Yb cation is nominally Yb** and the
tetrahedral [MnSb,]°” cluster can be described as [d° +
hole], providing a moment of about 4 g, and the magnetic
coupling is between the tetrahedral units.”* Yb,,_,RE MnSb,,
(RE = rare earth) has been investigated and the substitutions
of RE* in this p-type material have the effect of lowering the
carrier concentration and the rare-earth moment interacts with
the tetrahedral unit in distinctive ways, depending upon
whether the RE* is a light or heavy rare-earth 3+ cation.””
While the Yb valency in Yb,,MnSb, has been considered to be
2+, more recent XANES, magnetism, and heat capacity analysis
suggest that it contains a small amount of intermediate valent
Yb."' Other compounds of the Ca;,AlSb,; structure type have
also been prepared as solid solutions with the rare-earth
elements such as Ca,,_,RE MnSb,, and Ca,,_,RE MnBi,,.*’
In these compositions, intermediate valency is not an option
and the solid solutions tend toward semiconducting properties.
In contrast to the Yb;, ,RE MnSb,, compounds, where x,,,, <
0.6, the Ca,,_,RE,MnPn,, systems (Pn = Sb, Bi) are reported
to incorporate a larger amount of rare earth, with x_,,, = 0.6 to
1.*° Ca,,_,RE,MnPn,, can achieve x ~ 1 to satisfy the Zintl
concept because there are no elements that could exhibit
intermediate valency.

To date, there are only a few examples of the Yb,,MSb,,
compounds with a metal, M, that is restricted to a valence of
2+: those containing Zn or Mg. The example of Zn is
discussed above. In the case of Yb,,MgSb;;, magnetic
susceptibility measurements on single crystals show Curie—
Weiss behavior and indicate approximately 0.76 Yb** per
formula unit.”" X-ray absorption near-edge structure, magnetic
susceptibility, and specific heat measurements on single crystals
of Yb;,MSb;; (M = Zn, Mg, Mn) are consistent with
intermediate valency. However, of these three compounds, M
= Zn, Mg, and Mn, the Zn analogue is the only one that shows
Yb intermediate valency that is temperature-dependent.""

Here, the Yb,,ZnSb,; system is systematically investigated to
probe the conditions for intermediate valency by substituting
with a variety of different rare-earth atoms: Yb,,_,RE,ZnSb,;.
The nonmagnetic RE = Sc, Y, La, Lu substitutions were chosen
for study to probe the impact of size and site preference. The
substitution amount, x, for the phases with RE = Y provides
insight on the impact of carrier concentration on the
intermediate valency. According to ionic radii values
(coordination number (CN) = 6), Sc** is the smallest (r =
0.745 A), Lu*" and Y3* (r, = 0.861 A; ry = 0.900 A) are about
the same size as the expected Yb** (r = 0.868 A), and La** (r =
1.032 A) is the largest; Yb** is reported to be 1.02 A.** The
study of Lu** and Y*" provides the influence of a nonmagnetic
RE to compensate charge, in principle with only a small
perturbation of the unit cell. Additionally, a magnetic rare-
earth ion, Gd*, with f7 and ionic radius r = 0.938 A was
chosen for study to investigate the impact of size and «.

B EXPERIMENTAL SECTION

Synthesis. Samples of Yb,,_,RE,ZnSb,; (RE = Sc, Y, La, Lu, and
Gd) were prepared by combining the elements, Yb (Ames
Laboratory), Zn shot (Alfa Aesar, 99.999%), Sb shot (Alfa Aesar,
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99.999%), and Sn shot (Alfa Aesar, 99.99+%), and Sc, Y, La, Lu, Gd
(Ames Laboratory) were added in the ratio (14—y)Yb: yRE: 6Zn:
11Sb: 86 Sn to a 2 mL alumina crucible with an alumina frit and
empty catch crucible on top (Canfield Crucible Set)** cushioned on
top and bottom by silica wool and sealed under 1/4 atm Ar in a silica
tube.>* For RE = Y,y =0.25,0.5, 1.0; La, y = 0.5, 1.0, 1.5. For Sc, Lu,
and Gd y = 1.0. The sealed reaction tube was placed upright in a box
furnace, heated from room temperature to 500 °C in 1 h, allowed to
dwell at 500 °C for 1 h, heated to 1100 °C over 2 h, and dwelled at
this temperature for 1 h. The furnace then cooled to 750 °C over 125
h, at which temperature, the reaction tube was removed, inverted, and
centrifuged at angular speeds increasing from zero toward 8500 rpm
for 4 s to remove the flux material.** The growth crucible and frit
were then separated to reveal highly reflective crystals with some
remaining surface flux material. The desired phase was the majority
product, often resulting in large, faceted crystals. The most common
side phase was Yb;Sb;, for which crystals were easily recognizable by
their hexagonal morphology. In addition, side phases of rare-earth
mono-antimonides (YSb, LaSb, and LuSb) were increasingly present
as increasing amounts of RE were added. As these phases are cubic,
they were readily identified among the other crystals.
Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
was performed on small crystals cut to desired size, less than 0.5 mm
in any direction, under Paratone-N oil, and mounted onto the
diffractometer using MiTeGen microloops. Data were collected under
a stream of cold nitrogen gas at 90 K, in order to minimize atomic
displacement parameters but collecting data above the magnetic
transition, on a Bruker Apex II diffractometer with CCD detector with
Mo Ka radiation (1 = 0.70137 A). Four w-scan data frame series were
collected with 0.3° wide scans, 25 s per frame and 606 frames
collected per series at different ¢ angles (¢ = 0, 90, 180, 270°). The
determination of the unit cell parameters, refinements, and raw frame
data integrations were completed using the Bruker APEX III
software.’®” Space group determination was based on systematic
absences using XPREP and semiempirical absorption correction based
on symmetrically equivalent reflections that were completed using
SADABS.>®™* The data provided the unit cell and space group
consistent with the Yb,,ZnSb,; structure, and the structure was
refined accordingly. Except for RE = Lu, all refinements initially
placed the RE** ion on each of the four Yb sites and the occupancies
freely refined. All sites that refined close to full Yb occupancy (>
99%) were then fixed to full Yb occupancy. The Zn occupancy was
also allowed to freely refine, as previous structures showed small
deficiency. If the Zn occupancy remained close to full (> 99%), it was
fixed as such. The R, and wR, values and relative ratios of RE and Yb
on each site did not change significantly. Substitution levels inferred
from the analysis of the single-crystal X-ray data are shown in Table I,
along with the values determined from Wavelength Dispersive
Spectroscopy (WDS). Site occupancies, atomic coordinates, and
equivalent isotropic displacement parameters are provided in
Supporting Information, Table S2. Anisotropic parameters are
provided in Supporting Information, Table S3. Bond distances and
angles are found in Supporting Information, Table S4. Lattice
parameters for RE = Y, Lu, La crystals prepared with different

Table 1. Crystals Grown from Sn Flux Ratios of (14—y)Yb:
yRE: 6Zn: 11Sb: 86 Sn, WDS Composition, and Refined
Single-Crystal RE Composition for Yb,, .RE.ZnSb,; (RE =
Sc, Lu, Y, La, Gd)

RE flux y WDS value crystal value, x
Sc 1.00 0.28

Lu 1.00 0.44(4) 0.42¢

Y 025 0.38(3) 0.34

Y 1.00 0.45(3)

La 1.00 0.45(4) 0.42

Gd 1.00 0.66

“See Experimental Section and discussion below.
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compositions, y, were obtained and provided in Supporting
Information, Table S1.

In the case of RE = Lu, four structural models were refined: (1) Lu
equally distributed over all four Yb sites and relative % site
substitutions as found for (2) Sc, (3) Y, and (4) Gd. The final
refinement parameters (R;,, wR,, Goof, and weights; provided in
Supporting Information, Table S5) were the same for all models, and
there was essentially no effect on the principal mean square atomic
displacement parameters, indicating that any logical model would
work. This is unsurprising as Lu (Z = 71) and Yb (Z = 70) differ only
by one electron, providing minimal X-ray contrast, and the amount of
Lu determined from WDS is small [3% of the total formula unit
(fu.)]. Therefore, model (1) was employed with the total Lu fixed
close to the WDS composition.

Electron Microprobe Analysis and WDS. WDS was performed
on single-crystal samples (RE =Y, La, Lu) that had been cleaned of
tin and encased in an epoxy puck. The puck was polished to a flat
surface with various grit sizes down to 0.05 pm and coated with
carbon. Compositions of Yb,_,RE,ZnSb,, (RE =Y, La, Lu) crystals
from WDS are provided in Supporting Information, Table S1. RE
content from WDS compared with single-crystal refinement are
provided in Table 1. Given the general good agreement between
WDS and single-crystal X-ray determined composition, crystals
containing RE = Sc, Gd were not measured by WDS and the
substituted amounts determined from single-crystal X-ray data
refinement were used.

Magnetic Measurements. Magnetization data were acquired
using a Quantum Design Magnetic Property Measurement System
under field of 1000 Oe from 300 to 50 K with a step of 2 K, and from
50 to 2 K with step of 1 K. Samples under 50 mg were mounted by
sandwiching between two drinking straws, and larger samples (50—
150 mg) were secured between top and bottom folded straws inserted
into another straw. Larger samples were required for some RE =Y, La
containing samples due to their reduced magnetization (see below).

Hall Resistivity. Temperature- and field-dependent transport
properties on Yb,, .Y, ZnSb,, single crystals were measured in a
Quantum Design Physical Property Measurements System between
1.8 and 300 K with applied magnetic field up to 9T. The contacts for
the electrical transport measurement were prepared in a four-probe
Hall measurement configuration using Epotek-H20E silver epoxy.
Hall resistivity, py;, was measured in positive (pf;) and negative (p5;)

(p; — Py )/2 to separate
odd-in-field Hall resistivity from possible contamination of the even-
in-field transverse Hall resistivity.

magnetic field and was calculated as p,;

B RESULTS AND DISCUSSION

Table 1 provides the samples reported herein prepared with
the flux compositions, y according to (14—y)Yb: yRE: 6Zn:
11Sb: 86 Sn, WDS values, and refined composition from
single-crystal refinement, x. Although the crystals were
prepared with an excess of RE, in all cases and depending on
the RE, the values of x determined experimentally in
Yb,, ,RE.ZnSb,, varied from a range of about 0.2—0.7. In
the case of RE = Sc, the value of x was the smallest, x = 0.28,
and there is a slight deficiency of Zn (site occupancy = 0.96).
The synthetic parameters may need to be further optimization
to allow for incorporation of higher amounts of Sc. However,
this limited solubility of RE in the Yb;,ZnSb;, system mirrors
what has been reported for Yb,,_ . RE MnSb,;, which has been
shown to have a maximum RE incorporation of x ~ 0.6, with
the smallest incorporation for RE = Sc of x ~ 0.3. In the case of
RE =Y, two compositions were prepared and WDS analyses
provided x = 0.38 (3) and 0.45 (3).

Single-crystal data collection and refinement parameters for
selected crystals are listed in Table 2 for compounds of
Yb,,_,RE,ZnSb,,. As Lu and Yb differ only by one electron
and since the amount of Lu is small, the single-crystal value of
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Table 2. Selected Crystallographic Data for Yb,,_,RE,ZnSb,,, Space Group I4,/acd (No. 142), Z= 8,4 =0.71073 Aand T =

90(2) K

RE,
CCDC code
WDS x
a (A)
¢ (4)
vol. (A%)
Peaic(g/cm®)

# (mm™)

R I > 26(1)]
wR,[I > 26(I)]
R, (all data)
wR, (all data)
GooF on F?
A/)max,min(ei/As)
CSD number

Scoas

16.5421(14)
21.866(3)
5983.5(13)
8.41

529

0.0171
0.0346
0.0180
0.0348
1.304

1.410 & —1.083
2210006

Lug 4,

0.44(4)
16.5562(11)
21.8678(15)
5994.1(9)
8.48

53.7

0.0245
0.0587
0.0246
0.0587
1.374

1.985 & —1.512
2210806

Yos4 Lags, Gdye6
0.38(3) 0.45(4)
16.5867(16) 16.6047(10) 16.5952(9)
21.912(2) 21.8523(18) 21.9155(16)
6028.3(13) 6025.0(9) 6035.5(8)
8.37 8.40 8.40
52.9 52.7 52.7
0.0270 0.0184 0.0216
0.0479 0.0400 0.0341
0.0390 0.0189 0.0323
0.0513 0.0401 0.0363
1.065 1.296 1.122
1.619 & —1.627 1.374 & —1.232 1.253 & —1.120
2210807 2210808 2210809

x = 0.42 derives from distributing the total amount of Lu
obtained from WDS over the four sites.

Substitutional preference of RE atoms at each of the four
crystallographic cation sites has been previously demonstrated
in the Yb;,_,RE MnSb,, and Ca;,_,REMPn;; (M = Mn, Zn;

Pn = Sb, Bi) systems and correlates with size.”””***'Figure 2
100%
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Figure 2. Relative site preference for Yb,,.RE ZnSb,, (RE, = Sc,,
Yos4 Lags, Gdges). For each RE, site occupancy is plotted as a
percentage of the total RE incorporated in Yb,, ,RE,ZnSb;.

plots the relative site preference of each RE as determined
from single-crystal refinement. Consistent with previously
reported trends for Yb;;MnSb,;, Sc, and Y prefer the Yb1 site
with Sc only on Ybl, whereas Y substitutes on both the Ybl
and Yb3 site (the smallest and least distorted octahedra). The
volume of the Yb-centered polyhedra vary significantly
according to (Ybl < Yb3 < Yb2 ~ Yb4) and has been
discussed in detail.'”*"** The RE site preference was also seen
in studies of RE substituted Ca;,_,RE,ZnSb,, prepared with
Pb flux, although Sc and Y were not prepared.22 The larger
RE®" ions, La and Gd, are found on the Ybl, Yb2, and Yb4
sites, consistent with the Ca;,_,RE,ZnSb,, study.”> The
amount of Zn was also allowed to refine as small deficiencies
have been reported for Yb;,ZnSb;, and for some of the crystals
of the Ca,,_,RE,ZnSb,; study.”””> In the case of
Ca4_,RE,ZnSb,;, full Zn site occupancies in some composi-
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tions were optimized by the flux conditions.”” With the
exception of changing the amount of RE, ¥, in the flux, we did
not investigate the impact of changing the amount of Zn or Sb,
but it is clear that further flux optimization may be possible.
The total amount of Lu was fixed to the WDS composition and
distributed evenly across all sites; however, the unit cell volume
can be seen to be intermediate between Sc and the pristine
(Yb) sample [5995.9(2) A3]® suggesting that some Lu is
incorporated.

Figure 3 plots the lattice parameters a and ¢ along with
volume from refinement of single-crystal data for the series.
According to RE®** size, the volume should increase
accordingly: Sc < Lu ® Yb <Y < Gd < La. Both x and the
Zn amount changes with Zn being slightly deficient (0.96—
0.98) for the Sc, Y, and La substituted crystals. The Sc
containing compound has both the smallest volume and .
Pristine Yb,,ZnSb,; might be expected to have lattice
parameters and volume between that of Lu and Y and it
very nearly does. The reported single-crystal structure showed
some Zn deficiencies and that may play a role in the slight
deviation from the trend.””® The a lattice parameters for
Yb,,_,RE,ZnSb,; follow the expected trend based on RE*
size. The ¢ axis trend is also consistent except for RE = La. One
might expect that the ¢ axis for RE = La substitution should be
larger than the RE = Gd compound based on size alone;
however, the amount of substitution may account for the trend
with x = 0.42 for La versus x = 0.66 for Gd. In terms of the
volume trend, both Yb,,ZnSb,; and Yb,,_La,ZnSb,, deviate.
In the case of Yb;,ZnSb,,, the intermediate valency of the 14
Yb cations or the slight Zn deficiency may play a role, slightly
reducing the unit cell. The single-crystal X-ray data are
collected at 90 K, above the magnetic transition temperature;
however, since there is evidence for temperature-dependent
intermediate valency to room temperature, valency likely plays
arole. In the example of RE = La, site preference and x may be
important factors. Site preferences of Gd and La are inverted
for Yb1 and Yb2 sites. The different Yb#Sb, (where # = site
number) octahedra form chains that propagate through the
crystal structure along the ¢ -direction'® with both Yb1 and
Yb2 chains having significant complexity where small differ-
ences in bond lengths can have a large impact (see Supporting
Information, Table S4). The ZnSb, tetrahedron is compressed
along ¢, deviating from the ideal angle of 109.471°, with RE =
La as providing the most compressed tetrahedron compared
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Figure 3. Lattice parameters a and ¢ and V of Yb;,  RE,ZnSb; (RE, = Scyss Lty Yo Gdoge Lagss) determined from refinement of single-
crystal X-ray diffraction data are plotted versus RE** ionic radii. Lattice parameters for Yb,,ZnSb,; are from ref 3.

with the other rare earth compounds (La: 118.0°/105.4° vs RE
=S¢, Ly, Y, Gd: 117.4°/105.7°; Supporting Information, Table
S4). The compression of the tetrahedra in the structure
contributes to a smaller ¢ lattice parameter for RE = La and
therefore a smaller cell volume. In the example of
Ca;REZnSb,), RE = La has the smallest ¢ axis and the largest
a axis of the following substituents: La-Ce-Pr-Nd-Sm-Gd.*
The lattice parameters in the series of Ca;;3REZnSb,; changes
with site preferences of the RE cation, as the stoichiometry is
approximately the same for all RE. In the case of
Yb,,_.RE,ZnSb,,, the correlations are more complex as both
valency of Yb and site preferences of the RE likely impact the
structure. These results suggest that additional research on the
impact of x, RE site preference, and Yb valency on structure is
important to better understand the controlling factor.
Magnetism. The analysis of magnetic behavior will start
with the RE = Y compounds, as we have two compositions
determined from WDS data of x available. The analyses in the
magnetism section are based on WDS data for x (RE =Y, La,
Lu) due to its high-energy resolution and from single-crystal
structural refinement for RE = Sc, Gd. Figure 4 shows
magnetic susceptibility measurements for pristine Yb,,ZnSb,;
and two Y-containing crystals with slightly different composi-
tions of x: Yb34Y33ZnSb;; and Yby34.Y(4sZnSb;;. The

0.12 ‘ ‘ ‘ ‘ ‘
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0.104 0 Y=0.38| |
O Y=0.45
5
2 0.081 ]
3
£ .
3
£ 0.06°¢
]
x
0.04
0.02
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Figure 4. Temperature dependence of the molar magnetic
susceptibility for Yby,_,Y,ZnSby; (x = 0, 0.38, 0.45). Solid lines are
fits of the experimental data according to the ICF model (see text for
details).
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calculated value of effective magnetic moment, derived from
CW fitting from 200 to 300 K is g4 = 4.06(6) pg/fu. for
Yb,,ZnSb,;. This result is similar in value to other Yb
intermediate valent compounds.*”** The Yb sites which share
the intermediate valence is currently unknown. The temper-
ature-dependent magnetic data for Yb,,ZnSb;, have been
previously published and are best described by intermediate
valency fluctuation of Yb. The data provided for Yb,,ZnSb,; in
Figure 4 deviate slightly from 3.8 &+ 0.1 ug/fu. reported by
Fisher et al. and 4.19 pg/fu. by He et al., but are in reasonable
agreement.”'' Upon Y substitution, there is a reduction in the
intensity of the broad maximum of temperature-dependent
magnetism of the Yb,,ZnSb,, sample, indicating a reduction of
intermediate valence Yb and, for the largest x, a complete loss
of intermediate valence behavior for T > 25 K. Substitution of
Y may also introduce disorder, making the moments more
localized and the susceptibility transitions from a Pauli to a
CW regime. The low temperature sharp upturn in the
susceptibility was noted in the initial report of Yb ,ZnSb,,
and was attributed to Yb** impurities.’

At a qualitative level, these data strongly support the premise
that if we provide the Zintl charge balance by substituting with
unambiguously trivalent ions (Y in this case), then we can
drive the remaining Yb ions toward a purely divalent state. At a
more quantitative level, we can model the temperature-
dependent magnetic behavior according to an interconfigura-
tion fluctuation (ICF) model, originally by Sales and
Wohlleben.” This model assumes valence fluctuation between
the nonmagnetic ground state 4f'* (E,, ] = 0 and pi.¢ = 0) and
the magnetic excited state 4f"* (E,_;, J = 7/2 and p.g = 4.54
up) on the Yb sites. The interaction of the conduction
electrons within the material with the local 4f Yb shells induce
transitions between E, and E,_;. The intermediate valent
compound can be modeled by

Nl = (7))

A = TR (T + 1) 1)

where p.s = 4.54 py for Yb*, Ty is the spin fluctuation
temperature, and v(T) is the fractional occupation of the
electronic ground state (E,):

1

T) =
1) 1 + 8exp[—E,, /kg(T + T)]

()
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Table 3. ICF Model Fitting Parameters for Yb,, ,RE.ZnSb,, (RE =Y, La, Lu, Sc)

composition Zo(emu/mol Yb) 0 (K) E./ks (K) Ty (K) f
Yb,,ZnSb,, —0.0077 —2.12 414.23 85.31 0.087
Yb,36,Y033ZnSby; —0.0063 —0.21 572.73 189.90 0.060
Yb,355Y045ZnSby; —0.0036 —0.27 1160.24 391.72 0.037
Yb,3 ssLag4sZnSby, —0.0095 0.39 761.68 352.06 0.036
Yb 5 s¢Ltig 44ZnSh,, —0.0098 —1.05 322.15 219.70 0.16
Yb,3,,S¢y25ZnSb,; 0.0092 —1.87 0.28 494.16 1.05

The average valence of the Yb atoms can be calculated as n =
2v + 3(1 — v). E, here represents the energy difference 0.20% O Pristine
between 4f'"* and 4f'* states (E,, = E,_; — E,). If E, > ~0.02 I 8 t: - 832

eV (ie, ~ 230 K), the transition rate is reduced by
approximately a factor exp (—E,/0.02)."> As T approaches 0
K, yicr converges to a constant. This behavior is combined
with a CW law to address the magnetic susceptivity of a Yb**
impurity at the low temperature, where f is the fraction of
stable Yb** ions and C = 2.58 (emu K/mol Yb):

C
T)=f——
Zow(T) =f—4 3)
Additionally, a temperature-independent background con-
tribution, y, is added to attribute the conduction—electron
paramagnetism, core—electron diamagnetism, and Van Vleck
paramagnetism. In sum

x(T) :)(ICF(T) +XCW(T) +2% 4)

The values for each fit are given in Table 3. As more Yb
atoms are substituted by Y, both E, and T increase, while the
amount of Yb** decreases. The temperature dependence of the
Yb valence is shown in Figure 4. With a larger E,, the
separation between the 4f'* and 4f'* states increase, meaning
that it is less likely and harder to fluctuate between the states
causing the suppression of intermediate valent behavior with
increasing Y. For the pristine Yb,,ZnSb;, sample, the
calculated effective Yb fractional valence is 2.06 at 0 K,
which matches the average valence necessary for charge
balance. This value increases to 2.73 at 300 K. The calculated
effective Yb valence for the Y-substituted crystals, x = 0.38 is
2.28 at 0 K and increases to 2.71 at 300 K. Whereas the data
for x = 0.38 are amenable to this modeling, the data for x =
0.45 are not, due to the greatly reduced and temperature-
independent magnetic susceptibility for T > 25 K. One
manifestation of this is the exceptionally large value for E,,
which is greater than 1100 K.

The ICF fitting for the other nonmagnetic RE substitutions
of Lu and La are shown in Figure S. As was the case for the RE
=Y, x = 0.45 substitution, the La data are nearly at the
resolution limit for this model. Their low and very weakly
temperature-dependent behavior is again captured by a very
large E,, >750 K value. For Lu substitution, there is a much
clearer intermediate valence behavior based on the ICF fitting
parameters and the shape of the magnetic susceptibility data.

The fitting of the ICF model for RE = Sc shown in Figure 6a
yields an almost zero E,,, which results v = 1/(1 + 8) for the
whole temperature range (see Table 3). The average valence of
Yb (n) is a constant function equal to 2.89, which is the upper
limit value under the assum};tions of the ICF. The small E,,
implies that the magnetic 4f * configuration lies low in energy.
The greater than one fraction f indicates the poor resolution of
the ICF model for RE = Sc and the large percentage of Yb*".
For the Sc case, the analysis of the single-crystal X-ray data
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Figure S. Temperature dependence of the molar magnetic
susceptibility for the nonmagnetic substituents Lu and La of
Yb,,_,RE,ZnSb;, (x indicated in legend from WDS data). The
solid lines are fits of the experimental data according to the ICF
model (see the text for details).

shows that there is one site substituted (Yb1) and the magnetic
susceptibility suggests a localized Yb** moment, similar to what
has been shown for Yb;,MgSb,;."">" We can assume that the
system is dominated by Yb**, and a CW law is seen to describe
the sample well from 175 to 300 K, below which the
susceptibility deviates suggesting magnetic correlations be-
tween Yb ions and/or crystalline electric field effects (CFE).
The moment observed suggests the presence of Yb**, which
has a single unpaired electron and an effective magnetic
moment of 4.54 uy/Yb, while all other constituents of this
compound contain no unpaired electrons that could contribute
to this signal. The obtained value of 4.13(9) ug/fu. derived
from 175 to 300 K with the CW law is consistent with ~0.92
Yb** present in this crystal, similar to the value of ~0.78 of
RE®* that is observed for Yb,,MgSb,,.""*" This result suggests
that the Zintl electron counting of 13Yb*" + 1 RE** + ZnSb,'*~
+ Sby’” + 4Sb*” can be achieved. A further study with carrier
concentration and heat capacity measurements of single
crystals of the Sc containing phase as a function of x would
provide further insight.

If we treat the deviation from the CW behavior purely due
to the CFE, assuming that any contribution from interchain
coupling of YbSbg polyhedra is small, we can modify the CW
law by applying the Boltzmann distribution to get the following
two-level equation:

1 Cy+ Cl-e_AE/kBT
T T_-0 1 + e AE/kT

X
(5)
where AE is the energy splitting between the excited states and
the ground state. Cy and C; are the Curie constants
corresponding to the effective moments of the ground state and
the first excited state, denoted by p.go and g, (
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Figure 6. (a) Temperature dependence of the molar magnetic susceptibility for the nonmagnetic substituent RE = Sc compared with pristine
Yb,,ZnSby;. The solid lines are fits of the experimental data according to the ICF model (see text for details). (b) Plots of 1/ versus T for RE = Sc

showing the CW fit from 175 to 300 K (dashed line) and a two-level crystal field model fit (5—300 K, solid line).

Py = \/S—CkﬂB: k = 0,1), respectively. The Van Vleck para-
magnetism term is ignored due to the large splitting between
*F;,, (about 10 300 cm™1)* and *F,, states. For Yb** in the
perfect octahedral field, the eightfold ground state multiplet
°F,, is split into the ground state I'; and higher energy states
I'; and I's. The distortions on each Yb site can induce the
ground state to split into four doublets instead.”” The fit is
shown in Figure 6b. The two-level equation describes the data
very well, with small deviations at 0 and 300 K, indicating that
the ground state multiplets are likely split into two lowest and
two first excited Kramer’s doublets. The fit yields a first excited
state moment .5, = 4.54(S) pp/fu., in good agreement with
one Yb** per formula unit (p., = 4.54 pp/Yb for Yb**). The
low temperature moment iz, = 2.04(0)up/fu. is highly
suppressed due to the occupation of the low-lying states and
the CFE-induced mixing of states. The energy gap between the
ground state and first excited state yields AE/ky = 296.64(8)
K, and 6 = —18.34(4) K. Incorporating more excited states
into the two-level model will overfit the data. In essence, the Sc
substituted Yb,,ZnSb,, has left the intermediate model limit to
the local moment limit rapidly and may well becoming a heavy
Fermion or Kondo-lattice like material, depending on carrier
concentration.*

The calculated effective Yb valence for Lu and La solid
solutions are 2.65 and 2.48 at 0 K, and increase to 2.81 and
2.71 at 300 K, respectively. As mentioned above in the
discussion of the structure, the RE = La substituted phase has
the most compressed ZnSb, tetrahedron with a smaller than
expected ¢ axis. These subtle changes in structure likely impact
the electronic structure resulting in the significant differences
in magnetization data for about the same amount of
substitution, x. The change of valence versus temperature for
all nonmagnetic substituents is shown in Figure 7.

Magnetic susceptibility data for RE = Gd substituted
compounds are shown in Figure 8. The lack of orbital
component to the total angular momentum (exactly half filled
4f shell) implies that the crystal field splitting of the manifolds
should be almost degenerate. Susceptibility is plotted as emu/
mol Gd. The effective moment is calculated by assuming that
any intermediate valency of Yb is negligible compared with a
localized moment and that Gd** replaced all the Yb*" in the
system. The CW fit of 1/y from 50 to 300 K results in a more
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Figure 7. Temperature dependence of Yb valence deduced from the
ICF model (eq 2) applied to the magnetic susceptibility for
nonmagnetic substituents of Yb,,_.RE,ZnSb;, (RE =Y, S, Lu, La).
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Figure 8. Plots of y versus T and the Curie-Weiss fit of 1/y versus T
for Yb,;35Gdy¢ZnSby;.

reasonable value of @ = —8.91(6) and appears to be much
more linear over a larger range of temperatures, with y, =
0.0023 emu/mol Gd. The value obtained for p.q of the Gd
sample, 8.08(1) up/mol Gd (e = 7.94 py/Gd for Gd*),
corresponds to 0.66 Gd** per formula unit, in good agreement
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with single-crystal X-ray data. It also showed the largest
amount of RE incorporation in single-crystal refinements.
The Hall coefficient (Ry = py/H) was measured for samples
of pristine Yb,,ZnSb,;, Yb,34,Y¢35ZnSb;;, and
Yb,355Y045ZnSb;; and is shown in Figure 9. The positive Ry

o Yb1 4ZnSb11
61| - Yb13.62Yo.saanb11

& Ybi355Y 0452050y e

p/H (107 @ cm/T)
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Figure 9. Hall resistivity of Yb;,ZnSb,;, Yb,3,Y,35ZnSb;;, and
Yby3.55Y0.45Z0Sby ;.

for the whole temperature range indicates that the holes are
the dominant carriers, consistent with Seebeck measurements
on Yb,,_ . RE ZnSb,,.*** For Yb,,ZnSb,,, Ry, is almost linear
above and below 50 K. Similar behavior has also been observed
in another intermediate valence structure YbAl;, and the
application of the Anderson Lattice (AL) theories yields
reasonable results.”® A previous study by He et al. also showed
that Yb,,ZnSb,;, and YbAIl; have similar magnetic suscepti-
bility, specific heat, and the ground state valence.'' From the
prediction of AL theories for the intermediate valence
compounds, the lattice coherent energy scale Ty, is an order
of magnitude smaller than the Kondo temperature Ty, which
was reported to be 450 K by He et al.'' The resulting T.;, ~ 45
K is close to the crossover temperature observed in Figure 9.
The quadratic temperature dependence of the electrical
resistivity up to approximately S0 K has been reported by
Fisher et al,,” in line with the presence of the low-temperature
coherent Fermi liquid state. The linearity of Ry above the
crossover temperature is the characteristic of the scattering
from the local Yb moment.

Y substitution in Yb,,ZnSb,; significantly changes the Hall
resistivity below 50 K, suppressing the coherence feature seen
in pure Yb,,ZnSb,;. For T > 75 K, the effect of Y substitution
is far less dramatic, simply shifting the data upward
monotonically with increasing Y content.

Table 4 lists the Hall carrier concentration values at 1.8, 100,
200, and 300 K, plotted in Figure 10. The values are derived
from the linear fit of the Hall resistivity as a function of field,
shown in Figure 11. The Hall coefficient for Yb,,MnSb,, has a
significant contribution from the anomalous Hall effect (AHE)

Hall Carrier Concentration (1021cm'3)

0 100 200 300
T (K)

Figure 10. Hall carrier concentration of Yb,,ZnSb,,
Yby36:Y035ZnSbyy, and Yb,355Y045ZnSby;.

for the whole temperature range due to its special
Kondo mechanism,”® with the anomalous Hall resistivity at
zero field (p,,') ranges from roughly —2.5 X 107 Q cm at 10 K
to —1.25 X 107° Q cm at 50 K.°' The contribution from the
AHE needs to be removed before computing the carrier
concentration. In comparison, p,;' for Yb;,ZnSb;, are

approximately 1 X 107'° Q cm from 1.8 to 300 K. The
ignorable AHE implies that the carrier concentration can be
properly derived from the Hall resistivity for the whole
temperature range. The room temperature values for the Y-
containing samples are consistent with what has been
previously published on polycrystalline-densified pellets.** As
the Yby, .Y,ZnSb,; samples depart from fluctuating inter-
mediate valency behavior with increasing amounts of Y**, the
fractional valency of Yb is reduced. The RE substitution should
simply be compensating for the valency of Yb and very little
change in carrier concentration is expected. However, the Hall
carrier concentration decreases suggesting that Y** add
electrons to the pristine structure and since Yb;,ZnSb,; is a
p-type semiconductor, this leads to the observed decrease in
carrier concentration.

B CONCLUSIONS

Single crystals of Yb,, ,RE.ZnSb,, were grown from Sn flux
(RE =S¢, Y, La, Lu, and Gd). Both RE and « appear to affect
the volume of the unit cell with the a lattice parameter
systematically increasing with RE®* size, and volume depending
on both RE site specificity and x. Yb,,_,.RE,ZnSb;; (RE =Y
and x = 0.38) showed a reduction in the broad feature of
fluctuating intermediate valency seen in pristine Yb,,ZnSb,; at
85 K. RE =Y, La, and Lu are all consistent with a Zintl picture
of the intermediate valence nature of Yb,,ZnSb,,. It appears
that the site preferences of each of the RE does not
significantly affect the magnetic results except for RE = Sc.
As the nonmagnetic trivalent RE substitutes the Yb sites in the

Table 4. Hall Carrier Concentration for Yb,,ZnSb,; and Yb,;¢,Y,35ZnSb,;, Yb,5sY(4sZnSb;,

1.8 K

1.35 X 10*! em™
3.00 X 10** cm™
1.86 X 10*! cm™

Yb,,ZnSb,,
Yb,36,Y035Z0Sby;
Yby355Y045Z0Sby,

3.75 X 10* cm™
2.56 X 10* cm™
1.56 X 10*! cm™®

200 K 300 K
2.74 X 10 cm™ 225 X 10% cm™
1.94 x 10*' cm™3 1.40 x 10*' cm™3
1.19 x 10*! em™ 8.99 x 10*° cm™3
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Figure 11. Hall resistivity as a function of applied magnetic field of (a) Yb;,ZnSb,;, (b) Yb,34,Y,33ZnSb,;, and (c) Yb,35:Y(4sZnShb,,.

structure, the amount of trivalent Yb is reduced, and for RE =
Y and x = 0.45, a complete loss of intermediate valence
behavior or any significant temperature dependence for T > 25
K results. This simple picture is not followed for the
exceptionally small ionic radii element Sc which occupies a
single Yb site and appears to stabilize a heavy Fermion state of
Yb**. Further investigations of the Sc substitution as a function
of x with heat capacity and Hall measurements would clarify
this hypothesis. The substitution of the magnetic RE = Gd
results in CW behavior due to the large effective magnetic
moment of Gd**. The addition of the RE = Y lowers the carrier
concentration from that of pristine Yb,,ZnSb;; with small
differences in composition impacting the magnetic and Hall
resistivity data. Tempering the carrier concentration by adding
a third cation may lead to more exotic magnetic properties by
tuning the electrical resistivity and magnetism together.
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